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I NCLUDI NG METHODS -OF FABRI CATI ON AND.USE THEREOF Rel ated Applications This
-application clains the benefit of U S. Provisional 10 Application Serial
No. 60/374171 filed April 19, 2002. Field of Invention The present
invention relates generally to heat transfer tubes, their nethod of
formati on and use. More particularly, the present invention relates to an
i nproved boiling tube, a nmethod of nmanufacture and use of that 15 tube in
an inproved refrigerant evaporator or chiller. Background of the Invention
A conponent waees/mesesft | ndustrial air conditioning and refrigetakhiPiss;
systens is a refrigerant evaporator or chiller. In sinple terns, 20
chillers renove heat froma cooling nediumthat enters the unit, and
deliver refreshed cooling nediumto the air conditioning or refrigeration
systemto effect cooling of a structure, device or given area. Refrigerant
evaporators on chillers use a liquid refrigerant or other working fluid to
acconplish this task. Refrigerant evaporators on chillers |ower the
temperature of a<ooling 2HEREHTRANSFER TUBESINCLEPINGMETHGDSf | ui d) ,

bel ow that which coul d be obt AHEABRICATION AND USETHEREOF or use by the
air conditioning or refrigeration system One type of a chiller is a

fl ooded chiller. In flooded chiller applications, a plurality of heat

~transfer tubes are fRelatedsypplisatiens in a pool of 30 a two-phase boiling
refrigerant. The refrigerant is often a chlorinated fluorinated hydrocarbon
(i.e., "Freon") having a speciThisedppitwatibmoclsienpahat bunefit of q0S] i PrevigRdium
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Field of Inventian

The present invention relates generally to heat transfer tubes,
their method of formation and use. More particularly, the present invention
relates to an improved boiling tube, 8 method of manufacture and use of that

15  tube in an improved refrigerant svaporator or chiller,

Background of the Invention
A component device of industrial air conditioning and
refrigeration systems is 2 refrigerant evaporator or chiller, In simple terms,

20 chillers remove heat from 2 cooling medium that enters the 1mit, and deliver

refreshed cooling medium to the air conditioning or refrigeration systemn to

effect cooling of a structure, device or given area. Refrigerant evaporators on

chillers use a liquid refrigerant or other working fluid to accomplish this task.

Refrigerant evaporators on chillers lower the temperature of a cooling

25 medium, soch as witer (or some other fluid), below that which could be

obtained from ambient conditions for use by the ait conditioning or
refrigeration system.

One type of a chiller is a flooded chiller. In flooded chiller

applications, a plurality of heat transfer tubes are fully submerged in a pool of

30 a two-phase boiling refriperant. The réﬁige_rant is ofien a chlorinated-

fluorinated hydrocarbon (i.e., “Freon™) having a specified boiling temperature.

A cooling medium, often water, is processed by the chiller. The cooling




- medium enters the evaporator and is delivered to the pl up&cddbyr 06t ubes,
which "are subnerged in a boiling liquid refrigerant. As a result, such
tubes are- commonly known as "boiling-tubes"” The cool i ng nmedi um passi ng-
through the plurality of tubes.is chilled as it gives up its heat to the
boiling refrigerant 5 The vapor fromthe boiling refrigerant-is delivered
to a conpressor which conpresses the vapor to a higher pressure and
tenperature. The high pressure and tenperature vapor is then routed to a
condenser where it is condensed for eventual return through an expansion

device to thepey@dggsator to [ ower the pressure and tenperat pefysdisq of
ordinary skill in the %rt w || appreciate 10 that the foregolng occurs in
Rﬁ%\%o

keeping with the wel¥® Hﬁ\/ﬁ?t‘?r%fhlaeieﬁ%‘wwdé%{ﬂ@ewc‘l@ thepl tyhes, whigh

transfer perfor mancemrefsubmbi@ed iNG difiS LGHAREGEHt N & § HuliI A el dPe
enhanced by formng fins on_the outside “surface of the tube. It Is also

known to enhance t hefORERPILY kapwr @ “bejling tupest The pealingmpedivb gagsingriaorighi ng

the inner tube surfage.H bl 6P = | ' of

such a nodification topt"ﬁe W%n{g&%%@@%?{g%@&gﬁ%%ﬁﬁb ﬁﬁ‘@ﬁ@%rﬁé&@%ﬁm

3,847,212, to W therTheJvapor dtonnkhe, boiling reftigaratteis deliversd nwy ardotigeessonwhich

tube's inner surface. |t own t hat thg fins canﬂg dified to
[

' h k
further enhance hear{on{pf%s:gésftg%g%ﬁufh @&g%rpnﬁeﬁﬁw TS TE o HifEe®have

come to be 20 . refamdnesdpémunsvapiicisevngotied td £8oidehRs whiRar RboBfensed face
of nucleate boiling tubes are formed to produce nultiple cavities or pores

(often referred to af'é’emﬁf}i Tefurg tgpugh @ exmangan deyies fo theatvapeisiar de loyemibngs
;’r\g' ch permt small ﬁ&%ﬁe%ﬂ%%{sé@tﬂﬂ M@'ﬂ%r&iﬂ%\?%ggﬂgmg R{IEL re%%'t@an q

vapor bubbles tend fo format the base or root nucl eation’si

grow i n size untl® thesyhfozegeinpsocgwesyin keeping with de well- dndwen seffifereon &ymda
breaki ng away, additional |i gyi: 4 a t gkes the vacate ace,and
the process is repeated to fgir{r%?é?ﬁ‘g;r' th#%%gh%%%ﬁ %%t.%m?]ﬁn‘ieh&;aqnjé’ﬁﬁlgr, bfhe
liquid refrigerant issbroeigkddh afréfriperantagemr hez ethanedd By formimd fihy onfthauetkidat e
boiling sites provide

Pat. No. 4,660,630 € ﬁ%ﬂ?ﬁ‘ﬁ%ﬂ@% T 3150 1Efndo e i hest wramsher sbiity of s

: boiling tube by modifying the inner tube surface that contacts the cooling
15 medium. One example of such a modification to the inner tube surface is
shown in U.S. Patent No. 3,847,212, to Wither, Jr.,, et al., which teaches

forming ridges on a tube’s inmer surface.
It is further known that the fing can he modified to further
enhance heat transferability. For example, some boiling tubes have come to be
\) 20 . referred to as nucleate boiling tubes. The outer surface of nucleate boiling
tubes are formed to produce multiple cavities or pores (ofien referred to as
boiling or nucleation sifes) that provide openings which permit small
refrigerant vapor bubbles to be formed therein. The vapor bubbles tend to
form at the base or Toot of the nucleation site and grow in size until they break
25 away from the outer tube surfice. Upon breaking away, additional liguid
tefrigerant takes the vacated space and the process is repeated to form other
vapor bubbles, In this manner, the liquid refrigerant is boiled off or vaporized
at & plurality of nucleate boiling sites provided on the outer surface of the

metallic tubes.

30 U.S. Pat. No. 4,660,630 to Cunningham et al. shows nucleate
boiling cavities or pores formed by notching or grooving fins on the outer
~ surface of the tube. The notches are formed in a direction essentially
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. boiling cavities or pores formed by notching or groovi ng9Cchber®08 he out er
- surface of the tube. The notches are fornmed in a direction essentially 2
19 Cctober 2006 WO 03/089865 PCTI US03/ 12551 perpendicular to the plane of
the fins. The inner tube surface includes helical ridges. This patent also
di scl oses a cross-grooving operation that deforns the fin tips such that
nucl eate boiling cavities (or channels) are fornmed having a greater width
than the surface openings. This construction permts the vapor 5 bubbles to
travel outvvardlg t hrough the cavity, to and through the narrower surface
openi ngs, WY@R#88her enhances heat transferability. Vari opgTiuso®sssi
produced i n accor dangapwididulirie t3'HIRi et . .
mar ket ed by Wl veri ng&!i'ub .Inc. u%(%g?g{]%g‘m{%'a gnué]lr?ég Q%R%%Pa\fgﬁmf lr%Ehcal
anot her nucl eat e boi Ffigfs- tlisatens elee disglosescherrosskgaooving eparationThRRIDdri hs
10 the notches are f . f.the fins. In
TR0 sl O A Bl 1 SR e i g o

some heat transfer tubes, the fins are r ver an I
they are forned so agreeler pididitive theswfare gaprngshiTHis osetruétor hemits SeOfbor

cavities or channgls ' r0oot,s 0 he f.ins and the sides o
adj acent pairs o?§ fi?\lgstfsi‘%ggnpgélstglfq‘%%ﬁd@ag"?qé thﬁﬁ%‘gtyo%ﬂllgﬂfrﬁ?ﬂtb%ﬁﬁnm’?ﬁ ed
ot Mo 4705, 058, Zahl ot U B Ny Yo B
at . . 4, : ; r. U.S. Pat. . 5, , ; Nishizawa et al U'S.
Pat. No. 5,186, 252;”&&‘?“ gmetac%ﬂf‘?a&}.‘:%.w‘lﬂétge Ngl.“ﬂslﬁ 2 6ozl pent; bave heent he
density and size of markkearbyoQ7dlvéthePPHRS M2 SndBERR ﬁmﬁ?&é@é@e Blri or
refrig

art Moreover, the interrel ationship between pore 20 size an ‘erant
:it\%pe has al so been r@CHGhnoeeate hoillvg tub, aparkated wiksr the tradwmark SURBG BRI ent
5, 146, 979 t opBohh g hotehbsRes ' esf or man i ng hi gher
pressure refrigerants B?/ ersr'p 05“‘?’%‘5@%‘5 egsﬁgﬁv@ﬁ%’ﬁ]ﬁgéﬁn@ggg‘%ﬁi ng pores
rangi ng i n size from 0. 0002201 gorme cishin cmestert mbes) 1A G4 Oars FYBEE ovrC gFor( t he

L) oot o DO I b T S B v ™
larger cavities or channels defined by the roots of the fins and the sides of
adjacent paiis of fins. Examples include the tubes of the following United

15  States patents: Cunningham et al U.S, Pat. No. 4,660,630; Zohler U.S.. Pat.
No. 4,765,058; Zohler U.S. Pat. No, 5,054,548; Nishizawa et al U.S. Pat. No.
5,186,252; Chiang et al U.8. Pat. No. 5,333,682,

Controlling the density and size of nuclear boiling pores has

been recognized in the prior art. Moreover, the interrelationship between pore

20 size and refrigerant type has also been recognized in the prior art, For
\) example, TU.S. Patent No. 5,146,979 to Bohler pmpurts to increase
performance using higher pressure refrigerants by employing tubes having

nucleate boiling pores ranging in size from 0.000220 square inches to

0.000440 square inches (the total area of the pods being from 14% to 28% of

25 the total outer surface area). In another example, U.S. Patent No. 5 ,697,430 to

Thors et al. also discloses a heat transfer tube having a plurality of radially

outwardly extending helical fins. The tube inner surface has a plurality of

helical ridges. The fins of the outer surface are notched to provide nucleate

boiling sites having pores. The fins and notches are spaced to provide pores

30 having an average area less than 0.00009 square inches and a pore dengity of

at least 2000 per square inch of the tube’s outer surface. The helical ridges on

the imner surface have a predetermined ridge height and pitch, and are
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Thorn et al. also discloses a heat transfer tube havi ng 18 QutabecdOogy of
radially outwardly extending helical fins. The tube inner surface has a
plurality of helical ridges. The fins of the outer surface are notched to
provi de nucleate boiling sites havi ng pores. The fins and notches are
spaced to provide pores 30 having an average area | ess than 0.00009 square
i nches and a B@Ft@nﬁﬁeﬁtsﬁtwe‘lﬁﬁma? helixs engden 0 upss roadguigrascordrape ofithtthe t ube' s
outer surfaceinvdii@nd 164 inGPpatdnt HHRSON offErBE AR udét HRCEIBANE TWRBO
predeterm ned ridge height and pitch, and are 3 19 Cctober 2006
posi ti oned at Bgﬂ%r edeterm ned helix angle. Tubes made in accordance with
the inventions of Tigl R &RinRaYERREOnG] LEI fith the
trademark TURBO BIII(r ?Q@The I|1n us?@y antl nug{s;!prtg‘;(%qed;%glkﬁl lgﬁﬂew and
i nproved desi gHgndsyheahteanstero ande ghillerc perfremance.r Emﬁw%&@hlﬂaﬂeetr No.
performance. E653 &saiiRlifes Y-hoat tﬁﬁ&f@rnﬁlbé\kﬂavmé P extedd zsugl’aéecu]:o?;ﬁ?lg Bidreat
transfer tube having an external surface con Igured to prov oth an
i ncreased ar eBrowfle betk ap iigeeaspd asee of hafubgs piterad sefate eyl toponpidgac-ewragnt r ant
cavities as n&b%ltﬁ%é B1SHbESitds o BroRIR! &ci%%'bgﬁﬁlg Qgﬁlkﬂgﬁ%sﬁba'i@nl fply. U S,
Patent No. 6,167,950 discloses a heat transfer tu use 1 n a condenser
Wi th notched &MeF-950) dissiasesseheat demasferoibs furisel in o cprdsnast éméirlmitqhesgendof
refrigerant frgmtfieictd &nﬁ,ﬁ?etﬁth‘ﬂ%ot@dralﬁbgérbf ﬁje%\fgelr:—ﬂlpﬁ:gﬁttﬁe i) f*\ts
remai ns a goal to increase the heat tran erformance of nuc eate
boi 1ing t ubesbXwichedetglpprosnisnione wein i rewring zrggal tssinceeass the datitpesfat i on
'system oper at hdRnfRRL Sr FhclBhd bMAR h@uebile TRGRA Sub 06t desi gn
of nore effi ctljent t ubes a%d chil H%ers ande neﬁﬁ rgggg:#a G &Jflgégtjr%}ﬁlg such
tubes. Consi SFERMoR sYstam eperefial wats tah anipimuse Fevels. n"a?leem igeas inslude teect ed t o
- inproving thegesgbf ﬂBx@%@ﬁ‘c?enPﬂ(ub&%ﬁH clﬁff&?%ﬂc@ﬁe&b’rﬂ%‘? nﬂﬁﬂ?&ﬁ“g)éu Qbe ' n
particular, the performance of heat eXch ange tubes use
chillers or f@ensisiegt Mithnuglsralsathe amesent Syremtiey o fdiredied Fmvem@wrﬁl then t he
first aspect ﬁfo%c@S%ﬂéxch&‘é@%h@é&eﬁW% lnspaptic(a}ﬁ AechBrohfdbe bff ansf er
tube suitable for use in a refrigerant evaporator conprising an outer
surface, the lsat@rhanggfubgscscdip flopdedichifjers ar fabing film appliestions. fins and a
plurality of channels extending

it

Summary of the Invention

In the first aspect of the present invention, there is provided a heat transfer
tube suitable for use in a refrigerant evaporator comprising an outer surface, the outer
surface comprising: a. a plurality of fins and a plurality of channels extending
between the fins, wherein notches are formed in the fins; and b. at least one dual

+ cavity nucleate boiling pore formed at the intersection of a notch and a channel,
wherein the nucleate boiling pore comprises a first nucleate boiling cavity and a
second nucleate boiling cavity, wherein the -ﬁrst nucleate boiling cavity is at least
partially defined by at least a portion of the notch extending at least partially over the
channel and wherein the second nucleate boiling cavity is at least partially defined by
at least a portion of a notched fin extending at least partially over the notch.

In a second aspect of the present invention, there is provided a method of
fabricating a heat transfer tube having an inner surface and an outer surface, the

- method comprising: (a) forming a plurality of fins on the outer surface of the tube,

wherein a plurality of channels extend between adjacent fins; (b) notching at least




between the fins, wherein notches are fornmed in the fingg Qututlet2006t | east
one dual <cavity nucleate boiling pore fornmed at the intersection of a
notch and a channel, wherein the nucleate boiling pore conprises a first
nucl eate boiling cavity and a second nucleate boiling cavity, wherein the
first nucleate boiling cavity is at least partially defined by at |east a
portion of theomRelidhe Bette fammghyelity ehsetchsaralicmin 3 firsimiclethboilipheavitel and
uherel n the SRCANGYEERS Scfith tyd) bl nd & nlon) £R5K) BaHddaAber el I ned by
at least a portion of a notched Tin ext end| Ing at least partially over the
notch. In a s&amesslsase poftionleba petekedrin todoremt sqgwd nbleste byingpeayity ded a
method of  f aby dop@nlehich WiAthe AEARSHEE b lugg AYing an inner surface and an
outer surface, the nmethod conprising % ? ing a plurality of fins on
the outer surface &F atthied aspped of tbmé'feéﬁﬂﬁllafeﬁlqyr giefet iy rodvided sannielpsovest end

bet ween adj ac%ﬁﬁ%eﬁ‘dn[‘@va%}&g%r Q@ﬁlﬁihﬂégaaa{ sHeff A5t r %&Ml@]ﬂet %—Qﬁﬁ a3one of the

fins to forma urali wherein a first nuc eate |I|ng
cavity is at?f éﬁé&?nedmtttramfpryulerewﬁn@tiletfpelhar@hanmct withl the refogernt, thad (c)

bendi ng over fgat twhhRrtteh QhpAling: 8284 ofiteP Arke® bafdf oufer @Qltﬁﬁg%gml)ﬁ&gt g forma
second nucl eate boil i ng cavity _in comrunication wt st "hucl eate
boi | i ng cavi t plurafity of fiomwith %@ﬁelétext@mdlmm@tmsaémem fivse whrem notchesraze j s

provided an i rpnevadhe il hidde afddss GUARAL XL AY nuc'fawouag L Pl Bimefta gll; b. a
refrigerant within the shell; and c. | east one transter tube

~within the s h@quseatﬂﬂ& qf 3 netshad o Cbﬁnfiﬂ théeméhermlgbataht)lhng pase coraprises # ansf er

t ube COWDH Si pei nl!lciea@rbom-ﬂged’avxﬁuﬂdaé:%corﬁ:laﬁlﬂle%tb%{hnﬁ léé% hi Bé gy a
plurality of fins with channel’'s extendin etween adj acent fin wherein

not ches are TustsaePoiling cAtyfip plsleash partially, gﬁﬁﬂed @a@ﬂea@mpm ofcthe n@tyh nucl eat e
boi i ng pore @R atfeadt Perially Uvef &efeﬁanga Al v&eﬁﬁttﬁ@sé&ﬁ rﬁcﬁaéle&ﬁh wher ein

the nucleate boiling pore conprises a first nucleate bolling cav%ty and a
second nucl eaf®ithi g |1‘?‘i‘§f R?&Wll gefingh by et lgast paottion of 2 npghddelin extdpdinkiahg cavity

is at |east p@gsttr,ﬁ{l,!ﬂwd;j,@,fth@ﬁgchby at least a portion of the notch extending
at least partially over the channel and wherein the second nucl eate boiling

cavity is at | eastTlﬁfa?fﬁboé}mﬁytsdgfth%éﬂelﬁwnﬁn limpreve Bpquarior deet skehangrot ched fin
~extending at wh&Asid Rdekal e¥ap9¥dﬁ{1rs t efomhg%ﬂﬁ}smaﬂm%ﬁ@&f fuddatd he

i nvention can i_mprove upon prior %
boiling cavities to increase the heat exchange capability of the tube and, as a result

performance of a chiller including one or more of such tubes. It is to be understood
that a preferred embodiment of the present invention comprises or includes a tube
having at least one dual cavity boiling cavity or pore. While the tubes disclosed
herein are especially effective in use in boiling applications using high pressure
refrigerants, they may be used with low pressure refrigerants as well.

Also disclosed is an improved heat transfer tube. The improved heat transfer
tube can be suitable for boiling or falling film evaporation applications where the

tube’s outer surface
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tubes and refrigerant evaporators by form ng and provi dite@cebbeaooed

nucl eate boiling cavities to increase the heat exchange capability of the
tube and, as a result, performance of a chiller including one or nore of
such tubes. It is to be understood that a preferred enbodi nent of the
present invention conprises or includes a tube having at |east one dual
cavi ty boi | i ngeréasisiabpilise liged ecfriggnt.dn e eefoneh enbofiisatt.cxdetalithof eilialbar e

especi al |y ef faghikeexididilg ﬁenca frh@'a}el tF'xQneﬁBH koG aHel QB HABY. The BRESSUT €
refrigerants, they ‘may be used wit ressure refri gerants as well. Also
disclosed is QWfPW%%UW@d“ﬁ@ﬁﬁﬂﬁﬁaﬁ§Pé@ntmﬁbmwtm@nsﬁ%ﬁ@ﬂéﬂwheﬁ%mﬂhansfer
tube can be sgh{AR e fl&éhe@% iﬂcﬁgseocfle trd?l{uhé Bgszge' &ﬁﬂl@%{&%{e@&oﬁz&g APl cat i ons
where the tube's outer surface 2006 contact oiling

li quid refri g&haiep surfage of the Bpseare eet evmereﬂ roBee to formt sgeeridipoye f@fﬂtyr bk ally
outwardly ext gReiabolfbirfiRh dbfife d@eﬁ a9 pORE 00Mat AR t?x%)ﬁ%r}ct?#é{t)@tﬁzﬁmp fthe

~tube. The fins are notched and the tlps bent over eate boiling

cavities. TheokGpezaien husbles.{Ihainteragl seréacn of b bl may ialve beerbenceiessugol une or
~size of the nbkci)ﬁ?e%di}fg' it rﬁl@é’s‘ églblf'gsthe idtBiGall ﬁ&a&UEJ erofamthpa lfléaps are

bent over and rolled to forma second pore cavity resu
confi gur at i onlrefsfer heweanthe caokivg Wdip@rwﬂlﬂrth@hgihfhe Fltbe Ta@fl the mﬁagm‘mu iy od uction

of .vapori zat i gficR Hﬁ%&%ﬂaym%ulﬁrﬁgr nak co%':r'&f AE BreSint IDEtoH RN BMHited

enhanced such as_ by providing %ﬁ lical ridges along the |Interna surface
to further fa@WﬂWﬂﬁN@“ﬁ@ﬁFlm%ﬁ@ﬁ?@@ﬁFﬂbﬁtmeen the cooling nedlun1flomnng

- through the tube apf,tghgiosafit ix grﬁé’tﬁdatof'fﬁmr]%%h%ﬁr%eedtﬁégetrm?& Be.SWpMer ged.

Of course, the %gesent i nvention i s not an partlcular i nterna
sur face enhankieiveed empadiment sef] @geavqnsedam#bmdqmmde ff@rmmgofafwmmgmved heat

transfer t Ubeplur%lltym’fﬁﬁﬂlfy%tm?@xfgﬁ&lﬁ% fhs Btbﬂle OH%F 0f:8f. TPHHAGHd B udes the

steps of formng a plurality of radially outwardly extending fins on the
out er sur f acebsyfing e fingl9a theggiger SW@@épﬁ@ettlﬁle fdtehingand bhedina the feftwyerf ace of

the tube, notGhiun@ eI AboSks} Nkl fo VAT auaf EEITRIALIAC G NOL Ches)

material to formdual cavity nucleate ng sit I ch enfiance heat
transfer betwskigh erhancedishii tF?@Sfﬁ%bﬁf‘anftb‘bWOhgg miadionflovinethraygh thegnbt t he

boi i ng refriganitoilind rdsdriht Gt HRE 1f¥BYhad Be SHREREGE.

Also disclosed is an improved refrigerant evaporator. The 1mproved

evaporator, or chiller, includes at least one tube made in accordance with the present

- invention that is suitable for boiling or falling film evaporation applications. In a

preferred embodiment, the exterior of the tube includes a plurality of radially

outwardly extending fins. The fins are notched. The fins are bent to increase the

-available surface areas on which heat transfer may occur and to form nucleate dual
cavity boiling sites, thus enhancing heat transfer performance. '

Embodiments can provide an improved heat transfer tube.




Al so disclosed is an inproved refrigerant evaporator. The Ocmpecxoed
evaporator, or chiller, includes at |east one tube made in accordance with
the present invention that is suitable for boiling or falling film
evaporation applications. In a preferred enbodinent, the exterior of the
tube includes a plurality of radially outwardly extending fins. The fins
are notched. The fEnbodimenthedutprévddd dnciprasal Hehi@ransuaibealdt & ssitbicafoe ar eas on
whi ch heat tr er cur..and to formnucl eate dual cavity boiling
sites, thus eﬁr}gh ?dr?g%de%ﬁmlgﬁgﬂg‘faé’f’raf%f“?pgfar?ﬁﬁ%e. Enbodi ments can provide an
i nproved heat transmBsdindie can frovife ¥ tni6Ved R GranFebRGE BNEFin&ARasPr OVi de an
i nproved heat transfer tube that is suitable for both flooded and falling
fil mevapor at B?e‘g’g];ﬂa?”ﬁya‘?‘ic & botig§ts nent s can provi de an inproved heat
Lransfer tube that gghdingss bAGRbvid Rty silithab i IPAGALBROLLI Y ST L.
Enbodi ments can provide a_nethod of nmanufacturing eat transter tube for
boi l'ing and f beilingrndifelling Bloptnpbestipem wheroih et leash ongt dupbasity wivisaid bailing avi t y
nucl eate boil iRgs 10ehtbPoh fheloBERMLBE sRficd A& nAH gghethgg(?raﬁéférfcgga%ﬂ ofjfance the
heat transfer capability of the tube. Enbodi ments can provi de an inproved
nucl eate boi |l {Uhg tube for applications wherein fins formed on the outer

t ube surface have gﬁ &I'B@:ﬂé c OV i1 s . or
convective vapori zat Forll to %%%F@%&;%n %{ﬁg‘% nthHgﬂﬁié(g{ﬁgﬁlgeﬁ%faéﬁhgagigtbsabi lity of
the tube. Enbwhtreieding ferand pr 8w aiter subl gerface hayestfeen bend epwiide hddithobludes:
surface enhaligRiPRa foP o Glpolitifa YT HAES, LhAh.CAN RE RLAGHCed 10 a
single pass by finning equipnent odi nents can provide a heat transfer

t ube whi ch i nedpehiléts ofiletdbee enhancenents to the inner tube surface which
facilitate flow ofcljiguid inside the tube Lncrease. the internal surface
area, and facili ta]?%tcgyérﬁ né%twbé)f%(%na (i fr?"(itffcfu en&’%1 n (él}’l%ﬁl S"%%?ef ace area
- 80 as to furténbencembran cetiichetdnedte surfarestharcas dpaboéducddyinaf sihfle phashis.

Enbodi nent s c%mpgre%fp%eema met hod to rmake an inproved heat transfer tube

Embodiments can provide a heat transfer tube which includes surface
enhancements to the inner tube surface which facilitate flow of liquid inside the tube,
increase the internal surface area, and facilitate contact between the liquid and
intemnal surface area so as to further enhance the heat transfer capability of the tube.

Embodiments can provide a method to make an improved heat transfer tube
that defines at least one dual cavity nucleate boiling site.

Embodiments can provide an improved refrigerant evaporator.

Embodiments can provide an improved refrigerant evaporator having at least

one heat transfer tube having at least one dual cavity nucleate boiling site.




that defines at | east one dual cavity nucl eate boiling siotGrtobEntmodi ment s
can provide an inproved refrigerant evaporator. Enbodi nents can provide an
i nproved refrigerant evaporator having at |east one heat transfer tube
having at | east one dual cavity nucleate boiling site. 6 19 Cctober 2006
Enbodi nents can provide an inproved refrigerant evaporator having a
plurality of heat Emhodifnents tca @sovidee beiimp@aeh reffigesant evipshas hietdgnes a
plurality of dual. Vi t ucl.eate boiling.sites. odi ts n, provi de
an inproved r 8L e‘?fg]ﬁ?t %agga}%rg‘fﬂéets ot e??g‘veiaﬁlbgfa uch %‘E%St‘ggg‘ﬁ@ pﬁ‘ggﬁftytofg%éf er tube
that is provi ceitynwididntechodlingsimasi ty nucl eate boiling sites. Enbodi nents can
provide a nethod of formng a heat transfer tube by bending the fins to
define multiple cabMPYliREET easeovids an imgraypd wdizerppiedaroser hving et Iegsht ures and

advant ages of ofdiRafifasBithbd that & PrbRiedWitt qubEcavieRRak baligdsiggd under st ood by
readi ng the present specification including the appended draw ngs. Bri ef

Description of theEmbedipas cim grovidej a methof | of fotrping jaokrabfransfer ditbg Ber ant

evapor at or ”Bgéhdin?t%ﬁ&&@éﬁﬁ@m‘&ﬁibf&_ca@i%u@feﬁ@S&IinéJi‘t\éé’:nti on. Fig. 2 is an
enl arged, parti al }fhbroken away axi al “cross-sectional view of a heat

transfer tube nadeTheic gu¢ othgmfrewrasiand adpantageesetht preserdrinvention Filhbe 3 i s an
enl arged, pargiall j | - [ i1 [ of a
ged - Pl bttt QNP BndR6a ) Rlagiff AP pREGE | BlMcalidnl HEhGRE! AL

preferred enbodi ment of made” 1 n accordancé wth the
present i nvefrcwded dEwgngs4 s a phot onmi crograph of the outer surface of the
tube of Fig. 2 subsequent to fin-bending. Fig. 5 is a cross-section taken
along line 3-3in Fig, 4. Fig. 6 is a cross-section taken along line 4-4
in Fig. 4. FiBriefDeéssriptiguodtiemanigpsaph of an outer surface of a heat

transfer tube madeFii . ACC rsgrat'rjl%e fV\/itﬁj.thetéaresetnt i hventio sub%lequent to
r oot and fl n nOtChI ﬁg guatn B]Tll 8 on o1 a reirgerant cvaporator made 1n accordance wi

the present invention.
Fig. 2 is an enlarged, partially broken away axial cross-sectional view of a heat
transfer tube made in accordance with the present invention.

Fig. 3 is an enlarged, partially broken away axial cross-sectional illustration
of a preferred embodiment of a heat transfer tube made in accordance with the present
mvention.

Fig. 4 is a photomicrograph of the outer surface of the tube of Fig. 2
subsequent to fin-bending,

Fig. 5 is a cross-section taken along line 3-3 in Fig, 4.

. Fig. 6 is a cross-section taken along line 4-4 in Fig. 4.

Fig, 7 is a photomicrograph of an outer surface of a heat transfer tube made

in accordance with the present invention subsequent to root and fin notching but prior

to fin-bending.

Fig. 8 is a schematic depiction of the outer surface of the tube of Fig. 3.




to fin-bending. Fig. 8 IS a schematic depiction of the daCebetb@ice of the
~‘tube of Fig. 83 7 - ------ - ---- 19 Qctober 2006 WO 03/089865

PCTI US03/ 12551 Fig. 9 is a graph conparing an efficiency index for the
tube of. the present invention and a heat exchange tube nmade in accordance
with the inventions disclosed in U S. Patent No. 5,697,430. Fig. 10 is a
graph conparing the inside heat transfer 5 performance of the tube of the
present invention and a heat exchange tube mnade in accordance with the

i nventions disclosed in U S. Patent No. 5,697,430. Fig, 11 is a graph
conparing t WO §¥88dre drop of the tube of the present inveRETBHHEMS1a

heat exchange tube nade in acg gquwht& 6}3 &b e RVEBY hRIRR fOY &6 in
U S. Patent No. 5, 697 430. Fi g%rlz IS ﬁng grl n B"[‘rhe over al Ilngﬁggt

transfer coeffici entth® peesen lﬂ@tlpgén‘éﬁthﬂﬂmﬂhma“dle v ragcerdancefwith te,
QA . Detailed Descriplnighs & cl&%ﬁfffé ?'ra{eﬁijF |h4§5nt s 15 Referring now in
e

detail to the drawings, in nuner'a cate like parts
t hroughout, Fig. 1 shows a pl Bigal 14 yisofa Igesph 'cmapm-ﬁgr tha iaside nbehé irmsfer

accordance with t:he t .1 nvention ner al at .10. The,tubes 10
cont ai ned wi t hi ntsa r@@ﬁé@cgrﬂ? tﬁ%h&&rﬁ? Pielfmt IYAOGPR G4 ath??ng%ﬁge
and 10c are representalei ite acexdidveseithf ter tivaaions Skkdibsedd il tAPpPaghaM. of

the 20 potentially %qrégs of tubes 10 that are commonly contained in the
‘evaporator 14 of a The tubes 10 may be secured in any suitable

fashion to acconplish the Invp;@tlpﬁ%ﬁﬁjﬂj&w’ﬂ%@mlﬁ%ﬂﬁ&&gﬁt@/ﬁgQB%@r 14

contal ns a boiling refrigerant "15. The refrigerant "15 1s delivered to the

apor ator 14 from @reewdyseion gdon dieshexchangs whe meadesinosecarizngre mithgtheo.
The boiling nrgfri;ggrante cﬁgblds@dﬂ‘ﬁssﬁﬁﬁeﬁtﬁés'@?'ﬁotm phases, liquid and

vapor
Fig. 12 is a graph comparing the overall heat fransfer coefficient

U, in refrigerant HFC-134a at varying heat fluxes, Q/A,

Detailed Description of the Preferred Embodiments

15 Referring now in detail to the drawings, in which like numerals
indicate like parts throughout, Fig. 1 shows a plurality of heat ransfer tubas
made in accordance with the present invention generally at 10. The tubes 10
are contained within a refrigerant evaporator 14. Individual tubes 10a, 10b
and 10c are representative, as those of ordinary skill will appreciate, of the

20  potentially hundreds of tubes 10 that are commonly contained in the
} evaporator 14 of a chiller. The tubes 10 may be secured in any suitable
fashion to accomplish the inventions as described herein. The evaporétor 14
containz a boiling refrigerant 15, The refrigerant 15 is delivered to the
evaporator 14 from a condenser into a shell 18 by means of an opening 20.

25  The boiling refrigerant 15 in the shell 18 is in two phases, liquid and vapor.
Refrigerant vapor escapes the evaporator shell 18 through a vapor outlet 21.
Those of ordinary skill will appreciate that the refrigerant vapor is delivered to
a compressor where it is compressed into a higher temperature and pressure
vapor, for use in keeping with the known refrigeration cycle.

30 A plurality of heat transfer tubes 10a-c, which are described in
greater detail herein, are placed and suspended within the shell 18 in any
suitable manner. For example, the tubes 10a-c may be supported by baffles

R




Refri gerant vapor escapes the evaporator shell 1$ through Gatosarmaoe out | et
21. Those of ordinary skill will appreciate that the refrigerant vapor is
delivered to a conpressor where it is conpressed into a higher tenperature
and pressure vapor, for use in keeping with the known refrigeration cycle.
30 Aplurality of heat transfer tubes | OGa-c, which are described in
greater detail herein, are placed and suspended within the shell 18 in any
sui tabl e manner. For exanple, the tubes | Ga-c may be supported by baffles
R 19 Cctob 06 nd the.like. Such construction of., a refriger.ant
evapor at gpgfhf%%ﬁt)%ﬂ?ﬁicﬂn‘it%n%ﬂ ?f.ea rﬁg"t%’c'ﬁ“f ﬁ‘ﬁ‘pomil%lﬂio“@f‘flgl?ﬁ% ®r, enters
t he evap@isdhs, ofdnfiiEOWEBr, ditetsthbvagorafin A4 b Agladh inltk 88 and BELMVAlet 24. The
cool ing nmedium_which enters the evaporator 14 in a relati vel)(l;l heat ed

£

state, i $esgRIny Ebe sqeabing Mrdiung seichornters thei aveperetae Lping wlatively bratpdat
exchange LS diVered %.nﬂpﬁrrgé Eﬂ{oﬁm HRPHE N rmg?gmﬂ'e\ﬁaﬁanggt%bhsgmg-%at to the

boiling refrigerant e cC | ed cooll ng i um pass rough the
t ubes | Cevhereantheerpling mhdivtngiess upnitscheantoohe betling refsigeranti ¥5. The chiled r ef r eshed

cooling mediumexits the evaporator, 14 through an outlet. 28. Thpse of
ooa nar, T gt pintes, BYAREY e Sfiocsniohek SHE B 1B b iican ST 18 6
but one exefpire270fTha réfedshediedoting nRdape eRtOthe cog)Ritat 14l iHrbhent odti¢pes of
~evapor at rs(;@re %mown ag% ut_ll ized in the field, including the evaporator
on absor %&- oY prdimary sl wil pppisciafedhalythe gxample iflegded svapaier iltds i ons. |1t

will be burdhexaABR SIcd RSty lefzﬂf??a@or@éeve?ﬁldi‘iﬂ&'éﬂt 55ds! It v hkatbRGrPT €SENt

invention is applicable to chil s and evapor at or general ly, and that
~ the pres&mwi guémtilizad insthedield, iindluedivg the &rapomtasront shserptiFa ghillgrsi sndin

enl ar ged . 0l view of a.representative tupe 10, Fi 3,

o o7 < g PR BE i ity 2bitafins"of B0 BF SR apEr bt ool 8 <

readi |y onlisargek#t than thé gireken Wiviehtidn ¢ agplicReibetor thillers | dndt evaporatogs 2, the

t ube 10 d%%%ﬂ§§ %Qﬁo%Ler surface., generally ag 30, and an inner surface
gener al | $° mandrifat the, presend ipvenfiqn 1s Botlingiedita Brapd oppB6i ded with a plurality
of ridges 38. FibNosCarinIfEeH, Bak¥n Shy, planVidWP6f AFdpredbhthtiRRBEEH. 8 3, t hat the -
i nner tube surface nmay be snooth, or nmay have ridges and grooves, or may be

ot her wi s@&hiohliaprcerdarg®heross-iectional viewhnd apeferst tube 19, hisiteadilecopsidered id y

g; Sngsfﬂa\l}gﬁﬂﬁgﬁ; %‘Fé?tz. ﬂ\é}gljﬁ?lgsﬂ}gtvwonﬁig?ZPltﬁg gllbletl\b 8<];f1nre!3 %gecﬁrteri Surfa®d limting
: generally at 30, and an inner surface generally at 35. The inner surface is preferably
provided with a plurality of ridges 38. Those of ordinary skill in the art will appreciate
that the inner tube surface may be smooth, or may have ridges and grooves, or may be
otherwise enhanced. Thus, it is to be understood that the presently disclosed

embodiment, while showing a plurality of ridges, is not limiting of the invention.
- Turning to the exemplary embodiment, ridges 38 on the inner tube surface 35
have a pitch "p," a width "b", and a height "e", each determined as shown in Fig. 3. The
- . pitch "p" defines the distance between ridges 38. The height "¢" defines the distance
between a ceiling 39 of a ridge 38 and the innermost portion of the ridge 38. The width

"b" is measured at the uppermost, outside edges of the ridge 38 where contact is made

with the ceiling 39. A helix angle "8" is measured from the axis of the tube, as also




' Turning to the exenplary enbodi nent, ridges 38 on the ingaectobettreosur f ace 35
have .a pitch "p," a wdth "b", and a height "e", each determ ned as shown
inFig. 3. The pitch "p" defines the distance between ridges 38. The

hei ght "c" defines the distance between a ceiling 39 of a ridge 38 and -the
I nnernost portion of the ridge 38. The wdth "b" is neasured at the

upper nost, outside edges of the ridge 38 where contact is nade wth the
ceiling 39. A helix angle "0" is nmeasured fromthe axis of the tube, as

also 9 19 06 WD 03/089865 PCT/ US03/ 12551 i ndi cat ' ' 3.

Thus, it is%‘é’%g@g%ﬁ%erstood that the inner surface 35 of tﬁ’%?"%@!‘:’k%?lthe
exenpl ary enbodi ment jndicatest invFiged Whtdy ihialto balundersiged 88 theninder sunfate Bhefe

ri dges have a predet ' i dge hei ght. and npi.tch ar. | i d t a-

predet ermi ned hel i x g%bg}l@iggﬁ?ﬁg @%ﬁﬁ%@aﬁég@ﬁﬁéﬁgﬂ@%ﬁ?qﬁgeﬁiﬂ‘?ed
as desired, dependi nthabthede fdpdsi it alpréRpnmmed ridge héight fxdaithand BreSiligned

Patent No. 3,847,212 to Wthers, Jr. taught a relatively | ow nunber of
ridges, at a rel ati #bpPrederegainsd hshx @pgles Huch grgdetsrpringd rapagimeients mpay; he

helix angle (51).5 Thaga Méﬁ&,%@ﬁﬁ‘g 2 sfﬁaﬁmay_agﬁkﬁﬁaﬁdmp 0ag.st he

beat transfer performance of the . e formatioh of such interior
surface enhancenent sPagnt No.e#47,X3owWithers. Ho seight a oelatively lowsrumber of ridges. ar t

and need not be disc | | |1+0 r ' .
or e 1101 s to be PR vy jatteloih (G Stk Yl Slee Al Bita bt AR5 1),
3,847,212 to Wther, These ehramleferdispe|ppafembly seledtbd dooénlfaatsethe dieat aredsfer
formation, of interior .surface.gnhanc ts..The outer suffi.ce 30 of the
Fybes 10'1s tyo cal | BertEngoh G tibs. HpBERitoRsaeh o putiee aRErBpeny
‘tHat the outer swof ageydPkicwi #dehEeR I Sfdinap EaN T8 theQit LANRBE A6t BliIRR g

plurality of fins 50 that in_turn provide, as_.described in detail, herein,
mul tipl e dual - cavi t yiusther slstall ofbey thap asj disclossd hereip | & isHe bp sasegmized, for

i nvention is describ@,ﬁmﬁ' Mgl Spalel [ nycl edRaLRs alt
is to be understood t atﬂ?'ggl&%péss'egf&alﬁglggq%’ig%lﬁb}Z‘r:lc l}g%%erhgflt&g% ‘tj?ans er
tubes 10 havi ng nucl exthedsdiforinatios,and forBBiiom ¢f inkgridy surdace enhanecempnys.

e &9 These sites 55, whicfl b5l ¥REGR! A0/ of hEWiRY 10 i yfidhtly) 'sBRay
15 =smooth. Thus, it will be understood that the outer surface 30 is thereafier
deformed or enhanced to provide a plurality of fins 50 that in turn provide, as
deseribed in detail herein, multiple dual-cavity mucleate boiling sites 55.
While the present invention is described in detail regarding dual cavity
nucleate pores, it is to be understaod that the present invention includes heat
20  wansfer tubes 10 having nucleate boiling sites 55 made with more than two
J cavitics. These sites 55, which are typically referred to as cavities or pores,
include openings 56 provided on the structure of the tube 10, generally on or
under the outer surface 30 of fhc tube, The openings 56 function as small
circulating systems which direct liquid refrigerant into a loop or channel,
25 thereby allowing contact of the refrigerant with a nucleation site. Openings of
this type are typically made by finning the tube, forming generally
longitudinal grooves or notches in the tips of the fins and then deforming the
outer surface to produce flattened areas on the tube surface but have channels
in the fin root areas.
30 Turning in greater detail to Figs. 2 and 3, outer surface 30 of
tube 10 is formed to have a plurality of fins 50 provided thereon. Fins 50 may

be formed using a conventional finning machine in a manner understood with

10




i ncl ude openi ngs 56 provided on the structure of the tuhect@pegoogeral ly on
or under the outer surface 30 of the tube. The openings 56 function as
small circulating systens which direct liquid refrigerant into a | oop or
channel, 25 thereby allow ng contact of the refrigerant with a nucl eation
site. Openings of this type are typically nade by finning the tube,
formng generally |ongitudinal grooves or notches in the tips of the fins
and then deforming the outer surface to produce flattened areas on the

t ube surface but hgy channels in the fin root areas, 30 Turning in
great er dgesnse od)-m. fat Ne- &ﬂ&%lSSdatC‘éamglah%@balaof%anltlnlﬁeﬂmm@efor med to

have a ploghdbistuyiliodd ddpBds3f saa%laﬂﬁgctﬁﬁ&?gﬁ%rs dﬁgrst s‘é,% {Hiyeh hPp& shaigmed usi ng

a conventional finning machine in a nanner 10 19 Qct ober
2006 r efe@r &he arbors arg meuntpehat apioprigte Tiegree k@ﬁemqmts(}ummd‘igh arbepgandadach | f or

exanpl e. ; gkgmﬂgsgmﬂ&{%%%ﬁgé u%&gmgégl {BPdS on such nanufacturlng

factors a € "si ze The arbors are nmounted at

appropri at e dbgsceibed ogvemgriater aétﬁill,midtfbt&nsmgbﬁ Figd a8@8the fisnipg @fses abl y
nount ed at .an le relatjve to tE g%§ axi s. Desc rlbeg in even greater

detail, BHH etghorpthg outey s the thbe,iei Tagn dins RS and gAY def or m

metal on dedegr@belor %Hﬁﬁﬁrsesz?@s%om Sthk CRShnkR 52%@f$1‘11fé8 beBrecih: fiRd atively
deep grooves or channels 52. As shown, the channels are formed between

the fins3050d hotly asagenergHy cg@ﬁ@feéﬁnn@ ahont theftebee H.i A Sf@mun figed tthbe 10. As
shown i nfﬁb %o Iﬁwe %9%1%}? &ﬁlccha Fr@efg.ﬁécg?}om \My ﬁﬂ andB@ﬁgF%%qued fromthe

i nner npst portion a groove " out erfrost
surface SBanetl R (br o grole:)emd dlre, omdsrmosusntfacre S(Bfof afﬁm Mdvéovien Yhoramybedependi ng

upon the_.application le not limfii rred range of fin height
DO ot o BAE S Y Gegiesin paeine afRlccl. ofhufe i St portemeiangs i non i s
bet ween 4Pfih Beifht is between LS arddQOMELindRGCirsd Qﬁﬁférﬁﬁtcoﬁﬂ%ff fildPePthcRRET at i on
produces a plurality of first channel s 52, as shown in Figs. 7 and 8.

After fiReigerdliip0: finis then & be ynslessieod; thab thee fimming operstion produessiied t o
provide qufmh b ttéﬁka{ﬂ{e Secaqn Ogvt}lqﬁ@gé : 9%18 Such notching may be perforned
ce’in

using a otc |ng seé referen . 'S. Patent No. 4,729,155 to
Cunni ngham f &fteefimipielion, The ostecamfice 58 of each fin 50 is notched to provide a
plurality of second channels 62. Such notching may be performed using a notching disk
(see reference in U. S. Patent No. 4,729,155 to Cunningham, for example). The second
channels 62, which are positioned at an angle relative to the first channels 52,
interconnect therewith as shown in Figs. 7 and 8. The notching operation described in
U. S. Patent No. 5,697,430, is one appropriate method for performing this notching
operation so as to define the second channels 62, and to form a plurality of notches 64.
After notching, the outer surface 58 of the fins 50 are flattened or bent over by
means of a compression disk (sce reference in U. S. Patent No. 4,729,155 to
Cumningham, for example). This step flattens or bends over the top or heads of each fin,
to create an appearance as shown, for example as in Figs. 7 and 8. It is to be understood
that the foregoing operations create a plurality of pores 55 at the intersection of
channels 52 and 62. These pores 55 define nucleate boiling sites and each is defined by

a pore size. More
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channel s 62, which are positioned at an angle rel ative ti0 dcheefdoost

channels 52, interconnect therewith as shown in Figs. 7 and 8. The

not chi ng operation described in U S Patent No. 5,697,430, is one

appropriate nethod for performng this notching operation so as to define

the second channels 62, and to forma plurality of notches 64. After

not ching, the outer surface 58 of the fins 50 are flattened or bent over by

means of a conpression disk (see reference in U S. Patent No. 4,729,155 to
be over the_top or heads

Cunni ngham. for. ex le)., This step flattens or nds,

of each Ppculatly, refeg'g%ge?nél?fﬂg&ﬁ&a%én%s Bt gﬁ‘&m}g ?rd%en@lie&ﬁmréﬂ%{lsforfﬁs Figs. 7
and 8. |TtheiIﬁ-ilﬁég-ylﬂaclbmggéiﬁh%@g}ityt’]b.at the foregoing operations create a
plurality of pores 55 at the intersection of channels 52 and 62. These

pores 55 def i Adtenflattenangs theofins Hyarsirelted arrbgnieonsh againdwfa wdlingtipol. Thepor e si ze.
I\/_br e 11 }&uﬂgbﬁgﬁ{im?g;%@t PRid gc‘l‘!)%.relnﬁ’ Vel ftl%r ﬁfgﬂ%'ﬂedﬁﬁsakd atteobellek 9 3.’ t hi's
first flattenihg or endi ng operation TSt e e primary nucl eate boiling
cavity 72olleAftiyea tédl abtasnd rag leasthparfiallyscdher dreefin ablcke 6 alibthereébpdermagai n by a

rolling tool . The..rollin eration exert.s forc Cross a ver the
[ Tne. 08, SSRndary Mot pviseg AN P e R B 30181t Frwionss 0. ThSe:
partial | YeofdgYy chlifled 74 pRAtdeNSEa 8th zaéwaﬁda@rtﬁé)gnmrymavﬁi%gqm@mnmu i ng

cavities 74 between the bent fins 50 and the Tin notches 64. The secondary
‘cavi t i es™MPIC pNYGFLHS aBd pRgleqtion bailing. BwsvRoTehY ¢ formey abthe intersestipnof o pronot e
nmor e convgghki¥es-ant: gckeqt ] ki I €%, R5; £ or at the
intersection of channels f?é;ggqigg.an}%ég-&?’g%%%gS%%@ ‘Sqégﬁlezgé’ggﬁ? ng 56,
whi ch i sopénngirem & boHmg apenieatiprf sienfroteviich vapry escapesilibegtréferredi t e from

whi ch vapo scapes., The preferred nbodi ment. of the present..nvention
defi nes PHECERGTY PLahe prooRis YVamion (Piss Tk coviiBonRipy cauIY y/ 274 whi oh
enhances s@efd0y oaige740which @nlidnb& pefidandnebof 4@ titke. pr ef erably notched in the
first channels, 52 between the fi i root area") to thereby formroot

not ches in t h&ht BSE 184¢ P@@é@blﬁg‘égﬁﬁﬁéiémgﬁmt ghangels gAprivere thedgisdgfim 1 oot

ot ched T e T B e e e PeR L TR A 362 Cr o 'y

t r apezoi detomphisipd wsing anoef etetihediskAiVhide w0y notghdsenf aofarietyotf shapes s nay be

formed sizes may be notched in the fin root area, formation of root notches having a generally
trapezoidal shape are preferable. While any number of root notches may be formed
around a circumference of each groove 52, at least 20 to 100, preferably forty-seven
(47), root notches per circumference are recommended. Moreover, root notches 26
preferébly have a root notch depth of between 0.0005 inches to 0.005 inches and more
preferably .0028 inches.

Enhancements to both the inner surface 35 and the outer surface 30 of tube 10
increase the overall efficiency of the tube by increasing both the outside (h,) and inside
(h;) heat transfer coefficients and thereby the overall heat transfer coefficient (U,), as

. well as reducing the total resistance to transferring heat from one side to another side of
the tube (Rt). The parameters of the inner surface 35 of tube 10 enhance the inside heat
transfer coefficient (h,) by providing increased surface area against which the fluid may

contact and also permitting the fluid inside tube 10 to swirl as it traverses
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around a circunference of each groove 52, at |east 20 ta9oiR@peqmoeser ably
forty-seven (47), root notches per circunference are recomended.

Mor eover, root notches 26 preferably have a root notch depth of between
0. 0005 inches to 0.005 inches and nore preferably. 0028 inches.
Enhancenents to both the inner surface 35 and the outer surface 30 of tube
10 increase the overall efficiency of the tube by increasing both the
outside (h") and inside (hi) heat transfer coefficients and thereby the

over al | a ra ficient (U") S as reducing the total
resi st an&g‘ ﬁw&hgﬁ@ﬁ%ﬂﬁ ﬁt? %‘allngfﬁ‘éﬁlnt%‘ﬁét%}‘% the flgidonrgepd %’Fgfetmé‘ﬁ fer t he tube
(RT) . Theomadtanst @k Sakk sﬁﬂi‘&e'l@nﬁl’i avlld B8E8ssBr talfburéd&ewﬂfah%ﬁﬂgﬁswh@e i nsi de

heat transfer coefficient (h") by providing increased surface area agai nst
whi ch t hen ppdgsgatigipcrogssingeessindrapt so pernitting the fluid inside tube 10

Lo T £ onMAERER R nct g (F bARE w8800 Went P Ra@TuchitE A0 The

swirling flow tends to kee "'ui'd T'n good Fans act with
‘the i nnenppmed tocthe frddibiodal ﬂumﬂg)eid&sf&ls\m fhdjﬁﬂamllﬁmmnmr o thz@itegiopr ovi de

an undesi i ncre ure dro Mor epv 00t notc t he outer

surf ace §g%bef glpﬁémfltfﬁ‘:ére@hépcgeéﬁ gosde %8?} rtCBefirﬁﬁ’émt ﬂhﬂ ﬂ?‘b’%&

flatteni Agkh&f inkk@se thaSsiRDakPGirkickadrer BEMe hiAGRd 86iliAR dabRicedh&rthor of the
tube and thereb |ncrease t he outside heat transfer coefficient (ho). The

“root  noPERBY qferingses el glp keapride surfacecketisd @8 agesuitind sHrfateslgnsiotoi | i ng
cavitiesg (?‘El% Yhieh h?%ggﬂ;m&fe AG! t;'lgl?féglg &5 \Aﬁmgr\gl:rl]el?f iPiskReRd 16, SEidigse wetted

as a result of sur t ensi on ps pronot € nore in film
boi i ng wts&lrtselm ﬁonnalqnecd‘cbachddﬁlonalb:mmmemgsucheslsd:dbﬂdaryl cfmtyTM)l pmltmhedan

addi ti onal i tl es econdary aV| t Siti over each
orimary QY SRtk Sy CORT AR b
refri-ger am tlu@fgml thb rliqu@lhvatpbe idtérHask MﬂQQ{smgmrzﬁ)Br BisHI€ eQfapihg! frsih iBe Vapor
bubbl e escaping fromthe secgondary cavity 74 means of convection and/ or

nucl eat eS¥ENYaTHEAYpERY Tepns 9T Renectiqn W%W@Ck@tqbpmﬁésﬁﬂﬂdmmrﬂﬁﬂt over the
out si de guf HAf Ba@l VLR r%dueﬁenﬁ?ve?ﬂfe cﬁ%ﬁn‘ié §ftakdo fhEec’u s Wk lsi@RREECT at e,

t he outsi de b0|I|ng coefficient 1Is unction o a nucleate boiling
t er m andthe arowilkeprirecsate,ahp ontite . boiligl @effiviennisca datcobof bothga teddeatd s usual |y

ot b TR chReL % D5l 08 e LSCSOESL W LM o0

contributing the most to the heat transfer, the convective term is also important and can
become substantial in flooded refrigerant chillers.
Tube 10 of the present invention in respects outperforms the tube disclosed in U.
S. Patent No. 5,697, 430 (designated as "T-BIIl ® Tube" in the subsequently-described
tables and graphs), which is currently regarded as the leading performer in evaporation
. performance among widely commercialized tubes. In order to allow a comparison of the
improved tube 10 of the present invention (designated as "New Tube" in the
subsequently- described tables and graphs) to the T-BIII ® Tube, Table 1 is provided to
describe dimensional characteristics of the New Tube and T-BII ® Tube:
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becone substantial in flooded refrigerant chillers. Tub9 @Eole 20062 present
‘invention in respects outperforns the tube disclosed in U S Patent No.
5,697, 430 (designated as "T-BlIll (r) Tube" in the subsequently-described
tabl es and graphs), which is currently regarded as the |eading performer in
evaporation perfornmance anong w dely commercialized tubes. In order to

all ow a conparison of the inproved tube 10 of the present invention
(designated as "New Tube" in the subsequently- described tables and
graphs) to wbesbsdgkd | (r) Tube, Table 1 is provided to desd®CIHE03/12551

di mensi onal characte Ié of the New Tube and T-BIIlI (r) Tube: 13 19

Oct ober 2006 WO 03 ,ig' o ‘\ E
%“. & [ = et RI DG NG
' o-Blllie

CHARACTERI STI CS OF €0
Turbo-EDE(r) FPl =fins per inch (fpi)} 60 48 PgsttH-e—oi—Fins

TUBE DESI GNATI ON T-

~Marg-ed——

Mangl ed FH = Fin rmf{ﬁﬂ@h@é@ltﬁbzw 02 True Qutsi de Ar O t)
Unknown Unknown d,| - Inside D aneter (i nché%ﬁﬁl%ls‘g? 652 e = ﬂqﬁ‘ﬁp i ght
(inches) .016 .014 [propuls RamE tch of R dderdrbov@ma®) . 0516 . PRarbo-BHEL
Nunber of Ri dge St IR DB, a(rncngg 1.76 2.01 0 =|gud Angle of
Ridge from 49 45 AN ﬁgsﬁerl‘-%hgg(mdth Allong Axis .0265 .01B4 i nches

Posture of Fins Mangled Mangled

FH = Fin Height (inches) 0215 | 021

Ao = True QOutside Area (f4/f) Unknown Unknown

d, = Inside Diameter (inches) 645 032

¢ = Ridge Height (inches) 016 014

p = Axial Pitch of Ridge {inches) | .0516 0457

Ngs = Number of Ridge Starts 34 44

1=Lead (inches) ' 1.76 2.01

0 =Lead Arnple of Ridge from |49 45

Axis (%)

b = Ridge Width Along Axis|.0265 0184

{inches)

Table 2 compares the inside performance of the New Tube and
T-BIII Tube. Both tubes are compared at constant tube side water flow rate of
5 GPM and constant average water temperaturs of 50°F. Comparisons in
Table 2 are based on nominal 3/4 inch outside diameter tubes. |

10
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5 Tabl-e 2 conpares the inside performance of the New Tub2Oatber 2I86BM Tube.
Both tubes are conpared at constant tube side water flowrate of 5 GPM and
constant average water tenperature of 50F. Conparisons in Table 2 are .
based on nomnal 3/4 inch outside dianeter tubes. 10 14 19 Cctober 2006 WO
03/ 089865 PCT/ ETS03/ 12551 TABLE 2 TUL3E S| DE PERFORMANCE CHARACTERI STI CS
OF EXPERI MENTAL COPPER TUBES HAVI NG MULTI PLE- START | NTERNAL RI DA NG 5
T-131H Tube New Tube u = Intube Water Velocity (ft/s) 4.89 4.78 C, =

| nsi de Heatw&@mﬁms 075 0.077 Coefficient Constant (FromPERUSEa2s81tS)
fD=Friction Factor 0 0624 0.0623 Ape/ft = Pressure Drop per Foot
0.187 0.177 St/JSt ton Nunber Ratio 2.52 2.59 enhanced/ Snoot h

Apel Ap, = Pressure Mmmmrmmmcm(cﬁmhnwmmm hy T _ (Ste/St,)
| (Op./AP.) = 0.78 QEEXPERIMENTAL OQOPRERTFUBESHAVINGtrates the reduction
in pressure drop anMUDTIEEBSTART INTERNSRIDGISE | ci ency achieved with
the New Tube. As scan be seen in Table 2 and graphically illustrated in

~Fig. 11, the pressure drop ratro (AperApJd
T-BIO Tube | New Tube
u = Intube Water Velocity (fi/s) | 4.89 4.78
C; = Inside Heat Transfer | 075 0.077
Coefficient Constant (From Test
Results) .
) fp = Friction Factor (Darcy) 0.0624 0.0623
| Ap/ft =Pressure Drop per Foot | 0,187 0.177

St/St, = Stanton Number Ratio | 2.52 2,59
(snhanced/Smooth)
Ap./Ap, = Pressure Drop Ratio | 3.34 3.16
(Enhanced / Smooth)
N = (St/5t) / (ApJAp) =|0.78 0.82
Efficiency index

The data illustrates the reduction in pressure drop and increase
in heat transfer efficiency achieved with the New Tube. As can be seen in
Table 2 and graphijcally illustrated in Fig. 11, the pressure drop ratio (ApJ/Ap,)

10  relative to a smooth bore tube, at 5 GPM constant flow rate, for the New Tube
is approximately 5% less than for the T-BIIl Tube. Also from Tab1¢ 2 and
graphically illustrated in Fig. 10, one can see that the Stanton Number ratio
(StJ/St,) of the New Tube is approximately 2% higher than for the T-BIII®
Tube. The pressure drop and Stanton Number ratios can be combined into a

15 total rafio of heat transfer to pressure drop and is defined as the “efficiency
index” (n), which is a total measure of heat transfer to pressure drop
compared to a smooth bore tube. At 5 GPM, the efficiency index 7 for the
New Tube is .82 and for the T-BIII® Tube is .78, resulting in an
approximately 5% improvement with the New Tube, as graphically illustrated

20 in Fig. 9, at this GPM. At 7 GPM (usual operating cundmon) higher
petcentage improvernent would be obtained, '
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10 relative to a snooth bore tube, at 5 GPM constant fl| ¢Ortabe 20660r t he New
Tube .is approximately 5% | ess than for the T-13M Tube. Also from Table 2
and graphl cally illustrated”in Fig. 10) one can see that the Stanton
Nunber ratio (St/Sta) of the New Tube is approxi mately 2% hi gher than for
the T-BULO Tube. The pressure drop and Stanton Nunmber ratios can be
.conbined into a 15 total ratio of heat transfer to pressure drop and is
defined as the "efficiency index" (rl), which is a total neasure of heat
transfer to woesesmes dr op corrpar ed to a snooth bore tube. APCHUSMN{233lhe
efficiency index n for the I Nee

.78, resulti ng I n an approxi mat E?%@Fﬁ%rﬁl&a@%@éﬁb%ﬁ}ﬁlﬁﬁé &I“%Tu erﬂ'ﬂ'ﬁ3
graphical Iy ill ustr atmilt@0r-BAIE Tube9, T}mttuhdfsls'eaaht feat long @B eficks isaieparately

15 0ot ober 2006 D OSBRGSO D P st it ais Qlofih aeft EshRei, o

Perfo:’n’ancesdof tﬂe mﬂﬁ\/w-ﬁtbbﬂowaﬁﬁl 1§Hﬁd¥oﬂte(nlt_)n I8laes au-ﬂl'th?irﬂﬁaﬁqtﬁ‘l’t&npérﬁhte
eet long and each is separately s i Qo rigerant ..

tenperature of 58 3 EéHFlég%achQW%ﬁﬁﬁ%W%t% %gﬂﬁél‘a!éﬁg‘? Il‘ﬂa/aF 2&@#%2&&“@
constant at 5.3 ft/sjsangdsthie THY tfbes\tid ﬁfadé egggygatﬁaﬁna héveSs RhninAPY/4tihéh

average heat flux for all tubes is held Btu/hr ft2 which 1is
constant. The tubes opter ﬁﬂﬂ@t%fﬂngobﬂfyérthmw wall mﬁmsa%mﬂﬁaﬂeﬂﬂﬁm

outer dianmeter, and tests are perfornmed

without any oil presén St fﬁeﬁ%?%‘éhr an{.gé@,gé TABLE 3 QUTSI DE AND OVERALL
PERFORVMANCE CHARACTERI STI CS OF EXPERI MENTAL COPPER TUBES HAVI NG

MJLTI PLE- START W?%DG NG T-BlI R Tube New Tube he = Average Boiling
efficient baset"o AN VR ALL F¥hFORMANCE CHARACTERISTICS OF

EXPERIMENTAL COPPER TUBES HAVING MULTIPLE-START
INTERNAL RIDGING

T-BII Tube New Tube

h, = Average Boiling
Coefficient based on Nominal | 10,000 13,000
Qutside Area

HFC-134A Refriperant (Biw/br
i’ F)

U, = Overall Heat Transfer
Coefficient, Based on Nominal | 1,960 2,250
Outside Area in HFC-134a
Refiiperant (Btwhr f2 F)

. 15
\} Fig. 11 is a graph comparing the overall heat transfer coefficient

U, in HFC-134a reﬁ'igcrant at varying heat fluxes, Q/A,, for the New Tube

and T-BIII® Tube. Ata 7,000 (Btu/hr ft®) heat flux, the enhancement of the

New Tube over the T-BII® Tube is 15% at a water flow rate of 5 GPM (also
20  shown in Table 3).

The foregoing is provided for the purpose of illustrating,
explaining and describing erbodiments of the present invention. Further
modifications and adaptations to these embodiments will be apparent to those
gkilled in the art and may be made without departing from the spirit of the

‘25  invention or the scope of the fullowing claims. Moreover, the person of

ordinary skill in the art will appreciate that the present invention provides 2 fin
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~ Qutside Area BFC-134A Refrigerant (Btu/br Y U = Over alp Ocebtr 200@anst er
Coefficient, Based on Nominal 1,960 2,250 CQutside Area in HFC 134a

‘Refrigerant (Btu/hr IV F) 15 Fig. 11 is a graph conparing the overall heat
transfer coefficient U in HFC 134a refrigerant at varying heat fl uxes,

Q Aa, for the New Tube and T-Blll(r) Tube. At a 7,000 (Btu/hr fir) heat
flux, the enhancenent of the New Tube over the T-BllI(r) Tube is 15% at a
water flow rate of 5 GPM (also 20 shown in Table 3). The foregoing is
provi ded foW0@8H6? pose of illustrating, explaining and dew:rmsnangssl
enbodi nents of the maemend uhiave I puciOk

adaptations to these em%odl hrrilgint ??Mﬁllelthdgé&gép%a?%nt tfgbt se shgaﬁ? “3’1“?11% he
art and may be made SRS Fhcliasmdual eavity ﬁﬂmﬁegblwmhmfpmhﬂemch a\mltpmon
or the scope of theypt QN r , n ordi

skill in the art w Pﬁggpr ec?taéfﬂgéliltngﬁ' Iﬁ&%ﬁg[églﬁ Qg’ﬁf 8’5‘9&;{5\9@&'

16 19 Cct ober 2006 W@M#@m&ﬂcﬁfﬂig hiﬁﬂﬂﬂil%ﬁﬁnm@ae\ﬂ ingprovedhait Gaifa  thbe

t hat creates nuc eatﬁ t‘g@_ﬂ% es havi ng mJIt vities, such as a
dual cavity. The”presen Eﬁ’v (ﬁ’i‘ Eeaans §S§‘3’c ?%F&?@de%ﬁm?flféswstmout
shavi ng of f any net a‘hpioﬁred:r]:ﬂﬁbﬁninbe owma@chmeldui I thsPSONd A8 @ Sangiar. 'T’EBE omgd
manuf acturing net hog of forn;i#]ﬁ(}:;l an |rr|Eroved heat transfer tube.

further, use of one YFENDE SHpIanatinm, apd, lescription Pfdb%lddeﬁﬁpﬂlmqu&mts d11i n
i npr oved per f or manc exdfip lhlki’eﬂlfd‘!hbhﬁ@nﬁdﬁﬁ?@t%ﬁfntﬁgﬂépeéﬁ&%ﬁ%{ m:}Thus, t he

f or egoi ng expl anation and descri ption of the prefe nts in
exenplary, and the invention is set forth in the appended cl ai ns.

10
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10 15 17 19 Cctober 2006 CLAIMS What is clained is: 19 Qatdhec@006r ansf er
tube suitable for use in a refrigerant evaporator conprising an outer
surface, the outer surface conprising: a. a plurality of fins and a
plurality of channels extending between the fins, wherein notches are
formed in the fins; and b. at |east one dual cavity nucleate boiling pore
formed at the intersection of a notch and a channel, wherein the nucleate
boiling pore conprises a first nucl €EaAdMSoi | ing cavity and a second

nucl eate boiling cavity, wherein the first nucleate boiling cavity is at

| east partiéﬁf A efi%gq by at least a portion of the notch extending at

| east parti ?%}58 ¥ he” channel and wherein the second nucl eate boil i ng
cavity is at least partially defined by at |east a portion of a. notched

fin extendingAaical @msfer RBE bliRble YorQk€lin § REriRP4re Bvapdratof B6miRAl dhicansf er tube
of claim1, erﬁln the heat transfer tube conprises between 40 and 70
a

fins. 3. THY$EHDe PR UG COMPSING claim 1, wherein a plurality of root

notches are farmed d flubl® offinvhad btpyurflfy 6P emneds extdndingRe@Atnd r ansfer tube
of claim 3, _wherein the rogt notches have a generally  trapezoidal shape.

5. The heatlFr@ifsqippotehshare bpmed iwiths fns: der ei n the heat transfer tube

conpri ses betyeen atdeasabtt dhdlcak BPhuchicHdAHgRBle iU tIRIIBBE&LOH of Hie tube.
6. The heat t ag%fe t%be of. ¢l aim 3, w@ereln t he. root notches have a depth
of between MoE1EBOS cargeloWrsen thyHeleate boilingpore, comprisesmipicpuclegipBoilpe cl ai m |

wher ei n t heatitynd GQBILE §8Seaf boil MR REVI§UWhAER 1R ElsitdiBleat BAIBEg GVt RGE

conpri ses Qellcal rldpes. IS == =cccccecona-- , ,
. east partially defined by at least a portion of the notch extending at least partially over
the channel and wherein the second nucleate boiling cavity is at least partially defined by

‘at least a portion of a notched fin extending at least partially over the notch.

2. The heat transfer tube of claim 1, wherein the heat transfer tube comprises between
40 and 70 fins.

3. The heat transfer tube of claim I, wherein a plurality of root notches are formed in the

plurality of channels.

. 4. The heat transfer tube of.claim 3, wherein the root notches have a generally

trapezoidal shape.

5. The heat transfer tube of claim 3, wherein the heat transfer tube comprises between

20 and 100 root notches per circumference of the tube.

6. The heat transfer tube of claim 3, wherein the root notches have a depth of between
0.0005 and 0.005 inches.

7. The heat transfer tube of claim 1, wherein the tube comprises an inner surface and the

inner surface comprises helical ridges.
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19 October 2006 8. A nethod of fabricating a heat trandpé&ctoberngsohavi ng an
i nner surface and an outer surface, the nethod conprising: (a) formng a
plurality of fins on the outer surface of the tube, wherein a plurality of
channel s extend between adjacent fins; (b) notching at | east sone of the
fins to forma plurality of notches, wherein a first nucleate boiling
cavity is at least partially defined by a channel and a notch; and (c)
bendi ng ovey @rmihat SEAbMARY 2 heRStanSePRbe L ﬁn&%m%%% filaf ofy fOrm a
second nucleate boiling cavity in communication wth the first nucl eate
boi | i ng cavfjee: the mythed epmtprgiEgof claim 8, further conprising forning
helical ridgeg;)on khgids"Dehursiity 0@ Gs A thk Nk %&?acel&'thg%ep%?@ﬁ pf claim
8, wherein fornmng a plurality of fins on the outer surface of the tube
conpri se8&if¥i ng fins having a hei ght between approxi mately 0.015 and

0.060 i nChgenanhds exId bEREOOH;REnt ¢h@l M 8, further conprising formng a
plurality of root notches in at |east sone of the plurality of channels.

12. The met hotP)of Betehing & deastppmectfiihg fies todorm polusissofupichen Wermiral | y

trapezoi dalfirshaféate bolitry A IFRUBhaRTanG hdi Y Iéryla AR Bldh ddnmhfag @ plurality
of root notches conprises "form ng between 20 and 100 root notches per

ci rcunf er ence(@f t hendingipwer of lattepfng atlenst g gposion ef ahaished finwhiormiasecond 1 oot
not ches havgcleatélgditidy @it t¥WRAMitB0 ORn 1Ry Q};@%bﬂdﬂ%%vity}f’ . An inproved

refrigerant evaporator, ‘conprising: a. a shell; b. arefrigerant within
the shell; and c. at |least one heat transfer tube within the shell and in
contact Wi toh Thd\Beth&f JrlcAfh 8 Hhnther BEMMRA hinfRSilehbal HHAR of Bhdes bitfice 19 19
Oct ober 2006  i. an outer surface, sald outer surface conprising a

plurality Oftheityhs- with
10. The method of claim 8, wherein forming a plurality of fins on the outer surface of the
tube comprises forming fins having a height between approximately 0.015 and 0.060

inches.

11. The method of claim 8, further comprising forming a plurality of root notches in at

least some of the plurality of channels.
12. The method of claim 11, wherein the root notches have a generally trapezoidal shape.

13. The method of claim 11, wherein forming a plurality of root notches comprises

forming between 20 and 100 root notches per circumference of the tube.

14. The method of claim 11, wherein the root notches have a depth of between 0.0005
and 0.005 inches.

15. An improved refrigerant evaporator, comprising:

a. a shell;
b. a refrigerant within the shell; and
C. at least one heat transfer tube within the shell and in contact with

the refrigerant, the heat transfer tube comprising:
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channel s extendi ng between adjacent fins, wherein notche$ Qutobefa®odred i n the
fins; and ii. at |east one dual cavity nucleate boiling pore fornmed at the
intersection of a notch and a channel, wherein the nucleate boiling pore
conprises a first nucleate boiling cavity and a second nucl eate boiling
cavity, wherein the first nucleate boiling cavity is at |east partially
defined by at |east anperissHaces saichenterontfheecsompricingg phirality ehifos paktial |y

over the Chﬁﬁ&ﬂﬁiseﬁt@ﬁhlﬂgl%@éeﬁaﬁQ&n%%r&#ﬁ&tﬁ%gﬁet?%?ﬂﬁhgﬁ%@& is at |east

partially defined by at |east a portion o not ch I'n extending at | east
partial ly over thell not &h leagtg oneTiquale paypy r muctsateoboilingiparel Sormagh cat ethe the heat

transfer tub@amRbr 2 At aldRdintd Hitdin HONIARR bolife PG AIARCE BHPT e of y

claim15, wherein a plurality of root notches are
of channel siuclegie bailiag gaviyndeecons natleaterbailing eaviy.avheran therfgtnupletehes have

a gener al | Wolif2REAR) 19 al leas? Bﬁ'ﬂﬁiy dfined" atQ(\!a@tpaQﬁﬁ{l&{ ofothe bl Q}ténamg‘%'er ein the

r oot notches have a dept bét ween O. and 0. 005 I nches
evapor at or gt H@}all\}(/r%?réh?ldtaﬁ@l prfbwhereip lth?éﬁc%ié el eatekoiling davifieis atlgest ace and

the inner RHLIREQINCOBPELI 18862 PHidiP&Ha dotcHEEEn exfliding at least partially over the

notch.

16. The evaporator of claim 15, wherein the heat transfer tube comprises between 40 and

70 fins.

17. The evaporator of claim 15, wherein a plurality of root notches are formed in the

plurality of channels.

'18. The evaporator of claim 15, wherein the root notches have a generally trapezoidal

shape.

19. The evaporator of claim 17, wherein the root notches have a depth of between 0.0005
and 0.005 inches. '

20. The evaporator of 15, wherein the tube further comprises an inner surface and the

inner surface comprises helical ridges.
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