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I nvention relates generally to nethods and rel ated apparatus for enhancing
heat transfeoolorser froma fluid flowi ng cross-w Se i n copépgéoosbdn t he
outer thermally-conductive shells of a plurality of axially-oriented heat .
exchange conduits capabl e of act| ng as heat SQUrCces or heat sinks. By
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BACKGROUND OF INVENTION

It is well known to heat or cool process fluids, ?vhich may be liquids or gases, by
flowing them into contact with a thermal-transfer surface that is maintained ata
temperature which is different from that of the upstream process fluid thereby resulting in
heat transfer either to or from the process fluid (depending on whether the thermal-
transfer surface is maintained at a higher or lower temperature than the fluid). In one
familiar version of this technology, the thermal-transfer surface that acts as a heat source
or heat sink is the exterior of a thermally-conductive shell of a thermal-transfer tube or

‘pipe, f§r example, which is heated br t:ooled by means of a liquid ﬂoxﬁng axiélly through
the interior of the tube or pipe. In a variation of this technology, heat may be supplied

directly inside a heat exchange conduit by means of flameless combustion of fuel gas
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WO 01/ 07857 PCTNSO0/ 40401 (such as hydrogen or a hydrocarbon) as taught,
for exanpl Svo MorkdS: Pat ent Nos. 5, 255,742 and 5,404,952, which are

i ncorporated herein by reference. It is also known in thePEr¥SOP@04P] o a
process fluid axially along a thermal-transfer surface, either

concur rent | y (aich axtydtogen criarhiydotartyon) & tadghy Gor bmiphe belUsepitb@No®f | i quid flow
I nside the thernmal transfer tube, or to crossflow the process fluid
rélative to tSRSS5S3A2 andc 404|982, whikhrareiheorporated Iefeidt bilyeferefite. SOMe conbi nati on of
the two. Typical applications of heat transfer between crossflowing fluid
and heat exchanging conduits are found in air coolers, econom zers
associated wth fired heaters or furnaces, and in shell and tube
exchangers. Varibissiso oy inthesn-tefow @ procasifhuid axiallyalong b fifermtit-adansfdrow r eact or
designs are known for various applications whereby at |east a part of a
fluid processurce.cither eoncugently br enunter-cymenthytrelativerto the dir¢dtien ofiigeiddlowi N a
radial, crossflow direction (i.e., inward-to-out or outward- to-in), as
contrast ed wiinside thedhemmaldrapsferititiepor tasrpsaflow the progess Buid relutiste toaheosid of theact or
designs. Exanples of reactor designs enbodying at least in part a radial,
crossf| ow of thsraddensertubedor spro¢ eqmbjnationofshativar Aypicay applicativsaifhgat di sposed
heat transfer tubes are shown in U S Patent Nos. 4,230, 669; 4,321, 234,
4,594, 227; 4 jrpusker bgweencrassflpwipdiuidgnd bept exrhanging dor@uigss: fovntl in aieeolerf  whi ch
I's incorporated herein hy reference. Al though crossflow contact of a
process f| ui §eoRPRIzers asspcitted withhErpdheaters r firpacess Andin shell anditube enchingers.opt i on f or

many applicatjqons, the utility of crossflow contact for industrial

appl i cat i ons YRES H@Resofsp-slted gadial oraxial/mdial fpmseactor dpsigns preilpewn fori enci es whi ch
have been experienced in practice. Typically in crossflow designs, a given
portion of t K&™OYs gpucationswhrely ptdessin nagof a Buid process strramipaaes. akwmef er sur f ace

for a shorter ti than with a c araple, axial flow design. In addition,
the contact B%’%\gg‘ﬁ'g{] fa?ﬁ “’t?f‘t%?ﬂ’?fgﬁip sﬁ'ﬁﬂ‘t‘%ﬁ“@l(’lﬁ-’dﬁ%‘f‘r% or outward-

to-in), as contrasted with the more familiar axial flow (i.e., end-to-end) reactor designs.

Examples of reactor designs embodying at least in part a radial, crossflow of process fluid

relative to a plurality of axially-disposed heat-transfer Fubes are shown in U.S. Patent

Nos. 4,230,669; 4,321,234; 4,594,227; 4,714,592; 4,909,808; 5,250,270; and 5,585 074,

each of which is incorporated herein by reference.

Although crossflow contact of a process fluid with a heat-transfer surface can be
an attractive option for many applications, the utility of crossflow comtact for industrial
applications has been limited by certain heat transfer inefficiencies which have been
experienced in practice. Typically in crossflow designs, a given portion of the process
fluid is in contact with the heat-transfer surface for a shorter time than with a comparable

axial flow design, In addition, the contact between the crossflowing process fluid and the



-2 WD 01/07857 PCT/ USO0/ 40401 heat-transfer surface is uneven due to
process fluid separation and recirculation. Short: surface contact tine,
uneven coPAW™S4ng |inited fluid mixing can lead to i nefyEToLApo

i nsufficient, and/or non-uniformthernmal energy transfer. Thus, in an

arti cl e entlichi-iefhsfel suEhddSiRNEn diRAé protes1Rilid sepatation adiredifcalatiaty IShawdler due to
an of fset of non-offset slot jet," appearing in Int. J. Heat Mass

Transfer., saffhce cAiftactilitne, dnidven qoptact2afd linit8d Auif hHKAg cantléed ta ineffioiest, Spar r ow and-
Al honoud report experinental efforts to vary the heat transfer

coef fi ci entiasufifximt iand/exchoniuniforar therafal emergp tramsfqpr ocess gas relative to a

heat -transfer tube by positioning a slotted surface sone di stance upstream
of the heat- transfer tube to create a gas jet. Sparrow and Al honoud vari ed
the width of the jet- inducing slot, the distance between the slot and the
t ube, the ReynolTHss, maniagicle(edtilpdébnpifigemientiieat transfer gt deircalar clinderdptoher t he
slot jet was aligned with or offset fromthe tube. The authors concl uded

t hat the heatoffsetafinéreoffsetsldtiet.Z appearingriv int Js Hept MassTransker., wl2hnedd. Reynol ds
nunber, but decreased with slot-to-tube separation distance. and offset.
Because t heprsp287-2346 §1984)\thesuthors Sparrayand dWeamnyd eepor gxperimentplefforty tognsf er
coefficient increased with slot width, the general utility of an upstream
sl ot to i ncyastheheahtransfer eopfficiants asspcigied with crossiipy ¢f 8 process gasdelativertpase
results. It can only be concluded that, in the experinental design used by
Spar r ow andheal-tenststtabe By pasitigning a slgtte;suace sprae distange pgstream of fag bpat o 5 ¢

transfer coefficient than a relatively_ narrower .s(ll t, .apnd,.no,. upstream sl ot
at all ni gm“s?I@Pﬂt%q‘Féterﬂﬂjﬁ@&tsR?gPﬂé.Xd °P@'\é\‘ﬁ"ﬁ’§ %ﬁé‘“‘%@f’f@?ﬁé‘d utilizing a
plurality of heat- transfer tubes r using,upstream.,and downstream pairs,
or around o‘"d%“!ﬁﬁ%’i%d'wetﬁ’ﬁ??s‘b‘?ﬁ%ﬂ‘g'he ﬂ@&r@e #%“gfi%‘f“é‘fbgﬁm%m cont our
crosstlow f \llﬂl guglﬁéngesﬁ, alan% v&%%%ratﬁg slg\{ jgtmats g]?gngél ;[m% or offset from the tube. The

authors concluded that the heat transfer coefficient increased with slot width and

" Reynolds number, but decreased with slot-to-tube separation distance and offset.

Because the Sparrow and Athomoud study concluded that the heat transfer
coefficient increased with slot width, the general utility of an upstream slot to increase
heat transfer is at best ambiguous based on these results. It can only be concluded that, in
the experimental design used by Sparrow and Alhomoud, a relatively wider slotled to a
higher heat transfer coefficient than a relatively narrower slot, and no upstream slot at all
might yield the highest value. No testing was performed utilizing a plurality of heat-
transfer tubes, or using upstream and downstream pairs, or around or alongside flow
constriction means to preferentially contour crossflow fluid paths in contact with the outer

surface of each of a plurality of heat-transfer tubes, and no reasonable extrapolations can

st



surface of each of a plurality of heat-transfer tubes, and no reasonable
ext r apol at'go?)s can -3 WO 01/07857 PCT/ US00/ 40401 be nade to such very

di fferent HPOUPR¥ i ve designs and configurations based oRCTHE48M [ enp| y
limted data presented. These and ot her drawbacks with and limtations of
the prior arse nedemshbtiownditiérentakahaingdetisdemidgontigaratiom\batedonthei N whol e or in
part with the enhanced crossflow heat transfer nmethods and designs of this
i‘nvention. (@Rd&hehTifited bz prdsiitdd]| ON Accordi ngly, a principal object of this
invention is to provide nethods and designs for enhanced crossfl ow heat
transfer between a process fluid and a heat-transfer surface. It is a
general object of this invention to provide nethods and designs for

speci al | 'y di r ect Fhege andcbtiseh dyaivbarks with ahddmotetidns ofthpmidrarticrossflowthestt wi t h one
or nore heat transfer surfaces so as to enhance heat transfer between the
fluid and t hecheegad-designs sfeaversomé incdole or i pppavith theenbdscalogrossfion beats | nvent i on
is to provide fluid flow constriction neans upstream downstream and/ or
around or altomsferi mithads rwladesignsafi thisdnventionf ace so as to preferentially
contour a process fluid streamflow ng cross-w se past the heat transfer
surface to enhance heat transfer between the fluid streamand the

heat -transfer surface. A further specific object of this inventionis to
provi de cur V@BIEETS OF FHEMWVENTION pl ates or apertured sl eeves di sposed
relative to each conduit in an array of heat exchange -4 WD 01/07857

PCTI USOQ' 40401 conduits so as to preferentially contour the flow path of

the fluid streamflow ng cro
Accordingly, apnncxpal object of this invention is to provide methods and designs

for enhanced crossflow heat transfer between a process fluid and a heat-transfer surface.

It is a general object of this invention to provide methods and designs for specially
directing and shaping fluid crossflow paths in contact with one or more heat-transfer

surfaces 5o g5 to ephance heat transfer between the fluid and the heat-transfer surfaces,

A specific object of this invention is to provide fluid flow-constriction means
upstream, downstream and/or around or alongside a heat-transfer surface so as to
preferentially contour a process fluid stream flowing cross-wise past the heat-transfer

surface to enhance heat transfer between the fluid stream and the heat-transfer surface.

A further specific object of this invention is to provide curved or flat apertured

plates or apertured sleeves disposed relative to each conduit in an array of heat exchange



W se past the outside of each of the conduits to realize inproved heat
transfer. ‘?‘élb‘% ﬁaqnot her object of this invention i's to provide

heat -t ranSt @PY¥8Hduit arrays of varying sizes and confi §GFAISPYIMOher ei n
each conduit of the array is associated with its own fluid :
f 1 ow const r icehduidéisods & refefentidlle aoatow @ Tk ganofaisithid sta@ddinglcrads-ongsi de of
the conduit so as to preferentially contour the portion of the fluid stream
fl owi ng cr osvse pastsie quside of ueh ofithe cahduitto kdatizecinmebved hdabtrarsfet.i ze | nproved
heat transfer. Other objects and advantages of the present invention wll
in part be obvious and wll in part appear hereinafter. The invention
accordingly conprises, but is not l[imted to, the nethods and rel ated
appar at us, i nvol Stillmothbreobipet/afitlas ingentipsis anprovide heattrarsfes cadinipames b, and t he
relation and order of one or nore such steps and conponents with respect
to each of tvheyingsiresrand cerdigucations wheéremeathcondit dfdhd amay sgssweiged wgh iton and t he
acconpanyi ng draw ngs. Various nodifications of and variations on the

met hod and owpflaidflowscansiri¢tion mieansdpsitaampdaivnsiréam ind/on proundortalangsideafse skil | ed
in the art, and all such nodifications and variations are consi dered

wi t hin the shemonduitfsoahite rireferentiallnpepntoustbrpniivn ofthy figid seeamniavadg aresst he pr esent
i nvention, a baffle structure conprising at |east a paired set of fluid

f1 ow const r (dseges theougide|of the gondyit iy renlize &pprpyad hpatdmpaferur the fl ow path of a
process fluid flow ng cross-w se, or substantially cross-w se, in contact
with a heat transfer surface in order to enhance heat transfer between the
fluid and the surface., The apparatus is -5 WO 01/07857 PCT/ US00/ 40401

desi gned so as t@theibjsctsand gdvantages pEthe piegentipyantion will ip part begbyiopgand ch t hat a
O DA O ot s ey, e ivention accotdingly compsises, but is SOt Hiuiod to, |

the methods and related apparatus, involving the several steps and the various
components, and the relation and order of one or more such steps and components with
respect to each of the others, as exemplified by the following description and the
accompanying drawings. Various modifications of and variations on the method and
apparatus as herein described will be apparent to those skilled in the art, and all such

modifications and variations are considered within the scope of the invention.
SUMMARY OF THE ON

In the present invention, a baffle structure comprising at least a paired set of fluid
flow constructors is utilized to preferentially contour the flow path of a process fluid
flowing cross-wise, or substantially cross-wise, in contact with a heat-transfer surface in

order to enhance heat transfer between the fluid and the surface. The apparatus is



transfer surface will typically be one or a configured array of heat

exchange cmgtb'?l,hfss., oriénted to have parallel axes di sposggﬁugquzﬁg?xi al
I'C |

di rection I'S generally orthogonal to the direction flow,
and having a thermal |l y-conductive shell. The exterior surface of the shell
of each such desigukdisb as to sutdifintizily restlictthe thsmgefmﬁ&?ﬁhrﬂbﬁmewmédohﬁmmthat of
the upstream process fluid so that thermal energy is transferred to or from
t he process pdriignefhe prasess fluidfis omed tocfiomopast toeaetcansfersprfacad The heatr or sone
conbi nation thereof, as the fluid flows past and contacts the exterior
surfaces of timesfiurfacevil typigallydbendeortasconfiguednaay oftheatieachgegecomdiits,t s or duct s
of this invention may broadly conprise tubes, pipes, or any other

encl osur es wi erignked tthagepardiekaxes disposed imanrdxinl diltiedonentiiclyis generaliyarthogosal of t he
beat exchange conduits may be bare or, as discussed bel ow, may be finned

or any conbi ni@thedliregtion pfifluid few, anh bavingathermallytdopdnctive shele Themwtetiars or duct s
may be circular, elliptical, or any other closed shapes. Were a plurality
of such heat ufagenfifhe shell 9fengh sush sonduitis snsintained pt atprhperatyrs diffstentfrasethat r ayed i n
sonme predeterm ned configuration such as in a triangular array, a square
array, a circfitherupgireapnprocass fyida thet thenmahgnergy is teansferred te oo the process

dependi ng on design chojice_ and/or the requirenments of a particular

appl i cation. T bytmeans efsopdystion, coawegtion, resiation of seme cerpbinatio theeeaf agadui t s nay
be al i gned, Et %?%red or ot herw se positioned, again depending on design
choi ce and/ or %ﬂ@@q Pattapghcontagy the exigriorsurfaces of the heat ex¢hapgeccopdiifs. exchange
conduits will be dictated, at least in part, by process requirenents for
the rate of heat transfer. In general, conduits having | arger cross -6

----------- - - 7857 P 404
VDTI?ell{egt e§: mgecczlxxygt% du%tsoo} this invention may broadly comprise

tubes, pipes, or any other enclosures with heat sources or heat sinks. The exterior
surfaces of the heat exchange conduits may be bare or, as discussed below, may be finned
or any combination of the two. The cross-section of the conduits or ducts may be
circular, ¢lliptical, or any other closed shapes. Where a plurality of such heat exchange
conduits are used, they will typically be arrayed in some predetermined configuration
such as in a triangular array, a square array, a circular array, an annular array, or other
such patterns depending on design choice and/or the requirements of a particular
application. Relative to the direction of fluid flow, adjacent conduits may be aligned,
staggered or otherwise positioned, again depending on design choice and/or application

requirements.

The size of the heat exchange conduits will be dictated, at least in part, by process

requirements for the rate of heat transfer. In general, conduits having larger cross-



sections (for any given conduit geonetry) will provide |arger surface areas
and therefore nore heat transfer capacity. Fin el‘enents, baffles or other
heat - t r an¥P@%8hanci ng structures may be provi ded on tHE6W4¥8e surface
of sonme or all of the heat exchange conduits to further increase surface’
area and i RphieNfdram il énoRd Y gebhiaty) GAIBProFile fger Aufady £éL aiterefobodi ment
utilizes closely spaced circunferential fins applied in a spiral along the
exterior | qfgé ReabfrarksfefcapadistU Fin. elehith®, baffies oretherhiatitnasferaahmcing e .
heat -transfer surface area exposed to the crossflow w thout inpeding the
flow It wisirhetnires mmctermovided onhigtoutside surfiace of soneerod all bithe héatexghangbhe process
fluid, and the desired tenperature change in the fluid between upstream of
t he heat exoinduitg® fathe incteaseamdacd aven and ingpnovetheatransfeycblaradteristiosi I al so

af fect these design choices. The fluid flow constriction neans for

cont our i ng préfarcdrenbsdiniestautifizes olosely sphced ciscundfersstial finsiapiplied yn aspirgalong i nl et s,
outl ets and openi ngs of various shapes and sizes in. baffle structures

| ocat ed upshe extanipr Kogtnof theecomduih dVhisy arrangenredt inereaspsthebdatipansfeesusfase  exchange
conduits. In a further preferred enbodi nent, each heat exchange conduit has
its own assmaieapased pdhe crosflopwithoutimpediag theflewt dtewithbe pndegstdod et henstri ct or s
or its own around or alongside flow constrictors as described bel ow. The
apertured hbafuid andSlowrate ofitessprogess fhid, udihe desireditempprgtuge ¢hiangs e hadiidi cti on
means may conprise plates, sleeves or other baffles which conprise

subst ant i altiepween upstream pftheheat gxchange ganduits and dewmstregsp ofthe gopdpitiamillon of  f1 at
and curved surfaces. Apertured structures of this type positioned in pairs
upst ream calkg affecithese degign H0ikK array of heat exchange conduits have been
found to enhance heat transfer by a factor of about one and one-half to
about two tines. In a particularly advantageous enbodi nent for certain

applications, the fluid flow gonstrigtion strycture Ls_. a rger, generally
concentric sl ee%‘?ﬁ‘Pﬂgmgf?'ﬁE{cﬂ?”em%?Ps OF Sjtoysing ezﬂ‘?ﬁ“’?ﬁﬂf’&?hﬁhg each

process fluid may comprise inlets, outlets and openings of various shapes and sizes in
baffle structures located upstream, downstream and/or around or alongside the heat
exchange conduits. In a further preferred embodiment, each heat exchange conduit has
its own associated pair of upstream and downstream fluid flow constrictors or its own
around or alongside flow constrictors as described below. The apertured baffle structures
which function as fluid flow constriction means may comprise plates, sleeves or other
baffles which comprise substantially flat surfaces, or curved surfaces, or a combination of
flat and curved surfaces. Apertured structures of this type positioned in pairs upstream
and downstream of an array of heat exchange condﬁits have been found to enhance heat
transfer by a factor of about one and one-half to about two times. In a particularly
advantageous embodiment for certain applications, the fluid flow constriction structure is

a larger, generally concentric sleeve-like structure at least partially surrounding each



-7 WD 01/07857 PCT/ USO0/ 40401 conduit in an array of tubular heat exchange
conduits, each such sleeve structure having apertures upstream and

downst ream BP W& %entral | y-1 ocat ed heat exchange tube. APEFUSIUEINL| ceves
of  this type at |east partially surrounding individual heat exchange

condui ts i N QJBndiithiPah dfay SLIGHLIE BBH dkdhendd RURILAE 84th bk RedelnB iR ReAngdeat
transfer by a factor of about five tinmes or nore. The apertures in the

fruid flow cepsturdstbitRiim Shd dnbicAmidT GleRbmiMiy- ot RbDldatexcRdnye ubQMDI nat i on of
perforated holes or axial slots (i.e., elongated apertures having a | onger

axi s gener al |ApefparedditeRts ofthid thge 2 leadt partislly8tiraindag individublheieathaggec hange
conduits). The holes -or slots in different portions of the apparatus nmay
be the sane @ondiits ihah afray of suck adrdoits hasé Been foanditoshisaee hedtteansfetide a fatoound t he
inlets and outlets may be straight, rounded, jagged, or sone conbination
t her eof . The of hbwiutifiel times oomeer i cti on structure is preferably positioned
relative to an associ ated heat exchange conduit such that the distance
between the centerline of an upstream or downstream aperture and the
associ at ed heat exchange conduit centroid ranges from about 0 to about
2.0, preferably fTheapeahoestin the H0idflowabnsirictiin @fictute praeferaitiheommisé any di anet er
(or largest cross-sectional dinension of a non circular conduit) of the
conduit. | n aombigatoe of pdrferatgddoles gr dxed slete (i.ea plongated @pertuces bavigh A longenist  be
sufficiently close to realize substantially enhanced heat transfer. The
wi dt h (shor t esis generslly pailiehio thel axialjeriestationf df the heatrexchangetconduits)pdhe bales or t he
di aneter of a generally circular hole constriction aperture may preferably
range from alsosiots O different pertionstof the Bppapatusineay b the sameon dififes in cupvape, sige  about

0.25, tines the outside dianeter (or |argest cross-sectional dinension of a
non- and shape. The edges around the inlets and outlets may be straight, rounded, jagged, or

some combination thersof.

The fluid flow constriction structure is preferably positioned relative to an
associated heat exchange conduit such that the distance between the centerline of an
upstream or downstream aperture and the associated heat exchange conduit centroid
ranges from about 0 to about 2.0, preferably from about 0.50 to about 1.00, times the
outer diameter (or largest cross-sectional dimension of 2 non-circular conduit) of the
conduit. In any case, the spacing between aperture and conduit must be sufficiently close
to realize substantially enhanced heat transfer. The width (shortest side) of an elongated
flow constriction aperture or the diameter of a generally circular hole constriction
aperture may preferably range from about 0.02 to about 1.5, preferably from about 0.05 to
about 0.25, times the outside diameter (or largest cross-sectional dimension of a non-

circular conduit) of the conduit, The fluid flow constriction structure is preferably



circular conduit) of the conduit. The fluid flow constriction structure is
preferably -8 WD 01/07857 PCT/ US00/ 40401 positioned relative to an

associ at eé’q{’é’&?”s’éxchange conduit such that the offset beRGRUIHMBL center
of the aperture and the centroid of the heat exchange conduit ranges from™0
to 0.5, prpk@smairatie td inBocible@hit! bichslie BordiR sk tHatthe bffseOREieen the
cross-sectional dinension of a non- circular conduit) of the conduit. The
enhanced crqaef 4fake dpeire exdthec@toidRPhe éd) exchinge Bomluit Fangé&ifiod0 B NCces heat -
transfer between the crossflowing fluid and the plurality of heat exchange
condui t s bypréeferably Of timigsitke itsidetitanictdri(eriarpest crosksactionddimensipn bfexionasi ng t he
fluid velocity around the heat exchange conduits; (b) preferentially

di recting tdireulht condhif) of the eaddhly. f ol | ow t he outer surface of the heat
exchange conduits; (c) restricting the fluid fromflowing into or through
areas that are distant fromthe outer surface of a heat exchange conduit;
(d) reducing "dead" regions and flow recirculation around heat exchange
conduits; (e) efhaenhamgd tiossfldw heatekehangeapparsmoof(thiy ingentiom eribanrestheal ng bet ween
col der and hotter portions of the fluid. BRI EF DESCRI PTI ON OF THE DRAW NGS
Fig. 1 is arasfechetwéen theaopssiowinigduid and iheplusdlitpofheat exchangecdidvisnby ane a
crossfl ow heat exchange apparatus, with heat transfer enhancenent

accor di ng ter mdreofthefoliowing mechaniswsi, (a) inpressing thefluid velacitn atownd the bsat cul ar arr ay
of axially-di sposed heat exchange conduits is positioned inside a fluid

f 1 ow const réxchange eonduitsi®) preferpntiglx directing the fluidde rleselyl fallpw/the outersueacgec ond
enbodi nent of a crossflow heat exchange apparatus, with heat transfer
enhancenentOféh,ﬂ@ﬂkﬁxﬁlyﬂww@étsidﬁ)a@@ﬂmm*f fspm flowing itorer throughateasnt j al | y

circular array of axial ltﬁ/'di sposed heat exchange c,ondui& s, each
that are distant from the outer surface of a heat exchange conduit; (d) reducing “dead”

regions and flow recirculaﬁon around heat exchange conduits; (e) enhancing fluid

turbulence; and (f) enhancing mixing between colder and hotter portions of the fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic top sectional view of a first embodiment of a crossflow heat
exchange apparatus, with heat transfer enhancement according to the present invention,
wherein a substantially circular array of axially-disposed heat exchange conduits is

positioned inside a fluid flow-constricted annulus.

-Fig. 2A is a schematic plan view of a second embodiment of a crossflow heat
exchange apparatus, with heat transfer enhancement according to the present invention,

showing a substantially circular array of axially-disposed heat exchange conduits, each



-9 WD 01/07857 PCT/USOQO 40401 surrounded by a substantially concentric,
flurd flowconstricted tubular sleeve, and al so show ng | fluid
f1 ow const r VOOH¥3] eeves joined together in a first ri ng-WﬁﬁﬁéF{ogct ure.
Fi.g. 2B is a side view of -.one conduit-sleeve conbination illustrating a
preferred staggainael §f S substantiblytcoscendic,luidfldveconstiitied @bulir steste; adadsoa
variation of the structure of Fig. 2 show ng a double, concentric «circular
array of heatshewagthe seabiddifiéw-costrioted sleévas joipediwpethas it a firstribgilke shown in

al i gnment such that the fluid flow restriction apertures of the respective
f1 owrestri ctsdcturs) BaV2Bis asue eiewiof ohewionduitisheewecombibiation iljustittingmed condui t s
are also in radial alignnent. Fig. 4 is a schematic top sectional view of
anot her enbodirefemdd stiggaedoffetsiok configiretion. exchange apparatus, w th heat
transfer enhancenment according to the present invention, showi ng a double
row of axially-di sposed heat exchange conduits arranged in a substantially
rectangul ar array wth a first, upstreamfluid flowrestricted baffle, a
second, i nter medFigt illpstatesia Faration of hersiractare of i, 2/ shovsiapmdaublengpneastiics i r st and
second rows of conduits, and a third, downstreamfluid flow restricted
baffl e fol | ovirrgiat 4y etheatreichange conduits mith radially adjgcent qonduils ghavaidpondi ng
apertures of the first, second and third baffles shown substantially in

al i gnment wi taliguhent sush fhatthe fhuid Sovuestricorangroges of thegesnecsive Bow-resjrigted 5
illustrates still another enbodi nent of an enhanced crossfl ow heat transfer
appar at us accisewssagsoeiated withs thesqyadially gligned eqmdwis azsplsein mdiabalispmenti pl e (i . e.
three or nore) rows of heat exchange conduits arranged in a triangul ar
pitch and showing two alternative fluid flow paths through the array. -10

Fig. 4 is a schematic top sectional view of another embodiment of a crossflow
heat exchange apparatus, with heat transfer enhancement according to the present
invention, showing a double row of axially-disposed heat exchange conduits arranged in a
substantially rectangular array with a first, upstream fluid flow-restricted baffle, a second,
intermediate fluid flow-restricted baffle separating the first and second rows of conduits,
and a third, downstream fluid flow-restricted baffle following the second row of conduits,
with the corresponding apertures of the first, second and third baffles shown substantially

in alignment with the respective conduits and with each other.

Fig. 5 illustrates still another embodiment of an enhanced crossflow heat transfer
apparatus according to this invention showing an array of multiple (i.e., three or more)
rows of heat exchange conduits arranged in a triangular pitch and showing two alternative

fluid flow paths through the array.
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WO 01/ 07857 PCT/ USOQO 40401 Fig. 6 illustrates another enbodi nent of an
enhanced ow heat transfer apparatus according to this ipnvention
show ng a‘ﬁégrr%?g{;] of multiple (i.e., three or nore) rovvgci1 sﬂoé@fmexchange
conduits arranged in a square pitch and showing two alternative fluid flow
pat hs through tFig 6dllustrytes sfother éntiodiment ofzan @shapted crossfivot lvat tramsfeodi nent of an
enhanced crossfl ow heat transfer apparatus according to this invention
showi ng howpparatus@ccoading torthis inventioh shewinigew aanofimeultipled.et, thoeead nwre)ngsi de two -
si des of each heat exchange conduit to cause preferential contouring of a
crossf | owi Fysfof heatl exchangs gondyitsastangaddn a sqvareduiich sndshowing hved aliemative
characteristics. Fig. 8 illustrates yet another enbodi rent of an enhanced
crossf | ow Huidtlowpaths thepugh thewawt us according to this invention showing an
alternative type of sleeve structure forned by positioning curved plates
having a contour corresponding to two sides of a conduit around two sides
of each heat exchange conduit to cause preferential contouring of a

crossflowi ng fIiied illysiratsssidl gnotheriembadimentof ap.enhancsd cropsflpwihest transfer
characteristics. is ,DETAILED DESCRI PTI ON OF THE PREFERRED ENBODI MENTS Fi g.
1 shows a @PRIERLYS|agGOrdRg to thix iveAtigR how pae opa plureliy of plgtes eantdsi s i nvent i on

havi ng a gener al circul ar,_arpay, of axjally-di sposed heat exchange
conduits 1?°S‘Qﬂ“§‘i éP’!ﬁi@%H"%’f‘% ﬂéeaﬁh eat Fﬁcb?'\g5¥°'%f“‘t auseATELer gi on 28
defined by an inneg cylindrical wall Q and an qQuter lindrical wall 22,
cach havi n6oouR A YPGB st 1 iR SihBr besr opdio 1/ 07557 -

PCTI LSOO/ 44400 ey

Fig. 8 illustrates yet another embodiment of an enhanced crossflow heat transfer
apparatus according to this invention showing an alternative type of sleeve structure
formed by positioning curved plates having a contour corresponding to two sides of a
conduit around two sides of each heat exchange conduit to cause preferential contouring

of a crossflowing fluid stream to achieve enhanced heat transfer characteristics.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Fig. 1 shows a crossflow heat exchange apparatus 10 according to this invention
having a generally circular array of axially-disposed heat exchange conduits 12
distributed around the interior of an annular region 28 defined by an inner cylindrical wall

20 and an outer cylindrical wall 22, each having 2 common centerpoint 14. As shown in

-11-




Fig. 1, conduits 12 are of substantially the sane dianmeter, which is |ess
than the radial wdth of the annul ar region, and spaced substantially

equi di st ant"PP¥PYne another. Associated with each heat e&%ﬁﬁ%&’é“@bnduit 12
s an upstream aperture 24-in inner wall 20 and:a downstream aperture 26

in outer wal lfig2® cotfuits NPWE of WbdtinGiallylthe satfidRSietey, avhichal o tiah thepsdileam
apertures 24 and downstream apertures 26 are substantially in radi al

ali gnment Wi itk bEhesmoas iefion] andspatedtsubsBintallg eqdidiltare froim oné erther. Thus, in Fi g.
1, a process fluid 30 is flowed axially into the inner cylindrical region
16 of the heat exchange apparatus 10 and then directed radially outward

t hrough upstream apertures 24, flowing cross-wi se into contact with the
heat exchange conAlssbdistedh¥ith each ldetesthangerpnduitd 2 sl an jupstiearo apertarer2dmsinnen Fi g. 1,
thereby heating or cooling the process streamto forma thernmally-

condi tioned fall20 amst & doowmstBAmapertine 25intostenwall 22arAsrsheyimoin Fizg 1 treapeatiyé:
downstream apertures 26. It will be understood that whereas Fig. 1

i |l ustrates pairsadiupdtieym aperinees 84 fddidosimétieany aperturds 26 atesubstantiallyppzadiak us coul d
be utilized for thermally treating a process streamflow n radi al ly
inward to cenlignmentsgithathe dsSociated conrduitd 2 andwittheach ofherx iTavs, ip Fig. thhaipracess f r om
region 16. In this variation, apertures 26 in the outer wall 22 would be

t he upst r eamflajded0tis flayeed axially inip dhetinnereylipdricalregiomis ofithe heategchapgel d be t he
downstream apertures. Figs. 2A and 2B show a particularly preferred

crossfi ow heappastesiQragd tham gisected sadially oupward troughypstresmaperires 24cflawingh having a
generally circular array of axially-disposed heat exchange conduits 112,
each surr oundeass-ise intp eoptastiwithdhp hepteexchangexgndisly 1 s @mﬁéﬂ’ygﬁﬂ“@rﬂm eam
aperture 124 and a downstream aperture 126 or offset aperture pairs 174,
176 -12 WO 0zrowsm Figodthesehy/heating or cooling the process stream to formathermﬁly-

conditioned fluid stream 32 which exits annular region 28 through downstream apertures

26.

It will be understood that whereas Fig. 1 illustrates a radially-outward fluid flow
path, the same apparatus could be utilized for thermally treating a process stream flowing
radially inward to center region 16 and thereafier being axially withdrawn from region 16.
In this variation, apertures 26 in the outer wall 22 would be the upstream apertures and

apertures 24 in inner wall 20 would be the downstream apertures.

Figs. 2A and 2B show a particularly preferred crossflow heat exchange apparatus
110 according to this invention having a generally circular array of axially-disposed heat
exchange conduits 112, each surrounded by an apertured sleeve 120 having either an

upstream aperture 124 and a downstream aperture 126 or offset aperture pairs 174, 176
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and 184, 186 as described bel ow. The individual sleeves 120 are joi ned

t oget her Wbtcﬂ/o 57I arger ring-like or cylindrical structure by connecting
wal |'s 122 Apertures 124 and 126 may conprise col unms ofCHUMIM o1 ent ed
perforation holes or elongated slots which are radially aligned with the -
condui ts 112nd 1841 HB6raatescabed below. Thpindivilualstbevastl 00 aregoihedabgetherintd dist rat ed i n
one portion of Fig. 2A aperture pairs 174, 176 and 184, 186 are slightly
of f set f r onlargediing-like| or gylmdmngcal structareshygorecting wello 1221 r Apenyres 24 and Thé st agger ed
slot arrangenent for aperture pairs 174, 176 and 184, 186 is illustrated
in Fig. 2A mayedmpriselcoturmesof pxiallyroriented perfirafion holes ovedongated Sletevhish ae pai r s
174, 176 and 184, 186 (replacing apertures pairs 124, 126) are staggered

i n el evat i ofrdighyjaligpedswith the popduits 112, dlemativelysiniapreférred embpdimemtadsnt er poi nt 114
by equal angles 0. Fig. -2B shows a side view taken along the line 2B-2B in
Fig. 2A of gmﬁ@&@%s&mﬁm%&s&&m@m% 126 and 184d}860¢ slightbyeve 120 wit h
the preferred staggered slot arrangenent. The plan view of this staggered
sl ot condui Pﬁ%?@@Véa%l%mﬁ'&tmﬁﬂa%@feéﬁbmmg.wAmmen al ong the
line 2A-2A in Fig. 2B. The ends of the slots fromalternating offset slot
pairs can baraneement fof aparure naiy L. 476 and 184,086 isdllusprated nFis. 24, witkre i s no
interruption, of flow algng the axjal direction of the heat exchange

appar at us. dfitong]dstail ip Kig- 2B, where pifset slof aingil 7 16 ang 184, 186 Geplagingot sl ot s al so
i acent o Pptegpats I YO8 e Serog i e o et ok BB B SR a1 190 |
o e s S dld W S A S B o
Cont i gur ot | SERZRH 8 4o pe eRctapae ORI 113 bovutks SR seova 120 Wil titper &

par i cul ar  BRpEPLrEEEed 16 yRreRah TPl vint AL BRI S |
configurati ((:)orr]ﬁbination as shown in Fig. 2A is taken along the line 2A-2A in Fig. 2B. The ends of

the slots from alternating offset slot pairs can be slightly overlapped or at equal elevation

so there is no interruption of flow along the axial diregtion of the heat exchange

apparatus. This design with separation and overlap of the offset slots also leaves

connection regions between the axially overlapped portions of adjacent offset slots,

indicated generally by the reference numeral 190 in Fig. 2B, to provide the sleeves 120

with better circumferential mechanical integrity without blocking any fluid flow. For

simplified illustration, Fig. 2A shows one apertured sleeve 120 having the two-pair offset

aperture configuration while the other sleeves - have the one-pair aligned aperture

configuration. In practice, however, all of the apertured sleeves for a particular apparatus

110 will typically have the same aperture configuration.
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-13 WD 01/ 07857 PCT/ USOQ' 40401 Thus, in Fig. 2A, a Process fluid 130 is

fl owed axi aloprefds® the inner cylindrical region 116 havi oint 114
of the heat exchange apparatus 110 and then directed rad?grflig)ﬁ%ﬁfﬁ@ard

t hrough upstream apertures.124, flow ng cross-w se.into contact with the
heat exchange condhist ig Figi 24, siproepsiliié 130y flowad axially intortheipnescylindeical n Fi g. 2A,
thereby heating or cooling the process streamto forma .

t her mal | y- corfggies bichaving genderraint d dhofiheheat prchangeapparstus hiO 4od thep disectedegi ons
defined by the sl eeves 120 through downstream apertures 126. In the
staggered s| obrdiaipytvasdthiroush yRsireant aneTIEYL 2 oflAing SPossHISRACORIIE! vithdha her 1 ow

t hrough upstream aperture 174, into contact with condujit 112, and exit

through downatexshangaondyits 112, asdengted by ths Onidiflay agpws Wiz 2AhereWey at i on,
instead flow through _aperture pair 184, 196. [t wl]| ynder st god t hat
wher eas Fig. *?A“‘Pgquﬁ%‘lhfléﬁ’é@“&eﬁsmtP?"-""@Lﬂ?‘?XBP‘E"@P Pwegﬁs@%mlﬁgt he sane
apparatus could be utilized for thermally treatjng process stream
fl owi ng radi alHEgh §xifs ke fitarigr regiqpsdetined fy dhe sffﬁeséﬁéj‘g‘{%& oYM ADPTRNES Al | y
wi thdrawn fromregjion 116. In this variation, rtures 126 r 176 and
136) woul d bel26, Heie Feied otmpinadt Tuid Aawal ey Bewas ouky ey A% 154)
woul d be the downstream aper es. Fig. 3 sh crosst| ow heat exchange
appar at us 160‘EW¥V\QUFP$?"§ P ﬁ‘{ gye W“’gﬁ‘gﬁ’ c@?‘g‘g\l@f“ ?’cmd ﬁ’é‘ﬁ“ gb hange
apparatus 110,shown in Fi 2, aratus, 160.differs fr atus 110 in
the use of a WSPEIAD agﬁ"ﬁ’{%ﬂ% i %“‘%W%@e" °‘hé‘§{°a‘£§%"ﬁ§‘ﬁ‘g‘gﬁ condui ts
I nstead of the_single & lLar..array of 'Eig. Ln Flg. .3, there is
a second ci rcwli?eg%f}%y{%? Iﬁ%"a@" cﬁatﬁagmgglr’l%elf?%‘ ﬁg?us‘reageéﬁri&ﬁan?{'adi al
alignment with a r.respondi i 1 A heof lr Lrcul ar array.
Each conduit Har fg gmg gl?& t%g%sag’;%}(&g&#%t%e%f’@ rbggnﬁzegfor !theﬁﬁall? uegdﬁgg

process stream flowing radially inward to center region 116 and thereafter being axially

withdrawn from region 116. In this variation, apertures 126 (or 176 and 186) would be
the upstream apertures, and apertures 124 (or 174 and 184) would be the downstream

apertures.

Fig. 3 shows a crossflow heat exchange apparatus 160 which is a variation of the
crossflow heat exchange apparatus 110 shown in Fig. 2. Apparatus 160 differs from
apparatus 110 in the use of a double, concentric circular array of heat exchange conduits
instead of the single circular array of Fig. 2. As seen in Fig. 3, there is a second circular
array of heat exchange conduits 142, each in radial alignment with a corresponding
conduit 112 of the first circular array. Each conduit 142 is surrounded by an apertured
sleeve 150 having an upstream aperture 164 and a downstream aperture 166. Apertures

164 and 166 for a given sleeve 150 associated with a particular conduit 142 are shown
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sl eeve 150 having an upstream aperture 164 and a downstream aperture 166.
Apert ur eswobidrsend 166 for a given sleeve 150 associ at edeo‘i{‘;gaPﬁmﬁarticul ar
Ia

conduit 142 are shown -14 WO 01/07857 PCT/ USOQ 40401 substan y in

radi al aIi% ment with the apertures 124 and 126 in the sleeve 120 of the
cor r espondPARyERIAYY i} fa grppet with the @pgriures 124 and |26jim the sleengdR0 of theves 150
arej oined together int | arger, .ring-like or cylindrical structure by

wal | s 152. c&?‘%ﬂ%@&%fﬁ}ﬂg@“%%mmbmzyTaegiidw&"él ¥reJPP aredginedi t he second .
circul ar arra% oft Qﬁat exckllgngre ﬁg{ﬁ%{i ts, ié \é\ﬁ:ﬁ” be understood that each
condui t 11E5PELR A PBE g RGO gtuqture by, walls 1320 Althgugh Fig. 3 cor r espondi ng
conduit 142 of the second, ci.rcular array. Thus, jn Fig 3, a partially

t her mal | y_g%%gi%{‘]'gﬁglge ik l§¥ Pt'gﬁfef@a%'ﬁﬁﬂ?ri%yf’ﬁe?texc 8P apert ures
126 in sle i i t ed .r.adiall tward t hrough .second upstream
apertures %lfl?e "gnﬁg%mﬁ%g’greo s%%’gﬂ%ﬁﬁéﬁ#ﬁ'&ﬂ"%ﬁ%@%‘@ﬁ array of

heat exch 1Lt erehy.further heating or cooling the process
streamto ?%?%P%g&g&wﬁymslﬁé?% f°§‘-’@ﬁ°ﬁ'&ﬁ?‘i“5ﬁ%d fluid stream 162 which exits

the interior region defined by the sleeves 150 through second downstream
apertures 166. It will be understood that whereas Fig. 3 illustrates a

di al | y- out |- 14 I . utilized for
hermal 1y troat {ug A QR HemhliPea BB Fotl 157800 Cont o1

[ 11 hej | - | mregion 116. In thi
\r/g?: gtn I on, ﬁ%‘g'g?fﬁl?es f%?%ﬁ?%%%‘g%% °\g’§&e}’g‘é’2°%"§/‘{eﬁ%’y°“ﬁﬁge'°?‘f%r st and >

second UDS bl #pidl|6F AoRi ARERLY conkPlhl e A2l iy " espect  vel y

the first and second downstream apertures. on of

anot her cr ggchirge \bortdans l%ﬁlgﬁﬁﬂﬁmﬁ&lﬂé&tﬁ& WP codhfl thé ﬁ@%@&f&mttef&mas | nventi on.
In Fig. 4 a double row of axially-di sposed heat exchange

fully thermally-conditioned fluid stream 162 which exits the interior region defined by the

sleeves 150 through second downstream apertures 166. It will be understood that

whereas Fig. 3 illustrates a radially-outward fluid flow path, the same apparatus could be

utilized for thermally treating a process stream flowing radially inward to center region

116 and thereafter being axially withdrawn from region 116. In this variation, apertures

166 and 126 would be respectively the first and second upstream apertures, and apertures

164 and 124 would be respectively the first and second downstream apertures.

Fig. 4 shows a portion of another crossflow heat exchange apparatus 210
according to this invention. In Fig. 4 a double row of axially-disposed heat exchange
conduits, comprising a first upstream row of conduits 212 and second downstream row of
conduits 216, are disposed in a generally rectangular array in conjunction with: a first,

upstream apertured plate 220 having apertures 226; a second, intermediate apertured plate
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conduits, conprising a first upstreamrow of conduits 212 and second

downstreamrow of conduits 216, are disposed in a generally rect angul ar
array in colfUNE$8n with: a first, upstream apertured plBAT&9#¥aying
apertures 226; a second, intternmedi ate apertured pkate -15 1: WD 01/ 07857

PCT/ US00/ 4040322 radidg B&Wzﬁ@%feum&p%&g iR it @nd’eddond VA R baragitst 44, T 11 st
and second rows of conduits; and, a third, downstream apertured pI ate 224

havi ng apert uam&dZﬁ%stﬁaﬁfapmfed@iatmamwﬁge@e&&&23022&haadfaﬁﬁme§mc| ated
with an upstream downstream adj acent pair of conduits 212 and 216 is shown

subst anti al | y228ankdi2Be assocdtddgvithean tupstteldi-doaadireth Bdjicentpdir'of édndiike@12amioci at ed
pair of upstream and downstream conduits 212 and 216 respectively. Thus, in

Fig. 4, a progpsis sHowtdistbstiai@lly i likedralignastnt with cdelethe? dndwith fhe adsbdidtell f | ow
arrows in Fig. 4, through apertures 226 and fl owed cross-w se into contact
with first, upstofapstieaitand dewnstraamgenduitedio 4nd 224 @spectivelyeby partially heating
or cooling the process streamto forma partially thermally-conditioned
fluid stream 234. Stream 234 is then directed through apertures 228 and
flowed cross-wise into contact with second, downstream heat exchange
conduits 216 t her dhys, inFig. 4ea proeeat fuid)232ris direoled,rag dénoted py the aid flotvmmrewms t 0 f orm
a fully thermally-conditioned fluid stream 236 which is flowed out of the
appar at us 210in Rgdothpugheapetturag226tand Bowdl3Moss-Misg intbeantakctusithr fastagpsiraam
alternative possible fluid flow paths through a nmulti-row set of heat
exchange condbsat excBinge eonduits@d2 themeby partififysheatingror cooling e pracesaistream to n
accordance with another enbodi nent of a crossflow heat exchange apparatus
310 accor di ngfonp atphitighy thermally-conditioied Suidisiream 234. Stream 24drintherediresied of heat
exchange conduits are offset from

through apertures 228 and flowed cross-wise into contact with second, downstream heat

exchange conduits 216 thereby further heating or cooling the process stream to form a
fully thermally-conditioned fluid stream 236 which is flowed out of the apparatus 210

through exit apertures 230.

Fig. 5 illustrates two alternative possible fluid flow paths through a multi-row set
of heat exchange conduits 312 arranged in an offset or trianguiar array in accordance with
another embodiment of a crossflow heat exchange apparatus 310 according to this
invention. Thus, in Fig. 5, alternate rows of heat exchange conduits are offset from
adjacent rows instead of having conduits in adjacent rows substantially in linear
alignment as shown in Figs. 4 and 6. In this configuration, the centerpoints of three
adjacent conduits in two adjacent rows form an equilateral triangle 340, Although not
shown in Fig, 5, it is understood that the apparatus of Fig. 5 includes upstream and

downstream apertured plates respectively located before the first row of conduits and
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adj acent rows instead of having conduits in adjacent rows substantially in
linear gjg@ppmnt as shown in Figs. 4 and 6. In this copéigstodbdopn: the
centerpoints of three adjacent conduits in two adjacent rows form an
equil ateral triangle 340. Al though not shown in Fig. 5, it is understood’
that the apfirsthedastroprof conguits; as welf agdntermegiste aparfures Hiptes senarpting adiaeeniper t ur ed
pl at es respectively |ocated befqore the first row of conduits and -16 WO
01/ 07857 Peysbemduitssdematively, caghconduit312,may, bg sureeynded with angperipgsd 55

i nternmedi ate apertured pl ates sg arating adpacent rows of conduits.

Al t er nat i v8pgye-likegmc grevioysy eﬂ@rg’ﬂﬁ ed with an apertured

sl eeve-like structure as previously described for other figures. Fluid flow
arrows 332 in Fig. 5illustrate a first possible fluid flow orientation
whi ch can be utgl.ized wt he trianqul ar. conduit. array of aratus 310.
Bl d £ how - ar RV A% stbns saagsmi' s fialeont BASIR ARl A oBPaBBE T Ui 1 ow

o ot Oy e o 5 o SRR AR, T
e SR P T SR 10151,
o VRABRT AR st DO b5 A g SR 12,
enOUE! RRSABoad GRS Btk 15 I B 6, 2001610 10

subst ant i ald it Ryws I LRROEREY bd Wilizdd Hs S atduration, the centerpoint
of four ad};ac‘eunt cén uits g:u% tvvoLyadej' ac%nt rgvvs orma square 440. Although
not shown in Fig. 6, it is understood that the apparatus of Fig. 6

i ncl udes upstream and downstream apertured plates respectively |ocated
before the fir g 6 illustrates two altemative possible fluid flow paths through a multi-row set

of heat exchange conduits 412 arranged in a square array in accordance with still another
embodiment of a crossflow heat exchange apparatus 410 according to this invention.
Thus, in Fig. 6, conduits 412 in adjacent rows are subs’tanﬁally in linear alignment. In
this configuration, the centerpoint of four adjacent conduits in two adjacent rows form a
square 440, Although not shown in Fig. 6, it is understood that the apparatus of Fig. 6
includes upstream and downstream apertured plates respectively located before the first
row of conduits and after the last row of conduits, as well as intermediate apertured plates
separating adjacent rows of conduits. Alternatively, each conduit 412 may be surrounded

with an apertured sleeve as previously described.

Fluid flow arrows 432 in Fig.6 illustrate a first possible fluid flow orientation

which can be utilized with the square conduit array of apparatus 410. Fluid flow arrows
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row of conduits and after the |last row of conduits, as well as internedi ate

apertured motimsss? separating adj acent rows of conduits. Actrgsowpiokoiel v,
each. conduit 412 may be surrounded w th an apertured sl eeve as previously

descri bed. Flui.d fl arrows 432 Fi il ]ustrate a ible fluid
fl ow ori ent atA4dmF lgv{mwa%fe% B?*‘B‘eill@%ﬂ% We?‘ﬁ@%ﬂﬁ%’ﬁént W‘i’r ray of
apparatus 41 Fluid flow ar 4315 P% %% CT/ U50 40401 434 in
Fig. 6 illusPf svaresondus gy 3ggam1||s | Htipup BRI OER O/ Cch can be
utilized with ,the s re.conduit arra us 41 Al t hogygh Fig. 6
shows five rmané?c g‘ér? Sﬁ%’ﬁﬁéﬂ%ﬂaﬁ‘ﬁ?ﬁ‘ﬁ&ﬁ%’@ &98 31’?‘“@7‘“‘ smal l er or
| ar ger nunber ndU| IEhl Sate configuration may be utilized as
appropri at e. ‘Eﬁﬁ"m |"faP' BOPH¥% not her variation of an enhanced

crossfl ow heat transfer apparat us 510 according to this invention. In Fig.
7, each heat exchange conduit 512 is associated with one or nore |ateral

condurt 512 ana 0¥ SHLETSEncPay %ﬁg@%ﬁaﬁbﬁ{&%%ﬁéﬂ%ﬁ%& A T
ow, 35 1 iR 3t Sl 1 PAAES ARGl A PI 2 €5

520, 522, oses are”spaced apart from

the exterior,Malaet vith o F&W&Eiat&&ﬁo&% ickibh %ﬁ'ﬂﬁ% 5:1&0554' 53R NgS or

channel s between the plate edges and e Co one al ong each side

of each condidsionhzionlsi SRAR 19 aRFItRRA elnBfiPbritofona’ Heuidhfinbpe_condul 1

wal | may be aéj uste y routine experine tatlon to optimze t contouring
of the flui dﬂ&aﬁw%mmhedwowséﬁomsztm éé]éﬁfthé/ﬂﬁefﬁ sy, sgpr e | ateral

fl owconstriction plates are utilized for condui t 12 t he Spacing
bet ween the $l4a85% and 528 closest to conduit 512 are spaced apart from the exterior walls of

conduit 512 so as to create two fluid openings or channels between the plate edges and
the conduit wall, one along each side of each conduit 512. The spacing between the plate
edges and the conduit wall may be adjusted by routine experimentation to optimize the
contounng of the fluid flow path to maximize heat trarfsfer. Where two or more lateral
flow-constriction plates are utilized for each conduit 512, the spacing between the plate
edges and the conduit wall may be the same or different in order to optimally contour the

fluid flow path.

As seen in Fig. 7, the lateral flow-consiriction plates may be positioned alongside
conduit 512 such that the plane of the plate passes through the centroid 518 of conduit
512 (such as plate 524), or else be positioned such that the planes of the plates intersect
conduit 512 upstream (such as plates 520 and 526) of centroid 518, or downstream (such

as plates 522 and 528) of centroid 518, or any combination thereof. The distance 542



edges and the conduit wall nmay be the same or different in order to
optimally the fluid flow path. As seen in Fig. 7, _the |ateral

fl ow const‘&?@@’%&? pl ates nmay be positioned al ongside coTEITYSOy 404015 o y t hat
the plane of the plate passes through the centroid 518 of conduit 512 )
(such as pl ctieewes the ap@riureimiahdniiscehiraid S8 mayche leds dian bhehygf ofites of t he
plates intersect conduit 512 upstream (such as plates 520 and 526) of
centroi d 518liamsterdddasshoen withadidtancaspppdaghingszeb®as alimit, Sot&xample pletet r oi d 518,
or any conbi nation thereof. The distance 542 -18 WO 01/07857 PCTI U800140401
bet ween t he Rgembisdiffessritbnt the baffesinictures shriwnon Higs idanddywhisee thedigtarickan one- hal f
of the dianeter 544 as shown, with a di stance approaching zero as a limt,
for exanpl e hsivsen thedpetturehiandthe caniduit eenfroid is gréater thah pheshalfithe dianterof hhown i n
Figs. | and 4 where the distance between the apertures and the conduit
centroid i s egnduit &\s usédcheraim heiphrase {lajeralplaterpesitioned alongside & heatiepichangps used
herein, the phrase "lateral plate positioned al ongsi de a heat exchange
condui t" is cenduit’ ixmeanttogefente plates sush as320n5225 528 626 /0 528 IFig. 7oorentedd 528 i n
Fig. 7, oriented generally orthogonal to the direction of fluid flow,

wher ei n t he gsnerally asthoganal tp therdirection pEfluid Bew, vdhereinythe plang ofitheplteat exchange
conduit. Fig. 8 illustrates, another variation of an enhanced crossfl ow heat
transfer applapestsany ganobibe heatiexchanggcondiit | nvention showing a variation of
the apertured sleeve configuration shown in Fig. 2. In Fig. 8, each heat
exchange conduit 612 is partially surrounded by a pair of oppositely
curved plates 620, geperally conformng.to the . curyature of the outer wall
of conduit 612 i fig?8 [L}'I“%Hﬂteéﬁﬁ‘?q‘erc‘,’ﬁ‘?ﬁ“f’ﬁg‘}a&t _edgé@ﬁ?{%p%gans{g{ ate 620 is
Joined to a uall 06 d Al PhiiResRa Bty 4 ARG AT IR e b 00n2! 0

configuration shown in Fig. 2. In Fig. 8, each heat exchange conduit 612 is partially
surrounded by a pair of oppositely curved plates 620 generally conforming to the .
curvature of the outer wall of conduit 612 in a clam-shell configuration. Each curved
plate 620 is joined to a wall or lateral plate 622 positioned generally orthogonal to the

direction of fluid flow, as indicated by arrows 630 and 632.

The pair of curved plates 620 around either side of a given conduit 612 do not
touch each other and do not extend either upstream or downstream of the outer wall of
conduit 612. Thus, as shown for illustration purposes in Fig. 8, a line or plane connecting
the upstream or downstream edges of a pair of curved plates 620 would intersect conduit
612. The upstream and downstream openings between the pairs of curved plates 620 are
the apertures through which the process fluid stream is directed to realize preferential

contouring of the fluid stream. The distance 642 between the aperture and the conduit
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direction of fluid flow, as indicated by arrows 630 and 632. The pair of
curved pl atweopgfdsar ound either side of a given conduit 68er S0 t ouch
each other and do not extend either upstream or downstream of the outer

wal | of conduit 612. Thus,: as shown .for illustration purposes in Fig. 8, a
line or pl aneeRtpitheld maycpe lasp han onechall afthe diametgneddras shomaovwidhsa dstange pai r of
curved plates 620 would intersect conduit 612. The upstream and downstream
openi ngs bet \iBERa¢hHE zgrgjas a lipyt, fox gxgmple s shedeneths of eirved plates 62 nprasetes t hr ough
whi ch the process fluid streamjs directed to realjze preferential
contouring of2etorgavingeply latgral plats 622, prconfigyration sompspondiog il 7 with angle ur e and
the conduit - [ 07857, PCJ/ 40401  centroid 618 nay be | ess than
one- hal f of tpﬁe%ﬁa%{sgffﬁeﬁsﬁ?”h eg Gftruciyyfes phownn Kigs, A apd 4 where chi ng zero as
alimt, for gxa as the | engfhs of curved.pl ates 620 roach zero

| eavi ng only ‘f%?l%q%ﬁiie@pws "‘g& @Bﬁ?qdﬂﬁFeé‘f’P’gﬁg%?ﬁt‘?‘é‘?BB% ‘ﬁgﬂ‘? o Fig. 7
with a singl e.wﬁl at{e 524.d Jhis differs fromthe baffle structures shown in
Figs. 1 and Afh A7 8 ?’ﬁ‘ém # st ance bet ween the apertures and the conduit

centroid is greater than one-half the diameter of the conduit. The
clamshell configuration of Fig. 8 wwth each pair of curved plates 620

d h id f h i 6 i f f. h | d sl
conf T aur at on of AR B SSRatbdon ot §'vith Bk pr Offuvef R bAoRBE, ey t he
d f th . f Lui i i cts. th dui t
SRR L - L P B R R R e D i
, th i i i i f th
rbodt ment ofe i 51 offihe clhnBiths B b HF e Borkiin S8 doBRRABRC g
al ongsi de thg Qﬁ%gmt%ﬁéwg&dﬁggg%%cﬁﬁs%op&k BT 8d BRY Jeev@ngiash N FI 0.

7, but instead are positione
Fig. 2A. In a sense, the embodiment of Fig. 8 may be viewed as an extreme version of the

embodiment of Fig. 7 wherein the individual lateral plates positioned alongside the heat
exchange conduit are not spaced apart, as seen in Fig. 7, but instead are positioned face-
to-face with one another such that their conduit-side edges form the curved plates 620 of

Fig. 8.

1t will be apparent to those skilled in the art that other changes and modifications
may be made in the above-described apparatus and methods for enhancing crossflow heat
transfer without departing from the scope of the invention herein, and it is intended that
all matter contained in the above description shall be interpreted in an illustrative and not

a limiting sense.
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to-face with one another such that their conduit-side edges formthe curved
pl ates 62@Qvwéiorés7g. 8. It will be apparent to those skil peflusdiisbdog art that
ot her changes and nodifications may be nade in the above-descri bed
apparatus and net hods for enhancing crossflow heat transfer w thout
departing fromthe scope of the i nvEhAIM$ herein, and it is intended that
all matter contained in the above description shall be interpreted in an
illustrative and not a limting sense. -20 WO 01/ 078'57 PCTNSOO/ 40401

CLAIMS 1. A baff) tructure fo ferentrall r|n flowpath of
a process fluid#® gﬁ'ﬁg R E?rfB"s‘ge{ﬁﬁeB@ 8?’5%‘?“5”’8 PHB’ Pdrality of -
spaced- apar}_ heat transfer aces ai truc ure o ri,sing at |east a
pai red set g‘f“"%ﬁff’ﬁ"?"f"o‘?ﬁ"& tc t&?ﬂgépg’é‘?lﬁ%’n e‘i\ fer IIy Cross-w se

fl h d h h f d fl
go(r)r\évt Iroﬁf:t o??“%‘él qu“"?lstﬁl% 58}(’!"'%{,,88@,]‘,%,?3‘3:% c?‘i :gsg??aelfeﬁ%%&ﬁ‘élg&%raflgm%‘fw g\évam andf

t 1 t t t
sﬁf?bzcrﬁea?ra%%m&ggs%% o o tiplare 3 Aot shihFer SHRIC 'S?'@H*g By squ? ch]eier
L M R 2
surface. 2.4 Rallif e?éh d)‘ﬂ%} %&Ldewxﬁxncde}é;{sgr%c&ged &f&’c\@,eo?gfoﬂg éﬂ&%sxie' ui d f I ow

constrictors~ assocl a rans sur ace conpr mul ti

pai s of 11 yagl ot g Mebaa suRBE bt sddgt &}.Iomeﬁmﬁﬂofssapect've'y

upstream an ownst ream roma heat t rans
process fluid around the heat transfer surface to reahze improved thermal contact with the

—|

surface.

2. A baffle structure according to claim 1 wherein the fluid flow constrictors
associated with a heat transfer surface comprise mutltiple pairs of fluid flow constriction
apertures in baffles spaced respectively upstream and downstream from a heat transfer

surface.

3. A baffle structure according to claim 2 wherein said heat transfer surfaces
comprise the exterior surfaces of an array of heat exchange conduits oriented to have
parallel axes, and the multiple pairs of apertures associated with a heat exchange conduit

are aligned in columns parallel to the axis of the associated conduit.

4. A baffle structure according to claim 2 wherein said heat transfer surfaces

comprise the exterior surfaces of at least one generally circular array of heat exchange

-21-
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3. A baffle structure according to claim2 wherein said heat transfer
surfaces ¢ ' the exterior surfaces of an array of h mPlge
conduits oriente o have parallel axes, and the nmultiple pairs o
apertures associated with a heat exchange conduit:""are aligned in colums
paral | el to t leendnits orieofed tohavepasaliel axess ahdesaid Hafiles spaved Rpshrednt dnd downsimesrar e
according to claim2 wherein said heat transfer surfaces conprise the
exterior surf dwesthekeapeschangseondvits comprise shricpntri¢ apsthiad cylindrioal pistesheuing exchange
-21 This Sheet | as Been Replaced 11111111 ~liii 11121 111{f kI T11]
LEiTEETTT L1 | laxialyf disposed (cplumngflapentuses)acipartay pEheat exchngmopdutheing conduits
oriented to have paral I'el axes, and said baffles spaced upstream and
downst ream f rdispesedin thrcappulanzegiombpivesn i ofisaid apariyrad selindgent plater.i ¢ apert ur ed
cylindrical plates having axially disposed columms of apertures, each
array of heat exchange conduits being disposed in the annul ar region

bet ween two of said apertured cylindrical plates. 5. A baffle structure
according to & ai n-baiflparusiuee waerding iy claigrd whereinpach pajy of Buiddlowi ct i on
apertures conprise holes in radial_alignment with the axis of said
concentric cylcpusHictienaperiurss comprige holes moradipl alignment-vith the aricofsgid APesRAic) ai m 4
wherein each pair, ,of fluid flow constriction apertures conprise el ongated
slots, each si¥mdfgalplates s | ong axis generally parallel to the axis of the
associ at ed heat exchange conduit. 7. A baffle structure according to claim
6 wherein pairs of elongated slots are in radial alignnent. 8. A baffle

structure aceqrdingif, chahi S5 & Bl i NSRRI ASAMNT ¢ 1S
constriction apertures comprise elongated slots, each slot having a long axis generally

paralle] to the axis of the associated heat exchange conduit.

7. A baffle structure according to claim 6 wherein pairs of elongated slots are in

radial alignment.

8. A baffle structure according to claim 6 wherein a heat exchange conduit is
associated with two pairs of elongated slots, each slot pair being offset from radial

alignment with the axis of said concentric cylindrical plates.

9. A baffle structure according to claim 8 wherein the two upstream and two
downstream elongated slots associated with a heat exchange conduit are axially offset

from one another.
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associated wth two pairs of elongated slots, each slot pair being offset
fromradial alignment with the axis of said concentric cylindrical plates.
9. A baf VPO ict ure according to claim8 wherein the WHA40lam and two
downst ream el ongated sl ots associated with a heat exchange conduit are

axial ly offoset A HalfRRirodhe 30tRtd o cilith § whkieR kailion BaRRr Replaced -22 |
Filill1 11111122272 iii 1111 * ¢ 14 WO 01/07857 PCT/ USOO 40401 10. A

baffl e st rdggipHéethPétepiof suffiicds Of £t Bnd gWRAIIP cifcuhi? aflay Thbatlekehdsdeer surfaces:
conprise the exterior surfaces of at [east one generally circular array of

heat exchajgduits 6adHdith Ravepaik] ages] £ 1daseomp af wikittedre @ieft padally east some of
which are at least partially surrounded by substantially concentric

apert ur ed satre@idedhysubstigialtindhtentitiapirthred s hadingupmpednt aide pairs in col ums
parallel to the axis of the associated conduit, -further wherein each
concent r i ciosistiehmiaperaeeptin th dojuntns phrallel tonbeivds oftthe Bshciacadcbnduitncent ri c

shells in the circular array to forma larger cylindrical structure. 11. A
baf f| e st rfurthen wherain eachaionmgntrio shellds sevutéd hyhaplaie member tapdjacenticengeatiic S conpri se
el ongated slots, each slot having a long axis generally parallel to the

axi s of t Ishellagsthe ciadulad arréycta formadirgenpylirclpiog sirgcturd,2. A baffl e structure
according to claim 1l wherein pairs of elongated slots are in radial
alignnment is 13. A baffle structure according to claim 11l wherein a heat
exchange conduit is associated with two pairs of el ongated slots, each sl ot
pai r bei ngllof f Aduafflerstypgturg décgrding to claim 10 wherein the aperture pairs comprise

elongated slots, each slot having a long axis generally parallel to the axis of the associated

heat exchange conduit.

12. A baffle structure according to claim 11 wherein pairs of elongated slots are in

radial alignment.

13. A baffle structure according to claim 11 wherein a heat exchange conduit is
associated with two pairs of elongated slots, each slot pair being offset from radial

alignment with the axis of the larger cylindrical structure.

14. A baffle structure according to claim 13 wherein the two upstream and two
downstream elongated slots associated with a heat exchange conduit are axially offset

from one another.
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[T P ——




alignment with the axis of the larger cylindrical structure. 14. A baffle
structure according to claim 13 wherein the two upstreamand two ff
downst ream eVBAYHBId sl ots associated with a heat exchangePeBHIHNML o
axirally offset fromone another. | 1.: This Sheet Has Been Repl aced |

| " ~~~1 11111145111 Afphinb Strldturd dckorling to Slaim 10%wHerodn shilthbdt brhidrerfsuraces?3 1111 WO
01/ 07857 PCT/ US00/ 40401 15. A baffle structure according to claim10

wherein said Remprideifbkictibr satided 68 least har&lylchifeefnit Stdyob lettiekadagfe of at
| east two generally concentric arrays of heat exchange conduits. 16. A

baffl e struct wogdwecording to claim15 wherein the aperture pairs conprise
el ongated slots in radi-al alignnment, each slot having a long axis generally
parallel to the axis of the associated heat exchange conduit. 17. A baffle
structure according to claim2 wherein said heat transfer surfaces

conpri se the et er A®affie ginichae sccoiding teeliimt 15rhereir the spefthrapairs cdmpsiger ay
conprising at least two aligned rows of heat exchange conduits oriented to

have paral | el ekmgsted siotslin\wiiial /lignment] ehch blofHaviag a agmis soneralbcpataliclacithel at e
menbers | ocated upstreamof the first row of heat exchange conduits,
downst r eam of akizef thasdsodinied leht dyemhgecondidtnge condui ts, and between each row
of heat exchange conduits.

17.  Abaffle structure according to claim 2 wherein said heat transfer surfaces

comprise the exterior surfaces of a substantially rectangular array comprising at least two

aligned rows of heat exchange conduits oriented to have paralle] axes, and wherein said

baffles comprise apertured plate members located upstream of the first row of heat

exchange conduits, downstream of the last row of heat exchange conduits, and between

each row of heat exchange conduits.

18. A baffle structure according to claim 17 wherein said fluid flow constriction
apertures comprise columns of apertures in said plate members, said columns of apertures

being aligned with the respective axes of the associated heat exchange conduits.

19. A baffle structure according to claim 2 wherein said heat transfer surfaces
comprise the exterior surfaces of a substantially rectangular array comprising at least
three aligned rows of cylindrical heat exchange conduits oriented to have parallel axes,
and wherein said baffles comprise either: {a) apertured plate members located upstream

of the first row of heat exchange conduits, downstream of the last row of heat exchange

-
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18. A baffle structure according to claim17 wherein said fluid flow
constriction ertures conprise colums of apertures in said plate
menbers, wé’eﬂ“&"”égl ums of apertures being aligned with RGRUSOE4MBEL | ve axes
of the associ ated heat exchange conduits. 19. A baffle structure according

to clai m 2eopififsCind befveth é'h%ﬁ‘}ov\F 6@1@§tfe§£ha§éér doRES; or () BPEhR& diddfe XL Eri or

surfaces of a substantla y rectangul ar” array corrprlsmg at least three

al i gned r omembérs Bavink Aétietm and 8insRedn) ARAGe paiRdUi.t s oriented to have
paral | el axes, and erein said baffles corrpri se either: (a) apertured

pl ate nenbers | ocated upstream of the first row of heat exchange conduits,
downstream of the |last row of heat exchange This Sheet Has Been Repl aced

-24- ~~~~ 30\ 1W¥aHfe srusurdQeébldify BlhifrC Whekeitbaid & trand@rngifices, and bet ween
each row of heat exchange conduits; or (b) apertured sleeve nenbers having

upstream agunpiee'he exterivrsirfeest of & Sutistitislly rettinglartairty bempising éfledse according to
claim2 wherein said heat transfer surfaces conprise the exterior surfaces
of a subst e iraws of cylindticabieat exchanpe condaiGniwith sltenpteatwd cfet front Mjaeentr ows of
cylindrical heat exchange conduits, with alternate rows offset from

adj acent uptéaneachdawnstdammots; tha iveat exchangeltenduitadriented halmye paralidiui t s ori ent ed
to have parallel axes, and wherein said baffles conprise either: (a)

apert ur ed plestand wherkinsad baiflestconiprisepithere rapdriutedplate memberslocatdd heat exchange
conduits, downstream of the |ast row of heat exchange conduits, and

bet ween eaugistreapvofghd fstirow ot krahgehange conduits, dewnsism ofier lasiravdofhesteeves havi ng
upstream and downstream aperture pairs. 21. A baffle structure according to
clai m 1 whexchdnge eqnduits, gridcbetwegmeash mesy of heaterchangesconduitsr asdblapertured heat

transfer surface conprise substantially flat plate nenbers
sleeves having upstream and downstream aperture pairs.

21. A baffle structure according to claim 1 wherein the fluid flow constrictors
associated with a heat transfer surface comprise substantially flat plate members
positioned in pairs edgewise alongside two sides of a heat transfer surface in proximity to

the surface, said plate members being oriented generally orthogonal to said flow path.

22. A baffle structure according to claim 1 wherein the fluid flow constrictors
associated with a heat transfer surface comprise plate members positioned in pairs
alongside two respective sides of the heat transfer surface in proximity to the surface, said
plate members having a contour corresponding to the two respective sides of the heat
transfer surface so as to create channels having upstream and downstream openings along
the two sides of the heat transfer surface, said plate members being joined to other plate

members associated with adjacent heat transfer surfaces.

s I
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positioned in pairs edgew se alongside two sides of a heat transfer surface

In proximty. surface, said plate nenbers being ori rally
or t hogonal t‘gb?gflﬁgfl ow path. 22. A baffle structure accorgggvﬁgooggﬁgl aim1l

wherein the fluid flow constrictors associated with a heat transfer
surface conpri2e pAdaflestwdtge sccpulingtté claimdl furthgyavhersin adieatrigusfe sunface
respective sides of the heat transfer surface in proximty to the surface,
sai-d pl at e nesebwrises healHraryfon enhapringisruetuses. espondi ng, to the two respective
sides of the heat transfer surface so as to create channels having
upstream and downstream openi ngs along the two sides of the heat transfer
surface, said ﬁ}leate menbers being joined to other plate nenbers associ ated

wi th adj acent #eat Athafflestragture agepriingdo claim 23 vimreinsaid hepidtapsferenhaeing Repl aced
Fararerrrrfrrregrr,rer, il 11is WD 01/ 07857 PCT/ USOQ' 40401 23. A baffle
structure accciuFtHgs sonmEpefinglonenis t her wherein a heat transfer surface
conpri ses heat-transfer enhancing structures. 24. A baffle structure
according to claim23 wherein said heat-transfer enhancing structures
conprise fin el enments. A net hod for_enhanci r;glRPeat transfer to or from

a fluid flowirig-cr ésf%%“w_%gf@ snppancing hgah EansiRF torpr frm adlpidfondng roseamisedy o
HRGTI I SRR DS N E TR G A R P
[Lomng (e { o Bt Sollion SRNCTALLY BRGNS Lo, Lhc g of o heat
associ ated w tt{%wslrfagi tlcnje f?u%i 1In a direction generally orthogonal to the axis of a heat exchange

conduit, through at least a paired set of fluid flow constrictors associated with said heat

exchange conduit in at least partial upstream and downstream alignment with each other

and with the associated heat exchange conduit, or along two sides of the associated heat

exchange conduit, or both.

26. A method according to claim 25 wherein said fluid is flowed through at least an
aperture in a baffle upstream of a heat exchange conduit, contacted with the associated
heat exchange conduit, and thereafter flowed through at least an aperture in a baffle

downstream of the heat exchange conduit.

27. A method according to claim 26 wherein the apertures in the baffles comprise

elongated slots.
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exchange conduit in at |east partial upstream and downstream alignment wth
each other and with the associ ated heat exchange conduit, or along two

si des of WOI¥0BELoci at ed heat exchange conduit, or bot HCTAS00/48400et hod
according to claim25 wherein said fluid is flowed through at |east an

aperture 5.2 bahkhs 44B5iiing Riin 2 iRin GHIMIGRoRNHbE mBONt 2t ed Wi th

the associated heat exchange conduit, and thereafter fTowed through at

| east an agRfrhrds, @adhdfSet BrabfthediredfoM WTHLRIGWON dvafeiRateacfRBEHE Ccondui t. 27.
A nmet hod according to claim 26 wherein the apertures in the baffles

conpri se akRmget@duis coitsctedhithhSheRiatdddatBreiandsaoh@ic shdlifisrdahidd 1111111
111111111211 ~ilTluji-{ -26- ¢ M$ f ~~t WD 01/07857 PCT/ US00/ 40401 28. A

met hod acclivwbdnigoigh t&b apenurs, eaktesfiserfraniihe diredtibalof fuid flowata bafi®ugh t wo
apertures, each offset fromthe direction of fluid flow, in a baffle
upst r eam odowhstreani of titehtaergangecoddiit , contacted with the associ ated heat
exchange conduit, and thereafter flowed through two apertures, each offset
fromthe direction of fluid flow, in a baffle downstream of the heat
exchange conduit. 29. A nethod according to claim25 wherein said fluid is
f1 owed t hr2ugh Aemethod avgording tpelaimi 23gvhetein spidSluidoin Sowgaisthroegimancandy one
downstream row of heat exchange conduits in which a heat exchange conduit
i S associ atomprising bt least dne apstream pud enedlowustrearh réw of hitaf dxodhangeamdyitsiict ors. 30. A
met hod according to claim29 conprising three or nore rows of heat exchange
which a heat exchange conduit is associated with at least a paired set of fluid flow

constrictors.

30. A method according to claim 29 comprising three or r_nbre rows of heat exchange
' conduits wherein said fluid flow constrictors comprise either: (a) apertured plate

members located upsiream of the first row of heat exchange ¢onduits, downstream of the
last row of heat exchange conduits, and between each row of heat exchange conduits; or

(b) apertured sleeves having upstream and downstream aperture pairs.

31. A method according to claim 30 wherein said rows of heat exchange conduits are

aligned to create substantially linear channels through the array.

32. A method according to claim 31 wherein the fluid is flowed through the array in a

direction orthogonal to the rows of heat exchange conduits.

This Sheet Has Been Replaced

LT UL ML




conduits wherein said fluid flow constrictors conprise either: (a)
apertured plate nenbers |ocated upstreamof the first row of heat exchange
condui ts, dw@meream of the |ast row of heat exchange coREGIUSYW/A404k}q

bet ween each row of heat exchange conduits; or (b) apertured sl eeves

having upst ream and, gy d&%rﬁﬁg\ ﬁltB‘I'R\?leﬂﬁl'tﬁeSﬂmdlsﬂowéﬁl?luoeg ang e cor di ng

to claim 30 e€rei n sal eat exchange conduits are aligned to

cr.eat e subst a@,},éc%[l%%o\{;\ﬂ%eg%@gp&,? ot“tgrophgbe,gc JEdndYits. 32. A net hod

according to clarm ereth the fluid is flowed through the array in a
direction orthogonal to the rows of heat exchange conduits. This Sheet Has
Been Replaced flhllill11011111111111 -27 WO 01/07857 PCTNS00/ 40401 33. A

met hod accor dsfg tOmehad Beddinkhirdlh Bo Whteih bikinthtd ows biemdxdnmigeugtiuithe array
in a direction diagonal to the planes of the rows of heat exchange;

conduits. 34. A &6k hpfivént tlot@r.t 0 claim 30 wherein alternate rows of heat
exchange conduits are offset relative to one another. 35. A nethod
according to claim34 wherein fluid is flowed through the array in a
direction orthogonal to the planes of the rows of heat exchange conduits.

36. A nmethod ggcorglingfiod fcoldm Fméﬁm\maﬂﬂieﬂlﬁtﬁdjkﬂmivﬁﬁlﬂoﬁglﬂﬁeﬁuymjgh t he
array in a direction diagonal to the planes of the rows of heat exchange

condui ts. 37. difectii sdg@R0 téiphies oF tielrawsofhbat whehasgecomdaitel fluid is flowed
through channels along two respective sides of a heat exchange conduit,
sai d channel s being defined by at |least a pair of substantially flat pI ate
menbers positioned edgew se al ongside the two

36. A method according to claim 34 wherein fluid is flowed through the array in a

direction diagonal to the planes of the rows of heat exchange conduits.

37. A method according to claim 25 wherein said fluid is flowed through channels
along two respective sides of a heat exchange conduit, said channels being defined by at
least a pair of substantially flat plate members positioned edgewise alongside the two
respective sides of the heat exchange conduit, in proximity to the outer surface of the heat
exchange conduit, the plate members being oriented generally orthogenal to the direction

of fluid flow.

38. A method according to claim 25 wherein said fluid is flowed through channels
along two respective sides of a heat exchange conduit, said channels being defined by a
pair of plate members positioned alongside the two respective sides of the heat exchange

conduit in proximity to the outer surface of the conduit, said plate members having a

_—
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respective sides of the heat exchange conduit, in proximty to the outer
surface of the heat exchange conduit, the plate nenbers being oriented
general | yw8r°f/ﬁ7(§§170nal to the direction of fluid flow 3®CTASA¥40401d
according to claim25 wherein said fluid is flowed through channels al ong

t wo 1 espectdoniBurdofiEspomiingito BRFHvo %ﬁé@ﬁ%e?&fm;fﬁg e[xél?a!ng\?, %gﬂ@ﬂaenld%eigge I ng

defined by a pair of plate nenbers positione ong e tWo°respective
sides of t ¢ btherplite RgMbers Sd36kittd 4 HoNan (N AV ut er surface of

t he condui Pénsai d pllgte menber s%ﬁ@ﬁﬁ#ﬁt%ﬁég&%&?@@%n Repl aced - 28
lr,,22 L M 11,11121121121121 211111111 |I~~1 WD 01/07857 PCT/ US00/ 40401
contour corresponding to the two respective sides of the heat exchange
conduit and being joined to other plate nenbers associated with adjacent
heat exchange conduits. This Sheet Has Been Replaced 1111111 II1111i 1111
112 2122 treeerr 1211211 12(¢212 hiklborre ot =29 1.
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