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ABSTRACT

The thesis presents an experimental study on the heat transfer enhancement
and friction characteristics in a helical-ribbed tube of a counter flow, double
concentric pipe heat exchanger. The present study is in a turbulent flow region for Re
ranging from 6000 to 60,000. The tested helical-ribbed tubes have three pitch to
hydraulic diameter ratios, PR=0.18, 0.22 and 0.27 and three rib-height to hydraulic
diameter ratios, HR=0.02, 0.04 and 0.06, in order to investigate the influence of PR
and HR values on TEF. The experimental result shows that the selected HR value
provides more effective Nu and TEF than the PR value. The increment of PR and HR
values of the ribbed tube results in the increase in Nu and TEF. The average increase
of Nu is around 31-142% above the smooth tube and the TEF is between 1.1 and
2.2 in the tested range, depending on PR, HR and Re values. The use of the ribbed
tube with PR=0.27 and HR=0.06 leads to the maximum TEF of about 2.2 at the
lowest Re and that to the fin a range of 1.8 and 2.3 times over the smooth tube.
Next, the study is focused on the augmentation of Nu and TEF in a helical-ribbed
tube giving the maximum TEF which is the ribbed tube at PR=0.27 and HR=0.06 by
insertion of a single twisted tape into the tube. Two types of the single twisted tape
are introduced: tape twisted in similar rotating direction to the rotating helical-rib of
the tube (called, co-swirl) and tape twisted in anti-rotating direction to the rotating
helical-rib (called, counter-swirl). Both tape types having ¥ in a range of 2.17-9.39 are
used as vortex generator to create vortex/swirl flows in the ribbed tube. The
experimental result reveals that the insertion of a single twisted-tape of both types
can help to enhance Nu higher than the ribbed tube alone at about 2.3-102% and
higher than the smooth tube around 2.1-6.5 times depending on Y and Re values.
The counter-swirl inserted tube having higher Nu and TEF than the co-swirl inserted
tube provides the maximum TEF of about 2.3 at ¥=2.17 and the lowest Re while the
f in arange of 5.4 and 22.0 times over the smooth tube.

Finally, an experimental work on the Nu and TEF enhancement in a helical-
ribbed tube at PR=0.27 and HR=0.06 in conjunction with double twisted-tapes is



conducted. There are three tube inserts: co-twisted tapes in similar rotating direction
with the helical rib, co-twisted tapes in anti-rotating direction with the helical rib, and
counter-twisted tapes. The Y of the three tape types is in the range of 2.17-9.39 and
also, the double tapes used as an enhancement device are to create dual swirl-flows
in the ribbed tube. The experimental results show that the insertion of double
twisted-tapes in the ribbed tube for all three tape inserts can considerably enhance
the Nu at about 2-237% higher than the ribbed tube acting alone and around 2.3-
10.9 times above the smooth tube depending on ¥, direction of twist and Re. The
ribbed tube with counter-twisted tape insert giving the highest Nu and TEF provides
the maximum TEF of about 3.4 at ¥=4.17 and the lowest Re, and the f in a range of
4.5 and 47.7 times over the smooth tube. In addition, the correlations of Nu, [ and
TEF for all cases studied are determined in terms of PR, HR, Pr and Y for the ribbed
tube with/without twisted-tape inserts, based on the curve fitting of the

experimental data.
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2.17, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09, 6.78, 7.39, 8.09, 8.70 way 9.39 MU IAU U
e 24 nsEFn

1.3.6 Wnieindendiliin TEF gefian vadeusuiuuiudagiae Re Tuts 6000-
60,000 wiudngasrananuiuegiidennt 11.5 mm w1 1 mm Weusigidrseduly
wwunu Uszneumeusiutaduuudanu wuudeaiunmnsduesuindeive wazuuulaaunig
fu #i y wihiu 25, 33, 40, 48, 55, 63, 70, 78, 85, 93, 100 WAz 108 mm AILERU T8 ¥
WA 2.17, 2.87, 3.48, 4,17, 4.78, 5.48, 6.09, 6.78, 7.39, 8.09, 8.70 wag 9.39 3’JJJ‘1713\‘1M3JW
36 NIEANWY

1.3.7 maniusvesiauusineg fiddnluvenes Nu, £ uwar TEF vewiainden vie
indeafidenldurudaiien wazviaindeiaenldusiudagludnumznisOnuusiieg

1.4 Uszlowfiianainaglésu

1.4.1 aansmhmdnnsiildanmsiseifsfunsiiunisiemanasouainnisldve
indensaufuwsiulnfeuazusudag Uiaunusuusurteuandsunufeudildluilagtu
Thiegaty

1.4.2 Andustdrnuilulildannisidenisiiunisaiomanufounassn
Uszneumsifinaussnuzaafauremieinden uasvieindaiiasaldusdaiieuazuiudng
IouA avitusing Zeanansiilidonuuugunsaiwanddeuarudould

1.4.3 thedilsnnsdeludssendldliAnuss TovidedinuuagUssinauile
Tunisannsléwdaanu annisldingiu agandununianvesaisauaniUasuamdou
dwulilunrgnamnisunasiogendels

1.4.4 Midunruditugaitediedniteiulmiviediaulaldinailufauiuasy
Usuugegunsaluandsuanufouriass lildauldogiamnsauagifnUssdnsam
GGl

1.5 Tasesn9vasingniinug

Inennusides msfnwudmeasifeafugudnyuenisiiemauiounas A
doanulueinderiidnisaenldududniduildvinsuiadenuazseaziBoavenis
ﬁﬂLauaLﬁaL%ﬁﬁi’N‘] Fiierdessautonun 9 un Uszneudasund 1 Buunih nd1afe
audfnuazalvnveinsfinyie Tnguszasduen1side veulwnven1side uas
Usglonifinininagldsuannmsfinudde unil 2 diauenanisdnuifevesyanadudivia
Wowudrimunmsiiumsiemanudoulnenisligunsala¥saudutou Wusiudn 14
vieRvgussuazmsliuiudnnfuveRvgusslunnfiunisdemanuiou el
wwamdlunmsfinunideluadsil unfl 3 Wuidemdwwemguiiiiendesturuataieldidy
fugrumeeudlumsinuifouasliuaeaduldidloneanBonvesamidds undt ¢ Huun
fiaueniseanuuuiedssuaniudsunuieuriaviedouassiu gunsaiUsznouvesyn
yiadey MIseniuULYieinder MssenuuugunIaiiheifiunmsmemaiuieuseusudeife



LLazLLr;iu‘ﬁﬂgjLﬁaﬁﬂlﬂaaﬂia”luviamﬁm MeauiBeaiiquenaieioaildviiise Juneunis
vnaewavaunsilddmiuinszdiaviadas shussneuanudeaniunasiUseneunis
Wivaussouzaudeu undl 5 dnavenavesmsiiiaviadas suszneunudeaniy
wariUssneunsiivanssauzauioureondmiisnsndussos induazsnsiaiuainy
gevaeAsuINAEIvie AR Y suaduaniusveieindeluimenvenaviadant i
UsznauadnudeaniunasiiussnaunisiiinaussousaindeunissuUsueasnsidu
segrindunzdnsidiuaugensunieive undl 6 Ynauenavesnsiiuiavtiadayt &
Usznauaudsavnuuaziiuszneunsiiiuaussousmudeuluvionasifitmsaonldusiu
dademuudamu uardnarunisfuaiuindemesednsdiunsdnaeineg uasinaild
Wiguitsudy ndeuiadrianiudvesaviaidas fusznauaudsaniunass
Uszneunsiiivaussausaudeusisfusvesdnsdiunmsonlunsaivieindsiaonldusy
Jonde unfl 7 dnausnavesnasiiniavdadar fusenouaduaniuuagia
UisﬂaumiLﬁmmmuzmm%ausuawiamé’mﬁﬁaﬁIdLLviuﬁm@'LLuuﬁmmm TAFIUNAY
AsUNdgIvenaslnaaunsiusmesnidiunisinnnee wazadwaniusvesaviadan i
Usznauanuidsamuuasiusznaunisiivaussausaiuiaunsavomaindeaenlduny
‘ﬁﬂ@jﬁ”’aamgﬂquéfaﬂﬁ’aLLUswaqé’mﬁmumﬁﬂ il 8 Wisuiisunavesnisiiia
watlaidan fuszneuadeavIuLaiIusEne UM SIRNALTSOUL AL S oUTENINIe
Lﬂﬁaaﬁaam‘lmmuﬁmﬁmLLazLLduﬁﬂ@j nstdnnInuAznIETAaIUNIIAT UL A e T
Sasdhunsiaiondu wasunil 9 Wuungeihevesineinusiaud Faldasunansmeaes
onunlurdeitldinuite naonauldlauonusfeidnislunisWauasfusuaies
wanwasuanudeuliiiainisarsinaudeunasiiusenaunsiiivanssougaanudouls
qq?ﬁu
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2.1 uni
domluunifldthuenifeiiiedostunsidunsdiemanuiouluienauiifing
aenldgunsaluuusneg ieadunszuamsivanyumeidonsivalitududiniu msaen
TdwiudaluionauinZsuielfiflushairsnsinamyuaisuinalanaiaie msufuuse
fufnvesienaslugiuuudieg eldiusamslvanuiuuinuniivie wasnsaosld
wiudaluvienayiifinsuivussiiuinvesialfususedmutoiiunisdemenufeuls
g9 nuamsiseluefniiuyilinsuiaumiweansinvuasmadadiussgndld
funsiiunmssemenuioulugunsaiianiudsuminiou wesnshluldduuumsdmiu
fauuazUfulsaaiowaniUasuanueulfiinanisiinmsdemainuiounaz i
Usenounsiinaussouganuiouiigedy Tnefuamemuidefifnwuasin ety
msgewauieunariUsEnauAudEamuveInisivanisluvienausuuuus1eg

2.2 ewidefgafumsiiunisaremanuoulasldgunsaladrsanuiuloy

madiumnemanufeuluienauidsusensinfeunsalairenislnanyuang
uagvyuruvialanatsisfuuinanivwiedudnniaid it ldlunssuiumsifiuns
femaudeu nslvadugdnsalmdriiagrinlivedlvaluaistuinfonisanudeu
vinamilaefsdwmarinlifaandsuauseulddtu musluenaudsiagiuddiavls
warAnwiseiuunn luhdeiivrldesuneliasBeniiosenlilgliaud dyiudsnistun
uivonamismAdeiieatedunninedaay

Sethuradhavan and Rao (1983) le@Anwin1saiainainuseukas AN unIuNg
lwammmﬂﬁmmmaﬂ%ﬂuﬁaﬂauﬁaﬁ‘auﬁﬁgmﬁm 30°, 45°, 60° way 75 warszusAnd
903819(p) Wity 10, 22, 38 wag 66 mm MWihfeuluansyiauneaeuneldiavssluas
(Re) 4000-100,000 ‘wmfwiaﬁaL%‘auﬁléﬁuﬂmmaﬂ%mmﬁm 757 4ag p=10 mm ilfUsena
arudsnvugeaauasiiagenimioRaifey 220% uaztieuaviadariligaiian dagendn
viefi3uu 85% usvieini3euiilavnainayTaudes 60° uag p=22 mm difaUszneunis
Wuaussouzeufeugianiaedeglugig 0.85-1.05

Yildiz et al. (1996) Ihuauenavomistiluimiugunsaiadranisinavesinliiin
nslvanyuasnieluenaufaeudiuu 5 was 10 Tu Wefnwinsiemanudounas
mmﬁquﬁaﬁﬁw%u n1sveaeaneld Re Tutae 2500-15,000 annsAneIwudn Tuin
Peiaviadanliuszinm 250% LLGi@]’anzﬂaummL?iammu:ﬁﬂ"]Lﬁu%uqamﬂﬂizmm
500-1000% sios Durmus et al. (2004) ISiausnavesnisldluiaiiiilusigudes 10°, 20°
way 40° nagauneld Re 1utae 10,000-30,000 wudn luwagqefiuaviadayils 2-4 wi
Lwimmﬁ’ugzyl,ﬁﬂLﬁu%uQQMWﬂU'izmqm 8.5 "



Durmus et al. (2002) 51amuwamiﬁﬂmmiaﬂﬁy’aqﬂﬂiﬂia%ﬁamﬂwamuma (swirl
flow) Unamudvienaaeuiaeuiilennieluasinudl Re Tugaa 20,000-100,000 31AN13
VARBINUTT AnTateriuaviadariiussanm 85-200% LLazﬁmmﬁ’uqmuLﬁmﬁu%umﬁEJ
110% sugey

5UT 2.1 awluipduivasenisivanyuasdunuideees Durmus et al. (2004)

Yilmaz et al. (2003) lAld@UBNANIIUAGDUANIANENIAINIDULAAIUIEUANTUTES
nsleluiseawuuides 15°, 30° 45° 60° uas 75° fiusnamiudviefinSsuiiioldidusa
adanislvavyued nagauiueiniaseunels Re Tugas 32,000-110,000 310N15NARDY
wu lafadariindulutig 6-148% wnusiigatssnevanandenyuliisiy 246-1699%

Yakut and Sahim (2004) FnwanisifiunissiemaudeusenamaUsaielfidu
gunsaladansinavyuuuinanitienas nageuiuoniadl Re  Turag 5000-35,000
wuhgifauiadasils 70-140% SudunaanmslnavsuiuvasuaannaUi uasseun
Garcia et al. (2005) l§imsAnensiiunisdremainuieusievnasnal3esn Tngldi
waztimauinsfiaulndnade Re Tutas 80-90,000 wuhiieifuaiadails 4 wih usifims
gudemnudu 9 whillewsuduviefaBey

Eiamsa-ard and Promvonge (2005) le@nsnmsiiiunisaiamanudeuvesvienay
ASeuiifinnsaenlduiudeahelical tape) wUUBINADATIY LUUTLYIT Lazwuuiiunuile
Thdushasrenslvavsumia(swirl generator) Aiflermeilvasiuil Re Tutias 2300-8800 91
Han1sNAaBIwUILAUE B s Ruau T daiadeld 165% sieun Sivashanmugam and
Suresh (2007) lévin1sAnwnisifiunisanemeanudeulurenauiadousenisaenldusl
Beafiilunuianuveinaentiaziuuliutisannanisnaaedlgduiudenisdieiiunis
fremaudouldiduieaty waglulifendudl Eiamsa-ard and Promvonge (2007) léfvh
nsneasnfiunIsEnemaLSeuTetienanfinssusenisaenldwkundende(helical
screw-tape) wuuiiununans(core-roduazlaifiununans sninaestisienageu Munduans
veumeld Re Tutas 2000-12,000 nuiuedsuuuiivnunansuaglaifununanstasidiy
muadariadsls 230% way 380% muddiu dmsuiiuseneunisiiuanssaugaudeud
AUsganm 1.0-1.17 dwduwiuBedifiununans uazusudesililununanslgeaneaues
Utz 1.98-2.14

Tandiroglu (2006) Yn1sAnsINsfinnsaremeueuluvienaufizSsusousiu
fupdnanau (half circle baffle) Wlpadanuduthuweinisiva Wermaduarmhanuuas



nageun el Re Tuwa9 3000-12,000 31NAITNAADINUIINITAAMILKUAUATIINaNS LY
WBINARaYIvUREY 786%

JUN 2.2 7ENguRuBBUUINY wuushuviowaz s fuvisiiunulusuideves

Eiamsa-ard and Promvonge (2005)

Tijing et al. (2006) YnN15ANEIAISANBINATINSaUTRINSERAldLNUlUASUATILAY
Tnluvienanfaiuuredinimanvasuainudeuuuedeuaessulagldinduansyianu
waznaaaunele Re luwas 4900-47,000 wudwmmsmﬁuLamﬂ’aLs?jaw“Lé’qaﬂ'jwﬁaﬁaﬁau
Uszunn 12-51% mmzﬁmmﬁuqmﬁaﬁﬁ%ﬁuﬁu 286-399%

JUN 2.4 amlsuindansainsigsauiumaiamsivanyuaislunuideves Promvonge
and Eiamsa-ard (2006)

Eiamsa-ard and Promvonge (2006) lavinnsnaasaiefnwnan1saiemanusou
wazANdEAYeiBNaNHTBUNENSRRAIaT19AuTulIumeTan Uiil (V-nozzle



turbulators) AgnsdLsEEERAG(PRIWINTY 2.0, 4.0 waz 7.0 muddu nedeulngldornie
i Re Tuga 8000-18,000 mnmsmamwudwﬁaamgﬂﬁﬁﬁ PR=2.0, 4.0 wag 7.0 Y0iiiu
wutfadariadels 270%, 236% waz 216% muddu wazldrmfuseneunsiiuaussaus
AFeugIEAWiniy 1.19, 1.14 uag 1.09 mudidu Tulideatuil Promvonge and Eiamsa-
ard (2006) l$vhnsdnwnsiiiuniseemanudeuvewienaufasuiitinnsindwisanss
n338(conical-nozzle) ufumasinsivanuausnavnadviene PR uaz Re iy
wuhawnsateiiuaviadariligeis 316% vuziidusznoumsiiuanssouraudoud
Aendmila

Gul and Evin (2007) t@UaKNaNISANYINNRAIUNTEIBINAIINSDUTBIVIBNANRIS HU
fifinsdndaiaasrenisivanumadundenuinamadvie (helical swirl generator) il
uuiBes 30°, 45° war 60° inauiuY Re Tutas 5000-30,000 wuindhad1enisivavau
maLﬂumﬁsn‘u"mLﬁw,amﬁ’al,%aﬁlﬁqaﬁe 20% vauzifenu Cakmak and Yildiz (2007) 1@ue
wan1seemauiouaraudugydslurenauinGeuiifigUnsaiaiianisivansuai
USnaumadive wasnaaeuiueiniasausae Re  ugae 10,000-21,000 wuingaeidia
iadanils 93% wavuugndeiiuiy 75%

Pahlavanzadeh et al. (2007) 3980UNaNIANIALIRUNSENBmANLSDULEY
ausugdeluvienaniiBouiiaonldunainauia uavaamsisiwire mesh) fesnsidy
svarinduesnan(d) Whiu 0.125 wasdastdaumiulnvasunained) 0.00375 T
vndauft Re lutaa 3000-49,000 wuirunmnaUsdlyaauTadariiiniy 22-28% uagany
SugndeiiingeniwieinBeu 46% duatnmineasialavia@avils 163-174% uinu
sugedeilauinnivienadilngey 500%

gﬂﬁ 2.5 ypanauUsaarainnnuieluauideues Pahlavanzadeh et al. (2007)

Sarac et al. (2007) ¥ns@nwmaasafisatunisiiunsenemanudou wavaw
fugmdsvesvietnBeuiiinisindigunsaiasnanislvavsuaisiaeluin (swirl generator) 7
funidannadvie wilsludvesninuenivisuazfinatsainuenavie vnsnegeuiueinai
Inaae Re Tutag 5000-30,000 NMIsVIABIMUTINSARRgUNsAlTEas1ensInayuAas
vinassiumanisivaluvieiadeutodiuaviadaniialugae 18-163%

Ozceyhan et al. (2008) ¥inn1sAnwAIMTIRIEVAE Fluent 6.1.22 Y83viDnas
RBsuiiiinsaenldrumudaniunidavied miunenvasinasenainaivie MsAuI



Tomaduansviauneld Re Turae 4475-43 725 wuinnasldawmnunsnnislnaannnida
vieanansateiuaviadariléfivan 18%

Promvonge (2008a) iweransifiunisenemannudouvanislduaainausmmse
?imﬁ'smLﬂuﬁaa%qmﬂmammu (vortex) nagauiua1n1dneld Re Tutae 5000-25,000
NanINAgBUNUIAaIRaU st dadaiadeliussain 2.4 wih ez
Ussneumudeamudianiutueds 6.8 wh dwalisiseneunmsivaussauzenudou
gaflArgeussanm 1.2-1.3 iean Gunes et al. (2010) vhns@nwvanesaenldunainegyse
Jushairanslnanyuauseuntiavieiaiiauseyuiy ldenameaeuil Re luting 4105-
26,400 wuinwmanaUTsensatisfsaiadalagean 50% Suaesdutufnisldivaia
afumsanyuauuinundaielddehlmAansdemeanuieulduniy

Huang et al. (2010) ldnaassuasdnaidsiauistunsiunsdsmanudou
metangnguasaldluvonauiafou enagnuaaeunield Re Tuyas 1000-19,000 wudn
uadariiiintu 1.6-5.5 i1 vuzdidussnounsifuanssauzanafeuilmgagayszana
1.44 9 Re=1000 Susdunaainnisiuathutiuneluvie

2.3 auidafeatunadanisarewmaiudousienisaanldukude

G%Lﬁumidwmmm%’aumﬂmuiaﬁ'aﬁlé’ﬂa'nmLLf’hﬁy'uﬁmmq'qmnwaaumumz
Tenailsidquiunisasmu udsnisaenlduiudnduisnsmilsiunaule adeds Tdnans
anufoulndiApaiuisnisiium Fanislduiudniyaussasdiioatrantslvanyundli
Aintuusialenanvieudaiinilivesnalnadlunssunn Sundaiendeunainanstude
Ramsanudeuliuassdmalicamanudouity wiluvmsietuidmalfausy
godeiiutuognann uiudeililunisfiunisdemanuseulimsdauasiumaesiuoy
ﬁluv‘iﬂﬁ’msmmmmm%’amﬁ'uqqﬁu ansUsussstuiuiudn n1sUuissveuuiudn ns
Twhudnuinnimiususesldludenauindeu wagismssudnuin Sudenslusfinauis
Sagiuiitnifesnunnldinumavesnmsldusuiauaglfnsundsoiiiaaniedagiud lu
Fdeiismeussnefiudufiaeasdensieg Meafunaresnsiitnissemaudeuse
windnantinddesnag dadeluil

Ayub and Al-Fahed (1993) yinnsnaseniusudaiifisasdiussesfinddodusu
Augnavia(y) Wiy 3.6, 5.5, 7.3 uavanunhasude (w) wiiiu 10.8, 12.0, 13.55 mm
satovun 9 n3dl ihlvaesldluenauinSsvrenaiomanidounudeuiednudviva
Ta938EEieTEniwmivieiuuduln wazdnsidiunisinrenudugnids 9nn1smeaes
wuharnufugydslunenresiaussnoumnuidsamuisufutudossesieseninands
viefuwsiudnanas uasidgegalunsdifiusiudodsnmarunisdnsiian

Agarwal and Raja (1996) launauananisangmausounaziiUsznauauden
muvesnsaenldwiudaluienauiadeulngldindureduanageuuazinnisnaaosii Re
Tugng 70-4000 drewiudafifisnsrdiunstag) wirfu 2.41, 3.01, 3.97 way 4.84 AUEIRU
nnsAnEINUT Fussnauaudean niindy 3.13-9.71 Wi vnzfailadariien
i 2.28-5.35 vindlefleuturieinFou Sufntutuuiudedid y drdige
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Al-Fahed and Chakroun (1996) l@seaunansaneldwiudaiisnsdiunisdase
wushuaudnansia(y) wiaiu 3.6, 5.4, 7.1 wasauniusiuda(m) winiu 10.8, 11.4, 12.0,
12.6 uag 13.2 mm aenldluvienaninieuiefinudvinares ¥ uavdosrinasewirausiuds
funtiladenisinemanudeusasissnavauidoaniulagldimeaaeudie Re Tutas
2000-50,000 91nAsAnEIRUIRLDAT ¥=3.6 anansatieiiuaviadarle 22% vaeiisa
Usznounudsnmuiuty 2.5-4 wh

vildiz et al. (1998) léiauanansvageun1saemauiousazmmdiugds vos
nslfusinndifissasfind(pitch) 100 mm uaz 170 mm lursuaniasunnudeuluuyie
Fouaastuwuulvanu(parallel flow) uaziuulwaaiumisicounter flow) Tasaenldusiudn
iluviefiSauveaedesaniuasunuiou naaeuiueniadoudl Re aglutiag 3400-6900
uéldthiduluviossumuwansunnudeu Wefnviauifadaiuayaruiugands 1o
msnnaeswuusudafiszenddundilidiaviadaigeninnnuavesnisinanyunedii
Avmuiuannd SereifiuaviaiBasilagefs 1009% wazarudugnydeddniniuie
130%

Chang et al. (2004) 1751891UNANSNAADUNNTENBANIBULAZAIUAIUNIUATT
lvavasnsaonlduiudng(twin twisted tape)fiilszesfing 25 mm TuviefaSsureanies
uanwasurFeunUedeusssiuiilnanuiy elfidusasanslvanyueagdaiiles
Tulne1(two continuous and longitudal flow) A wsudinnsanemanuseu 5ﬁgﬂ’l%’lﬂu
AIIULAENAAEUT Re lut39 5000-50,000 wannadaulduandbiiudusutngtae
disauiiadariiy 180-280% mnravesnislvanyuansgreiiiomasnmmervesie usih
Usnauanudeamuiiiafuuauieaty

Chang et al. (2005) ﬁﬂmwamimaaamﬂﬁumim’qaLﬂﬂaﬁm§auLLazﬂuquﬁuqm,L?ia
yeansaenlduwsuTniieatsingle twisted tape) wiudnA(twin twisted tape) Wazuiuinay
uKU(triple twisted tape) fifsnsdszEsRindrannunavasiulnr=ymwiniu 1.67
Tuvienawiniuiiidnuuenistaluiiememudining iweldluiiadrenisinammuaddy
W8T VRERUR UL Re Tutae 1500-14,000 91nHansVAaesluYIe Re 3000-14,000 WHY
Donden unudng wazuiulnaIdway szi’JEJL‘W'aJLamﬁfﬁ@am‘lﬁqmdﬂmﬁaﬁau 1.5-2.3 1,
1.98-2.8 i1 UAZ2.86-3.76111 MUAIRY wiRaUsvnevAMudeanuiindulaesay 15-25
wh vaugfdUszneumsiiualssauzasdouliiggaUssutn 1.4 Sududldainusiuda
Ay uenanisldausauiusveeuiadavuassausznauanudeamliane

Eiamsa-ard (2006) ¥inmsfinwinisiiunisaremannudeuluvionaufinSeusieuiy
Jafifisnsdunstng) Wi 6.0 wae 8.0 Wluaesldluvienaufinduurenniomaniaon
anudeulneldinfouluasyinaunageudig Re Tutig 2000-12,000 2INA1TNARDINU
mslduriudad y=6.0 Iﬁmmidwmmm%'auqﬂﬂ’hLLcJuﬁmﬁ y=8.0 Ingl¥iraviiaidarinde
Wiutu 188% wavsausznouamudsamuilanfiaty 3.36 wih dmdusaUssneunnsiiiu
aussausauieuliigegauszana 1.56-2.17 Judumaninnislnanyuang

Naphon (2006a) levinisvaassnisanamainufousasaudugadavenislausy

a L4

UaReINsEeeRRGEDWINNU 25 way 30 mm TUNBRISsUYDLATOLANIUIIUAINLS DY
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wuedeuasstulagldthfeuduasiuuazneaeunield Re lugas 7000-23,000 wa
mManeaevkansliiiuiunudnfid H=25 mm 11’4’¢hmin"]ammm%’auqaﬂdmﬁuﬁmﬁﬁ
H=30 mm ?u‘qLﬂuwammnnszLLami‘lwamumﬁﬁﬂamiulmmnndﬁaﬁw’lﬁlﬁﬂn'ﬁdwm
AnuFeuiiandt dusiuszneumnudsavuiiingsutuiu venanildiaueaniusyes
wadaviiuiuseneumnudenmulilusisauatiuiine

(1-2 Rib roughened and smooth walled twisted tapes
pos|

L . 4 (Atek angleafrB) - 90 P
W T IR T E R E b bt §--

JUN 2.6 JUwLTAREIMUURISULaL YT Yse Tuudduves Chang et al. (2007)

Chang et al. (2007) lafinwmeaasemaveinIsaIemaLsauLarAufuangydsly
vienauRaFeudenislduiudnfieafindeusmooth twisted tape) uazukudndenfinasy
aduguilula(serrated twisted tape) Aaednsd@uN15TA() Winiu 1.56, 1.88, 2.81 uag
wiuiildleOn(oo) inlunaasuiuvienanfafeuiidvaainaiudouruseuviaidunisliaay
Sounuundndanudeunsi uavliirlvaluvienaaeudl Re Tugas 5000-25,000 :nN1sANY
wuhusutafasvaduiulaliAiavdadaniuagiuseneuaiudeaniuganiiwsiuini
Bou wiudaianSuaduiiuvani y=156 Tianaviadavigeigauszann 4.8-3.68 in diu
wudaReudt y  Wenfuldenfistuussana 3.5-2.36 whdleleufiunavesieRaieu
dmduiiusznounnudeamuiidiintuuszana 50-80 wh vausfiuiudaRageuldaim
Usznounsiiiuassnugauieugeninsulafanfuaduiltuauaslidngeiignuszana 1.6
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7l Re=5000  w¥outuilldadsaniusvonaviadast fusznauAMUAsANIY Lay s
Useneunsiinaussauausoulise

Promvonge and Eiamsa-ard (2007) Ul@uanan1sa18maAuseu fusenauaIng
@uAn1u WafUTENaUNSRNALSTOUE AL aUVD ORI SE LTINS AR A IUMIUNSS
nseldidushatsmnutiutiutubulators) Safunisliuiudadenduiasianismueais
(swirl generator) fESRTIEWNTIAGAW) WU 3.75 waz 7.50 nadauiue1niefi Re
w23 6000-26,000 wumsldukudnielurununsns e y/w=3.75 Iaavtadar
Lﬁu“ﬁuqaqmﬂizmm 367% LLazéhiJ'isﬂaumstﬁuammwmm%’auﬁﬁhqamzmm 1.96
Re=6000 %atﬂumaunannﬂwslwawqmumauf“fum'i"l,viamumwaaqﬂﬂsdmﬂumiﬁnm
wayldaueaviusvesaviadart Museneuaudeaviu wassiusenaunsiivaussous
anuFeureeiithamunsanseiuuiudadelSlusioanuiise

/ : s
_w- ﬁ.nvw- o

vm 5""’ ID KX

e

PoNEE Q5

!,4

€N
[l
=D.
N
~

S alllla \ I a o
EULL‘U‘U'NLWI’JUVI?Qﬂ'i'JEW]ﬂJLLNUUﬂLﬂH?ﬁﬂﬂlﬂﬂ'\ﬂlﬂﬂ@ﬁﬂﬁﬂlﬂﬂﬂ Promvonge
and Eiamsa-ard (2007)

Chang et al. (2007) las1sunavasnisaenldududnienfifinisdnveuunudndu
ASUMESRT N IR =P/d) Winfiu 1.0, 1.5, 2.0, 2.5 uaswrudaililadngeu(co) naaeu
fuenmeage Re Tuting 10,000-40,000 wuinnsldusiudadaueutieiilfiavtiadayiiuy
WAeUszanm 6.3-9.5 Wh LLazﬁﬂ'wqaniﬂLLsJquLUUEmm’aLﬁmﬂszmm 1.28-2.4 i1 daun
Uszneuaudeaniuresukudanisnveulidnfintuussant 8-32 wiwas 3-9 ihdwiu
uwrudauuvemseides nsdvesuiudadisafidavouduniuit y=2.0 arfuszneunisifia
aussauEANougeigaUsTanm 0.9-1.4 Tutaa Re lddnwn

Promvonge  (2008b) lafnwnanisldunainauseiifidnsiduszesind(CR=H/d)
wihiu 4, 6, uwaz 8 usnamtwinuluveRaseusudulduiudaieniifidnsidiunisin
(Y=P/w) WU 4 uaz 6 Vinananwisluunainaus ieldiiusasrsnisinanuiuseun
nilavieuaylnavumsswirousnadanansmeluvieRusey e1negnldiduansinauuazyi
NINAABUMIEY Re  1ur39 3000-18,000 9 nwan1snaaeuldiseauinnslidunudnd y=4
SfvunaInaUieil CR=4  aunsatsiuaviadarligaiulssann 3.0-4.5 i vde
Uszanas 200-350% vaueiidausyneumnudeavuiiiiiuiuussana 28-64 Wi dawalvis
UssﬂaUﬂﬂiLﬁuamsausmm%au@qﬁdwqaLaﬁaﬂszmm 1.5 naent Re fldnageu
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Rahimi et al. (2009) laAnwidmaassiazldneuiimesmuiandiavveinisld
windadeafifinsufussweuluaudvasunmeluriefiney neaeufiuihneld re 929
2950-11,800 wieunsldpoufinnesiumnitedunanginssunisivaveswesivaiilvariu
a3uvaewiudn nansAnwmuinAaaBaiinTy 1.96-2.49 Wi wazdUsEnauAIY
Famufidfiniuussana 6.51-8.7 wih ansfifussneumsiiuaussauyaudeuiien
Tugine 1.1-1.2

Fiamsa-ard et al. (2009) l¢vin1sAnwmdandsiaauisatuniseemanuiou
fuszneuaudsanuLafUszneUNTinaNTInuE AN oUTBINITIMaNLUALY
(swirling flow)densldwiudnieaifidnsdunisdngm) wihiu 2.5 way 5.0 neuia
ANEIr8EN9IENINUNUTANUNTIYIB(CRWINAU 0, 0.1, 0.2 waz 0.3 luvienauialsuusie
Re T4 3000-10,000 Ran15ANWINUIT wHudad 1/w=2.5 way CR=0 wieusudauuuaiy
wiuannsatoiiiuAaviaBavildasfianuseaniol 73.6% wazsausznauanuideaniuiien
Windulugaasyane 4.18-6.44 wh dhudauseneuntsiiuaussausanudouiianlugae 1.6-
2.1 suluravnmsinevsumsngtuiedifinanumunuuusnnninusuded y/w g9

Swirfing flow

Axial flow

Axial flow

o

-
~ Swirling flow
Axial flow

WHuTAT yAw=5.0

JUN 2.8 nsivavyuassnegluvieriseuannukuliniieaves Eiamsa-ard et al. (2009)
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Jaisankar et al. (2009) lévnsneasafiefnwinsiiunsaewmanudouesnisly
wiudadieafionsdunista(y) Wity 3, 4, 5 uas 6 @enldluvionaufiniouronaiewh
hgundanuuaseniing(solar water heater) lavfifmgusvasdiitelfusiudndusainenis
InavumisluwnemdmiufunsdomanudoulituieRaFeuresaioninhgundany
waeing Mavaaaugnnseyinn1els Re Tuting 3000-23,000 31NNNSMAGBILATIBINUIINY
Bafl v=3 Tiavtadavifiutugeiiaaussana 150-214% uagfusenouauideamiudian
\isTudsyanas 150-320% andsiu

Eiamsa-ard et al. (2010a) lavnnassuasfnwinavesnisanaowmainusou fmusenou
anudsavunassUsyneumsiitaussouzanuseuresunudnifeaisingle swirl flow)
wiudagilrAnnslvanyuassniu(co-swirl flow) wazusudagiviliAanisinav
saunaiiu(counter-swirl flow) 7igas1dUNIDA(AY) Wiy 2.5, 3.0, 3.5 uaz 4.0 e
T¥nslnavyumagidusidieiunistemaruiou wiudanansdlgmiluldluviefaisou
uwEmaae Ut Re Tuta9.3700-21,000 NHAMNINARBINUIUHLTAALUUTAFIUNNY
Tienmsemeasougsniusulnnsdiug Silvidiauiadariginiuwsiudabeinazusiy
ﬁﬂ@:ﬁﬁmmmﬁ’uﬂﬁxmm 17.8-50% Uag12:5-44.5% aua1su dIufiusenauaudsaniul
Ay 6.37 Wi wenantdaihlddvsznaumsiivanssousaudouiidadousyanm
1.39 é’uﬁ]umamﬂmslwamgumavj«uaaLLciuﬁmr-ijUﬁ@mumqﬁ’uﬁﬂizLLamﬂwamguma
Sroasuiulunisviienhvedaliluadh luugmeiunviondifmndsuseninlduniu

JU# 2.9 anwaurveurulafeIwazHLUAAlITEYeY Elamsa-ard et al. (2010)

Eiamsa-ard et al. (2010b) lafnwinaassnisaiemauiou fusenauauLden
yuLariUszneun s iuaussauraufeuveinsaenlduiulnfe wiudngendeios
(full-length dual twisted tape) uazusulneiiuya(regularly-spaced dual twisted tape)
Adnsdmnstaa) Wiy 3.0, 4.0 uag 5.0 wardmsnduvestasinssaduriugudnans
via(s/D) whitu 0, 0.75, 1.5 uae 2.25 mudrdu tieldidusarsnsinamuasdmiuiiy
mstemauiou dilunaasuiueinianieg Re luaie 4000-19,000 HANSANYINUITUEY
ﬁﬂv-juw&rnm'al,ﬁa@ﬁ y/w=3.0 TWAavTadasifistuads 146% waziusenaunnundon
yufieiutuede 2.56 vhlesutiuvefnFeu vausiuiudaguuuiugaei s/p=0.75
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Aavfaidariiiniuieds 140% ﬁ'mi"uéf’sﬂisna‘umsLﬁuamsauzmw%'au‘uamm'uﬁmj
WULBNIRELRaT 1/w=3.0 Tﬁmqaﬂinmuﬁmnsﬁﬁu FafAUszanm 1.03-1.11 wenanle
iaueaniusvetaviadar fiusenauadsanIuLarfUsTNaUNSNANTTOUEAIY
Fouveusuaguuusingg Lime

Round tube _ Single twisted tape

Fizst twisted tape

‘:‘ D @
S ; !

Second twisted tape

Round tube __v£1 First iwisted tape
arm

Second twisted tape

U 2.10. wiutnifgiuasusiudngues Eiamsa-ard et al. (2010)

Murugesan ‘et al, (2010a) $idtenan svnaetYasnIsaanldundnGe) uazury
i‘mLﬁm{fiﬁmié'fmlaULfJugﬂa"mﬁ'ﬂu(square-cut twisted tape) fidns1dmumMstak) Wity
2.0, 4.6 uaz 6.0 luveRadoulneldinluansinuuasaaoudae Re lurag 2000-12,000
mnmamsﬁﬂmwuiﬂLLsJuﬁﬂL?imﬁﬁmsé‘fmauuﬂugﬂ?ﬁuﬁwamﬁmhaLﬁumidwmmm
$ou uarivszneumadfiudussouzaufouligeiuld uiudadeiinsiaveudugy
Sdend y=2.0 WAavld@aadointulsyann 1.81 W wasfauszneuaudsaniu
fiAfisTuade 3.81 wih mmzﬁ&’hﬂizﬂaumsLﬁuammusmm%'auﬂﬁhag”lu‘d'w 1.19-1.27
sulunasnnisivamyuiuuiantiedniouainnisdaveuunudn Tusisauduaus
avusToIwNulaRUUAeY 1inay

Murugesan et al. (2010b) ¥n1sAnwn1senemauisuLazAIlsznauANLden
ynuresnsaeslduiudnifefitlaannzy(wire-nails) sedasidumsdng) 2.0, 4.4 uas 6.0
TuvionauiiaBeu nageufutii Re Tugas 2000-12,000 9nNansANINUIUKUDAREFn
ammgﬁ' y=2.0 annsathoiuaviadaniiu 1,98 wh wasiuseneuanudsamuiiudy
4.26 " dauﬁaﬂssnaumﬂﬁmammuzmm%’auﬁmag”lu‘daa 1.27-1.33 Juraannisiva
mumaﬁLﬁmmﬂu,w'uﬁﬂwauﬁ’umﬂwaﬁﬂjuﬂwmncﬁumﬂmmmw,ul wazdalalaupaviusves
uadast shusznouaudsanunasfiuszneunsiuaussouzaudeulilusieay
atiuiigne
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Murugesan et al. (2011) iavenavasiudafifsnsdiunsdag) wihdu 2.0, 4.4
uay 6.0 uazuiuladinuauwsiuguf3(VITIMesanaumudnusumasusUiinonny
ﬂ”ﬁwaﬁLm'uﬁm(DR)ﬁ"Ué’mwdaummﬂ”iﬂwmamm?iamgﬂﬁ’ﬁsiammﬂ"g'wuamciuﬁm(WR)
Wity 0.34 wag 0.43 AensanewANsauLasAIUsEnouAudeaIU vinnsuageuniu
$it Re Tutas 2000-12,000 f\nﬂwaﬂﬁmmaaﬁwudmﬁuﬁmLﬁmﬁﬁmiéfmamdugﬂﬁﬁﬁ
y=2.0, DR=0.43 uay WR=0.34 LﬂuLLB\iuﬁﬂﬁmmﬁﬂ‘d’JEJL‘ﬁmLa%ﬁﬁ@aﬁlﬁ@ﬂﬁﬁjﬂiﬂ&ﬁmﬁu
1.36-2.46 Wh waziUssneumudsavuiAnfiudiy 2.49-5.82 wh druiuszneunisiiy
ammuzmm’%@uﬁmqqﬁqm‘l,wdaa 1.23-1.27 iz“hL‘T;Juwau'mﬂmslwawgumqmmwiuﬁmﬁ’U
funnslnavguruanveuiigndmdugusa? wiouffuillfiausaniutuosaiadan i
Usznauamuidenavny wazdnusznaunsiivaussausanusouvesnudaidnuline

Wang et al. (2011) vinnsAnwinsansmansey fusenauaudeanIulazii
Uszneunisifivaussausanudougsrudano i utiefisnsaunsdng) Tudas 2.5-8.0
gumim(a) 180° , 270° wag 360° Ineldisn1sAulanTesavsae CFD LLawmmmﬂIMa
mals Re Tugag 10,000-20,200 Namiﬁﬂwﬂéfﬁmm’j'}LLt:Juﬁm?{mL'E'uStiNﬁ y Tuaing 4.25-
4.75 yumstn  0=180" LArSnII@ILBIINeTae 28-33  azdagliaUsznauntsiia
aussougaudeulienfnan uaznistomaudeulidAfanidedsuyn o u 270° 3
AR sUnLaL N Id MRt ReglugInAY

2.4 mu%é’wfr"imﬁ'unmﬁunﬁdwmmm%’auﬁ'wviaﬁwgmz
ﬂmﬁumidwmmm‘%’auﬁaEJﬂﬁﬂ%’uﬂjﬁuﬁwawiaium‘%'mLLaﬂLﬂ?iaumm%’au’Lﬁ
vusmdugniitnitesununnermadlauas@nufuegsdeidos insgmaviliiug
nsuandsuanudoursintuiefiatussdemarilinisdiammnudeuiity wasniy
Vs vesiveddsnafiranmsantudafameniuseuliuisas Femumunestudaiafs
Husriulilivedmausnunanmiolnatiuveuiwsliuanidsuninudeufindaielduinwe
waruanniudramgszresiediiUselevilumsaansivavguausasvayueag
58 nslmaussmiadlvadlvwanisuaudeutunioioldlnenss uasisvinasgns
snlunsuaniUBsunnuiou uilidedsdundsnumslua nmstusuiveuasnisdentgs
Wldengiuinneaunas sgslsAniuiduanuimievediainsfidesmnisudly wan
Wisuflsuiuismsiunssemanudeudildesugluidefinuandeinnisifiunisaiem
aruousnBnsusuussiaviel fuguseilmnaldiuTeunitae 87N 9nefinaufs
HaguiinidevhmsAnunnsifiunstemaradouseisilitaviessussiiunn edadu
FPRURSs fnATuBes hesusuindn fnaeu Aeduaudiduiy fsesadeesolul
Ganeshan and Raja (1982) lévinns@inunisiiiunisanemenudeudieviefaasy
\8e3(spirally corrugated) Fasududusaus 1-4 apu Lwiazaauqq(h)ﬁg«,wi 0.3-0.77 mm
szusRnduasaeuEuiniu 30 mm uazaewinumBssiunauny 65° gnAndadluluiade
LanasunnudeuunuieRaSounaznaasuiutineld Re luras 10,000-100,000 91AKE
mimﬂaaqudwiaaawﬁmmmamhaLﬁmLamﬁfat,?‘aaﬁlﬁgmfjwiamL%'aULLawiaaauLﬁmﬁ
Bududie 4 sy faussnouarudsamuiiutuainveRaSsuseana 2.0-2.3 1
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LLas&f'gﬂizﬂaUﬂmﬁmmmuzm'}u%aumaqviaaawﬁmﬁmqqqmﬂismzu 2.1 Fudunasn
nslvavuiusaznsivanyunsresasuiintve

Webb (1992) steuguuuunisivaiilasiuaiusssuwaznisivanisiuingasuiid
mﬁm?{emLLanm:Jfif]é’mwdauﬂuaﬁsazﬁwizm"mﬂ%siam'mqm%u (p/e) \ilosannisiva
wonsameiundswesniu Saldmenuinigennnsenuarlifintuiien p/e Woenit 8 wazen
miﬂ'wL‘Vlm'm%'augaﬁfjmLﬁm%uﬁﬁL’meaﬂwamﬂﬂizmﬁ’uﬁuﬁa

p/le FLOW PATTERNS
—
o —TTe
- -
A Sy -

L REATIACHMENT OF ThE
SHEAR LAYER

= X = Ge - Be

S
S D

s SERemal A
\\/0

¥ » E-O-OE

Uil 211 Juuvuvesnsinafiintuiniieniunssues Webb (1992)

Liao and Xin (1995) ¥ns@nwidamaasafisrfunsensmanudeunuuiduues
awsugeydevesiofimeludunduamumasauda prugaeveinduaimisiineg
Tu%29 0.54-0.74 mm seeeind(Presniulaaglugas 1.31-4.00 mm dnuaznI5inI1
aduiivnademarndunuifiontu viaﬁu’wmmgﬂﬁﬂﬂmaauﬁumiﬁwmﬁLﬁuww%‘ﬁulné
Aa(Ethylene glycol) Tvaluvioneld Re Tuting 250-7000 Aifiiavnsudsng 60-90 a1ANTs
neaaslutisinaluus U suavaeuduRdsinty 2.8 W wiludrenisivanuuiudiy
vALAURULRARIRLTY 4.5 Wi diudUszneuauBsaniuluransivauuusuGey
Waudwade 1.7 wih waglugranisivaduthufuiueds 4.0 win FuAnTufureRaniu
ﬁ’]umgﬂmﬁﬂi’mgwa\‘iﬂ%Ull'm‘ﬁ'?jﬂLLﬁxi%&%ﬁﬂ‘ﬁ‘U@ﬂﬂ%Uﬁ’Nﬁ@ﬂLLﬁ%ﬂ%U’]’]ﬂULLU’JLaH’Jﬁu
wasfiniuun Liao et al. (1990) l¢vinisnagsuniseremainudouvesiefanisluduaiu
anuwdsuaudfseuiulaglderniavageudl Re  lutas 7000-40,000 wuirgaeLin
Sudszavansmeanufouadsld 3 wh wazilinusenevaudeanuiiudy 4 widledeu
AuvieRIS YU

128566
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Brognaux et al. (1997) liinauenanisfinwinsanemainuiaulneldviefnsy
AEN(micro-fin) AiflszasfindusnIuwingu 0.6 mm ATUEY 0.35 mm AUNIvedlay
wazUangasuwindu 0.34 mm wag 0.15 mm  AINEIRU aNEUENISININEASUS 2 WuUfe
ﬂ%UﬁﬁmmqaaﬁwLauaLLazﬂ%‘Uﬁaaﬂgﬂﬁmaaﬂlﬂﬂ?qwﬁquﬁaLi’ﬂJﬂ%Uﬁé’Uﬁ'ﬂU inluneasu
furhiflvad Re Tudas 2500-50,000 HansARwUsEMTIUIASlivieRAsUTLNAENYIlH
fhuseneuaudsamuinturnvieRatey 55% dwiSusSuluuiiiu uay 45% dmsuaiu
fifneenen vafiduUssandnismanutouiiniy 65-80% asldnanmsinssige s
Wilson plot

Jensen and Vlakancic (1999) 5189 munavesviafinsuneludes fiflnnugeniute)
139 0.18-2.06 mm yuideswasniuly) Wiy 0°, 15°, 257, 30° uag 45° LaydIuIuLIvDs
ARUN) wiiu 8, 14 uag 30 UDd FENITENEWMAINSBULALAIUTYNBUAIILEEANIY N
nRaBUAUTNT Re Tutihg 10,000-70,000 WU vieRnASUIEEE e=2.06 mm Y1 y=30" uay
N=30 un? Wurefitrefinaradariuasfussnauanudoaviulugag 50-150% way 40-
170% @nuasiu

Chen et al. (2001) laAnwImanIsaIEmMAINSaY FusenouAIdaA ULaLs-
UisﬂaumiLﬁuammusmm%au%aaviawqm(dimpled tubelupdosuaniUdsuninudou
wuuviasIuAud(coaxial-pipe) Viawquﬁlﬂﬁ'mmaauﬁﬁ”’wm 6 vie MldnvUENINIEAN
URAAIAY %ﬁgﬂé’ﬂLL‘UmmmﬂviawmLmaﬁaﬁamé’aﬂmLﬂwqmammm 2.0, 3.0, 3.5, 4.5,
4.7 ug 5.5 mm szeefnd(puomauiaiu 8, 10, 12 uagld mm vaugnauiesiuduuam
(N) U7U 3, 4, LA 6 Wa7 mmﬁﬂ(e)mawqu 0.5, 0.6, 0.7, 1.2, 1.3 u1az1.5 mm nA15NAand
T ¥ouiuansvinaus Re luse 7500-52,000 mﬂmiﬁﬂmwudfwiauqum%ﬁgwmmhEJ
Winduusyansnismwannudould 1.252.37 wi 9nnnsUszenaldimatia Wilson plot vie#idl
M e/d, elp , N gaitgnanunsndaeifindulsyansnamianufeuldaeiianussaunn 2.37 wi
mmzﬁé‘hﬂizﬂaummLﬁaﬂmu%wiwquﬁv’mmnﬂﬂiﬁﬁﬁﬂ'wLﬂ'w‘ﬁu 1.08-2.35 11 @S uda
Uszneunsiiwanssnuzanyfeuliigegauseina 1.16

Ul 2.12 dnunzvesvieiasududlunyidsuss Dong et al. (2001)

Dong et al. (2001) lévinmsvmasaiiefinwianudugads mssewmaiuiou uas
oﬁ’aﬂs:maunm‘ﬁmamiau:ﬁmm%aumawiaaauLSaaa%'Nmmﬂviawammﬁfaﬁﬂuuﬁﬁugﬂ
apuiifszogyassninfind(piifu 10 wag 12 mm ydswesasuowindu 78.8°%, 79.2°
way 82.1° wazANAYe)votaRuWiiv 0.32, 0.39, 0.69 Uay 0.8 mm muAY nadeuly
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1t Re Tugaa 6000-93,000 uazthsfilugas 3200-19,000 9nNan1sANYINUITABEE
7l /d=00243 fifduszneunnudsnmugiigauazgeninvieRaFouussunn 160% dw
vioaauldsafl ¢/d=0.0199 firfusgnauadeaniuainivieiussuuszann 120%
sairiaviadavivnioaoudei e/d=0.0243 frniutuainvieRasuysyana 60-120%
wavioaeudesdl e/d=0.0199 fenfiatuuszana 30-70% Funemuiwioasudeaiiian e/d
wag pd gewihlisusznouaudsanuuasiaviadavifaintuny e ed el
ndSwannnIe p/d

Barba et al. (2002) l#fnviniscnemanufeunasanudugydeiiiniuluvieasy
Besiltlugnamnssuemsuasiall vhmsvaaeusielevsaulndgasme Re lutaa 100-800
Tnevisasuideagninuasnanvienauinfeviuguidusoufiszosfindivintyu 11.5 mm uag
vhyuiBes 45° nn1smassmuivieasudsstisyiliatadaidiniy 4.27-16.79 i
Yz fifUsEneUAIAAYUEINIMERUTEU 1.83-2.45 1311

Rainieri and Pagliarini (2002) An®IN1INIAIINTOUVDIVIOABUBIALAUEE SNy
Y9389UYINYNBBINATVINNNITING AMUEA)VDIABWIIAY 1.5 mm SeEzfind(p)uetasy
wiitu 16, 32, 48 uag 64 mm audiy Ievsaulndaaluansveaeui Re Turaa 90-800
nmanaaedldsienuiinsisiurenauiadavineioasudsuaras iy uivioasy
ynsdiasenisiiutuvesiaviadavunnnivieasudes Wnevioasuwineit p=32 mm Iy
lnliadarigaiign

0 e A yeond Nl ol BT R Y

'
o o a

JUN 2.14 vieviquiBesdmiuiiaunisinemanuseulusideves Vicente et al. (2002)

Vicente et al. (2002) ¥nnsfinwimsanemanuiow wasanuiugydevesvienay
Wea(helical dimpled) $1uIu 10 vieffidnsdiuaugvemausaiduRIuAuENaIeve
(h/d)faus 0.08-0.12 Uagdns@IUsTaLRat(p/d)ius 0.65-1.1 vinsmadouiuinlugenis
Inauwuutlutugas Re 999 2000-100,000 31nnsnadauvievaudesinliiusznaunlu
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oanuiint 2-4.5 wihwdeusvanas 150-350% usiavfaiarifiuduluis 250% audaiy
viewquidesiiiien hd gean warlimuszneumsiivanssougaufougagavinfu 2.1
Re=4000

Ceylan and Kelbaliyev (2003) vinn1sAinwanudunusaesiilsenouniuden
ynuuazmsiemaLFeuremieiifinuTTEANIMS(e/D<0.05) 9nnuvesinifudu
Wevhuneduusyandnismanudeulusisnisivaduludid Re Tugaa 10,000-10,000,000
NANsAENIMUIEITEAS MsmIAuouanfinduluss 350% mumsifiuturesaing
UIUITVRIND LLazuaﬂmnﬁé’aﬁulﬁmviaﬁwqmz%ﬁﬂﬁﬁwisnaumuﬁuammuzmm
Soullunnnimilwviesdeiesgaasiidintunilidwmivvesvaiifiaunsiudeng

Vicente et al. (2004a) thiauanan1sAnyIMIeunIsaaaiefunsemaI
fou uavmnudiugdevevisasuidesill flugnamnssusnuaiivarems vieasuidesiily
AnwenINdIUAINGIVRIADURBIEUNINAUTNA1ID(A/A)Y23 0.03-0.06 LazdnsIdIu
528y NATU0IABUABITUNUALENA YD (p/d)Y33 0/608-1,229 17 10 ¥io nagauiuth
waufuevsaulndgaiifitarnsudluas 2.5-100 asoupguAsivail Re utag 100-90,000
nan1sAnwlduansdantsiuduiansthomastounasfusenoumnudganiu dansle
vieaeudeslutiamsinatudhuilishussnsumiudsavmuiiniuainviefaBoy 5-25%
davtadaridintuluiis 30% Fadurafiléannvioasuideedl hd=0.0572 uax p/d=0.886
MUY

Zhnegguo et al; (2004) ¥nnTsnaaswiaRan3 uaMmaBNeANEIN SN SEEm
amuderluaipanuiaumusaunuuidonuaie dwsussuisanaseulitudnsiulag
T msvnduUszavsmniasmdeuneluvia (n) levinisiasievdemaiaues Wison
plot FwmuirdulssandmsmanutountgluvieiuiuanvieRaEoy 2.4 Wi dwanudu
Qagtﬁamauanvimﬁw‘ﬁymﬁwﬁmﬁ’u

gﬂﬁ 2.15 awvieRaniuanuwdeslunuideres Zhnegsuo et al. (2004)

Vicente et al. (2004b) l¢fnwmaasaieaiunmsiemaiuiou wasauidnniy
vowiaoudesiilithuasiovidulndgafifiaunsuddns 2.5-100 ¥insvaaouluganis
Inauuuiutoud Re 929 2000-90,000 vioaoudssgnmaasusausisnun 10 vie uiaevied
dnwaziiuansnsfudeiisndiuniugevesaouseiduriuguinaavie (Vdas 0.02-0.06
uaganIIdILTEIEINGYRIRDUABIAUNLALENAYIB(/d)Tae 0.6-1.2 WaNIVARBINYT 13
TiveasuBsnilidusznoumudsamuiintuainvieiey 1.2-4 wh dauaviada
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Y03vioaauldesii A/d=0.06 wag p/d= 0.9 MiFgananuazainivieRaseuiade 3 v vse
250% VnuEmUIZNaUNISINANSIaUEANSoulAIUSTIM 1.55

JUN 2.18 amuayTeazidunvedviojUTaduiuluwuIwnuliaues Meng et al. (2005)

Li et al. (2005) W§sreaunaresnisiiunisaremanuiouvesiefinisluduady
auWAENENTR(3D internally finned) uazvioRnASuTWIAEN «‘éqﬁqu'lﬁtﬂwuaalwamaau
7 Re ut29 1000-8500 TnspA3uauasuadffinauni1aw) 0.5 mm szavfinduesniu
Tunwsadi(Pe) 3.14 mm seogingoInsuluLLILAL(Pa) WA 2 wag 4 mm HAZAITG
ya3rRUle) WU 0.65 WAL 0.95 mm mudsiu 9InMsAaDIMUIY wuladariadsiuiu
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71% wav 103% usmnudumunsivaiisdu 90% was 140% dwduvioRnasuauwasy
WaEYIoRIASUTWIAENANEFU

Meng et al. (2005a) ¥hns@nwmsiunswianudeuluviendaduiuluuiunu
(alternating elliptical) fifisvasRnd(Phviriiu 40, 50 way 60 mm ANUNIAALUaEAINEA
(B)voswiinginasg fie 20.8 uay 12.8 mm muadeu i measunsld Re Tute 10,000-
50,000 MNNINAsemeIBasuiuluwunuldtsfuavTadariuazfusenouauden
MU 35-60% waz 150-200% AUy Fufintufuvied P=40 mm waziUsznoums
Wiaussaugauieuremiesiaduiuluuuunuiidunnnimilmave  Fudesainnis
ﬂ'wmﬂﬁ’maaqmwgﬁuamﬁmmslwamgmu(vortices)%usm 8 yaluviiniiiaviedinig
Wasuwaswnenseunidaioes

Meng et al. (2005b) ld¥nsnwmmsiiiumsaemarudousievieaiuguenyingm
Bussiofu(discrete double-inclined rib-tube) HinmassiardIwMTwiLaY iteldaTug
\udhadansivanyuiumiuieivanes) 98 (multi<ongitudinal vortex) UStiamiavio
dvsuiiiunsinemandou lasa3vinaiupdessieiy 45° A3usna 6 mm g¢ 0.85 mm
wazsTETRATWITU 12 mm mudy veasufuiidas Re  lutie 500-15,000 99001
vaasanuIlutIn1sIvaluuTUEEUT Re 133 500-2300 viepudtoiisantiadarils
250-650% uazdUssnaunsEisanauietu 120-3009% dwmsutianisivatiuliud Re
%29 2300-15,000 AauiTAdaviLaziIUsLnauAEgavIuRLTY 110-240% waz 130-
210% MUEWU LAZINKENIIALIATILaUNUTIAANITIENINUS MK TInaDAATN
p1vie Tedsmavinlidhamansdeuldiinity vnsiisaUsvnenisifsEssausausouTes
vierTue luganIsinauuusuiFeulviawseanm 3.2-4.7 dwsurasnisivawuudulauly
AT 2.6-1.7 AINERY

o P A ° a v Y
JUR 219 nwvieaSuguenvhyadessiefuluauidees Meng et al. (2005)

Sahiti et al. (2005) #Andsrsuamaneunsuuituenvieluirisswaniudsuninudeu
Wednwinmsaremanudeu Womeaduasinuuazvaaounels Re Tugna 8000-34,000
nansAnwldsnuieniadaiiuiuanviefadou 65-105 wh

Naphon et al. (2006) S189TUNANIEUINANIBURALAIUTENOUANUAEANIUTDS
viep3uiBua(helical rib)ifiszasfind(p)vinfiu 5.08, 6.35 waz 8.50 mm W3edns1dIU
srugindsaiduruaudnaavie(p/d)wviniu 0.63, 0.78 uag 1.05 wuzfinudnvesniu
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(Xwihiu 1.00, 1.25 uag 1.50 mm viiesndmuaNudnseldusuaudnarvie (Wdwinfiu
0.12, 0.15 way 0.19 MUEIU s3uamun 9 vie neaeuluduanUasunLdouLULYID
Fouaoatulasldinluansyihalvad Re 423 7000-24,000 91nnsmaassldsosiens
datuveansdemarmiou nislivieaiuidesiiiaudninniignaglveinisdemenia
Yougefian uarvieriuBesiiilsvesindiosanazlienisinemaudoufiianiuiu vieasu
Busiin3uiianwdnanngail 1.50 mm  reifiueviadndliganysyanm 2.2 wi dawd
Uszneumnudeamuremieasuidssidiniuussinm 2.3-2.6 whdlefioufuviefngeu
Famanatunaduaudeuiildunanniswaufuiitturesveslvalududafionismnudou
Mnenutuhuiiadstudensu

Llelical nb
- P //

% =150 mm

x=125mm

gﬂﬁ 220 nwvieRAIUINABAlUIILATEBY Naphon et al. (2006)

San and Huang (2006) t@uasan1sAnwInsidmsaiememuseuluenaudiiau
¥a(transverse  ribs) SeURavioTio N AlnasIUA 8 Re Tutiag 4608:12,936 vieRATu
yanldAnwniisasdusyaziindreiduiiuguénanavio(p/d) 0.304-5.72 uariidnsndau
ANNEIATURBLTUEUAUENA1IYIB(e/d) 0.015-0.143 FIUUAT 9 M8, gNATINLIAINYIBNBIUA
A5eu nmsmaaeuldnsriisaiuauaunslunshaiiunsmemanuiouvese
RamsuransligenimiefaiSoy waywuiwieRaaSuaneiil ¢/d=0.143 Temsmemaiiu
Youveiaviiadavinarsusznaumiuidoaiugeiian uisusznaunsitaNsIOuLAIA
Youveaieiasurnsiuwliuanasuaziirmnimilslunnnsdl

Zhengguo et al. (2007) lgvhnsfinvidmeasaisafumsaiemainudou Audy
audeiiAnnviefiaiumeusnidunssaumasu(petal-shape finneduayldusiuiuwuy
iBea(helical baffle)infssouia FsnTuanuimasuiiszozRad(Piviniu 0.8, 1.0 uaz 1.2 mm
LATANE(AIIBIATUVIAY 1.0, 1.2 uar 1.5 mm naaeulaslddniuansinulualuve
uanie Re Turaa 12,400-16,800 HanIsvAaBINUIVioRIATUABIMABNTT P=0.8 uay
h=1.5 mm Wisnsaemannuieugaigauashsiuaviadanls 2.35-3.33 i vueiisn
Uszneuanudeamuiintu 2.05-2.11 windlaifisuduviefatey Suaviadaviitugsan
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fienugensuinngn laeliaau 233% uaganuiugaidsiiadu 111% unanuatuivini
wHunuwuudIeenIgyilvianudugadsaniadluladninn

gﬂﬁ 2.21 viefnesuauwassluemAdeves Zhengguo et al. (2007)

Li et al. (2007) yhmsveaeafeaiunisaemansouLas A LR ugy oo svion
rsunuaidn Tagldiuaztiniuduaestiaond Re lutha 2500-90,000 udruszandldinaia
483 Wilson plot wAduusansnismnanusounigluve ﬂaﬂ%'umumﬁﬂm%ﬁmmga(e)
0.3 mm 5¥8ERnd(p)VeIATU 0.67 -mm | KavuBEweIasu(@viniU 25,5  Han15ANY
wui viefesurwndntiediinduuseavinisnianadeulmies 10% uiiuszneuay
Foanuiianiin 40-50% 3 lmiudaimeirasvrnndnlivmnzihlvldnuiewind
mmmmm’iwﬁaEJLﬁmmst;hammm%’@ulﬁs‘ﬁLwiﬁmqmuLﬁawé’amumﬂwaﬁqa YUz Al
Fahed et al. (1999) lﬁiwmuﬁamsﬁnmmsdwmmm%’auLtazmmﬁ’uqzylﬁaﬁtﬁmﬁulu
viefan3uauadnlurisnisiuauuusuevideindidganimieRndouidndosuay )
wuzthlulgaumeiusionu

JUN 2.22 vielaAsurwadnuaranMzveInsuvislunuIdeees Li et al. (2007)

Gregory et al. (2008) ¥NMSANHINITANIMAIINIDULALANUEAANIUYDWIBRIASU
indeniiiisuan 10, 30 uay 45 A3U FaASugale) 031, 0.38 uag 0.51 mm Sns1EUAIIIGS
(e/D) oefluting 0.0199-0.0327 ARusiazATUYIBEA(a) 25°, 35° uax 48° aaeartutiil
Re %29 12,000-60,000 raa1nmslvavauma(swirluazvamuiu(vortex)uitinniiefils
nnwediamsaeamnisiva wuiwieliaiuindmannsatisiiunstemadeuldua
vieRnASuINAenTiil 45 AT e=0.38 mm 3y a =48° \uvieTivaeriumsdemaudeulsigs
fign usiviefnASuINAeiil 30 ATU €=0.38 mm yu o =48° \HuvieTisimusugadegeiian



25

Webb (2009) lafinwinisanemanusaulasAudsnnIuYeviolInTunsInge
aufif Togldimaaouii Re 929 9000-24,000 Feldmdnn1sues Wilson plot Tunisman
Susravimamaruouneluriefaiunsinmesuarldssnunasenuriniefiniunse
nswaiRTfUTEneUmIAsAURLTUINYieRYFBY 4.38 Wh uarteiuauTadad
16 3.7 Wi dawalvisuszneunsiinanssouramuouvesviedidinimia0.85) 1nns
finsanudimsziiumiugueiularanszrvseinsaiuiissyinliiussnounmaiiiy
aussauzAiauvewvisganiAitlalutlagiiy

Li et al. (2009) $189UHANIANYINTANBNAIUTOULALAINFIUNIUNIT INEVDA
vieRaATuAuenyiudessafiu(discrete double inclined ribs) lagvinmsfinyilmaass
mugiumsinudsheuielifuunngnsainsivadeveslvaluariueiufl Re Tutag
wwusdluad 15,000-60,000 INWANISIARBINUIN VisRIATURa N saT et tadavls
100-120% u,azﬁmmﬁugm?ﬁaLﬁuﬁumnviaﬁm‘%ﬂu“lmm 170-250% Tusnsaulaviaue
sUsamslvavesiidie Inautuesunsdumihuasiumdsaiu wudniansivavsuaui
sumihuagiundwesrunsyagluiiele Sudumenaihliiinsdiemanudouiitu
whliiussneumsituaussouzariiauiiingeaausenns 1.56 71 Re=15,000 waziiuun
Tthanasils 1.42 71 Re= 60,000

JU# 2.23 vieihaTuguenyinyusiefiukarmsivavyuaarinumaansuees Li et al. (2009)

Laohalertdecha and Wongwises (2010) IFvihnmsnaaeafiednwinisaemain
%'auuazmméﬁ'uquLﬁaiuviaﬁaaauLn5m(corrugated)ﬁﬁmsv‘l’wmmLﬁu R-134a lvanu Loy
ASUABUAN(e) 1.5 mm SrEzNatUetasu()iAvniy 5.08, 6.35 Way 8.46 mm LALEns)
seeint(p/D) fAwiniu 0.58, 0.73 wag 0.97 Mua1dy ASUYaBe(p) 79.47°, 76.56°
uay 74.20° 04A1 INNISNAABINUIVIBRAeUINAEITIBNdNUsE AV MInAuSeuls
a9an 50% wazaufugaudoiintugsnivieaFeu 70% seun(201 DldAnwlurasnisiva
7i Re %33 20,000-70,000 nwuivieasunduiiiAnaviadaiginitvieduieu 1.3 win dwda
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UszneuanudeanudidnganiviefaiSeu 1.75 Wi uagfusznaunsiiuaussousay
SoudlmUssan 1.2

Li et al. (2011) sreaunansAnwnsitemanuiouwazanuduagydeluvionsu
mqﬁﬁswzﬁm?maqaau(p) ANy 5.0 mm WATAINGIVEIADU(e) WinAU 0.11, 0.21,
0.37 wav 0.68 mm Mwd1y naasslaeldiinduasyinaudt Re Tugag 7000-90,000 910
msAnwmuIveasuasmnvietiBiimstemauieuldigaininieRidoy uazanusauia
wyladanilagufiou 200% wavfUszneunudsn Uit uUsEIN 350% YuEiien
Ustnaunmsiiiwaussauraudouiidgsaniiou 2.0 9 Re=7000 iatuifuvief e =0.68 mm

]
22777777, Zm:m(.”ﬂhm 7722 ZZZ
W
af Q
)
272777777, Zmbmim’ ’m 7/7/1Tz//

NO _. THEARAE gl AN AR RR TR R B

NO. 3 D R T T
NO 2 by R e

NO 1 G e L L T

31]17'i 2.24° peAIURSIluaideuad Li et al, (2011)

2.5 uiTeRIRuNsiuNMssmanudouiieviaiavustimiunisaanld
WUl

venwileanmsldgunsaladanisinathuhuuesviiuns msdeslduniudn wazns
U’iULLGNWUN’J"UENVIEﬂWU’S“Ui”L‘W’eJ‘U’JEJLW?.Jﬂ’ﬁﬂ’]EJWIﬂ’J’]&J‘iE)ULLa’J Lmawum%aﬂﬂawmﬁlﬂ
ihdefvesnisiiunisaemanudeuluuiazisunldsiuiu 3535end msifiunisaiem
aufeunuunan(compound enhancement) Tngldfaviefiugusuiiteasnsnisivanuou
waztuthurinamisionauiuliuiudaioadanisivamuasuinalananvewieah
Triveslvaluanyumsiulunauiuresivausnartsienuimsiunistemeuieude
Filtevilitnemmnuouldiganii3ssuun nluedniiiusndsaguiifviisedesun
\esnanuaduiudeuresiu Fwanusaesuiseandunve sl

Al-Fahed et al (1999) lﬁﬁnmmamsﬂ'wmmm%auLLazmmGTugﬁyLﬁaﬁLﬁm%umﬂ
msliviefaasudssuadniifinisasalduiudalutansirauuusuiou dwmsuuude
Wenfldfisnsadunsin(y=Emuidu 3.6, 5.4 uwaz 7.1 iewsudaldwuumaiu(loose-fit)
warunudalduuunuticht-fit) AiAunIMWindy 10.8 way 13.2 mm dUANEIVDN
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ATU(eiAiNiU 0.2 mm YiyBes(a) 15° neasufuirisaniudsunuieunuuden
uazvieil Re 1ur29 500-2300 Inuansvaaeswui wiudauuuldutiuil =36 fiauszneu
AnudsnymuiistuanveRaFeulseu 2.3-6.6 Wiz tisiauadaviligeriaaua
geniwieRniSeu 225% drufuszneunisiiinanssausanufeuliingianysyanm 3.2 vie
WAtUsTaN 1.85 maeatie Re fimedey dadunasnnslvanyuiunaylnanyuaises
aoudgaiuukuln

w

Ul 2.25 sUvisinaswdssiavuriualuindseves AbFahed et al. (1999)

—Continuous twisted-tape Segmented twisted-tape
I‘_P—" H, P
Vi’ 27 VTR T T

3-DIEST tube Copper rod— - 3-DIEST tube

JUN 2.26 viethAIuaumdsauiiindnsaenlduluiai@eIves Liao and Xin (2000)

Liao and Xin (2000) Lausnan1sAnuiBmaasiieaiuaudnumynsoiomany
Sounaranudsanuvewisiasunmeluaumisuanudfisinsaonlduiudadeawuuie
gameLiia(continuous twisted-tape) #ifinsId@wNISTAP/DIWIATY 5, 10 uaz 15 uas
uHUDALUULTUTIa(segmented twisted-tape) il P/D=10 way 15 anugsu gninlunaaeu
fuarsvinediiiuh wevsaulndaanasingu - Afeansiudeas 5.5-500 Tilwaneld Re
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Tuta9 80-50,000 9NNTNARBINUIIERIASUATLAsLE LSRR n Taenlduiudnio
wuudnenasiaiilesst P/D=5 fismsiiemenudougsiian uazanusatiefiuavtadarils
5.8 Wi uagfuszneuALdsauRnT U 6.5 Wi dmdusiUssneunnfiuaussaus
AuSeuegluta 2.46-4.7 Tudnmslwanuusuisey

Zimparov  (2001) S18unansliunsaewmaudeulasldveRsasud vy
L%TEJé’uamaauﬁé’mwﬁaummqqﬂ%ﬂ(e/D,-)whﬁ’U 0.0407 wag 0.0569 LagensdIUusSTaEAnG
(p/DIWNFU 10.73 uaz 7.45 mudidu neaeusandusdudaiifidnsidrunisin(ED A
4.7,58,7.7,12.2 uar 15.3 anugdsu Wanduansiauneld Re Tugia 4000-60,000 wa
msfnwilduanslifuinslduiuiniuiuviefinvgussanansadisiiunsdemainudou
Iegannn z%’m%‘umﬁeﬂw&uﬁm‘luviaﬁaaaulﬁa&mmmsﬁaaLﬁmLamﬁ’av‘z‘jaﬁlﬁa_jmdwiaﬁaﬁau
Ussanal 1.9-9.6 W1 wagflssnoumudsamuiiniuainviofadeu 2.4-17.9 1w dush
UsgneunsiivaussousanudouvewioasudsiiinisaonlduiudndalugisUszann 2.5
3.3 famafiteldsenussluing Re uanndr 10,000 nisldusuiinegnaien(twisted tape
alone)luﬂaﬁu%’E;JU'«Jxlﬁmﬁaﬂsxnaumnﬁuammuamm%’auagj”lumwwmm 1.0-1.2
wagmnldvieRanglulusesinternally grooved alone) viefiviontgluluasulinternally
corrugated alone)fienatufignasldrimusesneuntsinaussausaudoulutiassana
1.5-2.0 niin1sAnw o/D; Wag /D, Tmsnganfaninsadisusuussdiaussnounsiiy
amiausﬁmm%fau”lé’qqmﬂ"ﬁumaﬁﬂé’ﬁq 2.7-4.2

Zimparov  (2002) lfiiauenansaieimaufeuresioasudsanuuiSuduany
Weniidnsduemnugensy (/) Wity 0.0371 uas 0.0441 denlduriudasednsduns
O (H/D) Winfiu 2.7, 2.95, 3.95, 6.25 uaw 7.7 neaeuifuiifl Re Turas 4000-60,000 970
nsneaeanuIl nsaenldunudalurioasudesilifuss neuaadsamuiistuainve
Adeu 5.9-12.3 wh uitheiumaetmdariiy 2.0-6.5 Wi

JU#l 2.27 dnvasvewionsuBuuaswiulnfedluaideves Zimparov (2004)

Zimparov  (2004a,b) ldviunssaussneuanudoaniu uazduUssavensaiom
mm%fawawiaaamﬁﬂqﬁﬁmuﬁmaa@ldasjmsﬂwiaLﬁauﬁ"uwamsmaaaﬁlﬁmﬂﬁamaau
Sruau 57 vefiiideyaanun 570 gndmfurhusiUszneuauBsAIY wa 544 99
dusumsrinedulszaninisaromanudeu Tutrensvaiwaunususduiings wuin
nan1svefin A EeuIINNANITIAaeY 15-20% FunadansiunsanemaIILSeu
éhswiaaaul,%ims‘auﬁumiaam’Lduc«'uﬁmw‘iﬂﬁLé’ﬁhﬂ'ﬁmammm%’aulﬂuqﬁuaéwmﬂ



29

Mengna et al. (2007) nageunNTsENgImMANNTOUTBIDEIIN-UTLBBN(CONVerging-
diverging tube)fiflukudaenuuriutasaldluie Lwiuﬁmm‘&'wﬂaaus'auﬁwia@jL‘é'J’":—mu
saniiyunsauindu 1807 waz 270° Mednsidaunsln(y=H/d,, Wiy 2.22 uay 4.72
wazlU9n31dIUVDITIIIN(s=5/d,, WU 14.6, 20.8, 29.2, 36.5, 48.6 WAY 72.9 AUEIU
nagousieeaINAil Re Tutaa 3400-20,000 9InnsMARBHUTN viegudn-utueseniiiudiun
weauuuiutasaenldneluvief y=4.72 yulia  180° uay s=48.6 IiRaviadasigsiian
wazArIUsyneuNsiuanssausmwdousglutae 0.85-1.21 udfwnnldviegidn-utueen
WeseEusigaziAeglugig 1.07-1.15
5 84

,‘-

l I
= -

R T LAY ey T ARy Y R 23

.......
--------

¢19Xx 1.5

$174%1.5

JUN 2.28 dnuugveniagiu-uiusanfidastduiuindeaiugiaes Mengna et al. (2007)

Direction of
flow

Twisted

Tape Section AA
JU# 2.29 vieRaseandvalasunudnmeslusiuidoves Bharadwaj et al. (2009)

Bharadwaj et al. (2009) lainmaeensanemausoukarANAUENEsveIviaNT
soandsiivinlinluamuduuningclockwise)uazaonldwsiudatiefiinistaniudy
(clockwise) wazymutiuuIRnI(anticlockwise)isasid1unisin(Y=H/D,) Wirfu 3.4, 7.95
way 10.15 Maaufl Re 929 300-25,000 HANISMAaBINUIN nsldvieRnseandsnfivasie
Werlutsnisivasuusudevanunsavisiiuaviadanls 400% wazlutienisinawuy
Juthurreiuasdadanils 140% winisliveiisenndersiufuududaaunsataoia
wadadanle 600% lugranislnawuusiudeu wazlugrenisivasvudutugasiiy
waadanily 140% winfu vasdivieRasewndeasiufuwiudauuudaniuduuiinad
Y=7.95 ﬁﬁhﬁaﬂssﬂaumiLﬁuammwmm%’auqﬁqm sulumavnnisinanyuiusazlva
NYUA
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Nagarajan et al. (2010) léAnwnavesnisifiunisaiemanudeunasiusenay
audsanuresiefaasuruaEniiinisaenlduiudamenuuenseiiesuskudn e
finadudne-1n isnsarnnsOn(Y=H/d) wihiu 7.44, 8.28 way 11.17 NAaedietnd Re
Tuta9 5300-12,000 WU vieRnAsusuadnisinsaeslduriudadeiwuudnaduiie-vil
ANITENBNANSBU AIUTENDUAUIEEANIY LLa::é’aiJsxﬂaUnmﬁuamsauzmm%’auqq
ninsaealdwiudauuusniseiiies Tnstoiuaviadailigegaia 3.284 i1 uazen
Usznauanudamudinty 6.57 windleisufurieRageou dmduiusenaunisiiiy
aussougmufouiimgeanlutog 1.49-1.82 Fufntuiuviefaeiuruadniisinsaonldusiu
Dail ¥=7.44 uuuBeadudne-vn wasinag MiAatuaenedostunisinanyuuuinamime
waznTslranyuAsusnalanalie

JUN 2.30 viedaasuuimankavuiulaRealuuideves Nagarajan et al. (2010)

2.6 WUINNNTANYIADY

MneAmuiilagiuiinuidesuaunnidneinsiisnstiemauiouveuaiad
wandsuaudeu asAnwmasgaiusiwuumsltvatiutou nslyavauau uaznis
InavumsngUnsalias sty Tuse 2 umnunsnsay wanaue ukubes wudy
wiuda aanaeuaEdNuINUIY ahuﬂ153'31\1*7;14&'311@01/1@113’%3%xL‘du RaR3U faanumasy
@i Aaaeu aauindenituiu dvsunisiinasinginauieusaunsaonldusudaly
vieRngvsrdailiuideuiliiesinn fauFailundslunisiiunnsaremanuieudionsly
viaLﬂ§mﬁﬁquaLLazizaxﬂmﬁmamguﬁﬁhmqs] waaiiendeaiilipsiusznaunisiiia
aussouranuFeuiigaiigaluiaunysuusalitinisanemausounasfusenaunisiiy
aussouzauiougetuludn Taelduiuiniusaiianisinanyuasuinalanaie
witenilsvesvatuluwanudeunufeutuminielvinntudn nszuanisinansunisiiva
VAUAMLABILATINUAISE TTHIUUUMLAIY FUAILNIG UAZIUANAIUNISTULDY Bald
Nnwiudadeasuuingiisnndunstany auluisnsdunsdngs msldmnugs
yosnTuviaTmiumsinamuagasdmaritliinisaomanuieunasdausenounisiiy
aussnuzaufeuganndsiu dwulfifumauanlunisesnuuuiadesuanidsuniuiou
lunppsisausavgnavnssusiolulusuinn
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v=0 wag (fu/dx)=0 ﬁ’aﬁ"’ummL%W\mLLu:anu%ﬁm%uagjﬁ’Ur ity ulxr)=ulr)
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+ p(2nrdr)- {p(Zm’dr)-i— % [p(andr)]dx} =0 (3.8)
Feanguilu
A (e )= P
" (rz,)=r - (3.9)

P ) | du
ANNHANUAUATDIUIAU LINNTUN T, = ,le—
e

satiuaunis (3.9) nanendu

ﬁi(rﬂ}d—p (3.10)
rdr\ dr dx

Weeninsipeurasnnusutulitduiu » AaiulsIEINIsaRuAnse (3.10) t9

2
ot 1ol | P (3.11)
dr pu\dx) 2 :
.2
way W)= LV cnrec, (3.12)
u\dx) 4

anideulaiivey u(,)=0 uag oufor| =0 gl

RSt G Z

feugusnanuidmsunmsinauuususeuiiiawanduiiudiasidugdnnloa dine
IFnnsipeuvesnnusiu(dp/dr) Feafuauiaue nadnsfinatiuilenaldwiAmiuiuaie
Talasunuaunis (3.13) asluaunis (3.7) wdwinisduiinsnazla

5

3.14
Su dx ( )

S

wiuaun1s (3.14) asluaunis (3.13) avldguinawesanudutu

%sz{z_[iﬂ (3.15)
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fufnvaavie viefni3suasiidhuszneudeanutissgauasiidifnnntudedanugsy
(e) ﬂJE]Ga’]ViE]Lﬁ.MQQ%u awﬁ’uémmﬁaﬂizﬂauLﬁaﬂmuﬁm%’wiaﬁaL%‘augﬂﬂizmmlﬁﬁaﬁ

f=0.316Re;;" Rep <2x10° (3.20)

f=0184Re,"” Rep > 2x10° (3.21)



36

wazdnuiliaviusvasisenauanudsanudmsuvieRaseunldludisauistluadnineg
gniaulag Petukhov fie
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ﬁ'ﬁan'hﬂ'ﬂé'hﬂssnaumwLz‘iﬂﬂmu*\]sﬂamuﬂmﬂwﬂmﬁgﬂs’w A1s Ian AN USURN LAY
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Imaﬁﬂ'ﬂﬁ’aﬂsznaumwmﬁaﬂmumlﬁmngﬂﬁ 3.3 ¥3991N@UN15 (3.19) 138 (3.20) dnsu
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SOV AINUNaIealUNRBINIG LBLDITULAINAIUNIUIINATT IMaTINEIT UANLAY

goudea1avzuanslecisil
Power = (Ap)¥ (3.24)
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4p = (3.25)

3.6 NIAIBWMAINTOU

nnilldmumunamaniveslvavesnsivanisluvieluuda desnariiansandvswa
yanufeuiuine dwedlvalvadiluluviesusui 3.4 fogumgiinsiiainave 7(-,0)
wazdiAsninguugiifiavie nsmanufeussintulariureuvanietulisfanisinaves
AnufeutrBuneditu sgalsfinuinanneifvewionsl enadugamgifasiiahiaue
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JU# 3.4 msivlnvesdureuwnidisauieuvesnsivaneluvionay

AMSUNSIVARUUTIVSEU SEEYAMNENIVDIN D@ S UNISWRINUS UL ALTILA?
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[M] ~0.05Re, Pr (3.26)
D lam

MITBuiBUUTIMNIATN (Entrance region) Y84gaum)iinuanng (3.26) fuaun1sves
Al (3.2) wuiistuiidaewsud (Pr) windu Saweasulsdd é1 Pr> 1 lelaslaw
fadtureuvanisinassnediniriurevianisivavesrnudouunn (X gn < Xq,) W21
WA Pr<] dmiuAay Proas q wu vty (Pr>100) uéa X, WAMRENT
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(Mj ~10 (3.27)
turb

3.7 gamnilafy

qungfiadeiauTuasvoswesina vasiluaiuionaufivrsananndanud
devenlasvedlvavnzdilvanuniidarionis Shsvemdsnuaudouiiinnisaenen
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(¢,T) vuntheavie Ao

E, = [, puc,Td4, (3.28)
mgamgiliafegnieuuiui

E, =mc,T, (3.29)
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selagamgiindeniiu
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mc,

v

(3.30)

m
dusunislrafisndlailaluianau F9@1 ¢, A unuaunis(3.4) asluaunis(s.30) ale

m

T =:2—7Lr0 uTrdr (3.31)
Ur,

A8 T, astAgumunin X andianusaudnvseasnainuadlua J991991naAusnagy

n

HAasdmsuvianiinunvenfnan

< W a  a
3.8 NHNITHUAIVBIUINY
ganglindadugamgifivniziunisdddanisinanieluvie 9:mnngnisiiusives
Tduenauansiandmnuiou (¢7) sewivweslvaduiivviedigalag aead
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musye X Wemsaewmanuiouinluaniaguedva (7, > 7,) A8 T, 9zananiy

m

s¥Eg X Dwnnnsanemanudeuintuainvedlvagio (7, < 7,,)
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o T, fie gamgiifitavie, T e snmgllvewesluaiisiumislay way 7, fio gungiiade
veseslvansuiivihfaveve

Feulvfitvualidnsuaunis (3.33) Faziinduluvie sradunsdlndndainy
Youdifin ¢ mﬁﬁaammﬁﬁuﬁa T asfifld Seulviitwvuiiintumalumaimnssy
L‘au IuwuwawlmmmmaumﬂIWﬂwmamm&JuaﬂlmiUﬂmuiaumﬂmau,maaasm
aviawe andunsdlves ¢ m‘m daunsdl 7. aeil aviintudafiniswdeuanie (feswn
nMsdeRrsensaauLLiy) Wieduiiianisuen nnfindnmeidelsingamgiadeluiuys
fdAundmsunisivanslure Weavelursnsinatiug FududesdnmsuUsuasuves

ffuffur x nsuusddsuiimlalaenisussyndnisaunanasnuisiuaiunisiva

3.10 NSENAANAIY

ﬁ'«nflimwr}ﬁlwa"lu‘i/iamwugﬂﬁ 3.5 yaslvalnasesnsuandl » wasiiniswany
SouArtufiianiglu Tnehlunswisuiamdsueaiiasndsnudndvewadina 52
msthanuderlufienanuuuisnuazlithinde sudlifoumnan fensevilagvedlua
wuglvaritie wsiifiedvnaiifedosiunisuasuulamanuaudouLasuaInnig
Trawiiiu mumaam'ﬂuaLﬂuawum%Lﬂﬁaumaqluamuﬂ%mmmuqmﬁmﬁawﬂaﬂmasuaql‘wa
wazaglusUrasmanuuaruiu p AuUsumsduwiz v ( v=1/p)



40

dqeony = q5P dx

¥ .
nan g nean , o

JUN 3.5 Usnmsmuaudmiunisivanieluvie

N15UsEgNANYN1ToYSNENG 1 UABYININTAIUANAINFUT 3.5 wazandenuves
gumgilade (7,) aela

dle,T, + pv)

- dx} =0 (3.34)

dq o+ rh(c\,Tm - pv)—[M(c‘,Tm - pv)+ m

dq,,,, =md(c,T, + pv) (3.35)

tweslvaduniialugauni (pv=RT, wave, =c, +R) ¢, anudiiumasi aums (3.35) an
suasluiu

dq g, = e, dT, (3.36)

aunsilldladtuveunamsamilailaiiuiu Tunsdlil ¢, =c, wWs1wd1 v Weeung d(pv)
Temilazilesndi d(c,7,) wnausiaiials Uvesauns (3.36) eaveaivloulvdmiuvie
Naun lnan1sduninINMNMIATNIMIDenvewia sl

=rc,(T,,~T,.) (3.37)

qCOﬂV m,1

07 q,,, HusnsINstremaNiousIMTBe

aun13(3.36) ordsullegluzunazaindulagldaunissnsinismanuiousolsuins
AIVANFD g, =q/Pdx A1 P Huduseusud@msuvienay P = 2D Junuaiadluauns (3.32)
el

T -T,) (3.38)

5 m
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AIMBUVBIANNIS(3.38) dmuAn T, (x) sTuadiu vdeulvanudoudiin eradunsdingnd
Anueuiifimil viegamRfifaaiAld

3.11 msaunandeunsilignmgifaai

HAANSAINTUTNIINITAEYANUTBUTILUALNIINTEIIVBQUNYTITUANARN
nsdlvewdndanuiounsiininlaoduds ﬁm%’uamazﬁqmmﬁmﬁﬁﬁamzﬁﬁ fou AT
Ju T -1, aun1s(3.38) o19asdeulmilandu

m

dl, __dAT) _ P ,.\r (3.39)

dx dx mc »

MIN1TLENFAILUSLaEBURNTNAIANINITIN19DDNTDIVID

ar, d(AT) R

AT 3.40

v (3.40)
VD)

I Pt PL( Lhdxj (3.41)

AT, mc

I P
ndeuvesdulszansnisnianusounieasle

¥ LR (T, = Asi) (3.42)

o — CN 1o a £ b s & & LY 1
Weh, Ninh WUAANUTEEANTNITNIAINNIDURABTIIVNND LLﬁ%’ﬂﬂElﬂﬂﬂJ

T -T — o
AT;’ — 8 "mo _ exp| — PL h (I; = ﬂ\'ﬂﬂ) (343)
AT; T.'r _Tm,i mcp

insduRinseainmadvietisiunis x Tag luniununeluvie azld

L-T,& exp[~ .Px 17] (T, = pafl) (3.44)
T T, mc

p

e 7 Tuaunstiduaadeees 2 nanativiens x a:umiﬁ%lﬁLﬁuinmwmmnm'wuaa
gamgdl (T, -T7,) anasdudndlmuu@yaiuszgeniauuuiwnureyio
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Msmaunmsdmiunmsmemanuiousiuy,, ) Tugisnuniusssurfvesnd
Inuudgaresnisanaivetgamgil 919euaunis (3.37) nalldidu

Geomy =M, (T, =T, )~ (T, =T, )] = ric (AT, - AT,) (3.45)
LAZLVIUAT e, 91naUN15(3.42) azlailu

hAAT,

Im

(T, = Asdl) (3.46)

qCOnV

o 4, . Juiuivesiiavio( 4, = P.L) uas AT LﬂummLmﬂmwaqammmLaaamaamiﬁu

Im

mualaan

AT, — AT,

P A NI N (3.47)
In(AT, /AT))

3.12 fuUszAnanisaiemautousa
é’uﬂizﬁwémsdwmmm%’@uimﬁgﬂﬁmmgﬂ,uw|amaqmmﬁ’mmumm%’@unm
fen1senemaLseusywiwesiua 2 vin dulseaniamlalagnissuanuuun s
AL DULALAITNIAIUSBUTENINIVRILYA QﬂLLEJﬂIﬂEJS%iﬂU%ﬁ’]EJ%u WasHIINnIINTTUen
e e funasnadnsivaiidldiamensdifinazealiflaumindy senianislde
wWisauandguninudeu Unatuinwesiudendasanysn Lﬁmﬁ]’]ﬂé\‘iﬁL%@Uﬂ@ﬂlﬂ‘ﬂa\‘llﬁﬁ
afly maﬂ{]ﬂsmmm senivedlnanaydannl L‘Lluwalwumvﬂsumaﬂiwaﬂﬂ'ﬁﬂma6] UY
A7 Feannsariuaanudiumudentseemanudoussrinwesinaransin waummiﬂ
wilalagldaraudiumudiniiadiludenin < wridudames (R)” muamuegﬂu
gamaiiviiey anudveswadle LLEWS%FJgL’JaWﬂTiﬂ']“g\‘i%Jﬂ‘t'}’lLﬂ%@ﬂLLaﬂLUE'EJUﬂ’NlI%E]u A
Sudszansnseemanufeusiunsaiduiagluifnuuandladd

4 _ 1 _ 1
UA U4, U,A,

1 _ 1 R WD/D) R, 1
—+-L+ —2 +

1

UA hA 4; 27k A h,A

4] 0" "0

(3.48)

Tnesvioy i was 0 oeieRnnelukasneusnvanseuasealdidureslnasoudiures
Tvauflel vehl 4, =D, Luay 4, =D, L 1 Jufiufinaniudsuninufouresiuiiniely
LAEAIYUBNVIBAIUAINU
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3.13 myArzinsewanisuanudoudleds LMTD

fsaaissaniUasunudounuuviedeude iy vasluasialwauuuauuiy
(parallel flow) vi¥elnauuuaumsiu(counter flow) fild usiludeiiosfinnsananiznis
u,aﬂLﬂﬁwmm%’auu,u'ulwamuwmﬁ’uwi”nﬁ"’uimaﬁmsmmﬂgﬂﬁ 3.6 Fapueutienew
Kunilsvesituil d4 enadouldidu

dq =-myc,,dT, =mc, dT, (3.49)
viueadenfiunsinemanuseuealisulalugy

dg =U(T, -T.)dA (3.50)

. 27 ey
X 1 $, J - Q
STy Ve - 0 heat transfer

3UN 3.6 mInszneivegaumlidmsuielLanuasuausauwuUlraaIung
NNauN(3.49) Weulaiu

dT, =—dq /(m,c, ,)=—-dq/C, (3.51)
dT. =dq/(m.c, )=dq!C,

p-c

108 m WIUERSINTINAITIa way 2y WuanuSeusunzvesvesiva diu C=rhcp Wiy

8n51A21UYANTEUVD VR ARATL
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1 1
dT, —dT. =d(T, -T.) =—dg| — +— (3.52)
h c (h c) q[Ch CJ

[+

WA dg MNANNT(3.50) wazunuasluauns (3.52) azle

AT=T) gl L1 (3.53)
-7, \G €

c c

7N159URNTHANNIS(3.49) a1ndaule 1 T 2 @inviadidawneesn) waltundeulnday

et

ln(Th,z ~ Tcz) o

o L L (3.54)
Th,l_Tc,l Ch C

c

MN1SBURNTHAUNIS(3.51) :ndauly 11U 2 @1inyadhaawmneesn) agls

mhcp,h =q /(T;z,l y’ le,2) T Ch (355)
mccp,c =4 /(Tc,l _Tc,l) = Cc

wnundunlUluzanis(3.54) agle

i Top T~y =T) AT, -AT,
In|(T,, ~T,)/T,,~T.)] ~ In(AT,/AT))

q = UA AI’[HZ

(3.56)

q

dmiuinIssianuasunruioutuulvasiunia(counter flow heat exchanger) @1115a9
AadgauLAnsvesgunilalaely

ATl = T;:,l _Tc,l = Th,i _]::,o (3 57)
ATZ ET;I,Z_TC,Z :n,o_T . .

c,i

3.14 annwusnisnanuioudmsunisivanvutudauluvienay
nsAIMIANaYTEEa( Mu, ) dmdunisivauuutiutiuniaundiudufuiug

Tuvienaufindeu auslae Colburn 3sléu1an Chilton-Colburn analogy

c
Sro S _gpsZ Nup_ poops (3.58)
2 8 Rep, Pr
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wnuAialsznauAUEsAYIU( £) MNENNTT (3.22) aun5ues Colburn vz iy
Nup =0.023Rel pr'? (3.59)
wag Dittus-Boelter Ifiaupaun1sfiwanssfudndosie
Nup, =0.023Rel Pr" (3.60)

laafl n=04 dwsunisvinlideu (7, >T,) waz n=0.3 d@miunrsvinlibu (1,<T,)

m m

anunsilasunistuduanuanisnaassdmsulutdisvewdoulunsiiae

Re,, > 10,000
0.7 < Pr<160
L/D>10

aun1sinee degldiesameznsdldonq fenuunndevesgamad (7, - 7, ) luinin lag
AuaNRfeY Aav T, dmsunmisivanuansdnuaienisuusivisunauautining Sieder uaz
Tate louugilildannisaeluil

0.14
Nu, =0. 027ReD4/5Pr1/3(£J (3.61)
1,

Re,, 210,000
&nsu 0.7<Pr<16,700
L/D>10

a1 dl 2/ U ‘ﬂl
lngaaaudfsigg il T, snciua g, w0 T,

3.15 aunusmInIAuiaudmsusielinay

fawhniidedimnnuneieafunisiansandenisivaneluvienay nsussegnsine
Jmnssudndlngasieifestunismeanudeuluefilinay Tngnsldidurtuaudnansle
as9dA (Hydraulic diameter) D,

D, =25 (3.62)

o4, wag P fe Wuimihdauaziduseuguvesnisivanuaduduriugudnatsiiazldly
NNSAUINAIRYTAN WU Re, WaE Nu,
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3.16 mslvaneluviedouiugulsuniu

{]mmmslwama'luviaﬁ’m'mmnLﬁm*’ﬁ'aaﬁ’umim&Jmmm%'au’luvia%auﬁ'ugﬂ'm
wusauandlusuil 3.7 vedlualvasiudesitsgrswuluviedouiu uazniswieufeud
ntuerudngviossnaniavienislunar meuenivaesild sansasyyndndaudou
vsogaumgll Faduioulumsanudouveusiazinlunsdlag wandauieunsarines
Anlanaunis

q;=h(T;-T,) (3.63)

g =L . ~L) (3.64)

3UN 3.7 viedouiuguisuniu

@ | v @ £ v i P 4" 4 =
AUNANNLITENFUYSEENTNITHIANUSBUVDILFAY NI DNLNNIRINE T ULAZA1BUEN B9
aaﬂﬂﬁmﬁ’uLasuﬂaﬁjaw“lug‘d‘uaaaums

M (3.65)
k
iy, il (3.66)
k
Tnefidurhuguédnandlansedn (D) A
B a0 =N p _p (3.67)

7D, + 7D, o

3.17 ﬂ'liLﬁﬂJﬂ'ﬁﬂl'IﬂWlﬂ'J'lN%au
dvaneusen1sdusunisiiunisanemanusauvesnisivanieluvie A5seusunu

Tnonmsiuduyseansnismanuseunisluveswazusenisiiuiuiniswimuseuliuiniu
Wy My velviasuseiielviinaululiu msaealdvaalnayss nsviliiaviedia3u
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o1 wardnisnisiiviliduussavimamnanuieunigluviefisdufenshlmAnnismgy
ma(swirl) shensaealdusiudn Wunalirnudavesnisivaluswinnudia Weseinannung
Fuaiutuuinalnduinie msvihldiuiinisaemaudeuiuiulnonsinesunuun
s1(longitudinal  fins)uruianisluie wienisilsituiiniseromenudoudislnenisld
AULN&AE(spiral fins) 871'\1mmﬁué’mwmsdwmmms”amﬂuwalﬁl,ﬁﬂmmﬁ’uqzyt?iamn‘z’?u
Fafudndufeaiuiduresdudusn

Tivisted

JU# 3.8 MsiiiunistemaNsauYaInisvamalusmisgunsnisieg

3.18 AWNUSAEINTATUTUTULUUNAIEAIUUS

TnelUfusnumsenanevaue (Response; Yq ) asiiuegifufudsdass n i
(independent) W x; x5, x, ANAW ALdURLSe sl swiE ansaesunelng
wUTReAdRMARITIGENIT “aun1ssnsadu” Wisdn1ianasy (regression equation)
WUUFaDIAINTINND T ARARRDINUNGNTDLATR WIBENT UNATEIeaRUNIIUR sHand
AU TIUVITI V0T U1 Ye= @ 0ry, xa.... ) (T6U BEi1slsAmudanlngjazlaingu
lafdumnuduiusiuiuswoeiauds frfudededinisustunuvasileitulaglslusunsy
Microsoft Office Excel \uiaSasiielumsmilsridusanarn wuudissshluildegluguuuy
983 multiple exponential regression model AYANN1S

Yo =by xbixbxl . xbe (3.68)
wiudadlvieglugyu multiple linear regress in logarithmic scale A
In(Yy)=1In by + bjn(x, )+ b,in(x,)+b,in(x, )...+ b, In(x,) (3.69)

Wio b, ABAIAI LAz b, Ao AIEUUTTAVDUDUAUNTIVOIFILYST X,
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N15e8NLUULATaILANIUABUAINTaY auNTaliUNITaEW
ANTOU UALATANHDIN

4.1 umi
MseRNLULIATBMAdRUNSIEWALTouLargUN TRl sEN U MU RLMSIEm
anudougnasunsluuni indemageumauaniudsumudouiilflummeaestuiuaies
wanidsumufounuuriedoudestu (double pipe heat exchanger) fiflnsuanUde
Armdounuulvamiun (counter flow) seminaindeutuiuiu Fudundoswanudeou
arudeuunuuiiuguiiinisedihludedlslunsfinenise Wesnfuuvuillidinmsdiem
anudeufninasesaniUdsunnudounuulnaniy (parallel flow heat exchanger) waw
wuulnawane (cross flow heat exchanger) msinsizwAIn1sanemaIndeu n1sgayds
wisunislva wasfuszneunafinanssausauieu doserduiniosiioTaniedu
Imnssufiianugnieiudigs indeslaTauasgunsaliilivsznoudas Tudhdeu dunindy
faufuanmnisiva ndamumusnginisiva iefesanufeunnuiou feiniifeu indeq
AmuANUMTikUUATses WuleTnanugiuuu RTD Pt-100 Tsanfiwesindnsinisiva
iwdessumgangiiiuAInes IedeainmiuduuuUAineatazrgunsaidug wouIENS
yaaodluuiaziunon N15178LANIYINNITIAT YNNI TNAABINP LN BIALS Y
MIgayAenasIuNITing s1eaziBenen Qna%ma‘tuwf:
MsAnmINIsHiNnsAEMA IS BULA U sENsUN T RLANS S AU OU(TER)
fu Tgvhmseanuuugunaaidaeilinmamemmiudeuresaissuaniudeuniudoudn
Wit uanansasilely 3 dhwavdng fo
(1) fian@ea (helical ribbed tube) tiaAnundvdnavesdnsdiusyasinisoidy
dugudnatlansedin (PR) dasndiuariugnsuindgaviedaiduriugudnaisle
nseda (HR) Minadensmemauieulumenvenaviadarive eufugnyds
Tuweuesmiusenauanudenyu /) Las TEF 90ansidviewnden
(2) wituBauen (single twisted tape) ududmfsagninsudlulurioinde s
f1 TEF gedige \flefnwimavesmsdalivedlnaviiaalanatsvielnanyuais
wenluuuinnumuaiuindearie (single co swirl) waznsdalvvaslualvanyy
mafsrlusuIknuautualundevie (sinele counter swirl) ishsrdaums
O (¥) freifu 12 n3dl ATuasie Nu, 7 uay TEF vosmsandauiudaisinisluvie
e
(3) wiiuding (twin twisted tape) ukuinggniniudilulureindeniiliien TeF
geiign Wefnwinavesusiuingfigninlivesluauinalenansvislnanyunasg
mupsuindeie wiulaggnialilvanyuatsaiunisduniuindedviouaz iy
TngnialAlyausuaisarumaiu 7 ¥ dafu 12 nsdl sauiomn 36 nsdl fidkg
W0 Nu, £ waw TEF vaamsmamausiudagnisluviounde
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foyamsvaasaiildmniaiesaniudsummdounuuviodouassdugminluliessy
Tuwewdudsl3aR wuAnsaemanuioundndlumenves M waznisgadsninudugn
wanslulneuwed £ festnaves Nu uag frasviavageuiivhmsdnuiSouiiousuyief
38U (smooth tube) lngldilusnsndruaviandast (Vunu,) fudhsidiusiuseneuniny
duanu (77) Weseisauiunmeldnisagdeidanisinaiieniu (constant power loss)
wazgnuansosninluzlves TEF aunsvauagnussesliludaaiievesuni

&

4.2 N159NLUUTEVUNAFIUNISENEINANSaY

Pressure @ RTD ‘
gauge RTD ‘
0 ﬁ . J| Pressure Air vent
Heat exchanger unit . @gauge
P e e ————] l Settling
o™

- tank
Control
.1 water . -
i temp v a _________I Rotameter

RTD |[—— —=|RTD ] Valve
I ----- e p——_ Lo — R l
: Heater P O Heater x 7
s e %___
“Power I ) f, ) ‘
supply - Hot water tank )
Hot water
| ~ HOT WATER SECTION e 174
I |
Cold water |Rota Water return
! brrene] SUPPLY tank i meter tank
! .
Compressor i Lol !valve
1 .
| 1| Chiller tank-1 Chiller tank-2 |
. 1
. 1 e B
l Control i :
! water |
. ke g
L eme Chiller pump-1 Chiller pump-2 . Chilter pump-3

Water chiller
COLD WATER SECTION

sUfi 4.1 1PRELNSULAAINISVINTUVDITEUUNAZDUNITONUWM A LS B

ANsNAdBUNITaNEINA LS aulnelYATowaNLUASULUUYIDd o udDITUNIINAS
wanudsuanudeunuulnamumsiusenirahouduinidy dhiougnimunliluadily
luvenaaeulugiuausdluad 6000-60,000 (192-1814 L/hr) laegnaiuausigndiviu
gnsnsivavenifou veiinseuaindugnimvualulwauinaseurienageunisluvons
LIUAEBMIINTS A 900 L/hr n1svedaumsdaldaassuuindoulazifuauanslu
JUT 4.1 Tnefivdnnisvineudedl neunmsvegeuszuuiniuldndainilgungd 25 °C Tag

< 1 s =Y ada & 1 v W 5 < . | % 4
Wuweinsiadugum)liuuy RTD MiReasegneludeinundu (chiller tank 1) fhwinid
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v
a S & ala 1

meludefigungigeniaiidimuns Fegnasarlinniesnivauenmgiunduinliaiaiig

Y Y
1 as

gndadlunismurugameauals fnanaedou + 0.2 °C Wuwedniatugumaliiddayano
luanedosmunugungitnibundeusisussnanauddinisliuniufindsusaadoulii
ffuneinesmunuAsumsaIes (compressor) WdirpsinsarasTadmirelilnarunnely
ITUURNIUIIANAAAIINY (expansion valve) %ﬁgﬂﬁm&y’w%wmumw‘hmmLéu(evaporator)
yhlihmeludsiigungiianas dauasvmuduligamafiiisty wergnilUangnmniid
ursszUIBAMSeU(condenser) sruurhaag i UFenq auldgnmndauditmun et
fonmginuiidesudgnianinlludeiniidulchiler tank 2) ssifatussuutihious
Igvhailundeutu Tnsldifumes RTD fgnindadnfufaaathdouthot water tankiades
Tu msmuaugumgilumakaminfeutududaserofuogredany Tnefuimifeuluusnd
wSesmuaugumgiiuazivinesauin 6 kw lddudmanlunisvhauieuludisnirag dou
foiinifeulufiaosgnldibudumdninfouiianiBoniu msmuatgumgiveni feudes
anuwiugsnnsizihfeuiilfnnismuauiifesnilulddmunaaey Tavgungiivenh
Soudilnailuluviensaeuiideuaainndeudios = 0.2 °C st wun deunaaouls
vmsiienmamdenvesszuy Inglddneeiindsegneludeisaosluduihaniouls
gamgdl 70 °C Wi datuhdey ‘ffw%’auﬁagjma’tuﬁ’qﬁﬂgﬂ%mﬁﬁau(hot water pump)
A 1hp  gauazdteesnluidigarieneaeuniudiviudasinsiva iaulsanfivesin
dnsimislva fudeauiuaninnslvasettling tank) waglnariwionaaeudeginaaindauiu
anwmslva 2100 mm matmienageusinisinds RTD Aifiaugnies = 0.15% vesnns
g7 aﬁ”lmuaaqﬁaLﬁam’gaaaumwmﬂéfaﬂumﬁﬂammﬁ%qﬁuLLauh”u wuzFetuiibuan
mwnaﬂLmaummwmﬂaammmEﬁ,umWﬂ(chlLLer tank- Z)Qﬂﬁmmwu(chluer pump-2)aa
wazdeudnluluviesuureteiowaniUdsuaudausudiusnTnsivavesiibu
FetuluszuviduBudmunauiadefuruin 0.5hp dutudusai 1 way 3 gnlglunis
vimstBulussuuiiiu snensivatigndasualiinsiinnnsdifedngm 900 L/hr daels
pfimesindnsmislnavesszuuingy madwienumuiinisiadaduges RTD e
wuiu e feunasinduluaaaumsiulasfindoionaaeuiulililfvesdvafuuayiou
wanfu wi$oufuifuldfinisuanivsuanuieuurustmelfgamgivesifou
anas wazgampivsninduiindy TasvhnsingamgiveniSounasfuiaedues RTD
WazAeIUTInMeanvestSouasiBu Agamaiiva 4 yagnetudrfasATesE1y
gaumgfl TAE flenanugndedluniseny 1% F.S. Sy 8 fa mavaaedluudasiauss
Tuassadldinaussaina 20-40 wifl vieliimauaniudsumnuseusswishdoutuduiule
wdnsiunndige uazldfinsaunanudounnasinaaeuluuiasianisdluad Agumnd
wagdnsnsinaiinldgninluiinssiainstemanuioulumenvesaviadasi du
awiugadsainnisligunsaifleanuuuanitefiunstismanuieuty gninlaginain
PUFULUUAIREATES Dywer U DPGW-04 fifiriaignies +19% F.S. gninseuiion
ynauaznseenueIienAgaUTNINNAY 1500 mm AnaRsvasauFuTiTald(Pressure
drop) grihludiesigiifiuAdusenaumnudeamu uaziluTinseidusznounsidiy
aussaugaufousoll dvsuneasiBunvenaiosianiieg gnesurgluidesialy
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4.3 N1382NUULRUNIAINIINARDY
4.3.1 [eulvn1seanuuuyanagau

RTDs for Hot water

Data logger
/ RTDs for cold water

.~ RTDs for Hot water
-~

Hot water
tank

Rotameter

(cold water) (hot water)

Cold w

“ontrol val
Centrifugal pump Control valve

Cold water tank Hot water

Centrifugal pump
JUN 4.2 MWMIT0RNLUUYAYIAGDINTSEIEINANNFDY

nseenuuvYaMaasUlTdmMIUNIANY S WA sABIfuNSIRLNSEIBIMAY
fou fuszneuaenny taziusEnaumsiiuassouy AL ieuferawndes ve
Lnﬁaaaﬂ&u’aul,siuﬁmlﬁmLLazviaLnﬁmﬁmév’chuﬁﬂ@j YavadaugnoanuuuTuLIftuandluzUi
4.2 Ineditoulvesnismadeusvil Ao MamadeugniuuanelfdasiauseTuad(Re) 6000-
60,000 gamgiihdoulvaliuedomaniudsuaudou(r,;) 70°C grumitBulnaidvie
JwnwreaAsandsummieu(, ,) 25 °¢ gamgiihfeulnasenanniaiesuaniuien
AUFOU(T), ) 60 °C gaumginibulmaseniinyiassumiuesaiomaniUisuaudou
(Tou) 30 °C mﬂm'mﬂmauﬁ’ammﬁwﬁﬁammﬁﬁﬁama?a (65 °C) fArAnuvuIwiY (o)
Lmﬂu 981 kg/m mmm%mmsau‘uaamsau (cpp) L‘V]’]ﬂ‘U 4.187 ki/kg.K AIAUNLATDY
1h¥eu (1) Wifiu 0.00044 kg/m. s mmsmmmiawaqmsau (ky) Winfiu 0.607 W/m.K
WINSIUA (Pry) Wi 3.04 mmswqmmumwmaaa (27.5 °0) fianumunuu (p.) Wity
997 ke/m’ AIANYAIINTBU (cp0) WINAU 4.179 KkI/kgK AAMNTR (1) WINU 0.00085
kg/m.s Amsthaadouveaindu (k) whiu 0.611 W/mK @uns1usi (Pr) vesiniu
wihiu 5.81  wuadurugudnaaneluvevienswn (d) windu 26 mm vuaLduniy
AUINAINIBUBNVBVIBNBIUAY (d,) WU 28 mm swnduruAudnasnelurevions
Wy (D) Wiy 48 mm YUNAEURIUANENANNNEUBNYBIVIBIUIU (D,) WU 60 mm
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4.3.2 yunANuEIYRAATBINANUABUATauLUUYIRdRuRB Ity

AnugmvssedesuanAsumufeuililunsuanivdsuaudousswiaifeurty
iidumelidoulunudermeluide 4.3.1 wiel¥nsveaeuanansansyyinmeldgumai
fifmua fedldmnugnveeiouanisumiuieuduaaiivsdudosiuasnduay
i58luadangn

m;e; S

JUN 4.3 amideureuAIwanUAEAINSBULULYIDYOUABITY

PMNNSAILINANE B RATBIRANIU B YA IS ouRniieulviitanunlud o edu
srasldanuen 1450 mm wigssilorarmRenaInnIBaInNsIL 5% vhlldmmerintu
1520 mm w3eUszarias 1500 mm fedunisadiaaissuanidouainudounudoulyd
smuafidanuelunenieunnsdausemiainfoutuindudeddaanueniyinty
1500 mm

4.33 anufuainuazsveznisianegainausuain

rusiuluaunsvesuesyddunmisume slulaunfind(thermodynamic pressure)
vseiSundnethen “anifuatin” msannusuainfeslitniasilaTniidasadouiilunien
fuaunAvedlva Tumwgumwﬂﬂmﬂ uAlpHiN9AA TG 11ANAUET YD 10 YN1ATBS
vosluadidninfumaina e muumsmmwmuaamawaalwamlﬁ‘[m&Jmusmnq
yumdusiugugnag 1 mm. Uiaumiimielidantuginisivaiionin “unu (pressure
tap)” Anusuiiialdfigadainanisefianuduvinduamuduiigadulusundaigoniu §e
Wurnusuainveseymavesedlvaiilvaegiinidaiu Tnevhludevesivaiianmnisiva
agluanneawii(steady state) avliifivedlvalvasenaing uiveslvaszdernauiueanun
Timenlel

msdendunisinsagaiarusuiudesiidfystensinsesimslsznounny
doamurasnisvaaey fuiuidhiaziaslugadng i nsidenyatnanufualsindering
sonluangunsaivieeslsfinuivilidinsivadsuly msdassliiseeniveesies
Uszanas 5 wihweaidusinugudnanavie lunismaaeuldviesuna 26 mm satuszegvinelunis
Anssonatioedios 5 whassdushugudnansiaite 130 mm udlumsnasesidfanainegn
fausuanmnisiuauszunas 2100 mm
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4.3.4 AN RMUTIYANNADS

Fra3uduneuvedivalvadngvedu suieanuivemednaidnuasaiiaue
wazaniteulaliduloa shlvivedlnadiluaiirgviesosanauiaanhiugusindoe
AelAnidugusswesmnuilunmslvaty wargusumnuneiaundunuaiumnves
Fureuwniintuuunavie aunsesatursuailnaudenwufutnsivatisonit “da
msluagmumiand” wezdenanuenluteiiin “anusntismadi’ waztisdnanily
Fonin “nsvaiiweunuiuiusiuiuga” gﬂi'wmfmL%aasﬂqﬁlﬁLﬂﬁauLLﬂaqLLé’wnﬁu:ﬁmi
Wasuwasfiannemsinardensuruinvosvie

EU'Nms‘Lwaﬁﬁ’mmU%’uﬁaLﬁmﬁué’qiﬂusﬁmﬁmmﬂumswmaaqLLaz‘Sm'ﬁwﬁmasmf]
Iumumqﬁﬁu%mmwmezgﬂs’wmm%’mmé’ﬁmﬂwamﬁLLa”a ATATUINAIINY1IY
Nd1veIn1INeassEN1sanUteantmiugediu druusnidunisAulinainue1Itag
madvesnsivanuusmudey Tnefiarsanainavssiuanidaidesnimsemiiiu 2300
(Rey <2300) AMAUETITNMITEMSUNSUSURIM A nauns

Le/d =0.06Re (4.1)

ANNYIYNNATAEATINTUNITLIRLUUT VS BUTLAU ST LUAAINGA(Re04=2300) Fio 138

' PV ¢ ' <@ a a & v o Y|
wiveudurugudnanviale=1384) Falusseznisngigamduldls dwmsudianas
WaguwUasaansinaltransition)ankuusiudsudunvutudusuduain Re,=2300 way
LﬂuﬂwﬂwaLmuﬂuﬂfsmﬁuﬁlﬁaLamisﬁuaﬁqqndm%whﬁu 4000 (Re, >4,000) @unishna
wuutudau NsHUTAvITUTBUAAZISINIINISINARUUT U HU BARINEIIT NI
#unin FelaliNendestuavssluanumainisauszanaeildann

Leld~44Rel® (4.2)

i 4

wioansavszaalandLastluanaiee) lansl

Rey 4000 | 10" | 10° | 10° | 10" | 10°

Le/d 18 | 20|30 | a4 | 65 | 95

[%
o e 1

dmdudnavsdluannlglunisnaaesgeanlaniivualifie 60,000 dwliugnsdiu
AtETMYRMARaE L uAUENavianageu(Le/d) ansnsaUszanaladsil

Le/d ~4.4Re}/* (4.3)
Le/d = 4.4x(60,000)"¢

Le/d =28
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waznmualia1ue199RImIad ity 28 wirveaduriuaudnatvienanaau(Le=28D)
dnsunsluaniwaunususidunnalsuiulaain

Le~28D (6.4)
Le~28x0.026m
Le=~0.73m

fatudisanusvemeneudgannassfeiaiugnegisien 730 mm il
gﬂs'wmmL%@ﬂjaamﬂwaﬁ’wmﬂ%’uﬁ”sLﬁmﬁ wadmsulunisveaesimuavienaiiyavaaes
TWiamen 2100 mm (Le=2100 mm) wielfaenndpsfussazidunsinsaniasdiotn
uazgunsalusEnoueg1edy

4.3.5 AENUIRNINYIBLASAY

fainiifeugneanuuulssduthfoustgeaindouds 400 mm - vurmdusiy
audnanemeuontasy 400 mm itelildUinaTingou 50 L wavdmunligungiiagsd
AgEAiIU(T,) 70 °C dauemassuuenilguvgll (7,) 25 °C annnnsduwanuinauiui
Tvuviedosdaumnegnedenilgatszina 5.8 mm wilunismaassldvuviesyauiud
w1 20 mm uazauluilifudsfosdiaramunsgaioefignuszanm 9.4 mm - udlunns
naaedléunu 30 mm AsReIsaIANIINgART BRIV saUILT I T uA s
RTUANAUNTT ro=k/h Teagulein 1. fviuauuiiiisalinneusnteeningeilings aw
Youngauidslivanndenaiuas 2. madisemmemuutulvsnhiusafings
armdouargnydsluiuauindoniidngean uazisuanandesailnisusnyesauiuinnniy
$aifingn wswazihdddviuauuioieuasduiniifianumunsnnritd i uald

4.3.6 auatiui

Jund 145 2 4 yansnudinin¥ou Ebara u JEXM/A 100 $1uau 1 ¢ 16y
gUnsalfuidsdmsudailiivalussuuhiou uastinhanfiaoadududiduifome 3 #
Huduth pedrolio fu Pkm 60 Huaesusnlddmiuusuamavosindulussuuuaiai
auldifuunsalfuidduadeuhliivadniensaouludnadiduisumu Sinisae
yrgRAnaNNsEULeenuuuely

4361 umhdeu

msﬁﬂmmmﬁummaq%mﬁﬁaué{aﬁwé’qmuﬁaﬁ;ﬂﬁngt,ﬁa(head losses) 21nA15ina
meluszuuignesnuuuiiuin Festmundmsimsivadideddlunmsvaass Tufidfesduna
snananssiuad 60,000 dnsielfluszuuiiuvienesunmunaduriugudnansnnsly 26
mm 872333 10 m dA1A1ue3asE 0.0015 mm waglussuudild dese 90 41w 10 M de
a9 45  $1uu 8 ¢ aunsluanseiiuou 2 @ aruneluanenidiuau 4 49 viosiordd
$1uu 4 vie INMsAaTUevsstin founaslddenlduifldmdinuinh Wi 3.44
mH,0 ans1eavdenvaetilunisned a-1 fdasnsiva 252-1800 L/hr %38 5-30 L/min
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Usnih¥eu Ebara Ju JEX 100 vu1n 1hp fiAwdsnuininiu 3.44 mH,0 Sudeniuilunld
Nuuazlaliion1sveassfiiessessuiunisinnududadluluvienaaeu FewasvilmiAans
goudendanunisivamududnunidesldtuvunn 1hp $7uau 1 6

4362 Suhudu

miﬁwmmmmmmaq%uﬁwLﬁuﬁaaiw5amuﬁ”n§1ﬁqzylﬁaﬁuatﬁuﬁ’u NNTINa
ma‘lussuuﬁgﬂaammuﬁum Tnudnsnsivaiisedddlunismaasadirn 900 Lhr Tuszuugn
oenuuulldvievinaduinugudnans 26 mm fiaunenn 13.4 m SeArwegesy 0.0015
mm uagyie PE vunadusuaudnarsnielu 48 mm &1 1700 mm dfiAAdnawguse 0.0015
mm uazluszuuldteds 90 9rwau 17 ¢ dese 45 S1uau 2 M1 @umslvansesiuau 4 /i
anuvalwausnsiuau 6 § Tnavndidau 1§ Wanddwau 1 dAwasueveiy
difusasdenlsDusitamganuig iy 1.45 MH,0 Mnsgansnvastiulunsnad 9-2
fisnsislva 900 L/hr w3 15-U/min Tutindu Pedrollo Su PKm60-3unm 0.5hp fien
wisuiiiAy 1.45 mH,0 Judonuiinlinuiasldidonsusuisussuuiiandy Fuin
WiAnmsgadendanuistudmantios suiudadenliBuguiiving 0.5hp S 3
Taeldusmstanissyuuingu 2 ¢ waglddmiudeuidigvossumuvesinieauaniudoy
amfeusiuiu 1 Warnednsinisiuansdi 900 L/hr

U 4.4 JUyaveapaATaIwaniUBuANSoULU YDt udR It

¢ = o W
4.4 Q‘Uﬂimﬂ']iﬂﬂﬁaﬂLLﬁSLﬁiaﬂua'Jﬂ
o < Y Ly g

4.4.1 \ARsuanasuANTauLULYID oD YUY

wwInnaniudsuaiuieuiildnaasudmivAnvinisiiunisatsmainuiaumie
gunsalauilaeenuuulituluiuuviedouasstuifinsuaniuasuauseutuwuulvaaiy
iy vieneaeuimualvlivieindemesunsvunaduruguinarsnieusn (D,) 28 mm
wun 2 mm aeaiinluluvie PE nuanusauswnadurinugudnaaniely (D,) 48 mm wun 6
mm gnBamentihulauegiilenianunsanenieuldualiless vlafimumuniuiou
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Fafuiszwinsvielulazvisuen MnuwiNsiRawIUiUALSoUIBuHUWa B AT TITAY
MsANLTBUMUTEINA 0.04 W/m.K ¥amun 30 mm annseuiaiisenlifinnsgeyde
AnusaulUivdInaouiies 5%

4.4.2 fewnindey

svuuieth¥euiieenuuuiuumaaeunisanemanudeutuiianuensnivae
13.6 m Ywndurugudnataniely 26 mm PnNsAwAUsInsve i fidedlwadouly
sTUUYRUMEYINIMAReY 7.5 L viseuszana 10 L aanUszaunisaifilaviausussuusie
Az sEUUAmMUANMIATIE LN FalsvinsvaeUmanihiidewilvigaumg gty 70
°C fodldUiinanhdrsendu 10 whesslSanhiidedivalusyuu iesnissewes s
nalumsvhauseu nanlunsmuaugangiudu diuislfeenuuuivinihdousue
50 L 1w 2 Tu Weudetusheviesosuiuiu wiouirtaiitvelwandunsasslu uagld
uauufurdeuifiinsthmmfeunintu 0,04 W/mK 9nn1ssimanuddesium

30 mm

= . g L 4 I
E‘UVI 4.5 IRWAUITDULUUATUIN 100 L

4.4.3 \AI0INAAUITOUNTOTNLADS

gnwesilugunsaindnanuioulugramnssuniindnnsiugiude edinszualva
HuaInAhAiAIAINA UG MInATeu Mauanilinandvineseedinuaudn
wilwaznugumnillagsda 1250 °C madenvwianmesiiiondai 100 L 9ngamgil 25
[e] v 12 a [} . £ Ve 4 | n’j [J |4
C Souaulsgamail 90 °C meluiia 50 min sislddnmesvuawilsduannsafuanls
NAUNTS

E=Mxc,xdT)/(Hxeffxt)

E = waau (Wd)fdesnismsiu
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M = Srununaveni (wittviniu 100 U

¢, = AAMUTANSDUTUIEVONI (4.186K)/kg K)

dT = wassgaumgivesi iy 25 °C Wuirdou 90 °0)

H = Amdwuanuseuvaalnin (3600 ki/kwh)

eff = Uizﬁw%mwmsmﬁaugﬂwﬁmu (Aufidldlnin Ysediulidsvana 95%)
t = el (didwindu 50 min)

wnuA1aEle

E = [100 x 4.186 x (90 - 25)] / [(3600 x 0.95) x (50/60)]
= 27209/ [(3420) x (0.833)]
= 9.55 kW

nnsAnanlewuldsnmesuuin 955 kW uazldunnmesaaiuiiawann 5%
oy Selduunndnmes Ustanar 10,0 kW innmseenuuulidnisiuthandeindiaue
100 L Tasusndssuiluusnuiin 50 L 148vmnosiu HM3 8x400/220-6000w s 6 kw
Hudswhndmdn dufsfuitluiiassunn 501 148nnesiu HML 8x400/220-4000w s
4 kW Hufsiutiges 2081 10 KW dmiunnasisuanimuseazidulumisied 9-3
‘lummzﬁwmsvmaaw%aﬁuqquﬁmaaﬁw%’auﬁluaaaﬂmawmﬂ%"amamﬂﬁ'aumm%'auﬁ
gaumaiiladsgand 50 °C felunasvesgnungifidonimusouldldaudainisiuanas
dwavhligninesanunsavinguuaiilis iy

JU# 4.6 Fvwmesuuuindmiundnthseulifivssuuraaaiosuanisunusou

4.4.4 ledasavsiad

Tdnawmvsiadiluainvidinsonsihausessuudidnnsetaviiands gnuhunldeu
Tunsmununsvhausesdnmesitevilmhiflivaseuuandsuauouigumgiinssiu
anudeants Tngldudygramnaniadesmuaugungithuuuiianeaigndsesnuiiy
Wesiududdsendsnulwih lifuisnnefeenluluesifuddouiu vilinns
muugainfithididuiugunuaasiiainaue wiouismusenseualwildzeda d0a
faduFaudenluBnanviad ju SSR-40DA ifllifnszuansade 3-32 VDC wardnelnih
nszudadueanly 24-380VAC 1auAuEnnes suaziBeauavananuuesne vedledng
wvisiaduiluandlumsed -4
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3U#l 4.7 TeBinauvidiad ju SSR-40DA

4.4.5 m‘%laammuqmwgﬁﬁmmﬁ%ﬂmaa

Souiitourirgindosuanidsunmdougnmuaugumgiilneinissniuaugumni
§¥i TOHO Ju TTM-007 anunsamuALgugivenifeuilinaaesimisiudmueiiimn
Tneilrnurannndeuluda 0.2 °c insesmuaugamnisusnlinvauiludsinlui

wils drunIesmunuanngiiiinassgnldlunismunuenmalivesinfiegludwinluiiass

v
v
o o/ °

Imalé’%’ué’mnymmaaqquﬁﬁwmmﬂ RTD #idnssionliiindaideuvesudaslu win
gumgiiveniieuillilunmsuase digaumgiisniiifiiuunieseraunsanmgisaoasail
wihwihilunsddyaalfedeansias uialednaeniiasisdeldnneidsndoy
m‘lﬁﬁﬁﬁﬂﬁﬁwﬁqquﬁLﬁu%wa::61’@5ﬂﬂ%"’aLﬁaqmmﬂﬁmaaﬁﬁauﬁqmﬁﬁmuﬂ M3AIUAY
fuldlimseuauuuu PID Tnsfieiasniunuanmgiisuuiaunsausugililassaludfvils
NYRBNNTAIUAY

im0y

sU#l 4.8 1e3esmunugmvnil TOHO Ju TTM-007

4.4.6 Yurdeunaziuiniy

Tunsfneideisatumsiemanudoutiuiirusuiiuetsdeiisosendeduun
Prelunmstoudingyaneany ndeulrwesnmeassiulildhieusasiidulnadily
Tuadesmaniasuanudou  Tagliideulnanuvienaasunazindulnaniuyietsumy
faiudsldeanuuussuumsinavenhdeundemiaszuunisivavesnindu nmsmaaly
Lﬁaaﬁumaﬁwué’mwmﬂwaLLasmsqzyLﬁawé’mumﬂwaﬁmaﬂmaﬁaalwamu‘qwmaauﬂv’a
ssrunifeunazsruuiBunudeulvwesnisaaoy
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sUit 4.9 fuhdeu Ebara Ju JEXM/A 100

v
o

svuuthdeuldihiunihdeu Ebara Ju JEXM/A 100 anlilugunsalsuiaslunisds
dllwalusyuuindou mﬁumsau'ﬁuumuﬂuumasﬂmuwﬂmaa H1ATEUAISOU WAy
Turmvesdluvhainuanuaa 304 (AISI 304) mwanusammmammsuau wazigsiia 4
mamaim‘uﬂmmm lhp 230 Volt 50-Hz wvuU 1 wa ldnsezua 6.4 A LLauiJllWYSﬁ’mﬂ'l'i
Uaaiunalvivheglusedu IP54 ﬂumummiamamamswmﬂwalmaqm 4200 L/hr Tvinasanu

mmlmaaam 45 mH,0 mmin‘l%ﬂummammuaam 90 °C 1o

3U#t 4.10° DBy Pedrollo $u PKm 60

ssuuiuduldtiuth pedrolio u Pkm 60 sduiitlouiddvosumurenaios
wanwdsunnuieu Tududy Pedrollo fuil Faeuviunsinvanvae daluinzesduin
NNMeunde uazdatusavhainnsiliviuazesaiin Wuewmestuluvug 0.50p usuadou
230 Volt 50 Hz wuu 1 wia THnseud 2.5 A uazanasgiunistlesiunialviheglusyéiu 1Pad
i]mmummsawamamwmﬂwalmaam 2400 L/hrluwaamumuwlﬂaaam 40 mH,0 14uri
wuqquuqa 60 °C

4.4.7 w3093n8nsIN5lna

3‘55’mé”mswmﬂuamawaaluaﬁd'lULLaumﬂUmsammﬂﬁamﬁa nsinUsunsveslva
Alvasiuvielutisnaniidivun fedldmunelugneaunis v3ooalinmuusiiussguesvan
fiannsailudaimin e lumeasnsinisivaiana vaginisiadeddinadieiiia
innnemsuaznisiviadesinalndifsatuanzmsivadingia Fsesvilaldafiiugunnau
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JUN 4.11 lsmiiweiindnsnnisivauisauwes Fischer & porter

myiasasnsinavenedivanaaey suhdoukasinduldilsmiived uvins
Fasnnsiaiiethlumuinasingg dwivieseimnisiemanudeu fusznaumu
Aoy uarfusenaunsiiaussausauseu ﬂ'ﬁ*?‘ilcﬁmnmii’ﬂém’aaﬁmmt,mushqq
Fatumsasnsnislvavesthioudsliilsnfimesves Fischer & porter Ju 10A35673A 7
fifadlunsta 10-100% flFanugndes +29% veadnsanaslvagageiiale (maximum flow)
wavannsaldivvesvadiisigaumgiigeda 121 °C

Max:86/b d=0.10z

JUN 4.13 1393830 MUNATABABVE SAGA

vauziisasnsinavesinduluviorsumurenaisuandsuauieuldinlsm
finesves GEMU ju 817 #ifldasdn 150-1600 L/hr Slenmanugnéies £3% F.S. wazanusald
fuveawaniigaumgiigeds 60 °C egslsfimulsnfwesidonuldnuiaeiimgniousiug
wzviiavesetlvauargumgiinsaiudeyaiinisusnianldihnsuiuiieusingu deth
gamgdll 20 °C wilumsaassgamgiiveaihfeuilldf 70 °C uazgumgininduild 25 °C
Faiusimuduuetsdsiivenhnsusuiioulmitoun TneUsuifisusuihiigumgingsiu
anudesns Taslslwauuuasiasludmanafiniivug 20 L 1suumdsddneadie SAGA 7
JAANuRaNaIn +1 g1171151171'qquﬁ6‘\’0ﬂa"nluaaﬂué’awmaaﬂaulé’ﬁ'mﬁ'ﬂ 3 kg uala
windneadudunasuiminvesitluduiisduiu 13 ke WAINEALIAT WIHARIIUDY
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uinkarkan1waInaIuImsiuilasnsnisivaldana Yeiuseunn 5 A5e waltihein
laumdeiluauduArannumuiuigungiseanisusuiisy  vlilasnsinisinaida
YSnasifidanugnaesas duihlidmlaannsiaianuunietionsaunis

4.4.8 feUsuanwnisiva

gﬂﬁ 4.14 HUSUaN NN SIVaLAESEUIENDID1NF

mﬂsuanwwmslwaanaamwu‘uum N119'400 mm &1 400 mm WAz 800 mm
Lwa‘msflwmiauwlwamumwmaau‘uaqmsaau,anuJaaummsaulwamwmmuaaamuama
AADALIAN Luaamﬂﬂumiaummsmmumaa‘l%‘luwWuaaﬂuwanmummmwmmuquamwms
ua v‘h’lﬁﬁwﬁluaaana]1fma’aL‘th'IsmﬁLma%ﬁmmﬁ'uhimﬁdqwaﬁﬁ’lﬁgﬂaamaﬂsmﬁmas‘
finsundstuasiliigrumsnsnisleiianatals wasfeuiuanmnislnaluifgnesnuuy
wiieinWeseMAfifingannsifesvEousngmssin$iedu(Cavitations phenomena)
vonhiildvedeu aunsadunsldainseiniluvislasuadnusinsdnavesdsusanin
nsivia 5wmﬂuath1,ﬁui~ﬁmfﬂuviaL§ﬂﬁﬂasLTmeé’m%n:uﬁ’muuﬁmé"aszmEJ"?Taa'
ussema Uniumliaaslinesonielvadngriennaaulasdinue stwuavm'lwmammm
YeudeuLarALANLUTIalaRATaTa ama‘lwmifsLﬂswvwamamqmumsmUmmm
Sou fMuszneuANIEyANIY u,azmﬂs.,naumsmuamsausmmsaﬂuLmum

4.4.9 Wuwasingamall RTD Pt-100

RTD 8831191 Resistance Temperature Detectors Wuiduivesingaumgiifiende
vinmswasuutasdanudiunuredany  Feranudiumuianaaegiieniuniy
RRIVHA ArmFumuveslavediiutuil ond “é’uUwﬁw%‘msLUﬁ&muUmQquﬁuuu
vin” denhlUldlunstagamaiilutas -100 fs 650 °C Taveiianusunius iz
finsggniuldiluianasra RTD dwiunsmeaaeslald RTD P-100 wuy Class A uniu
wjumaimammamwnmaamsauuaumLaumlwamuavlwaaaﬂ WAy 2§ Tavunsam 8
#h dyaaiildannmsingndsludardeseugumgiisve TAIE W3 8 ¢
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sU 4.15 RTD Pt-100 Yagaumgiivesansvinny

4.4.10 LAT09DTUYUUNAUVUATADA

$U#l 4.16 n3pesusiguvind TAIE Ju FY400

guugiivenhAsudn uagesnaInyAnnaaURS I KA WEE A IE B UL
szuuihdounasinibugninguugisas RTD PE100  wisaiui 4 0 WiinzAgRAns
$1uau 2 ¢ leanriaRialunsin Myl gidInasEe AL Seus S udesien
gungivinhfeuuastbu emadasmsesn wa 4 wandonfuandnnn Saafignilad
ArwRamanavinlinisaugendsiumuiou (Heat -balance) virldenuasidnauiniy
wsrzaziulunseurgugiluisiase fmennsvasey wdasemafiosdilnnianinse
lunseurnlsignieauiugags deilunmsewegamgivawestmannasy Salfideniaies
gugamglidvie TAE fu FY400 $tuauviavin 8 -1 Fsliranugniesluniseuligadis
#0.2 % F.5.

4.4.11 w3p9iaANuAULUURIROE

nsenailseneuaudeaniu et lulddusiulsdmiuinseaidn
Usgnaunsiiivaussouzanudou  lunsinwinisifiunisaiemanufoutusidugedls
Lﬂ‘%mﬁa’J’mmmé’uﬁﬁﬁmamgﬂﬁmqawaaumi dvsunsnaasaldiadesinnnusuiuy
Admeadivie Dwyer Ju DPGW-04 $2an153m 0-5psi AifiAAugnsadlunisanudu 1.0%
FS. TneAngaeinfidenldilaviinisfmuinauduniiounda ﬁai’ﬂmwﬁ’ulﬁgﬂﬁﬂuaméy’q
iihfurieneaeuuinamatiuasmseenvenirdougnasia  Seegiatu 1500 mm e
wasaveImLduisangaiiTalduienusugads gnihlumefauseneumuideaniu
MNANNI Vg uisioly
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JUN 4.17 eSesinAnuRuLUUAIneaved Dwyer Ju DPGW-04

4.5 msesnuuuviandsauazgunsalvntiunisinemauiou
nsAnwidmaasuinfugadnyuznisiemauiousazanudeaniulure

indeniifinnsfnssusuind hirmsesnuuugunsaiiifedseinsinasiromanuioul gy

MnveRASEU(smooth tube) TnsuvsauiwanisAnydy 3 nsddai

4.5.1 viawnaea (helical ribbed tube)

wnAnlunIseenuUULN B iDaAtudnin IS ou U AL AT B LN
fewmanudeu Wewmnnislranmsluneindeuiuesinswanivsumve st uinfamig
anufeununiuiies devedlvalvariauiavie lWidssoenth Suilivesmerlnaniels
dududafianienufeufuvesivadilnauenidududenaia nidsuanndeusulalys
wiimsdaalvuaniuduaiudeulss vl avielin 1 §03Ea sy lduduBeain
IAMLTeuLINaY NMskaniUasuaTEouRiiudy LLauﬂWSVIWIMN’J‘I]ENS‘U?”UUUQ‘U’JULWZLI
Nuiflunsanowmenudounnssoulimednnisvit Lmmammwa‘twsmvuummwmmnm
wamumﬂwammaaqmuaammumsJ vraLﬂamufuuumgﬂaamwdwumlwaﬁluausnmwua
viefinmslvavyunsnundeavisnasivaidussidouinntu Sastsanusifuginnisivaa
oun vildagdendsnunisiuatiosas uazdawalvmussneunisiiuaissousanuiou
‘uaqm%‘amaﬂLUﬁaumm%auﬁmQaﬁu Basnwiandsinlalaginvieneswasl S s uL
dinudas Ingldinsesdnsnaialiiidnuueadioindemesiioanitados (helx angle: 6)
Uszana 15° WBeenuduuniing miﬁugﬂﬁaﬂ%ﬂmmzﬁmﬁqLﬁuﬁmmwmawﬁﬂﬁﬂa
dnnaldine viewndeaildlunmsvaassildfvunssorinduesnsuindea(Pitch: P) Wisnafu
fD 4.5, 5.5 uaz 6.5 mm @UAINFWBIATUNABrD height: e) Avualirneiude 0.5,
1.0 uay 1.5 mm ylvlagnsdnsveeindvasaiuindeaseiduniugudnanslansedn(pitch
ratio: P/Dy 139 PR) Wifiu 0.18, 0.22 wag 0.27 LLavlﬁé’mwdaummqwam‘s‘umé’mdaLﬁu
muﬂuaﬂawlamaaﬂ (Rib-height ratio: e/Dy 39 HR ) wifiu 0.02, 0.04 uay O. 06
mudeu lilavendeadmiunaaeuiaiun 9 nsdlfnm muam’luwm 4.18 Ware31a9]
4.1
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D; Dy e P HR PR
Test tube.

(mm) | (mm) | (mm) | (mm) ©) ©)
smooth tube 26.0 26.0 - - - -
tube PR=0.27, HR =0.06 24.5 1.5 6.5 0.06 0.27
tube PR=0.27, HR =0.04 25.0 1.0 6.5 0.04 0.27
tube PR=0.27, HR =0.02 25.5 0.5 ) 0.02 0.27
tube PR=0.22, HR =0.06 24.5 the), 5.5 0.06 0.22
tube PR=0.22, HR =0.04 25.0 1.0 53 0.04 0.22
tube PR=0.22, HR =0.02 2588 0.5 bps, 0.02 0.22
tube PR=0.18, HR =0.06 24.5 1.5 4.5 0.06 0.18
tube PR=0.18, HR =0.04 25.0 1.0 4.5 0.04 0.18
tube PR=0.18, HR =0.02 255 0.5 4.5 0.02 0.18




Do

Outside-tube view Inside-tube view

T f .;).u.|s||||““":||"-.“'[

AREREARELAAER

LRI TLITELERES bbb LA RTTETTT TS

RUULIVEEERTL LR BT 1 20 0t me e s AT )

AUNIRA AR 480

SR VEh R

ARRRRAARAREA

A1l idadada

JU# 4.18 amenevieindeiuazvieRaisey
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4.5.2 wiudadeawuudanuuazinaaunefuasundeio

nsdifnwreluiifunisiendeaiilidsmuszneunisifivaussauzarudou
(TEF)QQﬁqﬂﬁaviamﬁmﬁ PR=0.27, HR=0.06 innnasismfuuaudaisuuudamunasda
munsiuaTundeie wiudaiiianlinaasssmiuriendsiaiananuduegiidoumn
1mm ne () 23 mm wdinistamuuasdnaiuneiuasuingeelaszagn1sing)
wihiu 50, 66, 80, 96, 110, 126, 140, 156, 170, 186, 200 uaz 216 mm auaRy vilile
wiudafifsnsndiunisin (r= w/w) wiatu 2.17, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09, 6.78,
7.39, 8.09, 8.70 1Ay 9.39 MUAIAU Faldurudnnaaauianun 24 n5dl ukudauAazLELY1
1,500 mm FUAnIRILTIT 4.2 uagguil 4.19

A19719% 4.2 s1eazidgnvadmtudaeLUUTnnIY waslnaIunNNUASUNREIYID

Co L Dy W y | Y

. Vianegau TUa

' (mm) | (mm) | (mm) | ()
Ribbed tube (}’R=O.27, HR=0.06) R 24.5 - - -
Ribbed tube, ¥=2.17 (SCS) Single Co-Swirl 245 | 230 50 | 2.17
Ribbed tube, ¥=2.87 (SCS) Single Co-Swirl 245 | 230 66 | 2.87
Ribbed tube, Y:3.48_(SCS) Single Co-Swirl 245 | 23.0 80 | 3.48
Ribbed tube, Y=4.17 (SCS) Single Co-Swirl 245 | 230 96 | 4.17
Ribbed tube, ¥=4.78 (SCS) Single Co-Swirl 245 | 230 | 110 | 4.78
Ribbed tube, ¥=5.48 (SCS) Single Co-Swirl 245 | 230 | 126 | 548
Ribbed tube, Y=6.09_(SCS) Single Co-Swirl 245 | 230 | 140 | 6.09
Ribbed tube, ¥=6.78_(SCS) Single Co-Swirl 245 | 230 | 156 | 6.78
Ribbed tube, ¥=7.39 (SCS) Single Co-Swirl 245 | 230 | 170 | 7.39
Ribbed tube, ¥=8.09 (SCS) Single Co-Swirl 245 | 230 | 186 | 8.09
Ribbed tube, ¥=8.70 (SCS) Single Co-Swirl 245 | 230 | 200 | 870
Ribbed tube, ¥=9.39_(SCS) Single Co-Swirl 245 | 230 | 216 |9.39
Ribbed tube, ¥Y=2.17 (SCTS) Single CounTer-Swirl | 245 | 23.0 50 | 2.17
Ribbed tube, jY=2.87_(SCTS) Single CounTer-Swirl | 24.5 23.0 66 2.87
Ribbed tube, !'Y=3.48_(SCTS) Single CounTer-Swirl | 245 | 23.0 80 | 3.48
Ribbed tube, ¥Y=4.17 (SCTS) Single CounTer-Swirl | 24.5 | 23.0 9% | 4.17
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A15199 4.2 51980 UATBILEUTAREILUUTANIY warUnaIUNNAUASULNEsIVID (5B)

; o Dy w y Y
Nanadau YUA

(mm) | (mm) | (mm) | )
Ribbed tube, Y=4.78 (SCTS) Single CounTer-Swirl | 24.5 23.0 110 | 4.78
Ribbed tube, Y=5.48 (SCTS) Single CounTer-Swirl | 245 | 23.0 126 | 5.48
Ribbed tube, Y=6.09 (SCTS) Single CounTer-Swirl | 24.5 23.0 140 6.09
Ribbed tube, Y=6.78 (SCTS) Single CounTer-Swirl | 24.5 | 23.0 156 | 6.78
Ribbed tube, Y=7.39 (SCTS) Single CounTer-Swirl | 24.5 | 23.0 170 | 7.39
Ribbed tube, Y=8.09 (SCTS) Single CounTer-Swirl-| 24.5 23.0 186 | 8.09
Ribbed tube, Y=8.70 (SCTS) Single CounTer-Swirl |- 24.5 [+23.0 | 200 | 8.70
Ribbed tube, ¥=9.39 (SCTS) Single CounTer-Swirl | -24.5.{.23.0 | 216 | 9.39

WUIBNA: SCS Ao wrinlafeauuuinmuaiuinduane (Single Co-Swirl twisted tape)
SCTS fip wWudaReawuuingaunInuAIuNAevia (Single CounTer-Swirl twisted tape)

seggMIta (y)

mI oy
. : W LUR (W)

JU 4.19 msfenausulndedluviendes (n) wwulamuesuindeavieuas (v) wuulaaiu
NNAUATUINGEIVIE
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aNs1EIU L il
= E‘ULLUU?JBQLLNNUW!LQEJ’J
A13UN
(e WUUTARUASULNAYINID RUUUAEIUNINUATULNABNYID
- (Single Co-Swirl twisted tape) (Single CounTer-Swirl twisted tape)

2.17

2.87

3.48

4.18

4.78

6.09

6.78

XX
& &
= A
= A
= 45
o | e |
B e
e

739 h—- e
9.39 h h ,

JU# 4.20 wiudapeanlinaasusiuiuvienden

4.5.3 udutnguuudaniu dasumsiuasuindelvieuazingiunieiy

shdeiidunniukudnduaonldluvieindendilie TEF  qeiign Aevieindeai
PR=0.27, HR =0.06 Usznaumsusuinguuuinniu dnasunsiuaiuindedvie uasinaiu
N9U LLﬂJuﬁmjﬁﬁwmwﬂami'mﬁ’wiamﬁma%’wmmmn&iuaq&ﬂamm 1 mm, W= 115
mm y=25, 33, 40, 48, 55, 63, 70, 78, 85, 93, 100 WAy 108 mm MU uazlFuiudagi
iy= 2.17, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09, 6.78, 7.39, 8.09, 8.70 waz 9.39 MUAWU
wiudnglimnasuiivionn 36 nadl wiulaurazdenn 1,500 mm FauansnumnT1edi 4.3
LLasg‘Uﬁ 4.21
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seezn1sila (y)

ANUNINGTDY

WA (W)

(n)

ANUNINNYDY
wHuOe (W)

BT ANUNTNIYD
s < urude (W)

JUN 4.21 msdenwsudngluvieindes (n) kuvtesmuasuindedvie (v) wuudaaiunaiy
ASUINAEIVe wae (A) wuudnaiuniaiu
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nsEIU 5 e

- SULUUVDILHUUAA
1500 v v
. UUUTAMIUATUNAEIYD | LWUUTAEIUNIINUASUINEEA wuuaaIUmMeny
(F=p) (Twin Co-Swirl) i@ (Twin CounTer—Swr) (Twin Counter Twist) »
o REEREIIZEE%2] iS55
287 | gl e s
348 | Pl - = =» sl = ¥ 3
s F = |- % £ S ST
s = = = Sl = =
5.48 et < & - I
609 | o | [ Y |- S e
678 |&m \;;’!':‘ . S /=‘<<:
TNl % = | B T = =
8.09 T el - o - —-
8.70 -~ e, MR E- - s b o —
9.39 = S . = =

UM 4.22 windeailtmageusiuiuviainde?
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M13°97 4.3 Teazdenveduiudaguuuinanuaiuindedvie deauniiuaiuindevieuas

Unaiunany
. - Dy w y Y
NONA&au YU

(mm) | (mm) | (mm) | ()

Ribbed tube (PR=0.27, HR=0.06) - 245 - - -
Ribbed tube, ¥=2.17 (TCS) Twin Co-Swirl 245 [ 115 25 217
Ribbed tube, ¥=2.87 (TCS) Twin Co-Swirl 245 | 115 33 | 2.87
Ribbed tube, ¥Y=3.48 (TCS) Twin Co-Swirl 245 | 115 40 3.48
Ribbed tube, jY =4.17_(TCS) Twin Co-Swirl 24.5 11.5 48 4.17
Ribbed tube, ‘Y=4.78_(TCS) Twin Co-Swirl 24.5 11.5 55 4.78
Ribbed tube, ¥=5.48 (TCS) Twin Co-Swirl 245 | 11.5 63 | 5.48
Ribbed tube, Y=6.09_(TCS) Twin Co-Swirl 245 | 115 | 70 | 6.09
Ribbed tube, ¥=6.78 (TCS) Twin Co-Swirl 245 | 115 78 | 6.78
Ribbed tube, ¥=7.39 (TCS) Twin Co-Swirl 245 | 115 85 | 7.39
Ribbed tube, ¥=8.09 (TCS) Twih Co-Swirl 24.5 11.5 {793 8.09
Ribbed tube, Y=8.70 _(TCS) Twin Co-Swirl 245 | 115 | 100 | 8.70
Ribbed tube, ¥=9.39 (TCS) Twin Co-Swirl 245 | 115 | 108 | 9.39
Ribbed tube, Y=2.17 (TCTS) Twin CounTer-Swirl | 24.5 11.5 25 2.17
Ribbed tube, :Y=2.87_(TCTS) Twin CounTer-Swirl | 24.5 11.5 33 2.87
Ribbed tube, ¥=3.48 (TCTS) Twin CounTer-Swirl | 24.5 115 40 3.48
Ribbed tube, ¥Y=4.17 (TCTS) Twin CounTer-Swirl é4.5 115 48 | 4.17
Ribbed tube, ¥=4.78 (TCTS) Twin CounTer-Swirl | 245 | 11.5 55 | 4.78
Ribbed tube, ¥=5.48 (TCTS) Twin CounTer-Swirl | 245 | 115 63 | 5.48
Ribbed tube, Y=6.09 (TCTS) Twin CounTer-Swirl | 245 | 115 70 | 6.09
Ribbed tube,:Y=6.78_(TCTS) Twin CounTer-Swirl | 24.5 | 11.5 78 6.78
Ribbed tube, §Y=7.39_(TCTS) Twin CounTer-Swirl 24.5 11.5 85 7.39
Ribbed tube,'¥=8.09_(TCTS) Twin CounTer-Swirl | 245 | 115 93 8.09

'
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A19199 4.3 seavitvavessulaguuudamuniuindedvie Unatuntiuaiundeivieuas

Tnauniaiu (se)

. - Dy w y Y
viannsiau YU

(mm) | (mm) | (mm) | ()
Ribbed tube, ¥=8.70 (TCTS) Twin CounTer-Swirl | 24.5 11.5 100 | 8.70
Ribbed tube, ¥=9.39 (TCTS) Twin CounTer-Swirl | 245 | 11.5 | 108 | 9.39
Ribbed tube, ¥=2.17 (TCT) Twin Counter Twist | 24.5 | 115 25 | 217
Ribbed tube, ¥=2.87 (TCT) Twin Counter Twist | 245 | 115 33 | 2.87
Ribbed tube, “Y=3.48_(TCT) Twin Counter Twist | 24.5 11.5 40 3.48
Ribbed tube, ¥=4.17 (TCT) Twin Counter Twist | 24.5 | 11.5 48 | 4.17
Ribbed tube, ¥Y=4.78 (TCT) Twin Counter Twist | 245 | 11.5 55 | 4.78
Ribbed tube, ‘Y=5.48_(TCT) Twin Counter Twist | 245 | 11.5 63 | 5.48
Ribbed tube, ¥=6.09_(TCT) Twin Counter Twist | 245 | 11.5 70 | 6.09
Ribbed tube, ¥=6.78_(TCT) Twin Counter Twist | 245 | 11.5 78 | 6.78
Ribbed tube, ¥=7.39 (TCT) Twin Counter Twist | 245 | 11.5 85 | 7.39
Ribbed tube, IY=8.O9_(TCT) Twin Counter Twist | 245 | 115 93 8.09
Ribbed tube, ¥=8.70 (TCT) Twin Counter Twist | 245 | 11.5 | 100 | 8.70
Ribbed tube, ‘Y=9.39_(TCT) Twin Counter Twist | 24.5 11.5 108 | 9.39

NUBLYR:

TCS Ao unudaguuudnauaiundeavie (Twin Co-Swirl twisted tape)

TCTS Ao unudnguuulnaaunsiuasunfenyia (Twin CounTer-Swirl twisted tape)
TCT o wiudaguuulagaumeiu (Twin Counter twisted tape)
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4.6 BN15NNADY

miﬁﬂmm‘nﬁumidwmmm%’aumnqﬂmzﬂﬁaamwuLﬁaﬁw‘é’fagamaq #l&an
mataldvimsiasesien M, £uas TEF Saiisnismaasssaseluil

1. ﬁmﬁy’qaﬂnsaiﬁzhEJLﬁumiﬂ"mmmm%@uﬁﬂﬂluvia‘uaam’%mLLamUﬁlaumm%fau
quwasdauaawu wiounsavaeuAunieuvesgUnsaiuageuyney etlostusunsion
Em]Lﬂmumﬂmswmuﬁuaqaﬂnim

2. Waeindszuundninfounasinduiieliusemm 1 hr uguniiveadlng
nageuilgungifganagay LLa’JLUﬂ‘ﬂNU’ﬁBULLauu’WLEJUIWUENIMﬁIMﬁL‘lJ’)vLUIUiuUUW'iaﬂJVI\‘I
Ususammisivavesindulilua 900 L/hr Tnesmuslvinsitedsinaanly

3. USudnsinisinavesifeudl 10% 91nlsefimes 3aﬁ1undﬁmmamﬂ§'aumm
Sousy mwmsaunumwmuLaaaﬂmmﬂivmm 20-40 U LLﬁ’JUUVIﬂE]ﬁu‘Mﬂ&J‘UEN’iUUUU’]
iaun‘umL&Ju‘usnmmaLﬁU']LLavmqaaﬂsumLﬂimLLanLUaauﬂmmau wmumamamwmau
TunSouiu 'mﬂmia:u@amqmauszmwmsaunumwuumqqmw 5% fieansaadngunsal
Falmivsedossanandnnsenisuanudoumiudeousdliates

4. Ymsususasnsluavedlsmfimesiniunsias 10% auAsy 90% sﬁqa&ﬂuﬂm
Lamssﬁuamw’lfumaau %mvﬂsuamﬁmﬂwamaqumsuummamamaoammmaamLam uay
vndeutegsiiuseana 3-4 ﬂwwamwmmuawawam

5. mmmmmﬂﬂiammﬁm’luaﬂwmuLﬂmﬂuammu

6. U@mmﬁumiammumLamaﬂumwammmawaamaqLLm'«mamemauﬂﬂ
‘viaﬁ’amasuammaqLLanLUaaummaauaamm’mmmq-ﬂﬂsmwuaummaamwlﬂwmu
Uszneuuileuduwdvihnisveaeusianude 25

7. ‘ﬁa‘;&amimaauﬁléfﬁﬂﬂ?miwﬁﬂ'ﬁmiﬂ'mmmm%’au’tumamauamﬁm%aﬁ
mmmoﬁ’uamlfﬁaflumamaaﬁaﬂszﬂaummLﬁaﬂmu WagsUsznaunIsiuaussausAIA
You dwaunisluidad 4.7

m’lllﬂﬁ’]ﬂLﬂﬁ@U“ﬂﬂ\‘iﬂ’]i’)WUE]SJ@‘VIlﬂR]’]ﬂﬂ’]iVlﬂﬁE]\‘imMumIWéJﬂ’J’li.lﬂﬁﬁﬂLﬂaaui‘uﬂ?i
ﬁ’lmmmaam’mwﬂmi(l\/\easurement Uncertainty) mm’mﬂa’mLﬂaaumﬂqmmmum’
wUslfvmihetdosnin +3% dwsuiauisdluas, deonin £4% dwduaviadarivay Yeuni
+4% Fvsuiiusenauamnudeaniu anueaianasulunisiaanuduiinuaainndey
Uasnin +1%, a";ummﬂmmﬂﬁaumaqqmmﬁﬁﬂﬁmqLSE’J’WLLasmaaamJizmm +0.2%

4.7 npefdamivinsendeyanisnnaas

nMsfnnaismssemenydedlueisuaniudsunmudeunuuvioteuasstuidl
mMsuaniudsuanudeunuulvagiums 4 foyasineg Aldarnnismaassgniludiasedlu
mammmLLU'ﬁ"Li:m(D|men5|onless) NN Lwamsaumaﬂmmavﬂm ATFATUIUNIA
Snsnsenemaueussnianiney (0,) waztndu (Q,) @usaAIUIMAINANNTT (4.1)
way (4.2)

Qh Xt ’hhcp,h (Th,in e Th,out) (41)



Qc = mccp,c (Tc,out - Zl,in) (42)

) n'1h,n'1 Adanisivalennaveniieunaziniu ¢

¢ Aamnuteusimizueti
p,h? " pe

A d Y v T 2 a Y
i’e)uLLau‘LI'lLﬂu T, T ﬂa E]m'vmuLaaFJ‘U@QIJ’]?EJULL@%U’]LEJUU‘SL’JﬁuVI’NLﬂJ']LLaST T

h,in ? “c,in hoout * *c,out
ﬂa ammmaaamaqmsauuavmwuummmaaamaqm‘saqLLamUaaummsaumuamu
LummummsmammmsauiumwmiauuaumLauaﬂamawamumwmau feulauelile
maaaaummanmawaqwumammamm:umﬂlé‘luumavﬂmnuismmmaimlmﬂamﬁmﬂwa
miamawamummaausumwmsauﬂumLaumwuﬂiﬁluLnu 5% wariasaunldsnsinig
fewauouade (0,,) Lﬂumwmauwﬂmﬂ,wLmﬁqmwmammuaums (4.3)

Qave = (Qh e Qc)/2 (43)

MIMIAIEduUTEaNsNIsNIANSaungluvievasAsaskanUdsuAlNSous) Apeande
AMUELTUSUBANALUTEANS ANAUMUAIINSIUTI (U) 91naunis (4.4)

Qave =3 UiAiAT LMTD (4.9)

e A=nD,L AeMufianasuaudeunsluve, L AoAMuETIVEYILanUABuAI IS oY,
Dy Fevdurhugudnaislonsedn wag AT,m Aonasawssanampiiedeidedon nmaveaedll
annsadnguupivesiivislilangnse mavidduszavsnisnanufeumeluyiofisnsan
NAUNIT (4.5)

1/U, =1/U, =(1/h)+[4 (D, - D)/ 27L] + (4,/ Ah)+R  (4.5)
Bl U, Aeduuszansaugiuniunanndeusiy, D, AalduIuAUINaINIBUBNVRIYIE
VAEBY, k AEAINTUNAILSeUTRIENAEeU, A,=nD,L AofiufLanasurnuieunisuen
velanaaey, h, AedulszAnsnismmnudounieluionmu, R fefusznauniy
anUsn dunanuiiaumengevinevesauntg (4.5) ﬁugﬂﬁﬂwumluﬂﬂﬁmaaﬂnﬂﬂiﬂ Laaan
sUaun1s (4.5) aauntuaunis (4.6)

/U, =(/h)+B (4.6)

o Qs

e dulszansnsniauounieluvenagouimuduiusiuavisdluanaiuaunis
@a.7)

h,=CRe" (@.7)



fvueliien € uag m 1Jumaed wasthauns @.7) uwiuasluaums (4.6) azlé
1/U,.=(1/CRe'")+B=ARe_'"+B (4.8)

thrafldanmsmesesluiBsunsiBudumeanuduiussevwinanen 170, Tidu
wnuy uez Re™ Wuwnu x vildldananudureudunsim 4 (slop) Audqadauni y (B)
ntduthan B Aildluunuadluauns (4.6) udrdaguaunsinilaaunis @.9)

h =1/[(1/U,) - B] 4.9)

msmAndudsyandnsmenufeuneluviowuuil Fend1 “Wilson plot method” U357
Wnifelusnsusemafonldiuninings198ein Chen et al. (2001) waganndnuaigAny
Hesnnisnadeuderiefinngussdunisindigaiagamgivinléenunn Fatfunisdnem
AanudeuluvenvaaarladavaiutsaAindlanaunis (4.10)

Nu=(hDy)lk (4.10)

idlo k Aernisthanuseunfevesvedivg vaengnsnisluagniesieilieglumenves
uLstluadAnuufiugruvesmanaudfvasasinunglunenegeuiiouvgiiadeiey
aunns (4.11)

Re=pUD,, [u 7 (4.11)
f
o p Feruvmutiuvesasinnuiigumgiiads, U flepnusaundevatansvinieu was g
Aaaunilalauning (dynamic viscosity) maaawﬁwmuﬁqmmﬁm?{s daupsugayLde
(pressure drop) ﬁLﬁm?ﬁumﬂﬂﬁlumaamsﬁﬁmumaiuviamaaugﬂﬁmﬁzﬂumamaaﬁa
UsgnouAILdEavIuUAILENN1g (4.12)

f=2D,Ap!/ pLU? (4.12)

diefinnsanmsinafifinisggdefidenisivaPumping power loss) sgninsvisfialzauniuvie
naaeuiifinsuSuussanmiansefinnsiafgunsaidurilufidnsgadeddanislve

Wiy aansafiarsanlaanaunis (4.13)
(YAp), =(VAp) (4.13)

dle Ve dnsinsinalelSunsvesansinng, o Aefiwlsiiunusigvieiiaiey (smooth
tube) uazwesmsuinevesEunsufUsTunudeviaffinsAnasgunsaldleiianis
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fewmAusau (augmented tube) wartdwUsluanns (4.13) ndnlvilumenesiuds
150fvesiussneuanudeamunasiavsdluadsiaunis (4.14)

(fRe’)y = (fRe’) (@.1a)

Réo =Re(f/f)'"> (4.15)

dgmiusmUsznaunisiinaussauzaNseu (TEF) Aedaldindnauaiuisalunisanein
anusaulagieuiirnsgdemaimnisivaiiendu dualdoinaunis 4.17)

TEF = (h!hy),, =(Nu/Nuy),, (4.16)

TEF = (Nul Nup)/(f ] f;)"3 (4.17)

I
2
[Y]

vt inluauns (€.17) 4 winfidunnniwdomneauidnisfueuieugindivieds
Seu wifnndedndwiidedimsifiuanufeusninieRadeullminslunnsinly
Usggndldou  msimuameluladmsifiunisiomarsdoulitugunaniuaniudsuniny
Younuusing fldluniagpannssy liesfasanmssiemeufouiiiintuiisegiaiien
wiFesfinsanfmdsnunisivaiidesguidslutunsinsseunsallumstefiunisdiem
AuTousey ﬁ’aﬁf’umﬂ%ﬂﬁ'sﬂizﬂauﬂmﬁmmiauzmm%auﬁqLﬂuﬁﬁ%wé’ﬂﬁﬂﬁamqu
amsiemeufeuiildifututungsnumsivaddosgadsluannsiasegUnsaldedi
mstewaudeu WsliAnustlomiuasiivssansnmemetomadluussendldonu wu
annsliwdaany anduyunssdn aaiufinisiinds anuin aunsouteiulflursgsia

hold

L
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5.1 uniI
msfnudwmaassiviewndeauldfetiofiautadaive  wasdalsznsums

\finaussauaudeu(TER) mnuwdalumsesnuuuvieiSeuliiuvainisiieantuin

Ramemnudauliusas esanmslnanislureindeuiuiinsiamunususvestulei

memudeununtudesq Suildvenandilvaneldiduiudetaneauteuduvaduai

Twauenidusudaiolilanunsalmadnuveuaiuld dseavliuanudoummsdeurlévonas

mim‘lwmmumflmwivmnsuu'«a wliduduiafanieniudoununsatuazdnanis

LLaﬂLﬂaauﬂaﬂmsauiwmmu miaaﬂLLUUm'1/1a"lwu?zJivuumaqwmsmmwaqmumﬂmawmaq

q@mmwmuma FriuSseenuuuivielidussunden M sadnteaiioanussdueanis

ua warlviedlvanlnaudnunimesidnsasnislvanyunisnuaiuindevieuas lsilva

nwIuTERI A ULNdeIvienIualunieuiuy Feazdroiunisarsmanudoulazannis

aﬁuLaawaqmumﬂmawuaaaﬂm Fedawavilan TEF voumsosandsuainuouiian

awumumm wamamwmmmmwmaaaaiwmﬂwawmLmeLiﬂwusﬂmmmaaﬁmiu'-
snvaziuaduinfetnyumanduuifing SyudeeUssan 15° m‘sﬂuugﬂmaq’l%mm

sefinsfaagtugduiiasmszoailiviednunaldie vendeaiildfnwmeasitivun
szoeind(P) Willawindu 4.5, 5.5 uay 6.5 mm UazAINgIvaInsule) Wwfiu 0.5, 1.0 uaz

1.5 mm vinlildgnsdussesiiadaaiduiuguinaidlensefa(P/D, ia PR) Wiy 0.18,

0.22 uay 0.27 uagsnIdIuAINgeIRsUsaIdugudnaslansedna (e/Dy vi3e HR)
WU 0.02, 0.04 ua 0.06 Mud U aRnwdnSnaues PR waz HR Tuiendede Nu, f
way TEF

5.2 Nan1sasuiguvianatseu
Hdeiifunsiwansnnasmisiumsaameasdeulumenves My uazaaudiy
gadeluvoanes fLU‘iEJUWlEJUﬂUEWiWUﬁ‘U’eN Dittus-Boelter uay Petukhov Tugaenisiua
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Wulne9199991ALeNaIT Incropera (2002)
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WAz / AIAINERiUSued Petukhov

f=(0.790In Re —1.64)™ (5.2)
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5.2.1 NASaULIBY Nu
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(5.3)
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Tu‘g‘dﬁ 6.18 (2) Wand 1 i Y=2.87, 4.17, 5.48, 6.78, 8.09 uaz 9.39 mﬂ'gﬂﬁ 6.18 (n) way
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6.5 annudfedinsadunuunatesinlsvasiudamenluianien
mMsfnwwavesnsaeslauiudniiendi Y=2.17, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09,
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U%’Uﬁmﬁuﬁuﬁa(fuuy developed turbulent flow) musneazsdensiolul
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dmu 6000 < Re < 60,000
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6.5.2.2 s fvasnsaentduiudafieanuudnaruneiuaiunieavie
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‘ TEF =7.39Re™ '8y ~01! (6.6)
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7.25 (1) hana Nu/Nug 71 Y=2.17, 4.17, 6.09 Wag 8.09 ehuiugﬂﬁ 7.25 () Wains Nu/Nug 71
Y=2.87, 4.78, 6.78 ua 8.70 dmiuluguil 7.25 (A) Wwame Nu/Nu, 91 ¥=3.48, 5.48, 7.39 uas
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30.3-52.{1%, 18.8-36.8% Way 8.4-23.1% audwu dmiufl Y=6.78, 7.39, 8.09, 8.70
uaz 9.39 msaealduiudaguuudnauniuaiunieavieluvieindealiin NuNu, N
msaamlauwummwwﬂmumuLﬂaa’ma‘luma 4.9-13.2%, 16.2-23.4%, 23.7-29.8%,
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fun

7:5.2 Bnswavewwiudadluviaindeasie o

U7 7.26 uansmrwduiussEning 76 uay Re vosnisaonldunudnguuudnnia
windaguuudamunmasuaduindeave wazwiudnguuuinaumsiuluvieindes lugud
7.26 (n) wans 1, fi Y=2.17, 4.17, 6.09 ua 8. 09 Tusuil 7.26 (v) wans 7%, 7 ¥=2.87, 4.78,
6.78 LLa‘“ 8.70 LLaviuiﬂw 7.26 (A) WA fIfo 7 =3.48, 5.48, 7.39 uaz 9.39 mﬂiﬂw 7.26
(n), () way (@ WU e suaamiaeﬁﬂaLLmuUﬂﬂLLUUUﬂmumaﬂu‘LwaLﬂamw Y=2.17,
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2.87, 3.485 4.17, 4.78 uay 5.48 drgeandnsasalduiudaguuudsauntuaiuindelve
Tuas 33.:0—57.6%, 29.8-52.7%, 26.8-47.6%, 37.3-14.2%, 8.2-30.8% uay 5.8-27.0%
audRu idmSuRl Y=2.17, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09 uay 6.78 A1 ff YBINSADA
TdusiuBnguuudamumsiuluriaindefidnganiinisaenldusiudnguuudamunaiuinie:
Velugaq ;66.4—148.7%, 57.4-124.1%, 48.4-111.1%, 40.2-101.9%, 29.2-95.1%, 26.7-
87.4%, 16.4-77.9% uag 7.6-67.9% m1uasu wallowIsuiilsutuseninanisaenld
uudaguuudnarumstuaduindeaviouaznisaealdunudnguuuianiuaiuindeve
Tusieindeanuin =217, 2.87, 3.48, 4.17, 4.78, 5.48, 6.09, 6.78, 7.39, 8.09, 8.70 uas
9.39 a1 ff veamsaentduduiaduuudnaumsiuasuinievielaainiinisaenlduiudn
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60.7% LLﬁi% 15.8-61.9% pudsy dlefiarsanamauudmuinnisaonlausiuinguuuda
mumqﬁyluviamﬁmﬁ y/ qm'jwmiaamidl,wiuﬁm-juw?i'uq wagnsaentduruinguuuin
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T i p Cp px10° ke x10° Pr
(K) - (kg/m’) (Agk) | (Ns/m) | (WmK ()
275 1000 4.211 1652 574 12.22
280 1000 4.198 1422 582 10.26
285 1000 4.189 1225 590 8.81
290 999 4.184 1080 598 7.56
295 998 4.181 959 606 6.62
300 997 4.179 855 613 5.83
305 : 995.02 4.178 769 620 5.20
310 993.05 4.178 695 628 4.62
315 - 991.08 4.179 631 634 4.16
320 989.12 4,180 577 640 3.77
325 987.17 4.182 528 645 3.42
330 984.25 4.184 489 650 3.15
335 . 982.32 4.186 453 656 2.88
340 - 979.43 4.188 420 660 2.66
345 976.56 4.191 389 668 2.45
350 973.71 4.195 365 668 2.29
355 - 970.87 4.199 343 671 2.14
360 967.12 4.203 324 674 2.02
365 - 963.39 4.209 306 677 1.91
370 . 960.61 4.214 289 679 1.80
373.15 957.85 4.217 279 680 1.76
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A5199 U-1 SwaziBenavestiiniou Ebara Ju JEX 100
{

187

Modél ~ Power 0 m3/hr 03] 1.2 24 | 27 |30 36 |42
Single phase | kW | HP L/min 5 20 30 40 45 1 50 { 60 | 70
| 0.7
JEXM-100 5 1 H(m) | 43 | 37 | 335 | 30 28 | 27| 24 | 21
M9 9-2 SreazBunvestuthuiu Pedrollo Ju PKm 60
Model Power_| “m’/hr 03| 06 |09 |12 15| 18|21/ 24
Single phase kw | HP L/min 5 10 | 15 | 20| 25 30 | 35| 40
PKm 60 0.37 | 0.5 H(m) |40 | 38 | 335 | 29 | 24 | 195 | 15 10 5
M598I ¥-3 Meastdenvesaameiililunimeans
: wWupgugnats | avuenn AL Aaeind | d1uau
i MODEL "
; (mm.) (mm.) (Voltage) | (watts) U
HM 18X40b/220—4000w 11 400 220 4,000 3
HM38x400/220-6000w 11 400 220 6,000 3
M1319% v-4 Andnuzvsdlvdnawnysiad Ju SSR-40DA
Input
Input Control Voltage : 3:-32Vv.DC
Minimum Tum-On Voltage : 3V DC
Output:
Out[faut Switching Voltage : 24.-380 V AC
Load Current Range : 0.1-40A
Maximum On-state Voltage Drop : 1.5 Vrms
Maximurn Off-state Leakage Current : 5 mA

Maximum Turn-on Time :

1/2 Cycle + 1 ms

Maximum Turn-off Time ;

172 Cycle + 1 ms

Generalz

Dielectric Strength :

4,000 VAC 1 min

Minimum Insulation Resistance :

1000 Mohm@500 V DC

Ambient Operating Temperature Range :

-30°C to +80 °C
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Input of sensor Thermocouple K,JLRTNS B
| RT.D P£100, JPt100
Controli Output Relay contact 3A, 250V AC
SSR drive 0-10v DC
voltage
‘ Current 4-20 mA DC
Controlg‘ Method PID (Auto-tuning) | Proportional band (P) 0.1-200%
' And ON/OFF Integral time() 0-3600 sec
Deviation(D) 0-3600 sec
Cycle time(T) 1-120 sec
Indication PV(Process 4 digits
value)
{ SV(Process 4 digits
' value)
Indicatibn accuracy +0.3 % of process value
Memor):/ element EEPROM
Power supply voltage | 100-240V AC, 50/60Hz
Power éonsumption Below 10VA
Operation 0-50 °C, 20-909%RH (Avoid making dew)
environment
Storage environment | -25-70 °C, 5-95%RH (Avoid making dew)

3197l -6 eandunvaslsniilnns Fischer & portor Ju 10A35673A

Flow meter Model : 10A35673A

Flow rate : 10-100 %

Repeatability : 0.5% of F.S.

Accuraéy . Standard is £2% of maximum flow.

Calibrated standard is +1% of maximum flow.
Minimumn fluid temperature is 32° F (0°C).
Maximum fluid temperature is 250° F (121°C).
32° Fto 140° F

Type 316 stainless steel

Tempefrature Ratings :

Ambient Temperature Range :

Floats :
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Flow méter Model : 3817

Flow rate : 150-1,600 /h
Accuraéy . +1% of end value.

' +3% of measured value.
Tempelffature range : 0 to 60 °C
Tube Material : PVDF
Float Material : Stainless steel
Operati:ng Pressure : Max. 10 bar

M397l 9-8 TeaziBunvounedstuanmall TAIE Ju FY400

Supply ‘voltage AC 85-265V
Frequehcy 50/60Hz
Power éonsumption Approx 3VA
Memory Non-volatile memory E-PROM
accuracy +0.2 % of F.S.
Input TC K,J, RS, B, EN, T, W, PL2, U, L
' RTD Pt100, JPt100, JPt50
Ou’cput:é 1 Relay 3A, 220V, electrical life:100,000 times or more
Voltage For SSR drive. ON:24V, OFF:0V, maximum load
: pulse current: 20mA
Control algorithms PID, P, Pl, PD, ON/OFF(P=0), FUZZY
PID ranée P:0-200%, 1:0-3600 sec, D:0-900 sec
Operation temperature | 0-50 °C
Humidi_"cy range 20-90 %RH
RTD :
o

1; frnuefiosuasAmnugniesiaccuracy)gannillefisuuisnisindewiingus
2: fienududaduinnnitmeslududa
pIGE

1. s1Aes RTD gendineslududa

2. #eansuvasingnseudlnil Wewwn RTD Tanunsaduandsldmiioutumes
Tuduida Sevildnssualuasiunasiinanuoulnefiues (self heating) fatuSsAaTan
vnavesnssuaiifesnsialisnan Tnsmsanusuafoufiunaseldmansilandululy

3. @nmndeuvednsinveinavidiinauliawainle

4. Sogamailalaiiiiu 650 °C

4
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RTD Pt-100 @unsauvalavarsviinme
1. wheyeilnueadauius (Element)
1 Pt-100 wuUHaNUN (Thin film) 81w =55 ~ 450 °C
2. Pt-100 wuulsila (Ceramic) §1u¥m —200 ~ 650 °C
2. UaedduIuaNg
1. Pt-100 WUU 2 218
2. Pt-100 WUU 3 @

a

3. Pt-100 WuU 4 @18 uvu 3 &g fu 4 e aeiiint Tvaegungl
Rewana MAnanAuduuvesans Jeqluduiileufigafowuy 3 ae

3. wusny class AUKLUEN
1. Class B faauuaiugn + 0.3 % Tdluaurhly
- 2. Class A fimnausiugh = 0.15 % Tdlusuidesnisauusiugies

' 3. Class 1/10 DIN fiauuaugl + 0.03 % Iﬂuawuﬂﬁaqmimmmjus‘hqaqm

A151991 9-9 S19aTBUAYBBNINANUAULUUATADAaLAE ASTURLRE S AMIANSTY

Model Number : DPGW-04
Range : 0 to 5 psi
Resolution : 0.002 psi
Service : Liquids
Accuracy : +1.0% F.S.
Pressuré Limits : 2X_pressure range.
Temperature Limits : 0 to 130°F (-18 to 55°C).
Thermal Effect : 0.05% FS/°F.
Display, : a-digit LCD (.425" H x .234" W digits).
f | osi 5.000
kg/cm2 0.3515
bar 0.3447
in Hg 10.18
Pressure Ranges : ft we 11.53
kPa 34.47
in wc 138.4
mbar 344.7
mm Hg | 258.6
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ARTICLE INFO APSIRACT

Available online 5 December 2010 The augmentation of convective heat transfer in a single-phase turbulent flow by using helically corrugated
tubes has been experimentally investigated. Effects of pitch-to-diameter ratio (P/D;;=0.18, 0.22 and 0.27)
and rib-height to diameter ratio (e/D;;= 0.02,0.04 and 0.06) of helically corrugated tubes on the heat transfer
enhancement, isothermal friction and thermal performance factor in a concentric tube heat exchanger are
examined. The experiments were conducted over a wide range of turbulent fluid flow of Reynolds number
from 5500 to 60,000 by employing water as the test fluid. Experimental results show that the heat transfer
and thermal performance of the corrugated tube are considerably inereased compared to those of the smooth
tube. The mean increase in heat transfer rate is between 123% and 232% at the test range, depending on the rib
height/pitch ratios and Reynolds number while the maximum thermal performance is found to be about 2.3
for using the corrugated tube with P/D;;=0.27 and ¢/Dy;= 0.06 at low Reynolds number. Also, the pressure
loss result reveals that the average friction factor of the corrugated tube is in a range between 1.46 and 1.93
times over the smooth tube. In addition, correlations of the Nusselt number, friction factor and thermal
performance factor in terms of pitch ratio (P/Dyy), rib-height ratio (e/Dy;), Reynolds number (Re), and Prandtl

Keywords:

Heat transfer enhancement
Friction factor

Helically corrugated tube
Thermal performance

Heat exchanger

number (Pr) for the corrugated tube are determined, based on the curve fitting of the experimental data.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Several heat transfer enhancement techniques (HTEs) have been
introduced to improve the overall thermal-hydraulic performance of
heat exchangers resulting in the reduction of the heat exchanger size
and the cost of operation. In general, the HTE can basically be
classified into two methods including active method (requires
external power source) and passive method (not requires external
power source). The mechanism for improvement of heat transfer
performance in the passive method is promoting the turbulence near
the tube wall surface to reduce the thermal boundary layer thickness
and introducing a chaotic fluid mixing which acted by several
enhancing modified tubes [1-18] such as a finned tube, tube with
rib, tube with spirally roughened wall, corrugated tube, fluted tube,
helical tube, elliptical axis tube and microfin tube, etc, as can be seen
in Fig. 1. Among the modified tubes, the corrugated tube and the
fluted tube become important for the heat transfer enhancement in a
turbulent single phase flow as the pressure drop increment is fairly
reasonable.

¥ Communicated by W.J. Minkowycz.
* Corresponding author.
E-mail addresses: popkmitl@yahoo.com (S. Pethkool), smith@mut.ac.th
(S. Eilamsa-ard).

0735-1933/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2010.11.014

The studies on the heat transfer and pressure drop characteristics
in fluted tubes for different conditions such as flow region, type of
fluid, and shape of the fluted tube, etc. have been reported
extensively. Rousseau et al. [1] described the development of a
simulation model for the design of fluted tube in the water heating
condensers. Qi et al. [2] applied cationic and zwitterionic/anionic
surfactant solutions as drag reducing additives in a fluted tube. Kang
et al. [3] determined the flooding mechanism in a fluted tube fitted
with a twisted insert by visual observation and also developed the
experimental correlations for flooding in both vertical and nearly
horizontal tubes. Dengliang et al. [4] presented a practical procedure
for calculating the heat transfer of laminar film condensation on a
vertical fluted tube. Wanga et al. [5] studied the heat transfer in a
carbon-steel/copper spirally fluted tube. They found that the carbon
steel spirally fluted tube yields higher heat transfer coefficient than
the carbon steel smooth tube up to 17%, while the spirally fluted
copper tube provided higher heat transfer coefficient than the copper
smooth tube up to 52%.

Corrugated tube is one of the important enhanced tube in many
engineering applications, for example, heat exchangers, food industry,
paint production, naval and pharmaceuticals. Rainieri and Pagliarini
[6] studied the convective heat transfer and thermal performance
behaviors in corrugated tubes at different pitch ratios. Their results
showed that the helical corrugation significantly induced swirl
components. Vicente et al. [7] reported the heat transfer and
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Nomenclature :

Surface area of test tube, m*

Specific heaF of test fluid at constant pressure. J/kg K
Tube diameter, m

Helically corrugated rib-height, mm

Friction factor

Convective heat transfer coefficient. W/m? K
Thermal conductivity, W/m K

Length of test tube, m

Mass flow rate, kg/s

Nusselt number

Helical pitch: of corrugated tube, mm
Prandtl number

Pressure drop across test section, N/m?
Heat transfer rate, W

Reynolds nqmber

Fluid fouling factor

Fluid temperature, °C

Hx@p%:g‘ugs.l*?r:r%a D_crs,:b

ATy Logarithmic mean temperature difference, K
u Overall heat transfer coefficient, W/m? K

1% Mean velocity in test tube, m/s

e/D Rib-height ratio

P/D Pitch spacing ratio

t

\
I
|
i
i

Greek letters

P Fluid density, kg/m?

In Dynamic viscosity. kg/m s
Subscripts f

a Augmented tube (helically corrugated tube)
ave Average

c Cold

h Hot !

H Hydraulic

i [nner

in [nlet :

0 Outer i

out Outlet '

S Simooth tube

w Water

'

f

isothermal friction characteristics in corrugated tubes with different
roughness geometries. They found that the Nusselt number and
friction factor coefficient of the corrugated tubes are higher than those
of the smooth tube around 250% and 300%, respectively. Barba etal. [8]
investigated the heat transfer and pressure drop in a corrugated tube
for single-phase flow using ethylene glycol as the working fluid. The
friction factor of corrugated tube was up to 2.45 times above the
smooth tube. Rozzi et al. [9] examined the influence of wall
corrugation on heat transfer and pressure loss in a shell and tube
heat exchanger using Newtonian/non-Newtonian fluids (whole mill,
cloudy orange juice, apricot and apple puree) as the working fluids.
Vicente etal. [10] carried out an experiment to study the heat transfer
in corrugated tubes for laminar and turbulent flows using water and
ethylene glycol as the working fluid. They observed that the
corrugated tubes provide higher heat transfer and friction factor up
to 30% and 25% than the smooth tube. Dong et al. [11] presented the
heat transfer and friction factor characteristics in a spirally corrugated
tube using water and oil as the working fluids. Their results revealed

!

that the heat transfer coefficient and friction factor of the corrugated
tube are higher than those of the smooth tube up to 120% and 160%,
respectively. Laohalertdecha and Wongwises [12] performed an
experimental work to examine the heat transfer coefficient and
pressure drop in corrugated tubes by using R-134a as the working
fluid. As found, the corrugation pitches showed a significant effect on
the heat transfer coefficient and pressure drop behaviors. Zimparov
[13,14] applied a simple mathematical model for predicting the
friction factor and heat transfer coefficient in a spirally corrugated tube
combined with a twisted tape. The results showed that the predicted
data are in fairly good agreement with the experimental data.

Recently, several enhanced tubes such as elliptical axis tube,
finned tube, microfin tube, and grooved tube, have been used as the
turbulence promoter to disrupt the thermal boundary layer, resulting
in higher heat transfer coefficient in heat exchanger systems. Meng
et al. [15] studied the convective heat transfer in an alternating
elliptical axis tube. Their analysis indicated that the mechanism for
heat transfer enhancement was mainty due to the effect of the multi-
longitudinal vortices induced by the cross-sectional change in the
alternating elliptical axis tubes. Zhnegguo et al. [16] investigated the
heat transfer and pressure drop characteristics in a helically baffled
heat exchanger combined with a petal-shaped finned tube for oil (IS0
VG-32) cooling. Al-Fahed and et al. [17] reported the heat transfer
coefficients and pressure drop in a microfinned tube with loose-fit/
tight-fit twisted-tape insert. They concluded that the tight-fit tape
give better thermal performance than the loose-fit one. Webb et al.
[18] studied heat transfer and friction factor characteristics in tubes
having internal helical-rib. The effect of the rib starts (18 to 45). helix
angle (25 to 45°), and rib height (033 to 0.55mm) on the heat
transfer and friction factor were also described.

The main contribution of the present work is to investigate the
effect of the modified surface (helically corrugated) of the tube on the
heat transfer enhancement. The prospect of using the helically
corrugated tube is for reducing the thickness of the boundary layer
or thinning of the boundary layer which is aimed at better fluid
mixing near the tube wall caused by the secondary flows from the
wall to the core flow. The effects of the different tube surface
geometries: pitch-to-diameter ratio (P/Dy=0.18, 0.22 and 0.27) and
rib-height to diameter ratio (e/Dy=0.02, 0.04 and 0.06) of the
helically corrugated tube on the heat transfer rate, fricion factor and
thermal performance factor behaviors of a concentric tube heat
exchanger are examined. The heat transfer rate of the corrugated tube
in the form of Nusselt number is evaluated and compared relatively to
that of the smooth tube. The isothermal pressure drop test is
performed to investigate the friction penalty caused by the wall
surfaces of the helically corrugated tube. The empirical correlations of
the Nusselt number (Nu), friction factor (f) and thermal performance
factor {m) are also presented.

2. Experimental facility

The helically corrugated tubes used in the present worl¢ are shown
in Fig. 2. In the figure, both external and internal surfaces of the
helically corrugated tube are displayed. The helically corrugated tubes
were made of the copper tube with 24.5, 25 and 25.5 mm in hydraulic
diameter, 2.5 mm in thickness and 1500 mm in length. Nine different
helically corrugated tubes with three different helically corrugated
pitches of P=4.5,5.5 and 6.5 mm (pitch-to-diameter ratio, P/Dy=0.18,
0.22 and 0.27) and three different helically corrugated rib-heights of
e=20.5, 1.0 and 1.5 mm (rib-height to diameter ratio, ¢/Dy; = 0.02, 0.04
and 0.06) were used for testing in a concentric tube heat exchanger.
More details of the helically corrugated tubes are found in Table 1.

Schematic diagram of the experimental facility of a concentric
tube heat exchanger is depicted in Fig. 3. The concentric tube heat
exchanger consisted of two circular tubes; the inner tube (smooth
tube or helically corrugated tube) for the hot water flow and the
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(a) fluted tube [1]
P

Surface area view

(¢) corrugated tube 8]

(b) corrugated tube [6]

Y18V 15 ¥ 19=9) gp=8f

Fig. 1. Geometry of different tube suifaces.

outer tube (smooth tube only) for the cold water flow. The diameters
of the inner (smooth tube) and outer tubes were 26 mm and
28.5 mm respectively. All of the inner tubes were made of copper
while the outer tube was made of stainless steel. The outer surface of
the outer tube was well insulated to prevent heat loss to
surroundings. In the test runs, the chilled water at constant flow
rate of 0.194 kg/s was used as the cooling medium in the cooler. The
constant temperature of the water in storage tank was maintained by
circulating chilled water (temperature ~28 °C) through a cooling
tower. For isothermal friction test, the pressure drops across the test
section were measured by using an inverse U-tube manometer. Two
calibrated rotameters were employed to measure the volumetric
flow rate of the test water.

In the test runs, the water tank was filled with cold water and then
the water in the tank was pumped to a boiler and heated until the
temperature reached 70 °C. Then, the control valve was opened and
the hot water was allowed to flow through the rotameter before the
inner tube of a concentric tube heat exchanger. Temperatures of the
inlet and outlet of the cold and the hot waters were recorded at the
steady state condition and pressure drop across the test tube was
measured by two static pressure taps, mounted on the top wall of the
tube. The inlet and outlet temperatures of the water were taken using
the RTDs, located at the hot water inlet and downstream of the hot
water exit, respectively. Experiments were carried out over the
Reynolds number range of 5500 to 60,000, based on the inlet tube
diameter.
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Table 1
The dimensions of the test section.
Parameter Smooth tube  Helically corrugated tube
Pitch, P (mm) - 45,55 and 6.5
Rib height, e (mm) - 0.5 1.0and 1.5

Outside-tube view Inside-tube view
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Fig. 2. Photograph of helically-corrugated/smooth tube and definition of geometry.

3. Data acquisition
The average Nusselt number and the friction factor are based on

the inner diameter of the test tube. Heat absorbed by the cold water in
the annulus tube, Q. can be expressed as

Qc_ mC (cour T:.in) (1

where 7 is the mass flow rate of cold water; C,;,, is the specific heat
of cold water; T, and T, are the inlet and outlet cold water

Pitch-to-diameter ratio (P/Dy) -
Rib-height to diameter ratio (e/Dy) -

0.18,0.22 and 027
0.02, 0.04 and 0.06

Helix angle, 8 (deg) - 15

Outside diameter, D, (mm) 28.5 285

Inside diameter, D; (mm) 26 23,24 and 25
Length of the test tube, L (mm) 1500 1500

temperatures, respectively. The heat supplied from the hot water, Q;,
can be written as

Qh = mhcp w (_Th out —Thjn ) 2

where 71, is the hot water mass flow rate; Ty, ;,, and Ty, o, are the inlet
and outlet hot water temperatures, respectively. The heat supplied by
the hot fluid into the test tube is found to be 1.2% to 4.0% higher than
the heat absorbed by the cold fluid for thermal equilibrium due to
convection and radiation heat losses from the test section to
surroundings. Thus, the average value of heat transfer rate, supplied
and absorbed by both fluids, is taken for internal convective heat
transfer coefficient calculation.

Q(_ + Q h

Qave = 2

3)

For fluid flows in a concentric tube heat exchanger, the heat
transfer coefficient (h;) is calculated from

Quve = UAAT vrp (4)
where
A; = DL, (5)

In the experiments, the tube-wall temperature was not measured
directly. Heat transfer coefficient (h;) is determined from the overall
heat transfer coefficient as shown below,
¥/ U= 1/ hy+ Aln(D,=D;) / 2nkL + A; /A h, + R (6)

when the last three terms on the right-hand side of Eq. (6) were kept
constant, then Eq. (6) can be rewritten as

1/U=1/h+8 (7
the heat transfer coefficient is related to Reynolds number as
i = CRe™. (8)
Substituting Eq. (8) into Eq. (7) yields

1/U=1/CRe™ + B=ARe™ + B. (9)

Eq. (9) implies that the plot between 1/U and Re ™ is a straight line
with interception at B in Y-axis of (1/U). This helps to determine A and

B values.
Rearranging Eq. (9), yields

hy=1/(1/U—B). (10)
Then Nusselt number can be calculated from
Nu=hD/k (11)
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RTDs for Hot water

Hot water

(cold water)

Cold w
Centrifugal pump

Data logger

RTDs for cold water
’

- R'TDs for Hot water
”~

Rotameter
(hot water)

Control valve

Cold water tank Hot water

Centrifugal pump

Fig. 3. Schematic diagram of experimental apparatus.

The local thermal conductivity (k) of the fluid is calculated from
the fluid properties at the local mean bulk fluid temperature. The
Reynolds number is based on the flow rate at the inlet of the test
section.

Re = pVD/u (12)

where pis the dynamic viscosity of the working fluid.
Friction factor (f) can be written as

f= Ap/'((L/D)(pv2 /2)) {13}

in which V is mean velocity in the test tube. All of the thermo-physical
properties of the water are determined at the overall bulk water
temperature.

To assess the practical use of the enhanced tube, the performance
of the enhanced tube is evaluated relatively to the smooth at an
identical pumping power in terms of thermal performance factor
which can be expressed as

M= (Nu,/Nuy)/ (f,/f)' " (14)

4. Experimental results

The effects of the helically corrugated tube with different pitch
ratios (P/Dy=0.18, 0.22 and 0.27) and rib-height to diameter ratio
(e/Dy=0.02,0.04 and 0.06) on the heat transfer and friction factor are
presented in this section. Firstly, the heat transfer and friction factor
obtained from the present smooth tube and experimental facility are
validated with those obtained from the standard correlations.
Secondly, the effects of pitch ratio (P/Dy) and rib-height ratio (e/Dgy)
on heat transfer, friction and thermal performance characteristics of
the heat exchangers are described. Finally, the correlations of Nusselt
number, friction factor and thermal performance are reported.

4.1. Verification of the smooth tube

The present experimental results on heat transfer rate and
pressure loss characteristic in terms of Nusselt number and friction

factor of the smooth tube are, respectively, validated with equations
of Dittus-Boelterand Petukhov [ 19] as seen in Fig. 4(a-b). Obviously,
the results from the present smooth tube agree well with those from
the standard comelations within + 4% deviations for Nusselt number
and + 8% for friction factor.

4.2. Effect of pitch ratio

Fig. 5{(a-b) shows the relationship between the Nusselt number
and Reynolds number of the corrugated tubes with various pitch
ratios, P/Dy = 0.18, 0.22 and 0.27 and also the smooth tube. In general,
the corrugated tubes provide higher Nusselt numbers than the
smooth tube for all Reynolds number at around 113 to 300%
depending on the pitch ratio (P/Dy) value used. In the case of the
corrugated tube with the highest pitch ratio, P/Dy = 0.27, the mean
increase in Nusselt number is about 230% over the smooth tube and
higher than ones with P/Dy=0.18 and 0.22 around 12% and 5%,
respectively. Itis interesting to note that the Nusselt number increases
with increasing the pitch ratio value. This may be a consequence of
higher contact surfaces and better mixing between the core and the
tube wall fluid due to the more efficient turbulence/recirculation flow
between the corrugated surface elements. Note that the effect of
helically corrugated surface elements on heat transfer rate becomes
more efficient at lower Reynolds number. This could be related to the
thickness of the thermal boundary layer, as the thermal boundary
layer becomes thicker at the lower Reynolds number, thus the
outcome of the disruption of the thermal boundary layer become
more appreciable. Similarly, the energy loss in terms of friction factor
is also high at low Reynolds number as seen in Fig. 6(a).

Effect of the pitch ratio of the corrugated tube on the isothermal
friction factor characteristics at various Reynolds numbers is dis-
played in Fig. 6(a-b). The friction factor (or pressure drop) in the
corrugated tube gradually decreases with increasing Reynolds
number. At a given Reynolds number, the friction factors of all
corrugated tubes are consistently higher than that of the smooth tube.
This is because of the dissipation of dynamic pressure of the fluid due
to high viscosity losses near the tube wall from helically corrugated
surfaces and the act caused by the re-circulating and turbulence flows.
The mean friction factor of the corrugated tubes with P/Dy=0.18,
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0.22 and 0.27 are found to be 1.8, 1.87 and 1.93 times over the smooth

tube while the largest pitch ratio, P/Dy=0.27 gives a mean higher

friction factor than the ones with P/Dy=0.18 and 0.22 by about 7%
and 3%, respectively.

Thermal performance factor () of the corrugated tube with
different pitch ratios is presented in Fig. 7. Two observations can be
found in this figure: (1) the performance factor increases with the rise
of pitch ratio and (2) the performance factor tends to decrease as the
Reynolds number increases. It suggests that the corrugated tubes
are feasible in terms of energy saving at lower Reynolds numbers. At
e/Dy=0.06, the corrugated tubes with P/Dy=0.18, 0.22 and 0.27
provide the maximum thermal performances of 2.33, 2.26 and 2.15,
respectively. For the present study range, the mean thermal perfor-
mance factor of the corrugated tube with P/D;;=0.27 gives around 9%
and 4% higher than those with smaller pitch ratios, P/Dy=0.18 and
0.22, respectively.

Reynolds number

Fig. 5. Relationship between Nusselt number and Reynolds number: (a) Nu and
(b) Nu,/Nu.

4.3. Effect of rib-height ratio

Effects of rib-height to diameter ratios (/D= 0.02, 0.04 and 0.06)
on heat transfer rate and pressure drop in the corrugated tube are
depicted in Figs. 5(a-b) and 6(a-b), respectively. The heat transfer rate
and the pressure drop are presented in the form of Nusselt number and
friction factor. In the figure, the Nusselt number and friction factor
increase with the rise of rib-height to diameter ratio (e/Dy). This is
because the turbulence flow and disturbance of the thermal boundary
layer near the tube wall are promoted by the helical ribs. Depending on
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Fig. 7. Relationship between thermal performance factor and Reynolds number.

and 0.04, respectively. This is because the larger rib-height can induce
strongersecondary flow leading to higher convective heat transfer rate.
AtP/D,;=0.27, the enhanced tubes with e/D;=10.02, 0.04 and 0.06 give
the highest thermal performances of 1.55, 1.89 and 2.33, respectively.

44 Correlations

The experimental data of heat transfer, friction factor and thermal
performance factor in a helically corrugated tube for single phase
turbulent flow with different pitch-to-diameter ratios (P/Dy=0.18,
0.22 and 0.27) and rib-height to diameter ratios (e/Dy=0.02, 0.04
and 0.06) are correlated as follows:

346
a
0.10
. @ P/D,=027.eMD,=006
009 k- B P/D,=0.7,e/D,=0.04
I A P/Dy=0.27,e/Dy=0.02
ol O P/D=0.22,e/D,,=0.06
O P/Dy=0.22,e/Dp=0.04
A P/D,=0.22,e/Dy,=0.02
o 007F g i
=z O P/D,=0.18,e/D,,=0.06
8 H O P/Dy=0.18,e/Dy=0.04
£ 006 8 A P/D=0.18,e/Dy=0.0
= A )
E ﬁ E X Smooth tube
0.05 F A
A
A
0.04 =
x
0.03 &
x
x x o
x
ol 1 o 1 1 S, X O
0 10000 20000 30000 40000 30000 60000 70000
Recynolds number
b
28
@ P/Dy=0.27,e/Dy=0.06
26F B P/D,=0.7,e/D,=004
A P/D,=0.7,e/D =007
24k O P/Dy=0.22,e/D,=0.06
O P/Dy=0.22,e/Dy=0.04
A PID,=022,6/D=0.02
2% =
® O | PID,=0.18,e/D,=0.06
A o N O P/Dy=0.18,6/Dy=0.0
S © ¢ ° o A P/Dy=0.18,¢/D, =002
B O o
° o P o X
o -] (@] (0] 6] 0
I8F = 9 d\o -
o [ ] m \m O 0 o
A o 0 o B = &
= E\%W ¥ g o
16 & 4 O 0o p g
A A 4 4 O o
A A A 4 Al
A A ﬁ AA
A A 24
14
1.2 " 1 & 1 " 1 " 1 i 1 i 1 i
0 10000 20000 30000 40000 50000 60000 70000

Reynolds number

Fig. 6. Relationship between friction factor and Reynolds number: (a) f and (b) f,/f..

the Reynolds number value, the Nusselt number of the enhanced
tube with /Dy = 0.06 is higher than those with e/Dy=0.02 and 0.04
in a range of 50-67% and 20-29%, respectively. Accompanied with
the heat transfer increase, the mean friction factor of the
enhanced tube with e/Dy=0.06 is around 23% and 10% higher than
those with e/Dy=0.02 and 0.04, respectively. This is due to higher
flow blockage and the increase of viscosity loss near the tube wall for
using larger e/Dy value.

The thermal performance factor of the corrugated tube is varied with
the rib-height ratio and the Reynolds number values as depicted in
Fig. 7. Throughout the experimental results, it can be observed that the
enhanced tube with e/Dy=0.06 yields the highest thermal perfor-
mance and is around 49% and 20% higher than ones with e/Dy= 0.02

Nu = 1.579Re?*Pr®* (e /D, *5(P ) D,,)"*? (15)
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Fig. 8. Validation of the Nusselt number correlation.
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Fig. 9. Validation of the friction factor correlation.

f=115Re™"*® e/ D)%™ (P/ D) 1® (16)

n= 39.419 Re 0161 (e/D4)0‘375(P/DH)0'283 (17)

This indicates that ﬂ:]E rib-height ratio (e/Dy) is a key factor
dominating the magnitpde of the Nusselt number and thermal
performance factor charl‘acten'stics while the pitch ratio (P/Dy) is
dominant only for the friction factor. It can be mentioned that the effect
ofthe rib-height ratioon tixose parameters is much stronger than thatof
the pitch ratio. Compan'so;ns among the Nusselt number, friction factor
and thermal performance factor obtained from the present work with
those calculated by the p;resent correlations are portrayed in Figs. 8, 9
and 10, respectively. As can be seen in the figures, the average deviations
of the multiple regressiéms of Nusselt number, fiiction factor and
thermal performance are :within + 9%, £ 4%, and 4 7%, respectively.
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Fig. 10. Validation of the thermal performance factor correlation.

5. Conclusions

The thermal performance, heat transfer enhancement and friction
factor characteristics of a helically corrugated tube have been
investigated experimentally. Nine helically corrugated tubes with
three different pitch-to-diameter ratios (P/Dy=0.18, 0.22 and 0.27)
and three rib-height to diameter ratios (e¢/Dy=0.02. 0.04 and 0.06)
have been performed. It is found that the Nusselt number, friction
factor and thermal performance factor increase with increasing the
pitch ratio (P/Dy) and the rib-height ratio (e/Dy). In the present study,
the maximum thermal performance factor of 2.33 is obtained for
the enhanced tube with pitch ratio, P/Dyy=0.27 and rib-height ratio,
e/Dy=0.06, at low Reynolds number where Nusselt number and
friction factor are 3.01 and 2.14 times above the smooth tube. In
addition, the empirical correlations of the Nusselt number, friction
factor and thermal performance factor are also determined.
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ARTICLE INFO ABSTRACT

Available online 1 June 2012 Turbulent convective heat transfer characteristics in a helical-ribbed tube fitted with twin twisted tapes have
been investigated experimentally. The experiment was carried out in a double tube heat exchanger using the
helical-ribbed tube having a single rib-height to-tube-diameter ratio, e/Dy; =0.06 and rib-pitch to diameter
ratio, P/Dy=0:27.as the, tested section. The insertion of the double twisted tapes with twist ratio, Y, in the
range of 2:17 t0 9.39 is to create vortex flows inside the tube. The inserted ribbed tube is arranged in similar
directions-of the helical swirl of the twisted tape and-the helical rib motion of the tube (called co-swirl).
Effects of theco-swirl metion of the ribbed tube and-the double twisted tapes with various twist ratios on
heat transfer and friction characteristics are examined. The results obtained from the ribbed tube and the
twin twisted tape insert are compared with those from the smooth tube and the ribbed tube acting alone.
The experimental results reveal that the co-swirling inserted tube performs much better than the ribbed/
smooth tube alone at a similar operating condition. The co-swirl tube at ¥~8 yields the highest thermal
performance at lower Reynolds number (Re). In addition, the correlations of Nusselt number and friction
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factor as functions of Re, Pr and Y are also proposed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement techniques have been extensively devel-
oped to improve the thermal performance of heat exchanger systems
with a view to reducing the size and costof the systems, Swirl/vortex
flow is the one of the enhancement techniques widely applied to
heating/cooling systems in many engineering applications. The vortex
flows can be classified into two types: continuous swirl and decaying
swirl flows. The former represents the switling motion that persists
over the entire length of the duct for example helical/twisted tape
[1-5] and coiled wires inserts [6,7] while the latter means the swirl
created at the duct entrance and then decays along the flow path (8]
such as the tangential injection, the rib/baffle and the winglet voitex
generators [9-13].

Several compound heat transfer enhancement techniques have
been explored for better performance than the individual technique
[14-18]. Among them, a combination of the modified tube and twisted
tapes has been recommended for its high heat transfer enhancement.
The reason behind the efficient heat transfer is the synergy of the
swirl flow acted by twisted tape and further disturbance of the flow
induced by various modified tubes such as three-dimensional internal
extended surfaces, a converging-diverging tube, ducts with internal
transverse rib, dimpled tube, single start spirally corrugated/ribbed

* Communicated by W.J. Minkowycz.
* Corresponding author,
E-mail address: kppongje@kmitl.ac.th (P. Promvonge).

0735-1933/§ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2012.05.015

tube, and microfin tube [19-30}. In general, a twisted tape acts as the
swirl  generator, promoting the flow turbulence and extending
residence time of fluid flow in the tube, and thus leading to efficient
disruption of thermal boundary layer. The tube with modified surfaces
is usually used as the turbulence promoter (turbulator) near the tube
wall for improvement of mixing the fluid in thermal sub-layer and
redeveloped the velocity/thermal boundary layer. The research works
on the performance of compound enhancement devices consisting of
the modified tube and the twisted tape have been extensively reported
as discussed below.

Liao and Xin [17] investigated the heat transfer characteristics in
tubes with three-dimensional internal extended surfaces combined
with copper continuous or segmented twisted-tape inserts using
various working fluids (water, ethylene glycol, and 1SO VG46 tur-
bine). The average Stanton number and the friction factor of laminar
flow of the VG46 turbine oil in a tube with 3D internal extended
surfaces and twisted-tape inserts by a factor of 5.8 and 6.5 above
that of the smooth tube were reported, respectively. Promvonge and
Eiamsa-ard [18] experimentally studied the heat transfer in a tube
with both conical-rings and twisted tape and the heat transfer en-
hanced by the compound devices was as high as 3.7-fold over the
plain tube. Mengna et al. [19] reported the effect of a converging-
diverging tube inserted with evenly spaced twisted-tapes on thermal
behaviors, and the compound devices offered the thermal perfor-
mance up to 1.21. Pramanik and Saha [20] investigated the heat
transfer characteristics of laminar oil flow through rectangular and
square ducts with internal transverse ribs on two opposite walls
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Nomenclature
i
A surface area of test tube, m?
(o specific heat;ar constant pressure, J/kg K
D smooth tube diameter, m
Dy mean helical-ribbed tube diameter, m
e rib height, m
f friction factor

s
=

convective heat transfer coefficient, W/m? K
thermal conq’luctivity, W/mK
length of tube, m
mass flow rate, kg/s
Nusselt number
ribbed pitch, m
Prandtl number
heat transfer rate, W
Reynolds number
temperature; °C
over heat transfer coefficient, W/m? K
mean velocity in tube, m/s
width of tape, m
twist length 'of tape, m
twist ratio, y/W
tape thickne:ss, mm
density, kg/m>
dynamic viscsosity, kg/ms
|

Subscripts .
ave average '
C cold

h hot

i inner

in inlet .
0 outer
out outlet i
0 smooth

w water

combined with twisted tapes having full length, short length, and reg-
ularly spaced types. Better performance for the ribs together with the
full-length twisted tape than either ribs or twisted tapes acting alone
was reported. Zimparov [21,22] presented the influence of a single/
three start spirally corrugated tube fitted with twisted tape on heat
transfer characteristics for different height to diameter ratios and rel-
ative pitches. The thermpdynamic optimum defined by minimizing
the entropy generation number was also analyzed.

Bharadwaj et al. [23] ;studied the thermal behaviors in a 75-start
spirally grooved tube with twisted tape insert in laminar to fully tur-
bulent regions and found that the heat transfer rates of the spirally
grooved tube fitted with twisted tape were improved considerably
in laminar and moderately in turbulent regions. Al-Fahed et al. [24]
presented the heat transfer coefficients of micro-fin tube with
twisted-tape in a single shell-and-tube heat exchanger for a laminar
flow region and showed that the tight-fit tape yields better thermal
performance than the lgose-fit one while the microfin tube is not
suitable to be used in laminar region. Thianpong et al. [25] experi-
mentally examined the thermal and friction characteristics in a dim-
pled tube equipped with twisted tape in a turbulent flow region.
They showed that the heéat transfer coefficient and friction factor of
the dimpled tube with twisted tape insert are higher than those of
the dimple tube/plain tube alone. Effects of the compound devices
consisting of the uniform wire coils and twisted tape on the heat
transfer, friction and th:ermal performance were investigated by
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Promvonge [26). The heat transfer and thermal performance from
the compound devices were found to be much higher than those
from the single twisted tape or wire coil device. Eiamsa-ard et al.
[27] studied the thermal behaviors in a tube fitted with compound
devices comprising the twisted tape and constant/periodically vary-
ing wire coil pitch ratios as (1) D-coil (decreasing coil pitch ratio)
and (2) DI-coil (decreasing/increasing coil pitch ratio). The thermal
performance from the DI-coil devices was better than that from the
D-coil ones. Naphon and Sriromruln [28] reported thermal behaviors
in a double tube heat exchanger using micro-fin tube fitted with
coiled wire and found that using the compound devices is superior
to the single one. Again, Naphon et al. {29] indicated that the helical
ribbed tube provided considerably higher thermal performance than
the smooth tube. Wang et al. [30] showed the heat transfer coefficient
of the carbon steel spirally fluted tube for replacing the copper
smooth tube normally used in high pressure pre-heaters for power
plants is greater than that of the carbon steel smooth tube. Recently,
Pethkool et al. [31] studied the turbulent heat transfer in helical-
ribbed tubes which provided considerably higher thermal perfor-
mance than the smooth tube, especially at high rib depth and pitch.

Several modified tubes in the literature review above have been
utilized together with twisted tapes as compound devices for the
heat transfer augmentation in heat exchanger systems. However, to
our best knowledge, a combination of helical-ribbed tube and a
twin twisted tape pair has rarely been reported in the literature. In
the current work, the helical-ribbed tube and the double twisted
tapes are entployed in a double tube heat exchanger where the tape
pair is acted as the swirl/vortex generator [32-36]. The vortex flows
created by the twisted tape pair are expected to wash up the rec-
irculating flow trapped in the inter-rib cavity, leading to rapid mixing

“of the flow between the core and the near-wall. Effects of twist ratio

of the tape pair with co-swirl arrangement in the ribbed tube on
heat transfer and friction factor characteristics are investigated. The
experiments are conducted in the turbulent regime for Reynolds
number from 6000 to 60,000 using water as the test fluid.

2. Experimental setup

Fig. 1 presents the schematic diagram of the experimental system of
a concentric tube heat exchanger. The concentric tube heat exchanger
was consisted of two concentric tubes; the inner tube (smooth tube or
helical-ribbed tube) for the hot water flow and the outer tube for the
cold water flow. Copper and steel tubes were employed for the inner
and outer tubes, respectively. The diameters of the inner and outer
tubes were 23 mm and 46 min respectively. All tubes used were
1500 mm long and 1.5 mim thick. The helical-ribbed tube (inner tube)
was formed at a rib-height to diameter ratio (¢/Dy=0.06) and pitch
ratio (P/Dy = 0.27). The outer tube surface is well covered with insula-
tion to prevent heat leakage to surroundings. All twisted tapes were
made of 1mm thick aluminum sheet with 11.5mm width and
1500 mm length in which the twin tape was inserted into the ribbed
tube with similar helical swirl motions between the twisted tape pair
and the helical-ribbed tube {co-swirl). Twisted tapes were formed
with twelve different twist ratios, (Y=2.17, 2.87, 348, 4.17,4.78, 5.48,
6.09, 6.78, 7.39, 8.09 and 9.39). More details of tape geometry and test
conditions are listed in Table 1. The photograph of the helical-ribbed
tube with twisted tape pair inserts is shown in Fig. 2.

In the experiments, water tank was filled with cold water and then
the water in the tank was pumped to a boiler and heated until the
temperature reached 70 °C. Then, the control valve was opened and
the hot water flowed through an inner tube while the cold water
(temperature ~25 °C) from the chilled water unit was counter flowed
through the annulus. Temperatures of the inlet and outlet of the cold
and the hot waters were recorded at steady state by a data logger, and
the pressure drop across the test tube was measured through two
static pressure taps, installed on the top wall of the tube by using
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Fig. 1. Schematic diagram of experimental facility.

two digital pressure gages. The inlet and outlet temperatures of the
water were taken using the RTD-type thermocouples, located at the
hot water inlet and the outlet, respectively. Experiments were carried
out for the Reynolds number (Re) of about 6000 to 60,000, based on

the tube diameter.

3. Data processing

The average Nusselt number (Nu) and the friction factor (f) are
based on the inner diameter of the test tube. Heat absorbed by the

cold water in the annulus, Q. can be expressed as

Qc - mccp.w (Tc.om i m)

Table 1

Details on twisted tape geometry and tested conditions.

Helical-ribbed tube

Material

Inner tube diameter (D)

Outer tube diameter

Mean inner ribbed tube diameter
(Dy)

rib-height and -pitch to diameter
ratio (e/Dy, P/Dy)

Twisted tape

Material

Tape thickness (6) and width (W)

Twist length (y)

Twist ratio (Y =y/W)

Tape arrangement

Test conditions

Working fluid

Reynolds number

Inlet temperature of the hot tube
Inlet temperature of the cold tube

Copper
23 mm
26 mm
245 mm

0.06 and 0.27

Aluminum sheet

1 mm and 11.5 mm

25, 33, 40, 48, 55, 63, 70, 78, 85, 93, 100 and
108 mm

2.17,287,3.48,4.17,4.78, 5.48, 6.09, 6.78,
7.39, 8.09 and 939

Co-swirl with helical rib motion

Water

6000 to 60,000
70°C

25°C

where 11 is the mass flow rate of cold water, ¢, is the specific heat
of water, and Te;n and T o are the inlet and outlet cold water tem-
peratures, respectively. The heat supplied from the hot water, Qy
can be written as

Qp = mhcp.w(Th out™ T in) (2)

where my, is the hot water mass flow rate, and T, ;, and Ty, o, are the
inlet and outlet hot water temperatures, respectively. The heat sup-
plied by the hot fluid into the test tube is found to be 2% to 5% higher
than the heat absorbed by the cold fluid for thermal equilibrium due
to convection and radiation heat losses from the test section to sur-
roundings. Thus, the average value of heat transfer rate, supplied

Fig. 2. Details of (a) double twisted tapes and (b) helical-ribbed tube with double
twisted tape insert.
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and absorbed by both fluids, is taken for internal convective heat
transfer coefficient calcu’lation.

— Qc + Qh |
Qupe =230 : @)

For fluid flows in a concentric tube heat exchanger, the heat trans-
fer coefficient (h;) is calcfulated from

Quve = UAAT 1y | 4)
i

where i

A =nD;L : 6)

In the experiments, the tube-wall temperature was not measured
directly. Heat transfer chﬁicient (hy) is determined from the overall
heat transfer coefficient as shown below

1/U = 1/h; + AIn(D,—Dy)/2kL + A /Ayl -+ Ry 6)

When the last three term?s on theright-hand side of Eq. (6) were kept
constant and set to Cy, then Eq. (6) can be re-written as

U = 1/h; +C i 7

the heat transfer coeﬂ‘ici:énr is related to Re as

hy = CRe™ I (8)

where C and m stand fori constant and power index values
Substituting Eq. (8) ixjto Eq. (7) yields

1/U=(1/C)Re™™ + Cy = aRe™™ + C, )
Eq. (9) implies that the plot between 1/U and Re™ is a straight

line with its slope of a anfd intercept at C; in Y-axis (1/U). Rearranging
Eq. (9) yields

by = 1/(1/U—-Cy) i (10)
Then Nu can be calculated by
Nu = Dy /k j (11)

The local thermal cor:lductivity (k) of the fluid is calculated from
the fluid properties at the local mean bulk fluid temperature. The Re
is based on the flow rate at the inlet of the test section.

]

Re = pUDy /1 : (12)
i
where uis the dynamic viscosity of the working fluid.
Friction factor (f) canl be written as

f =2DyAP/ (LpUZ) (13)

!
in which U is mean velgcity in the tube. All of the thermo-physical
properties of water are determined at the overall bulk water
temperature. I

To assess the practical use of the enhanced tube, the performance
of the enhanced tube is evaluated relatively to the smooth tube at an
identical pumping power in the form of thermal performance en-
hancement factor (TEF) WIlich can be expressed as

TEE = (Nu/Nug)/(/fo)'"* (14)

!
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4. Results and discussion

In this section, the effects of the compound devices consisting of
the helical-ribbed tube with double twisted tape insert in co-swirl
arrangements on the heat transfer (in the form of Nu), fand TEF are
presented. The experimental results of the compound devices are
reported along with those of the ribbed tube and smooth tube acting
alone, over the Re mentioned earlier.

4.1. Verification in smooth tube

Firstly, the present results from the smooth tube and the experi-
mental facility are validated by comparing the heat transfer rate and
pressure drop behaviors in terms of Nu and f with those from the
published correlations including the Dittus-Boelter correlation for
Nu and Petukhaov correlation for f [37] as depicted in Fig. 3a and b, re-
spectively. Apparently, the present data for the smooth tube agree
well with those from the correlations within 4% for Nu and 4-8%
for f. Therefore, the Nusselt number (Nug) and friction factor (fy) of
the smooth tube will be used to normalize Nu and f obtained from
the ribbed tube with/without twin twisted tape insert.

4.2. Effect of ribbed tube and twisted tape

The effect of the helical-ribbed tubes fitted with twin twisted
tapes on the heat transfer rate in the form of Nu and Nu/Nu, ratio is
displayed in Fig. 4a and b, respectively and the result is compared
with that from the ribbed tube/smooth tube acting alone. It can be ob-
served in the figure that the Nu increases with the rise in Re while the
Nu/Nug shows an opposite trend for all cases. At a similar operating

a) 250
1 5 present work
4 0 Dittus and Boclicr equation s
200 .
150 4
100 4
50
O
10000 20000 30000 400C0 50000 60000
Re
b) 0.0
1 & presentwork
1 © Petukhov equation
0.05
0.04
“~ 0.03 1
0.02
0.01 -
T
10000 20000 30000 40000 50000 60000
Re

Fig. 3. Verification of {a) Nu and (b) f for smooth tube.
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condition, the ribbed tube in common with the twin twisted tape
vields higher heat transfer rate than the ribbed tube acting alone or
the smooth tube. Depending on the Re and Y values, the Nu obtained
from the inserted ribbed-tube is, respectively, larger than that from
the ribbed tube alone and the smooth tube at about 4% to 75% and
150% to 320%. The better performance of the inserted ribbed-tube
can be attributed to the consequence of combined actions including
a swirl flow created by the twisted tape and an additional flow distur-
bance by the modified surface of the ribbed tube, leading to a more
effectiveness in disruption of the boundary layer compared to those
caused by the individual device.

The variations of the f and the f/f, ratio of the inserted ribbed tube
including those of the ribbed tube alone and the smooth tube with Re
are depicted in Fig. 5a and b, respectively. It is visible that both the f
and f/fo tend to decrease with the increase of Re, for all cases. Similar
to the Nu trends, the f from the inserted ribbed-tube is considerably
higher than that from the ribbed tube alone or smooth tube at a
given Re. The f of the inserted ribbed-tube is found to be approxi-
mately 1.7-3.6 times over the ribbed tube alone and to be about
6.0-19.2 times the smooth tube, depending on the Re and Y values.
However, the f of the ribbed tube alone is around 77% to 207%
above that of the smooth tube.

The TEF calculated from Eq. (14) against the Re is portrayed- in
Fig. 6. In the figure, the TEF tends to decrease with the increase in
Re. The maximum and minimum TEF values of the co-swirling
inserted tube are, respectively, found to be about 2.6 and 1.9 at the
lowest and highest Re values, respectively. The TEF of the ribbed
tube alone is around 1.6 to 2.2, depending on Re. Thisindicates that
the use of the inserted ribbed-tube is advantageous in view point of
energy saving at lower Re. It is also seen that the TEF values are all
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Fig. 4. Effects of ribbed tube and twisted tape on (a) Nu and (b) Nu/Nu,.

much higher than unity, signifying the superior performance of the
compound devices over the smooth tube.

4.3. Effeet of twist ratio

The effect of twelve twist ratios (Y=2.17, 2.87, 3.48, 4.17, 4.78,
5.48, 6.09,6.78, 7.39, 8.09 and 9.39) on the Nu/Nug and f/fp in the
inserted ribbed-tube is displayed in Fig. 7a and b, respectively. It is
seen that the Nu/Nug of the co-swirl inserted tube increases with in-
creasing the twist ratio until Y=28.09 and then tends to decrease
abruptly. The co-swirl inserted tube provides the highest Nusselt

354
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Fig. 6. Effect of ribbed tube and twisted tape on TEF.
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Fig. 7. Effect of Y on (a) Nu/Nug and (b} f/fo.

number for Y=_38.09 but the lowest for Y==2.17 at higher Re. It is
worth noting that the twist ratio of about 8 should be applied to the
co-swirl inserted tube t(:) obtain the maximum Nu while the use of
smaller twist ratio musg be avoided. Fig. 8b shows the effect of the
twist ratio (Y) on the fifp in the co-swirl inserted tube. It can be ob-
served in the figure tha:t the fifo decreases almost linearly with in-
creasing the twist ratio. This implies that the use of larger twist
ratio (Y) can help to reduce considerably the pressure loss but in-
crease the Nu until Y= 8!.09. The optimal twist ratio of the twin twist-
ed tapes is around 8 for :the co-swirl ribbed-tube,

Effect of the twist ratio on the TEF in the inserted ribbed-tube is
presented in Fig. 8. As seen in the figure, the TEF tends to increase
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1.0 20 301 40 50 60 7.0 3.0 90 100
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iFig. 8. Effect of ¥ on TEF.

and the twin twisted tapes show a considerable improvement of
heat transfer rate and thermal performance relative to the smooth
tube and the helical-ribbed tube acting alone, depending on twist
ratios.

4. The co-swirl tube yields higher Nu and f than the ribbed tube at
higher twist ratio. The maximum TEF is obtained for the co-swirl
tube at Y~ 8.
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