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cl ai ms t hwolmaned7us of provisional application serial No. ®0TAR62/2843fil ed
Oct ober 1, 2001 entitled Fluid Exchange Device. This application is related
to co-pending 5 application filed concurrently herewith as U. S Seri al

No. 60/ 326, 357, filed Qctober 1, 2001 der Applicants' reference nunber
200100293 (fornerly MyYKP-621). FIELD CF NVENTI ON This invention relates to
a holl ow tube or hollow fiber nmenbrane exchange apparatus useful for 10
heat transfer, particle filtragk@iaRes: ﬂAaﬂgfer applications. The
apparatus conprises a housing containlng si on bonded hol | ow t ubes t hat
have been previously pIaited and thermal ly annealed to set the plait. The
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provi des high contacting area in a small volune mﬁthout the need for
baffl es. The device is made from 15 chenicall¥ i nert thernoplastic
materials and has the ability R@ldﬁ&HAﬁéPéﬂCé-BQESed tenperatures wth
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applications the hollow tubes or fibers provid face to vol une
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A hollo e conprises an outer d|a ter and surface, an
i nner dianeter and 25 surface, and a porous or non-porous material between

the first and second surfaces or E:EF§ Ef ﬁEﬁ ﬁybe or fiber. The inner

di aneter defines the holl ow port or tube and is used to
carry ongpffintdigioh kdlhdSto ;ﬁ%uom%e bﬁh&lﬁfﬁﬁ%ﬁrﬁ&ﬁbﬁh@@x&ﬁﬁﬁ@@?hﬂﬁm wefll fopt
fluid phase flows through the hollow portion, sonetines ed the |unen,

and i18 rrhcatttzatnmd ps@q@bw&ltretum, ol masseawivg applmadomq dhe appditohcesaprissaAds t he
tube or fiber.
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tube or hhkered tasé thdiflafk e TaBdpidratush4ahaAsgh packing density of hollow tubes with
enhanced fluid flow distribution provided by the plaited hollow tubes. The apparatus provides
high contacting area in a small volume without the need for baffles. The device is made from
15  chemically inert thermoplastic materials and has the ability to operate at elevated temperatures

with organic as well as corrosive and oxidizing liquids.

BACKGROUND

Hollow fibers and thin walled hollow tubes are commonly used in mass transfer, heat
20  exchange, and cross flow particle filtration devices. In these applications the hollow tubes or
fibers provide a high surface to volume ratio which permits a greater transfer of heat and mass

in a smaller volume than a device made with flat sheet materials of similar composition.

A hollow fiber or a hollow tube comprises an outer diameter and surface, an inner diameter and
25  surface, and a porous or non-porous material between the first and second surfaces or sides of
the tube or fiber. The inner diameter defines the hollow portion of the fiber or tube and is used
to carry one of the fluids. For what is termed tube side contacting, a first fluid phase flows
through the hollow portion, sometimes called the lumen, and is maintained separate from a

second fluid phase, which surrounds the tube or fiber. In shell side contacting, the first fluid



flows through the lunmen. In an exchange apparatus, packing density relates
to the nunber of useful hollow fiber or hollow tubes that can be potted in
t he apparwous/2@4Exanpl es of applications in sem conduct oPCrArsa/a@diri ng
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per oxi de photoresist strip solutions, hot phosphoric acid for silicon
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SC1l and SC2 cleaning solutions is necessary prior to disposing of the used
chem cal. Electrochem cal plating baths and apparatus are sonetines
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to dispense onto a wafer requires heating or cooling of these liquids.

20  Heat exchangers are devices which transfer heat from one fluid, the process fluid, and a second
working fluid. Polymer based heat exchangers are used for heating and cooling chemicals for
these applications due to their chemical inertness and resistance to corrosion. However,
polymeric heat exchange devices are usually large because a high heat transfer surface area is
required to effect a given temperature change due to the low thermal conductivity of the

25  polymers used in the device. Braiding of the tubes is used prevent the tubes from becoming
unevenly spaced when used in open container heat exchange applications. Such devices take
up valuable space, requires large holdup volumes of chemicals or exchange fluid, and are
costly to make. Such devices also require o-ring seals which are prone to failure and are also a
source of ionic and particulate contamination.

30
Quartz heaters are also used to heat liquids used for semiconductor processing. Quartz is
susceptible to breakage and exposed resistively heated surfaces pose fire and explosion hazards

especially for organic liquids and liquids which evolve flammable gases.



Gas to liquid contactors or exchangers using hollow fiber tubes are used in
sem conduct or rmanufacturing to renove or to add gases to |iquids.

Commer ci awby3ayditd abl e gas to liquid contactors utilize pafffusex3ass i nprove
mass transfer between the fluids. Typi cgl applications for contacting
menbr ane systens are to renove dissolved gases fromliquids, "degassing", or
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contactors e m ‘ow tubes or porous hollow fibers, baffling is
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perfluronated.tubes s not practical usin his techni gue. US patent, No.
3 749, 031 ORHEST A I R erre et PRl s T B R pm R
i ndi vi dugdenf1@d1 nBbhardit §oliaHiss 1ol Radedamble dfS WARHERSMe aphiiateXBRASAVE O
manuf act ure exchange contactors using 25 this techni que. US patent No.

4, 360, O5mjesrsiuctoe maguispiurial. heat exchanger prepared froma cast materi al
such}ﬂa;ls al um num Such a nethod does not contenplate the use of
t hermopl astics nor does it address the need for the substantially higher

surface @peffesteeisk flod filaktib\whdsh atndttd ¥r hexotahstén usihgtdoatatidp @add £om
materials. 30 U S. Patent No. 3,315,740 discloses a nethod of bonding tubes
t oget her hejov tbpoer Haspus sdlopfibere effling itcqmananly yspdde prmote flnwackss 4 i ¢
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polyethylene like hollow tubes where methods to pot and spin laminate baffles are easily
implemented. Baffling of perfluronated tubes is not practical using this technique. US patent
No. 4,749,031 teaches baffling with perfluorinated baffles through which individual hollow
tubes are threaded. It is cumbersome, and expensive to manufacture exchange contactors using

25  this technique. US patent No. 4,360,059 describes a spiral heat exchanger prepared from a
cast material such as aluminum. Such a method does not contemplate the use of thermoplastics
nor does it address the need for the substantially higher surface area required for low thermally

conductive thermoplastic materials.

30  U.S. Patent No. 3,315,740 discloses a method of bonding tubes together by fusion for use in
heat exchangers. Tubes of a thermoplastic material are gathered in a manner such that the end
portions of the tubes are in a contacting parallel relationship. The end portion of the gathered
tubes is placed within a sleeve having a thermoplastic internal surface and being rigid relative

to the tubes. A fluid heated to a temperature at least equal to the softening point of the
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the interiors of the end portions of the tubes. Then a pressure
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within the tubes is greater than the prgssure on the exterior surfaces of
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nor does It contenplate annealing the fibers prior to potting to effect a
structure on the potted tubes for enhanced fl ow distribution. A an Gabel man
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argunents can be applied to holl ow tube heat exchange and cross fl ow
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end block for use in phase and heat exchange. The invention does not contemplate twisting or

20  braiding of the hollow fibers nor does it contemplate annealing the fibers prior to potting to

effect a structure on the potted tubes for enhanced flow distribution.

Alan Gabelman and Sun-Tak Hwang in the Journal of Membrane Science, volume 159, pp 61-

106, 1999 describe the importance of uniform fiber spacing for obtaining better mass transfer
25  in hollow fiber contactors. The authors observe that hand built modules have more uniform

fiber spacing but that the cost of such modules do not justify their higher manufacturing cost.

Such arguments can be applied to hollow tube heat exchange and cross flow devices as well.

US patent No. 5,224,522 describes a method and device for producing woven hollow fiber
30  tapes for use in exchange devices such as blood oxygenators and heat exchangers. Such a
device method requires expensive and complicated weaving equipment to fix the fibersin a

preferred relationship in the tube mats.



-5 Currently it is inpractical to use thernoplastic heat exchangers for

| arge heat | oads, shell side liquid flow, or efficient shell side cross
flow fil twetBozw7ecause of the high expense and | arge si PETASOZBMPTES
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flui ds taeddefocafilact ed across the hollow fibers or hollow tubes. A

manuf acturi ng method for the apparatus is provided and described. A nethod
of use of the apparatus is also provided and described. 20 In one

enbogly ment the hollow tubes in the apparatus are braided, plaited, or

tw sted together to create a cord of the tubes or fibers prior to fusion
bondi ng into the thernopl astW@ii ed term nal bl ock.

Such cor rovide enhanced. f istr but | uid thr
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cont i nuous cor a the nopl astic resin
A method of use of the apparatus is also provided and described.

20
In one embodiment the hollow tubes in the apparatus are braided, plaited, or twisted together to
create a cord of the tubes or fibers prior to fusion bonding into the thermoplastic resin to form a
unified terminal block. Such cords provide enhanced flow distribution of fluid through the
apparatus without the need for baffling. A high packing density of hollow tubes or cords is

25  achieved with this invention.

In another embodiment the cord containing the hollow tubes or fibers is annealed in an oven to
set the shape of the twist, plait, or braid of the hollow tubes or fibers in place prior to the fusion
bonding process. Alternatively, the hollow tube or cord can be wrapped around a rod, another
30  hollow tube, or a template and the shape of the hollow tube or cord set by thermal annealing
with the template. The braided or twisted cord can be wound on a rack and thermally annealed
setting the cord’s plait, geometry, and length. The braided or twisted cords are removed from
the rack as a bundle of continuous cord which is then fusion bonded into a thermoplastic resin

to form a unified terminal block. In an alternative embodiment, the annealed cord can be



to forma unified termnal block. In an alternative enbodi nent, the

anneal ed cord can be WO 03/ 029744 PCT/ US02/ 30493 -6 unw apped to give

i ndi vi duaworam2wis4 cunfrenti al hol | ow tubes or fibers. The®eTiusd/sidgdial

hol | ow tubes are fusion bonded into a t?er nopl astic resin well as a bundle.
Optionally, the annealed cord or indivrdual non-circunfrential hollow
tubes or fibers in the unified term nal _ bl ock are fusion bon,dg,d, 0, a
t her mopluseanped dugivedndiridesl neascircrmiigntisheflogtabes ogifipersytibese BAWEALCt i ons
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i |1 ustr afnhegecaadpt aglivdiua nowichted framihl Brodiodedbdésodr [{iners ihdhe whfsd teFnpal e 2A
is a schematic diagra in ¢cross section, of. exch apparatus, with
non- ci refF¥e iﬁ‘?%%%%@?qlmﬁ’ﬁ%%plf‘%@éﬂuf‘lﬂg g%%ﬁ?ﬁéﬂ?@@?ﬁ?é‘ngﬁgﬁdrﬁuﬁf% Figure
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non- circunfrential hollow tubes fused in a thernoplastic resin having
fluid inlet and outlet connections. Figure 2C is a schematic diagram in
cross section, of an exchange apparatus with non- 20 circunfrential hollow
tubes fused in a thernoplastic resin having fluid inlet and outl et

connections and a housi ngrRYER DESCRIPTIONMOICTHBMRARINGSE 3 is a schematic
diagram in cross section, of an exchange apparatus with tw sted hol |l ow

tubes f udeereilr(AaD) Arersebernatia dissrams illstaling §xmples of hivasted apd brgidedhollow
conn ctit%nes and a housing 25 with fluid connections. Figure 4 is a
schehati € cf’iagram in cross section, of an exchange apparatus with braided
hol | ow tubes fused in a thernoplastic resin having fluid inlet and outl et

connections and a housing with fluid connegti oni. 30 Fiaggéie% is a

schemat i Hgue2dy 8 SChemaic HegAg: Wrreieeti@nobin GIPNABESTRR MYs with
brai ded . Lo LY iR AHRGIHOBRLESEdsth, resin having fluid inlet and
out | et c%%ﬁ%ﬁ#éﬁgggﬁgftgﬁéﬁgt%lﬁg w th flui dSconnecti ons. WD 03/029744

PCT/ US02/ 30493 -7 Figure 6 is a table detailing the performance of the

heat 1sexcﬂ§5'1%92rssis %%%ﬁéﬂlglecddiégraﬁ{]% c%sasggét?on? of an exchange apparatus with non-

circumfrential hollow tubes fused in a thermoplastic resin having fluid inlet and outlet

connections.

Figure 2C is a schematic diagram, in cross section, of an exchange apparatus with non-
20 circumfrential hollow tubes fused in a thermoplastic resin having fluid inlet and outlet

connections and a housing with fluid connections.

Figure 3 is a schematic diagram, in cross section, of an exchange apparatus with twisted hollow
tubes fused in a thermoplastic resin having fluid inlet and outlet connections and a housing

25  with fluid connections.

Figure 4 is a schematic diagram, in cross section, of an exchange apparatus with braided
hollow tubes fused in a thermoplastic resin having fluid inlet and outlet connections and a
housing with fluid connections.

30
Figure 5 is a schematic diagram illustrating an end view of an exchange apparatus with braided
hollow tubes fused in a thermoplastic resin having fluid inlet and outlet connections and a

housing with fluid connections.



and Exanple 3. Figure 7 is a photom crograph of hollow tube ends fusion
bonded into a thernoplastic resin 5 using the nethod of this invention.
Figure 8 wooaoXall e detailing the performnce of a twentyPCEhESzED3
exchanger described in Exanple 6. 10 Figure 9 is a Table detailing the
performance of a 680 tube heat exchangé?'descri bed in Exanple 7.

DESCRI PTI ON OF SPECI FI C_EMBODI MENTS Thi s i hvention rel ates to an_apparatus
for heatFigwg isedalle defatiag thpariormange ofdhepgat exchapgqpdescy e‘{)‘ﬁé@*@’é&b@? §ti on
appl i catj Qs g3 Present invention also describes a nethod for nmeking a
unified termndl end bl ock, fusion bonded exchange apparatus conpri sing
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referred_to in th ractice of.. this _.invention.as.one or nore.fibers and or
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whi chy capihempatdissl sk ysedtibmt 0 a well of a thernoplastic resin by the 20
nmet hod of this invention. The fusion bonding is perforned with a

t hernopl astic polymer. While the present invention will be described with
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braided to form a unit which can be potted or fused into a well of a thermoplastic resin by the

20  method of this invention. The fusion bonding is performed with a thermoplastic polymer.
While the present invention will be described with reference to non-porous
poly(tetrafluoroethylene-co-perfluoromethylvinylether) hollow tubes, it is to be understood that
the present invention can be made using a variety of thermoplastic tubes and or porous fiber
membranes which will hereafter referred to in general as hollow tubes. Further, while the

25  present invention is described with reference to twisted pairs of poly(tetrafluoroethylene-co-
perfluoromethylvinylether) hollow tubes, it is to be understood that the present invention can
be made using a variety of numbers of hollow tubes or hollow fibers which are twisted, woven,
plaited, or braided to form what are hereafter referred to as cords. Finally, while the present
invention is described with respect to an apparatus for heat exchange, similar devices utilizing

30  porous hollow tubes or hollow fibers can be made for use in mass transfer and cross flow

filtration applications.

For purposes of this invention, a single, un-wrapped annealed tube is considered a non-

circumferential tube. Non-circumferential tubes are tubes with external dimensions that are not



circular tubing such as the single, un-wapped anneal ed fi ber or a tube
that is extruded in such condition, a triangular shaped tube or fiber, a
rect angulwo ostzgged tube or fiber, or a square 5 shaped tulpeTarsot/adaes. The
braid, plait, twist, or non-circunfrential geonetry of the hollow tubes or
fibers provides for enhanced fluid distribution across and within the
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equi pyrendhapddiubbier Rp&@ctice of this invention a plurality of hollow tubes
can be woven together to formmats of hollow tubes. For purposes of this
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i ndi vi dulgmPeraues ansl wilya varigly S51dSE qure 25 1 C, a measure of cord
tightness is described by the paranmeter k3 . Individual hollow tubes 24,
26, and 28, as shown in Figure 1 D, are nore tightly braided and so the
par amet efwp o mose helbrw Bbpoeai reqtlgitesyayisied of hrgmleg igo aTeed anuplyer bruseah

range. from 1l per. foot .to 50.per .foot. wth I r . - crests
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30 holl ow tubes. The invention is described in nore detail, with reference
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Ler m'zonal t\;/aigtgd lt)olgg’gliér tsot frogr(r:ltaucro?dsj I:r)’leig&g 1%4;[.}16 parameter A describes the distance from crest
to crest or bend to bend of the hollow tube 10 twisted with hollow tube 12. A smaller value of
the parameter A, for example A, in Figure 1B, illustrates a greater number of twists or bends
between hollow tubes 14 and 16. More than two hollow tubes can be braided together to form
a cord. For braided hollow tubes, as illustrated for individual tubes 18, 20, and 22 in Figure
25  1C, a measure of cord tightness is described by the parameter A;. Individual hollow tubes 24,
26, and 28, as shown in Figure 1 D, are more tightly braided and so the parameter A4 is
correspondingly smaller than A;. The value of A can range from 1 per foot to 50 per foot with a
preferred range of 5-25 crests or bends per foot. The number of hollow tubes twisted or

braided together to form a cord can range from 2 to 100, but is more preferably from 2 to 10

30  hollow tubes.

The invention is described in more detail with reference to Figure 2A. As illustrated

schematically in Figure 2A, a portion of each end of individual thermoplastic non-



Any nunber of thernoplastic hollow tubes can be fused into the
thernoplastic resin. Figure 2B illustrates a cross section of an exchange
appar at uswbuwsokegnad conpri sing fluid connection 5 ports 40 @od/usB2/baszled to
the unified term nal end bl ocks 34 and with end caps 44 and 46. The end
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are conprised of three or noré hollow tubes braided together to form cords
illustrated by 70 and 72. The ends of each cord are fusion bonded in a
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braided hollow tubes. The cords in this illustration are comprised of three or more hollow

tubes braided together to form cords illustrated by 70 and 72. The ends of each cord are fusion
bonded in a fluid tight manner with a thermoplastic resin to for the unified terminal end blocks
32 and 34. The apparatus can have optional housing 52 and end caps 44 and 46 bonded to the

25 unified terminal end blocks. In Figure 4 at least one fluid flow distributor 66 can optionally be
press fit, threaded, or bonded into on or more of the housing fluid connection ports 48 and 50.
An end view of the exchange apparatus shown in Figure 4 is illustrated schematically in Figure
5.

30  With reference to Figure 3, the operation of one embodiment of the present invention as a heat
exchanger will be described. A first fluid enters the exchange apparatus through fluid
connection port 42 and enters the hollow tubes at openings 61 in the unified terminal end block
32. Fluid flows through the interior or lumen of the hollow tubes and exits the tubes through
the unified end block 34 at exit openings 63. The first fluid exits the exchange apparatus



housing fluid port 48 and optional flow distributor 66. The first fluid is
separated froma second fluid by the two surfaces and wall of the holl ow
tube. Theweagsomd44 | uid enters the housing through connectPCarusd33ani

substantially fills the space between t inner wall of the 5 housing and
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thernopl astics are manufactured by DuPont, WImngton, DE. Neoflon(r) PFA

is a pol §a%s ingdysiy %?Bﬁlét ¢ rlb&hlmwﬂ.aﬁd PKWEEYS foRpouRisn Whl%h Vhssiroy membiagies mer
avai | abl g%u{t]ru 815 sThorofare, NJ. Prefornmed MFA Hafl on(r)
and FEP Teflon(r % tubes are a a| able from Zeus Industrial Products Inc.
Orangebury, WO 03/029744 PCT/ US02/ 30493 -11
20 Hollow tubes made from thermoplastics with outside diameters ranging from 0.007 to 0.5

inches, and more preferably 0.025 to 0.1 inches in diameter, and wall thickness ranging from

0.001 to 0.1 inches, preferably 0.003 to 0.05 inches in thickness, are useful in the practice of

this invention. The tubes can be used individually, or the tubes can be combined by braiding,

plaiting, or twisting them to form cords comprised of multiple hollow tubes.

25

Examples of perfluorinated thermoplastics or their blends which are useful in the practice of
this invention include but are not limited to [Polytetrafluoroethylene-co-
perfluoromethylvinylether], (MFA), [Polytetrafluoroethylene-co-perfluoropropylvinylether],
30  (PFA), [Polytetrafluoroethylene-co-hexafluoropropylene], (FEP), and [polyvinylidene
fluoride], (PVDF). Both PFA Teflon® and FEP Teflon® thermoplastics are manufactured by
DuPont, Wilmington, DE. Neoflon® PFA is a polymer available from Daikin Industries. MFA
Haflon® is a polymer available from Ausimont USA Inc. Thorofare, NJ. Preformed MFA
Haflon® and FEP Teflon® tubes are available from Zeus Industrial Products Inc. Orangebury,



SC. Ot her thernoplastics or their blends which are useful in the practice
of this invention include but not limted to poly(chlorotrifl uoroethylene
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defining the 1ength of the exchange device. The coiled cord on ‘“the netal
frame i spplidegest Kelvian oven bel ow the nelting point of the hollow tubes. The
tubes are thermally annealed at a tenperature below their nelting point
and then cooled to set the crests or bends in the braided, plaited, or
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the nelti nlg point at a tenperature usually |less than 250 degrees Cel si us,
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anneal edcopedlusppedpyldfyletheein@HAS] orarte Highensleda vasightdetetiyldna séted t ubes

can be t her,gg.}&! annealed in a first ste and then the individual tubes

separ at ed"4! %%M&W&C%P@Flo’é%imh@ form sel f supporting helical

shaped or non-circunfrential shaped single tubes. Thermal annealing sets

the crests and bends of the hollow tube so that the individual hollow

t ubes or Icoprtersdrentbodgags thet tedsted) glaited ot beaded tuhe fitrmsd cantighdsndond). TAO

03/ 0%(? 74é10r|3%;|1-r/1 He? Qv%{n:;’ gr%%nd a rectangular metal frame, as described in WO 00/44479, the
distance between parallel sides defining the length of the exchange device. The coiled cord on
the metal frame is placed in an oven below the melting point of the hollow tubes. The tubes are
thermally annealed at a temperature below their melting point and then cooled to set the crests
or bends in the braided, plaited, or twisted tubes into the cord. Annealing of the cord tubes

25 occurs below the melting point at a temperature usually less than 250 degrees Celsius, more

preferably from 100 to 200 degrees Celsius, and for a time ranging from 15 to 60 minutes, and
more preferably for 30 minutes. In an alternative embodiment the twisted, plaited, or braided

tubes can be annealed on a spool.

30 In another embodiment the braided or twisted tubes can be thermally annealed in a first step
and then the individual tubes separated from each other after cooling to form self supporting
helical shaped or non-circumfrential shaped single tubes. Thermal annealing sets the crests and
bends of the hollow tube so that the individual hollow tubes or cords can be separated and

handled without straightening.



-12 In one enbodi nent of the present invention, the thermally anneal ed and
set cords of hollow tubes can be joined by the nethod described in US No.
3, 315, 750wprnsloesded] herein by reference in its entirety. Pog/users®ran al so
be joined to each other and to the housi;pg by the injection 5 nolding

met hod described in European Patent Application 0 559 149 Al incl uded
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described in U S. patent application 60/117,853, filed January 29, 1999
and WO 00+ 4de4bodiment ofthe p@semlt atrehss ithe thermdllysnedléd ﬁkﬂse@&'orﬂ@&eﬁcﬁlg%e i's

f ul th ti t t 10 The t f
ormnal s S Bt Tyrthe meihog dasceihedén LS Ve, 5. 41156 B radedadcheostin bireference
i nventi oy 1t§entﬂ@@ntTﬁé)cog@ss&h'a% e égﬁéé tac lcﬂeﬁ%df% tﬁ@ﬁ&bs rﬁllbgyz %gnjéﬁg%non

into which one or nore holl ow tub or cor ave been
bonded. FIQding nrethod deseritetlés EarmpexaPaite Axfplicatiorons Sub@sA 1 fntsiden Hepideg to a

th | f f | d bl ock st t d
ol 1 ow t (eeiet T daliy o datse STbAgAGh e mrgof desepbetind) Spavent
appl i cat applichkion 86/1 60844 HI&ORNEAF LI DB AdRPD O@)WMf QeefndQﬁ&qf&l‘a‘Ee? [h@rel in

thernDpIastlc resin, Cptlonally het mopl asti ¢ caps
connect oFSB’E)tiff’%)’hyrre&f?f}?éﬂmﬁdsmth@phmsﬁnﬁthmyrrtm1fmml:10m bonded to the one
or nore of the unified term nal end bl ocks. For purposes of illustrating

the present invention, a unified termnal end bl ock conprising hollow
t ubes) aThé @nmnmif&slttbﬁmhelsmﬂ bleuktr anitiryehavRh@slelif tﬂ'éci}i&tﬁg of ﬁnéjﬁﬁ/%tic}?ﬁg

The housi ngﬁlto forgl a single entity consisting solely of 20 perfluorinated
t her mopl BEERO JEiCHPE ainaass er Welk ght Bigrpgplasticgesipinde Mémhmon‘hmrsholﬂmeﬂ)eof

bot h endgr colls ke vRaEINIRA BERRIS ﬁo%ge@mﬁgg Jlmgraé%gfqr?'e DsiE Pl E]g,f | ed

term nal end bl ock end structure, i'S nean
twi sted fugivadoadel tptaethpmcmlasgc agsm ﬂocfnﬂled uhifietih@ntigdl $h 81dcR strh @ Ad S| ngI e

tit rfluori atedtherm)lastlc materials is
or epar ed U HePlastpged niiael S ¢ von P%@é%SIBfUi%Pﬁe@r?Gﬁh@fthﬂ%) housi ng
bef ore t6®1pRESI d@cﬂlﬁ@ ab@l‘l@wrﬂbe? bERied 49 a IS0} ﬁs ?1'83&1 th%sur%pl%sg

mel t - bondi ng the potting material to the hous At ern on
bot h end¥dgfaps h@l%ﬂgﬁdwgnmc@rrp@as Qtladiemeplasilctltwsmgm&iytherfgsm@bﬁﬁdeﬁrto fhest  at

th | t t.el nt o containin owder ed
[ Pol yr et s b pR B RAEN MRS T3t RbfPores o Bl Futns Meproprast |

pot ]E ing msmtmnai/M1lﬁaﬂ)¥@{[n1ri]ﬁaDﬁﬂd%ﬂ§bm}h o llldllbtvg;] mggfﬁ% Plag\gc regﬁm%rﬁl% hgo
surf ace ur e e housin er an the me ol o)

t he pot #ﬁ%%? gy Ousg%?elsﬁ’(%qri beg %hWSirg tp etm & ainglt entityt ¢wsnshmgp sy ast i c
housjong.p e%rﬁﬁ%éﬁ'tﬂ&rﬂo?lagﬁ@ Qtehgﬁqggé%kﬁreﬁlgg \;\E& Ipres'[ 9 ?%\4[ ISB]F ages ggbgtﬁézph% ach

fuse any excess un-nel er nopl a
end of tdfdhe hdwsingdefore dhieapbting drgldrindingisesp. Wi tiflifitd teempia€end bi8aLE BRDMtructure,

by which is meant that the braided or twisted tubes and the potting are bonded to the housing to

"'_)

form a single entity consisting solely of perfluorinated thermoplastic materials is prepared by
first pretreating the surfaces of both ends of the housing before the potting and bonding step.

25 This is accomplished by melt-bonding the potting material to the housing. The internal surfaces
on both ends of the housing are heated close to their melting point or just at the melting point
and immediately immersed into a cup containing powdered [Polytetrafluoroethylene-co-
perfluoromethylvinylether] thermoplastic potting resin available from Ausimont USA Inc.
Thorofare, NJ. Since the surface temperature of the housing is higher than the melting point of

30  the potting resins, the potting resin is then fused to the thermoplastic housing. The housing is
then taken out and polished with a heat gun to fuse any excess un-melted thermoplastic

powder. It is preferred that each end of the tube be treated at least twice with this pre-

treatment.



WO 03/ 029744 PCT/ US02/ 30493 -13 The anneal ed tw sted holl ow tube cords are
inserted into a poly(tetrafluoroethyl ene-co- perfluoro(al kyvinyl ether)),

Tef | on( r )wBHa(02084 MFA shel | tube. The shell tube optional IPgThEe2/364bdi d
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Once the first end of the device has been potted and fused into a unified terminal end block
comprising the hollow tubes, housing and thermoplastic resin, the second end of the device is
25 potted. The process involves heating the potting resins in a heating cup with an external heating
block or other heat source at a temperature in the range of from about 265 C to around 285 C,
with a preferred range of from about 270 C to around 280 C, until the melt turns clear and is
free of trapped bubbles. A rod is inserted into the melt to create a recess or cavity. The housing
and the hollow tube bundle are then inserted into the cavity. It is important to note that at this
30 point neither the hollow tube bundle nor the housing touches the potting resin. The melted resin
will flow by gravity to fill the voids over time to pot the hollow tubes and bond to the housing
simultaneously. After the potted ends are cooled, they are then cut and the lumen of the hollow
tubes exposed. The potted surfaces are then polished further using a heat gun to melt away any

smeared or rough potted surfaces. For module with a large number of hollow tubes, such as



t ubes exposed. The potted surfaces are then polished further using a heat
gun to nelt away any sneared or rough potted surfaces. For nodule with a

| ar ge nurtwero3o7impl | ow t ubes, such as WO 03/ 029744 PCT/ USPRTAG4A9493 14 2000
or nore, it is possible that the rmdule_lggy potting defects which can be
repaired using a clean soldering iron to fuse and cl ose the damaged areas.
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connections are 30 fusion bonded to the housing and or the unified term nal
end fl ogk. - re fluid. nnecti.ons Y _be .provided for flow of
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process fluid include but are not limited to Flaretek®, Pillar®, Swagelock®, VCO®, standard

pipe thread fittings, or barb fittings. Ina preferred embodiment two fluid connections are
provided for the process fluid; one inlet connection for flow of fluid into the apparatus and one
outlet connection for flow of fluid out from the apparatus. The process fluid may flow through
25  the tubes or across the outside of the tubes. The inlet and outlet connections for the process
fluid may be bonded to the unified terminal end blocks by welding, threading, flanging, or
fusion bonding to the thermoplastic. If a housing is provided for the exchange apparatus, the
inlet connections for the process fluid may be bonded to the housing and or unified terminal
end block by welding, threading, or flanging. In a preferred embodiment the connections are
30 fusion bonded to the housing and or the unified terminal end block. One or more fluid
connections may be provided for flow of working fluid through the housing or for flow of
filtered liquid out of the housing. The one or more connections for flow of working fluid or

filtered fluid through the housing may be bonded to the housing by welding, threading, or



filtered liquid out of the housing. The one or nore connections for flow of
working fluid or filtered fluid through the housing may be bonded to the
housi ng wowaloei7ag, threadi ng, or WO 03/029744 PCT/ US02/ 3®@€¢341S02/3@E93 | angi ng
to the housing. In a preferred enbodi nent the connections are fusion bonded
to the housing. 5 General Procedure 1 Preformed holl ow MFA tube tubes with
0.047 inch inside dianmeter and 0.006 inch thick wall thickness r
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knife. Fluid fittipgs for the potjed exchanger r de by .scoring a pipe
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the deviesnskyHon® dA 2¢@ Adf resimpphtaiopdon Husippt UPAdng Thopdangohl-ader col d
wat er pa&b%ﬁt 11(5 R&ﬁg atPHPECT 81 Ta6Wh off QadhMad after 40 hours of potting was controlled to a

rate of 0.2 C°/min to 150 C°. The unified terminal block ends were cleared of resin and the

20  hollow tubes opened by machining the end portion of the potted device using a lathe or knife.
Fluid fittings for the potted exchanger were made by scoring a pipe thread onto each end of the
tube or by thermally fusing an end cap onto the tube .

. Example 1
25 A prototype heat exchanger having a housing with a 1 inch inside diameter PFA tube was

prepared by Procedure 1 except that the tubes were not twisted or annealed. The device

contained 150 tubes of straight MFA tube measuring 15 inches in length.

The prototypes was tested under the following conditions. Hot water at a temperature of 63°C
30  was fed into the tube side of the device at a flow rate of approximately 1750 ml/min. Cold
water at a temperature of 19 °C was fed into the shell side of the device at a flow rate of
approximately 1070 ml/min. The hot and cold water paths flowed countercurrent to one
another. The inlet and outlet temperatures and the flow rates were recorded every five minutes

for the tube and shell side fluid streams for one hour. The results from this experiment are



another. The inlet and outlet tenperatures and the flow rates were recorded
every five mnutes for the tube and shell side fluid streans for one hour.
The resulwe oBozams hi s experi nent are WO 03/ 029744 PCT/ USOPL30498304936
detailed in Table 1 shown in Figure 6. Under these conditions the cold
wat er was heated from 18.9 Cto 38.8 and a total of 1486 watts of energy
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between the two fluids. 20 Exanple 3 This prospective exanple shows how a
waf er” processing tool including the exchan(tle apparatus of this inventi on
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20
Example 3
This prospective example shows how a wafer processing tool including the exchange apparatus

of this invention can be used to heat liquids used for cleaning semiconductor wafers.

25  An exchange apparatus having about 650 twisted hollow MFA tubes, 325 pairs, can be
thermally annealed and fusion bonded in a 2 inch inside diameter PFA tube using the methods
of Procedure 1. The length of the device can be about 18 inches and has a liquid volume of
about 300 millliliters. The device is part of a wafer processing tool and is connected at its inlet
fluid connection to an in-line to a source of aqueous 10% hydrochloric acid containing about 1

30 percent by volume hydrogen peroxide. The outlet of the exchange device is connected to a
valve, optional stop suck back valve, and nozzle for dispensing the aqueous acid solution onto
a substrate to be cleaned. One of the fluid inlet connections on the shell side of the exchange
device is connected in-line to a source of hot water. Hot deionized water is commonly

available in a semiconductor factory at a temperature of about 75 degrees Celsius. The heated



device is connected in-line to a source of hot water. Hot deionized water
is comonly available in a sem conductor factory at a tenperature of about
75 degr ee®0@alzi7ws. The heated WO 03/ 029744 PCT/ US02/ 3049 BCTAKRG2/3M@bdEr
passi ng through the shell side of the exgchange device heats the acid
solution contained wthin the tubes of the exchange apparatus. After a

variable tine of no fluid flow. t valve at. th utl et. of . the exchange
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550 mi cr 81§P¥esi de di aneter, available from Mykrolis Corporation,
Billericia, MA, are substituted for the non 15 porous holl ow MFA tubes. The
hol |l ow fi bers can be plaited 3 per strand and can be wound on a rack
measuring 15 inches in |length. The plExahgde dnd wound hol | ow fibers can be

t her mal |
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0044479. 20 e housing for this device contains inlet and outlet port

connections for flow of a fluid containing insoluble suspended materials
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annealed and plaited hollow fibers are assembled into an apparatus according to the method
disclosed in WO 0044479.
20
The housing for this device contains inlet and outlet port connections for flow of a fluid
containing insoluble suspended materials like colloids, gels, or hard particles. Examples of
fluids containing suspended solid particles include alumina in a chemical mechanical polishing
slurries, examples of colloids in fluids can include silica. The fluid containing the insoluble
25  suspended material flows through the insides of the porous hollow fiber tubes. The housing
has a single fluid flow port connection for flow of filtered liquid away from the housing. A
portion of the liquid containing the suspended solids flows across the plaited porous hollow
tubes; some of the solids are retained by the porous membrane and a portion of filtered liquid
flows through the membrane and out of the fluid port on the housing.
30
Example 5
This prospective example shows how an exchange apparatus for mass transfer of a gas into a

liquid may be made utilizing thermally annealed, plaited, porous hollow PFA tubes.



Exanple 5 This prospective exanpl e shows how an exchange apparatus for nmass
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material at each end"to twenty six 1.05 mmID PFA tubes with wall thickness

0. 15 nm th¥watef by ppencatiog througipthe povoas plaied hellow BH A tHbese fHcats@zpR088stihr ough

h ' . h | e, - ] f h
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outl et peiohe ghs dibs1RAah ele Waw. CEnifiottmard watdidsiidefullfor clepengtvafors ysingress
water flows through the inlet thernocouple housing, into the exchanger 30

appar at usodifigd Reg\ clgpring RFASeERS-t he hol | ow t ubes. Working or exchange fluid
passed t hrough an

Example 6
20  This example illustrates a heat exchange apparatus of this invention with twenty thin walled

hollow PFA tubes. The device was used to heat flowing water in-line.

A 0.5 inch OD PFA tube of length 17 inches was used as a housing conduit. The housing
conduit had inlet and outlet ports. The housing conduit was fusion bonded using PFA potting

25  material at each end to twenty six 1.05 mm ID PFA tubes with wall thickness 0.15 mm. Two J-
type thermocouples were positioned in separate flow through housings. One thermocouple was
connected to the inlet port of the exchange apparatus housing conduit and the second
thermocouple was connected to the outlet port of the heater device housing conduit. In
operation process water flows through the inlet thermocouple housing, into the exchanger

30  apparatus housing, and through the hollow tubes. Working or exchange fluid passed through an
inlet thermocouple housing and into the shell side of the housing in a counter current fashion
where it contacted the outsides of the hollow tubes. The exchange or working fluid then passes

through the outlet port on the shell side of the housing conduit and through a second outlet



inl et thernmocoupl e housing and into the shell side of the housing in a
counter current fashion where it contacted the outsides of the holl ow

t ubes. Thwoasokamge or working fluid then passes throughPChaSousd4es port
on the shell side of the housing conduifq and through a second outlet WO
03/ 029744 PCT/ US02/ 30493 -19 thernocoupl e housi ng. Process water rovvi ng

et el G A R R A R R R
m nute of;uahffughh s@c&@'&ﬁéﬁhbﬁ&c@ﬁpl@ﬁ@lﬁinglGWQﬁgrfﬁﬁﬁra@bﬁl00@ rﬁﬂlﬂ‘t‘bbﬂ@@)et nto

the shell side of the device, water flowing into the tubes at a
t enper at minatedt BHert ddemperstucedfuiboat Hrdpasees Gslsiusalawiag o tshell side of ther s

per m nute.was ed t.o . 1.C on f
Phi s Ao tatERofinetiBiodRe bpt A EhpbRie SPSs 5 BBiRes CHAUPRI] RORMR B
8. Exanpied illihess dp%x anplte wiak boled at33s] eC be akitiax Ciatnbes. The perddrumncd of thlss
invention with 68 hin walled 10 holl ow MFA tubes. The device was used to

cool fIompﬁtjlt%eﬁté?fquwtlt@h?éldeﬁﬂ?}?B%tﬁﬁt1§f6‘ém¥?é5¥ede1%cﬁ#%ﬁ6§ appar atus having a
PFA housing with a 2.25 inch inside diameter 32 inch |length was prepared
by Procedure 1 except that it contai ned about 680 holl ow MFA tubes tw sted
together with about 12 twi sts per foot. The tw sted cords were anneal ed on
a 15 netal rack to yield cords maasthﬁ)ut 34 inches in length. Inlet
Fluid i @ﬂémﬁg 11%@%&1&5‘9%%&'&0%%’3 irAlfs Yehe 1?{@6nt15h ¥t 6B0(thih; willkkgy were
27 inches apart .5 inches fromthe ends of the device. The housing
fluiofi hmllomgMHPotubt:a,lb’Ei‘lesdede:eMaswsedehoetogy flowingmesterlipdipeand were fusion
bonded to the housing tube. 20 The prototype was tested under the foll ow ng
conditions. Hot water at a tenperature of 70.1 C was fed into the tube

side of AhgrofiRYpORapxchakdei¥piatue he¥ind RIPFAXhdRIng| Witlda 2.26 lih@rigsipe diaftieteut e.
Cold water at a tenperature of 14.5 Cwas fed_ into . the shell side of the

devi ce a$2 tilch Ilfm&thr waeprgpared by Penerdiie | srcept ghat iticeptaingd aboyt A8 chollpmeMiigy  and
col d wat gg p er vis ur i §9ﬁ¥§1dwftﬁ LAQ\SﬁHE‘MS er FtORfe t\%@%gggfds W€ addh Rl o‘ﬁréd

outlet te ow rat were recor using an Agilent 25
dat a14 oggefal ratkéo yieRldords heasnrihg lsout 8 érdhaeint lesgth. Hﬂeetaﬂdléﬁttlnlgs bhéleTabI ein
Figure 9. Under these conditi o he hot ter

i t ubes d
from 70. ho@lf’cgoghﬁs@e@eé%ﬁl & largle £y WEIP ‘%lo’é‘cbﬁtalﬂ?grta?‘ ﬁ'g}P&? %@@g gs‘nged

bet ween ! a k®hn@WRes fukloaw
ot os 1 s EReg Bh “E‘%ﬁlr%& ﬁftﬂ‘r 9?%%?%%‘%%’36%&%%0?%%*39% 130

bonded to the housmg tube.

20  The prototype was tested under the following conditions. Hot water at a temperature of 70.1
°C was fed into the tube side of the device at a flow rate of approximately 4.4 liters per minute.
Cold water at a temperature of 14.5 °C was fed into the shell side of the device at a flow rate of
approximately 6.6 liters per minute. The hot and cold water paths flowed countercurrent to one
another. The inlet and outlet temperatures and the flow rates were recorded using an Agilent

25  datalogger. The results from this experiment are detailed in the Table in Figure 9. Under
these conditions the hot water in the tubes was cooled from 70.1 °C to 22.9 °C and a total of
14,400 watts of energy was exchanged between the two fluids. The performance of this

apparatus at other flow rates is summarized in Figure 9.



CLAIMS What is Clained: 1 An exchange apparatus conprising: a) a plurality
of thernoplastic hollow tubes, each holl ow tube having two end portions
and hol | owe opaswing t her ebet ween; b) at | east one of sai drem@Sppswd NS of
sai d hol l ow tubes being fusion bonded aj, |east at its periphery through a
thernoplastic resin to forma unified térmnal end block in which the end
portions of said hollow tubes are fluid tightly bonded together in a fused
fashion with the thernoplastic resin; c) said unified term nal end bl ock
havi ng t hrough hol e comunication with the hollows of the unbonded
portions of said tubes; and d) said unified termnal end bl ock having a
first fluid inlet connection to supplGL&AM$irst fluid to said holl ow tubes
and a first fluid outlet connection to renove said first fluid fromsaid

hoIIOM/tu?es.cﬁn Tge exchange apparatus of claim1, further conprising: a)
a housin 18I dH™Ms6nded to at | east one of said unified termnal end bl ocks

cont ai ning SQAHeQthgM@hHﬁ%%cdﬂﬂﬁs :sai d housing having at |east one
for

connection port ransport of at 1east one fluid through the exchange

device. 3. Th® appaplrtality of themaoplastic hallew sibes: sseh hakdewbiedeying thelerdw t ubes
are non- circunfrenti.al . 4. The a r .aim1l, wherein the

t hernopl astic hoII%ﬁﬁ?ﬁﬁgélgﬁgwﬁP%%?@ghgﬁ?%&g&Lcord. 5. The apparatus of
claim1, whergjn tdfigedshefid®izhiisdndoktidns 0fsdithoBowamebepbaingdukiombandad abr d
which is thermally annealed to set the glait. 6. The zgg?ratﬁé of g%ﬁinal,
wherei n sai d hol | oast@biis perinhephinugh edharoglastiersiigp A g unibied fPrpyng g
thereof chosen frofy glgﬁ]e\gﬁafeﬂ PheS@S ot drR O fid hBRbw et afd Man aghily b co-

perfluoronethyIV|nyP
[ Pol yt et r af | uor oet fogbibaeincofuper fhihion with dipe/themmydlastih eesjn;

[Polytetrafluoroethylen?- 0- hexaf | uor opy! nqi ?I o1 0] .Ietne,.t
pol ynet hyl penflene, 531G Hgf lﬁﬁltqné‘"}??ﬁ?ﬁjﬁﬂglgé@ﬁé? ﬁ’\]/'\% %‘H'F) ep%%%? Ifwith e
03/029744 PCT/ US02) 3230 thédnbonded portions of said tubes; and

d) said unified terminal end block having a first fluid inlet connection to supply a

first fluid to said hollow tubes and a first fluid outlet connection to remove said

first fluid from said hollow tubes.

2. The exchange apparatus of claim 1, further comprising:
a) a housing fusion bonded to at least one of said unified terminal end blocks
containing said hollow tubes; and
b) said housing having at least one connection port for transport of at least one

fluid through the exchange device.

3. The apparatus of claim 1, wherein the thermoplastic hollow tubes are non-
circumfrential.

4. The apparatus of claim 1, wherein the thermoplastic hollow tubes are plaited into a
cord.

5. The apparatus of claim 1, wherein the thermoplastic hollow tubes are plaited into a cord

which is thermally annealed to set the plait.

6. The apparatus of claim 1, wherein said hollow tubes are comprised of a thermoplastic
or a blend thereof chosen from the group consisting of [Polytetraﬂuofoethylene-co-
perfluoromethylvinylether], [Polytetrafluoroethylene-co-perfluoropropylvinylether],
[Polytetrafluoroethylene-co-hexafluoropropylene], polypropylene, polymethylpentene,
and ultra high molecular weight polyethylene.



7. The apparatus of claim1l, wherein the thernoplastic hollow tubes are
porous. 8. The apparatus of claim 1l wherein said thernoplastic tubes are
i npregnatwo 032414 thermal |y conductive material. 9. ThePappmnasa4s3 of
claim1 wherein the cord conprises at legst 1 plait. 10. The apparatus of
claim2, wherein at |east one housing flUuid connection has an insert for
fluid flogw distribution. .11, The appayatus of claim?2, wherein the

t her nopl dsti ¢ Tﬁi’ﬁ@l’%ﬁ%%éa’éﬁl 1> W%‘?’T?m(,tfl‘? ﬁ“ﬁﬁl?@ﬁﬁticgﬂoﬁoﬁ’f‘.‘be?ﬁée RPpEt at us of

claim2, gwher qiyg af)ﬁ'ﬁ'aﬁlg 8F BRRh dSHetei Q4il %nhHPﬁ&i&ﬁ@espir@irhﬁg%ﬂdﬁé@wﬁh acord.

13. The apparatus of claim2, wherein the thernoplastic holTow tubes are
pl ai ted into &hawely coiuctivé matehiek. mal |y anneal ed to set the plait. 14. The

appar at us, of aim2 wherein.said.hgllowtubes are c i.sed of a

et ol st ¢ 11 ePRrpEREeEie ) e Bty R Sh GBI st ng of

[ Pol yt et naf | U%@%ﬂ?‘afbﬁ@ f 61am PEWhereiard ekt ite\Hodthg Eufiiedohnection has an insert for

[ Pol yt etraf | uoroet hyl ene-co- perfl uoropropyl vi nyl et her],

[ Pol yt et r af | udhugkfleny|disiebwtipnhexaf | uor opr opyl ene], pol ypropyl ene,

pol ymet hyl pen [ J j t ne. 15. The
appar at uéil'of ?ﬁgﬁgyajgﬁgﬂglrﬂgn?%g&g 1{%@%&%@5}:&%@83@10?21}1¥§ﬁ? llétoglpar atus of

cl ai m 2 wher eicircsafrentidier nopl astic tubes are inpregnated with a thermally

conductive material. 17. The apparatu f claim erein the cord

conpri sedZat |l@ggpparatys gf plaim 2evherging %ga@%&oﬁ%@%m Pléit%{;mt%} A
plurality of tRgynoplastic hollow tubes, each hollow tube having two end
portions and hol |l ows passing therebetween and at | east one tube being non-
ci rcunf r ddt i alThiepparatue aftlamm2pfvhereindhethdrmoplestionollof teldsdrdplhitalintabesd

bei ng bonded at,.l.east at..its ri t hrough a thernoplastic resin in
whi ch the endvﬁgc;qlisfslpgmg}lyggqeafeﬁ&pE%&}F%@EES are fluid tightly bonded wit
t he ther mapl agthGppfatud of EhinSal WhétbinfsaRichdliRH P& are Bsnpridlof Aavdrm@plaktiough

hol e conmuni cation with the hollows of the unbonded portions of said
t ubes; and d) osablendrihdreeirhpsannfrerthegraumrensisting of Mplyetratfuproathyleng-¢on| et

connection to E%%gmah%%inéffetst}é%rij "fi’&er?raﬁ&érgetﬂ?fellg-\é’o-&)ggﬁl%ro%?&ﬁvikglﬂa&lter]f luid

out | et connectpl on to remnov
[Polytetrafluoroethylene-co-hexafluoropropylene], polypropylene, polymethylpentene,

and ultra high molecular weight polyethylene.

15.  The apparatus of claim 2, wherein the tubes are porous.

16.  The apparatus of claim 2 wherein said thermoplastic tubes are impregnated with a
thermally conductive material.

17.  The apparatus of claim 2 wherein the cord comprises at least 1 plait.

18.  An exchange apparatus comprising:

a) A plurality of thermoplastic hollow tubes, each hollow tube having two end
portions and hollows passing therebetween and at least one tube being non-
circumfrential

b) At least on of said end portions of said hollow tubes being bonded at least at its
periphery through a thermoplastic resin in which the end portions of said hollow
tubes are fluid tightly bonded wit the thermoplastic resin;

c) Said unified terminal end block having through hole communication with the
hollows of the unbonded portions of said tubes; and

d) Said unified terminal end block having a first fluid inlet connection to supply a
first fluid to said hollow tubes and a first fluid outlet connection to remove said
first fluid from said hollow tubes.

19. The apparatus of claim 18, wherein the thermoplastic hollow tubes are porous.



first fluid fromsaid hollow tubes. 19. The apparatus of claim 18, wherein
the thernoplastic hollow tubes are porous. WO 03/029744 PCT/ US02/ 30493 -
22 20. Avowslzd4of maki ng an exchange apparatus conpri si RgT/tsp2/8@p3ni ng a
bundl e conprised of a plurality of ther%pl astic hollow tubes having a
first end and a second end; b) fusing tfie" first end of one or nore said
bundl es of thernmoplastic hollow tubes wth a thernoplastic resinto forma

first un?9~ipeﬁleﬂ@ﬁir?ifﬁbﬁki%%m? aEI?arF‘%P‘Pi@Pliiﬂ’ég:second end of one or nore
2o 2o B, TS GOl LERTR L RGP 00l

forma second “uni f openi ng 'the tube ends of the
first and second uafifstenad st asacahd emtyy bl ocks to provide for fluid flow

t hrough t he | | ow, t ub used, with the the ast/ resin. . The

net hod of cla ZO@SWZ‘?%{EW%% #%ﬁé@o&? é?‘é%?%@dﬁﬁnogfafﬁ%b% E\’E’F? c or
a bl end thereof cRas@nhdhiRpPlabtereinQl RorePA fikst bhifidd &rminal end block;

[ Pol yt etrafl uoroet hyl ene- co-wgerf | uor onet hyl vi nyl et her

[ Pol yt et r af | uer oet fagingrilke sagopkertd efomepr opyé Sdiﬁwléc’cl*t?ﬁeqf]ﬂ];lérfnoplastic hollow tubes

[ Pol ytetrafl uoroet hyl ene- co- hexaf | uqrapropyl enel...-pol ypr opyl )

pol yret hyl pentene,wﬁhﬁ% oPEs ?ﬁﬁlnn%?gé% éﬁcoﬁ%@tegﬁ%ﬁ%ﬁﬁrﬁ@ﬁg@ 22. The
met hod of cl agym 20opdaeicehe nibkendpemid fiestdad Sdcosd it fibd tdrMimal biEblotkised t o
said thernoplastic resin have substanti al Il?‘; t he sane cross section as the

unbonded portion oprovise fomidwif davt thrugh theshollpretuhes fysed with theghermpplastic t her

conprising making g hundle froma plurality of thermoplastic hollow tubes
plaited to form at Péast one cord. 24. The method of claim 23, further
conpri si iy Temeshedef ddie 20) mdhetedh mid tibes amelcbinpgisqboefi thedfmopidsec bheblengl asti ¢

hol | ow tubes to.set the plait in the tu in the card. 25. The nethod of
cl ai m 24, \Rﬁ%?%ﬁ Gt e arersisiag QE@SobéﬁaﬁfﬁPé%meﬂ?%"ioﬁdi vi dual _

t her nopl astjeemfaebhanyvHYASh &N I &y RirhEso BAYLARE ¥ kbR réfRviNPRIRSL | C resin
as a bundle of non-circuntrential hollow tubes. 26. The rrethod of clai m20
further conpelytitnafuirontiylege-so-hexafborenrepylens].potymesdericopolymethyinsnteseiand
unified ter n,g nal . en biocks. t27I r;E‘hge et hod of claim 26 further conprising
bondi ng a tHhEt HSPAEeTULaT TrsiEht REVERYIREY £i r st

22. The method of claim 20 wherein the opened ends of said hollow tubes fused to said
thermoplastic resin have substantially the same cross section as the unbonded portion of the
hollow tubes.

23. The method of claim 20 further comprising making a bundle from a plurality of

~ thermoplastic hollow tubes plaited to form at least one cord.

24. The method of claim 23, further comprising annealing the cord below the melting point of
the thermoplastic hollow tubes to set the plait in the tubes in the cord.

25. The method of claim 24, wherein said annealed cords are separated into individual
thermoplastic hollow tubes and are then bonded with the thermoplastic resin as a bundle of
non-circumfrential hollow tubes.

26. The method of claim 20 further comprising bonding at least one fluid connection port to
said unified terminal end blocks.

27. The method of claim 26 further comprising bonding a thermoplastic housing to said first
and second unified terminal end blocks.

28. A method of using the exchange apparatus of claim 1 for heat transfer from a first fluid to a
second fluid the method comprising:

a) flowing a first fluid on a first side of said hollow tubes;

b) flowing a second fluid on a second side of said hollow tubes;



and second unified termnal end bl ocks. 28. A nethod of using the exchange
apparatus of claiml1l for heat transfer froma first fluid to a second
fluid t hewomshedsconprising: a) flowng a first fluid on &cfriusst/3@pile of
said hollow tubes; b) flow ng a second uid on a second side of said

hol | ow t ubes; WO 03/ 029744 PCT/ US02/ 30493 -23 C) transferring energy

bet ween said first and second fl uids thrqugh {he II.of th t hermgpl asti c
hol | ow t ubes.€R9. HHSTGTERSERPIEY b@WﬁFW%ﬁﬁﬁéﬁ“iﬁ%oé\@ﬂﬂldﬁ P %‘eé"aﬂrg% he

phot oresi st, an angiref I G9;sNY, a resist stripper, or a
phot or esi st devel oper. ﬂé%s?&‘}l\égorret od of claim 28 wherein said fluidis a

spi n on 20.dheahethal ofXlaimNiewhetincdidofuid isd pha@resibie aeantireB¢ative cortthg) g resist
fluid conprisi n? co ﬁer i oga. E‘% The nmet hod of claim28 wherein said fluid
i s chosen fSFrHH’F’I‘?Eag QPSRRI hg of an acid, a base, an oxidizer, and

M Xt ur es3 N8kEeRIho Bt cldife2gwhiten afd Mlididn Sfin vhalRRisai d liquid is an
organic liquid. 34. The nethod claim 28 wherein said second fluid is chosen
f r om t he3yrkhepnetboksefstlaimg owherpin spitefluid geafluidepomprisipgicgppanydnsne gl ycol

2 gns. 5t THha AR T Aomhg SRR AR f S s HORR BB LR rigi

or cl ai m 1&af®kn 6kidstkr,fdn@wixfurdstthétoon of a fluid, the nethod conprising:
a) flowing a first fluid containing insoluble suspended naterial on a first

si de of 3%&ihe meshodel Pairotlkwhersmssaiddimnidhis aniorgass Kgid portion of said first
fluid th ' . is i nin
2 port1 onorbmand Ol ¥ RER Sl BR ASAIC Y oM BORRD DHiTRmad 4l " "0
sai d fl ui d ihdit gasgivateheohyeltybenembyl sorhpdsitions 3ahd stdaen. net hod of using the

exchange_apparatus as _ i.n ejther.claim77 or claim18 for mass transfer

bet ween ??'ﬁ’@%etg 0 ?lﬁbgé Wgﬁﬁﬁtg?ﬁ&tzl&)d_r?$‘i§w ng a first fluid on a first
side of §@.!’l§1e'}ﬂéth&i"bﬂ1@ir%’tﬁe ExRage pafdn@WsiY eRhG REAAD drl dlifh 1B ¥R cRHEFAGH
side of said hollow porous tubes; and c) dissolving a portion of said
second f | uifdtratncofsafiiuld fthe gtethfodidompris®g: The net hod of clai m 37 wherein the

First fluid i g’) an ﬁgvldﬁl%uasﬁrsép hllﬁhicgﬁltalarl?rgg itngglu %%85%%née!duringerial on a first side of
said hollow porous tubes; and
b) filtering a portion of said first fluid through said hollow porous tubes, said
hollow porous tubes retaining a portion of the insoluble suspended material and
passing a portion of said fluid through the hollow porous tubes.
37. The method of using the exchange apparatus as in either claim 7 or claim 18 for mass

transfer between fluids, the method comprising:

a) flowing a first fluid on a first side of said hollow porous tubes;
b) flowing a second fluid on a second side of said hollow porous tubes; and
c) dissolving a portion of said second fluid into said first fluid.

38. The method of claim 37 wherein the first fluid is an aqueous solution and the second fluid
is a gas.
39. An exchange apparatus adapted to be connected in-line with a fluid flow circuit
comprising:
a) A housing provided with fluid fittings;
b) an exchange core located within said housing, said exchanger core containing a
plurality of non-circumferential tubes fabricated from a thermoplastic resin;
c) said tubes arranged in a lengthwise direction and having two end portions being
fusion bonded at their periphery through a thermoplastic resin to form unified

terminal end blocks in which the end portions of said non-circumferential tubes



is a gas. 39. An exchange apparatus adapted to be connected in-line with a
fluid flowcircuit conprising: a) A housing provided with fluid fittings;
b) an excweng®2wete | ocated within said housing, said exchramgso2/smpe
containing a plurality of non-circunfergntial tubes fabricated froma
thernoplastic resin; c) said tubes arranged in a |l engthw se direction and
havi ng two end portions.hbej f ugi.on .bonded. at ir ri phery through a

t her mopl asti c resi ﬁretfﬁ“ﬁb}ﬂ#lﬁ?ﬁh?@aanaﬁ@?ﬂgﬁgwnéfﬁ agq\’y)@B ‘ioﬁlWﬁ%"’ﬁmphe end
portions of said ngpr&hioaphfgaential tubes WO 03/029744 PCT/US02/ 30493 -24

are fluid tightly bonded 'n a fused fashion yet allow fluid comunication
t her et hr ough; dand &jid dansinhbardigg fiksh fuikjinket fa supplyr4 Gistifliid| tesaid dirgigpploy a

first fluid to said first d of . th xe¢h e corest.o b ntact e ith a
Cotond flutd and: atie oeBingBabretb be lclftaSES ARAASCERCE oo B0 HAR Sl (1 2

first fluid from sabheb@dth ©iresdnE &4i€ Bontadted fits A6idasn Saitl ohRushmgr&AMl Ng a
first fluid inlet connection to supply a_second fluid to be contacted with
said first fluid t8bsaped s honsinediaring plshed mlskconpastion taarpplne seqead

housi ng and the ”Oﬁﬁfdt%g%%ﬁ{agtgﬁkﬁihsgf&b@gt ﬁ‘x%ﬁt@sa’i&%’l%ﬁle %lrlé‘cfbet\%?é}ﬂﬁg“ on

to renove said contacted second flui n appar at us processi ng
waf ers conpri si ng irdver exlibétigchoagpgrad the oh-cireymbsrenteidl tubek ands sebond Butledr

37. 41. A nethod for produci n‘%@a th rm)gla tic(ﬂ | l.ow tube with increased
boundary | ayer di SPHHSERGR TEREVERAE Gt %?ﬁﬁ%ﬁicgﬁl g‘.nda) Securing a

t her mopl 361 Af alypiPRud Rk pARCRKSIARGR RRRRTMEISE AR abhShAIruRPohOSe
structure of the hollow tube such that it becones non- circunfrential.
claims 1, 18, or 37.
41. A method for producing a thermoplastic hollow tube with increased boundary layer
disruption, the method comprising:
a) Securing a thermoplastic tube for an exchange apparatus; and
b) Distorting the structure of the hollow tube such that it becomes non-

circumfrential.



