-1- A Thernopl astic Heat Exchanger And Method O Making The Sane RELATED
APPLI CATI ONS Thi s application clains the benefit of provisional application
serial No. 60/326,234 filed October 1, 2001 entitled Fluid Exchange
Device. This application is related to co-pending 5 application filed
concurrently herewith as U S Serial No.60/326,357, filed Cctober 1, 2001
under Applicants' reference nunber 200100293 (fornerly MYTCP-621). FlIELD OF
I NVENTI ON Thi's invention relates to a Hoi1ow tube or hollow fiber menmbrane
exchange apparatus useful for 10 heat transfer, particle filtration, and
mass transfer applications. The apparatus conprises a housing containing
fusi on bonded hol | ow tubes that have been previously plaited and thermally
anneal ed tA Twrmdplastisi Heaf E&chan?mwsd asthroch OfiVinkinkg Thed8asnéy of

hol | ow tubes with enhanced fluid flow distribution provided by the plaited
hol | ow tubes. The apparatus provides high contacting area in a small

vol ume wi thout the need for baffles. The device is made from 15 chemcally
inert thernmoplastic naterials and has the ability to operate at el evated
tenperatures wth organic as REUATED ASPLYSAVEONMAA oxi di zi ng |i qui ds.
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fiber or hollow tubes that can be potted in the apparatus. _
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



5 Exanpl es of applications in sem conductor manufacturing where heating of
aliquidis required include sulfuric acid and hydrogen peroxide

phot oresi st strip solutions, hot phosphoric acid for silicon nitride and
al um num et al et chi ng, anmoni um hydr oxi,de and hydrogen peroxi de SCI
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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.



contactors utilize baffles to inprove nmass transfer between the fluids.
Typi cal applications for contacting nenbrane systens are to renove

di ssol ved gases from i quids, "degassing", or to 5 add a gaseous substance
to a liquid. For exanple, a wet bench is a wafer processing apparatus
where ozone gas is added to very pure vater to be contacted with
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tubes. US patent 5,352, 361 teaches the 20 art of baffling for hollow fiber
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contenpl ate the use of thernoplastics nor does it address the need for the

subst ant S%imlbgndup@hmansfapﬁla@e area required for lowthermally conductive
t her Fg;pl astic materials. 30 U S. Patent No. 3,315,740 di scl oses a net hod of
bonding tubes together by fusion for use in heat exchangers. Tubes of a
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improve the transfer of heat and materials to the hollow tubes US patent 5,352,361 teaches the
20  art of baffling for hollow fiber gas to liquid contactors. Such baffles are useful for
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. Itis 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



t hernopl astic material is introduced into the interiors of the end portions
of the tubes. Then a pressure differential is inposed across the walls of
the tubes so that the pressure within the tubes is greater than the
pressure on the exterior surfaces of the, tubes, thereby causing the tubes
to be expanded and to be fused with the surfaces of the adjacent tubes.
Such a nethod 5 produces an i rregul attern_of entrances.to the_holl ows
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cont gppl @& diiBLiRg or 20 braiding of the hollow fibers nor does it
contenpl ate annealing the fibers prior to potting to effect a structure on
the potted tubes for enhanced flow distribution. A an Gabel man and Sun- Tak

Hwang i n ¢ he . Journagl nbrane Sci ence, volu 15 61- 106, 1999
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modul es dsgaerluingsf pfaget hei r hi gher manufacturing cost. Such arguments can
be apanI ied to hollow tube heat exchange and cross flow devices as well. US
pate No. 5,224,522 describes a nethod and device for produci ng woven
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and heat exchangers. Such a device nethod requires expensive and
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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 fibersina

preferred relationship in the tube mats.



liquid flow, or efficient shell side cross flow filtration because of the
hi gh expense and | arge size of devices needed. Metal heat exchangers are
unacceptable for use in sem conductor manufacturing because of the
corrosive nature of the chem cals and also because of the need to 5
elimnate netallic and particulate inpurities fromprocess liquids. Wiat is

needed is a thernoplastic apparatug for heat. exchange, ss transfer, or
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SUMVARY THE TNVENTI ON The present invention provi or  an appar at us

wi t h hi ghizeof deyines aewied u dsftallheptrexobangetsraagetaseeptatie fir vex thsemgeondoetorr oss
flow particle filtration.. The apparatus s constructed, of ther | astic
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connecti t [ ' : he
ol Tow - Pty Sfegy BPROR? Spife, MR SRRl vitbil® e BibabA BRLRARA A T i o
pr ovi dednesddoglestles.bed. A nethod of use of the apparatus is also provided
and described. 20 In one enbodi ment the hollow tubes in the apparatus are
brai ded, plaited, or twisted together to create a cord of the tubes or
fiberg prior to fusion bonding into the thernoplastic resin to forma
unified term nal bl ock. Such cords provide enhanced flow distribution of
fluid through the apparat usSUMMART VENTIONS f | i ng. A hi gh packing

SUMMAREY ORdHIcEN
density hol | ow tubes or.cords is 25 achieved wi.th this dinvention. Jn
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hol | ow tubes or fibers in place prior to the fusion bonding process.
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A method of use of the apparatus is also provided and described.

b

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



-6- unw apped to give individual non-circuinfrential hollow tubes or

fibers. These individual hollow tubes are fusion bonded into a
thernoplastic resin well as a bundle. Optionally, the annealed cord or

i ndi vi dual non-circunfrential hollow tubes or fibers in the unified
termnal block are fusion bonded to a thernopl astic housing which has
fluid inlet and fluid outlet 5 connections _for the process and_ woykjng
f1uids tuwwseppsddnaivgdedividuelnonsgisamatendal hOBmWEPb@ESéhPIPﬂT@Pe@PdWF{EaERAW NGS
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fused in_a thernpplastic resin. 15 Figure 2B.is a_schematic_diagram in
cross sddeskase f‘bgionat?‘i)né‘ﬁ& %@1@%@%}5@3&5% Wﬁlqlli‘a’r?s ﬂ(‘}}‘fl(’f‘[lc‘ﬁ??‘iﬂﬂdé’l%ﬂﬁtol | ow
tubes f %ﬁﬂedtign?fotr %2%99&@%& GoFERé AufddYd Pleldnthgbdiby tRE agpacatut | et
connections. Figure I's a schematic diagram 1n cross section, of an
exchange apparatus with non- 20 circunfrential hollow tubes fused in a

t hermopl astic 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 R pEYSERWTION WESTEH DIAWINGS ubes fused in a
thernoplastic resin having fluid inlet and outl et connections and_a_housing

25 wi t h Figwied (QoPnetsischemsaticdiagrams lystating ekanples ef aiivagedapd praided hglow
sectkgn, g%‘an exchange apparatus with braided hollow tubes fused in a
t her pltg i c resin havi ng fluid inlet and outl et connections and a
housing with fluid connections. 30 Figure 5 is a schenmatic di agram
illustrating an end view of an exchange, app{ar at ug W th braide hol | ow

tubes fUSEHTI24 i§ 256BFRYH HITPR, PSS SHEHACMET #1 SRR ABPA3RY Bl 1%

connect i : ' ' Ll R obReneskinons. -7- Figure 6 is a table
detaili n(g&tﬁﬁlgl%gtel?fhgpmg&o e{dﬁrel heat 0gxchangers described in the Exanple 2
and Exanple 3. Figure 7 is a photom crograph of holl ow tube ends fusion

n [ r I [.C resin . .
bo dlesd Ipltggre%Bt 12% sgggmﬁfctdlggran%,s{n cross section, 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.



5 using the nethod of this invention. Figure 8 is a Table detailing the
performance of a twenty tube heat exchanger described in Exanple 6. 10
Figure 9 is a Table detailing the performance of a 680 tube heat exchanger
described in Exanple 7. DESCRI PTI ON OF_SPECI FI C EMBODI MENTS Thi s i nvention
relates to an apparatus for heat and mads transfer operations as well as
ot her 15 phase separation applications. The present inventjon also

descr i belSigarefis Bdeble detaiking |thfgpeéf0rlﬁﬁ‘ilqei Ehe }é'?aﬁf’f‘ﬁ??n%?ﬁ%d%% ¢d intheExmnle Aded
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t ubes or ibers. Acordis referred to in the practice of this
invention as one or nore fibers and or tubes whi ch have been tw sted

t oget her ted, or . brai rma . upi h.cn e potted or fused
nto a viseRreots & n@miepedeh oo by oy s en s tain G PERRS TG afin on.
The fleSI&qhé)m@%éﬁg)dlo?tﬁgl‘lﬁ@hﬁ&g with a thernoplastic polyner. Wiile the
present invention will be described with reference to non-porous

pol y(tetrafl uoroethyl ene-co-perfl uoronet hyI vinyl ether) hollow tubes, it is
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referredEi@nplgweneral as hollow tubes. Further, while the 25 present
invention is described with reference to tw sted pairs of

pol y(tetrafl uoroethyl ene-co- perfl uor onet hyl vi nyl et her) hollow tubes, it is
to be u I ariety of
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pl ai t ed, Exdmple di ded to formvvhat are hereafter referred to as cords.
Finally, while the present invention is described with respect to an
apparatus for heat exchange, simlar devices utilizing 30 porous holl ow
tubes or hollow fibers pardcrepTRIE J¢PrSEIC RVMBODIIMIEANSS er and cross fl ow
filtration applications. For purposes of this 1nvention, a single,
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to, a helical coil, a permanently tw sted hollow circular tubing such as

the si ngthermemiasiicipllew tehnsoahelipw fibets. 4ol is aferredhigrinithe MRetEGOEHIS n such
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fiber, or
bralded 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



5 shaped tube or fiber. The braid, plait, twist, or non-circunfrenti al
geonetry of the hollow tubes or fibers provides for enhanced fluid

di stribution across and within the holl ow tubes. The devi ce provides high
fluid contacting area in a small volunme w thout the need for baffles. The
unitary or unified 10 term nal bl ock céﬁétruction of the apparatus with
chemcally inert materjals of cons%&g&iion elimnates the need -rings
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in acord1s defined by the distance X, as illustrated in Figure 1A In
Figure 1A two tubes are shown tw sted together, however any nunber of tubes
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t i ght nesdiminade terrebeé tbrivyrindseang peamiest wse of 8peratiordofthe devichat| dayateiubes 24,

26, and 28, as shown jn Fie}%ure gl %g are nore tightly braided and so the

par anet etemRertyres andsyitha yetely Q598 nal | er than ?.3. The val ue of 2c can
range from 1l per foot to 50 per foot with a preferred range of 5-25 crests
or bends per foot. The nunber of hollow tubes twi sted or braided together
to form Bwoor thocaholiemtybes eanrheplaited] ogisted ot biaidedrnte apord wpaually or Pywseot o 10
30 hol l ow tubes.. The.invention i,.s describ i re_det ai | rence
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f or m t wothisrdisclesyresnd appendedrolains the temmatand ogrdar vesd iterehapgeasly. g 34,

Any nunber of er L astic | . i PR
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20  twisted together to form a cord. In Figure 1A the 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 ), 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-



5 ports 40 and 42 bonded to the unified term nal end bl ocks 34 and 32 with
end caps 44 and 46. The end caps and fluid connectors allowa first fluid
froma source, not shown, to flow through the hollow tubes 36, 38, and 40.
The two sides of the typical hollow tube, or hollow fiber 38 of this
invention are further characterized by the surfaces 37 and 39. Figure 2C

illustrates cro sectjon an .exchange . a ratus further conprising a
housi ng 5%° ﬁgﬂfﬁ’@eﬁg‘iﬁgeﬁl‘f‘%ﬂ%ﬁéﬁwﬁi@%@ﬂgp gﬁﬂ’gﬁ@é?e‘gﬁﬂwéﬁaanq havi ng
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thernopl astic resin to for the unified term nal er?d bl ocks 32 and 34. The

apparatus can have optional housing 52 and end caps 44 and 46 bonded to the
25 unified.terng nal _end bl.o . In Figure 4 at..|least,pne fluid.fl ow
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nore of tdieted BuBoW Gutiek UTHe 66118 B thisANudRkibs aftfeoripisad of hdNdvERGey/s£M0S6, t he
exchange apparatus shown in Figure is illustrated schematically in Figure
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Fluid flogg t roEgh,the interior or. lumen of the hollow tubes and exits the
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fluid exitrsdbdereaNangs G &%%?tﬁeji%hsihgrf%ﬁ?&rﬁlh&ioﬁl 5%9@&%%@{1@6. port 40. A

second fluid enters the exchange apparatu oug usi ng urd port 48
and optional flow distributor 66. The first fluid is separated froma

fs fﬁlogéj e];]irglili i%ux?%leénheemtt)cygfmgr'ﬁrgf ke Qrggevggllnllrat%fs ist iﬁgstpa%d Rlvr\{hgrucl:)o%ipn]épneg c%?gsoor}d
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



housi ng through connection 48 and substantially fills the space between the
inner wall of the 5 housing and the outer dianeters of the fibers. Energy
is transferred between the first and second fluids through the

t her mopl astic holl ow tube walls. The segynd fluid exits the housing

t hrough the fluid connector port 50. Exanples of fluids include I|qU|ds
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ranging from 0.001 to 0.1 inches, preferably 0.003 to 0.05 inches in
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Orangebuy y; O%gﬁﬂﬁ%ﬁﬁ%%J%hﬁ&ggplastlcs or their blends which are useful

in the practlce i nclude but not limted to
pol y(chlorotrifluoroethyl ene vinylidene fluoride), polyvinylchloride,

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,
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| ess than 250 degrees Celsius, nore preferably from 100 to 200 degrees

Cel si us, FRMNBwIt@besaistiulE thapaiche: StRidRNten &R Pl BfratidNend AREsrRSLE er abl y
for 30 mnutes. In an alternative enbodi ment the twi sted, plaited, or

br ai ded 2pRlisadonssyclbas gasirentagiing fiquidgiseessingamd pereaporation imahislsdiotlewt fitteche

br ai ded i ] . I i fi t d

Chen 1f ne HetpRb e SutathE R Bt b IGE ARG ARARSRE St pulelliorb e or m
sel f suppeptiflugrophelyldialeted] p@F AQf omidita Bighahsttsutatveaghtyonradisieigie t ubes.
Ther mal anneaei ng sets the crests and. bends of the hollow tube so that the

i ndi vi dudy2iRbleifemn Mikeusdrorperatien,Bilenigs, Mobar at ed and  handl ed wi t hout
straightening. -12- In one enbodi nent of the present invention, the
thermal |y anneal ed and set cords of holl ow

In a preferred embodiment the twisted, plaited, or braided tube form a continuous cord. The

20  cord can be wound around 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.



tubes can be joined by the nmethod described in US No. 3,315, 750 incl uded
herein by reference inits entirety. The cords can also be joined to each
other and to the housing by the injection 5 nolding nethod described in

Eur opean Patent Application O 559 149 Al_included herein by reference inits
entirety. In a preferred enbodi nent, t et2ret hod described in U.S. pat ent
application 60/117,853, filed January 29, 1999 and WO 00/ 44479, and
incorporated herein in its entirety by reference is useful in the practice
of the cyrrent invent] T . 1§ ] itary
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treated at |east twice with this pre- treatnent. - 13
20  perfluorinated thermoplastic materials is prepared by first pretreating the surfaces of both ends

of the housing before the potting and bonding step. A unified terminal end block end structure,
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.



The anneal ed tw sted hol |l ow tube cords are inserted into a

pol y(tetrafl uoroethyl ene-co- perfluoro(al kyvinylether)), Teflon(r) PFA, or
MFA shel |l tube. The shell tube optionally has fluid fittings fusion bonded
toits surface to forman inlet and an outlet ports. The packing density of
the tube cords within the shell tube sholdd be in the range of from 3-99
percent by 5 volunme, and nore preferably 20-60 percent by vol une. Potting
and bondiThy aphealebtwistod holow sutiermordstane ingertest inky Q:mi}’@@iraefblﬁ@qfhﬂfélesqongl e step.
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verti cal | fhip e f@@us@orp'@dﬂdleﬁltb 1§ sigface tdofonell 2 inflet dreancoutieapats. amﬂ;tamkmg ed
hol | ow t ube cor a terrpor

I th th st I d
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The tgol I%%&ygﬁﬁnﬁn;égp%%rgbwgo%% eg@gyvgﬁlﬁecal _p05| tion, _ mai nt ai ni ng the

t her nopl asti ¢ ‘poly state so that it flows into the tenporary
recess, around the hollow tubes and vertical up the fibers, conpletely
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of hollow tubes in place and then will be “filled by the nolfen

t her nopl a&ummontﬁﬁ%Aﬂmrﬁ"@pmfyrenw uthe mfethOH@om@eﬁsssveﬁmﬂb@l@marmm@tdom t he

tenperature ich th n erlal rat |ch

the pdtt :’hwd%‘ﬂf ??ﬂnea]]eg ﬁ(gf tgg Pnﬁ W tu e, c(%vé {engtlgg gil? 1ea§tlna1% C?OS&E gnd”‘fn

physi cal tempeef te@éss@lﬁad%hﬁa blt(bﬂiﬂol?éﬁ tHahﬁlela%hc paibﬁleﬁhldd(ﬁi 2 Chietaine. IThw tube

can be cl osed by sealing, d f %t or in a preferre errbodl ment, by being
FALR

formed i rhodlopduepes apbeldima Veéth‘ﬁﬂ Bosition mpnpiamaihe thsamaPIatIcROWMFIN fus ed
into a u%{vl'te%dstétgﬁm}ﬁ?ﬁ T d% tenfifERY héee% foh&d ﬂ@ﬂoﬂgwggpés%gd%ﬁ&a% and

t her mopl astic resin € secon Vicce i's e process
i nvol ves theﬁbem,gcdrﬁ;éetpmmlmgtheesuermtmlrspacdsémtweeg fibep with meahemwpblsMI heat i ng

bl ock or other heat source at a tenperature in the ra abo 65 C
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until t hefoFE'tﬁnetéﬂfﬁb‘ierﬁlt@ﬁés@dﬁjaﬂdsﬁx frie BEn@E of halRRe diey hb1ase ane tli&ﬂwillsbé nserted
into the nelt to create a recess or cavity. The housing and the holl ow tube

bundl e ar@lddierthe neéen éd:rmnplasttdw &he tepiptogary mgtuirs of thp srcesatantbs ca@rdlesil’cmthat

this 30 poaint th IIowtu d) t.he h ch
potting Ptgglp?}‘ Q“fﬁ ‘?%rlélfsil érfg'ima 1%1158%1 § Qrgéeé%mfytt%gl hntgf%’?ﬁ g\%%}t ds” over
time to peheldiRring hbRyw tulkefmdRpiRRAMNE, @nd ﬂ%ﬁmgsisalqmpesmgmtmﬁﬁg y. After

the potted ends are cool ed, thg{t@are then cut and the | unen of the hollow
t ubes20ex poatedal. Theenshekthelhellew sihssan be cloprdbipiselinn altgeing Rein 1Efged heat gun

to melt aé’l\ﬁtyodﬁﬂxm, by being formed in a loop.

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



sneared or rough potted surfaces. For nodule with a | arge nunber of holl ow
t ubes, such as -14- 2000 or nore, it is possible that the nodul e may potting
defects which can be repaired using a clean soldering iron to fuse and

cl ose the danaged areas. Another enbodi nent of this invention is useful for
potting helical cords conposed of holl oW -5 tubes. Each end of the twisted
or braided hollow tubes are potted in a netal nmold in a first step. The

mol d is 209t ingres as pessibl¢hat ttlhqunleenamm gefegs whinh cghdrirenairbé ugingacan

be nmade rom | umi num Ions After potting and
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cool i ng, enove e hol | ow tubes in the unified
termnal end bl ocks are opened by cutting as described above. After both
ends of the hollow tubes_ have been potted the formed unified lo term nal

end bl ocknsther embpdiment of thisdayensian isyssivd formottingieligal wdstfpnm%@ds‘#eth Mousi ng
tube, sor 4 b%QdEQ&Péfdcgﬁg% &e&'ﬁf Bﬂaﬁféd%ﬁ%%es%fbﬂm@ﬂeﬁ% g'totl(?rb Phrspousi “9

tube or end caps in eatl ng process. a pre erre odi nent of
this i _nvetepj Ohe inldld st slighidylsiallFitlgnrtbe Bineadiametes bf iweh¢lhmbeapd estlicanades t ube

66 is in dmtoat}fast.qpeﬁftheflwdfl sﬁ%o t.he shell side
of the olOmgmini gEpiskd O sinpl alyse FheraittgLpd CRA e B U4 SIS nt o a
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bonded to the housing or press fit into the shell fittings. The Ttube
provi des dfssmbcdrpbmed\ﬁdr bathdinds of thathiobew dibes lhavedbqen poted, dles/fosoed woified ui d

fitti sef.u nnetln t.he a ratu n [ Ces of
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fittings. In a preferred enbodi nent two fluid connections are provided for

the pr ocb@@lfh‘glmp@ss -one inlet connection for flow of fluid into the apparatus
and one outlet connection for flow of fluid out fromthe apparatus. The
process fluid may flow through 25 the tubes or across the outside of the
tubes. Thea 'pfﬁfatrecbemibonhmbﬁtof tlois irvehtiandlubtedted imﬁgmmde stsleast bad themmypliseicbonded

fusi d5 bEHRSORS HeRHLHErShPRahe TP THURGUS He snell s okle Pl
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bonded to ou5| g and or uni term nal bl ock by wel di ng,
t hr eadi nditting: THeanbg cap. bel thermably dbedadatd tbaﬂtumsmgmnmretsh éit oo theshélbfitings.e TBO

fusi on bgnded t.q9 the. housi r .t he L er.m nal end bl ock. One or
nore fl ui eP&BWﬁ%%@FHH%mN%%%W@tS@?LH‘é’BO@P4@3&?@‘? Vigfor ki ng fluid through the
housing or for flow of filtered liquid out of the housing. The one or nore

connections for flow of working fluid or
20  Fluid fitting useful for connecting the apparatus of this invention to sources of working and

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 fluid through the housing may be bonded to the housing by wel ding,
threading, or -15- flanging to the housing. In a preferred enbodi nent the
connections are fusion bonded to the housing. 5 General Procedure 1
Prefornmed hol |l ow MFA tube tubes with 0.Q47 inch inside dianeter and 0. 006
inch thick wall thickness were obtained from Zeus | ndustrial Products Inc.
Orangebury, SC. Cords, for pottin%- wer e made by hand tmﬁsting pai.rs of

t hese hdldngingNrthe haysiast én apredgrredapaipdiment dhg Gampctions gt fusigp %ﬁ‘é.m Resingl e
cord wa%bwgﬁgped around a nmetal frame 8 inches wi de and 18-27 inched 10

| ong; it was~possible to make about 75 wraps of the cord on the netal

frame. The frane and wapped cords were annealed in an oven for 30 m nutes
at 150 degrees Cel sius. About 75 |oops of cord each measuring 18-27 inches
in length were obtained fromthe rack after annealing. Cord froma single
rack or frommultiple racks werecgabffPeccdnge P! aced into a previously
heat treated and MFA coated PFA Tubeé neasuring 16-25 inches in |length. The
15 i nsi drefhirmndbeltovoME A ibedies withs0.Q4 Pingls insisieldiampeter gnd (F)Qfriagtethjokywall ui d

fittings re bonded . approximtely 2 inches. fr each e ube.
Each endtbRhen s reteiathBoR TR et EAEE ri B REIGRG Korddfy Rind

obt ai nedyére oXAdABS HaRNtwikif pdis.of THERE BIRFWe MIMI tubeé 8 obtéih@bidut4Q thds per fabt
275C. Cool down of each end after 40 hours of potting was controlled to a

rate of @.cprdy m pingls cosbwes wiapped aiopnda metal fapmel 8 irlsrvidaard {gs2émchedr ed of
resip a . Pyl i t he
ot t B q2ob IEv ALoRShlA ki aRoAPAFp ¥ RGN, bl FAP IR HOfhcOina
exchangefrappedcorddwere)anseaded ingmavpn frer 30hnimatts ant 5 deacdes €rtsivsf Aboet 73 ube or
by thermally fusjng an end c nto the tube . ampl e 1.25 ot ot ype
h)éat ex clﬁﬁl?%‘éfrcoﬁla?ﬂ%h &1633%%#682%1?%0 ‘h°' lﬁ?TgﬂhWﬁrei Qﬁg"?rz% ‘%‘?Iﬁﬁ%e[réé( A t u%g was
prepar eF’mBXalﬁ{(%Q ey g‘gm}% %iﬁglg Ricktd?dont Hﬁ}tiﬁl‘h@?a%k%\@&% AerddMndtppte@int@aneal ed.

The device contain bes of straight MFA tube neasuring 15 inches in
| engt h. praeopsiphentyieated wad MEs teated ik tubehpeasutinif-Af inchedintlengtls. Thiot wat er

at a_tenperature of .63 30 S dinto,f, t ide-of th evi at a
71 o't arBogF HBBISRf TP thao2ar mrand b et i el SRRSO To
C was f %tpird)&iﬁatfe[}ez 5Béd fréth dechodndioTendiBIVA @beat Eathfen@of frtd@viek was potted
approximately 1070 mi/m n. The hot and cold water ggt hs fl

. owed
count er casingstyflon® dHEA 940:48%hwesin, qhiainedhfiem Avdment Ved e dherdrs s, &1d the
flow rat shoul %0 fiodr€ gtofﬂeé Eeh! ﬁo&h\é? eAPhEAh @Rer 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



for the tube and shell side fluid streans for one hour. The results from
this experinent are -16- detailed in Table 1 shown in Figure 6. Under these
conditions the cold water was heated from 18.9 Cto 38.8 C and a total of
1486 watts of energy was exchanged bet n the two fluids. 5 Exanple 2 A
prot ot ype heat exchange apparatus having a housing with a 1 inch inside

about LSPHTBENEA Tabeah FIgHet e deB JEoh el U “eir it SRSeBEPTY oot
The | i 5108695 98 §WBY £ ATBERL S8, s T bitrgl 36K ot han el ARREOKITRERLY 75

cords neasuring aboutl5 inches 1n |ength. e prototype was tested under
the following conditions. Hot water at a tenperature of 55C was fed into
the tube side of the device at a flow rate of approximtely 1650 m/mn.
Cold water at a tenperature of 19 C was fed into the shell side of the
devicg at a flow rate of approxi mat gkympfe m/mn. The hot and cold water
paths fl owed countercurrent to one 15 another. The inlet and outl et

t enper at Ar potodynt eheexchangerapparstuabpeing e honsing wather Yinth wsidei diameter PHA tutiehe

tube and shell side.flui,d strea for one hour. rLesu om t.hi
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of energy was exghangﬁd bet ween the two fluids. 20 Exanple 3 This

pr ospect Yigld aprepxinetebnoweordioneasuripg apoupkowekesiindenglol i ncl udi ng t he
exchange apparatus of this invention can be used to heat |iquids used for
cl eani ng_sem conduct or wafers. 25 An exchange apparatus having about 650

twi sted Reg Proiotyacavas jsded untes thedpHewing gangiions. et eatenat 3 ierapgraregid f Usi on
b S ea y BUD . . ' ¢ ]
1" re | BhEEd PR SRR L TRl S BT P B c VoF

of  aboua@Ps avehbptiatiré 6f $9 °J has GeMntethé shdiavide efthadwvatedt afi@eessodng t ool
and is connected at its inlet fluid connection to an in-line to a source

of aqueo@PratvRiplHtOmbmin Hig ket aatheelf fvaty paths dlowed soueicaBet tHPng ol ume
hvd e : .
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connectigns_aon, the shell side of the exchange . device is connected in-line
fo a souscialedr inHblh ik igutd \dRdes fiese ERBH R th%C%m%ﬁﬁwsﬁeatef {ofom Tl
°Cto 44.0 °C and a total of 1874 watts of energy was exchanged between the two fluids.

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



available in a sem conductor factory at a tenperature of about 75 degrees
Cel sius. The heated -17- water passing through the shell side of the
exchange device heats the acid solution contained wthin the tubes of the
exchange apparatus. After a variable tine of no fluid flow, the valve at
the outlet of the exchange device is opened and heated aqueous acid and
oxi dant is dispensed onto.the wafer ere it is used to clean the wafer.
The val vieie pERGaoRga TS ol SBCE et es S snheRs DeeciioBaPRE Ror o
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Exanpl e 4 This prospective exanpl e shows how an exchanger for cross flow

filtrati the outlgtoef thaeehange devideiiy opeged hed hedt¢daquaessdcibiandpixadang , dignensads
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ch d ande e ik Puie L BeBF o iobBe b3t TSRV E R SR dpf RHRLAAM T
porous PEAdhdtiTRIwE ihaMheBoRw RibefibEhe RxHahEE BispariiSiwBére it is Bvabd RBke dexom
Mykrolis Corporation, Billericia, MA are substituted for the non 15 porous
hol | ow MEAPENSBes. The hol l ow fibers can be plaited 3 per strand and can be
wound on a rack neasuring 15 inches in length. The plaited and wound

hol |l ow fi bers can be thermally anneal ed at about 150 Celsius to set the
plait and |l ength of the hollow fiber &xakipde 4hermal |y anneal ed and plaited

hol | ow f| bers are assenb|ed i nto an apparatus accgqrdi to the nethod
di scl os eaﬂsmrwﬁwﬂwp{%gow OWé‘Gﬁxﬁlban%frf%f Hio8s ﬁgwﬁ%atwﬁ%x PmAdf et and

outl @§ DPRkifizif Qﬂﬁﬁﬁi&ﬂfe{}ﬁle&@&, ﬂléiﬁégi B(%roﬁs fid1wPE&QMRI i ng i nsol ubl e suspended

materials |1 ké colloids, gels, ard particles. Exanples of fluids
cont ai ni ng suspended solid particles include alumna in a chem cal

mechani cal _polishing. slurries, exanples .of collalds i Lds can incl ude
o a  ArbRrmEd it e ine S RSP a R 6 fich Biferbtpreh ot Pk Bons
through bherdceireeexeépt iike 190 hoNGw Betdu WA fisdts hidvdasa 5I@idenisitsige has a
single fluid flow port connection for flow of filtered |iquid away fromthe

housi ng. diamefssr aviadeble fropnMykiodis iCorreptica. Mikeicisn MAyp suhstigitedior ghe fonows
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annealed at about 150 Celsius to set the plait and length of the hollow fibers. The thermally

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.



Thi s prospective exanpl e shows how an exchange apparatus for nass transfer
of agas intoa liquid may be nmade utilizing thermally anneal ed, plaited,
porous hollow PFA tubes. - 18 A prototype filtration device having a
housing with a 1 inch dianmeter PFA tube can be prepared by Procedure 1
except that 150 hol | ow porous PFA fibers - havi ng a 550 m cron outside

di aneter, avail able from M/krolis, Corporati Billerigia, MA are
subst i t uh gEptotype filtion devinghaving WSE%‘@E}] 9%H%%%P@8W ﬁ‘gé%" c@gﬁ)e%epﬁfegi t ed
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porous poayswsrl hol | ow PFA tubes. Excess ozone gas |s 15 vented through the
housi ng' s second port. Water exiting the insides of the tubes contains
ozone gas di ssol ved in the water. This ozonated water is useful for
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exanpl e 1 Btes a heat ~exc ange appar at his invention wth twenty
t hin wal \lvadr thi’mighmm iRkided offrbs poﬂShsahoﬂmiw tiberviabesu $yw af thehlasingf sowiorngrisgeer
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twenty six 1.05 mm | A'tubes with wall thickness 0.15 nm Two J type

t her noc othp water g permpesing ﬁlune&h tha porspapkaited hpldow PHAGURS. HgeIsvgane gges

therrmco nected to the i [¢] f at us
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flows thr o&%gét he inlet thernocouple housing, into the exchanger 30

appar at ugo R clgpring BrOSeR§eSs-t he hol | ow t ubes. Working or exchange fluid
passed through an inlet thernocouple housing and into the shell side of
the housing in a counter current fashion

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



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
housi ng conduit and through a second outlet -19- thernocoupl e housing.
Process water flow ng through the exchapge apparatus tubes exits the tubes
t hrough a second outlet thernocouple housing. Wth a flow rate of 1000

mlliliters per i nyte of water at e ure,of about 16 .degree
Cel si us BPEHICHEPIE HPB Hoh b OREr 1Ak GEVaRE PRUENJRY Pb oS S Th TS ¢ he
tubes atygedGFREH atsyéo%d%ﬂéﬁthéndﬁglﬁﬁ@go&%gsiw&h@rﬂbvarafté &M (08 tngi16literd peBO

mlliliters per mnute was cooled to 33.1 C on exiting the tubes. The
per f or memipetedf wiersat adppperatursofzbout 6 dagees Gelsits avdag fnteihersheld sidp of the

sumari zed.in Figyre. 8.. Le 7 This i nge
ppar at e, vl b ik iptosRe Rebn foumPrRIRRR! o bE GRS ARty BaeeeTae
devi 62 W) MERGketsDet BRhute Waveoded i3I 1 @ oh eRiging Meubéso Thp pertfieaianexafthizge
apparatus having a PFA housing with a 2.25 inch inside dianmeter 32 inch

| engt h VREParsGS ﬂéﬂﬂﬁyUﬂﬁd@kﬂ%ﬂ%“ﬁ“@ﬁé@B@mﬂﬁﬁhnﬁﬁgﬁﬁﬁtained about 680
hol | ow MFA tubes tw sted together with about 12 tw sts per foot. The

twi sted cords were annealed on a 15 netal rack to yield cords nmeasuring
about 34 inches in length. Inlet fluid fittings on the housing shell side
were ''/z" Flaretek(r); they were 27Examples/ apart and 2.5 inches fromthe
ends of b§ J bithrdrhd &4 ioh Wi 680dBinfMedver e
3/," FIa?gggﬁ%§¥Egﬁgﬁagggm%%??%%m%%ogggéh%%H?%zmﬁgﬁging tube. 20 The

pr ot ot y phollses MFdstubes. UMteatevideavas mis¢édomicogl Bomidgwagerdn-lidet water at a
tenperature of 70.1 C was fed into the tube side of the device at a fl ow
rate of approximately 4.4 liters per mnute. Cold water at a tenperature
of 14.5 & m%t%;%iiéaﬂé&h&fg% @B%fus%hﬁﬁ%_@fPP%hlﬁnﬁﬁl‘giv@iﬁl ap.28 ifidhansidatianefer

appr oxi mat el liters per mnute. The hot and cold water paths fl owed

. 6
count er c32 h?éﬁﬂerlgﬁl wereprepated hie Procygie il ipxeept did itcgniamed phor &84t hallow MEQ ¢ he
fl t . S| j 2 f
this expiPriiSiificd FEOEr Rt ThOR 13ty ERag ot IR} SRR yerd BRI LS Trom
condii§ i op®tal ek hetielipdoeds mbasuting hbdwe 84 wachecindbegth f nben {ltad fitt@gs onBR. 9 C and

a total of 14,400 watts of energy was exchanged bet .the two fluids.

The perf Bousingcshelbside miege l/zaﬁ?:é?tﬁlfcg'st_hﬁi’ WG’Een?jr]mF eé\ﬁrpﬁléf‘%migigéngl‘?ﬁ#?m %8 Sn‘?sh

Figure 9,rmegQevitd- AN oudhgtmdi® fftndl Wi%ube side flow were % Flaretek® and were fusion
bonded to the housing 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.



5 1. An exchange apparatus conprising: a perfluorinated thernoplastic
housing; a plurality of perfluorinated thernoplastic hollow tubes having a
geonetry selected fromthe group consisting of tw sted tubes and
non-circunferential tubes, each of sa2@- holl ow tubes having a first end
portion and a second 10 end portion and holl ows passing therebetween; said
first end portions of said perfluorinated thernoplastic hollow tubes being
fusi on bonded at | east at a periphery of said perfluorinated thernoplastic
hol | ow tubes through a perfluorinat el AlMSnopl astic resin to forma first
uni fied t rnina¢ end bl ock in which the end portions of said 15

perfl uori (13 & ﬁg?%%plastic hol | ow tubes are fluid tightly bonded toget her
in a fused fashion with the perfluorinated thernoplastic resin; said second
end portigns of saiq§ferfluorinated_thernnplastic hol | ow tubes bei ng

fusi on” borlded A F*EAIICAPPAFISS SYMRIISNdof sai d perfluorinated thernoplastic

hol | ow t ubes t hr cugérfiaofeindd wermddstid hobsrgopl astic resin to 20 forma
second unified ter% i i portions of said

J eFd rt?l ock in which the end .
perfluorinated tHeP %’I“é@ PefHeMatRe thepeerlastic hallgwdubesyhaving Boarssetyoget her

in a fused fashi aseledtédfromeandgroubWonsisiHgest thRRIMMBEASAd for-BRdumferatig fir st
unified term nal end bl Oﬁk and sajd second unified | end block

, _ term na
havi ng through hdHBS% i Sa19; aflowi tRes Raving el Wakenst pertien @RB ahaeepnd2s

porti ods of said gergdriie amphadws Passmpiradtetvd) | ow tubes; said first
uni fied term nal enij bl ock having a first fluid inlet connection to supply

a first fluid to B §rhednd potiPRsOL gadhesfiupinaiad herpeplastior helley fhessai d

second unified tegmqatsiendodideak ahawidigat o igesibhéd/ Ubd Qi | Rrpaget i on to
renove said first fl ui f,rcgg sai d perfluorinated thernoplastic holl ow
tubes; 30 said pdPPiMAAsighOtow f&easdprovehia perduciingpd thermerlasisdesingy sai d

perfluorinated t HemimepfiRs Lhfied @6inindl RridobIBLIR irS WRtheth8 Nrdt Yorfioms bf khind
her mopl astic nateri al ?; sai

sol el ﬁ%of fusion b ndi%d p_etéfl uorinated t _ ticC (
per f1 tdrinat ed tff@"@i%l gled; thermapiastiy "RIQW iepesi e tlukbighiti bopeed tegrthasi n  a
second fluid entans fuse RYGBARIR tHRDRA @rinatcdNferfhopReBOshPUSI ng port 35
wherein said second fluid exits the housing.
said second end portions of said perﬁ’uorlnated thermoplastic hollow tubes
being fusion bonded at least at a periphery of said perfluorinated
thermoplastic hollow tubes through a perfluorinated thermoplastic resin to
20 form a second unified terminal end block in which the end portions of said
perfluorinated thermoplastic hollow tubes are fluid tightly bonded together
in a fused fashion with the perfluorinated thermoplastic resin;
said first unified terminal end block and said second unified terminal end
block having through hole communication with the hollows of the unbonded
25 portions of said perfluorinated thermoplastic hollow tubes:
said first unified terminal end block having a first fluid inlet connection to
supply a first fluid to said perfluorinated thermoplastic hollow tubes and said
second unified terminal end block having a first fluid outlet connection to
remove said first fluid from said perfluorinated thermoplastic holiow tubes:
30 said perfluorinated thermoplastic housing fusion bonded by said
perfluorinated thermoplastic resin to form a single entity consisting solely of
fusion bonded perfluorinated thermoplastic materials;
said perfluorinated thermoplastic housing having first housing port wherein
a second fluid enters the exchange apparatus and a second housing port
35 wherein said second fluid exits the housing.



-21 2. The apparatus of claim1, wherein the perfluorinated thernoplastic
hol | ow tubes are non-circunferential. 3. The apparatus of claim1l, wherein
the perfluorinated .thernoplastic hollow tubes are twisted into a cord. 5 4.
The apparatus of claim1l, wherein a pazking density of said perfluorinated
t her nopl astic holl ow tubes ranges from20 to 60 percent by volune. 5. The

appar at us of cl imi;], rei n..said ! i . r Iy | ] ow
tubes are Zgonpr-[?'se e Oafréﬁ’ggt eér]‘?rllﬁ)npl1 aé"{?‘ ?EJ'%;{R% %ﬂ%g'néﬁgr{gg&ﬁ%shgn q’P l(')Vm t he
group consi st i fgpasfarpobycecurafelantialoet hyl ene- co- per f | uor onet hyl vi nyl et her, 10

pol yt etrafy) uor hy+ - €o=cparLfl yor [ , .
pol ytetrafl uor gﬁehé’ @%ﬁj QC%‘_ ﬁé‘xmmH | l‘fg‘lrgf)egr%’ﬁ%dﬁﬂé‘j,%t”g%ﬁre?vﬁhﬁﬂﬁ‘?p&i‘sﬁ'é ?qllﬁ\gri de. 6.
The appar at us dtfibes| axe twigtedwhteragiond.t he perfl uori nated t hernopl astic hol | ow

t ubes are jnon- OUS. . foc par . 0, ' Lo ,sal .
perfl ugri #at ed%%eérrb}gﬁ tlé%}??aﬁrgl ’o\@vﬁ&_@[@ %tﬁ’%é@hgrdéenl ::mgé%gt@ééﬁhvantnﬁteg
t hermal | y conddigrmoplastic kelioal tub&s rapgesefréro@0dé 6owleraegt bynvawobange appar at us

conpri sed of a-plu i ril e r St es, said
perfluori r?gt ed T?]ﬁe{ri%ﬁétégﬂfcdﬁﬁolﬁ’l %ﬁvéljteﬁbéégc%%ﬁ%%gge%f {hre gy(g%%@‘é\ﬁ%ﬂ h a
second fluid, tiheesnaehoohpepgrafsa tgrmbpastiongr a hentd therexd mbhosare froof thiehe
plurality of p uor i t her ' 110 i
per fl uori nat edeqr%l ov?/bﬁﬂ%)tgg hgﬁi %Wé&%}flpéﬁoeeggﬂgncg %grﬁ&sbg%ﬁ%tgﬁglhgle% &t form
at | ed8t one cqotytetfaiisportiyEndicogparhordpromivieyiethef, opely®trafimreetbgiede-bundl es

of perfluori natc%ﬂwex&ﬂ%r@&?bﬁérﬁé,%8&§h@%metﬁ{}%ﬁ§?w th perfluorinated

thernopl astic resinto a pertluorinated thernoplastic

housi ng t &.f or mha appassatuamff ¢claich tlewhersh the Peefripbiedkthefrueyilamtic broolidivng t he
second end of 0 € I.d bundl es of perfluorinated thernoplastic

hol | ow t ubes vmg?(ﬁespger?g%g)f)?oﬁ}gt ed thernoplastic resin to a second end of

sai d perfl7uori Mdeedppahatiusop| cdaim ¢ Weersinngpid driwannatedstheoneblastict haldwt er m nal

end bligck; 30 GRgN 19 irhBBoRSEH VIR REhEd LhRIJERAL Astd ) ol I ow tube ends of

the first and
8. A method of making an exchange apparatus comprised of a plurality of

perfluorinated thermoplastic hollow tubes, said perfluorinated thermoplastic
hollow tubes contact a first fluid with a second fluid, the method comprising:
forming a bundle comprised of the plurality of perfluorinated thermoplastic

20 hollow tubes, said perfluorinated hollow tubes having a first end and a
second end that form at least one cord;
fusion bonding the first end of one or more said bundles of perfluorinated
thermoplastic hollow tubes with perfluorinated thermoplastic resin to a first
end of a perfluorinated thermoplastic housing to form a first unified terminal

25 end block;
fusion bonding the second end of one or more said bundles of
perfluorinated thermoplastic hollow tubes with perfluorinated thermoplastic
resin to a second end of said perfluorinated thermoplastic housing to form a
second unified terminal end block;

30 opening the perfluorinated thermoplastic hollow tube ends of the first and
second unified terminal end blocks to provide for fluid flow through the
perfluorinated thermoplastic hollow tubes fused with perfluorinated
thermoplastic resin, said unified terminal end blocks form a single entity
consisting solely of perfluorinated thermoplastic materials.

35 o The method of claim 8 wherein the opened ends of said perfluorinated

thermoplastic hollow tubes fused with perfluorinated thermoplastic resin having



second unified term nal end blocks to provide for fluid flow through the
perfluorinated thermoplastic hollow tubes fused with perfluorinated
thernoplastic resin, said unified term nal end blocks forma single entity
consi sting solely of perfluorinated tt@&nopl astic materials. 35 9. The

met hod of claim8 wherein the opened ends of said perfluorinated

thernopl astic Bobdtawaliybee Eawed cist Ns@ibh| HOT ihaalgBondR@r HBRIOAS bf Ctheesi n
havi ng -22- substanti al I%ﬁt he sanme cross section as the unbonded portion of

the perfluori RETEHANNARYG REPNeRIestC hodew SibeBubes. 10. The nethod of claim 8,

further cappri she@hebtesiddia 8, 'ﬂﬁtﬁé%&n |ﬁ§/\ér§r|%%hrﬁ’@3{hteldwd b&Bw e anelthbe
perfluorinated therpoppl astic hol | ow tu set the bend in the

per fl uori nat ed PPREPHES BRTvRrinadrd Hlﬁr’f‘ﬁpdé%t'cl r|’\°”P}°{etu%$ de Sﬁtltheﬁfé‘dn'ﬁttﬁﬁd of

claimg, wher eparflaaﬂ.ﬁbt&ﬁmterrﬁ@mamtrmowIﬂﬂfewp{r@sford: hol | ow tubes are
conprised _of a_thernoplastic or bl end t hereof chosen fromthe oup

consi st i ndlof aameémpda?ﬁ OBt WA B S AR g RETPRAIRATA P,

pol ytetrafl uor el BytheMRUCEr R ehdririePlRHE @PY! MERY kiesE6 chosen from the group
pol yt etraf | uor oet hy| ene- 10 co- hexaf | ugr oprop Pél ene and pol yvi nyl 1 di ne

fluoride. 12. $ARSIHBBhod off cl ai rﬂoytqt@ﬂtl?feﬁth& H%WCPQGHQMQJ%?tBHV'BHﬂ@Phg at
| east one fl ui @olyferaM@sibétANeRELCH- p@muaﬂjpebéﬂmﬁyl&ﬁerter%lp@tram&hﬁ@ﬂf@ 13.

The net hod of claim8 wherein a packing density of said perfluorinated
t her mbPl asti ¢ RBINEXAHUCIREPHENSRY RAWHAYSHNG Budi§eper cent by vol une. 15 14.

An exchange appgheahitho@ @RISR 8 Fuideer CORRising ubiBn | Horing! Athiedstl dnd eluitil ow
circuit conprising: a perfluorinated thernpplastic housing; tube bundle

| ocat ed withi ncg%ﬁ"&t'%P?’F toraich ypidied teRBINRbIBNPERS: housi ng, said tube bundl e

cont ai ni ng3a piTHeahkthbd 0bf BRI PP NHEFeiR €4 flaeRing Ngdrafly rb?nsa@%e@ﬁdo%léftfeﬁf enti al
tubes fabricated froma thernoplastic resin; said perfluorinated

non- ci r cunf eremqrapp'@attfézo"awﬂa?@erang% fom @A e AdPSEeNtRY \MéNn and having a

firstiendqportis@nex@nshg Sperilds 885htEPId hePEbrindete@n-liRORARE fdtd ﬁcﬂ\?bchwt
periphery through a perfluorinated thernoplastic resin with said

pert | uori nat ed °PMEF$PHI astic housing to formunified termnal end
a perfluorinated thermoplastic housing;

tube bundle located within said perfluorinated thermoplastic housing, said
tube bundle containing a plurality of non-porous perfluorinated non-
20 circumferential tubes fabricated from a thermoplastic resin;
said perfluorinated non-circumferential tubes arranged in a lengthwise
direction and having a first end portion and a second end portion fusion
bonded at their periphery through a perfluorinated thermoplastic resin with
said perfluorinated thermoplastic housing to form unvified terminal end
25 blocks in which the first end portions and the second end portion of said
perfluorinated non-circumferential tubes are fluid tightly bonded in a fused
fashion yet allow fluid communication therethrough;
said perfluorinated non-circumferential tubes, housing, and perfluorinated
thermoplastic resin form a single entity of perfluorinated thermoplastic
30 materials;
wherein said perfluorinated thermoplastic housing has a first fluid inlet port
to supply a first fluid to said first end portion of the perfluorinated non-
circumferential tubes and a first fluid outlet port to remove first fluid from
said second end portion of the perfluorinated non-circumferential tubes,
35 said housing having a second fluid inlet port to supply a second fluid to a

volume formed between the inner wall of the housing and the perfluorinated



25 bl ocks in which the first end portions and the second end portion of said
perfluorinated non-circunferential tubes are fluid tightly bonded in a fused
fashion yet allow fluid communi cati on therethrough; said perfluorinated

non-ci rcunferential tubes, housing, ampperfluorinated thernoplastic resin
forma single entity of pertluorinated thernoplastic 30 materials; wherein

sai d perfluorinat |c housi n as.a first fluid let port to
supply a first flrﬁoﬂdﬁ@gﬁmgﬁﬁfl Yos: Sﬁ‘i Sﬁg'r ?Lﬁwgoga‘f'% ap%?cppﬂcfﬂ’f%a? non-
circunferential tpotds remaolvessdid sedonfiifluiddrammthedtioupipgt to renove first fluid
from said second end portion of the perfluorinated non-circunferential
tubes, 35 said housing having a second fluid inlet port to supply a second
fluid to a volume fornmed between the inner wall of the housing and the
perfluorinated -23- non-circunferential tubes, and said housing having a
second fluid outlet port to renove said second fluid fromthe housing.



