WO 2011/106534PCT/US2011/026088 COMPRESSED NANOFIBER COMPOSITE MEDIA FIELD OF

THE INVENT QN 9RkERis invention generally relates to a filter mediapapgds, Rafigedar to a
compressed composite media comprising a substrate and fine fibers, and method of making the same.

BACKGROUND OF THE INVENTION [0002]Hydrocarbon fuels, such as diesel fuel, jet fuel, and
gasoline, can entrain small amount of water. The water may be introduced in the hydrocarbon fuels,
for example, by leakage, acdid AttE soRMANGBIE BRAIOMIMbETECdREdAsation. The hydrocarbon
fuels can dissolve about 75 to 150 parts per million (ppm) of water at room temperature. Water
solubility can increase about 1 ppm per 1 F rise in temperature, and decrease about 1 ppm per 10F fall
in temperature. Excess water or undissty@dovatermmay Becumulate in lower parts of a fuel handling
system as a result of temperature changes over a period of time. [0003]Undissolved water can be
hatinful to engines. Diesel engine injectors may be damaged by steam formation, jet turbine engines
may flame-oﬁf}%d S BT SHG TR FHdY SHET RyATET Brotictnd AR Wi tersseparation devices and
Filters have besnrdevelopeddo retieveundissolwetsontfreeiViatditromthexétteldrfdnpkényent such
engine problgms, Simple mechanical devices base on gravity or centrifugal force separation are
sufficient if free water is present as a discrete second phase. However, free water is often emulsified
by pumps and valves, may remain as a stable emulsion, especially in diesel or jet fuel. Two stage
coalescer/separators are designed {d FnidveNatdr EHHUISIERSTIAY coalescer breaks the emulsion by
preferential wetting of fibrous materials such as fiber glass. The water is accumulated into large

droplets and oV ravity separation.against a hydrophobic.separator materigl such as PTFE
coated wire é@t@ or siﬁpéPlrécglﬂ%l}%%%t%ﬁ%pﬁgé#?ﬁgfb]r%@é%{ééﬁglg\a/\?gjt ?ﬁ‘g%%%% gl%rs%ﬁfr}factants may
interfere withreargcdlestendbor vimeeehsusiohscé spsididirahesdhalie Forgemfints. b coalescer

including hydsepfiebictatanehimerding, hersdpanterRncieMone WaleE{rom figl emulsions is
disclosed in Flu ropg{l)%m%r Fi&e0 Fiber, U.S Pa&e{nt f\gfplication Publication No. 2009/0032475, to
t /7510 | m

1ssolvea arts per million Cwater at room temperature, 'Wat
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solubility can increase about 1 ppm per 1° F rise in temperature, and decrease about 1 ppm
per 1° F fall in temperature. Excess water or undissolved water may accumulate in lower

parts of a fuel handling system as a result of temperature changes over a period of time.

[0603] Undissoived water can be harmful to engines. Diesel engine injectors may be
damaged by steam formation, jet turbine engines may flame-out, and gasoline engines may
suffer ignition problems. Many water separation devices and filters have been developed to
remove undissolved or free water from the fuel and prevent such engine problems. Simple
mechanical devices base on gravity or centrifugal force separation are sufficient if free
water is present as a discrete second phase. However, free water is often emulsified by
pumps and valves, may remain as a stable emulsion, especially in diesel or jet fuel. Two
stage coalescer/separators are designed to remove water emulsions. The coalescer breaks
the emulsion by preferential wetting of fibrous materials such as fiber glass. The water 1s
accumulated into large droplets and is removed by gravity separation against a hydrophobic
separator material such as PTFE coated wire cloth or silicone impregnated paper. The
presence of wetting agents or surfactants may interfere with the coalescence of water
emulsions, especially in diesel fuel or jet fuel. A coalescer including hydrophobic

fluoropolymer fine fibers to capture and remove water from fuel emulsions is disclosed in



10004 1Filter media including fine fibers formed using an electrostatic spinning process is also known.
Such prior art includes Filter Material Construction and Method, U.S. Patent No. 5,672,399;
Cellulosic/Polyamide Composite, U.S. Patent Publication No. 2007/0163217; Filtration Medias, Fine
Fibers UnBrivi&d Nanemelersh&nt NMeatheds AdphcRieyisignalnatent Anplinationig.6¢/989,218;
Integrated Nanofiber Filter Media, U.S. Provision Patent Application No. 61/047,459; Filter Media
Having Bi=COmponent Nanofiber Layer, U.S. Provisional Patent No. 61,047,455, the entire disclosures
of which are incorporated herein by reference thereto. As shown in these references nanofibers are
commonlydgifhpongayinishiad prefosmed llalan media substiale, Ja0RlEmbadiments olhe
invention Seek to provide improved codatescing medias ana method of ma Ing the co%%scmg media.
These andsethekaowvant8geswidherinuention Fdenklh@siddditisnaktiinenty dfahtdds, Syvilabmapparent
from the descripti the inyenti rovided herein, BRIEE,SUMNMARY OF THE INVENTION [0006]A
compres§§§ 'ngél%\%%%gé’c%%rl\ﬁ%%ﬂ%%irﬁl P nrﬁlegig%%gg?&%gﬁfg v%?%ﬁ%%%ﬁ%&f’rﬁlelﬁ% of the present
invention BElide$ 32 I2aEilomesustte Bind fittefideérsaalfie dNtherebyer refidr dbithdfe totnpressed
fiter medig, slidies PP SURBIoNSY BRSO uieh cartinginedihers, Lhe mulfiple substrate
and fine fiber layers are com essedntoget er to’form thecompressed composite iitermedia. The
compressBnfiltermPatiat dopplidintigrdNea ko e dittenid afi tHéapies it Govepsiomis particularly well

suited forﬁ ia tg coalesc terin vayi recarbon fuels. Howevyer, the
compresseﬁl?igrgrﬁig%ép gghgégggglgla%%?ﬁ]%g%hﬁ)'fiﬁiﬁ%%h%rgb ica |c}ﬁr§.cﬁso% %Sila{?nsﬁ}é‘,w lec?) compressed
filter medisrcavonaketad/eeyeativieaforater thtmtelefsehn 00D ARefarbly cthmauifdicataitayers

employed Ive. open materials.with-coarse.fibers to provide support while at the same time not
being ove?%@égsstlﬁ}é’t\li\%gt%%fﬂ ?ﬁoﬁ%e%lp%%}g ygii g?ﬁﬁ%%egggcﬁggﬁgﬁglor compressed. This structure

spaces nano-fibers apart and affords the ability to provide for a much heavier total coverage of

hano-fiberggus] sauese,blihRhareamdilr atibs sUPeHRR RRLBRING-QYEsY destictiva; Ksurther. a

relatively thin substrate _maéé)e used (and compression used), such that the fine fibers throughout the

media is Speibed PEEMrENE s dlstrtigsacdifoulicts rdinde adwetisay b iRGOIES & the media
as a wholgis syitabledaricesiessibgditirtionapplicatians anchites slsmsnbaanasmantdany

embodiments also employ hydrophilic fine fibers that attract as opposed to repelling water. By using
multiple 1RfaFd5E & Hbers at sufficient coverage, water molecules or fine droplets grow within this
structure and are effectively coalesced out of a fluid stream.

BRIEF SUMMARY OF THE INVENTION

[0006] A compressed nanofiber composite filter media according to various
embodiments of the present invention includes at least one substrate and fine fibers carried
thereby. Preferably, the compressed filter media includes multiple substrate layers, each of
which carrying fine fibers. The multiple substrate and fine fiber layers are compressed
together to form the compressed composite filter media. The compressed filter media
according to various embodiments of the present invention is particularly well suited for a
coalescing media to coalesce water in various hydrocarbon fuels. However, the compressed
filter media can also be used in other filtration applications. For example, the compressed

filter media can make a very efficient water filter clement.

[0007] Preferably, the substrate layers employed are relative open materials with coarse
fibers to provide support while at the same time not being overly restrictive to fluid flow
especially as layers are stacked and/or compressed. This structure spaces nano-fibers apart

and affords the ability to provide for a much heavier total coverage of nano-fibers per



[0008]The multiple substrate layers and the fine fibers may and preferably are compressed together to
form a coalescing filter media As such, the coalescing filter media is compacted and high in solidity
and includes a sufficient fine fiber coverage to provide a sufficient fiber surface area to coalesce

emulsifiedyateniit hyosainon: uelsatreamethe fina fibess arespiefrabhualretrosnuragnofivers
fonned of a hydrophilic material, such as polyamide-6. The hydrophilic fine fibers further facilitate

formation tBEYPSHAIF Sravae rero Sl craveiaerdrahy 1bbatdhe fnsiihapiasashawehtion, a

method offeaming gcaplessivelfitassnadiaissprdder «J hrimatbed SaMRESesisiareREs of
electrostatically spinning_fine fibers having an average diameter of less than 1 micron, applying the

fine fiberstts Wedip &t any Relinpridifablo frseontrsr fi8tian anebisgiogmndBltgrelseeman 1 micron,
compacting-thgdinefibrranananihaicaarse.fiRess e tirroprnar aiRgisuilidiantfingdfiper coverage and

tightness through the compacting process to coalesce water droplets from a_fluid stream, and

structurinGRASEO LR LENILRE HAtFTh ShtsnBare et dausaeddng fRermetiHERt SOsEREBle to remove
water frony adiuich Ricero{ 3L semere M RegimentssinesHbstpiecornnisg A fibrsanfanglement
that is bonded_together, wherein the fine fibers are deposited onto the substrate during the step of
applying t?ﬂfeafmé‘giﬁié?ﬁmrhe substrate can be a scrim formed of bi-component fibers comprising a high
melt component and a low melt component, wherein the fine fibers are deposited on a surface of the

scrim and ERSRPC DS AR, W0 bR and e M Hias Ra008d Adfadnngstep o
compacting ca involve larmina ing mu tlpngayers of the scrim carr{nng HeFHEHES, and
compressingithessad itigethay 6vs @htheceakknriapdittee firdifibets usihgle setlehcale fidlering:dallers. The
multiple layers of the,scrim.and the fine fibers can be heated to.or near a melting, temperature of the
o el o e B e el B L TR R et o
bond layevsfimgathEbei0aitBita som® embeodinventtsifled matktiphe ddyeioenddre iteldsbefore Bring
compress ample, the multiple layers can be heated | ven and compressed

subseq ueﬁt@%igaérgéreéplgfe%ar@ﬁg?ﬁ%?ﬁ Iersn.all}@%gﬁs éqom 6 i(r#eﬁggéoﬁq@kcnrggsegﬁhseu erﬁiq'nated

~ multiple lpyeysmds-tncfbadydiothdisdiimdibspdudlandadtitdteifgreatngn e stibeEguasmt
compress;j 0 PJ he lofted multiple layers reduces the lofted thickness, however, the final thickness of
the compresge multiple layers may be less, equal, or greater than the original thickness of the
laminated multiple layers before heating. In other embodiments, the multiple layers are heated and

compresspd@MultaneialsFoLaxamele e diliBie 1RvaIaGaan heheatsdsngirempressed using a
set of heated calendering rollers. Yet in other embodiments, the multiple layers can be compressed

first then ReAfSAIGHEInAgHamdRAREsds tHe SorHd seBRHTGRPRPIR TS ThasaicAdixse during
heating. Fyiifighe THOERERPRAINE RS SR/ NCHIINGMOretoananehiealing HieRg. iRy gxample, the

multiple layers can be heated before compressing, and further heated during compressing via the set
of he atedtﬁ?ﬂ@ %gﬂﬁbsf.{mg comprising coarse fibers having an average diameter greater than 1

micron, compacting the fine fibers and the coarse fibers together; generating sufficient fine
fiber coverage and tightness through the compacting process to coalesce water droplets
from a fluid stream, and structuring the coarse fibers and the fine fibers into a coalescing

filter media that is operable to remove water from a fluid stream.

[0010] In some embodiments, the substrate comprise a fiber entanglement that is
bonded together, wherein the fine fibers are deposited onto the substrate during the step of
applying the fine fibers. The substrate can be a scrim formed of bi-component fibers
comprising a high melt component and a low melt component, wherein the fine fibers are

deposited on a surface of the scrim and carried by the scrim.



[0013]Iin an embodiment, 10 layers of the scrim, each of which carrying fine fibers, are laminated and
compressed tageihghsEaeh scrim layer carries the fine fibers having a retativehi figay fine fiber
coverage between about 0.075 g/m2 and .225 g/m2. When assembled to a stacked configuration with
overlapping fine fiber coverage, a total fine fiber coverage of the coalescing filter media can be
between about 0.75 g/m2 and 2.25 g/m2. The layers of the scrim and the fine fibers are compressed
together to foéitld|coalBsciny fiftermpediagravingodr tHickmessstonbepeceyeshyo th /a8t and 1/2".
100141In some.ambadiments, e serim-camying edina fRers sfolded ntoumultipg dplds and

compressed to form a coalescing filter media. In such embodiments, the coalescing filter media can
include a fin&¥iset o fhfpaFiapirlisted Qe rteravars ofited SRl R daL . [0015]Yet in
another embigdisdent-tresubstiaterism pevwel: of dedeserfibiessrepmarisiigailnbséentaiglement of the

coarse fibers, wherein the fine f'ber§ are apg;ieg.;l %hg [gg%% en nglgm Nt of the coarse fibers during
the step of a%oﬁ]ﬁ%nﬁ e %énﬁ Oétfsnfg T aecv\?ét% of i CB%FS%II}I ers gpp%gd v?i%ﬁ teré fine fibers can be folded
into multiple folds and compressed together, wherein the fine fibers and the coarse fibers are

integrated to[QOilm a 'smgmﬂmwmwmammgpmwas E@@h&i@dﬁeﬁh@@@gmh@a@oglesping filter
media accorging | %?Eﬁg&ﬁﬁq&ﬂaﬁkl%ﬁ%ﬂ%gz?d%%F&%%%@&'E@J%éﬁﬁmﬂ&@qﬂgﬁ@y%'”e fibers

having an average diameter of less than 1 micron, applying the fine fibers to a substrate, the substrate
comprising co¥isé ?%%ﬂ%f%%ﬁd@%@@@ﬁ@f%%ﬁﬁ%% OB lREfS iR coarse fibers
have an avelage ikgritimetergreatersthanant mickandang lepging the edangination of the fine fiber
applied substrate such that the.fine fibers,overlap. 10016a e method can further include a step of
cining a 1O % SUBA 18 HE e e o e oSl ot
electrospinnititfistetion hwiserairritne subiiatess keptefiow ol heteesitan thesuieaimbodiment, the
substrate cag,Re-a:s6rin.campsisinghixtempenattdbeisn g he biicompaneatfibers can include a high
melt polyester core and a low melt polyester sheath, 100171 The step of applying the fine fibers can
orovite » g HDBE BB B 6Hh Bn BRI B8 G 5 LefA Babien about
0.075 g/m2 andh2BR&igim2] winereicthesfine fithof heatedcatrietiimetidseriietFusthar, the step of lapping
can involve f%&&&@ﬁt&%ﬁ%ﬁ?{ﬁ)@@%&%&H‘G‘e%@)&fﬁé&% 2r20faldsahersinthe folglingeprovides a fine

fiber to fine fiber laminated surface and a scrim to scrim laminated_surface, wherein the folded layers

are heated aNdEGIPPESSEHTY O Y HS AL TG AT AP S A LeE HELNG ST SBISPEEEHg process, a
thickness of the iioldéddayersicarshehadingtechirdror theropiginia thitkne ss{thickriessadcach layer x

number Of [Kekal B R0AUL 20 R, 09 Y. RIEIRAD.ARALL A0, 6 200U ANE IRl BI{prably about

80% to 150%. ness can increase after heating than reduced during compressing. In some
cases, the in Be in thickness during heating can be so great that the final thickness may be still
greater than the original thickness even after compressing.) Two or more folded or unfolded scrims

may also be gpioyedhinA.sacksdcomiinationte ashieveibeavyfine.ber caverage per area.
laminated and compressed together. Each scrim layer carries the fine fibers having a
relatively heavy fine fiber coverage between about 0.073 g/m” and 225 g/m’. When
assembled to a stacked configuration with overlapping fine fiber coverage, a total fine fiber
coverage of the coalescing filter media can be between about 0.75 g/m? and 2.25 g/m?. The
layers of the scrim and the fine fibers are compressed together to form 2 coalescing filter

media having a thickness to between about 3/16" and %",

[0014] I some embodiments, the scrim carrying the fine fibers is folded info multiple
folds and compressed to form a coalescing filter media. In such embodiments, the
coalescing filter media can include a fine fiber to fine fiber laminated surface and a scrim to

scrim laminated surface.



[0018]In one embodiment, the coalescing media is formed to have a total fine fiber coverage between
about 0.09 g/m2 and 5.25 g/m2, preferably between about 0.75 g/m2 and 2.25 g/m2. Further, the step
of electrostatically spinning fine fibers preferably involves spinning fine fibers from a solution including

a polyamiggnés[001§]Assidingieapothaeaseckiisthadireseniy nveuting. mheralesgingditer media is
provided. The coalesging filter media includes at least gne_substrate containing coarse fibers having

an averag® ST YRR ETETb PR LR T T dYBH cHh R sifB G BBRE i P Bt fre e iRerste, the fine
fibers compriginghyaropiicibashryintananrraes fibgiliameier ehlesstland.migses, the fine

fibers providing % sufficient fiber syrface area to coalesce emulsified water in a hydrocarbon fuel,

wherein tHfEHYRRRPREEI RIS ER6 MRatoraRe Hidsdhse wakinds dpldt<nd kerenretsedfine fibers
are electresgiinenanpéiest sormedinds Mwppblieeatymcnrd R abhe crplgscingfilter media can

further include a drainage layer arranged on a downstream surface of the coalescing filter media. Such
drainage [RVEFEIS] FOAHBGRBRHA- of the water droplet size. In one embodiment, the drainage layer is
formed of a cellulous material or a fiber glass material. [0020]The fine fibers are preferably electrospun

nanofiber ed of,a hydrophilic pelymer, such as-polyamide-6. In.one embodiment, the coalescing
filter medi Jﬁlfc des‘%h%%n%gf%e#%rﬁé nagcg%fggf%éﬁ ﬁ%%r?%%l\?ear%‘éoé Se t%gﬁoa OUEB6 g/m2 and
5.25 g/m2inghefesaittypoaivlecmoattignBy7®opms: anded. 86 fgimBb§RORA| Hyes ulvstratedzupraderably a
Sorim comi Rk ReRnea ARG WO ITRRRSS Aok el eoRgnsnt a1 2o el
component. For example, thé bi-com onent fibers can include & igh melt po?ye er core and a low
melt polyedtersshebare hosightegaticdindote, 1Hdisubsilatewhypers dnel dbe fingbfibels\arenheated and

compressed.to I ta for lescing:media, whergin the Jow melt.polyester,sheath.melts or
softens to%gn%i%%ﬁgfsa%%@e%i%ﬁ%%&%% nlglgggehr’sa.“t%g?ﬁ el coa é‘?‘s{&%%tyﬁﬂé’? r%g |ge£§1gnélrnclude
multiple laaparisedfssbiisttatpioviieatihe fine fibers overlap.

[0016a] The method can further include a step of unwinding a roll of substrate from an
unwind station and transferring the substrate to an electrospinning station, wherein the
substrate is kept afloat via a line tension. In such embodiment, the substrate can be a scrim
comprising bi-component fibers. The bi-component fibers can include a high melt polyester

core and a low melt polyester sheath.

[0017]  The step of applying the fine fibers can provide a fine fiber coverage between
about 0.03 g/m” and 0.25 g/m?, preferably between about 0.075 g/m® and .225 g/m®, whercin
the fine fibers are carried by the scrim. Further, the step of lapping can involve folding the
scrim carrying the fine fibers into 2-20 folds, wherein the folding provides a fine fiber to
fine fiber laminated surface and a scrim to scrim laminated surface, wherein the folded
layers are heated and compressed to form a coalescing media. In such heating and
compressing process, a thickness of the folded layers can be adjusted from the original
thickness (thickness of each layer x number of layers) by about 50% to 300%, preferably
about 70% to 200%, and more preferably about 80% to 150%. (The thickness can increase
after heating than reduced during compressing. In some cases, the increase in thickness
during heating can be so great that the final thickness may be still greater than the original
thickness even after compressing.) Two or more folded or unfolded scrims may also be

employed in a stacked combination to achieve heavy fine fiber coverage per area.



each of the multiple substrate layers carry a layer of fine fibers having a fine fiber coverage between
about 0.075 g/m2 and .225 g/m2. In one embodiment, each of the fine fiber layer is sandwiched
between the substrate layers and or a media layer. In other embodiment, the coalescing filter media

can incluge §ne fibgole tnpdibeidaninatedisieircmand & Suhstale tasbsitatelaminated surface.
[0023]In one embadiment, the coalescing filter media,includes 10 layers of substrate, Each of the

substrate Y8YEFARCBIEEGHR WPt @M pfdiny i St Rty e aRen AR fimeBerdirhe fine
fibers on each sHBstratenlay aldstieroredeefsleaiaspuppalmamidesd sanplfzessiyThedive fibers carried
by the 10 substrate layers provide a total fine fiber coverage between about 0.75 g/m2 and 2.25 g/m2.

The coale UMY HIERHTERAS Somra AR AR ITGHG AR RMERI45& arranged on a downstream surface

of the coalescing filter media formed of a fiber glass mat. In such embodiment, the coalescing filter

media ca ‘#ﬁ a tofal thickness between about 3/16" and.1/2". [0024]According.to another aspect of
the prese% |néintio‘r{%cﬁ%)écr%?%%8r%%(ﬁ ed & 8%18%%%853 fiter e R[e? fﬁcaiL%%lasgﬁ%%ge&r{]ee@&lﬁgtrate, the
at least opecsidstratbcombising chmrsecfibarshaveing dnshvaags five: diarmeerpigmeater than 1

micron ang, fine,fibers carried b e substrate, the fine fibers having an,averaqe fiber diameter of less
a1 o B A e T A e hers
in a comptesseesstatethe ieeibatsleastrsomeg b dheplide filvens bavipagenerafly Shaddvichetdbetween

layers of the sy H@?ﬁ%@%ﬁﬁ%@aﬁ%‘%{. s shbedinents n%‘ﬁ'gé%sst %ﬁa@ea%%ﬁ‘% Jngfibers can
fommn a three dimensional ratfix of fine fibers ext ndq'lng into the substrate as opposecf?o a planar
layer. [0028ihistine] evatso dim duytirivardive filbdy svhavenaiméltidgpoint Aighe fablitate foettiagppoint of at
least one n f rse fibars, and the fing fiber ttuanently.affixed and oriented.
Frner, e S e B T L ressec
state. [002g{Dehkiliagpadrscrobjectives and advantages of the invention will become more apparent
from the following detailed description when taken in conjunction with the accompanying drawings.

[0019a] The coalescing filter media can further include a drainage layer arranged on a
downstream surface of the coalescing filter media, Such drainage layer can facilitate
growth of the water droplet size. In one embodiment, the drainage layer is formed of a

cellulous material or a fiber glass material.

[0020] The fine fibers are preferably electrospun nanofibers formed of a hydrophilic
polymer, such as polyamide-6. In one embodiment, the coalescing filter media includes the
fine fibers having a total fine fiber coverage between about 0.09 g/m? and 5.25 g/m?,

preferably between about 0.75 g/m” and 2.25 g/m”.

[0021] The substrate is preferably a scrim comprising bi-component fibers, which
mcludes a high melt component and a low melt component. For example, the bi-component
fibers can include a high melt polyester core and a low melt polyester sheath. In such
embodiments, the substrate layers and the fine fibers are heated and compressed together to
form a coalescing media, wherein the low melt polyester sheath melts or softens to bond the

coarse fibers and the fine fibers,

[0022] The coalescing filter media can include multiple layers of substrate, wherein
each of the multiple substrate layers carry a layer of fine fibers having a fine fiber coverage
between about 0.075 g/m” and .225 g/m”. In one embodiment, each of the fine fiber layer is

sandwiched between the substrate layers and or a media layer. In other embodiment, the

-6 -



BRIEF DESCRIPTION OF THE DRAWINGS 100271The accompanying drawings incorporated in and
founing a part of the specification illustrate several aspects of the present invention and, together with
the description, serve to explain the principles of the invention. In the drawings: [0028]FIG. | is a
schemati¢siRssrsectionalsevc{8 Biclelrty illustatedithickbessunoide seatjcefaditer media
including tigqhtly compacted multiple scrim layers carrying fine fibers according to an embodiment of

the presetHIRVAIGHER ST PRI RIS WA atic cross-sectional view of the coalescing filter media of

FIG. I in a pre-compressed state, which is compressed to a compressed state; [0030]FIG. 3 is a

3 2o 98 SRRGSINIE A SRS NG O RUNRINANL DS LR ShsitplE-Aecoring 10

an embodiment of the present invention; [ . 4 1s a schematic illustration of an eccentric

sheath/cdredypé thiscobspetehyfibsrfofaessubSrata racooriring krcemipowinh siveof theé premsnt

INVeNtON:s ¢ fibers. The fine fibers on each substrate layer is formed of electrospun polyamide-6

nanofibers. The fine fibers carried by the 10 substrate layers provide a total fine fiber
coverage between about 0.75 g/m® and 2.25 g/m”. The coalescing filter media can further
including a drainage layer arranged on a downstream surface of the coalescing filter media
formed of a fiber glass mat. In such embodiment, the coalescing filter media can have a

total thickness between about 3/16" and 2",

[0024] According to another aspect of the present invention, there is provided a
compressed filter media including at least one substrate, the at least one substrate containing
coarser fibers having an average fiber diameter of greater than 1 micron and fine fibers
carried by the substrate, the fine fibers having an average fiber diameter of less than 1
micron, at least some of the fine fibers being embedded at least partially within the coarse
fibers in a compressed state, wherein at least some of the fine fibers can be generally

sandwiched between layers of the substrate.

[0024a] In many of the embodiments, at least some of the fine fibers can form a three

dimensional matrix of fine fibers extending into the substrate as opposed to a planar layer.

10025] In one embodiment, the fine fibers have a melting point higher than a melting
point of at least one component of the coarse fibers, and the fine fibers are permanently
affixed and oriented. Further, the at least one substrate and the fine fibers are calendered

together to form the compressed state.

[0026] Other aspects, objectives and advantages of the invention will become more
apparent from the following detailed description when taken in conjunction with the

accompanying drawings.



[0032]FIG. 5 is a schematic illustration of a side-by-side type bi-component fiber of a substrate

according to ag£mhediment of the present invention; [0033]FIG. 6 is a sehgmaticdistration of a pie
wedge type bi-component fiber of a substrate according to an embodiment of the present invention;

[0034]FIG. 7 is a schematic illustration of a hollow pie wedge type bi-component fiber of a substrate

according to an embodiment of the present invention; [0035]FIG. 8 is a schematic illustration of an

islands/sea type hi-component BBEIODESLDBTIAENACE Aidin R\ aireritbodiment of the present

invention; 100361FIG. 9 is a schematic illustration of a trilobal type bi-component fiber of a substrate

according to g, smbogiment of the: RSRRLINVERion:. WQ 208 RIRGT (S 201 11026088
specification illustrate several aspects of the present invention and, together with the

description, serve to explain the principles of the invention. In the drawings:

{0628] FIG. 1 is a schematic cross-sectional view {e.g. relative illustrated thickness not
to scale) of a filter media including tightly compacted multiple scrim layers carrying fine

fibers according to an embodiment of the present invention;

[0029]  FIG. 2 is a schematic cross-sectional view of the coalescing filter media of FIG.

1 in a pre-compressed state, which is compressed to a compressed state;

[0430] FIG. 3 is & schematic illustration of a concentric sheath/core type bi-component

fiber of a substrate according to an embodiment of the present invention;

[0031] FIG. 4 is a schematic tllustration of an eccentric sheath/core type bi-component

fiber of a substrate according to an embodiment of the present invention;

[0632] FIG. 5 is a schematic illustration of a side-by-side type bi-component fiber of a

substrate according to an embodiment of the present invention;

[6033] FIG. 6 is a schematic illustration of a pic wedge type bi-component fiber of a

substrate according to an embodiment of the present invention;

[0634] FIG. 7 is a schematic illustration of a hollow pie wedge type bi-component fiber

of a substrate according to an embodiment of the present invention;

[0035] FIG. 8 is a schematic illustration of an islands/sea type bi-component fiber of a

substrate according to an embodiment of the present invention;

[0636]  FIG. 9 is a schematic illustration of a trilobal type bi-component fiber of a

substrate according to an embodiment of the present invention;



10037]FIG. 10 is a schematic illustration of tipped typed bi-component fiber of a substrate according to
an embodimegfpfthaRresent invention; 10038]FIG. 11 is a schematic ¢JosgSeRtRRAview of a
coalescing filter media including tightly compressed multiple scrim layers and fine fibers and a
downstream porous layer according to an embodiment of the present invention; [0039]FIG. 12 is a
schematic illustration of a system for making a coalescing filter media according to an embodiment of
the present ird#dtion; {ERA@] Bl GsciSristia Sokemartiofilipgtratipaddfiasystemmtfbbanaking a coalescing

flute media eg%‘%gggchgrgigé'f{g%%m&gmﬁ%gg%mmuﬂvention; [00411FIG. 14 is a schematic

illustration of a system for making a coalescing filte media according to yet another embodiment of the
present invention; [0042]FIG. 15(A) is a Scanning Electron Microscopic image showing bi-component
fibers and thB§id fibdikiof hisempositecrresiagsivdacadwusing thisssyst Giteohfd @ inkuthiken at a
magn'f'cat'o'ﬁéﬁfﬁ t:gg’xg%ssed multiple scrim layers and fine fibers and a downstream porous layer

according to an embodiment of the present invention;

{0639] FIG. 12 is a schematic illustration of a system for making a coalescing filter

media according to an embodiment of the present invention,

[604G] FIG. 13 is a schematic illustration of a system for making a coalescing filter

media according to a different embodiment of the present invention,

[6041] FIG. 14 is a schematic illusiration of a system for making a coalescing filter

media according o yet another embodiment of the present invention;

G042} FIG. 15(A) 15 a Scanning Electron Microscopic image showing bi-component
fibers and the fine fibers of a composite media produced using the system of FIG. 12 taken

at a magnification level x300;

[6643] FIG. 15(B) is a Scanning Electron Microscopic image showing bi-component
fibers and the fine fibers of a composite media produced using the system of FIG. 12 taken

at a magnification level x1,000;

[6044] FIG. 15(C) is a Scanning Electron Microscopic image showing bonding between
bi-component fibers and the fine fibers of a composite media produced using the system of

FIG. 12 taken at a magnification level x2,000;

[6045] FIG. 15(D) is a Scanning Electron Microscopic image showing bonding between
bi-component fibers and the fine fibers of a composite media produced using the system of

FIG. 12 at a magnification level x10,000; and

{0046] FIG. 16 is a schematic cross-sectional view {e.g. relative illustrated thickness not

to scale) of a coalescing filter element including an expanded nanofiber composite media

9.



[0043]FIG. 15(B) is a Scanning Electron Microscopic image showing bi-component fibers and the fine
fibers of a coRppsitegaedia produced using the system of FIG. 12 takep@tgssaagnifigation level
x1,000; [0044]FIG. 15(C) is a Scanning Electron Microscopic image showing bonding between
bi-component fibers and the fine fibers of a composite media produced using the system of FIG. 12
taken at a magnification level x2,000; [0045]FIG. 15(D) is a Scanning Electron Microscopic image
showing boraihg doetwesenibisofhponeniiversamdithenfitie filverdinf & sompoditecmedibsproduced
using the Syﬁ%@h&frﬁéﬁiﬁﬁz at a magnification level x10,000; and [0046]FIG. 16 is a schematic
cross-sectional view (e.g. relative illustrated thickness not to scale) of a coalescing filter element
including an expanded nanofiber composite media and a compressed nanofibcr composite coalescing

media accorthttfto alVaitiobdimentien te brésenbada o JooaT NV iTaiha ¢hvettion will be

described in£apRGELINN With ceitaiR-preferiedembedimaisnthare s ant o digiiddo those
embodiments. On the contrary, the intent is to cover al!dalternativ AL ific tiqns.qn%equivalents as
included withiriCth Sthe ARG S e RV RO FIRY HEHh & By YRS SHPEBe P Eiais.

scope of the invention as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

[0048] Prior to turning to the details, some lexicography will be developed to assist in
understanding the present invention. As used herein, the term "substrate” is meant to be
broad in nature and meant to include any structure upon which fine fibers are carried or
deposited. "Substrate” may include conventional formed filter medias such as scrims and
the like that may be unwound from media rolls. Such filter medias have a fiber
entanglement that typically bonded or secured together mechanically, chemmcally,
adhesively and/or otherwise and thereby have strength such that they cannot be easily torn
manually (¢.g. a 1 square foot sheet typically holds up to appiication of tension of 5 lbs
force) and have filtrations propertics. "Substrate” may also include looser fiber
entanglements that may not be bonded together or secured together (¢.g. a | square foot
sheet may fall apart upon application of tension of 5 lbs force). A “scrim” used as herem
refers to woven or non-woven fiber entanglement, wherein the fibers are bonded and

compressed into a planar formed media,

|6049] FIG. 1 is a schematic cross-sectional view of a filter media 100 according to an
embodiment of the present invention, Tt is schematic in the sense that in reality the fine
fiber layer has virtually no thickness, but for illustration and understanding, thickness is
illustrated in FIG. 1 and other schematic illustrations, The filter media 100 is configured to
coalesce water in hydrocarbon fuels, such as diesel fuel, jet fuel, and gasoline. The filter
media 100 can also capture solids in a hydrocarbon fuel stream. The filter media 100 is also
referred to as a coalescer, a coalescing media, a coalescing filter media, or other similar
terms in the present application. In preferred embodiments, the filter media 100 includes at

least two different fibers, for example, electrospun nanofibers and a substrate of coarser
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DETAILED DESCRIPTION OF THE INVENTION [0048]Prior to turning to the details, some
lexicography W’IH R%%g/sg!loped to assist in understanding the present inyeption Hsdsed herein, the
term "substrate” is meant to be broad in nature and meant to include any structure upon which fine
fibers are carried or deposited. "Substrate” may include conventional formed filter medias such as
scrims and the like that may be unwound from media rolls. Such filter medias have a fiber
entanglemenibthatdypicath: hondidror sesuieditofiiethardrelianidabysfchednically, adhesively and/or
otherwise and JRSIEOIRYE SENGR AAD MBLIBPY EANARLER casiqmagually (.0 a 1 square

foot sheet typléngl?y s up to application of tension of 5 Ibs force) and have filtrations properties.

"Substrate" riyrasethidiligenedadOf bereitaagrenst mdithderaessorBarporisstdether or secured

together (e.gsaheduars feel shaealdnaytial rapaidLppiapplication of tension of 5 Ibs force). A "scrim”
used as herein refers to woven or non-woven fiber entanglement, wherein the fibers are bonded and

compressed into a planar formed media. 100491FIG. 1 is a schematic cross-sectional view of a filter

media 100 al¥5Pding 1 BnerheBamRehesriid [Sfebdht fitrsmesie Hsamsitadd I Sense that in
reality the finatibet layzen tvas obrtue]y Mo thickmness cbutforillustcabdén sinid cangegsfaading, thickness is

illustrated in EIG. ther tig Jllystraty The filter, i oN igured to coalesce
fiik DRUOTR i%glelw 134 'I?S é’qig{%%l? ?ﬁé&%ﬁ%ﬂg ﬂ#@%ﬁ%%%i%%oo can also

water in hydrocarbor fuels, such’as diesel fuel, _
capture solid&sd RydrbrabortiaudP3tid4n 0GHES It P rhbtia fobl fs hi8o! AdianfdaetBydaa coalescer, a

coalescing medig. & saaleseipafiltimesincapomer similastemmslin hepresaniapplication. In
preferred embodiments, the filter medis includes.at Jeast t iffer ' Jar.example,
electrospunn%w%er% ff)%'rts%haensdﬂéﬂsrﬂﬁg%?‘gfg] 'cgj &@r’s@g ’ |82T§§ér¥r§/¥l\fl1%]t (fl r?i%%gi%%@t{fﬁ%ch the filter
media 100 iSiatso!Adicited £8.dSh EEmYsitéofildt. niddit 2asadihp suitiarhidie omsied like terms in this
application. AlthouaR. dhsfiltecmediacl @Oispadisatwelbeuitrdfonsealaseingeapplications, the
filter media 109 may be used in other filtration zi%PIi atiogs %())0%%%%{ e er%bodi(ineqtfi own in FIG. 1,
the filter medt 0B COIPEREe T MlfE e SIS B 32V 9642108 s 1 & 445%1 %116, 118, 120,
each of whicte cadlrging Fmehfibers RARRE] 282876, 305,132, 13841186 36388144, 142a@and a media 122
on 10p of theipe. ABeLS 1 Hhe AUOSIERAS: AR A Ich08 J 0BnddOu bl ld ks 118, 120 and the
g

media 122 are formed of fibers having an average fiber diameter typically larger than that of the fine
fibers. The siBEHAE 1a§&FevIH2 16T HR5 to& A essPH 4o 167 ¥157T9D¢ WNWAG Hbers 124, 126,
128, 130, 13Rc1a3kak36\1438pH 40 ddb;danchtheshoadiaviti?tanedninatedZarhds tighith/lgempressed

together lo IncigAsmost MareAEAREL AU ING I8 pviae AsliniantURRr syfagg rea for water

emulsified in'a rqy;(c)irr%éa el, such as a diesel fuel, to coalesce. Further, the fine fibers 124, 126,

128, 130, 13%isBalia Bger1 B8, 140, 142 are formed of a hydrophilic material, for example nylon-6, to
attract water and to enhance formation and growth of water droplets, facilitating separation of water

from a hydroggeion fugl SHieam. ABeHED ma?mqgﬁk@aﬁmﬁ showpaithihe mestiadayer 122, this

media layer is optional, and thus, the filter media 100 according tq other embodiments may not include
this media la5/k# 22DuyeRePrHL A et B ARrEs SIS HETE &4 BEiRGTRE BISEE8shown in FIG.
2. FIG. 2 illustrates: theWiltehditdiadkof) in@ipre:gompresseddtate 14Whanshantoinpigssed state 146.

As shown, e JiisTRad.ddn il aaeoﬁsg@%%ﬁ?%é et s A HRLIGRERSY (@IS0

referred herein as an original thicknes er media 100 in the pre-compressed state 144 is

compressed §#to tibiterhprensednadhs ampirsise Yeket'Breiedderigrsndran4eliar btbgressive sets
of rolls), 150(wheyginsthednifisn thicknsssathisere thagemidniddinaldhicko@asd o a final

thickness t.

[0052] In some embodiments, the filter media 100 in the pre-compressed state 144 is
neated before compressing. In certain preferred embodiments, fibers of the substrate relax
and reorient to increase an average distance between the fibers during heating (such as a

scrim that has been at least partially compressed during the scrim production process.) As
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[0052]In some embodiments, the filter media 100 in the pre-compressed state 144 is heated before
compressing. 43,66/ taiRfieferred embodiments, fibers of the substrate gla;gua¢h iggddgnt to increase
an average distance between the fibers during heating (such as a scrim that has been at least partially
compressed during the scrim production process.) As such, the substrate layers expand and loft,
wherein the thickness of each of the substrate layer increases. Further, as the fibers proximate the
surface of thesylistrateiralal amnd:reenicnt] thi, fiherfilbbehs iviolrare’ carhietlthystivesgdibers move and
reorient with e feia. Thisufine.Shemare putandedh shecnd pilleduithadarger fibers. In such

embodiments; the initial thickness t' of the pre-compressed state 144 can increase by at least 1.5

times, 2 tlmégo%cﬁh‘é% fredihsrs mibiF e ‘Fré%*{%l@’ PSS B EH TR iR AN eHiERess t of the filter
media 100 aftrissohsaate bi-camptessiandalf thepdftaddikeranedi 1Q0scan slnehelther less than, or

equal to, or great rth he init tlckn o >pending on, the ampg f.expansio yring heating
and the amo%uﬁ?aef %c%jon uﬁlhlcéger:ﬁspregsl?oﬁ In ot erqqeembo |ment&smtCT Fer "media 100 in the

pre-compresk&dBestd imaschirs ﬁ@%ﬁ@ﬁ%ﬁ@l‘@@)ﬁ%ﬁ*@gs@d%ﬁﬁﬁﬁ@ﬁm&? vig Hgét of heated

calendering fQillesssd B&me&qixm%ﬂ%ﬂﬁmﬁesm@wnmxﬂﬂ@mﬁ@dme&mdoﬂﬂasm&msIight increase in
the initial thlc nesst ?} %ﬁhlcknes reductlont the final t I%E SS t, I hcy‘7 |fferent

embodlmenté %é d HiteP e tﬁ@fﬁ%‘{'}?ﬁ e nautﬁ ?“lcesegqttéa héated post

compres&orthmmennmmhwkmﬁksiﬁ%ﬁwm mdﬁéas@dunhoscdnde@mbwmmpwqmer media 100

can be heatgd moreamanae; tﬁ@ﬁﬁéﬁﬁé@iﬁééb@nﬂﬁ%@%&&%@e@&@%t@%&%m hefeee compression,
then heated again during corgj)ressmn 100531In one e%]bodlment the final thickness t can be

between abdiif SBPP SR OB BEMETHiIRT thiQkhedsde gﬂﬁ%l@?%ﬁ‘@f\m&eﬂ‘ out 70% and 200% of
the initial thickrteditinand moresprefératly daptweaeno80Ysmant gbb 0t wbdmetinitiahthickness t'. As the

fiter e 10048109 R EMPIRSSE. SialeddAJSiRTRSEAARNE e gk pampressed state 146,
the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 becorme more mtegrated with the

coarse f|ber§@??ﬁ@§%‘j%@&ﬁ°§%§%ﬁé@éﬂ&)‘/é‘?gdiwolﬁﬁmﬁé%e Ford tglness bean1% beasd 118, 120 and
form 3 dimensigoakfingsihenmasiawithickiae fillenrmediachod. Thediiesmbediadfir the compressed

state 146 hag gharaé:ti%%tlcs guglc ent for %lcoa]ln%gc fg %% ga} Ahthpﬂg[ %Elbt@ gnggia 100 in this
r

embodiment includes Iayers o? Strate carrying fi S, other em odlments can include more
or less substreisddpérs eamwr@l%éhﬁbé@fcﬂ@@mdlﬁ@&mn@@é%yers 102, 104, 106, 108, 110, 112,
114, 116, 118, 120 can be formed of any suitable porous material. Each of the substrate layer can be

foiiuted of a sijeq e, malel At iRienLlypEshRRIGHS Ralaal s epbodiment
each layer of the substrate 102, 104, 106, 108, 110, 112, 114, 116, 118, 120 comprises a formed filter

media. The @Gﬁ@ﬂ@lﬁé?ﬁ%@&h%?ﬁ%ﬂ’é&c‘ﬁﬁéw& e prsheafi %86%@1‘“?%“@%&@ the fibers of
the formed filier media-mapbedonded) o gatheobynsolyentd erndingssthe rnal dfindimgdiand/or pressure
bonding. The formed filter media ca r flne |b r rf,J he formed
filter media t?/é?calf% @n %Om%ag[g%n%er?tf%’u asg %“Ttge%%egr gﬁs%éllﬂf; as%%é%gf?&ggr l;r}%edla without

being laminafed BresupPoiid Wdﬁ%rlﬁ%d%dﬁ@trﬁ@td@ e lrsemsdmmeinagaiatia o referred to as
a substrate filter.smedigoasfiterngdirmsubsinate ssubstrate, afiltessnedia 1o otheribke terms in the

present appIIC%tl?EO and form 3 dimensional fine fiber matrix within the filter media 100. The filter
media 100 in the compressed state 146 has characteristics sufficient for a coalescing media.
Although, the filter media 100 in this embodiment inciudes 10 layers of substrate carrying

fine fibers, other embodiments can include more or less substrate layers carrying fine fibers.

[0054]  The substratc layers 102, 104, 106, 108, 110, 112, 114, 116, 118,120 can be
formed of any suitable porous material. Each of the substrate layer can be formed of a same
type of porous material or different types of porous material. In one embodiment, each
layer of the substrate 102, 104, 106, 108, 110, 112, 114, 116, 118, 120 comprises a formed
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[0055]Alternatively, the substrate may comprise one or more webs of fibers which are loosely tangled

together in a Righly fl4ffed;thick state and may not be bonded together ag.ip thg, Gase,qf a formed filter
media. Thus, the web of coarse fibers can easily be pulled apart with very little manual effort and has

little structural integrity such that it is not considered a formed filter media in the conventional sense.
The fibers of the web of fibers typically have a larger average fiber diameter than an average fiber
diameter of thecfinedibefdcAssutijtthenwdsbeofnbbers fiscalsbarefelredito agahwelFaf coarse fibers or

otner ke terma i ilinARRICAKaN dhomResHe. MskmedR AN Ing TBri/RigarpIed With such

web of coarse fibers is described in Inte%rategd Nanofiber Filter Media, US Patent Application
Publication N&FToBboebies e onmrsas Badited s thesdiiliaedrtie prexdnedPstication, the entire
disclosures ahwhichidre ireotpomigdnersintbynefarense dharpiea [00ablR iefesallyndhe substrate 102,
104, 106, 108, 110,112, 114,116, 118, 120 js a multi-component filter media. As d herein, the
term "muIti-c%sr%%p%snae%r]#%{%?él}%g gi'?s'faﬁiua[%lr-gg?ﬁ%%ghg%@gg?gfln%ﬁﬁm{%%{%%éﬁu toﬁ%sg%?{nedia" and
other similar (8B ehnob stustacintéeclvaneeality wrdsferaoofitérisieidiasasehyditg@Eteast two different

materials. Fohaxampler asiltinsarronanifiler madiacan campiss:lilarsfalined:efadirst material

and fibers formed af a second material, wherein the first material and the second material are different
materials. AIfERE |verly, a multi-component filter media can be formed of fibers including at least two

different materials, such as fibers including a core folioed of the first material and a sheath formed of
the second m@tssjal, asidaserbecin detaiibealow.Aprylibae mpanent fitarrmediadneluging two

different materials is refer.to herein as “hi-co ent filter media”, "'bi-co nent media”, and like
torms. WO S80I 1 DB BT RO A 4 6200 D05 s SR Lkt Ber SIREO ANt St of the
substrate laygtsa02f 2 01redéilteogedizg T theywet] agsoang fibow ewmpiisds aulednriormed of
bi-coclnmpone%@b%@im@ﬁ&imémﬁﬁf%@msm@ﬂaﬁmmg@kf}ei,t@ﬁ&mktk@gd@?gﬁgﬁd&eg%mposge Jilter
media comprising fine fibers and a substrate formed of suc ti-companent fibers are described in
ili-Compa BRI RrA iR RISFNE) RN AP o EatERE A DBR B aheve
PCT/US09/50B882 witiokei S xs signetitththemssigne élof thenpteseftha fpliddtion, Akeuehtire disclosure of
which are ingorRoiateARRGinRMRIeLensS hetstor {0008HR.IDis smbeginent angicomponent of the

bi-component fihers of the scrim has a lower melting point than the other component, The low melt
component @ﬁﬁiﬁ'étlﬁﬂy%Gﬁ%@‘ﬁo@ﬁ@%W%lg%%ﬂﬁp%%?ﬁéﬂ@feﬁ@%tﬁyﬁﬁé 3rB&Yester. The other
component mwsb@@@@mwﬁmym@agnwmmmnmm 'trﬂslllmnm_@lpl@mﬁtponent, or other
suitable f'berpmtaﬂam%@ézgl%%,%ﬂﬁéﬂrigs#vggé&om@aﬁegfg&é@Bgfgﬂgggg%@pgg%a%%ded together

and/or compressed together to form a scrim or a substrate filter medi ying a certain thickness.
[0059]The bitorApSIHERIRBECOMHAE SEFicodReEr d hesdnstikisntosers, 106, 108, 110, 112, 114,
116, 118, 120 can include a high melt polymer component and a low melt polymer component. For

example the lgipsgmpaneRtMaycomniise adighunalk Priyesierand alowsmak Relygster, in which one
has a higher melting temperature than the other. FIG. 3 schematically illustrates a hi-component fiber
22 accordin drr{ tBﬁwmﬁgﬁ%egﬁ?eﬂg As used herem, the term "multi-component filter media”,

noo1r

"multi-component media", "multi-component fiber media” and other similar terms can be
used interchangeably to refer to filter medias including at least two different materials. For
example, a multi-component filter media can comprise fibers formed of a first material and
fibers formed of a second material, wherein the first material and the second material are
different materials. Alternatively, a multi-component filter media can be formed of fibers
including at least two different materials, such as fibers including a core formed of the first
material and a sheath formed of the second material, as deseribed in detail below. A multi-
component filter media including two different materials is refer to herein as "bi-component

filter media", "bi-component media”, and like terms.



shown, the bi-component 22 is a concentric sheath/core type, wherein a core 24 is formed of a high
melt polymerigePiRagent and a sheath 26 is foimed of a low melt polypgfic campongnt. [00601The
high melt polymer component is finmed of a polymer haying a higher melting temperature than the low
melt polymer component. Suitable high melt polymers include, but are not limited to, polyester and
polyamide. Suitable low polymers include polypropylene, polyethylene, co-polyester, or any other
suitable polyffi@F%] haying& lewerahettingitemperaturéthanbtivetsdeateDhidimels, goB/mer. For
example, hi-gogppnant fibers maymbefapmed oL RayARIEs GRS AN AP ARIaRYIRAR sheath. In this

embodiment, the bicomponent fibers are formed of two different types of polyesters, one haying a
higher meltingEHEFH A eE g ey ing & amant mobns apety/ Ve erie 66881686 11Other types of
bi-componentfiyersnmayci trsakito darmath osmbs ratecl 0211 04mpOGn1 08:rd 1R, deiitki4, 116, 118,
120 in other empodiments. Sog les af, differen es of by onent fibers are schematically
stated 1 I e R LS5,  core 30
and a sheatH’ 82/ISS¥HGWH i wish & TrHidiberths simgagetdf the Rerseempldcshaaticarédiber 22, but with
the core 30 shifisguefi-canter akhe difiatent shenkagenaias afdhe two polymer components can cause
the fiber to curl into a helix when heated. This allows an otherwise flat fiber to develop crimp and bulk,
and can result in different fiber reorientation, expansion and/or undulation of surface under heat.
[0062]FIG. 5!88F8matiddili; ATMARE A SRISBPSIER ¥ Bi-eommppseAaBa 3% eitidify a first
polymer comppnenindBianshaisteond palfmennampomeniociSmelepandingodheapplication, the first
polymer com nt. may be a higher or lower melt polymer than the second polymer component. This
o urther PO O B s T SR bt of the
fiber surface™witts prsperpdliieraderbetiog tihgsrnbe fheanha dosmptrighernevels efigtent crimp than
the eccentric;shanhicare iban28.10Q63A pigvradoadwperbi-enmpnenl ilver4R iscaghematically
illustrated in FIG, 6. 1 1pie Wedg(;:-j fibe{ 40 cam rises a(plur‘akié;{ of gﬁjacen y\{ed es formed of a first
polymer comﬁ%ﬁe‘%‘t&ﬂ AN BPEEEInGPolymertonmpornent 44 E4R1 of the'firdt BB%WH component 42
has a secondepelythekeesnponent 44 on either side. The first polymer component 42 may be a higher
or lower melt polymer than the second polymer component 44. These fibers are designed to be split
into the com tw s by mechanical agitation (typically hydroen ling), yielding microfibers of
01 10.0.2 deluE h thel HHaF b e R LD e wecige e

bi-componenitfib&l4é1domprisifgl ifstaponginés wiedyeslughfiersecara o imelwengés 50. Again,
depending opcnapRlisatian: thefisst-Rolimes WespesASmaske-farmediohahishesor lower melt

polymer than%@e econd palymer wedges 50, The haollow pie wedge fiber 46 is similar to the pie
Weige fiber 15 GUb STt L RO A S boPd ki B EA TP oL B R Weiges from joining,

thus making Silitinghemsimrlly illustrates a bi-component fiber 22 according to one embodiment, As
shown, the bi-component 22 is a concentric sheath/core type, wherein a core 24 is formed of
a high melt polymeric component and a sheath 26 is formed of a low melt polymeric

component.

[0G60] The high melt polymer component is formed of a polymer having a higher
melting temperature than the low melt polymer component. Suitable high melt polymers
inciude, but are not limited to, polyester and polyamide. Suitable low polymers include
polypropylene, polyethylene, co-polvester, or any other suitable polymers having a lower
melting temperature than the selected high melt polymer. For example, bi-component fibers
may be formed of a polyester core and a polypropylene sheath. In this embodiment, the bi-
component fibers are formed of two different types of polyesters, one having a higher

melting point than the other.
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WO 2011/106534PCTRIS2011/026088 10065]FIG. 8 is a schematic illustration of a islands/sea type

hi-componentfjgef aAodsals fiber is also known as the "pepperoni pizza"eqnrfigyiatiniswhere a first
polymer component 56 is the pepperoni and a second polymer component 58 is the cheese. In some

embodiments, the first polymer component 56 is formed of a higher melt polymer than the second
polymer component 58, or the second polymer component 58 is formed of a soluble polymer. In such
embodimentiis fib€ratiowsthélplacement dhboramyfimeustiandsrofthighintelt:pol,met, 56 within a

matrix of lowmelf ar spjubls ROlyTRr 5k tha I8 subseaueniumelied,or dissplver.away, This allows the

production of a media made of fine microfiber because the fibers are easier to process In the "pizza"

form rather th&5°£E WaRAIGAF BB eatimbiiiersaehinEliihdel 8f 27 pespEionis on each
pizza, produsiiagiibers:aleait-ofidb canite( @sadnpRicsensdiamates s ke vensiinekA066] The
bi-componentyfbersmaybe formed nig dfferent shange, For xample. same bicopponent fibers may
not have a cyﬁndrica sshape With a cifcuiar cross section as the I-component fibers described above.

FIGS. 9 and stdfhstramaiso rbecdifimples orlsigormisonEhe fitie rolvinsricremoranshensagukithough, these

fibers do notihaws-a6ikaH aiCEARS 5R6HR R Lat hTas AliameIgERicontesbaf thepegent invention.
The diameter of the (Ilg)lﬁ ' j 0SS section is measured from the outer perimeter of
sC

s having a non- it ular Cti sure ,
the fiber. FIGT BT S E TS Ao OF & bIBAr R B o A 5T BB &% E ach of the
trilobal fibers66yréReconigrises a first polymer component 64, 66 and a second polymer component 68,
70. Each of the trilobal fibers 60, 62 are measured by its diameter 72, 74. In some embodiments, the

first polymer on .06 1s formed of a higher melt.or lower melt polymer than the second
polymer con{gggn%_)nt gg}h/% 1%859%‘5' F@Y %ﬁ%aéeggﬁiei%rg ic 1%1?@5??6308}19 ép’}%r;%%{fpi bi-component
fibers 78, 80UFldifibe 178 pelsintipsetmansbialhicbnipemémofizet wethrarir tgolpmendiatter 82 and
second polymexdigs BdTharinsGais - ippedriasshcampanantdbermitha first Balymer center 86

and second polymer tips 88. Preferably, the first.polymer center.82, 86 is formed of a higher melt
polymer thar e SUER BB HEPBE 62 e (DERIRETBEIL b1 e e tE 062 04, 106, 108
110, 112, 118ba18, wiigh 100 pryforsmeduty have of thrgéreaverage 6T diarratgytian that of the fine

ers 124, 12,125 A0 2 h Pl 00205 G BPI, 105 e gl sobstate 102
’ " fiber 28.

[8063] A pie wedge type bi-component fiber 40 is schematically illustrated in FIG. 6.
The pie wedg.e fiber 40 comprises a plurality of adjacent wedges formed of a first polymer
component 42 and a second polymer component 44. Each of the first polymer component
42 has a second polymer component 44 on either side, The first polymer component 42
may be a higher or lower melt polymer than the second polymer component 44, These
fibers are designed to be split into the component wedges by mechanical agitation (typically

hydroentangling), yielding microfibers of 0.1 to 0.2 denier in the filter media.

{00064} FIG. 7 is a schematic illustration of a hollow pie wedge type bi-component fiber
46 comprising first polymer wedges 48 and second polymer wedges 50. Again, depending
on an application, the first polymer wedges 48 may be formed of & higher or lower melt
polymer than the second polymer wedges 50. The hollow pie wedge fiber 46 is similar to
the pie wedge fiber 40 but with a hollow center 52 core that prevents the inner tips of the

wedges from joining, thus making splitting casier.
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108, 110, 112, 114, 116, 118, 120 can have an average fiber diameter of greater than about 1 micron,

preferably gregter than.about 2 micron, and more preferably, greater thap.pimieron.Ja.one
embodiment, an average diameter of the bi-component fibers of the substrate 102, 104, 106, 108, 110,

112, 114, 116, 118, 120 are between about 1 micron and about 40 micron. [00691The coarse fibers
are compressed and/or heated, for example via a set of calendering rollers and/or an oven, to form the
substrate 10@pas4, 106 108, alstberaki2, ilidaddbefld Blahd20savherchh ampoidhdisestrate layers has a

tickness befyeaf AhOHLOA AN A0 RTEARAARMERDARAULI B NG Qi . Such substrate

can provide a structural support neces or the fine fibérs. Bi-component sciims of various
thicknesses SUReBIRM S B GRCAPRG tHe StRsenhRehayarcorpenap 106e shesa 1y serE 114, 116,

118, 120 are-gopimereiath: aailde througbrdarals supples, Sideh asHBKnduskias, Inc. of

Rogersville, TN, ar other filter media suppliers. Thus, the substrate can eseA{e ed from such off the
stbundT0f A 3% ,5161104, 106, 108,

shelf bi-combon%n?%lég)rf@(ﬁn}ﬁ] n dne_eerf?ﬁ%) m?é’rl'?fn each 1 (ilnecrn B rilsé Substrate® :
110, 112, 11ppldme; 1ngudngrhpditisatimbeidver 2lloornhrdsdacasnine forne dusfisiedmpbisbnt staple

fibers havingaihighmels Palyesteteare anchanonomelprlyestat.siraathisthsRimeemponent staple

fibers are compressed tog{ether to farm the scrim, wherein the bi-compon @%Sta le fibers are bonded

together cheRTicli§)! ARERNERREH) ARM8YHERTATO BB RAMBRE 4RE B COMSRSTY Ylple fibers are
heated to orearsthibenfibitingrtenperaturecsf théddimarelfpolyeste tandscodipressed together, wherein

the sheath fapagd,gfihe dopmaltRelyasiaLmels phsallensandactsAs abandiagagent (o bond
fibers together. [0071]The fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 can be

deposited difBeHy g 8 BoREPGrbiFTERS dHstFAte: 16 5YF07 06, 108, 110, 112, 114, 116, 118, 120 as
they are formed. Alternatively, the fine fibers 124, 126,
[0066] The bi-component fibers may be formed into different shapes. For example,

some bi-component fibers may not have a cylindrical shape with a circular cross section as
the bi-component fibers described above. FIGS. 9 and 10 illustrate some examples of bi-
component fibers with irregutar shapes. Although, these fibers do not have a circular cross
section, each has a diameter in context of the present invention. The diameter of the fibers
having a non-circular cross section is measured from the outer perimeter of the fiber. FIG.

9 is a schematic illustration of a trilobal type bi-component fibers 60, 62. Each of the
trilobal fibers 60, 62 comprises a first polymer component 64, 66 and a second polymer
component 68, 70, Each of the trilobal fibers 60, 62 are measured by its diameter 72, 74, In
some embodiments, the first polymer component 64, 66 is formed of a higher melt or lower

melt polymer than the second polymer component 68, 70,

[0667) FIG. 10 is a schematic illustration of a tipped type bi-component fibers 78, 80.
The fiber 78 is a tipped trilobal bi-component fiber with a first polymer center 82 and
second polymer tips 84. The fiber 80 is a tipped cross bi-component fiber with a first
polymer center 86 and second polymer tips 88. Preferably, the first polymer center 82, 86 is
formed of a higher melt polymer than the second polymer tips 84, 88,

[6068] The fibers of the substrate 102, 104, 106, 108, 110, 112, 114, 116, 118, 120 are
formed to have a larger average fiber diameter than that of the fine fibers 124, 126, 128,
130, 132, 134, 136, 138, 140, 142, For example, the fibers of the substrate 102, 104, 106,
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128, 130, 132, 134, 136, 138, 140, 142 may be separately prepared as a web of fine fibers, then

laminated Wlt%g‘]ﬁ)ﬁﬁggg ate 102, 104, 106, 108, 110, 112, 114, 116, 11@hd30Alihaegh. the fine
fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 may comprise fibers having various fiber

diameters, preferably, the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 are nanofibers
having very fine fiber diameter. Such fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 can
be formed byoslactrospinning of, otiset Xuitalbievprocesses. fincoderectod grret, e fimatfibers 124, 126,

128, 130, 13 ki R0uhIR A0 A2 IR Slaghipepnnaaeaiheihayioaanavsiaar ioer diameter

less than about 1 icron, preferably less than 0.5 micron, and more preferably between 0.01 and 0.3
microns. Sué%%ﬁﬂ%ﬁﬁ@ﬁeﬁ‘ﬁﬁ@*ﬂﬁéﬁa@%b&%‘?ﬁb@’ﬂ%@f@aﬁ@?W?é”@?\?@f?\}gﬁzme to provide an
increased fibgn swdacgzare@ ina coplesging fiter medter dar dotmationohwatebdroglets. [0072]The fine
fibers 124, 126 128 130, 132, 134, 136, 138, 140,142 may be formed by various suitable polymeric
materials. T6'avoid destruction of the fine fibers during heating and/or compressing of the filter media
100, the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 are typically formed of a material
having a higfiesselt teimpeiatufiddhare: abtgasistiedd: el d¢ompaaentofitheddie€omponent fibers of

the substrate,  Risferist emERTIMSNLS of wtehcomlesaintoannlications dhadine flaess are formed o

a hydrophlllc ‘materiar such as polyamides. Other suitable h 131/ hilic polymers include, but not limited
to, poly(acrylitéatid),| BolyamiE e i s RsaRs iy F R BEHolL ﬁwmﬁﬁ%’té?@%%ﬂﬁamglene glycols,
copolymers oimethyviaybetbatandamalaic acid, maeiSanhydsenaty peviicpolylioiede oxides,
poly(meth)ac Iam|decgés%qd d‘po |I|1;1: Uret@?&%ﬁ olllo I}{et ten |ryége§thqggﬁh§qe§tgﬂ%g§e

hydroxylmeth DTN Xye ?ﬁy Mulose yvinyls suffonic acid poly(saccharides) such as

chitosan andmwmhﬁp%Wmm@iwﬁb%é@W% SRdUJR:-OH, 1IEGHH! ErdArariH2 groups.

[0073]In Onec&lﬁ}l?&@imﬁ%dtm@%Jﬂ@ﬁ%ﬁ&é,slag@lel@@ucl& Hi3R 1A841rk36ind 38, 140, 142 are formed

Of n n
nylon-6 (po%%[?x}glee 5 algro o%?!:?fr l?eq rtx?e lisi SIE;} grsh%r]%lg ti\ile substrate can be selected from

such off the shelf bi-component medias.

[6070] in one embodiment, each layer of the substrate 102, 104, 106, 108, 110, 112,
114,116, 118, 120 and the media 122 comprise a scrim formed of bi-component staple
fibers having a high melt polyester core and a low melt polyester sheath. The bi-component
staple fibers are compressed together to form the scrim, wherein the bi-component staple
fibers are bonded together chemically, mechanically and/or thermally, For example, the bi-
component staple fibers are heated to or near the melting temperature of the low melt
polyester and compressed together, wherein the sheath formed of the low melt polyester

melts or softens and acts as a bonding agent to bond fibers together.

0071} The fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 can be
deposited directly on the corresponding substrate 102, 104, 106, 108, 110,112, 114, 116,
118, 120 as they are formed. Alternatively, the fine fibers 124, 126, 128, 130, 132, 134,
136, 138, 140, 142 may be separately prepared as a web of fine fibers, then laminated with
the substrate 102, 104, 106, 108, 110, 112, 114, 116, 118, 120. Although, the fine fibers
124, 126, 128, 130, 132, 134, 136, 138, 140, 142 may comprise fibers having various fiber
diameters, preferably, the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 are
nanofibers having very fine fiber diameter. Such fine fibers 124, 126, 128, 130, 132, 134,
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electrospinning, wherein the electrospun fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142

are deposited.difect]y on.the substrate 102, 104, 106, 108, 110, 112, 114+ v:c2011/026088

136, 138, 140, 142 can be formed by electrospinning or other suitable processes. In one
embodiment, the fine {Tbers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 are
electrospun nanofibers having an average fiber diameter less than about 1 micron,
preferably less than 0.5 micron, and more preferably between (.01 and 0.3 microns. Such
small diameter fine fibers can pack more fibers together in 2 given volume to provide an

increased fiber surface area in a coalescing filter media for formation of water droplets.

[0072]  The fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 may be formed
by various suitable polymeric materials. To avoid destruction of the fine fibers during
heating and/or compressing of the filier media 100, the fine fibers 124, 126, 128, 130, 132,
134, 136, 138, 140, 142 are typically formed of a material having a higher meit temperature
than at least the low-melt component of the bi-component fibers of the substrate. In
preferred embodiments of water coalescing applications, the fine fibers are formed of a
hydrophilic material such as polyamides. Other suitable yydrophilic polymers include, but
not limited to, poly(acrylic acid), polyalkylene glycols, polyvinyi aleohol, polyvinyl acetate,
polyalkylene glycols, copolymers of methylvinyl ether and maleic acid, maleic anhydride
polymers, polyikylene oxides, poly(meth)acrylamides, hydrophilic polyurethanes,
polyvethyleneimines, methyl celiulose, hydroxylmethyl cellulose, hydroxyethyl cellulose,
polyvinylsulfonic acid, poly(saccharides) such as chitosan and many other polymers or

copolymers with enough —OH, -COOH, and/or -NHZ groups.

[6073] In one embodiment, the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140,
142 are formed of nylon-6 (polyamide-6, also referred to as "PA-6" herein) via
electrospinning, wherein the electrospun fine fibers 124, 126, 128, 130, 132, 134, 136, 138,
140, 142 are deposited directly on the substrate 102, 104, 106, 108, 110, 112, 114, 116, 118§,
120. In this embodiment, the fine fibers 124 are generated electrostatically from a solution
containing nylon-6 and deposited on a surface of the substrate 102. The fine fibers 126 can
be similarly generated and deposited on the substrate iayer 104, and so on. The substrate
layers 102, 104, 106, 108, 110, 112, 114, 116, 118, 120 coated with the electrospun
nanofibers 124, 126, 128, 130, 132, 134, 136, 138, 140, 142 are then iaminated together
with the media 122, such that each layer of the fine fibers 124, 126, 128, 130, 132, 134, 136,
138, 140, 142 is sandwiched between the adjacent substrate 102, 104, 106, 108, 110, 112,
114, 116, 118, 120 and/or the media 122 to create the filter media 100 in the pre-
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116, 118, 120. In this embodiment, the fine fibers 124 are generated electrostatically from a solution

containing nylgiy8,angddgposited on a surface of the substrate 102. The.fipg dfers.daé can be
similarly generated and deposited on the substrate layer 104, and so on. The substrate layers 102,

104, 106, 108, 110, 112, 114, 116, 118, 120 coated with the electrospun nanofibers 124, 126,

compressed state 144 ag shown in FIG. 2. As discussed above, the filter media 100 in the
pre~compresse.d state 144 is then compressed to form the coalescing filter media 100 in its
final compressed state 146 as shown in FIGS. 1 and 2. In preferred embodiments, the
coalescing filter media 100 is heated before, during, and/or after the compression. For
exarnple, the filter media 100 in the pre-compressed state 144 is heated prior to passing
through the sef of calendering rollers 14¥, 150, Turther, the set of calendering rollers 148,
150 can be heated to further heat the filter media 100 during the compression.

{0074} The bonding between the fine fibers 124, 126, 128, 130, 132, 134, 136, 138, 140,
142 and the adjacent coarser fibers of substrate 102, 104, 106, 108, 110, 112, 114, 116, 118,
120 and/or media 122 may involve solvent bonding, pressure bonding, and/or thermal
bonding. For example, as the fine fibers are electrostatically generated from a polymer
'soluiién containing & solvent, the solvent remaining on the surface of the fine fibers can
effectuate a solvent bonding as the fiber fibers come in contact with the coarse fibers of the
substrate. Further, the low melt component of the bi-component fibers of the substrate can
be used to enhance bonding between the fine fibers and the adjacent coarse fibers of the -
substrate. In such embodiment, the filter media 100 is heated to or near the melting point of
the low melt component and compressed, wherein the low melt component of the bi-
component coarse fibers melts or softens, which allows the adiacent fine fibers to embed
into the low melt component as they are compressed together, thereby enhancing the
bondingbetween the coarse fibers and the fine fibers {via pressure bonding and thermal

bondmg.)

[0G75] In the embodiment shown in FIG. 11, the coalescing filter media 500 includes 10
layers of substrate 502, 504, 506, 508, 510, 512, 514, 516, 518, 520, cach of which carrying
fine fibers 524, 526, 528, 530, 532, 534, 536, 538, 540, 542, and a media 522, all of which
are tightly compressed together similar to the filter media 100. In addition, the coalescing
filter media 300 includes a porous layer 544 on the downstream surface 548, The porous
layer 544 is also referred herein as a "drainage layer". Although this embodiment is shown
with the media layer 522 and the porous layer 544, these layers are optional, and thus, the
filter media 500 according to other embodiments may not include the media layer 522 and

the porous layer 544,
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128, 130, 132, 134, 136, 138, 140, 142 are then laminated together with the media 122, such that

each layer of WS ﬂﬂ%{&? rs 124, 126, 128, 130, 132, 134, 136, 138, 14%&4(??% %ng\ggched between
the adjacent substrate %5'3 104, 106, 108, 110, 112, 114, 116, 118, 120 an orl'ie media 122 to

create the filter media 100 in the pre- compressed state 144 as shown in FIG. 2. As discussed above,
the filter media 100 in the pre-compressed state 144 is then compressed to form the coalescing filter
media 100 irfotyéinal cenisessedistate i« masaS0widitet GSer badhd 2bkapeaterreghembodiments, the
coalescing fi %a%ji is.h e fore, durj nq_l/ after the G ressiotp. For example, the
fitor media T0 R e e o Seben e L e o

calendering roliegs fibgr dimpctehesenisboset one4lbndariigrondrsansghbrvasbibeidated to further
heat the filtep mgdia 409vduring the.capopsassinn MAPHMd T hebaerdipg hetwesn the {ine fibers 124,

126,128, melt polyester sheath. The fine fibers 524, 526, 528, 530, 532, 534, 536, 538, 540, 542 are
electrospun nanofibers formed of nylon-6. The fine fibers have an average fiber diameter
between about 0.01 and 0.5 microns, wherein each layer of the fine fibers 524, 526, 528,
530, 532, 534, 536, 538, 540, 542 has fine fiber coverage between about 0.075 g/’m2 and
225 gim?, providing total fine fiber coverage between 0.75 g/m” and 2.25 g/m’.

[0077] The porous layer 544 (also referred herein as a drainage layer) can be formed of
various materials such as a cellulous material or fiber glass. In this embodiment, the porous
tayer 344 is formed of a fiber glass, and has a pore size greater than or equal the bi-
component fiber scrim. The porous layer 544 allows continual growth of water droplet that
are coalesced through the compacted substrate layers and fine fiber layers, and allows the
water droplets fo pass through the porous layer 544 for subsequent collection of water
droplets. Further, the porous layer 544 can provide additional structural sup_qurt' for the
compacted substrate and fine fiber layers. The media 522, the substrate layers 502, 504,
506, 508, 510, 512, 514, 516, 518, 520, the finc fibers 524, 526, 528, 530, 532, 534, 536,
538, 340, 542, and the porous layer 544 are laminated and compressed together to form the
tightly packed coalescing filter media 500 having a total thickness between about 3/16" to
"

[6078] In some embodiments the drainage layer 544 is formed of a silicomzed cellulous
material. In such embodiments, the drainage layer 544 is not continuously bonded to the
substrate layer 502, but may be partially secured to the substrate layer 502 to prevent sliding
movements when the coalescing filter media 500 is subsequentiy pleated or formed into
various filter elements. In these embodiments, the compacted substrate and fine fiber layers
coalesce water droplets into a size sufficient to be captured by the drainage layer 544 that is
formed of the hydrophobic siliconized cellulous material. The hydrophobic drainage layer
544 acts as a water barrier preventing the water droplets from flowing through the pore of
the hydrophobic drainage layer 544. Instead, the water droplets flow along the hydrophobic

inner surface of the drainage layer 544 and run down between the substrate layer 502 and
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130, 132, 134, 136, 138, 140, 142 and the adjacent coarser fibers of substrate 102, 104, 106, 108,
110, 112, 114w 20111106534 PCT/US2011/026088

the drainage layer 544. The water droplets are then collected off line, allowing only fuel to

enter the engine.

{0679 In this embodiment, a hydrocarbon fuel strearn enters the coalescing filter media
500 from the upstream surface 546, flows through the fayers of substrate and fine fibers, and
exits through the porous layer 544 on the downstream surface 548, As the hydrocarbon fuel
stream passes through the layers of substrate and fine fibers, water emulsified in the
hydrocarbon fuel stream coalesces due to the large fiber surface area provides by the fine
fibers. Further, the hydrophilic fine fibers attract water, enhancing formation of water
droplets. The coalesced water droplets further grow in size as they pass through large pores
of the porous layer 544 and are separated from the hydrocarbon fuel. Further, solids and/or
contaminants in the hydrocarbon fuel system can be captured within pores of the coalescing

filter media 500, thereby providing added filtration capacity.

{0080]  In other embodiments, the substrate layers 502, 504, 506, 508, 510, 512, 514,
516, 518, 520 comprise different medias. For example, some of the substrate layers may be
formed of a thicker scrim or filter media than other layers, or may have different pore sizes
than other layers. Further, the fine fiber layers 524, 526, 528, 530, 532, 534, 536, 538, 540,
542 may have a same fine fiber coverage or different fine fiber coverage. For example,
some of the fine fiber layers can have a fine fiber coverage of about 0.08 g/m®, while other
fine fiber layers have a fine fiber coverage of about 0.2 g/m”. Further, the fine fiber
coverage of each layer can be configured according to characteristics of a hydrocarbon fuel

stream and water content to optimize the coalescing process.

[0881] FIG. 12 schematically illustrates a representative process of making a coglescing
filter media according to a processing embodiment of the present invention. Although this
embodiment includes downstream process steps for making the coalescing filter media 500
of FIG. 11, the process can produce filter medias according to other embodiments of the
present invention with minor modifications. A system 200 shown in FIG. 12 mcludes an
upstream system 201 for making a composite media including a substrate and fine fibers
deposited thereon, and a downstream system 203 for laminating and compressing muttiple

layers of composite media and other additional layers to make a coalescing filter media.
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116, 118, 120 and/or media 122 may involve solvent bonding, pressure bonding, and/or thermal

bonding. For gxamplg,as,the fine fibers are electrostatically generated fopy;8.palysRg% solution
containing a solvent, the solvent remaining on the surface of the fine fibers can effectuate a solvent

bonding as the fiber fibers come in contact with the coarse fibers of the substrate. Further, the low melt
component of the bi-component fibers of the substrate can be used to enhance bonding between the
fine fibers arjdo8» adjitenpceanseyfibersiofitheduhstratentinguchienibddimeatrskefilter media 100 is

neated to or fiaghihi e IRG APRLALURCS iU Mk CAPONRRLANLSAMMERSRL, WhsIg. e low mel

component of the hi-component coarse fibers melts or softens, which allows the adjacent fine fibers to
embed into tH& R ek cBinpobrpinad thi) &fe Compre Sduah Sgsmdi i P ey the bonding
between theigcoaksa-dibRss amnd.thedine; flagoa on Messuiie bidinguaddithemsabibongtinig.) [0075]In the
embodiment wn in.FIG. 11, the coalescing filter media 500 includes 10 Jayers of substrate 502,
o0, 506, 5001 LH-B1s* By Bt SrE Bialg i A ens SR DB S S e 2a0,
532, 534, 536:838piBA0g5YMonAN afviretiars 210 et Srnedcrareragid cesmipredssd fdifether similar to
;he filter medl@iﬁ;%alﬁ @éﬁﬁit&%xﬁi@m@m@ng Mﬁplmgifﬂiéﬁl%ﬂﬁswﬂfg %p%m&ay.eféM onltne )
ownstream _surface 548. The porous layer 544 is also referred herein as a "drainage layer". Althoug
s embodir Bht F BB e A IR he b LAY 77 ANEE Mers ave
optional, andphussithe ditetentiedin 50Braclo tdifvg:tecotheren odimehs peayperscingtlidle the media
layer 522 anghihe, porous,\avekadd 2000 2011/106534PCT/US2011/026088 [0076]In this embodiment,
the media 522 and each layer of the substrate 502, 504, 506, 508, 510, 512, 514, 516, 518, 520 are
formed of a bi-component fiber scrim having an average fiber diameter between about 1 and 40
microns andl8983ke wEigliehetieds AHogE B EmTSB RGeS Phéd esrmpdNdatis@stcomprise a

high-melt DO&Y%SJ&&&%S?% ﬁr&wsrﬂﬂﬁtﬁﬂbl}ﬁ&@ﬁélﬁ%ﬁﬁls)ul}%ﬂ?%ef??ﬁéﬁaﬁ&ﬂgn@%ﬁ@@m 530, 532, 53)4,
536, 538, 540, 542 are electros anafibers formed of nylon-6. The fine fibers have an average fiber
ciarneter bo AR SHBUT 0L A DG AL ORI RCHER il bIAHA g AUBICE, 526, 508,
530, 532, 534¢ 586, 5B383GUDcBAR Fasdihe fiberwoverderbeninde rualbauti:07Bogtm dibeel .225 g/m2,
providing totg} finesfibap coualage Paiweerd Lo die2rnd 2o 9t 100 HFHibe arous layer 544 (also

referred herein as a drainage Iatylsé) can be formed of various materials such as a cellulous material or
fiber glass. IR BHIBSARTERT PRISEFO SEI Bl AP RIS SRR S8 HOEH Y1 258 “HRRFHSY a pore size
greater than :ox g bedttiedicompondnt béen SafiinvihieposouslaylerSbadiidwscontinual growth of

water droplej thaf are 0@1‘@%%%‘%{19?&% & EQmnAsed §&Q§$§%‘iﬁ iveIsand fing fiber layers, and
allows the water daropl fs to%Fasst rough the porous layer 544 for subsequent’collection of water

droplets. FuPBPrershstdbedayskacs a2 caRlpr\igadabentiennd itbrctiital support for the compacted
substrate and fine fiber layers. The media 522, the substrate layers 502, 504, 506, 508, 510, 512, 514,

516, 518, 5234 finefiets R4« 32BompShenSor32mpRin 36n 2R8I WP RASAPSL the porous layer

544 are laminated and_compressed together to foul' the ti(f:]htlly packed coalescmgi ilter media 500
having a tot&umm&%@ba&w&he%wEug%s%gﬁ&lgh melf polyester as the core and alow melt

polyester as the sheath. Such bi-component fibers can then be used to form a scrim or a
filter media. In one embodiment, the bi-component fibers are used as staple fibers to form a
multi-component filter media or a scrim via conventional dry laying or air laying process.
The staple fibers used in this process are relatively short and discontinuous but long enough
to be handied by conventional equipment. Bales of the bi-component fibers can be fed
through a chute feed and separated into individual fibers in a carding device, which are then
air laid into a web of fibers (which itself for purposes of the present disclosure may be used
as a substrate.) The web of fibers is then compressed using a set of calendering roilers to
form the roll of scrim 210 (which can also be used as a substrate.) The web of the fibers

may optionally be heated before entering the set of calendering roliers. Since the scrim 210
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[0078]In some embodiments the drainage layer 544 is foned of a siliconized cellulous material. In such
embodiments“;g%éi{ﬂmg\ge layer 544 is not continuously bonded to the substiate Jaygg 502, but may
be partially secured to the substrate layer 502 to prevent sliding movements when the coalescing filter
media 500 is subsequently pleated or founed into various filter elements. In these embodiments, the
compacted substrate and fine fiber layers coalesce water droplets into a size sufficient to be captured
by the drainagenayab&diddhadosfolned -afithenbydibphabitusiiponizgohed iopsmaterdal. The
nvdrophobic iAngde el Rl asupIeLOATIEL SYSRYG hediatar dropiets om flowing

through the pore o ydrophobic drainage layer 544. Instead, the water droplets flow along the
hydrophobicTrHesagraceccr the dibrrage Rijet Siarabrna rraads davrsers thic'ibbtrate layer 502
and the drainageisyefikddelike water droplets arc then collected off line, allowing only fife' to enter
the engine. [0079]In this embodiment, a hydrocarbon fuel stream enters the coalescing filter media
500 from the upstream surface 546, flows through the layers of substrate and fine fibers, and exits
through the ﬂ)@%ﬂs layep SUFTSR ﬂ?g’%%r%‘éfﬁg? SomRIEErs A e BNAFH EBFBOHTUAT stream passes
through the lsytess@ifibubsthdteantddingfiberewwasapemutsifider imitieabydigeapbendtiststream
coaesces ouaBREIRIOE (heullpes Aen RIONES e (o Thsiso Rt e hycrophile fine

. oI seﬁabrgtr-
fibers attract water, en ancrl)ng formation of water droplets. The coalesced water droplets further grow

in size as th&SEPASE HiFBudh TrBEPAEBSTHE FBrdiisTaykt B4Rttt e sBs Bl Hofs the
hydrocarbongfugt. &, Salids anséencantaminanislinytia hydroeannon:iual-sysien can be captured
within pores of the coalescing, fitter media 500, thereby providing added filtratjon capacity. [0080]In
other embod?}ﬁ}émgg the ’ssﬁlﬁ'sttrhgfglﬁ%r&&?g ﬁ?%ﬁ%}e gé‘%é@t &@?gﬁ% 64{31 fi%h@fg] ¥20 comprise
different mcdvab vhor bsardpial mekeé of the substrate layers may be formed of a thicker scrim or filter
media than other layers, or may have different pore sizes than other layers. Further, the fine fiber
'(?yefs 524, ﬁ-ﬁggc,ﬁz& RoSoRier e%%é‘di%%%, %%%iéé%pﬁé&ﬂﬁégr DAVS A.S8016:HI8 Hnercqverage or
ifferent fine Tiber coverage. For example, some of the fine fiber layers can have a fine fiber coverage
of about 0.0F'GIHE RIAiFsS off R ehipfanfib srakgrepelrenla il Pesver@orads i wly/m2. Further,

the fine fiber.gaverage.af aaahdayer canhe configuredaccanding teecharacianistios@fa hydrocarbon

fuel stream and W%te_r content.to ogti _itze th%coalescirhg Rracess. [0081]FIG. 12 schematically
. a8 4 Weo O JNOVINE SCTCSN () 4 DI-COMpongc Ccr i . . .
illustrates a represenPa%lve process o ma%ng a cogPescmg filtér media according to a processing

embodiment of the present invention. Although this embodiment includes downstream process steps
for making thetsoplesaingniitersnediachOtbaf AiG nibithesprocess en praducsfitiérimedias according

10 other embodinents.of {1 presst IOVERUAN WA R HodiTgalians, & pystem, 200 shown in FIG.

12 includes an Upstream system or making a composite media including a substrate and fine
fibers deposmedenarbercrsacdywrstehiue) el dos TheTHHIAR ARG SHE S¥MBressing multiple

layers of compositemedia gnsliathamaddiionahiayersiamake a.codlesangdiiersmedia. WO
2011110653?&1':1)&% 3{91{13 1%%513/(9 %1?001185;% a quench zone wherein solidification occurs which is collected
on a support such as a moving screen. The spun-bounding process is similar to the melt

blowing process, but melt blown fibers are usuaily finer than spun-bounded fibers.

[0088] In yet another embodiment, the multi-component filter media is wet-laid. Ina
wet laying process, high melt fibers and low melt fibers are dispersed on a conveying belt,
and the fibers are spread in a uniform web while still wet. Wet-laid operétions typically use
Y 40 %4" long fibers, but sometimes longer if the fiber is stiff or thick. The above discussed
fibers, according to various embodiments, are compressed to form a scrim 210 or a filter

media having a desired thickness.
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[0082]The upstream system 201 includes an unwinding station 202, an electrospinning station 204, an
optional oveny08,,aneptional set of calendering rollers 207 and a rewipgdingssiati®Roed8. In this
embodiment, a roll of scrim 210, which is used here as a substrate layer, is unwound from the
unwinding station 202. The scrim 212 unwound from the roll of scrim 210 travels in a machine direction
214 toward the electrospinning station 204. In the electrospinning station 204, fine fibers 216 are
foimed and ¢e}885iteRefcwing banfacdi6r. tHe theran2 222 enfioinitle chwipositaingetinor P8comprising the
scrim carrying, the. fife iRers.216:cThe GAmRRasHamRdia &l 8mayhe: Bealed.and compressed in the

optional oven 206 and the optional set of calendering rollers 207 before being wound into a roll of
composite niRHFF ISR e stEiRale Safish 28 %(?68?]%%@8?% R P FERIEES SN upstream
process of tnemeapcﬁﬁw(mtherv@arbﬁcmamﬁni!ibuﬁw@mﬁmmmwﬁﬂptmmm@mocess) or may
be purchased in,a (all Jor{romA SRl As ABISQL AiRer tatle, et epplier such as H&Y

or Ahlstrom or the like. The’scrim can be formed of various suitable materials, such as bi-component
fibers of FIGK03ampnstersdnssilstherivt - Frerantplication Buplisatian He formed of high melt polyester
core/low metopolyesterrsheathebircompenast staplefiberappihishvarecompresseeduansior heated to
form the roll of scrim 210 having a desired thickness and solidity. Alternatively, the substrate layer may
be other singogl%%%ﬁhp%?’%ﬁ?cr%@ ia ?ﬁglcrr%%%g%écr%cﬁr@%ee% 5%2? ﬁ'é%g?r? ’p?g%:% th)g. as_socglvent bond, heat
bond or the liker $008%pinnihe cadshiechl-eomipardntictor Bxdinplioke Bshedptréisheath/core type

bi- componegt fikaprmmy 26 caextudech ising ahigbumel pobesier 28 the semiand a low melt
polyester as the sh%ath. Sucqﬁbi-comgonent fi ersdc%n then b use% to fo{t ia %cl%n or a filter media.

In one embodifRRIG P EHEISSEEHD BREAT FBHHL A8 (G A R4Pie b BIZ YD $o0H & MUt Samponent filter
media or a sdrmbwiguoodwentiodbl deyitayirlly or disdenyity plocessy Tive Staphs iberstused in this
process are gglatively short and discontinuous but long enough to be handled by conventional
equipment. Bales of the bi-component fibers can be fed through a chute feed and separated into
individual fibers in a carding device, which are then air laid into a web of fibers (which itself for
purposes of Wi¥¥firesehtdibslosiieninayibectiqaedaccassubstiaibyTaeswelbdigiersisi¢hen compressed

using a set of calenderingyaligsste-formethaitolalscain st duhichismnsalaebe uged as a substrate.)
The web of the fibers may, optionally be heated beforfe enterin E:fhe selt of cal nderingcfeollers. Since the

scrim 210 offFISUSHBSAHSHPRBATSHAES 1930 AER HB ST SR LSRG & Al GH A& &S mponent and a
low melt comperentg itlistalsbetdfenrbdto laghavbitamrppdivent filterweeliaf icstpsetembodiments, the
web of fibergare folded hefora beingncaleqdrrachin. fim 2 hickes hisompanant fittesmedia. [0085]in a

different embodiment, a web comprising high melt polymer fibers such as polyester fibers and a web
comprising Iﬁwrﬁélﬂb&ym&%@@éﬂ@ﬁcé@%ﬁmmﬁiétﬁf)él@té%lsﬁaﬂ‘éff%ﬁn%ﬁf‘%‘é(barated and
Igminated togﬁﬂﬂeratgrmﬁmcth&mkl. dhbhﬂopmn@mmsﬁdmfismeﬁbiaaeroﬁgdfymMcsf?mkimbi(ﬁdﬂnent, the fing
fibers 216 art%ﬁolﬁsp%%%gﬁo%@eaq?d!.%w%e SHSRROT GG #1810 A RRYEReOk IR jow melt web is

substantially thinrier t Igh melt web, such that the low melt componént does not clog the
surface of theyRigKiesien el els TmprTbted At wRieinsa ioemeal RobBtHE FURIBBYIment, the

bi-component fiber scrim can be foiined via a melt

[8051] The polymeric solutions used to form the fine fibers can comprise various

polymeric materials and sotvents. Examples of polymeric materials include polyvinyl
chloride (PVC), polyolefin, polyacetal, polyester, cellulous ether, polyalkylene sulfide,
polyarylene oxide, polysulfone, modified polysulfone polymers and polyvinyl alcohol,
polyamide, polystyrene, polyacrylonitrile, polyvinylidene chioride, polymethyl
methacrylate, polyvinylidene fluoride. Solvents for making polymeric solution for
electrostatic spinning may include acetic acid, formic acid, m-cresol, tri-fluoro ethanol,
hexafluoro isopropanol chlorinated solvents, alcohols, water, ethanol, 1sopropanol, acetone,

and N-methyl pyrrolidone, and methanol. The solvent and the polymer can be matched for
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blowing process. For example, molten polyester and molten polypropylene can be extruded and drawn
with heated, high yelqgitsair to form coarse fibers. The fibers can be colle¢igd, as,augP on a moving
screen to form a bi-component scrim 210. 100871The multi-component fiber filter media or scrim may
also be spun-bounded using at least two different polymeric materials. In a typical spun-bounding
process, a molten polymeric material passes through a plurality of extrusion orifices to form a
multifilamentanygpintdescliwanodtifilfiivientsipispin e ispdhan in ottlen tolnoreadeits tenacity and
passed trouahadHEnen GaR NIRLE R SPUOIRANON Lo MG CallRgiehan & support such as a

moving screen. The spun-bounding procéss is similar to the melt blowing process, but melt blown
fibers are usBANPSIFPEALT 8p10R-BoRRGER TR OABE hedbuisHinehmbalentugber

multi-compobnenritSikes coedipiiainesdaid: fb-aswet laying process, high melt fibers and low melt fibers
are dispersed on a conveying belt, and the fibers are spread in a unifom, web while still wet. Wet-laid
operations typically use 1/4" to 3/4" long fib_ers,) but sometimes lgnger if the fiber is stiff or thick. The
above discué@%g&lﬁbe%‘,tg?:ﬁlﬁfgiﬁ“@‘fﬁ%r‘?@ﬂg%%&ﬂiWﬁ@fﬁ?’é%’ﬁdb%&?@ﬁ%%ﬁfﬁ% scrim 210 or a
filter media héndingies desiretbdhickness: MMO22D1dd 206634 DI GR 0dili826088 ebd8iReferring back
to FIC. 12, the eI 244, e0igt 06 sIRGQSRIAYDA. slafian.a0d, whereln e dioe fibgrs 216 are formed

and deposited on one surfac he scrim 212. In thé electrospinning station 204, the fine fibers 216

are electrospiiiy RomPEIRE sKsHTHEPERIe B 2 arvharioine fhses the wekoanstrithodse The

electrospinnifigprocesseiitharystern 200 an de colpsiantaliy shmilakte-ihe elestgaspinning process

disclosed in Fine Fibq{s Under 100%1%0%9%5 And. e(%ho S {‘é I?a%tegéi@pﬂligation Publication
2z figk

No. U.S. 2008/01897 e7‘:,“57{5653Ig}frrleé@rt as&gﬁcéé@rgF the p ets%ﬁ _ap%ﬁlc_a%ion, the entire disclosure of
which has b&afiterirateghereir b datdridcen tHerssrsahespammaly hdzztediansks or other

electrospinningerdipmencanhabdilizeddmiomithr ding fibstsy Sueh: alterativaiglesitospinning

devices or rerguting, of chain electrodes of the cells 222 can permit the fibers to be deposited in any
orientation c?e%r%ng%é?é’? f?ﬁuﬁa???fﬁﬁtgrs?%v %’Iﬁ%usd’ﬁ%ﬁé%trglﬁg e;%(%rf)%i paﬁ%d&BWHgga%ly, horizontally
or diagonalliylertoia echvieyansakinying . cozrser fibersin 00991 Thetelatrospinfilhy pedeess produces
synthetic fibgysofi smaliamelshwhieh 266 AlsRkD . A5 ANAfReES. e NAFIG igcess of

electrostatic spjnning involves the introduction or electrostatic charge to a stream of polymer melt or

solution in tHET515s S CRYS-SCSHS RGN EFEHTR ¢ R P SIS L SR USIRksE SR ihitrottuction of

electrostatic aidahge donpolystieticr ftuid ¢pdh €l eathabgitiritgvoets Z2Zhsasutltsifadostitation of a jet of

charged fIuiqm;ll'@_%&%r&gg&g@@&%ﬁ%tg@%%}m%i@eHg%ﬁ_ectrostatic field, attracted toward a ground
: . !

collector. In such process, viscoelastic forces of polymeric fluids stabilize the jet, forming small
diameter filaments. An average diameter of fibers may be controlled by the design of eletrospinning
cells 222 aniPfddhulatiormopdiymicsicbedimion §16B0H§Thenpal yaile A Salutions egedeta form the fine

fibers can copipfise-¥AHAUSS potyamide-6 (PA-6) and a suitable solvent consisting of 2/3 acetic acid
and 1/3 formic acid. In such a solvent, both acetic acid and formic acid act as a dissolving
agent to dissolve PA-6, and acetic acid controls conductivity and surface tension of the
polymeric solution. The electrospinning celis 222 generate fine fibers formed of PA-6,
which are deposited onto a surface of the scrim 212, As the fine fibers 216 are deposited on
the surface of the scrim 212, some fine fibers 216 entangle with coarse fibers of the scrim
proximate the surface facing the electrospinning cells 222, When some fine fibers 216
entangle with some coarse fibers, solvent remaining in the fine fibers 216 from the
electrospinning process can effectuate a solvent bonding between the fine fibers 216 and the

coarse fibers of the serim 212.
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polymeric materials and solvents. Examples of polymeric materials include polyvinyl chloride (PVC),
polyolefin, polaceatalspelyester, cellulous ether, polyalkylene sulfide, pglyaryieng @xide. polysulfone,
modified polysulfone polymers and polyvinyl alcohol, polyamide, polystyrene, polyacrylonitrile,
polyvinylidene chloride, polymethyt methacrylate, polyvinylidene fluoride. Solvents for making
polymeric solution for electrostatic spinning may include acetic acid, formic acid, m-cresol, tri-fluoro
ethanol, hexffigéfo istpedpadio bhternabéedsgiventstimcatiols, seratel ] 2tndniod fisopbopanol, acetone,
and N-methyj jpyrrolidons., and methanal » NeRalve pl-ant 16 Raler L4005 Malshed for

appropriated use based on sufficient solubility of the polymer in a given solvent and/or solvent mixture
(both of whicRHEs BEFRISH Y t6laeodunattrs 490r exAhFRIEHNIR stirP ity IétehBsEh for nylon-6.
Reference canrchedsachdothenatgramenitonpdnpatents:fordurineacibis orfetectraspinmihg of fine
fibers. [0092]In the electrospinning, station 204. an electrostatic field is generated hetween electrodes
i the electr Ao S 55 A Tk O e oltage
supply genethihgrdihighoubltegeamrststiar medshowrs fered o2 leas aberalhpalthultiple
electrospinning.eds @égemtbersinttinewibers.sdpoatadenmadrciherfian fikassnedGiormed at the
electrodes of the electrospinning cells 222 are drawn toward the yacuum collectar conveyor 224 by the
force providdEr By A ERR AT R 1 R LSBT ST At ha i and ransfers
the scrim 21Beitethe onachitie dicketor elldwAsctoatigsiedithasetim @12 Iswositiomedisetween the

electrospinnigg.cefls 22 BRHANA MU COIRCIRR GONUEYRY ARdrsichibakthe finedigers 216 are
deposited on the scrim 212. In embaodiments Whereig e scrim 212 is a multi-component filter media

th ]
including a IOW PR EESHIBERENE O JH8 IR etﬁltﬁtl‘ R ROORSER: Sh& other surface, the
multi-componenpseriniizi2ds o sittonecch @ive endtthe iskdctros piiynisigrdelts aﬂgnammm vacuum
collector conyeyar-ads Seh dnal e dewamaltampeepb sulacerat Ibg multhsiomeenent serim faces

the clectrospinning cells 222. [0093]In one preferred embodiment, the electrosglnnlng cells 222
contain a polPHdESBRIBIEESRBRSIRGREREHIEIELS PRIsT S Aada darem R sbiientkdhsisting of 2/3
acetic acid apgs 13 dapnigeacichinstehosalvent Jbhoth-agelizacicianebforsaiinaaic &t as a dissolving
agent to dissglve PA-6, and aceti id contraols conductivit d surface tension.of the polymeric
solution. Thzﬁéfésc'fr@saﬁ%%%@en%cggl I?g%gaggﬁrérz%gsf%%# “élr%%) (r)rrl%}éeg‘%? %ﬁg%aﬁﬁ?&%ég %]gposited onto a
surface of thecsteimt P-aepracihBbibaram 1 E2and Hegusildnsr the Hirhoeding bsevsetim 212, some

fine fibers 21B.antansie withue@arsshibersxafdhasctim.praximataibhe:spHasedasiag heelectrospinning
cells 222. When some fin fibershZ%%apt%rS\%Ile with some cparse fibers, olventlre aining in the fine

fibers 216 froM the. e‘f%lgﬂ Cgpr)l' Fﬂn%r process Can CHECIUaTE A dBvEnt Bt |F|hge betiveenthe fine fibers
216 and the woarselfibdesiior thieerschih apd 2he WD 2 e CesBERPET 1018201 W60 88 [0094] The

bonding betwgen hi-¢ampanantfitersolitherse inid:a0d thefing fibers248-maybe enhanced via
thermal bonding and pressure bonding by the gptional oven 206 and the optional s%';)f calendering

rollers 207. ASHGE C8IRHBLNE STRBRS™ et 480 AR BUE 1988 “e W AMBR ESfmer component of
the bi-compaonkditifibers softens or melts and allowing the fine fibers 216 to embed into the low melt
polymer component. Thus, during the heat treatment, the composite filter media 218 is heated to at

least above Aass ition t ratyre of.the.low melt compon nd more.preferably to or near
the melting LIRSArat Loy A A S SE A B S TaT T BB ShUsA 218 ' hoatoc
to or near theometnpwifibot kfhatsiipdliedthsfich thasthk ormeniew thesitokester sayer of the

bi-componeny;fihgrs, melisardbondsiihithading ibers 218 faenedof £ M8y such embodiments,
PA-6 fine fibers 216 and the rékgg melt polyester core of the bicomponent fibers do not melt, since PA-6

. I fth
and the highTER BRI AR etmHEARNY g et MaRthh tEn P& ARGt that of the low melt
polyester. ThiedositathelttholydstéscvitnichzHasthedowestiniélinbetempenatbesyamelts or softens, and
adjacent PAG i fibers ol 8am smbadder indhs.sofienadonmelicd iu mels polygster, thereby

bonding the fine fibers 216 and the scrim 212 together. Thus, the low melt polyester acts as a bonding
agent betweSRthEBeedrkpbrdie B areaifiroes SriG the Gihe fibaPS %%F%é%@?ﬁﬂ‘ing between the fine
fibers 216 and dhemctsw 202-cadify therbetenhantiedsthroughtpressurepbonditgryiasthe set of
calendering rollers 207. As the composite media passes through the calendering rollers 207, the fine
fibers 216 and the scrim 212 are compressed together, wherein the fine fibers are further embedded
into the fibers of the scrim 212. Further, the compression reduces voids in the composite media to
form a composite media 220 with an increased séfidity.



[0095]FIGS. 15(A)-15(D) are Scanning Electron Microscopic (SEM) images of the bi- component fibers
of the scrim 212-and thesfipe fibers 216 proximate the surface of the SC%%&&%&E«;@& various
magnification levels. As shown in the SEM images taken at magnification levels x300 and x1000 of
FIGS. 15(A) and 15(B), the fine fibers 216 deposited on the web of scrim 212 form a spider web like
fiber structure between the coarser bi-component fibers that are located proximate the surface of the
scrim 212. ThierSkditimanadtakei atiddhe finaghificatiensoddia od B Chat m2Qlyene FIG. 15(D) at

x10,000) shoyy.the Qﬂﬂggggg%%%gpﬁ% flne fibers 216 and the bi-component fibers. As shown clearly
in FIG. 15(D), the fine fibers 216 are embedded on the low melt polyester surface of the bi-component

fibers. [0096]The roll of composite media 230 including the bi-component scrim 212 and the fine fibers
216 is laminat@dalith dtiseritofivpositemedias?3821@84n2B6 b28@2ARNRAINPAK, @34Bh248, and a

media 250 ingthe-dawnsiream,syriem & 8a.Fashaliba.campesite mesiaralls 230,232,234, 236, 238,
240, 242, 244, 246 248, and a roll of the media 250 are unwound from unwind stations 252 254, 256,

258, 260, 262°0264° 788 :3e8inRY 155 UNEPHIRHRASEToth ERBYPA BRCOTPONLT 994, The set of
rollers may hels calentiiag EGHeISSL@@@@%QaE@rM@&%pr%smE Wﬂ&rmﬁataezaﬁldr&gnlflcantly reduce

a thickness gf, %@ﬁs%m@m QslE edias, % tivelyofhe st lrolars 4/ ghﬁagé@pply a small

pressure to laminate reduce the thickness amlnated ayerSJust énoug It through an
oven 276. In'sutietipedheidnts okl ﬁlatéma%%czsbr%i%a%@a%étﬁ@%@ﬁaﬁz?‘éla%d%ompressed

via a set of caigRdesingrol I@p%e@&h@f@uamaammagad"w@s 230:18 GapesTest legathgr into a
compressed state havin ired thickne r}g lidi é9097 thls bodiment, each roll of the
composite media 2q§5m§g 2%%613%% 431 Zsff 24% 1522% epargwlgf:r‘hl\larly as the roll of the
composite nfémﬁ@@@@h@r@fﬁr@ﬂ@@@ﬁs@ﬁfﬁ@ﬁémmﬁwl%@mm@éﬁ@mdmﬁzgﬂommﬁﬁ 238, 240,
242, 244, 276, In such embodiment, the laminated layers 280 is heated in the oven 276 and

compressed via a set of calendering rollers, wherein the laminated layers 280 is compressed

together into a compressed state having a desired thickness and solidity.

[6097] In this embodiment, cach roll of the composite media 232, 234, 236, 238, 240,
242, 244, 246, 248 is prepared similarly as the roll of the composite media 230. Therefore,
cach of the roll of the composite media 232, 234, 236, 238, 240, 242, 244, 246, 24§ includes
a substrate formed of a bi-component fiber scrim 284, 286, 288, 290, 292, 294, 296, 298,
300, and electrospun nanofibers 302, 304, 306, 308, 310, 312, 314, 316, 318, carried by the
bi-component fiber scrim 284, 286, 288, 290, 292, 294, 296, 298, 300.

[6098] In one embodiment, each of the substrates 212, 284, 286, 288, 200, 292, 204,
296, 298, 300 and the media 250 are formed of a same bi-component fiber scrim having a
thickness between about (.05 mum and 1.0 mm. Each layer of the fine fibers 216, 302, 304,
306, 308, 310, 312, 314, 316, 318, is formed by electrospinning PA-6 polymer solution to
produce a fine fiber coverage between about 0.075 g/m” and .225 g/mz. In other
embodiments, the substrates may be formed of different types of filter media or scrim, and

cach of the fine fibers layer may have different fine fiber coverage.

[0106] The composite media 280 is heated in the oven 276 to or near a melting

temperature of the low melt polyester component of the bi-component fiber scrim. During
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246, 248 includes a substrate formed of a bi-component fiber scrim 284, 286, 288, 290, 292, 294, 296,
298, 300, anc{,‘%%ﬁ%g%g nanofibers 302, 304, 306, 308, 310, 312, 314,.316,3183,&gtried by the
bi-component fiber scrim 284, 286, 288, 290, 292, 294, 296, 298, 300. [0098]In one embodiment, each
of the substrates 212, 284, 286, 288, 290, 292, 294, 296, 298, 300 and the media 250 are fooned of a
same bi-component fiber scrim having a thickness between about 0.05 mm and 1.0 mm. Each layer of
the fine fiberbddfifig 802y 83041306, 0,233 BxB12, 13 1dcI3k6818his, bermed dyoalpettospinning PA-6

polymer solufigp; {0 proguee &, {H%ﬁl@% tﬁavsg@%%sle?w%%&apea%é)@ R D20 rége 9/M2. In other

embodiments, the substrates ma ormed of different types of filter media or gzrﬁﬁr and each of the
fine fibers Iaﬁ%?“rﬂ’&ﬁﬁ‘éi‘ﬁé‘séiﬁ‘fé?éﬁf"ﬁ‘ﬁ%sﬁf)Wé@\?&‘b@%‘%@%@ﬁﬁ@%‘ﬁ%éi@%%@laTQBO is heated in
the oven 27Gda-arcongsameliingdempeimdng of iheWauwsmeltpolyastecamperant githe
bi-componer][hg %&Er%@'@d Qal’ééi%. The composite media is compressed, such that the thickness of

the composite media 280 is reduced between about 50% and 300%, preferably between

about 70% and 200%, and more preferably between about 80% and 150% of the original

thickness of the composite media 280 prior to heating ((total thickness of 10 scrim layers

carrying 10 fine fiber layers + thickness of media - thickness of the composite media in the

compressed state 320)/{total thickness of 10 scrim layers carrying 10 fine fiber layers +

thickness of media).) The thickness reduction will depend on the amount of lofting during

heating. Thus, when the lofting from bheating is large, the final thickness of the composite

media after compression may be greater than the initial thickness of the composite media

before heating. The composite media in the compressed state 320 is then laminated with a

drainage layer 322 and wound into a roll of coalescing media 324,

{0161} - In this embodiment, the rolls of the composite media 230, 232, 234, 236, 238,
240, 242, 244, 246, 248. and the media 250 are laminated together, such that cach of the
fine fiber layers 216, 302, 304, 306, 308, 310, 312, 314, 316, 318 is sandwiched between
adjacent substrate layer and/or media. However, in other embodiments, the composite
media layers may be laminated such that some of the fine fiber layers face each other to
form fine fiber to fine fiber or substrate to substrate bonding within the final composite

media 320.

{0102} F1G. 13 schematically illustrates a system and a process of making a coalescing
filter media according to a different embodiment of the present invention. A system 400
generally includes an unwinding station 402, an electrospinning station 404, a folding
station 406, a set of rollers 408, an oven 410, and a sct of calendering rollers 412 and a

rewinding station 414.

[0103) In this embodiment a roll of substrate 416 is unwound from the unwinding
station 402 and transferred to the electrospinning station 404, wherein fine fibers are formed

and deposited on a surface of the substrate 416. The electrospinning station 404 and the
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heating the substrates can relax and expand in thicknesses. Thus, the lofted composite media 281 can
have a thicknggs iiakigsat least 1.5 times, 2 times, 3 limes or even greageqihian;ihadiickness of the
composite media 280 before being heated in the oven 276. The lofted composite media 281 is then
compressed via the set of calendering rollers 282 into the compressed state 320. The composite
media is compressed, such that the thickness of the composite media 280 is reduced between about
50% and 30084;cpreferablinbetivedrcabaumizOgstaiv 200964 dincbrore grefebebipdetween about 80%
and 150% ofithe priginalihiskness:ef the conmposite-mediad80Rpialte Miratingi(detpl thickness of 10

scrim layers carrying 10 fine fiber layers + thickness of media - thickness of the composite media in the
compressed SEABARHESE HRIHEL L BMID SoHF Ry 8re RarkfPe e HB &g P hickness of
media).) Thethiekness reduction will depend on the amount of lofting during heating. Thus, when the
lofting from heating is large, the final thickness of the composite media after compression may be
greater than the initial thickness of the composite media before heating. The composite media in the
compressediétéd 320'Ts thempdsimimaded:Mttramrainage fayer820 @ad Wouhtkintd kol of coalescing
media 324. [3A% 1405 smPadimiens the dolis 0f diencQmRosile-meAiRasl 223Pfdd, 236, 238, 240,

242, 244, 246, 248, and the media 250 are laminated together, such that each of the fine fiber layers
216, 302, 304ickd8PIgE eI 8 TS drrcisTiglions IRedHRGGRRErs s n M edht Substrate layer
and/or medigliHoyvevas; ifinothies enfie ditachtsitheicorfipesitel médiatiayensdmaly be laminated such

that some of. the fip fiber | yeis face %h %tg 5%948@&%‘3@98{‘50 fi fgtg%lgf %)cstrate to substrate
bonding Withilaﬁn tlﬁ%%?nsgf%gigos?t? mlggia %50. 0102]FIG. 13150he1rh§51t(|{§§]|Iy iI'Iust]rr1 tes a system and a

process of nfariPRfE disalie s it it shsdtiracskdiig s L iraEmb iR feortivé present
invention. A gysigm«<0R geBetRYEY includesmaodunwindingstaiandnzs;ancelecirosginiag station 404, a
folding station 40 set of rollers 408, an gven 410, and a set of calendering rollers 412 and a
rowinding SO AL T DT CoE DA b Bnt & AT B R 15 & ATk Bim the unwinding
station 402 dind dreeatfescdhoitiisdlentrospsinnitiy Siatiomopmprrssedridind filsesss are formed and

deposited on,g siface.fthenssstiate. 4161 0 heselecespinping statian.4Q4andidhew process are

similar to the electrospinning statjon 204 and the process described above. Ip this embodiment, the
substrate 4T85 RSN IBFANAE S, COMBOREACHSER IATIA R A R HEER Beresielore and a low

melt polyestexisheéthokhel fihehfilverspd 48 aralfotivechobPRrG1J0 1O 4T hieceondpositeotiradia 420
comprising the, sulistiate 416 and fine fbers 41&is.foldrehinathe dolding,siptian 406;Ihe composite

media 420 can be folded to 2-20 folds thick depending on desired characteristics of the final
coalescing ntﬁéiﬂ]ig?%%@ﬁ&\ﬁﬁ??t’fﬁ’él-?éTB}ﬁ&Eﬁ‘@atﬁgefﬁ?@ﬁﬁ%‘iﬁfﬂ?%“ﬁﬂé?ff&??ﬁ??a‘i@ﬁ“‘sﬁ’ff’a‘ées and
substrate to suhstrate ladrihated sudardshithedoldingstatianet@b tin thiwemlbadiment is shown as
folding the C?o@é%?ﬁifﬁ media 420 in a line direction, such that the folds are pointing toward the set of
the rollers 408. However, in other embodiments, the composite media 402 may be folded such that the
folds are pointing toward the clectrospinning station 404, or folded in cross-line directions. The folded

composite ;1@?6@]422#5&1?&%%&&% e 10 NGRS ARPENNIAIS IR RAsSIDIorgR @0, oven 410. As

the composite media 424 is heated, the low melt polyestér sheath melts or softens to effectuate
thermal bondfigesetiraeinasireis A mndaxning e Hhings rerdrds Jaiae e din 424 passes through
the set of calgpglerag:telessidia. vikecalesuliating rolte ised k21 a1 enshaeedirpati froinzeach other

according ton?e%ea%.‘éﬁfjt%”%'etiéiiége%%’,fag&%%%gé%%%'{l?em?z‘%'% 55&%%‘&35’%9 media g4 is pressed
down into a compressed state having a desired thickness as it passes through the set of calendering
rollers 412. the coalescing media 430 includes muitipie layers of substratc 416 and multipie layers of

fine fibers 418 in a slanted orientation from the folding process. The media layer 426 can

be formed of any suitable media, but in this embodiment, the media layer 426 is formed of

the same bi-component fiber scrim used for the substrate 416. The porous layer 428 can

also be formed of various porous material, but in this embodiment, the porous layer 428 1s a

fiber glass material.
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10105]Further, a media layer 426 and a porous layer 428 are laminated on each surface of the
coalescing meglip, 434 angd wound into a roll in the rewinding station 414P@r%9&%9&5%ross sectional
view of a coalescing filter media 432 including the coalescing media 430, the media layer 426, and the
porous layer 428 is shown in FIG. 13. As shown, the coalescing media 430 includes multiple layers of
substrate 416 and multiple layers of fine fibers 418 in a slanted orientation from the folding process.
The media |d9&86426 ¢ag e faomed-0f difizrsnitalibe dinediafauy icthisémbocimentthegnedia layer
426 is formeg of (06, SR e uRAREALIbEN ST SE fPrdbe.AuRSHAIRAAL, g porous layer 428

can also be folioed of various porous material, but in thi ment, the porous f?;lyer 428 is a fiber
glass materiSWbW@%fﬁf@@ggﬂpﬁ?wSW%%fM%ﬂﬁ@ Abeisrsferyet auifferent embodiment
of a system agshatprosesswaioakinga coalgisaibgumctliasA Bystenta000s sisnilar tq thresystem 400
but the fine fibers in this embodiment are not deposited on a supstrate. Rather, the fine fibers are
footied and deDUS T HE T B B D e & i R sheraly
includes a clefitelBOX M. careling dévied 603 chnabiietamspiiving Statidn Boddnpidinendstation 606, a set
of rollers 608, an oven 610, and a set of calendering rollers 612 and a rewinding station 614. [0107]In
the system 600, the web of coarse fibers 616 is formed from staple fibers using a dry laying or air

laying procet%L0fhe staple fisérs 6Phiscerabebiraiais e tidom pomedtiibrespsiprising a high melt

polyester coigians @slowimpel polyastessheatitht Bahi-cempenentsisaladibers are relatively short and
discontinuous, but long enough to.be handle: tté’yicor%venti_ona eﬂ)%i/pmﬁnt.lBaltes gfa?%?ple fibers are
fed through {he BRLTE tesd 6027 TR C%’dﬂ}l% Bvice 603, the Bi-coﬂrﬁlﬁoﬁgﬁf 55%5 &ibers are
separated intduridisdtrahfilfetepsnidbais tedddetiody thetwebdifcootirseufider B16 cadubispint, the web of
coarse fiber Bl icanyaeioaselyanalpsdaoeier inaniomhdufied thick siaie andoaay not be bonded

together. The web of coarse fiber 616 can he easily pulled aé)art with very little manual effort and has

little structur&) mtSoifFAEARISETR S THAFRTEHSPLERERIBPST Attt relndttite in the
conventionaliensed [0108] Théweth ol doalf sexfibdivEl® (s tharisigrsed wa ecbafiveyst hiedt 617 toward

the electrosnining A PO RIEIAING IR ADarmhiSaie orsd and deposied,on a surface of

the web of coarse fiber 616. As'the fine fibers 618 are deposited on the web of coarse fiber 616, the

fibers 618 ar@4rteGr AR RRILRRAE6 4TS filferd dettrsilanlisd charsEiipersi s iichahore than in the

previous embishmentawitin therstbsiratefitoa akiihewebcbitaar senlibemtiéare fidch more porous

and less dense to allow d,gepe intelgvrat{'on, f the fine fibers 616. [0109]The web of coarse fiber 616
‘;ﬁl'Bie néﬁie COVE 1ona,§)

integrated with the fine fibers 618 are then folded into 10-30 folds in the folding station 606 and

compressed via the set of rollers 608, which is heated in the oven 610 and compressed again via the

set of calendgyipg rollegs 61 as lbwanyite he SYREM 0N ThR0ASSRRGMSAiA A20 IS then
laminated with a media layer 626 and a porous layer 628 to from a coalescing filter media 632. The
coarse bi_CoF}ﬁsgﬁwnmg station 604, wherein the fine fibers 618 are formed and deposited on &

surface of the web of coarsc fiber 616. As the fine fibers 618 are deposited on the web of
coarse fiber 616, the fibers 618 are integrated with the coarse fibers of the web of coarse
fiber 616 much more than in the previous embodiment with the substrate 416, as the web of
coarse fiber 616 are much more porous and less dense to allow deeper integration of the fine

fibers 616.

[0169] The web of coarse fiber 616 integrated with the fine fibers 618 are then folded
into 10-30 foids in the folding station 606 and compressed via the set of rollers 608, which
is heated in the oven 610 and compressed again via the set of calendering rollers 612 as it
was with the systern 400. The coalescing media 630 is then laminated with a media layer

626 and a porous layer 628 to from a coalescing filter media 632. The coarse bi-component
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fibers and the fine fibers of the coalescing media 630 of this embodiment are much more integrated.
Thus, a cross 998%% jew of the coalescing media 630 does not show H]I %lﬁ,@&%@& but rather
appears morev?i ea s'ina e integrated media 630. The coalescing media ggo %as a sufficient fine fiber
coverage and tightness to provide coalescing of water droplets from a fluid stream, such as a
hydrocarbon fuel stream. Further, the coalescing filter media 632 is configured to remove water from
such fluid strtam afAYAOfhb € caalasbing edin acdordiigiohvariobsiRnbotimanisoiihe present
invention can be configured into yarious, sha and sizes fore\é%(l agsprlilé:[asﬂ(g\gsmﬁlgrlgxample, the

. integrated, Filis, & Cross SECiion? Vﬁ“pc?fsche codldscing o i
coalescing media can be Used in spin-on filter applications; large fuel filtration vessels, aviation filter

systems, hydretificofilterhelenmsats Mol osftiptlsystegiiidrhediedalesdhrrpibareaisde pleated or
gathered inta7 fluedditeikne Pledied fiter.or athemsush ypisaktiterclement witangaments. Although
the coalesci mregiaévytor(ks parﬂcqlaﬂg well {'n C a&e cir{lg %pu%'cat% ns tpe coz%lﬁ_scin media can also
work effective f/n if other fittratioh fﬁﬁll éjtrf()i‘:r“%?%c Vas Tif ering pgﬁicﬁlg aS¥f6m water, 101111A typical
coalescing fiftsr ie kemEgr ¢ 4y ievetyd evaiqyfecfiltck @wibritcamd a coalescing element. The pre-filter
media is typically a separate structure from the coalescing element and configured to filter out
particulates from a fuel stream before the fuel stream enters the coalescing element to prevent

particulates tdA¥blockingedaleseingitaaiarpoas, iriovecarpisbaims af thsdiceiasemgditer element is

constructed tadneluinean-expandag.oangibercomprsitavadig mosisnsomprassptceglescing filter
media. Such coalescing filter elemeqt can filter Rarticilates arg cogflﬁelstﬁl? water to ﬁliminate the need
of the pre-filfSPSISIRRE A L2 REIESd B SHBwWE B ChARREEIG sy Sidrie 70T st heludes an
expanded namefibefitomposite hyddidi? 62cecbompresstdebalessimgsmébiaddscand a drainage layer

706, As showag el siieam 08.antens e eaalessing. Henmedia, coia e epanded nanofiver

composite media 702 and flows t OL(Jj%h the compressed coalescing media 704 and exits out through
the drainagetiy/éiAss! STOREPLhdelP AMHOfIB EP LB BRI etk RAHISLH5eESH 'S Provisional
Patent ApplicatieniNo:pliia08:488: pacide chéldinoposite Witk e fftediay hchueinfiiNanofiber Matrix and

Method, ass;j Ipﬁgdgign@&&sggﬁ@g@f&%&@@g%ﬁp‘pﬁ%pﬂon, entire disclosure of which is incorporated
e [0113] iment, t

herein by reference thereto. [0113]m this embodiment, the expanded nanofiber composite media 702
includes three layers of substrate 710, 712, 714, wherein the substrate layers 712 and 714 carry

nanofibers 7%@%28. Rﬂ?p@@ﬁ@ﬁé@ @i@[@pgipﬁgrﬁqlm mgheﬁ{j@fﬁ% Ineludes fiye layers of substrate
716, 718, 720, 722, 724, each of which carries nanofibers 730, 732, 734, 736, 738. Each of the

substrate lay@pleseits Samentq £ho Pes-fke mestp BHaprieBly A SePRE FOINSHTSEPCARTe or

coalescing ¢lement and configured to filter out particulates from a fuel stream before the
fuel stream enters the coalescing element to prevent particulates from blocking coalescing
media pores. In one embodiment, the coalescing filter element is constructed to include an
expanded nanofiber composite media and a compressed coalescing filter media. Such
coalescing filter element can filter particulates and coalesce water to eliminate the need of

the pre-filter element.

[0E12] FIG. 16 shows a coalescing filter element 700 that includes an expanded
nanofiber composite media 702, a compressed coalescing media 704, and a drainage layer
706. As shown, a fuel stream 708 enters the coalescing filter media 700 via the expanded
nanofiber composite media 702 and flows though the compressed coalescing media 704 and
exits out through the drainage layer 706. Such expanded nanofiber composite media is

disclosed in US Provisional Patent Application No. 61/308,488, Expanded Composite Filter
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different porous material. In this embodiment, each of the substrate layers are formed of a scrim
comprising bisggmpenseifibers as described above with regard to othegpemhggimgis of the
coalescing media. The nanofibers 726, 728, 730, 732, 734, 736, 738 are deposited on the
corresponding substrate layers via electrospinning similar to other embodiments described above.
[0114]The expanded nanofiber composite media 702 is constructed by laminating the nanofiber 726,
728 depositédcserintiaiegNadP bet Marith the Metinllayegnzd Goahdabegting thie lemsimated layers in an
oven to reorignt:and Joft, fhers of SEHEA AYEIS: ASINEACHARAY SIS I nddRekddt reorient and loft,
nanofibers 726, 728 also reorient and extend with the fibers of scrim layers. As a result, a volumetric
coverage of nanofibers can increase (more volumetric coverage for a same basis weight application -

as the expargiqa;caniQRen HR.anehexPaRd:ine Raneiiness KR SR Malixhaeressyre.drop can be
reduced due to expansion; and/or a pressure drop increase with dust loading can be slowed. Thus, the

g
expanded ndRGHLEEEBIHESIHS medid 20 AR e WHEEHRET itePbll b%?ﬁ%l%%%%il?f’%e fuel stream
before i'F enteims,.tmsﬂhseqmpfﬁqszidmme@mqtmasnm@imﬁm&mmﬁm.I@@érik?ié‘ihemmnpressed
coalescing megls: £0beanbe sonsiisied siniaily Anda.coalgspngliermodia 190qy;500 as

described in detail dbove. The nanofiber deposited scrim layers are laminated, heated and
compressedtts s splRsEed daldScitd e to cd4rske firatet haRETtel stream. The
drainage layerféRé:garnhemamepornusimediaddesearibetd ehbyeuinrthidsmbadifeent] e drainage layer
706 s a hychophobic siliconized,selluloys material This drainage layend 06 s gt apntipuousty
attached to the Substrate aner J;})pg’ ut secured to i?]e SUbstrate layer m severa spots aﬁong sides.

The hydrophidile ctedirraesentagier Tbe psibats coaldscétdwater dtopiéts Hois perssiivg eirough its
pores. Rathep.thersoaipscedwater dieplels danalonadhadnnersstHacenfedinbihe drainage layer 706

and are collected, As such, only the fuel stream without the coalesced water droplets are allowed to
pass througﬁkf?\céltbc iR% layer to enter an engine system. [0116]All references, including
publications, patent applications, and patents cited herein are hereby incorporated by reference to the

same extent as if each,reference were.individually and .spegifically indicated to. be. incorporated by
reference an@1 f}/%]re seth ?oer%ﬁall}mgﬁdsnéiﬁ' %éteyf her ?rsigfdﬁ%ﬁ?ﬁ% 16&8%?%&5@?r2%“‘*§§?§§‘?%n" and "the"
and similar refesfihts TAGHE Tderesited fseeradpiising tRe7irveiikisie cesprleisty If the ksknedhof the following

claims) is to hgGenRgtHed 10 sP¥eLkoRMesingwarmed thecplunalnlessithenyisgrdicated herein

" "includin ‘containing™ arc

or clearly contradicted by context. terms "camprising,” "having, "and.'

to be constred 3%20519%5%8@?&%%’ ﬂ.aé‘%%%%ﬁE&%ﬂodfﬁ%’?%)g%%‘?ﬁﬁ% e t%ht,%? [IRfESs otherwise
noted. Recitafismiof rangesof valies hdmrtaremanghpointendddriicsenacas drshrorthand method of
referring indiyigyally. fo cachSePg'alsrle falindyiibindhe ranae-pnigss olbspyiss indicated herein,

and each separate value is incorporated into the specification as if it were individually recited herein.

All methods SEREAHTE HYBIRTE SR eriBne g wesir Sinmpta Braeiuesl s Sfariii®indicated herein
or otherwisezigarlycantradictie thtrycontextuiiieadtg oindrysanddalfaxaniplesyaadekemplary language

(e.9., "such ashpievidsAdaLeinyle ndadmerebiiabaterdivminaif sl ayerteh.and does not

pose a limitation on the scope of the invention unless otherwise claimed. No language in the
specificationbsFei i s dhstrbe e NeeRiE g BNy Rine mRtie eteiiént as essential to the practice of
the invention. [0118]Preferred embodiments of this invention are described herein, including the best

[0115] The compressed coalescing media 704 can be constructed similarly as the

coalescing filter media 100 or 500 as described in detail above. The nanofiber deposited

scrim layers are laminated, heated and compressed to form the compressed coalescing

media to coalesce water in the fuel stream. The drainage layer 706 can be any porous media

described above. In this embodiment, the drainage layer 706 is 2 hydrophobic siliconized

cellufous material. This drainage layer 706 is not continuously attached to the substrate

layer 738, but secured to the substrate layer in several spots along sides. The hydrophobic
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mode known to the inventors for carrying out the invention. Variations of those preferred embodiments

may become Q%)@[{ %Egﬁhose of ordinary skill in the art upon reading tpg,[fl%rsggﬁi/@géggscription. The
inventors expect skilled artisans to employ such variations as appropriate, and the inventors intend for

the invention to be practiced otherwise than as specifically described herein. Accordingly, this
invention includes all modifications and equivalents of the subject matter recited in the claims
appended herateagsipesmitetbyntapplicableviat. dores dem anyiagmbiaalian eiihe above-described
elements in ?él ﬁos%ilble V, riat'on§ th rep{ i, encompassed b tge inventign unless qtherwise indicated
herein or otherwise ¢ éjgzrl&%/sg%n r%clgt%gg %35/ context, %m*}i‘%ﬁ ! fi?ﬁgg%§:giélf%ﬁe%eord of forming a
coalescing filt8? médra celbitipdisingratbpybr Brcerodtere alilpeyifhsinepsecfivetstWaake an average

diameter of lggsuthardldnigroBiough the @RRYINGIBadinedibets imatjeast one substrate comprising
coarse fibers having an average diameter greater than 1 micron; compacting the fine fibers and the

coarse fibers together; generating sufficient fine fiber coverage and tightness through said
compacting 8 &ﬁ@vide“ébﬁf&%‘é‘ﬁ?@ Froiv4ies erbiateT dPASR I Stitam sathpptents citedirycturing the
coarse fibersaisth theHina fibrtspistiaea eoalpsaingidifier mediathatisreparalflededameove water from a

fluid stream.. .. .2. The method of claim_ herein the at least ane substrate comprises a fiber
entanglome P D e R S R e S BT RRIRE, fne foers
deposited orite BEToFRE filter media during said step of applying the fine fibers. 3. The method

of claim 2, wherein the at least one substrate comprises at least one scrim formed of bi-component

fibers compriginga hi%Jﬂ?é%?%@Pe%@“&’aﬂﬁ_aaLPVXé{E‘e!ﬂe”éi&‘g?ﬁ?ﬁ@?r%‘.é@%ﬁ%@n%% fggdipers are

deposited on a surface of the at least one scrim and carried by the at least one scrim.

of describing the invention {(especially in the context of the following claims) is to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.¢., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
mtended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein.  All methods
described herein can be performed in any suitable order uniess otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”’) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the mvention unless otherwise
claimed. No language in the specification should be construed as indicating any non-

claimed element as essential to the practice of the invention.

(0118} Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embaodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention inciudes all modifications and

cquivalents of the subject matter recited in the claims appended hereto as permitted by
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4. The method of claim 1, further comprising generating multiple layers of substrate with nanofibers
carried on muwBl?ﬁ'iq%\éig’yal layers either by feeding multiple discrete sy Eh 5%5% I]a}é/% or lapping one
or more individual substrate layers, thereby spacing fine fibers within the |ckness 0 t%e coalescing

_ filter media by the multiple layers of substrate, wherein said compacting comprises laminating multiple
layers of the substrate carrying the fine fibers, and compressing the multiple layers of the substrate
carrying the fipgifibessaio fmm:ave@ampaﬁiﬁ&aﬁhabmdhaab%ﬁ@c&a@&rﬂfé@ﬁ%&ﬁﬁﬁ@%B%ﬂéO%OSB S.
The method of clai fur Jer comprisi rmane bondi the multl Ie ers of substrate
carrying the ? am? résrg fogeth gﬁ%“f%%%%fr%%é%%do ggﬁ%gsﬁ% lter me ijz%)/éer 6. The method
of claim 1, wHegETrise &k adéciptivigeriRytcarries the fine fibers along one surface thereof having
a fine fiber coverage between about 0.075 g/m2 and .225 g/m2, and collectively providing a total fine
fiber coverage in the composite filter media between about 0.75.g/m2 and 2.25 g/m2 in the coalescing
filter media and thereby providing said sufficient fine fiber coverage and tightness. 7. The method
of claim 6, wherein the layers are compressed together to reduce a thickness to between about 3/16"
and /z" 8. The method of claim 4, further comprising laminating a drainage filter layer on or
proximate a downstream side of the coalescing filter media, the drainage layer arranged to collect and
grow water droplets coalesced by fine fibers. 9. The method of claim 5, wherein the at least one
substrate comprises at least one scrim formed of bi-component fibers comprising a high melt
component and a low melt component, wherein thc fine fibers are deposited on a surface of the at
least one scrim and carried by the at least one scrim; further including heating thc multiple layers of the
scrim carrying the fine fibers to or near a melting temperature of the low melt component, wherein the
low melt component melts or softens to act as a bonding agent to bond layers together. 10. The
method of claim 5, the scrim carrying the fine fibers are folded into multiple folds and compressed
together, wherein the folding creates a fine fiber to fine fiber laminated surface and a scrim to scrim
laminated surface. 11. The method of claim 1, wherein the substrate is a web of coarse fibers
comprising a loose entanglement of the coarse fibers, the fine fibers being applied to the loose
entanglement of the coarse fibers during the said step of applying the fine fibers, and wherein the web
of coarse fibers applied with the fine fibers are folded into multiple folds
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and compressed together, wherein the fine fibers and the coarse fibers are integrated to form a single

integrated coglesging, fpedia. 12. The method of claim 1, wherein sgidigleglrpgiatigally spinning
fine fibers comprises spinning fine fibers from a solution including a hydrophilic polymer. 13. A method

of forming a compressed filter media, comprising steps of: electrostatically spinning a web of fine fibers
having an average diameter of less than 1 micron; applying the fine fibers to a substrate, the
substrate comprSing Coanseribers that are bonded together to foun a filter media, wherein the coarse
fibers have an average fiber diameter greater than 1 micron; and lapping the combination of the fine
fiber applied substrate such that the fine fibers overlap. 14The method of claim 13, further comprising
unwinding a roll of filter ricBEbROM BEURGTELERIDR H Tt rePFRE She Hifisr¥hedia to an
electrospinning station, wheteirdheifiltgiimagianis kept rfloat Miareline dRRILRAOL less ##mxnThe method of
claim 13, thre.in the substrate is a scrim comprising bicomponent fibers, the bi-component fibers
comprising a r%%mrrﬁelt polyester core and a low melt polyester sheath. 16. The method of claim
13, wherein the step of agmiling tireffindifibers glovitena finatfiserorvsiageoreniéen about 0.075 g/m?2

and .225 g/im2.whereinthe finedibess atecarietBya scrim. 17. The method of claim 13, wherein
the step of lapping comprises fonin% the ']’?bSt%?éF carryingége fine ?toers into 2-20 folds, wherein the
il ' & a

folding provides a fine fib&FBHiME eraMinal S AR AHES Qi54fite to substrate laminated
surface, wherein the foldechtasters safédireafed fhd cormpressdditbtfesmimonghysréssed media, wherein

a thickness ig adinisted by betwesn.ahout A0% ARd-R20%.¥ia heatind.andigompressing.

structuring the coarse fibers and the fine fibers into a coalescing filter media

that is operable to remove water from a fluid stream.

2. The method of claim 1, wherein the at least one substrate comprises a fiber
entanglernent that is bonded together into a formed filter media prior to said applying, the
fine fibers deposited onto the formed filter media during said step of applying the fine
fibers.

3. The method of claim 2, wherein the at least one substrate comprises at least
one scrim formed of bi-component fibers comprising a high melt component and a low melt
component, wherein the fine fibers are deposited on a surface of the at least one scrim and

carried by the at least one scrim.

4. The method of claim 1, further comprising generating multiple layers of
substrate with nanofibers carried on multipie individual layers either by feeding multiple
discrete substrate layers or lapping one or more individual substrate layers, thereby spacing
fine fibers within the thickness of the coalescing filter media by the multiple layers of
substrate, wherein said compacting comprises laminating multiple layers of the substrate
carrying the fine fibers, and compressing the multiple layers of the substrate carTying the

fine fibers to form a composite filter media,
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IS.The method of claim 17, wherein the compressed media is formed to have a total fine fiber

coverage betyeen algssP.09 g/m2 and 5.25 g/m2. 19. The method-gfglaism A3cedherein the step
of electrostatically spinning fine fibers comprises spinning fine fibers from a solution including a

polyamide-6. 20. A coalescing filter media, comprising: at least one substrate comprising at
least one filter media including coarse fibers having an average fiber diameter of greater than | micron;
fine fibers carried By the Bubstrtite, dhadsime floshsrcomprismopbyanophilibdidesthavingrin average fiber

diameter of h@g&é‘&@%&@%ﬁag tﬁgﬁjét}%p(%:é@l@%%&m&ﬁi%gﬁ&%@& SiHfaRaaRRa to coalesce

emulsified water in a hydrocarbon fuel, wherein the hydrophilic fibers facilitate formation and growth of
water drople‘&‘?%ﬁ@f@i'n the fine fibers are electrospun nanofibers formed of a hydrophilic polymer.
21. The coalescing filter media of claim 20, further including a drainage layer arranged on a

downstream surface of fhe, coalfssipa et Dedia, WIFEIRNe dianaas Aueids durmed of a

hydrophobic porous materlal'[.nc e coalescing filter media of claim 21, wherejn the drainage

layer is formBbesfadrespuonsimatean dratbe ApdSSneatersr betwees appd E8Afee&ingiter media of

claim 20, whepsipiiefiaediRens 2 9-fantngd.aba poly apuderfrage iR fhe Eopenatesting filter media of
claim 23, whe%%m the fine fiber, %avezat é$5$§%?nrgiber coverage bg[ een aboHt Qéloe%rﬁ/mZ and 5.25

: : t s diz t .
g/m2. 257 aeb(%% g%%lr?énfl ter edia 20, \k/lv \erem the substrate 1S a scri comprising

hi-componentdibéins, tkie hiftdmpbneitdilsersrhgndnd Eehighsmelt component and a low melt
component.

7. The method of claim 6, wherein the layers are compressed together to reduce

a thickness to between about 3/16" and '4".

8. The method of claim 4, further comprising laminating a drainage filter layer
on or proximate a downstream side of the coalescing filter media, the drainage layer

arranged to collect and grow water droplets coalesced by fine fibers.

9. The method of claim 3, wherein the at lcast one substrate comprises at least
one scrim formed of bi-component fibers comprising a high melt component and a low moelt
component, wherein the fine fibers are deposited on a surface of the at least one scrim and
carried by the at least one scrim; further including heating the multiple layers of the scrim
carrving the fine fibers to or near a melting temperature of the low melt component, wherein

the low melt component melts or softens to act as a bonding agent to bond layers together.

10.  The method of claim 5, the scrim carrying the fine fibers are folded into
multiple foids and compressed togefher, wherein the folding creates a fine fiber to fine fiber

laminated surface and a scrim to scrim laminated surface.

11. The method of claim 1, wherein the substrate is 2 web of coarse fibers
comprising a loose entanglement of the coarse fibers, the fine fibers being applied to the
loose entanglement of the coarse fibers during the said step of applying the fine fibers, and

wherein the web of coarse fibers applied with the fine fibers are folded into multiple folds
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26. The coalescing filter media of claim 25, wherein the bi-component fibers comprise a high melt
polyester coreaigl, a Jpyesmelt polyester sheath, wherein the at least ong,spbsiraie and the fine fibers
are heated and compressed together to form a coalescing media, wherein the low melt polyester
sheath melts or softens to bond the coarse fibers and the fine fibers. 27. The coalescing filter
media of claim 20, wherein the coalescing filter media includes multiple layers of filter media, each of
the multiple filié ronedissidyersicarwingia fayéicoifie dideirs haviafladine:fibegreavesagebetween
e}bou.t_0.075 9/55'}1 leaﬁgegga%?d%'ﬂgscing &é%ﬁéfhe coalescing filter media of cllaim 27, wherein each of the
fine fiber layer is'sandwiched between the substrate layers and/or a media layer. 29. The
coalescing filter media of claim 28, wherein the coalescing filter media includes a fine fiber to fine fiber
laminated surface and a subsieaie ter skbstraiedaminatede-satiagally s@nitbefomescing filter media
of claim 27, \évohrgreiggstpe %?alﬁ?}%iﬁﬁe@ 5mmae$%iﬁ ng"f}gFﬁ%ogﬁ%{g gflsub trate, wherein each of the
substrate layer i Tormed ofa Serim comprising t |-C]‘o'mlb(l) htfibers, wherein each of the fine fiber
layers comprises electrospun polyamide-6 nanofibers, wherein 10 layers of fine fibers provide a total

fine fiber coverage hetweemahguOAmalm2Ask2:25 U dredia, ShmiheceRlessing filter media of

claim 30, further including a dra[n_a%%Ig ,er_arr,angrt??d ofn a %ovynstr,ea_m surface of the coalescing filter
media, the drainage layel fOPAEHGF S TR BiLEhat WhERSTH ThATssRI8diRy fitdriietia has a total
thickness belwetnanaboutrd/16" and 'A". 32. A compressed filter media, comprising: at least

one substrate, the at 'ea%%%%%@ﬁb%?ﬁ%iﬁiﬂ&&&ﬂﬁ@gﬂ@&{&ﬁ&%ﬁsﬂ& @ggfsg%g}per diameter of

greater than 1 micron: ine fibers carried by the at least one_substrate, the fine fibers having
an average fiBEHHAATEES RAFEES AT E fiCF SRedi BSFUIRF o R A tRiR bR A8 BE&TH§embedded at
least partiallyivédildinnibercoansetiber sninrancampressed state, wherein at least some of the fine fibers

are generally sandwicheq between Ifi%etrl%gpf tcbfethsutbst@t;[e?a Iieg%hgqr%tcgl@ﬂ%§§gdgiIger media of

claim 32, wherein at least Sorie of the fine fibers form a d Sional matrix of fine fibers as opposed to

a planar layelibers ovrarthe compressed filter media of claim 32, wherein the fme fibers have a melting
point higher than a melting point of at least one component of the coarse fibers, and wherein the fine
fibers are permane&t.ly atP])i(ee gleatgcgd %?Sg}r%dll further comprising unwinding a roll of filter media

from an unwind station and transferring the filter media to an electrospinning station,

wherein the filter media is kept afloat via a line tension.

15, The method of claim 13, wherein the substrate is a scrim comprising bi-
component fibers, the bi-component fibers comprising a high melt polyester cors and a low

melt polyester sheath.

16.  The method of clatm 13, wherein the step of applying the fine fibers provide
a fine fiber coverage between about 0.075 g/m* and 223 g,/mz, wherein the fine fibers are

carried by a scrim.

17.  The method of claim 13, wherein the step of lapping comprises folding the
substrate carrying the fine fibers into 2-20 folds, wherein the folding provides a fine fiber to
fine fiber laminated surface and a substrate to substrate laminated surface, wherein the
folded layers are heated and compressed to form a compressed media, wherein a thickness

is adjusted by between about 50% and 300% via heating and compressing.



35. The compressed filter media of claim 32, wherein the at least one substrate carrying the line fibers
are calendered together in the compressed state.

18. The method of claim 17, wherein the compressed media is formed to have a

total fine fiber coverage between about 0.09 g/m”and 5.23 g/m”.

19, The method of claim 13, wherein the step of electrostatically spinning fine

fibers comprises spinning fine fibers from a solution including a polyamide-6.

20. A coalescing filter media, comprising:

at least one substrate comprising at least one filter media including coarse
fibers having an average fiber diameter of greater than 1 micron;

fine fibers carried by the substrate, the fine fibers comprising hydrophilic
fibers having an average fiber diameter of lesé than 1 micron, the fine fibers providing a
sufficient fiber surface area to coalesce emulsified water in a hydrocarbon fuel, wherein the
hydrophilic fibers facﬂitéte formation and growth of water droplets, wherein the fine fibers
are 'electrospun nanofibers formed of a hydrophilic polymer.

21.  The coalescing filter media of claim 20, further including & drainage layer
arranged on a downstream surface of the coalescing filter media, wherein the drainage layer

is formed of a hydrophobic porous material.

22. The coalescing filter media of claim 21, wherein the drainage layer is formed

of a celinlous material or a fiber glass material.

23.  The coalescing filter media of claim 20, wherein the fine fibers are formed of

a polyamide-6.

24, The coalescing filter media of claim 23, wherein the fine fibers have a total

fine fiber coverage between about 0.09 g/m? and 5.25 g/m®.
25.  The coalescing filter media of claim 20, wherein the substrate is a scrim

comprising bi-component fibers, the bi-component fibers having a high melt component and

a low melt component.
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26. The coalescing filter media of claim 25, wherein the bi-component fibers
comprise a high melt polyester core and a low melt polyester sheath, wherein the at least
one substrate and the fine fibers are heated and compressed together to form a coalescing
media, wherein the low melt polyester sheath melts or softens to bond the coarse fibers and

the fine fibers.

27.  The coalescing filter media of claim 20, wherein the coalescing filter media
mcludes multiple layers of filter media, each of the multiple filter media layers carrying a

layer of fine fibers having a fine fiber coverage between about 0.075 g/m* and 225 g/m’.

28.  The coalescing filter media of claim 27, wherein each of the fine {iber layer

is sandwiched between the substrate layers and/or a media layer.

28, The coalescing filter media of claim 28, wherein the coalescing filter media
includes & fine fiber to fine fiber laminated surface and a substrate to substrate lamimated

surface.

30.  The coalescing filter media of claim 27, wherein the coalescing filter media
includes 10 layers of substrate, wherein each of the substrate layer is formed of a serim
comprising bi-component fibers, wherein each of the fine fiber layers comprises electrospun
poiyamide—{i nanofibers, wherein 10 layers of fine fibers provide a total fine fiber coverage

between about 0.75 g/m” and 2.25 g/m”.

31.  The coalescing filter media of claim 30, further including a drainage layer
arranged on a downstream surface of the coalescing filter media, the drainage layer formed
of a fiber glass mat, wherein the coalescing filter media has a total thickness between about

3/16" and 12",
32 A compressed filter media, comprising:

at least one substrate, the at least one substrate comprising coarse fibers

having an average fiber diameter of greater than 1 micron;
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fine fibers carried by the at least one substrate, the fine fibers having an
average fiber diameter of less than 1 micron, at ieast some of the fine fibers being embedded
at least partially within the coarse fibers in a compressed state, wherein at least some of the

fine fibers aré generally sandwiched between layers of the substrate,

33.  The compressed filter media of claim 32, wherein at least some of the fine

fibers form a dimensional matrix of fine fibers as opposed to a planar layer.

34,  The compressed filter media of claim 32, wherein the fine fibers have a
melting point higher than a melting point of at least one component of the coarse fibers, and

wherein the fine fibers are permanently affixed and oriented

35.  The compressed filter media of claim 32, wherein the at least one substrate

carrying the fine fibers are calendered together in the compressed state.
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