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ABSTRACT

The thesis presents an experimental study on thermal behaviors in a channel
with V-ribs heat exchanger fitted with combined V-ribs and wavy grooves. The
channel having a constant wall heat-flux condition has a cross-section of 27x300
mm. In the present work, air as the test fluid was drawn through the tested channel
in terms of Reynolds number from 7000 to 24,000. The heat transfer rate was
presented in the term of Nusselt number (Nu) and pressure drop in the channel is
performed in form of friction factor (f), respectively. The thesis outlines have divided
into three experimental cases as follows:

In the first case, the influence of 30° V-ribs geometry and hole on heat
transfer and pressure drop in a constant heat-fluxed channel are investigated. In this
study, four types of V-shaped rib namely Rectangular (RWVG), delta (DWVG),
trapezoidal (TWVG) and Oval (OWVG) with three various punched hole diameter to

WVG height ratio (Dg=d/e=0.25, 0.42, and 0.58) at a single attack angle (0L=30°) Pr=1.5
are mounted on absorber plate to create a longitudinal vortex flow through the
channel. Experimental results reveal that WVGs can considerably enhance higher
heat transfer rate than smooth duct while WVGs with hole yield less f than the one
without hole. For this reason the WVGs with Dg=0.42 provide the higher thermal
performance than solid ones for all WVG type.

In the second case, effects of V-ribs involving to rib attack angles, heights and
pitches on heat transfer characteristics in a constant heat-fluxed channel was
examined experimentally. In this study, combined V-ribs and 60° inclined wavy
grooved wall is introduced. For V-ribs, the baffle characteristics include three ratios of
V-rib to channel heights (Bg=b/H= 0.111, 0.167, and 0.222), four ratios of pitch to duct
heights, (PR = 0.5, 1, 1.5, and 2), and three baffle attack angles (o = 20°, 30° and
45°). The use of combined V-ribs and 60° inclined wavy grooved wall fitted into the
tested channel is to generate vortex flows leading to vortex-pair-induced
impingements inside channel. The experimental results show that the full-length wire
coil provides the higher heat transfer rate than the twisted tapes with y/w = 4 and 5.

III



In addition, the oblique-baffled tape at a = 45° BR = 0.3 and PR = 0.5 yields the
highest heat transfer and friction loss compared with the wire coil, the twisted tape
and other baffled tapes. However, the baffled tape at a = 20°, BR = 0.2 and PR = 1,
provides the highest thermal performance enhancement factor (TEF).

The final case was effects of inclined and V-shaped wavy grooved wall with
V-tip pointing downstream and upstream at different wavy groove orientations, and
attack angles on heat transfer characteristics in a channel are investigated. Wavy
groove parameters are groove base width (BW = 10mm, 20mm, and 30mm), and
attack angle, (6 = 30°, 45° and 60°). The experimental results show that the V-
downstream baffled tape provides higher heat transfer rate, pressure loss and TEF
than the V-upstream baffled tape. The V-baffled tape at o = 45°, BR = 0.25 and PR =
0.5 gives the highest heat transfer and pressure loss while the V-baffled tape at a =
20°, BR = 0.2 and PR = 1 vyields the highest TEF for both V-upstream and V-
downstream baffled tapes. It is worth noting that the TEF of the V-baffled tape at a
= 20° BR = 0.2 and PR = 1 is slightly higher than that of the one at a = 30° but
much higher than that of the a = 45° at the same condition. This indicates that the
V-downstream baffled tape at o = 20°, BR = 0.2 and PR = 1 provides the highest TEF

value.
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gunsaflimudeunntn niernsosud pesdseu wienosdifu 1av saduioisves
nsrUaUNIsATeAILSouIAanIshanlasudusz ninavesinaseunazvoalnaldy
gaannssutlnsiadadelng 15snundandsany a7 dndnssuiunisuinuigauliaunse
tuldfiAstesiugUnsaianidsundeussuingiiansediva 2 vlialaglifinisuanriy
NNNBAINLRY I@aﬁl’ﬂﬂqﬂﬂmﬁﬁ,ﬁu 3ondn iedesuanivisunrudeu in3esuaniudsuniiy
$ousssuan orautteaniéidu 2 vlin lastuedfuntsdansiiamadininsvesiiannanslva
vosfianisvasivaiia 2 ¥ia wilausn fameiaesinadadsiuuasiuludosiiilasunfidu
sua1n Ledesuanidsunudousdadl Feni ndesuanBsuanufouuuulnadatunie
Faaniu (Cross-flow heat exchanger) Freg1erouaiauui Wy viethsaous wie
wihenaaiduluiessuuliuenia vlafiaeswsuaiosaniUdsuanuoulszneuseiados
fidaiananisiva 2 slaedeuilufisnisuiuiulutesing nisaaniudsuanudounuy
(shell-and-tube) Lﬁug‘uLLUUﬁWUMﬂﬁq@LLazLﬂ%QLLaﬂLU?{EJuLLUWia%auﬁu (GERE
uanivdsunuuvioaestu) Ausodmisonadoslind

TudaguuldiinsAnuludeswesmsuiuussanssougmaiiunssiemanuieuyes
viowaniAsuanudousie 1 efiagvislunisandunuludundany feduieldinng
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Han et al. [1] ¥nN15@N e Inavesgunsensy, YuaATU kagdnsidiussesiindseniny
a4 dnasiadiusznauldeaniu waznisaemaiuseuluviendasugninuuiivienegasaiuy
911 NALavLsaluan Re = 3,000-30,000 NUIN A1TINASULUUENLNATHNALEaUAUNITIN
AIULWIERI LAY FUTINvRIATUNARE I INAafUTENO ULAEANIY Uagiinasan1Sanewm
AuFaulinntn 1nRaNIINAERINUIN MstemausauNINigaillonTulyy 45°, feawn
Metzger et al. [2] ¥MN15ANYINATDILUATUKALAUMUIATU INaADN1TAEMAIINTIUNYA
1o 9 luviedwmdsudnsa sUwvunislvaduediudumisvesaiu wuui 1 Asugnialy
WRYUUUURIYTRgATIiutIN wazluull 2 AsugninlukuidaiuuuRvieiegnseiut1y

o 09.% a v aa ° - a a
nuAsUYY 60° insiiuanssaugANsauAan wag Han et al. [3] inn1s@nuidnwg
YBIFUNTIATUTUMTYL 45° UWagATUTURIALN 60° LUUKSA WIASUTUAITYY 45° ULz

~ o a 0 Aa = ) ~ ~ o a o =
ASUFUATINY 60° Tiemafuaiun1siva waghuuiiaes wiATugUadyn 45° uaswuiAsy
SUAILY 60° Ianensstiununsivaluiedinieudnsa Ndavisdluad Re = 15,000-
90,000 WU KUIASUFUFAIINAN IR TITINAUNITIMAlYAINSENEI AL S ULAL ANAIY
U 1 U a U aaa = U = v a o Yo
AUANATONLINATIRUIATUFUARN Re1ufieadunisiva IneaTugudiiye 60° TirInIs
femANNSEULaTANAINNAUANATENNINNTIIATUTURYINM 45° dulununisiiuaussauy
AnufounsusUANITRAmsituiunsinalidunniasusuRilfianaseiunsiva
lngATugUsvisg 45° IANIstiivanssaueadsauinnndIATusuRLY 60°

Han and Zhang [4] Hnauemstiiunisaigimanuseuluiedndeudnsaniensu
VLA 7 JUNTIVBIATUNINMUULIUYTI. WUIASUFUAIYINAN 60° Wuundiudaling
fewmaNSaungInImeRvRgLIRTARISEY 4.5 Wi davAiniAsuLuUseiies Tuns
NARBIIMUALARNAS UMK A0IAIULALAIAITNEIAS UABANGWIBWIIAY.  0.0625  uax
szeriindrionimugensuiiiv 10, deoun Liou et al. [5,6] vinn1snaaeIaIudndeudnsa
ATUANUWMAEY LagASUATINNAY WU ASUAWMANIRSHLANSILauTsaueALTouRTIan
TumSunavaeinnaes  aesuisldn1sAnwIAgInUMSIINSIEwANESauneluviene
ASUUNY 1A NENYTONINEY $1U3T8HR9iaue i an AT iaTLasNaN15NAaeY
dmsunmsluasuususey 3 05 tegfarsandnuwaznisiaduau  Tuvielidnasuuna
anvaeee 9 lneAnwfanavessndiunisinnuretnIukarynls e NNdvSwason1siy
AUTTOULANNSOU way Han et al. [7] ¥n1sAnwInISEnawANSoULazANNAURnAsaNly

| A A v v aa o a a a P v a y ' ' a
viedmAsudnsaniasuguiiuasesuglaumaey  welnAnnisivatuliy wud esugy
anaviaedlinsisaussouzaNUTauATan

Zhang et al. [8] iI1n15Anw1BNINavesesseniInensuluvieodwmisudsnTand
Aspect Ratio, AR = 1-10 AintavLsgluas Re = 10,000-50,000 LagWUI T9958WINNATU
THANNITANEWMAMUSTDULINAIKNLIASU WATAIAIUAUANATOUYINAY, Ao Taslim et al.

' v a ca A A v o aa al =~
[9] nnuAnavTa@aYingala q luviedndsudnsaniiniureuilodnnyuasu JUnss
= v a oA a a U Aaa = ) AN a
ATUIUATT wavawliseiliaeriy (WnAsusUAANANIGReItuNTIiakasIRAN1aN S
Pufunsivaaduiunaeaningn) vuriveiegasaiudiu laglviRiivesuniagnlvnig

1 v

o Y YA o A a = ' a Y ] !
FAUMYNANTAIIUTDUAIN Iu%mzwmﬁlmaﬂqu@u i lelllﬂ’]ﬁLﬂaEJULLUa\Tﬂ'J’]iﬁ@‘UWLU'N AN

v aaa ¥

wadadanuiniaadouuiasusuaiidnaniamianssdiuiunisiva uag Gentry and



Jacobi [10] nseenuuvdnifieliAnnsnyuiuvesvesiva dadunsiiuszdunisiudou
warnanATuauitunelfAnnafivaussougeufouiindy Tdhaueniafiunsiowm
audou Tnensfiunsvauuiiiyueeausudsy Tnseiadsvenisdemanudouiity
50-60% TaviiRaveusiuizeuazlitnuuy wnad dsiieinfnindnuuuaumdenmndimss
usnadumsivauazaeng

Rau et al. [11] thiauensnszanemsaemanuiouiiela 9 luedmasudssan
Annsuvunivilny  Tnewdsurdandwssorfindsionugensu uazldinadn Liquid
crystal thermography Iumimmaumqmmﬁﬁaﬂm %ﬂmé’mwdauisazﬁwﬁdammqq
rsuTlldiamuedidwindu 6, 8, 9, 10, 12, 14 uag 16 duAdnsdwANgIATUReATIGS
yosisldfiAfdsiiiii 0.1 nuimstemanudeugiiianfiddnndusserindse
AINUEIASUIINAY 9 war 12, siewn Olsson and Sunden [12] vin1sAnwguwuunisiva,
AnufuAnATen waznistemamdouluviedimaeniifiniy dasfiriavisdluad Re = 500-
15,000 A1 Aspect Ratio, AR YoioAIALL fie 1-8, LLam%Qﬂamﬁ’Uﬁmaﬁa&jmqﬁ’u%’m f19
wandlusuil 2.1 shnsvnaeuaiusing q fail AsugnAstuaFafuULRIeTlegnseinu, Ay
grslunnvunuuuivedegnssiny,  eRugUindgadslunuidniuuuiiviefiegnssty,
A3UsUFAgnARluLTILULRviTlegassi wagaSUsUsIuULseaRUTimmety (W
ASUFUATIRIAN RN nakagiifienen st uiunsegduiunaeaniidga) Uy
vieflognsedan  msdemansdoulasamiusnasengnuandagdisznou j  (Colbum
heat transfer factor) wagfausenau C, (Fanning friction factor) wuil ATUFUAIWUUAD
adufimmatuliandausznon | wagAdalsznay C, mnndtaiugudu q vesnisinwil
Tugrsanavisdluan Re = 1,000-2,000
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Ahn [13] v‘hmsﬁﬂ‘mmaﬂizmmmﬁ%gﬂuw@m 5 NilnasioUzANSnImn1TaI8m
AanufounazAdiisznaudeaniuluviedwasy lneviin1sfinwisunseaiu 5 aia lawa
a a A = a = a = ° P =
ATUTUAMAL ATUTUAUMAY ATUNNEY ASUATINNANNTIAT LAZATUASINNANNTIZ
lngvinsfinuanugensussidurtugudnatslanseda (e/Dy) Wiy 0.0476 gnsdu
sreviindsionugensu (P/e) Wiy 8 wardnsidiuaunitwenugeviniu 2.33 9IS
NAABINUIT WHUATUAIUWABNA1UTEANTAINNTE18mMAUToURTIERA AuAI8ATY
AVRYY @IUATUNAULALATIINNANTUSEENSANNTagAINSaulnaLAgInY taeaNang
Anavsgluan Re = 10,000 wxuATUAINWAsNTAdUUTEANSNISA8WMAIINTOUGINTN
WS EU 3 1 TugeAavsgluan Re = 20,000 agilhunluufivduiiofnausgluan den
WL WHLDNANTUNUTEEANT A NIAETIUNUITLHUASUAILL MR8 UTUSE AN NN T9AI1US DU
1AgIWUINNFN AIUAILLHLASUAMALY, fox1 Gao and Sunden [14] lavinsinanuoue
nshvaludesvuuniaasusuanidianiufeinunisinanazasusudldnan1ansadny
Aunisina laeldimiesile laser doppler velocimetry wag smoke visualization Lie
MIAINITANEINAIIUTOU ATAINAUANATEN INHANITNARBINUIY ASUTUMAIINHA
PNATIUIUAUNT IR LAAINITAIENANINS DU FIUSENDULEEAYIU kasANSHNALSTOULAINY
FouNINAIIATUIUAIT WoRnffiAnIufeIiunIsivia wae Murata and Mochizuki [15]
AnwdedaunisnsgatenIsaemanusauluvieanaeudnsaninasu tngldisnisdass
large eddy lngATUINNINL 60° NIANINTIAIUAINGIATURBAINNEITDIVIBLYINAY 0.1 Wag
gn3dINTE L indronNgIRIuMIAU 10 InnIsFaBeTliulnsinaiiye
NIENUTNTNAZRgNINANTENINATUTIdma I sanenausauiigalag
Choi et al. [16] la@AN®INNSANENANUSIU kazAIUSENaULEEANIUlUBAMAY
v % N9 Yo A P = Y ) a a = U Aaa
JnTauazanuseunlinuedmdvudundndaiiusouasn Insfnasusudidnanis
WeafunisinakasasugUaaldnanemsadnudunsinafiie My 45° annan1Imaaed
WU ASUFUARE A ensetuiunisivalirnsaiemauiou wagdsenauldeaniu
WNNIATUSUFIERAMaREITUNIsIvg, siewn Karwa [17] viinis@nwinisanginaiuiou
) = A a X Vo = . ¥ A P PR =
LazAIUTENBULFEANIUNAAT UM TUN O EMAUNLRAAFIATUA LA LaeASUNNAEB UL
Y] < a a = = v a o 1Y | ~ '
anwuziluasunse ASULBEY ASUFUAIT visludnuazenddeiiios wazwuulendiu lng
gunsalnnAaeulgnsdINANAIEANAMRAMBENWNAY 7.19 §i1 7.75 dasndiuniy
gemsusaLduRugugnatslanseda (e/Dn) WU 0.0476 uag 0.050 uazdndIUTEEERng
AOANEIRTU (P/e) winiu 10 lnea3usuivinnageuduasugusiiivihyu 60° uwazaTunes
3 IagyinisnaaeslugisAnausdluan Re = 2,800-15,000 kagaiusauiiiiuiedmasy
d YA % a a P A A P '
Judndanuiouns susuuasuneluviedmasy wandlugui 2.2 99nnan1smaaeenuii
wHuAIUFURIENseLlles viliiAnAfIUsEnoudeaniunniige wagieunnnituiusey
Uszana 3.40 83 3.92 Wi duudupsusUiivinenlideledidduseneudeaniues
d' d‘ = U 1 =l o 1 a0 1 1 = = 1
NaAloLgUAULHUATUSN YL 9 wazdlAunndwauseuUssaia 2.35 89 2.47 i
Tuvugitenavauaudu (Stanton number, St) dmTuusuasuUARIAANR st Uiy
P~ 9 ~ a P | = ~ Y o a0 v A =
n1sivasgiinwilinuiniiands 2.10 83 2.47 Wi Waflsuiuwusey uwaslindosfigaidle
WigUAUATUASI
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5UN 2.2 suuuasuneluviedinaunves Karwa [17]

Chandra et al. [18] {afinn1satemauTeukarn1saqdeanuduluriedmasy

9 TANANATUINVINUUUFBLUBY NS 1, 2, 3 wag 4 AU AINENIVIBYAFRUABLAUNIY
fl

L4

ugnanslansadnviaiu 20 aTuRTldRAUUNTHANERTIAINAILEIATURBAINEIVBIE

WINAU 0.0625 Wag é’mwmuizazﬁwﬁsiammgm%whﬁu 8 LWINUIFUUTLANTANTOEN

Y

Audeulaziiusznoudesuiinduiefiusuiuvesrdeinandu Welausdluand
LTSIy NSINamALSeUanad muzLﬁmﬁ’umé’mmdauﬁamzﬂauL?ﬁmmul,ﬁu%u,
foun Tanda [19] ¥in1s@neidIn1sfinaussausatudouluvednasufifiaiuenn
solloanazaIusnldneiiios neasdlutisAnausdluan Re = 8,900-28,500 §A51@UAINY
gensusiaLduuAudnatalansefin (e/Dy) Mnfiu 0.09 wag 0.15 sns1dIUTTETindionIy
49A3U (P/e) WU 8 Uay 13.3 UagdnINdIuAIINgIASURBAINALH LYWL 0.15
waz 0.25 sUnuuasuneluriedmasunansluzui 2.3 Tagasufiannumun () 3 dadwns
ANAY (e) 3 uag 5 Tadiuns wavszasnad (P) 40 Hadwns uiuATUTUAILY 45° uas
60° wazasusliroldesdlszuzneserinaunazaiu (d) 20 fadluns 91NNANITNAAEY
wuin pfuneluviedudsuliamafisaussouzanufoudivuniu TnsTuegiudums
N159ATULaEFULUUATY ﬁﬂﬂﬂiLﬁNaMiiaugﬂ’a’lm%ﬁjuﬁLLU’ﬂﬁlJLﬁﬂ%mﬁ@ﬂ’l’méjﬂﬂguﬁm
ity Asvenlidewioistorfing 50 fadwns densfivaussausanudouninnini
syogind 30 fadung dauAiuszneudoaniu funlianauilonmgirsuiiianas
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sUN 2.3 sduuuasumeluviedndeuves Tanda [19]

Jaurker et al. [20] ¥n1sAnua1duUszdnsnisaisimaliudouLazAia
Usznouldoanuvesusileanssnmesamasnsiaiiniu-oa lngdveuwanisinulutog
Aavsgluan Re =3,000-21,000 ANgIRTUsialduNugudnattlanseda (e/Dy) Wiy
0.0181-0.0363 §n51dausrEvindroninuaniyu (P/e) wadu 4.5-10.0 Lazszezsasie
szzfing (o/P) Wiy 0.3-0.7 21NA1SNAABINU ATdNUsEaNEMsENEmAINLSauYaIuHLY
A3U-J09 Redrifivtuiloaiansluad tiudu madiutulidnunsduduns sdudseans
N136184ANUTBUVDILHUATU-389 A2TAININATTILHUATUDE1 1A wagiluudliy
dinduiledndiusresfindieninugeniu (P/e) TA1anas waziiA1gqniisnsdau
szuzfinddomnugensumindu 6 Wleszeriosdeszosfing (o/P) fenindy virlden
aviadavidaguanidesyerieiosvezindivintu 0.4 waziuuliuanasios 9 Woszes
SosinssezRnddanintu Wonmgerdudeiduiugudnaidlensedn (e/D;) fAufintuay
slvandudseAvinisdiemanudeuianiviuuieaty duaduszneudsaniud
wlfudutudioshadwssesinddonuginiuiidiiuiuaunssiasnmdiussorindde
ArIgeRi Ui 6 waraziultiuananilensndnszerfinddemugensuliauiuty
Slosvuzdsdesserfindianfindu vinldddusenoudeaniuiidgeaniiiesser oo
svrndwindu 0.4 uasiluunliuanasdes 9 Weszezsewossorinddaniiutu Weay
asniudaiduiiugudnardlensodaiidninduasvinlidfusznoudsaniuiidnfiuty
Uiy, sesn Benlu and Jiang [21] ¥nnnsanwadudsyananisanemanudounas
é’hﬂizﬂ@‘uLﬁammuﬁuamﬂiuhaﬁ%mL@@%ﬁmﬁﬂmﬁam%ﬁmﬁmm 0°, 20°, 30°, 45°, 60°
waz 90° Aufiannanisiva Tnefveulwnnisnunlurnsnsinisivaveteinimingu 0.0010-
0.0018 kg/s ASUHAINET 0.8 Tadiuns TAunde 1 dadiuns wazliszeviind 4 Taduns
Tagedusine 9 uandlusul 2.4 91nnsmaaeanuin Ay 60° liddudssaninisdiom
AmnufounarANUFuANATeIINNTian AU 0° lidmnufunanasoutiosdian wazaTuyy
20° Tienduuszdnsnstewmaruieudiian Woadusw 20° fszegfindiasasayyilie
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fuUseAnsnsaiemaNuioularAMUAUANATOUNNTY LasNATEesintinau 1 wag 2
Tadwas nud Ardudszdnsnisagiwanuiousnfigauasiiainnudunnaseulndifeeiu
luvaueszegiind 6 HadwnslianudunnaseudesigadlaiisuiuaIuLmeIiy
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U 2.4 sUuUUR3UT8S Benlu and Jiang [21]

ysaulvalwena [22] hnnsfnwinisiiuasssouaufeuriugessuiusisnsio:
$osiuinnglutomuuglambeniiui Tonaduredannaey faaausdluadius
500-20,000 W3suifisunaseninetesvuuiiGsuilifinisienz soafuteswuugyses
Awdey, Yesvuiudiiinisienziesdindendninguiiinazte sz sosdmasuiidnng
duadudvasy damauunssfulandostu :nuansvaaeamy desunuiiinsiensses
yilmfiusnsnstemanuousazsgapdoninudu Tnefian e/D, = 0.33 Fesvutules
JpsdnnsgUiilinsifinaussouzaufeugegn luvaigdian /D, = 0.25 Wag e/Dy = 0.20
FouuenzIefiinsiiuaivaglinsiivaussausaudeugean waztesvunuiiiing
wzdesdannauuuiBastu Tadnsinstiemanuieugeniinisinuuunseiu uss
Tinanssfudulunsdfifnfadudindily, deun varun et al. [23] Ifasuuazi3ouiies
wadansifiunisatsmaudeuvesvesinanisluriosonissiassauwgussuuiioe
Usgnaudiegunswing 4 vesdiufiususy wanslusudl 2.5 wieutaauenisiteiieatunis
dewmanuiou uazAudsanuNgluioa N ATEUMENGLLAID TN
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p/e FLOW PATTERNS e/D FLOW PATTERN
b ——
I 0 /o '
B OE- s - REATTACHMENT OF
R SN SHEAR LAYER
L REATTACHMENT OF THE
SHEAR LAYER
—_— X = 6e - B¢ .
— 7 p
© | ISTSS A el OINAD
) ~N O

e /b

.y ﬁh@ ‘%/D 2 ;

(n) (v)
=] [ ! dy a Aa Y v f Y @ I '
JUN 2.5 (n) dnwagnsivauuusing 9 vuiuinianuduiusiduilan duiuiseeinasening
gOARIVIUIY haY (V) FNBALNITIMALUUAIN 9 vuiuiiAdauduiusidu

anduiuaINEYeIRIuIUITYRe Varun et al. [23]

Promvonge and Thianpong [24] uaﬂmﬁaﬁmwmmﬁ‘Lumiﬁﬂmﬁaﬂmpj%
TnrwadlatesmunuuuuAvasdnia viiodnndiuresgunsswemosunudm q lnegus
vespduduluy ASrenay 2anau Amdendnia viiouvaes tazsmveseduidu 30°, 45°
ez 60° dmTUBNTIAI e/H Sering 0.05 Uag 0.15 Lagdnsdiu P/e aglutiesenine 5
f4 20 MImANLMNITALFUTNBIRAT VYBIANLUANAN T R mA sy lsivesTy
31891 éhaLmﬁqmjwmaé’ﬁzysuaqmsﬁwLauamammﬁaLﬂuLamaﬂﬁﬁagamimaaaﬂ%ugﬂ
Ao 9 (@umdeunihduazaumaeuyuain) lngluhuouiedtu sasd eH
dintudu 0.3 nadnsvanieaenisesnuuuiindureaiewaniuisuainudou unis
naaevagldonialunisnaaey Insnislvadunuuiutudsanassluandegludaus
5,000 £i3 16,000

Bopche wag Tandale [25] ¥nsAnunduuszaninisdneinanuiousiegunsal
damrmdutuguigiituiingadurouaiosgueiniandauasending (Solar Air Heater,
SAH) vinmasedlutasanissluandsious 3800 Fv 18,000 SmsduarugeasgUnsaiads
auduthuseduriugudnanslensedniada(D,ulsiasuan /D, = 0.0186 1 0.03986
(Dn = 37.63 1y. WAz e = 0.7 D3 1.5 1x.) wazdnsdiuszezinddoninuaavesgunsalasng
anuiutiup/eusdsunn ple = 6.67 54 57.14 (p = 10 &3 40 1) YU NEUDINIT



13

Inavugunsalasismnuiuliu o = 90° wan1snaasuletlumsiuSeuiisuiurieRausey
nwuInisanasgunsalaseanutudiunverinlinisaremaiuieuluguavdaidan (Vu)
waziusznaudeaniu (N 1indwdu 2.82 way 3.72 Wimudsu

gﬂ‘ﬁ 2.6 sULUUATUVBY Bopche Uag Tandale [25]

Chompookham et al. [26] Fnsfnednsnavesnsunsiay (wedge ribs) way
gunsalndnnisnyualsuuulnian (winglettype vortex generators, WVGs) fidanass
nANIIUNITENINANNTBULAENITELdEINANUEE A udMTUN IS IaveeINIALUY
uthunaesmesmuiuundndarusounsi Tagldtatuzuan 2 wuu IdunasusUauuwuud
muazdmuiiansinalasdaisaiuisaesuuiiniinsedutunielurosruuuuunmss
wufuLar B ety Samfumsiinds WVGs 2 gvimiusny 60° imnadh desvuuneaoui
dndu3uLIn (Aspect Ratio) AR = 10 Uaz AN H = 30 ual. AndieAsuTislsnsdn
ANEIASUABAINEWD, /H = 0.2 kay ans1dIusTEETIndUeIATURBRIINEIe, P/H =
1.33 $asmsluauanddunadvosavsslusndiuegsusunduihugudnandlensednues
Fosvuulugag 5000 4 22,000 wuirnaudaBarivaziUssnoudaamuiildannisly
ATUTINAU WVGs WuI18engen3nistiasunsoWVGs Wigsegaiae n1sld WVGs saufiu
A3UsUANNIIRSITUE N InaliAdhnsdeme s feunagfausznoudsaniy
aamvusfinsusanifmnadesiulmunseualiaaussoundsaanuioufivian

& [ Winglat £ o v
IV, inflaw _ 1 e e
» Wt 41, e 3% T |
v 1
L4 | L 7___
~ — — : .
Mo | === - -
i i | Wadge t pointing ~ Wedga i painting
% wva upstream downatroam
R10[  No3
A i
[ Y
o Er‘h
%
L ! 1
e

(@) (b)
sUfl 2.7 yamnaauves Chompookham et al. [26] (a) yanaaey (b) UTNENKazASUFUAL

Promvonge [27] ¥iin1sfnwinginssunismianuieunvuduliuuazuagnisg
aydsanaudeaniureseiniaiivariudesuiuiidadsgunsaiadanrudutuiuy
LLsJuﬁgugUﬁﬁﬁmqu 60°18189A YI1N1IATIVTAVUTBIVUIU AR = 10 LAYAINUFIYDS
H = 30 3 gneururuRTsns @A (blockage ratio, e/H) = 0.10, 0.20 ag 0.30 Wag
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Snsauszasfind (PR = P/H = 1, 2 uae 3) aiissosindnuuuivinsesusiuiui by
2H 89511715t 1aYI0 N 1ALAAILUNIULAVLSELUAREA LUYI9 5000 D4 25,000 HANISNARBY
wansiusuRusElEnsiuAavTagan fuszneudoaniu uas fuseneunnsifiulds
mnuFeusnineganiweraBsuilosnnsivananiidnitannsinassduiiaesinienth
Tngmrslnanyuasiindalasuduiuga? venainiu nsifivesradugusssurosa
wuadaruaziusznoudeaniunuindulununisiinues e/H uaz/mse n1sanaswes
PR MsUseiiiuanssausidenudeunewesuunuusuiuid wuiid PR = 1 wag e/H = 0.10
Tenfusznaunsifinidsanufournnanysyannl 87 fauissluands

31.]17; 2.8 5UASUMAINLA 60° Y89 Promvonge [27]

Lanjewar et al. [28] a1uv5usiiaddulusUaiuduisitazmndnsunaia
fuvszAnsnnsdiewanuoulueiesgueiniandsaiuuasending unanuiiiauenis
NAABULTINAGDIVRIAN AN BUENITAIEmAIINToULasAUsEnaudsAn uluYe
ﬁmﬁsmﬁuﬁwﬁﬁwﬁmqmwé’am%ugﬂﬁaﬁ’uL‘i“ja@Jﬁmﬁqﬁmm%mﬁ’uﬁﬁmqmﬂma
Ansfiwesililunsinviiidenlduuiiuguvesnisiiansanssuuuagnisinau vied
dnsdrumnunitsioaugaW/H) Wy 8.0 svesiindduring (p/e) 1u 10 aruguderany
YFUIEAUNNS (e/Dp) Y39 0.018-0.03375 wazyuenenishualol) 433 30 - 75° 805IN15tvia
YB48INAABAAR IR ULATLTEIUANATENTII 2300-14,000 HANITE1EMAIINTDURALH
Usgnaudeamuiiienisuiisuiurieinieunieldifoulunisivasasideulafureuunis
aufeudsiilunmsiuiumanssaugleasedn-anufou anduiusldsunmsiauiy
dmdudulssavsnmstiomenufeutayilsenoudeanudmiuviovsus
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I

/ 4
/N
/N
/N
NV

gﬂ 729 ﬁJmummeawmu 30°-75° 499 Lanjewar et al. [28]

Sriromreun et al. [29] ¥n1s@nwidvEwavesgunsalaianudutuiidiasie
Madiunseemanueulutesuadmasuiuildfunmeaeuidmaaswanieiuand
siuantu Tunsnaasausiufugndndlugssdnuen (zigzag shape) uie wiufugui Z
Nadusynsuvundaiuuuiiindndauiound adefufuuiugaduludossunuy
Lﬂ‘%'aqéummﬂwé’qLLaqmﬁméﬁﬂmimaaﬂumﬂ'wthLi&J‘Iuama‘TuﬁdN 4400 94 20,400 Wiy
ﬂum Z MuBuavinygy 45° amwmﬂummqmﬂmamaﬂmLLamaﬂmeI@aamiﬂmummm
LLmuﬂumammawawmu 390 (e/H = 0.1, 0.2 4az0.3) Uae @Gli’lﬁi]‘hliw uwmmaumuﬂu
AeANgia (P/H = 1.5, 2 uag 3) NENNSNRRELARIHANSENUTITbE R swHuiUfZ de
é’mﬁmsdwmmm%@uuaumiaﬁuLﬁamﬂmmLﬁammuﬁmﬂ’jwiamﬁaﬁw AalaviaLTan
FUTENaUEEANIU LAY mﬂﬁvﬂa‘umimuammuwmmmﬁaummu ueluiush Uy 45°
NN (in-phase) WU’Jmmaqmﬂ wHuiuRa Z 3y 45° ﬂ’d‘U‘VI’Nﬂu (out-phase) 7
Soulamsnaaeuiiumiloutu wiufush z 14 45° Mt (in-phase) AiflAn e/H 1nn
Iﬁﬂ'f}maa’wEJmmm%fauuazﬂﬁngt,?wmﬂmmL?ﬁammm‘/‘iqmdwﬁ e/H Waunt vausdfinny
g5z RATRAUn Il Nu, f wag TEF qaﬂdﬁﬁmmmaizﬂsﬁm%ﬁmﬂﬂdw ANSNNADIUTY
fatuanIHamgRnsIuNsTemaIs e uEBAM U T Inae suHUA R Z Y
45° TUgBITUIURTINUNITUARDS

Prasad [30] ¥n1sAnwn1smIsiemanuioularanssausdiniuiouvaaIed
gueMAnALasefingiaiialivguszdmiudeyansinatuthuiiamnsudinsusulsd
aeldianiizernianansudeiiiuaie egravuiaiesgusnandauasenfindgnnulunns
Amuar1iigavesdiUszneunisindeudaninufouvesgunsalifivazan(collector heat
removal factor, Fg) é’hﬂizﬂawisﬁm%quﬂmmﬁumam (collector efficiency factor,

F*) wazUszansnamdannuiouthermal efficiency, 7m) muUSsuisuiuAfidenndes
fuvesgunsalazauinGou lutiwemnaiinesfivaasy snsndmaminiines f, F* uaz
N dmsugunsalazauiveuiieuiugunsalazauinseunuidandu 1.786, 1.806 waz
1.842 Wihauanau

Tamna et al. [31] Anwinsifiunisaemanudevludeswuiuiniossusiniamas
Lmeﬂms‘ié’wmsaﬂﬁgﬂLﬂ'%laqﬁwLﬁmmﬂwamumﬂLLUULLNuﬁuﬁﬁwmaﬁqﬂ( multi V-baffle
vortex generator, BVG) S¥ninanisnadaueinidlianiudesvuiunadaunelaanngnandg
Anufouinisainaueiuiugadu audnvaznislvavosmedlvataznisinemaiuien
tiausluAauisgluandyasiaud 4000 F 21,000 wiufudIgninuldnuiinrgusy

nuduinslunadvednsndruwiunu(blockage ratio, BR= b/H = 0.25) uagyiuulsng 45°

[y

fufirn1anTsinadnsnaresdnidiusrerindratuHunuionINgUeItosvuIunAaiy 3
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A1 (PR = P/H = 0.5, 1 wag 2) fidawasanisanemanusounazanusuanasonlunaives
wadfadarinaziiuszneuidsamuiegy dendsnuresoniaiifdedusiudosuuiy)
MINFEITUGANAFDU N1TIA1 BVG 3 LU Leiun Anfa BVG findafnuuuduiiion fnds
BVGs Tinanaduuunasduanslunuinssiu (inline) uwaz Ansadoeiu (staggered) anvin
N3ATIIFOUNANITNAABILARSIN Barn PR HafesliiAinisaiemanufounazfusznou
Foavugeiigadmiu BVG avua BVG fidauuafisatulinanisdiemannufounasnig
aydeanaandeaniugindt BVG wuadostuuay BVG duifen ogslsfiniu BVG fifn
fufe? PR=0.5 lrfaussauziBennufougegalunisanuaswesnalnnisieimainuiou
nMynudavgninauslun magsuaudnYaEN1IIemANLTauLaENSIaYeIYes
Inalugesvurufidadie BVG vy 45° uaglunsiilunisiuSeuiisunuitnaainnis
NAAOULINFAILAVADAAR BT UNANITNARDS

(b) (@)
sUN 2.10 sUMsTaensugavaaeuyas Tamna et al. [31], (a) auuaReIY,
(b) MU UATDINY, Uag () INASUNLHUULDEILAEN

Skullong et al. [32] Anwinsfnuidmeaaesnunmuanuuznisivaivuiuliuues
nsanemauseuluYsrLIugueIN AN ILENEI NSRRI IBATUNEN SR UMIAT 1A
Tudhusuusedaenismiunusnsinisinaresainidielilaausgluandluye 4000 A4
21,000 Yoevuunage Ui uuuiinslinandausaunn asundnguaiumasuinc
VUKL UNARBULUUT BTN T1AIUTE e NATADAINNEIY DI VUIUNANAU(PR=P/H=0.5,
1 uay 2) uay BRTIAIUAINAIATURDAINAIYRIVUIUINEIYALALT (BR=b/H=0.25) ATundn
=g v o o0 & A o Y 1Y) a Yy 1 A oA
viyadeny 45° AulienslvaiinIsnagouMIBnN133nINATY 3 WUU taukd ASULALSa
HTIRTUUUAUGIEY ATUKAEIOIIIMNARSINUTRTIUL-619 UAI1ATULEDIAULATOUYT
WAL INUNHTIAUUL-E19RAN5NAEBEATIINTIEATULAY T IUAUNTN TP UULLAZ A
vaganaaaulenIINsaemANuToukariiUsEne U UggallaSsueuiuYie

v A k4 = =) = 1 I3 = ' d' L2 d' t%
HUSEUNTRNATUNTEUITIAAINATY B813bsNNNATULALSOITINTIRUULTIPR=0,5 Tausa
ulBInNUTougelian wavnisidaunariesniuiuliirgeaussausidiniusouainiises
GRNELe
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(@)
3UN 2.11 3UN159M9RSUYAMIA@RUVR Skullong et al. [31], (a) MeuuLAgINY
wag (b) MuIEBIY

Alam et al. [33] Anwidnswavasgnguiiliifusursnanlunativesiidadusnay
vosurutugUFITRauREa s oureaiodndssfiutivouaosguoiniafoundsny
wasefing nagoudesTiizUssneiu 5 Luuiuisnay J3n¥a aufigAmisuiuinddndn
wnaxlugasdaus 1 - 0.6 gnldmiunnudeuszosfindduimsdous 4-12 Arugausuiy
Suimsiaudt 0.4 - 1.0 Snsrdutesious 5-25% wazuuuzneious 30° - 75 ° uazvadoudi
Pamslananaussluandiusiuasusyning 2000 wag 20,000 nuindsnsisngusuindl
Huanauimsnzauilidiaviasanainings snaufiauysainuuvibiAnnissuniuegig
unaadlerseuiisuiugiliuisnauifionsan y =069 nsUfuugeAdnsdm
wuiiadan 1.13 wimudndewiuiusnguasnaugnumuillnesdvdeiiuihiddndiuanay
0.69 anduiusvosauimdaiuayiussneudoavnugnasiadiulunaivonanssluanduay
wfineszunsswesnsiudigmizanlunisinsdiaviadariuasiausznoudeanudii
ALAIUEN

b Length of limb
e Height of block

t Thickness of block
P Pitch

a Angle of attack

D Dia of perforation

Ul 2.12 sUASUYPMAZOUTRY Alam et al. [33],

Skullong et al. [34] YNN1IANYUTINARDIVDINGANTTUNITANBLNANUTDUKALNT
goydea1nANNEEANIUYEINTT AV IR INIANIUYBIVUIUEUDIN AN ILAITINENNANS
auseunsiiiadaefasinnuiutanuuuaiu msvaaessiiunismesnsnisiua
vesernalunavenavisdluandlugas 5000 &1 24,000 11uFeFidun1s@nunds
Wisuifiuszviasuniindg faunzaiuua(aiuringm 90°) nisuiuvinisdaanniu 3
wuu Tdun Asufindadiuien asufindsiuuukazasiiuuunuInsstuas oty
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N13ANEILANIDNBNSNaNIdeesd1AYU0IATUABNAANITTUNITANBLNAINNTIULASNIT

=

aqdsannanudenniufiginingesvuiuAanteu nsieuiisuriiinTusuiiend
srerfinduaraugeiinansieiuundlieniifininionindndnda semdnesnisdansiea
WUU A5NATULWIRSITUIAINSINemAuToulazn1TadeINAEEAN LN
LU dostulasLUUAIUA LAY agrslsinny Asuusitdnnatssiuldaanssausids
audougaiigndswgraiiadenldaiuiidanabostuiianugeduing 4 A (Ba=0.1,
0.2, 0.3 ag 0.4) LaysyarNndaunns 3 A1 (Pg=0.5, 0.75 way 1.33) lun1syinsnagau
LATWUIT N159A219ATULE 0 uT BR=0.4 wag PR=0.5 1¥An158101mAILdeuLasnis
aqdsainanudoaniugsgaudiliaiaussausiiennufougegnded BR=0.2 uaz
PR=0.75

Fadaenas [35] vnsane msfiudszansamnisaomeanudeuluvionanlnenis
Andaiadannudutumelurefifindndanuieunsdt (constant heat-flux) Ingldanus
Wughasresmnududau Tdnsluvievedeudsinsldludalineluanuanasnainueiiie
afanslvauvumuuiinaivenadey wanslusuil 2.6 vswavesAndnsdiusyziind
8100 (P siBLdusugUdnaakduaIn (d) wazdnidwszeziindlude (P) siearunitsly
Tn (W), [CR : y] Tumsareimanuieulasdulss avsusadoamuluvionauildlunisvagey
snsnsivavesemdldnaaauiiadianseluand (Reynolds Numbers, Re) 531313 3000
- 20,000 wavnnsuaassiluilssufisuniunsalldatnuauisludnegtaneilurieriseu
FalRduinnisldanvandenludnaunsayilsnsnisaemarudeuiniuduasain
dloSsudisuiunisldainunieludnegiasen msldanuanazludnsiutufinsnsidiu
nslanazdnsidinainuaiiaesq avaiuisaiindnsinisatemaudeuldinina
dandunstauavsnadrumnuniifiangs meldfouluiwileudu

Elecirizal hesater J
- .\ Inzulalion

Therrrnocouplieg

Y ¥
Preagure t5p L ;\‘-, \. Prassuna tap

- - Twisted tape

D D g I3
} | gl W

JUN 2.13 Juumeaeuved Jenened [35]

ananag [36] YnN1sfnwinsiiunsanemauiauvaLAIawanUisuaIuseuy
AIUYDIVUIUNAATUAUHRREULALASUU NI EN1ILANTANENAINUSDUNRILUUAIA NAaB3
Tugraavisdluand Re = 5,000-25,000 waeiin15iUSeuigUNaYe 9t 99U UNTNTS 8y
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YOIVUNUNLATUANUMAIULUUAIR 9 YRIVUIUALATUUR Y18 60°, 45°, 30° LagATUATS
(90°) dns1dIusrEiindrionINaItesuIu PR = 1, 2 uag 3 é’mwmummmﬂ%uﬁamm
ge¥esvunu e/H = 0.1, 0.2 uaz 0.3 mﬂm31/1maaqwmwmmwmaammswmqmm 60° Teian
AsaemauSeuLaziUsEne U Ui NN Ty LmaLﬂiaumamwawmwmum
45° 30° wara3umnse (90°) 1aefiA PR = 1 way e/H = 0.3 Tdnani1sanomanusou
A o o & v a ¢ A o v o ' Y] a
wInan lnefiasuyy 60° IAata@aiadeuinninvientiaseu 5.45 Wi AuaeA3UYY
45° Faaviadaiiafouinnivieniaiey 5.09 wi1 ASuyy 30° danaviadaniade
Vo o | = oy A 1 o a ¢ o a o
INNINDRNIITIU 4.66 11 LazAIUATE (90°) HANavTATaNRasuINNITDNTINISYU 2.04
| VW a & Y] | @ A o oa 1w a a
Wi wadfUsEneudsamuiliunmeuiulaefiasuyy 60° IAdiUsenaulduaniuaie
v o A | a oA v a a o o
WINNIventiasey 24.53 wih ASuu 45° dAdausenaudsaniuaisuinnivienasey
21.35 W1 ASUYY 30° dAdiUsenaulduaniuiedeninnivientaieu 13.21 wikagaiu
o & 1w a a ] v = 1] a
7159 (90°) HAFIUTLNBUEEANIULRALUINNINVIDNTISIU 10.94 111 Fedanalinsiiy
aussauzAuTaudanell lnaasuyy 30° dArdrusenaunisiinaussaugausouade
INNIMBNIIIGEU 1.97 ATy 60° dAfiUsenaunIsifidaussaugausauadeuInnd
] %) a o a0 %) Q‘ v dl 1 1 v =
Vontuiey 1.90 yu 45° defusenaunisiinanssausauiowadsuinnivientiasey
1.87 4agAIUMTI (90°) AA1AIUSENBUNISIINENTIOULAIINIDY LRRENINAIVIONTLIEU
1.02 egslsfinunsiinaussousauiounigian Ao uu 30° NEnsdruszesindioninu
29999114 PR = 1 UagdnIadiuadnugInsufon1uaatesvuid e/H = 0.2 lagllendn
U¥NoUNISITNANTIOUEANTBULRATNINNIIBNTUTEY 2.05, feun udna [37]
HINSANHINISINUFNTTOULAINSDUVBIASBILANIUABUAINS o UN 18T UNDYDIVUIU
Awdguniinsuses ennmduvesluannaeu Tudisuesanausdluand Re = 3,000-20,000
Tnevinnsnnasaduaninsdl As nsalndnisinsarsundn (lifised) waznsalniinishndensu
NINNANTDINGS m81u6uwmaawawiaﬁawmumﬁaaaﬂsﬁﬁﬁmim AB NSNISARASUN

(%
aAaa

N’]UUGHULWJ'JLVHUU bhae ﬂimm%ﬂiUWﬂN’)UULLﬁ”NﬁaN ‘Nﬂ'ﬁmuwLLUQﬂ']‘J‘\]WJ’NﬂiUIﬂL‘ﬁU 2

=

LUU 9 WUUATIN LAY IE89Y HANTNARBINUIN mwmaawmmwaﬂmamaqma NIURAN
A aAa P = Aa v Tad? o ' ' o a ~ a
ASUNHIVUAWREINIAN PR = 0.5 TuAtavdai@anuinndvieniuseugeign lnedlen
v a & o o v a | A a o A Aa =
wuladaiaisunnimentiasey 6.51 Wi wasyaneassndasundn (laifises) nsdlinAsu
aa v = Ao a0 o a ¢ o Lo o a f
PRIVUAULALINTAT PR = 0.5 1oaiAavuaddanaasuinninviontassu 6.33 1111 bay
A aa A aa ~ P a Aa 1 o | A & v P
NTANAAATUNRIVUNEIAIULAEINTATDRTIAIUSEULNAY PR = 1.0 TN ANAUTTOUL
ANuTeURfYgenan lagdnisiiinaussourauioudemiiu 1.66 uazyanaaeniasy
yen (L509) NSAURAATUNRIVUAIULAYINTAIONITIEIUSTELANT PR = 1.0 Fa5167
UsENauMSiuaNsIuEANTEUEEAINAY 1.84 uay 1.71 FanunAnavisdluansn 9
ANNSUNSUVBLASUNENLATNIDLATUNINHNENTDINUAIAU LALEINSUNDNLASUNS NNANTD
Na a O a a Ao a o Aa v U a ¢
M54 NISERAATUNIRIVULATZRIANNLNITINASULUUASINUNLAT PR = 0.5 Tiaavtawday
geanilaTeuiguiuluuay q NN1TRAATUNRIVLLAZHIE1MUUI19RSINY tngdlAn
wuladariaiennnniventdausey 7.37 wi uaglinsiiuaussaugauseulafeunian
TAgAIRIUSTENDUNISHANANTTOULAIIUSBULRREWINNAY 1.69 Giamtﬂuﬁqmmaaqﬁﬁﬂ%wé'fﬂ
(luifl09) NSAURAASUNIRIVULALRIANATN1TINNASULUUASINUAL AT PR = 0.5 T9ien
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wutiadasigsge tnedanavdadariiadsunniviendaiou 7.20 wih uaglinisiiiy
aussauzaufougaiign lnerfuszneunsifinanssauzanufouadowiiiy 1.57 uas
Sripattanapipat and Promvonge [38] L&AIN153LAS1EMLTIAUAVNITANENAIUTDU
siSev 2 i lutosunuiifnukuiusumesiafiuuasauuados lnsfndnuvugnis
vaduau Tngldteulvgumgiifinisnsil avisdluadlurig 100-600 wuiniloanyuiien
gfdstzjia]zﬁﬂﬁ@hLamﬂa@aﬁuazé’wizﬂauLﬁammmﬁuﬁu wazSanuimnanaussluadd
Tyugenmysil 5° wag 10° iadusznoumsiiiaussauzaNfougniwNeonmesd 0°
(wrlufuLu)

$1lWIns [39] ¥nsfnwmsiiunisaewmaudouresaismandsuninudou
Tureusiuvuuiiaundnguidvimusnzivredlva 45° Sasdanugendusonnugs
Y89UUIU e/H = 0.05, 0.1, 0.15, 0.2 kg 0.25 dnsrdiusueiindraninugetasvuiu PR =
1,2 uaz 3 TnsRndenIuiiinuuiioduien uasAnminsuRRIULLAYAIES $PDN9ARULLY
Hostunavnsaiu Tngvihnsveassiannyindunuundndaudeuiinond Avieususum
druuy waglderniaduresivanaaey Tudrnavissluasdaus 5,000 89 23,000 WY
NAFDU LLamﬂugﬂﬁ 2.7 Han1SNAADINUIN miamé?mé’ﬂgﬂ@fﬁﬁﬁauuuazﬂaéﬂﬁmwﬂ‘%u
wuunssiy Tiamsanemanadeulazadlseneudsamuiiiannniian WewIeuifisuiu
yavieusurLAiinIsRaReaI i uuasinasdnnsesunuuibosy wasfndeniuiinaun
\ieseg1uien Tagfian e/H = 0.25 waz PR = 1 fianaviadariafsunnninviousuauiunis
36U 10.63 111 uarAaUsEne UEEANIURE JUIN NIBLHUTU AT IS BU 68.67 LW
AudE NSAnsIRTURRIULLAYIIA ST MRS ULUUEeAY Tliautiadaiadsunnive
WHUILIURITSEU 9.76 W1 uazAIIUSENeUEYAIUIRABLAINAT Y B BTLUR TS B
60.97 Wi Laznsinssnsudiiiuiiiesedraion danaeadaieasunnnivewd s
WIS 7.59 111 wazAfaUsEnouldeaniueasuinndnioLHusuIuRgaS U 46.47
W1 FedwaliifusenaunisiinaussauzAuseueasuinninvioururu I uN 3oy
AU 2.61, 2.49 waz 2.12 W aSJNVLiﬁmmmiLﬁmamsausmm%@uﬁqaq@ Ao
yaviowHuruLiRnfeasungnsUFTlaRafiiavuuarAaaieuuanseIunsaiu i e/H =
0.10, PR = 1 finsifinaussauzainudouedsninniviouduaunundadeu 2.91 Wwidisas
Juauvealralniy
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U 2.14 p3umdngUsnism 45° yes S1lndns [39]

Lee et al. [40] ns@nwiguiuunisive, msdiemamdeu uayidnuildng
FuihluvieAimdsadidasusudinndeing shan 60° wuuasuiieiraiiies woyaIusUfiT
45° ¥a18ATUINNAT UKD ALAYLSEIUAR Re = 10,000-30,000 lnstduniugudnansle
asodn (Dy) WU 75, 50, 38.4 A1 Aspect Ratio (AR) iU 3, 5, 6.8 8051@UAENATY
AoldurnuAugnantlensedna (e/Dy) Wi 0.04, 0.06, 0.078 uagdnIEIUTEEENNTHOAIY
g9A3U (P/e) Windu 10 JULUUATY wandlusufl 2.8 Haninaaesmuin ATUFUSINL 60°
wuuaTuiResaidestinisanemanuFeunnniiATugUTIINa 45° varensuIaduLan
warnsldiiidsnuildmaduiuaiuguiiyg 45° vareadunsaduunadditiosniiaiugy
Fss 60° uUuATUIREIseLle
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607 continuous V-shaped rib (60V)

Ple=10

T 20 a0 40 50 70 8 o
x/e
45° multiple V=shaped rib (45V)

g‘dﬁ 2.15 g‘ULL‘U‘Uﬂ%‘Uﬂ’]Uluﬂaémgﬁmﬂlaﬂ Lee et al. [40]

viun [41] driauen1siie e iidiaiavuesnisaigimauseudmiunisivanuy
spuluiedmasudnTanloumniiiand neiin19AAMIMELALIN9I19 LHUNL1UBYS

9
Y

" = v aa < v ' P = a O
LLaSLLNUﬂu’JW\TLaENETJG]’J'JV]NU\‘]WQ&@QW']UGU@QV]@ LLﬁWQIUEUV] 2.9 F9UNTTIVNLLHNUNULUU

(%
Y

nssiu Tasudufunadesifadaiuisnuuznsdanadesihsmlened o = 20° 30° way
45° muddy waziAsnsndaunisUaiunisiva (Blockage ratio, BR) 111U 0.10, 0.15,
0.20, 0.25 W@ 0.30 AAIWY druudufunaBesgUiniifnuusnisinnadonhyusne
7l o = 30° wardiAdmanarunislafuReatuduusiutiunades mslvariiuusuiusus?
fiorsan 2 nedd Aensditlene TR mafiavianasive wpensdiUa eI uRamensina Tuns
frunaliiiuiunsdnidesuazidendduiivinaansuuy SIMPLE dennssiassiils
ihiaueaudnuurnstsmauieusarnsinaveswesivadniuassluaduuiugiy
Lﬁwi’m@uéﬂaNvLamaamawia?W?{wﬁa%’a 9739970 Re = 100 £ 1,000 hazlaANwINavD
wriuusiontsasimaufeunaznisgydsaruduluiodindeninia nadnsildanve
AvdendntadinsfauiuiugnitluSeudsutuiefndeudyiaiugou wuh ﬁaﬁm?{&m
ama‘wmmimmmuﬂummumimammwmaulmmmaamaammamww naifisdues
amﬂmumsﬂmﬂuwﬂmmLawamamLLaumUiuﬂaULaammumeu INANWUENITININ
wriutunud wiudunnadesguiiiunsiemanufeuldfintusuiunnaBeuazusiuiy
2191279 Tnsuiuiuudesguiaidi o = 30° wwuUarsidmuiienienisivalinisdiem
ArudougenuuuUaigitnufienanisiva wassadnsannisdandmut uiufugd
ftuvuvaneIiniufianisnisiuail BR = 0.125 SAdaUszneunsfivanssnugAI

Sougeiiaawinfiu 3.33
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Flow Inlet
)
e fc.g-ﬂ—ei .
1H Ny ‘L‘;_-:;&: " ee(‘fglece i Flow Inlet
*%ﬂj:-g\: iy = C:l
L “"h--..“._

y 6 Flow

EPRRI TN

AN

JUN 2.16 ununuLBBsasiEuAUgUAIIYee viun [41]

nuntanis [42] ladnwipmudnuazysimIsgimnauiaulazaudoaniuluges
LHLILILARAATUVGTI sUa A LasAmAEEuf uansluzuTl 2.10 Aan1igndnd
AnuSounvua lutdasausdluas Re = 5.000-25,000 uazviinisiuseulfisunavestos
pufifindaFeututemuuiifiaiuuiisUammisaas Audeiudvingm 30° dadia
N19N15 A ﬁé’mwﬁauizasﬂm%ammqwawmu PR=1,2 3 uaz 4 938 IUANNES
ATUABAINEGATOIUUIU e/H = 0.2, 0.3 uaz 0.4 NHANITNAGRINUI ntlATuueiadgy
AAouiudn A0 e/H = 0.4, PR = 1 WiAanrsanemaiudoulagiiusenouldunniugs
fign Ieaviadaiadomnndiventafou 6.15 i auifeasusiisUauimas Aid
e/H =04, PR =1 fanavadaiadouinnivieontdadey 5.13 W1 Lavanasunauaisu
‘luﬁmauﬁmﬁ’wﬁé’aﬂszﬂauLﬁammu‘ﬁ'Lﬁm‘??uﬁuﬂ%'umaﬁ'ﬁgﬂ?ﬁu?iauﬁuﬁw fie e/H =
0.4, PR = 1 fiAduseneuidsaniuadsunninviendaiou 67.68 MLazanain uasiu
Iummsﬁﬂ%‘umaﬁﬁgﬂammﬁam fif1 e/H = 0.4, PR = 1 fa1daUsynouldeaniuLaae
wnnventaseulutig 21.89 Wihavanasmudsu WeRiasandsasusznaunisiiiv
AUTTOULAINUTDUNUIN ﬂ%'umﬂﬁﬁgﬂﬁméwﬂuﬁw i1 e/H = 0.2, PR = 1 116
Usgneunsifiuanssauzanudey wasmnnivmendadou 1.61 v dadudrgeaavesyn
ATURTsULUUIAEIRY SesaaAe ATUUSFIIgUAmALIUN fid1 e/H = 0.3, PR = 1 19
ArFUsEnoUNSINANSTaUEAILSauRA I eRT ISy 1.55 Wi TuvasiinTuuis
ﬁ’ﬁgﬂmum?w fien e/H = 0.4, PR = 1 T¥a1dauszneuntsifivaussausanusou
WdsannniwiondaSeu 1.839 widadudigega sesasunde AsuutesiIigUaumaen i
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e/H = 0.3, PR = 1 I9A163USenaunIsiid@ussaueAINuSauLaasuINnINN Nt 8
1.772 windlafansundiusgnounisiiiuaussauzauiauadgnudl ASUUNAIISY
anuwhey mgaunazhluinsadssgndldiuanuinnign

Electrical heater Insulation

B e W L Wi TV T I . N - — LY |‘

5UN 2.17 A3uu3UinIves nuniens [42]

guiiea [43] imsAnwinisdiunssismanufeuluvedmasudatalasldaiugy
fhgitan1znsiremanufeuiinauuuas sinsmaassludisavisdluad Re = 4,200-
26,000 wazsinisiTeuiiounavewiedimasudnsaniaisuiuienasnaiugusgly
Snwaugnuesalaefivaneietsunsenanudiyy 30°, 45° uay 55° ShsrdruaNAIRIURe
ALEW b/H = 0.11, 0.15 kaw 0.19 §n31diuszaeindsondnugasvuiu PR = 0.66,
132 uay 1.98 Wiunnaoy Landluguil 2.11 MnramsnaaeswuIyavnassiaenasusUsi
yisial 30°, 45° waw 55° IAnavifadarifiutu Tasdidn b/H = 0.19 waw PR = 0.66 AZULA
30°, 45° uay 55° WiAnaviadaiadenniviedwdsudnfaniaFou 2.71, 2,14 uag 3.18
Wi AUAIRY LwiméhﬂiaﬂamﬁmmuﬁLﬁwﬁumiuﬁ’uimﬁﬂ%gu 30°, 45° way 55° TmAen
UsgnauideanuadsinnniviedmasudnianiaTou 1.66, 6.26 Wag 6.36 i1 auddy B
dawalvinisfivd uvesanssauznisdemanufoudifed afuyu 30° Snsrdusezfindde
ANGIYDIVUIY PR = 0.66 AT SRTIEIUAIINAIATUADAIINEWID b/H = 0.19 dA1n1s
it uresanssaurMItemAnLiouaisnnitledndsudnTantadeu 2.28 wh uas
ASULY 45°, 55° BRT1dUTEEE INTAaAINEBvUIl PR = 0.66 Uay 8RT1EIUAINEIATY
soAnugavia b/H = 0.19 fidnaifiutuvesaussaugnisdiemanuieunisuinniive
AwdudnianiaTeu 1.71 uay 1.16 W auddy
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5UN 2.18 ASuUMILURe quiRew [43]

a o 1

Sripattanapipat [44] Y1Lau8N1TANYILIIAIEVVDINITAENAIIUTBULAE
ngfnssunsivauuusudsulugesnisivaionmgiifina s Tasfinmsfedauuiuguady
wuvamvAsnsiauarina e sty wandlugun 2.12 Gedlyuusng o Wity 30°,
45° 60° Lay 90° MINa1AY wasiisnsaunstanunisiva (Blockage ratio, BR) Haus 0.05
59.0.30 dMTUSNITNAIUTEBEUISER IR (Pitch ratio, PR) aglidlu 1.0 dwsunsdl
yuUgng 45% 60° way 90° daunNUsng 30° azdnisildsuuiassnitdiuszeving
sewirsususudaud 05 fv 2.0 Tumsdnunisammsinadildasudeundasiunudianss
Tuand (Reynolds number, Re) Fafldrdaus 100 aufls 1,000 Tun591a0e9: 14l sunsy
FLUENT lunnsdiunas wailldasinausegluguirsvesauiunisinataynisiigimaiiy
You Mnuadwiiildandasmslvaiifinsfauutugmithiioudeuiusesmsineiufou
wui gesmslvedifinsiausuiuasiunisiemaueuldinindemisivainieu ns
Winduresdnsndiunnsdadunisina vldassda@aiuasdvsznouidoaniu
Windu yenandinmsliesgiaunanisiranuin Woynlsvsveausuiufiouadnas oy
viliAn A smuuamfiananisivadeazsaeiiunisiiganuiou Tusmeidsatu nns
adeanusiufiazanasdnsag Mlddmuszneumafivaussauzanuieu (TEF) veq
wrinfusURdugsniuHuiurildtuegsialy Tneildr TEF gegawindu 2.33 9 BR = 0,075,
PR = 1.00 1 Re = 1,000 mams«'uﬁugﬂﬂﬁuwﬂwz 30°

= Computational domain

5UN 2.19 1a59a3 90 3uuLaglaun1sATNAENRIAYYeY Sripattanapipat [44]
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yunAn [45] shnsAnwinsiiiunsiemanuieusesadesuaniasumudouly
NoururUILEIAsLuANTdATU (W/H, AR) = 10, ANUFITDIVUIU (H) = 30 dadiuns
Tudraianssluand (Re) Aaust 5,000 fis 23,000 Wyt MsfndenTunusmRudndanis
AFulLInTsuLazyLUszYeslinAngs riAinisdemanudeunasfusynaudeanui
asumnninisdneaiuuuabestunasyuUzngvasdnadind fusznaunisdiy
ausInuzAND (TEF) vaspiumnauwdemiing farugeniint darseiuuuuides
funazdn o = 30° WAngsan dan ATununanumasunindalinisaemainuougsgn
Mntudnuiauruiammasuming wuuarugeaiaue e/H = 0.13, 0.2 uag 0.26
wuuanugsldasinane e/H = 013, 0.2 adufu 1 P/H = 1.33 YndmAsunazamindes,
WUU 5 Auar 10 g, 8n51duaugeUndenugatesvuiu b/H = 0.2, 0.3 uag 0.4 3019
Famadanunislanasdniunisiva ﬁagmsm 3 @1 A. 30° 45° way 60° WUIN AT
p3uTmfudnyiliensaisimanufeutasilssneundeanudidifiuuntudefisusy
vientiadeu Undwiden 10 ¢ Puiianienislnafiyuenzuasanugeanunnniiaglisne
nstemaTsouLazfssne s ITTn ey 5 ¢ Faufiennanisivad
uuUENELaANLIAIRINGT kagnsindiniuiiududniiiauu-a1daneIunuuLgg
psafu Tan1saemanudeulasiUsneudeamuiiuannian WewIeuiiisuiunis
AndarsufiiTuu-drsinmuuidaatunasfnssaiuiifovurdeningafissagnaien

Staggered

a a a A = a a A o~
(A) ATUMW ASUUNSEBENAN MY LaETN () ASUUNEmMAENANY wasTn

sUfl 2.20 usiunaaBUYes B3N [45]
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2.3 WINNNTANEIIY

MneuAdednedy dulngjgaulafiaz@nvimgAnssunisiemanuieunaznnsg
adoanusunsluvisuanivasuanufouiifidmnsfinesaing 9 wu sunss, szegiing,
Arwigs, Tassainauasnsdanseduuuusing q Tunsfinuidsiuudslunisussgndaiu
FAgUAwRs AU AR TnT s uu iR osn AUk ua e sieAmAsLRuduite
WinaussauzAuieuvonadsuaniUdsunuiou Tnsfiansangunss, yudsny, Auge
wavszarfindaiu Tedamarednvaznisivaveswesdlua msgadennudulazusadonyiu
iieueunalnnisivalusie uardsddyAesjatdumsifiuaussournsaomarueulsity
iwdesuaniUBsuanudou Aiunuifeiiedingusrasdifievinsfinuinismaaeaieiu
miLﬁumia'wmmm%aumaiuvia?ﬁlmﬁauﬁuﬁwﬁﬁmsﬁm@%ﬂ%uﬁﬁﬁNﬁfﬂﬁ’muuﬁaﬁﬁm
Ugny anugevesnivuaysssefinduesaauinequas 3amauwmaﬂwm upnaneiufins
fuans evnIniwesfidsnansynudeayssauznsifiunsaemauou 1unisais
sAnmSuazuwImdlnqlunisosnuuuidenlduazidenldaunsaluaniasuainudoud
wzaulfiuseansamnsinnugean wazifiensifinteyanisnuiadunuusing 4
nasnautieldumadenlifuilénudnduladenldnmumnumuisaudmivszuuves
dldaudely MliiAnesranuslmitidulsslovduaziumansimuimnaluladve i
aula sieenuuy thinwuazinide enfiu Muusvisennsiiwesniiavsnaienisifiunig
dewmarudouneluedifinsinsaiairenuihuou lelinsuensuanuousewing
vodluanarnisioasluaowaniudsuaufouintuogiiussansam Snvadarelvifn
Useleminamsoonuuuuaztamgunsaiuandsuaufeulifiaussnuzinbetu vilian
mslideimaslunsaamdsenildodiivssansnnuazanmsgqdendeny Ssanunsnan
naAalBafruaiiviidwadeduanden uonnnivamnsnanuuingUnsaiuaniuisy
arwdoulviiuansiadaumnzan eannslitanuas fuiflunisings shlvduselomise
sruuuazleRaaniUABuATLSaRmay TaslawzervBanowuaniudsuauoudléiy
szuuviaridusasivunfidnes dwaliyadiwesiaiositaunduanas feuasiiuld
1 aAdeiTeduadvinliimslindsnunaenInensodsduruasiiussaniamn a1usnan
Fununsnanlugaavings daduusglonilagnswonsiauiludansugio ssdamuald
Aiduvsslemisensinmumelulagndsduiennmiuegnfvesdinu ananzlanieu an
uafiviazanuanszNURedandeL



undl 3
NaeY

3.1 unin

uniindads nguifiieitestuanuited warsdreda [46-55] TasRansminis
drewmadudeu wWuniswindiuseunvudsdudimsunisinanielune (Forced
convection for flow inside ducts) 85UNBTINEYNNAIUNAAIANTNITIVG AUAANTINY
MsiemaLiou andusiudnisnianufeulusuiuusiig @ madfiunsaemanuiou
Wilinszinisanemauieu nsgayidsanudu uazanssaugnsinnsiemanuou
(Thermal performance enhancement factor, TEF) %ﬂLﬁuﬁagaﬁﬁﬂuamléﬁmEJIGi’f‘ViéJﬂmi

[V 7

a1 9w saa o ¥ ¥ a v o oA A a Ao &
V]']’]&LGUQUﬂﬁmV]ﬂJﬂ']ﬁQGU‘ULWFJQﬂU VIQULUE]MWGU@QWQHQW'Nﬂuﬂﬁm@lﬂu

3.2 naAdnsvaslua

Tuduvesnamansvesmaimistesiunuideinonisinanisluviedaiveuiunnns
Tnafisnda [49, 53] valanunuivestuveulnnisnaliausadiuiulalnelisiva
youlwn sz nielnaluliszoruidsdureuvanisinalinniswaunaiufuauiiy
Nufinthinveses dilasnsavenseenlilasn 5US9v09A1 53Tl n vz A auuiveu
wezliiinnsidsuulasielusn Fensluadnvasduil Goni nslwafivsududiadt (Fully
developed flow) dmsunislnaiiindulusyeynisisusniandifesyosusudndudid
Sondn nasluafimaeususa (Developing flow) wazi3ongeszezvasnslnawuuiin
U%Lammwﬁﬂqwﬂwa’?@ (Hydrodynamic entrance region)

WRmesANTUAnATaRs BT URd U esTRalaenss BepudunnaAsel
unsndudesldmgunasuvasiuainniy

nsemadlminay, W,
Win = V Ap (31)
AMUAUANATIUTIOWBILNA, Ap

pLU?
2D

Ap=f (3.2)

939 FusEnauLdsnniy (friction factor, f) @1u1509kAaN LBNANTD1994 [39, 43]

2 Ap
fo 33
(L/D) pU? 23
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3.2.1 dn1zn1sina

dusunisinanmeluviedudesdiedinisvenefivestasusnamiad (Entry
region) AstuegfuinislnavesesivadunsinanuulaseuisnslvauvunuiFouuas
wuudutay éf’sLLUiﬁIG&’fﬁmu@gULmeﬂmﬁaLamLisﬁuamﬁ(ReynoLds number) d1%3uUN13
Tnaneluvienauiinmsiviuadiausdluandidu

Re, =—— (3.4)

d' — A& @ t:l' 1
W9 U s anusuedonelunie
D fig tduRIUALINaIUBIYE

wautsluandingd (Critical Reynolds number) d1m¥utian1sasuudasnisiug
nnslasuunussunanaidunisivasuututiu Susuain Rep, »2,300 wagnis
Tnaduuvududiudud # Re,, > 4,000

dmsunasluauuusiuiiey (Rep < 2,300) A218181309989U3 M0 181950
N13UTUR MAINENNTS

X
(_] < 0.05Re, 55)
D lam

daulunistnanvuiudau (Rep = 4,000) luflaunisfiutuoudmsuniszeznig
dmnfunmsusum uasiesialineosiumusdluand uasiiinussanndsl

X
103( “{] <60 (3.6)
turb
dmsurlgluni sasauyiin x,, > 10D dmsunisivawuutudu

3.2.2 AUSURERY
I3 ' a v o & A v oo ! o O = v I3 a p—
AnusIneluvieazulsUdsumsiuinidavevie deduddddauiuade U
Juannldainnisdudinamdasinsivaaanasaiuiivings Inefidewvewdnsinisiva
Fanafenaguued AMULEY Rufinthdnvevisuazauruiwiuyesedlng deuansly
aun1si (3.7)

= pUA, (3.7)
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Tunsainnistvalunuvaningaan wazvadtvardunuusadililanieluviani

NUNVTNAAAIN A1 m war U gauilm1nainasnainueglvio
dmSuvionau (A, =D?/4) Aveuausiluasansuiiu

Rep =——— (3.8)
nDp

Ws1231A7 th 91avliainnsduiiingavesidnduna (pu) Mvieiufindisn

= IA pu(r,x)dA, (3.9)

o

fatiu @ nsuienay nsalvadluasaslile azla

U=

IAC pu(r,x) c 27rp J-

- (r,x)rdr = %Lr u(rx)rdr (3.10)

[

pmr’

C
Faagmen U leviuil Weg Wslndausa (velocity profile), u(r) fishumriu

3.2.3 nswasuslasnnnusunaziauszneuideaniulunisinasuuudusbud

Aumdranssuvetiva Adigeslianvauladudgniiierdestunisiinausu
annsaulunisivanielusie wWewindwisifimesiiiuadosfumsmauinmdsuye sty
viownalpense lumsmeanuduanasoumislngldsuusisenindausenoudenniuis
mmmmmm‘wﬂ@mﬂLmuﬂmm (Moody Chart) Fessznoudoaniudunsfimesls
1% ImwummmmﬂimauLaammuummmL%umuaumﬂmmmdﬂu

3 —(dp/dx)D

— 3.11
T (3.11)
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0.1 Critical
0.09 .
2R Transitiqn
0.08 : Z0Ne Spq i o Fullyroughzone o=+ r i
Laminar N 0.05
0.07 flow
\\L_ 0.04
0.06 0.03
0.05 0.02
a 0.015
-l
|y 004 0.01 =i
E‘# 0.008
»'f” - 0.006 £
< 0004 %
I g
5§ 0025 0.002 2
= N : 2
5 e E
T 002 = 0001 ®
& 0.0008
= 0.0006
0.0004
0.015 M
e (um) s = 0.0002
Drawn tubing 1.5 T 0.0001
Commercial steel 46 Sl
001 Cast iron 260 Smooth pipes oy 0.000,05
: Concrete  300-3000 =
0.009 t
0.008 0.000,01
108 2 3456810 2 3456 810° 2 3456 8105 2 3456 8107 2{3:4‘5-&810‘3
£ = 0.000,001 £ =0.000,005
D D

Reyrolds number, Rep, = “1.;.’

JUN 3.1 fsgneudesviudmsunisinanususuaunluvienaw [49, 53]

dmfumslnanuutudauiiuiudusud nsinseilufsnisdunndudsigeen
11nna1 Fedndudedlasnuseneudsaniuainuanisnnassdnsuaausgluandnng o 1a
ununfines Moody uandluzuit 3.1 fusznevidoaniuasinitusgfuianissTuanduas
anefavewie ssazdafesdmiuAnseunasifinyintuiienuneure ity

Tneuszanauist
-1/4
f=0.316Rep’ Re, <2x10° (3.12)
f =0.184Re Rep >2x10* (3.13)
uenaniigeihnnudunnaon (Ap) semineszey x, B x, \Ju
Ap==["d —f"—ﬁzj’”dx—fﬁ(x -x,) (3.14)
P "=\ |

Feen £ anunsaAulangui 3.2 dvsumsivawuuluduluvenauiakey
Tuwauz Petukhov [51] Iatausaunisvesiiusenautdeaniu f 1y

f=(0.79InRe-1.64)"  dwiu 3000 <Re<5x10° (3.15)
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3.3 M3EgmANToY

nsfesvasdurouwanisauferluvionan wandusud 3.3 fgumgiiasinaue
T(r,0) Fefidunndreangamadiiin nsmanufeussiiatuuazsureuivnnisivaves
aufouarFudunofitu ogalsfnuiiansiiivesionsd Taseradugumgiina
aianensdl (T, = Asil) 3o wandaufoudifatuame (q7 = A anmeiududuiud
WeA1usou (Thermally fully developed condition) faviAniu Iuﬁlaﬁzﬂ 319994
pumifusuiuufiasunnsstunuiteulvliihgamaiiansiiviondndauound

3.3.1 dnazmsuFudaiu

a

dosninismaruouintuaissrisfinaretive dufegungiivedinadng
WasuwUawnusze: x amiefiesniAsiinanneiiviudiiuiifeninuiounieds
anunsaifazuanaslunnasdinisivavesetiunadl (du/ox) = 0 TurreuSnausuiausiud
Tumanduiu frfinasmienuden (AT, /dx) wudeadu (0T/ox) #3adl ¢ 1n 9 aglaidu
Aud naflnnuan fio JUwesgamnil T(r) szidsunvasewiaidestux Falisuiaiion
1 anmsdiudaduiivesgamgilsineiatuias Usngmsaiiasdasinlmilrogluguly
fifvesgamgiiiielldidoulat

AMuLAnAIsgamnillEaAlugy (T, - T)AT, -T,,) Faduteulvifiogats 9
Samdndandudassiu x dufefaudid T(r) fravdsuediwiodoniu x udsusna
Fuimsaes profile Hozliiasuuanas waznsinauuuiiBondn nsinauusaduiinig
Au5aU (Thermally fully developed) tagaglaa

0| T (x)— T(r, X)
ST, o

b
®
—~
b

9 gaun)iiavie
undvosadlvanamuvusla 9

a o & A v oo ]
Wwivvesaslramiuinifinveve

—
b
o)

Y
Y
GRIVRI

Y

3]
3]

Reulviimvualidmsuaunis (3.16) Teaziinduluvie o19azilunsal qf Al

2 Aay v A Aa & a X a | U 1Ay vo 1%
win T, Asnnle ReulwnRwvuiiinduuinlunisdmnssy wu lundsienlasuainuiou
s efineusnlasuauseuannsuwnssdessaiane azdunsdlves qf Al
dunsdl T, Al aziatudfinsiuasuane (1He991nN15IRoANTaNIIATULLIL) RATUN

NINT8UBN

34 miauﬂammwﬁwm

finnsannisinaluvionusuil 3.2 veslnaluasedasmansd m uazfinisniey
foufintuiiinnielu Tnevhlunsiwasundamdsnueatuasndsnudndveswoslva sau9a
nsieadeulufienisnuuuannuayliitunde fafudliffnunaidensevilagvesiva
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ez laniuyio siifieadnSnanine199aiun15UAsULUAINS 1 IUAIILS DUBALIIUIINNNS
Tvawiniu

d‘Iconv =q P dx

1=
2 E
T e i — Tm : : Tm +dTm [ —
! I
I
Al |
l—»_\' [ x| |
0 L
NN g nuWoan , o

JUT 3.2 USnesmvavdwsunisivanigluvie [49]

sruvesnmsivaliunuiiliiedounedvariuyiinsaun Andeviaguiaveslua
uazazoglusuraNaRaTesAINLAY p LazUsimssuwie v @ v=1/p)

TngnisUszgndniseusnEmgdanusieUsanmsauaNaugURl 3.4 uazainfenuves
T, ald

. _dle, T, +
dq o, +1(c, T, +pv)— [m(cVTm +pv)+ mw dx} =10 (3.17)
X
130 dq,,, =md(c, T, +pv) (3.18)
dwestvauufasuysal (pv=RT, waz ¢, =c, +R)atla
dq oy =me,dT,, (3.19)

aunsilldladdmivveamandadililaguiu lunsdil ¢, =c, wswd v fos
wn 9 d(pv) leemldazdesnit d(c, T, ) winauamnsonniiale

sUvRENN1S (3.19) WetesiuReulvdmiurienanun lagn1sduiinsnanmadn
fanseanveie ala

qconv = Ith (Tm,o - Tm,i ) (320)

1089 Qoo LUUBRATINIAIBIMANUSDUVDIVIOTI VN

ANFUUSTANSNITAN8AINSaY, h

LG, (To = Tons)
As (Ts _Tb)

(3.21)
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a dl
qmmmaawawaﬂwa, T,

T.,:+T
T, =—/———=> (3.22)
2
eutiaLdan, Nuy,
hD
NuD = T (323)

Y % Aa oA v & o Aa PN a A sala Y
NauvLsUﬂ'Nlliau‘VlN'ﬂ A9 NANTAINUTDUNNIAIN I@EJW@LLNH@WL@@?WN?LLNUFWU

3.5 d@naunusnisnianiau mslavvutudauluvienau
aun111 Nu, dwmsunasinanvuiulufivsusadunluvienauieu auelay
Colburn @sl@aa1n Chilton-Colburn analogy [51]

N2 StPr¥? = &Pﬁ/3 (3.24)
28/ % Re,Pr

WY £ anaun1s (3.23) dun15vad Colburn W

Nup, =0.023Re ) Pr'? (3.25)
Dittus-Boelter [41] latausaunisidu

Nu,, = 0.023Re/’Pr" (3.26)

Inefl n=0.4 dwiumsvilideu (T, >T,)

waz n = 0.3 dwmsumisiilmdu (T, <T,,)

AUNSULASUAISTUTUINNANITNAABIE NS UL 1D o UlYA 9T

6,000 < Rep <107
0.5<Pr<120
L/D>60

way Gnielinski [54] Totauaaunisidu

ye (f/8)(Re—1000)Pr
1+12.7(f /8) *(Pr?*-1)

amsu 3000 <Re<5x10°  (3.27)
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] =1 Y o a - ] a 1 @

auniseng q degldiiiesamznsddeos 9 Nauuandsgamgll (T, — T, Jliunnin

Ingauaudae 9 Annl T, dusunisinaiivansdnwuznisulsiasuauandfiuin 9
Seider uag Tate [52] oz bildaunissialuil

0.14
Nu, = 0.027Ref)/5Pr1/3(£j (3.28)
[

6,000 <Rep, <10’
d19su 0.7 < Pr <10,000
L/D > 60

- wa 1 [ - - -
Inefinauaudisng o oniual p i T, loen povi T,

3.6 audusiusniswiaanudeu dwduvieitlina
fawsfhildedrdaunifeatunsinsaidemsinanieluvienay n1suszgnsnig

Amnssndlngiifeatestunisniaiueulurioflinay Taenslfduniugudnans

UszavBrailuateianiy (Characteristic length) dai3endy W@usinugudnandlensedn
usuaudnaislenseda (Hydraulic diameter), Dy,

g A 4AC
P

€

D, (3.29)

(% '
=l =)

= DY
bl® Ac A8 WUNUUIBR

3

= £

P, fie wusouzlvewmthdnnsiva

ushugudnalensedaiazlelunisaiuinmamisinesdig q 1wy Re, uay
Nu,, dmiutwnisivaludauy

3.7 ﬂqiLﬁﬁJﬂqﬁd'\ﬂL%ﬂ?qﬁJ%’au

MsifinsaenALfou (Heat Transfer Enhancement) TngnisvinlfiAnn1svsu
wsnemsaesldludnnugui 3.3 ﬂ’liﬂﬁ]@lLLVIﬁﬂﬁﬂ'ﬁ%ﬂaUéf’JEJLLN'uU’I\‘iﬁQﬂﬁG]L‘TJUﬂ’]UGUEI\‘m}J
360° \Junalviaudiveanisinadiu iesnanusdudadislndutvie msdiudasinig
semanudoudunaliiAnausiunnaseu (Pressure drop) 11T

Tuia

LA S IO TIS LI LA ST LIS EEEEIE R L L
.

HNAA A-A

5U# 3.3 matiiunisanawanuseulaenisaealdluin
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3.8 amsnuzmil,ﬁumsdwmmw%’au
MsfIAMaNTIauEMIAinnsatemaufou lindnnsangavesindany

namfe mdsuvesiaauildlunisinsemmiuedfindadeu (P, )dAwiriuidmesis

auifldlunsinwenaruediinishnseesudnuazee (P,) [40]

(APQ), = (APQ),

[0

prﬁz (ﬁA)

L = 8
S
I
[\
=

Re, 1

Rey  (£,/f,)"

Re,

Re, =——0 3.30
AT 220

ANENTIOUEASLRLNITAIEIMANTOURA TUNTIAS s nanAltlun1T31801nA
MUV NHNTS T ULAE DNLNITAARIATUSNWUZAINY WINAU AIUUAIENTTOUZNITINLNTT

A1MANNSDUAILTOM bR 9T
-3
h | Nup | Ty (3.31)
Nu, \ £,

TEF = %
0

_ Nu,

Nu,
pp pp
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WafIney b A8 AU
fa Viontlaseu
pp AB NASULALINU (pumping power)

Jernaussournsiunsiemanudeunndusitaiiuandiduiseuausaly
mMsdemamdeu lneidelvidannnd 1 uansilitiaussauznsanemanudeusnnnivio
wifaFeu Weldidsuinasuesszuuanfediu TnsmswauuazoenuuugUnsaiuaniuaey
anudeuiigayjmneiielldranssaurnsiiunisaemanuieugsian dsazidunali
ansnanvuInvesgunsainanidsunufounazysendandsnuidesoulfiuszuy
thlugnisanduyunisuan indselemivislusdnsaniiufinisiads Iiussansnmiigau
fus1Asiinas aanslinsneinsiidegowdada ieidudnuummildunisde
e AUy IngansneIN TNy



unii 4
N1599NKkUVaUNTAILAZASN1TNARD S

4.1 unmidn

Tuuniinanadis mssenuuugUnsaiuazgavaasseiosuanidsuaiuiounuuse
Awdeniiuin vinshnssesuuuniiiduuuroio dmSurTan Ul FULUUAILIN1TVIAGDS
leun wifaSouuazienziemthdngUannmasngs 3 uu. Woaieanuiuliuvesnseuanis
Ivavesweslvauazidumsifisaussaugnisanemaniuioureandssuaniuasuniuiou Tne
nsRassiairsaudutuvieiainisguaanuineiidesenainauifesiei
siuarlusidosidet lnefivsandenvenndesdiogunsaiiflélunimaaes duneusnag
YesisnInaans uazmsiivdoyatiievinsiinseinanismeass dnmsusdrnlunisin
msdinnsenemanuseuneludmasuiiug fefnwiamisifiwedane vesdunaasy
Geannsouusldsdl

1 A3Ufd 4 wuusinyu 30° WzsRislvuasneiy 3 Yuin AnwnavEnavesng
fngmANNSeu ANUFIFINNAILEIAMNY BNENAYDIFIY

2. AIufaAsauRunerauBaaig 60° Aufirmnanisiua (combined V-ribs and
inclined wavy wall) Ainw1avznwaveulsns aANUguassEuzindUeInTumia

3. nilssosndudeuarzuiaidniunazainiunszusnislnavesvadluasifuasy
FindlyuUsng 30° dndiundngauasnsurenImgwosyie (B = e/H ) 1y
0.111 wazdndiuszezindsonlnugavaio (PR=P/H) u 0.5

4.2 M399NLUVRUNTDILALYANAGDY

4.2.1 Waay

nsfrunILIaRaay 1noRaITUIMAaLSETUaNE. Re = 27,000 901591191105
aulugiesunisyasan

PnaunsEuEuaugnalalensedn (Hydraulic diameter)

4(2.7x30.0x10™)
(2(2.7+30.0))x107
=0.0495m

'
a = 1 o

mﬂmswamauﬁ’ﬁmmﬁﬁqmugmLaasJLmﬂU 318 K agld p =1.099712kg/m3
way n=191.3993x10"7 N-s/m?
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INFUNTLAULSELUARNE
Re, = pUD,
v
WANSLade U= Repp
PDh
B 29,000%191.3993x10~’
1.099712x0.0495
=10.20 m/s
INANNTT Q=UA,
=10.20%0.027x0.300
=0.0826 m’/s

=4.957 m3/min

fatdu Tun1snaassninualildinay Aaiuisalveiensinisivauinnii 1.17
anuIANLIATHOUT

4.2.2 ieVa i1 YanNaeag

dmsunstuanuulutau (Rey = 4,000) lda@nnsafmuagunisnuuusudmniulu
nsmsveensdmsuntsusui wasilineadesduausdluanduaziaussunudiail (39,
43]

TudidAaaild zgnauyly x, =10D, dmfunislnafiuudaudud (Fully
developed flow)
ANFUNT Xy =10D,
=10x0.045
=0.45m

iy Tunsmeaesdsimuavieniadiganaaedidainte 1.00 was
TunaulunIsegeuNsinausTaugnIsLaniUaguANTouresgUnIalYAnNAdaU
wuuvieAmdNHuA T anunsauUstuneunisvnasseanidu 3 Tuneu Al

TURDUKIN nswseugunsallunisnaaes
Tupauiiaes  mMsfadsgUnsallunisnaaes
TUADUAATIIY  TURBUNITVINBBILAZLAUNANTVIAREY
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4.3 mawsengunsallunsnaass

Tunsfnvinavesuusnz Augs sepgfind faniaaznisdnineedv dudy
NATBRINMAaeY N13dnwssukarasgunIallunmaaes Inelisgazidundie 9 109
gUnsaifldlumananos dail

4.3.1 yavaaawisuanuasunuaugUdmasuiiudh

yannaswisuaniUasunuieusUdmasuiiui 1ugunsaiildlufinuinisifiunis
fewmaruieunigluredifinisfafeniudaifntaduuuesiefifyudengsratu fins
Uiuasudnduanuguesniusieanugavemie Insuiuasudnduezeriindieni
gevowie uazsesnduntiarnuanyemie fauanduzuil 4.1 msdnedunazkisosnduiing
AuuukasNTsuasveis ludguvade ukasitn 1SS su s uNaN Iaaesiuviontus ey

=
-t |
=]
!

N3

u:i:,

-
EaENEEN Y

- Af,/’)lll!!\.\

\
3

5UT 4.1 yanaaevislanigunueausudivaguiuei

yaveaeuililunsnageuilaesinufe ulswnuuuiedivasiiugiinina 300 fadwns
511 1,200 fadluns wazfnsensuiTlutiaszoy 600 fadiuns diufiaes sesnauLUULEea
LazLuUiIvanedanunszuanisivauasivnunssuanisinauasAnsssoad sdlutaeszes 600
maamm LwaLﬂumaiwmwuumqmsﬂuwaLLamiJasJummsau LLa”VI’]ﬂ’]imJQU’JU‘Uﬂ
maaumaammiamLaamwmau szNwuwawmmaawuﬂsuna'ulﬂmaamu 3 amwﬁu
Lsnuavduiiaos 1maaQLUuauauLsaiwmﬂ1WLuawuwuau 25.4 fladluns waraulIutud
amLﬂuamumqé’qLﬂ51zﬁﬁ‘]umsammsqaun%amm%fauaaﬂmﬂqﬂﬂsa}qﬂmaaumﬂﬁu
msmemanudoudildlunismagey
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4.3.2 WAA918INA

wrasa18e1ne TdWaau (High-pressure blower) MODEL TB-200 tJunuuinas
nolUeusenugs vula 2.2 Aladns v3e 3 HP ldnszualin 380 V Adrudu 900
mm.Aq uansluguil 4.2

gﬂﬁ 4.2 finassanuga (High-pressure blower)

1aLee3 (Motor) Wusuridslunistuinay vun 2.2 Aladngd tonseualudy 380 v
50 Hz 2900 rpm 14.8 A Uanslugudn 4.3

U7 4.3 waines

3ULI0LMa S (Inverter) Omron Inverter, 3G3JX-A4037, 380-480V 3PHASE 3.7kw
5HP LuBunewesuuLUFuAIL (Frequency Inverter) gnthanldlunisaiuauainuda
seuvpsuaImpsTliTuRnatLssiugs lunsmuausnmnisivavesornelildmuiidivua
wandlugud 4.4

;J‘U‘ﬁ 4.4 Inverter
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4.3.3 gUnsalindnsINIsluavasaInie
Orifice flow meter Wugunsallunisindnsinisinaveseinia Anssiinigesn

YDIYANARDITENINYANARBILAZIAAY Aslanslugun 4.13 (Wnuksveayanaae) gunsal
Orifice meter 1ugneasfladisagunes Dwyer PE-J-3 uansluguil 4.5 wassivasiden

WALLALUD9903NE LA luNIANLAN .
1/4” NPT PRESSURE FITTING
ORIFICE PLATE \“ ‘ I;'IIIESSURE %! !E
318 é

18 (3.18) _
THICK TYPICAL

4.1/2

- 114.3) oD 1D :>

FLOW

AT %
URI
(CARRIER/RING) INCLUDES RING GASKET__| .

1-1/4_|
ADHERED TO FACES  (31.75)

;J‘U‘ﬁ 4.5 Orifice flow meter

\3sinA LML TEUILIBE (Inclined manometer) $u Mark Il Model No.25 14
JAAULANFAI8IAIILTUTENINIE TUNEI LA FIUNaS Orifice meter Litoldm1dnsans
19898401197 AIILLANAIIYEIAITUNL FIA1UIS0BUATLFIINAULANAIVBITZRU red
gage oil (specific gravity = 0.826) LLa(ﬂﬂugUﬁ 4.6

|
|
T
gird i =

i

2

”"%L

e CF s (TH A

|
¥

JUN 4.6 LAS0InANAULUUTEUIULEEN (Inclined manometer)
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4.3.4 gunsalatuaNnangAINTouvaLHuTnnes

uwnasingluinszuaady (AC power supply) Tiadasuiunrusnsdngllih fu TDGC
2-3 kVA CAPACITY: 3,000 VA MAX. 12 Amp Wugunsallunsmunuaasidngluliig
Pelifuusiudnneditonsmunundndenufouvesunusmmeslildmnuifuauandu
U7 4.8

;J‘Uﬁ 4.7 uvasinelnszuasau (AC power supply)

4.3.5 aunsalinamungil

Data acquisition system, Fluke 2650A Li‘]uqﬂﬂiiﬁﬁu%uﬂa (Recorder) lneuandng
grungiinunminaevasiiias e ez d @y NLAAIHANIIABN LA DS HIUNNS
software aTunsnuanimgugildvionan 40 a1 naden 6 fums dedoldinianiy
aviBungann malfulneideusarondfuinesluduida favmn 30 & towanmauas
udeyaanmniing 28 sumia i 4 Fruvesiednta samplmadiuazeendrunaaey
2 s wandluzui 4.9

JUN 4.8 inseunudaya

A

wasluAUa (Thermocouple) Wugunsalildingaumgliindrunaaeu gaungliv

Y
Y

Mt wazguniinnitesn wandlugui 4.10 lnewmesluduilawuuvila T 9913y 10 61

[

WoTagaumaiiavavua 10 fmuvisazinasluduidauy RTD Pt100 91u3u 2 73 Live T
gaunivnaiiuagaumginisesndiunaaey
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LUU RTD Pt100 LUUTHA T

sUdl 4.9 mosludila

4.3.6 \A3993AANAUANATEY

wiesTanuRuanAsen (Differential pressure gages) 3 Dwyer 475 Mark Il 434
ns1491u 0-10.00 IN-W.C. (0-2.49 kPa) Hugunsaiilidarudunnasenssninadiunagey
LLamalugﬂﬁ 4.11

gilﬁ 4.10 wSaaTnmudunnasay, Dwyer 475 Mark lll Digital Manometer

4.3.7 gunsalinAanusavese1nA

1A3993A2131§298991077 (Vane-type Anemometer) §u 445 3o TESTO 1Tu
gUnsalfiliinnruEaniidiumismasenussynoeila T4lunisaeuiieu (Calibration)
Anuraslunsvaass uandlusUi ¢.12

3‘1]17; 4.11 Lﬂéaﬁ@m’mﬁ’mma’m’lﬁ (Vane-type Anemometer), TESTO 445



a5

4.4 miaﬂﬁg\‘lqﬂniajmswmam

4.4.1 9UNIIYANARDY

yavaaedAosLaniUdsunusounuuedmasuiuiniiinsAndansugi s
Fuvy uaziHusuas 2 sUuuuReraSsunaznsTienysosgUnssaumasuuazgUnsal
nsnaaedsing 9 waasluguil 4.13 MWemaduvedlvaneaeuludiuvesnsaemearudou
wazn1saqdenuny gnaaligssuulaginaunuiues (High-pressure blower) ¥u1n
2.2 KW situgemaidnuazidngvie suaivassiiuihuuin(niraxgs) 300x27 Sadlunsnaen
yiotaauInANE1I 900 fadtuasiiieusuldiAanisinauvuusudndui uagviegy
Amdoviuiiduganaaeuiininuen 800 fadiwnsdasiifndsniudaauen 600
dadwnsriisainniadn 1000 Sadiuns wazitieszoziiannyanaaouniuyngasing
Uszuna 200 fadluns seshedeanainviedmasuiudndurenauvuindukitugudnans
nelu 100 fadwesaotdnfuinananusugs lnefdduemesidudiusuanussey
mshauvesinauielilidnsnisinavesermanufiesnuuuld sasnislnavesernia
luszvugninlagldunuesinagnasuineuaiuinaulagly Hot wire Lag Vane-type
Anemometers (Testo 445) pnudunnasaNessia Inlagly Inclined manometer

Data Acquisitio
Fluke 2650A

Pressure Transmitter

Electrical Heater v w4 —
S s— ariac Transformer £
) < = Presspre Trap| ,, |Pressure’
p Preéé re‘lra“ i‘ ; = = m »
u .
o [ \\»Pressure B8 7 oo i vl ‘ £ _Hf)t Air
Test Section Dwyer Series PE CL:l Flow

Digital manometer

Electrical heater Insulation

| 700 \

Test Section

UM 4.12 unudavesyannassiouaniudeuainusousudmauiui

TAssad 1o wiodwasuRuiN AN 3,000 Dadiwuns wilsiewun 10 fadwns i
AMUNIAEANEIvRIYRtindluie 300x27 Uadwns, drunagey Ae3 (L) = 800
fiofuns Genduungnaanuiuergiiden farumun (1) 0.3 Sedwns Tagviinisiasa
fnfaiuuudsfndaaiaslinnudounvundndainuieunsiiniefidonituiugady
ANuFouU (absorber plate) druntfasnuaraduntaiouazaiuuusosgnaay

Waa (Blower) vu1n 2.2 kW 1uunaasniinnistravessinid, Control valve
muANgnIINIsinaeIndAingaIunaaey, Orifice meter lidmiuindninisivaveseinie
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ﬁ%’lﬂL‘ﬁ’]ﬁ@WﬂaﬁN, Manometer T95aA11uLANA1909ANeU Wioldn1nsinsivaves
91A1A AULANAIIYBIANLFY 1ABN1TEIUAIIINAILLANAI9YB95EFUL Inclined
manometer, fin1suiuanimnisivaveseniarurioraawsn wielieniailvanoudiye
naapsildnwazidu Fully develop waglvadidunaaey, via?%m?iamﬁuﬁwgﬂﬁﬂﬁ%’@uﬁw
samaslihaunn 3,000 fnd Aesafindsueiofuuurewie, uwidsinelnnszuaadu (AC
power supply) LuuUSuAmsuAGoulWT TDGC 2-3 kVA CAPACITY : 3000 VA MAX. 12
Amp Wugunsalflflumsauaurusandeuvoltage) Thfuunudnimes lunsauaundnd
audounosdudnneslilaniudinivue, Data Logger FLUKE 2650A Jugunsalinuuag
wanadoyagaumaliin 10 dumis [dmiuingampdivesimeaeusuuy Weusedeya
Pnnesludlaria T vuaduriuaugnaans 1.5 daduns, gaumgiiniadiiazanmd
900N 2 funvs Wimesluduidanuu RTD Pt 100 fadsdifoudsd@iuvnasy 100 Jadwns
Lagsundsdunaaey 80 fadlnsiiieingamniiniaiiagynsoen, wdosinaudunn
AT Dwyer 475 Mark Il Digital Manometer Lﬁuqﬂﬂiiﬁﬁisﬁmmmﬁumﬂﬂ%amwdw
ALMUINILT AT AL UIN9D BNV BIAIUNIAG DY, ﬂamﬁama%ﬁ’uﬁﬂ‘é’fagaﬁlﬁ%’umﬂ Data
Logger waziAsarinAnusiunnasen Im&Jdaummaauﬁaaﬁmsﬁmamuﬁ’umm%mﬁaﬂaﬁu
NsandeANTEUIINUELENINESRONEUTIEINIANBWEN
Lﬁaﬁ%ﬁmummmﬂmmm?{aumaqmﬁ’m%gaﬁlﬁmﬂﬂﬁmam MnualagAIY
ammAdoulunsAA1Bsan tenas [45) MAnanaiadsungadmiunines
15uU19e +5% dnsutanisdluan, +5% ENSULavNaLIanwLay +10% a1nSuANLLEANIY
anuparmadeuluntsTaaui lunuinnulssiaesnin 7% wazaruduiiniig
AAALAAEUUTZUN +5%, a"aum’lmmmLﬂﬁamaqqmmﬁmmmﬁmwszmm +0.5%

442  nshansTunaskiitesgnAdugYaIMADL

mu%’aﬁﬁﬂmmuﬁmmﬁimmmm%auuazmi@mLﬁammé’umaiuﬁa
?iLM§Emﬁuﬁﬁiﬁmia@é?m%“uéfﬁﬁmﬁwiaé’muuuavwﬁaﬁwm%awﬁﬁamﬁuwﬁwﬁm
CREVGEEGERRERY 60°ﬂuwﬂmqmﬂ‘wawmuwamuma e mmiaaﬂauimwuauq oy
mmsﬁﬂmamwammmumaiamumuaiamamam oonilu 3 dhundn 7 dedl

dauil 1 ATUAQ3FURUUA9Y (V-Rib)RE3 AnwrdiednSnaves 3US19ATU way
YUINYRsgIEATU uandluguil 4.14

daufl 1.1 A3udad (V-Rib) wuuindssdiud Svdsuaiay aumisunasiden
sUlayn 30° AnwndvEnareszuseveIniy wazaIAvesgiany uandusui 4.14
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Pl 5H=37.5 mm

1 ;‘ . Wimglet

A bier plate Ederirical hester Iesulatinn

- “:-h - - ‘ul' il - - - - 'J" =
| 1 2smm

SUM 4.13 drunaaeuvein1sfnwdiui 1.1 ATudvd 4 sUsuuyuUeng 30° 131¢3

dauil 2 ASUAT (V-Rib) SaufuniissasnAuBeevings 60° (60° inclined-wavy
wall) Anw1dsdnsnaves dudeng, ANGIATY kagszeziinduasasu EULLUUﬂﬁanj\‘i
wanslugud 4.14

d9ufl 2.1 ATUAT (V-Rib)yuUENE 45°, By = 0.111, 0.167 waz 0.222 was PR =
0.5, 1, 1.5 wag 2 iquﬁuwﬁaéaaﬂﬁulﬁmﬁmu 60° ANWIBNTNAVBIHNAIUAINNEIVDIATY
somnugavie uasdndauszogindsiannugiuoaio sUduUMSRARs wandlusuil 4.14

YN AT
nl ik
l:ll{"‘l.::':' “\::?
Dagl 0.80 _LJ.HL 8‘
- 0.80 1€
v YV
WNINATUUU
'co| et , %, 3 , ; | !
! ) rlllz'u.r: |
ARFLOW
s, -
L
T i
| 0.03 -
0.0 | 0.60 ool
- 0.80 o =
v Y 1
NUNATUATN

Y

U 4.14 drunegauvein1sAnwrdiui 2.1 ATudRyuUeng 45° SIufiuseades 60°

dqudl 2.2 ATUAIQ (V-Rib)yuugne 30°, B = 0.111, 0.167 wag 0.222 uaz PR =
0.5, 1, 1.5 uag 2 $UNUKTINTaeARUBLYINgY 60° Anv18NSNAveIdnaIuAINgIURIATY
AaANgevie wardndiuszeriindionnugerasio sUluUNSAnns wandlugun 4.15



48

A
“C;J \\“‘ AUTLET
- ARFLOW s,
NRFLDW =
M | 0.03
014 | 0.60 oag| 8
- 0.80 I
U 2
NUINTUUU
cs‘ / i
1 1 HUTLET
R TapE
! 1
i
|l 003 .
0] 01,60 pagl S
= (iR T
v Y 1
NUINTUAN

U 4.15 drunegauveinisAnwrdiui 2.2 Asuiiyudeng 30° 59uiUseades 60°

daufl 2.3 ATUA?7 (V-Rib)yailsng 20°, B = 0.111, 0.167 wag 0.222 uay PR =
0.5, 1, 1.5 uag 2 $UNUKTIITBIARUIDWINLYN 60° Anw1anTnavesdndiuniugivednsy

AoRNEve LasdndiussoeindronNEIveia JULUUNNSAARG wansluguil 4.16

.@5

INLET
AIRFLOW |
|
L
oS N NN | .
| ¢ | -
N ETE R 0.60 doag ) o
A 0.80 -
UPPER PLATE
. —
S VR
&/ \
b d
I N UTLET
LT I AR AIRFLOW
AIRFLOW | AR =
!
_ |__ 0.03 n
0.0 0.60 o1g| 2
0.80 | °

LOWER PLATE
JUM 4.16 drunegeuveinsAnwidiuin 2.3 ATuMIyuUeng 20° Sauiuteades 60°

d9UN 3 AU (V-RIbWyu 30°, Bg=0.111, Pg=0.553U A UNTI950IARULD Y
(inclined-wavy wall) wagniesasadudadnuudaed (V-tip) ¥nrunsyuanislua (v-
downstream) LazniaTesRAUAILUUUAIETTMIUNTEULENITINA (V-upstream)INTIAIUaTs

violneUSudsuyulene LagaunINvedgIuTeniy
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dufl 3.1 A3UAS (V-Rib)vinyu 30°, Bg=0.111, Pg=0.5 PN IATUUUIINAURI S
sp9AAUB Y (inclined-wavy wall) findeduansunvio iN1sANYIBNTNaveILUENe,
LagAUNIavesgIuTeInau nilssesnduiyuusng 0 = 30°, 45° uay 60° uA¥AILNTY
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laun ﬂ%Uﬁ%%gUngaHuﬁuﬁﬂ(RectanguLar Winglet-type Vortex Generator, RWVG) ATUSN
%E‘U?ﬂlLwéaumwmﬂ(trapeziodal Winglet-type Vortex Generator, TWVG) ASUSYIFUTUNT
a1undsu(Delta Winglet-type Vortex Generator, DWVG) wazATulAIgU 1/4 d1ulAades
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5.4.3 dussauzArUsEnauldeanu

nsSeuifisunansmaassianslugul 5.13 wud1 AsuLUURIE(perforated-
WVG) uazasuuuuill(Typical WVG, TAWG)Tilsitanesiidisusne T TEF gandr 1 adily
nansdiuazduuiliiufionanie Re ifiudu A1 TEF 10dsuns RWG, TWVG, DWVG, uay
OWVG Wud1dA1gInd1 ATULUY T-RWVG, T-TWVG, T-DWVG uag T-OWVG Useuna
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5.5 &3

wansnaassludiud 1 madiunsaiomanuioulasldaiudiiatzs iednw
SvBwavesmsaementFey, nsgudsniusuiosneudenniy waranssausids
ANufauuarAuanuatlasEivenIsivalaziin snsiUTeuigunaiuaIusUwUY
wertuiilimigg ammseudiounuin a3uitliiangglian Nu ey Nu/Nu, genina3ud
7 vausfinsuTlaneg Wien £ uas ff Mndinasuluuianeg siliAnanadeaniuiianmias
1999103 AN T0AANSAMUALLI NI UILTIFLuMA RIS ULY dawalvidn TEF vos
AuLUUINzsilrIganitasuLuulaianzg A1 TEF gean 1Andl Re #19 Fsannwanisdnuily
Al 1 sziiulddaauiimavesniufiaizssuivudsdaandunsied 5.1 uay 5.2
anansnihluseseslumsfnudindl 2 awshnsinudvdnaresgunss, szozfind, augs,
Arvnanisdanauasvsueseiu Lavludiui 3 sely
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a3t 5.1 Awade Nu/Nuo, £/ wae TEF nSa3U RWVG, TWVG, DWVG way OWVG

A5 ASU Dk Nu/Nu, f/f, TEF
1 0.25 6.25 63.74 1.57
2 RWVG 0.42 6.07 56.40 1.59
3 0.58 5.63 48.78 1.55
a4 0.25 5.98 43.85 1.71
5 TWVG 0.42 5.77 37.63 1.73
6 0.58 5.28 31.21 1.69
7 0.25 5.36 34,92 1.65
8 DWVG 0.42 5.04 27.89 1.67
9 0.58 4.54 22.08 1.62
10 0.25 4.92 40.07 1.45
11 OWVG 0.42 4.66 32.47 1.47
12 0.58 4.13 24.81 1.42

A13799 5.2 Anadie Nu/Nu, f/f; wae TEF n3dn3u WVG 7z uaglidinngg

Nyl AU Dr Nu/Nu, N TEF
1 RWVG 0.42 6.07 56.40 1.59
2 TWVG 0.42 5.77 37.63 1.73
3 DWVG 0.42 5.04 27.89 1.67
a4 OWVG 0.42 4.66 32.47 1.47
5 T-RWVG - 6.42 80.99 1.49
6 T-TWVG - 6.15 60.55 1.58
7 T-DWVG - 5.59 53.67 1.54
8 T-OWVG - 5.13 48.25 1.37

54 = [ }74 o/

5.6 ﬂ']iﬁ%’]\‘iﬁ&lﬂ'ﬁﬂ%gNWUﬁﬂQﬂilﬂiﬁﬂiutﬂuﬁi\‘iLL‘U‘U‘Via'lEJGI'JLL‘Ui

Tl LU uLsasi 1S DHAND UALDS (Response; Y) az%uasjﬁuﬁaLLﬂsﬁais
n (Independent %38 Regressor variables) 11 Xy, Xo,..., Xn WUAY ANUFURUSVOIRIUUS
wand anansaesunelnsnuusiasmendamans 75031 “aunisIinsaty’” (@aunsonaes;
Regression equation) WUUI1ARSINTATUILAAARDINUNALYBITBYAYRIRIBEN UNTHY
NAADUNI VTR FUANUFUTUSTILTTAS V0T WU Y = ¢ (<1, Yo, %) UG BealsA

ana Tawarulugazlinsruieiduanuduiusiuyasewesiuys Atudenesdnisuseuia
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AvesilafduiieUsvanam ¢ Tnglunisneaouiayldlusunsy Microsoft Office Excel {u
wasdlolunsmilsidusang

Tunsdnwnsenemanudou lunatives Nu ffuusdassfiaulafnuiunnii 1 &
wUs 1w lausdluad (Re), lansum (Pr), 8ns1diuanuansudenuame (BR), 8ns1du
sygviindasusionuavie (PR), yuleng (o) LazINTTReS AN 9 1Wudu wuudians
ﬁllavl,‘dm%/%a@ugmwu‘uaﬁ Multiple Exponential Regression Model sauansluaanis
seluil

Y = by xPx3 x5y x5 (5.3)

%ﬂmmimmaﬂﬁagﬂugﬂ Multiple Linear Regress in Logarithmic Scale Aig
In(Y)=1Inby +bIn(x, ) + b,In(x,) +bsln(x;)...+b,In(x, ) (5.4)

A i a'
b® b, = ANAIN
b.

1

= ANFNUIZAVTNITONI TN TVONAUNTIVO IS X,

5.8.1 ASULUY RWVG
5.8.1.1 AnudunusIavtadan
ANudNiusveRavTaEa (NU) fulauisdluan (Re) 8051dIUANENATUMBAIINES
via (BR) uardnsdusvegindaiusentugea (Py) mamudiiuslésad
UR 5.1 uanspanuduiusuesiavtiaiaviandusiug (Nu,.) Auauiadanainnis
N804 (NUexp) ATULUURWVG 13185 30°, Bp = 0.4 Pr = 1.5 lnefivauwwnlutiaauisdluan
Re = 7,000-24,000 mﬂmsmaaawudmmmsé’w’ma’nﬁmmﬂamm?iauagﬂmm +5%

Nu =0.194Re"™ Pr* (A, / A, ) "% (5.5)

5.8.1.2 Anudunwusausznauideaniu
v v § o = LY 3 LY ! a 1
AuduiusvesiUsEnauldeaniu (f) Auiausdluan (Re) dnsaiumugnIuse
ANGIYID (BR) wazdnsdiussesiindaiunenugavio (P a1u15amanuduiusle
p

e

Ul 5.15 wansnnuduiusvesiiuszneuidennuanduius (f,.) fuuszney
FUANIUIINAITNAGDY (o TURUURWYG 13123 30° Bg = 0.4 Pr = 1.5 Tnegllvauiun
Tugrsiavisgluan Re = 7,000-24,000 31NN1SNAABINUINEUNITAINAIINAINY
AALAABUDElUT = 7%

f =1.814Re (A /A,) ' (5.6)
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5.8.2 ASULUYU TWVG
5.8.2.1 anudunusiaviagan

ANuduiusveuaTEdas (Nu) futausdluan (Re) 8ns1dIUAINEIATUMBAIINES
via (BR) wardnaduszzfindesudenugeia (Py) manuduiudladd

U 5.16 uanseuduiusvesaviadavianduiug (Nuy.) Auauiiadanainnis
NAa09 (NUeyp) ASULUY TWVG 13725 30° By = 0.4 Pg = 1.5 lagiivauivaludieausd
luam Re = 4,000-25,000 mﬂmimamwudwaumiéﬁ’\‘iﬂa'n:ﬁmmﬂmmm?iauagﬂmm
+5%

Nu =0.191Re* ™ Pr** (A /A, ) """ (5.7)

5.8.2.2 ANMUFNNUSAIUTZNOULTEANI
AudTuSveIiIUTERRUdEaIU () fulautsdluan (Re) 8nsndIuANgInTuse
AUGIYID (BR) wagdnsdiusseziindaiunendingwio (Py) a1ursaniaduduiusle
il

2e

U1 5.15 wansanuduiusvesiausz nauidenmuanduius (f.e) fuduszney
HIANUAINNINAGBY (Fagp) ATULUU TWVG 137125 30° Br= 0.4 Pz = 1.5 lagdlvauwan
Tuaatavisgluas Re = 4,000-25,000 91NAISNARBINUINAUNITAINA1ITAIY
AALARBUOLIUT £ 7%

f =1.169Re " (A, /A, ) "7 (5.8)
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5.8.3 ASULUU DWVG
5.8.3.1 AUFUNUSIAVUATAN
ANuduusveuavTEdas (Nu) fulausdluan (Re) 8ns1dIUAINEIATUMBAIINES
vio (BR) wardnaduszaziindaiudonugeie (Py) manuduiudlasd
Ul 530 wansmnuduiusveaaviadarianduiug (Nuy.) Auaviadanainnis
N8B (NUeyp) ASULUU DWVG 13123 30°, B = 0.4 Pg =1.5 lngdivoutunluyiaauisdluad
Re = 7,000-24,000 mﬂmswmaaqwudmmms@fﬂﬂa'nﬁmﬂmamﬂﬁ@uagﬂwﬁm +5%

Nu=0.18Re*? Pr"*(A /A ) "% (5.9)

5.8.3.2 AuduWusAUsznaudsaniu
v o § g =] [ [ LY ! a 1
AuduiusvesRUsEnauldgnniu (f) Auiausdluan (Re) dnsdiunnugnIuse
ANGIYID (BR) 4aganIndiuszesiindasunaninugevie (P aunsamianuduiusle
&
i

e

U 5.31 uansanuduiiusvesiusznauideaiuanduiug (f..) fudsznou
HEANIUIINNITNAFDY (forp) ATULUY DWVG 11%5 30°% Br = 0.4 P = 1.5 lagdlvaulun
Tugrstavisgluan Re = 7,000-24,000 200N 15NAABINUIIEUNITAINAIINAINY
AMALAABUDEUTIS + 7%

~0.091 —0.2651
f =0.996Re"® (A, / A,) (5.10)
450
r /
L /
L O DWVG 7/
400 - +5% 4
L s/
F s/
L //
350 - g
[ %
[ / 0
300 (- /%/ ¥
[ /%
=3 L
Z 250 v
B L
S r
B 200 o,
[an [
150 | /
100 4
[ Y%
50 | Y
O’HuxuumumuHmumuumumHuxuu

o
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Experimental Nu

JUN 5.18 AUANTUEUBY NUge f1U Nuey, NIEATU DWVG
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2.6
24 - O DWVG /
L +7% 7
22 /
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18 / -7%
16 s

14 + Y

Predicted f
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Experimental f

5UN 5.19 ANUFIINUGVD fore TV forp NIHATU DWVG

5.8.4 ATULUY OWVG
5.8.4.1 AuduwuSIavTEdan
AuAITUSYNaTETAN (Nu) Aulauisdluan (Re) Sns1dIuALguAsUioAILEs
via (BR) wagdnaduszesindasunenugaia (Py) manudaniudlasd
Ul 5.30 uansanuduiusuesaiaavianduius (Nu,.) Auauliadanainnis
9883 (NUeyp) ASULUY OWVG 12783 30% Bg = 0.4 Pg =1.5 lpgdivausunluyiavisdluas
Re = 4,000-25,000 mﬂmﬁmaaawud’]ammsé’w’ménﬁmmﬂmmﬂ?iauagﬂuﬁzm +5%

Nu=0.182Re"""* Pr* (A, / A,)*"* (5.9)

5.8.4.2 AUEUNUSAIUITZNBULHEANIU
AudNiusveaUsEnaudean1u () Aulausdluan (Re) nsndIumNgIRTUse
ANEIYID (BR) wagdnsdiusseziindaiunendnugavio (P a1u1samiadnuduiusle
i

e

Ul 5.31 uansnnuduiudveainussneuldeamuanduius (f,e) fusUszney
HEANIUIINNITNARBY (forp) ATULUY OWVG 13123 30°, Br = 0.4 Pg = 1.5 lagllvaulun
Tugraavsgluana Re = 7,000-24,000 91AN1SNARDINUINAUNITAINANIAAIIY
AaALAABUDEI LT + 7%

f =1.231Re™ ™ (A /A, )7 (5.10)
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unil 6
nstivNN1sanemANsauluvia JURMANNRUNIA8ATS
ANASATUADT SAUNUIDINTUIUNIIEURLY

6.1 unin

Tuunil nanfmanismaaesdi 1 mafiunisdemanuieulasfnaiudifius
fuuL (absorber plate) insUuLABY s o = 20°, 30°, 45° AndIuAIINGIVEY
ATURBANEWIR Br = 0.111, 0.167 uaz 0.222 wazdndiuszeriindraninugavedvie Py =
0.5, 1.0, 1.5 wax 2.0 dauﬁmﬁfqé’mmqL‘fJui'am?iwﬁwéfmgUmammm?{mLﬁmﬁmm 0 = 60°
[loAnu1dninavesdndiunnugestniudenugvie dadiuszeziindroninugvedve
uazsiaUznzvasniy Fuandusuil 1 TnsutamsAnyilududeendu

1. waudeuvisntaseu LilelSouiisunanisnaassnisaemaaiou Lazns
anpduenusuildiuanduiusideriold

2. A3uAINllyuUsNg o = 45° dndIunINgeueInIUADAINg YD By =
0.111, 0.167 Uaz 0.222 uazdndiuszezindseaIugvesia P = 0.5, 1.0,
1.5 wag 2.0 dhwintvuaaiusendumidinammasudenigm 0 = 60°
ilefnwBvswavesdadumNgvesATURRANLgiD WAy dndiuszeyiing
LRGN

3. ATURATITyNYENE o = 30°
APEIUANUEIYRIATUADAINEMIE By = 0.111, 0.167 Uy 0.222 Uavdndu
syorindronugaweavio Py = 0.5, 1.0, 1.5 uax 2.0 uazsosnaudeming
0 = 60° YN13ANYIBNTHATLIFRAIUAINEIVBIATURBANINEVIE (Br) WA
dndnszeviindreninugeuaie

4. AsURITIEYNUINE o = 20°
dneuanueanIUnseAINdEvia By = 0.111,0.167, Wag 0.222 uazdndiu
ST NRTATUARAUAE Py = 0.5, 1.0, 1.5 Wag 2.0 LLazﬁaﬂﬂﬁuLﬁaaﬁmm
0 = 60° YN3ANYIINTNATDITRAIUAINNEIVBIATUSBAINEVIE (Br) Wag
drdusseviindronugeamie
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JUN 6.1 ATUAALY (n) 45° (1) 30° (A) 20° NLAUUY kA (1) TBUDLIN60TILAUES

Mnsineinsaemanuseulunatvesavia@an (Nu) wagnisaayideainueiu
lunavesiausenaudeaniu () MndulSeuiigunisaiemauieutasnsagideniny
suiuvontaieu wazAaussauznIsiiunIsaemauiou (TEF) Fadudoyaniduiud

MastuLRelnu senalull



73

6.2 Nﬂﬂ']iVI']uﬁ'ﬂUVi@NﬁﬂgﬂU
mimaaqﬁﬁﬂwwmasumﬂ’]ifmmmm%fauuazmiqmLﬁammﬁumamamﬁu‘%aﬂu

warvesavadas (Nu) warfusznoudeaviu () sudisu wWisuiisunanisnaaasdile

AUANAUNUSVDY Dittus-Boelter 115U Nu 6 AUI@NFUNUSVD S Blasius 115U f

Lenanse198a [50-54] Tugrenisinadulou

andunusues Dittus-Boelter,

Nu = 0.023Re" pr®4 AmsunsliaNusay 6.1)
ANAUNUSVDY Blasius,
f =0.316Re™*® (6.2)

6.2.1 laviaLgan

Tusuil 6.2 uansanuduiusuns Nu fu Re nsdlviontfaiou aannisnaasanyin
Tugasnsinauuuiutudlon Re Wuty szsiilda Nu fisTuguieatu dewssudiou
A1 Nu 3INA151AaINUAT Nu MNERFuNUSYed Dittus-Boelter nuan Tugisnisluauuu
Juthud Nu a1nraniIsnaass fiaidesninda Nu 9 nduduiusves Dittus-Boelter Ing
A1 Nu 91nn15naaesfirnaaInedeudamiiiu 8.43% Wewlsusuanduiusues Dittus-
Boelter 7ldwan Nu dnsunaslnawuudutiuiivsudanduiilusenannduiay

6.2.2 AauUsznaulduanIU

5UTl 6.3 Wanennudaniusues £ AU Re nsdlviewaFou inmsmaaesnuin Tutdas
nslrauuututiu i f anasdndouidle Re mudy dowdeuieuan £ annsvaaosuay
A1 f ananduiugves Blasius nudn lugaenisivasuuiiudauea fainnismaaesdean
11nnI1A7 f 9Tnanduiusaes Blasius Inedn £ aannsnaaesdiriaainndeuniswiafu
3.1% \ilofieuiuanduiusues Blasius Tidwen £ dnsumsinasuududuiivsudusad
Tuvionauilsuu
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8.43% @y f aniUSpuiiutuanduiiusues Blasius delimuaainedsuadawiniu 6.11%
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a a Y

6.3 BnEwavasn1sAnAIURINTyIUNE o = 45° uazTasnAuLBYq
iy 0 = 60°

TuedmirnuaihnsAnuaAdednilvedeuldnsudaiiafuiugadusmuuuui
aheuthiuriemsvyumensluedesianidsuanuieu olfinaussauznisaewm
arwdouvensdoanidsunuioy  Fafunuidedidinguszasdifiovhmsfinwns
naaoafefunafiumsnemenuieunisluviedvdsufuinfifinsfindeiusiiindda
Audouiiuinduuy wazdesnAuIUNTIaImMAsgs 3uN.gIuaIumMABNne 3004,
Beavinyu 6 = 60° lalfianssaurveadosuaniUasunmiou

6.3.1 N3AENANTAY

Nan1sMAABILARINaNIsIemANLTeuluviedmmasuiiuk Tuangiuuundnd
Aueudiiinadl Aadeniudiiyun o = 45° wagiesndudesin 0=60° dadiuniny
g9ATURDANNAYIE, By = 0.111, 0.167, kag 0.222 dndiussezfindaiuseninugevie, Py =
0.5, 1.0, 1.5 uag 2.0 aua1dyu wanstunadvessavdaidad, Nu wazdnsidiuaviaida,
Nu/Nup Tnedn Nu filgannnisvageu LLﬁmqiugﬂﬁ 6.4 (n) n1sldAsuMBvyulene o = 45°
fntfaviefunuLazsesnauBssium 0 = 60° Yrvadisnututuuagdiifiunisaiem
audouligannduninvantaieu Tng Nu diudiusy Re wagausad a = 45° BR =
0.222 ﬁnﬂ Pr T¥ifin Nu g3an 509890771 By = 0.167, wag 0.111 muadu AusT o = 45°,
Br = 0.222 uaw Py = 0.5 WA Nu asangeninviefsouaglugie 289-315% sesasuniu
ASUFYT o = 45°, By = 0.111, Pg = 0.5 1A Nu gendvioraiseveglugag 282-311% wag
71 By = 0.167, Py = 0.5 Tt Nu gendnvieitaiSeuoglutas 249-335% vnurin3udaidi By
0.222, P = 1 TofA1 Nu genivisiaSeveglugag 251-302% ardudannduadud s
0.222, Py = 1.5, Bx = 0.167, P5 1.0, B = 0.111, Pr = 1.0 Wag Bx = 0.167, P = 1.5 19iAn
Nu gandnvieRseuaglugae 221-262%, 220-259%, 198-245% way 195-205% d@iumTu
i Br = 0.222 Pg =20, Bz =0.111, Pg = 1.5, By = 0.167, Pr 2.0, ez Bg = 0.111 Py = 2.0
Tensifia Nu deiisuiuvienssiSouagludas 197-203%, 170-205%, 175-177%, uaz
153-177% suaInu
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6.5.3 aussaUEMsINNIENIIMAINTEY

U 6.20 (n) wansArmduiusves TEF AU Re TnsiUSouiisudeya Nu/Nuo uay
£/, Adaduiiariu wudn e TEF usaznsdlinuliangeand Re Auazanasmiunisii
284 Re NSAARILHLUNAAATUB R Py = 0.5 1fdn TEF g9n91 Pg = 1.0, Pr = 1.5 Uaig Py
= 29nA1 Re Taedl By = 0.111 Tsiein TEF gaan mude By = 0.167, waz By = 0.222 Tl
Pr = 0.5 191A1 TEF geanindiu 1.63, 1.48 uag 1.37 @3 Bg = 0.222, 0.167, Uag By =
0.111 AUEIRU 509890771 Py = 1.0 T TEF winfu 1.44, 1.36, uaz 1.31 Ausiensusi
7l P = 1.5 TAN TEF winfu 1.41, 1.30, uay 1.28 wadi Py = 2.0 Tk TEF wirdu 1.40,
1.28, uay 1.23 adfu A1 TEF geanegd Re Aingavestiamaaey Fafudadinléd
nsldusuunsina3uBesdanalsien TEF wag Nu/Nu, igsniuaznisthusiuunsinaiuides
idszgndlimsideniian Re Aan

5UT 6.20 (v) uansaaudiiugues TEF fu By nedifndausuusfinasuidesu 20°
WU A1 TEF SinnsuUsiuasuniu Py, By War Re fildeu Wiefiansandi Re = 7,112 3audu
mnui§weslnanaasuaaniadrhanlursnmaasy e TEF gegaluudaznsdivagey
e Py = 05 o1 TEF 9137 P = 1.0, Pa = 1.5 wae Py = 2.0 39 By = 0.2 Tofein TEF
3980 9PNE By = 0.1 uAY By = 0.3 awddy, Ingdn TEF geanagil Py = 1, By = 0.2
Lae Re = 7,112

ﬂfmnmaaﬂuéauﬁﬁaﬁﬂmmidmmmm%auuazmiqiyLﬁammﬁ'uiuﬁa
AvAuRUEN IngldnisinnIulenyiyy 20° Bg = 0.111, 0.167, wag 0.222, Pg = 0.5, 1.0,
1.5 wag 2 wansluwatives Nu uag f lagdr Nu Aldainnisvaaeulurianisinatuliusme
uuvsRnATULBE s 20° wudh nsldesud Bs = 0,222 a1 Nu gean wagliien £ ifiaiy
Aoudsgatuiy wazilethdoyanisinasudidum 45° uas 30° sieuiiisuiunisinadu
fun 20° wud1 mslduNuuIsRaaRuf T 20° fa1 Nu anadleifiguiugy 45° uag 30°
uidsd Ay Ao f anasdoudeunIsdanalsian TEF vosnisinadusiiyy 20° Tngenin
nsAnATURIIAN 45° Bel 2% wagilAngenitnisAnATuR TN 30° 0gdl 0.96% dmundy
F93yu 20°7 By = 0.222, Py =0.5, Re = 7,112 1A TEF g4fia 2.02 Fsaunsariun
Uszgndld ellsiAinisdiomainfounazanssousigandn Lazau1snanvuInyes
gunsaluanilasuaufou Tnean dndudn TEF gﬂqméﬁw§unﬂﬂiﬁMQaauﬁwuﬁ Re A"
Agn



34 a=20° V Ribs Upper Plate
32 F
30 £ PR=0.5 PR=1.0 PR=1.5 PR=2.0
C O Bg=0.111 o Bgr=0.111 ¢ Bg=0.111 © Bgr=0.111
28 E o BRe0067 m BR0167 ¢ B=0167 © Bp=0.167
26 F ¢ Bp=0222 m BR=022 & BR=022 & BR=0.222
24 F
22 F
= C
w20 F
=hs : 8 ®
1.8 0 @
16 | 5 8 %¢ o
. - v g ag @ @ R
1.4 F 9@ Eg ® o
12 F % Eg g
1.0 F
8 ;- 0=60° IWG Lower Plate (fixed)
.6?\\\I\\\\I\\\\I\\\\I\\\\I\\\\
0 5000 10000 15000 20000 ~ 25000 30000
Re
(n)
28 £
3 a=20° V Ribs Upper Plate
E —&— Re=7112 —4— Re=T7112 = — 0— Re=7112
24 F —e— Re=1456]1 —®— Re=14561 — -0-—  Re=14,561
E —8— Re=22,420 —#8— Re=22,420 — -2 — Re=22,420
22 E
3 PR=2.0
2.0 F O Re=7112
= -0 Re=14,561
1.8 £ O Re=22,420
= E
= =
E16E
14 £
12 £
10 £
8 E‘ 0=60° IWG Lower Plate (fixed)
6§||||I||||I||||I||||I||||I||||
0.00 .05 .10 15 .20 25 30
Br
()

sUfl 6.18 eudusiusues (n) TEF fu Re wag (¥) TEF fuU BR nsdlaSusdiiyy a = 20°
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15199 6.1 AadE Nu/Nuo, [/ waw TEF nSEATURT 45° (Wiuuw) way 60° IWG (wHuans)

n3aif BR PR Nu/Nu, /1, TEF
1 0.111 0.5 4.12 17.51 1.59
2 0.111 1.0 3.30 14.14 1.38
3 0.111 1.5 2.96 11.08 1.33
a4 0.111 2.0 2.74 9.57 1.31
5 0.167 0.5 3.94 21.25 1.44
6 0.167 1.0 3.49 19.28 1.31
7 0.167 1.5 3.15 16.18 1.26
8 0.167 2.0 2.92 14.00 1.22
9 0.222 0.5 417 24.51 1.45
10 0.222 1.0 3.86 2591 1.32
11 0.222 1.5 3.52 20.94 1.28
12 0.222 2.0 3.16 18.74 1.20

an3197l 6.2 Aade Nu/Nug, ff, wae TEF NIAUATUATINA 30°(UHTUL)UAE 60CIWG(WHUED4)

nyel BR PR Nu/Nu, X TEF
1 0.111 0.5 3.85 13.76 1.62
2 0.111 1.0 3.28 11.66 1.46
3 0.111 15 2.97 10.45 137
i 0.111 2.0 2.72 9,34 131
5 0.167 05 4.09 18.21 157
6 0.167 1.0 374 16.68 1.47
7 0.167 1.5 3.25 14.79 1.34
8 0.167 2.0 3.03 12.23 132
9 0.222 0.5 4.36 23.20 154
10 0.222 1.0 3.90 21.17 1.42
11 0.222 15 3.58 18.82 136
12 0.222 2.0 3.24 16.40 1.29
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A51991 6.3 Aade Nu/Nuo, f/f, way TEF NIAATUAYIYY 20°(HUUL)UAE 60° IWG(HHLA)

n3aif BR PR Nu/Nu, /1, TEF
1 0.111 0.5 2.77 9.53 1.37
2 0.111 1.0 2.49 8.51 1.31
3 0.111 1.5 2.54 8.09 1.28
a4 0.111 2.0 2.27 9.34 1.23
5 0.167 0.5 3.46 18.21 1.49
6 0.167 1.0 3.00 16.68 1.36
7 0.167 1.5 2.81 14.79 1.30
8 0.167 2.0 2.68 12.23 1.28
9 0.222 0.5 4.61 23.20 1.63
10 0.222 1.0 3.97 21.17 1.44
11 0.222 1.5 3.73 18.82 1.41
12 0.222 2.0 3.50 16.40 1.40
6.6 a3

nan1snaaesludiud 2 mafiunisarewmerudewlasldnisinasusid ednw
aMTnavewuUEnE, AINEY WazsEaEingASY NUIT MSIUTBUMBUNANSNILAD DN
SouldnalndiAsiuanduiusiidedold waundlofndauruunafineiuiBanszngdn « e
Anwnavisnavesyulsny, ANual wazszezfindaIu NuI MsRnmanIuBsdlFan Nu wayls
A1 TEF gendanisldlutouazainun Tnon1shndausuu R3S s sdawadonisaemay

2

Souuay miammﬂmwmumLﬂmiﬂ,umumaau Ingyuusnzuas mmaqmmwmﬂﬂmmﬂw
ANNITANEATIINSDULAY ﬂ”ﬁﬁiuLﬂEJﬂ’J']ZJG]uLWEJu”IﬂSUULJJE]LVI&‘Uﬂ‘UWE]NUQL'ﬁEJUI@EJLQW’]‘“W
53y v‘wmalwﬂwmimammmwuua msamLaamwmut,wmuﬂawmm wwalduuee Nu
JziivTunas f%amaaLaﬂuaﬂmuﬂmwmuﬁuaq Re A3UYuUENE 20° Iwm TEF amfmmu
3 30° ay 45° Luaqmﬂumaqwaammmumaammu 45°, 30° uazA1 Nu qqmﬂma
Feuiuam 30° feunadenlisiiisiaaiudesfimnsaufensdenlifiyusng 20°
PR = 1, BR = 0.2 uawfiAn Re sdsazlian TEF gegalunsdlnaaeu FrelanruInvoLases
wanwasuanuseuldegaiszaniaim Ssannnanisdnuludiui 2 asduldtaauione
voensinceaTuiaITILAUTesRdwBewhu 60° wasiilofinnsanfiensed 6.1, 6.2 way
6.3 WUIIATUAIIYY OL = 20°, Bz=0.222 uay Pr=0.5 Tums1991 6.3 TAINISE8IMAIY
Sounazaussauziisanudeundogeaaidu 1.63 udfliadusznoudeaniuiigagaidy
23.20 ARELYUNY LLazL*ﬁ'aﬁwlﬂLU%SULﬁ&JUﬁ’Uﬂ?Uﬁﬁum Ol = 30° Bg=0.111 wag Pg=0.5 Tu
#13197 6.2 wuhedugailvaussousidannufougesesasuniianu 1.62 uslviaadh
Useneudeanudy 13.76 widudsiotnduaiuilmunzandiozinluusenesnisanenly
drud 3 seld Medulunisfinudaudl 3 aginnsAnundvinavessunss, svozding, fie
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NN1TIAAELUUENEVDITRIAAUTINAUATUAYTT Ol = 30°, Br=0.111 Uag Pz=0.5 Lile
Unan1s@nwinlaluussendldlunisesnuuunazdnasisgunsaluaniuiguainuseui
wizaumalUluaunan

= (4 Y o/

6.7 NFASNAUNITARAUNUS AW INTATULAUATILUUNAIBAILUS

Tneiialy Faudsmuusiaziavionanauaues (Response; Y ) axliuagiufudsdasy
n (Independent %38 Regressor variables) 11 Xy, Xo,..., Xn WUAY ANUFURUSVOIRIUUS
maﬁ‘f‘j A13115005 U8 AU UTIADINIANAAERNS ﬁﬁaﬂdw “@UNNIILNTATU” (BUNTON0Y;
Regression equation) WUUTa0s3INTatUIzADAARDITUNGUYBITDYAYDIFIBENT UINTHE
NAAOUNI VTR T AN UFUTUSTT93 00T MUT WU Y = ¢ (<1, Xor... %) WAL Bealsf
anu Tnedlngjazlinsuitsidunneduiusiuiasaesuls duafufosdinisussuna
Awaslerduitossnadi o Inglunsnaaeuiaslilusunsa Microsoft Office Excel \u
wwsestiolunsmiladdusand

Tunsfinwinisaewmaruden Tunadves Nu fulsdaseiaulafnwunnndy 1 6
wUs 1 aukseluas (Re), 1auns1um (Pr), 8nsndiundugensudanIgwia (BR), 8nsnau
szazfindasustenanugavie (PR), sidzny (o) wavwisilwesiidnudu 4 iudu uuudiaes
mlUilFazeglusuuuuves Multiple Exponential Regression Model fanansluaunis
saldif

Y =b, x})lxgzx§3...xb" (6.3)

n

%ﬂamﬁml,ﬂaﬂﬁ@giugﬂ Multiple Linear Regress in Logarithmic Scale A
In(Y) = In by + byIn(x; ) +byln(x, ) + byIn(x; )...+ b,In(x,) (6.4)

d‘ U dl
W9 b, = AIPIN
b.

1

= AANUTEANENIONINNMD T VDA UNTIVDIFMUT X,

6.7.1 NM13ARATURTYY 45° SrfuasnAunsIAuvABNIN B BiLY 60°
6.7.1.1 ANuFuNUSIavaLTanN

AuduTusveuavrTEda (Nu) fulausdluan (Re) 8n1dIUANEAIATUABAIINES
o (Br) wnzdnduszasRndaiuromiugavio (PR) menudiniusldded

Ul 6.19 wansmnuduiusveaaviadarianduius (Nuy.) Auaviadanainnis
NAaDY (NUexy) NIUAAATUFN 45°, Br = 0.111, 0.167 wag 0.222, Pz = 0.5, 1.0, 1.5 uay
20 legdvoulwalugiaausdluag Re = 7,000-25,000 31AN1INARBINUINANNTT
Fsndnfianunanaedeusglutie +10%
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Nu = 0.264Re"”*Pr**B,*"P, > (6.5)

6.7.1.2 AnudunusAtUsEnaudsanIY
AudNiusveaUsEnaudean1u () Aulausdluan (Re) nsdIuANgIRTUsD
AUEIYIe (BR) wardnsndiuszuzindaiunendugeie (PR) aruisamanuduiusle
ail
U 6.20 wansnnudusiudvessnUszneuideamuandusiug (f,.) fudusznou
EEANIUIINNITNARDY (furp) NTUREUUIIAAATULDEY 45°, BR = 0.1, 0.15, 0.2, 0.25 uas
0.3, PR = 1, 2 way 3 Wwedvausunlutgi9avssluan Re = 7,000-25,000 31NN1SNARD4
wuhansFananiiaunaaedeusgluta £ 10 %

f =& 0‘779Reo.117BR04814PR—0431 (66)
300
Q
r (o]
250 +10 ©0 a
L O& OO
o}
Od:x)o
200 9
g 10
- O
= 8
"8 A
§ 150 - oo
5 L
£
100 -
50 -
(] M TR Y. N = o P S Y Ll [ R T BT
0 50 100 150 200 250 300

Experimental Nu

3UN 6.19 AMUFNTUTVDI NUpre U NUexo NTHANATUAIYN 0 = 45°
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09

+10
08 f
07 F @@9‘90

06

0.5 F

Predicted f

04

0.0 i 1 1 1 L 1 L 1 L 1 L 1 1 1 1 1 L 1 .
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Experimental /
5UN 6.20 AIUENTUTVD Fore 11U forp NIMAAATUAIINY 00 = 45°

6.7.2 M3AnATUAITYY 30° FaufusasndunssamABNB Y 60°
6.7.2.1 ANuANWUSIavIALTaN
U7 6.21 Wanspudistusveaaviadaianausius (Nuye fulavdadasiannnis
19999 (NUexs) NIUANATUAIRLY 30% BR = 0.111, 0.167 Uag 0.222, PR = 0.5, 1.0, 1.5 uae
2.0 lneflvauluatuaidavisaluan Re = 7,000-25,000 31AAISNARINUINENNITAINGTD |
AuAAALAdeuBglUTIE 10 %

Nu ford O‘887ReOA605PrOA4BR0A236PR—0.225 (67)

6.7.2.2 AnudunusaUsznaudeanu
U 6.22 uansanuduiusveainyseneuidennuanduius (o) fuiusznou
EoANIUIINN1TNAADY (o) mzﬁﬁm&y’m%uﬁﬁﬁmm 30° BR = 0.111, 0.167 wag 0.222,
PR = 0.5, 1.0, 1.5 uaz 2.0 lagdveutanlugisavisdluas Re = 4,000-25,000 910015
vaaeNUINANNSAINGET? nueannnasustlutae +10 %

f — 0‘776R60.1O4BR0.818PR—0.262 (68)
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250 | +10 &
200 |- Qf

150 |-

Predicted Nu

100 -

50 F

0 T [ | W e Y o o Sy oy B ey (e ) O W
] 50 100 150 200 250 300

Experimental Nu

JUN 6.21 AUENTUEVDY NUgre (U NUexy NIAAATUSIILY 0 = 30°

09

I +10
08 -

07 F df;f
06 df “al

0.5 -

Predicted f

04

03

02

0.1

0.0 L 1 I 1 I 1 L 1 L | I 1 I 1 L 1 L 1 1
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Experimental /

JUN 6.22 ANUFNTUTVDN Fore MU forp NIURAASUFIILY 00 = 30°
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6.7.3 N15aonlduNUUIIRAATULDYY 20°
6.7.3.1 ANUFUNUSIaVUELTaN
U7l 6.23 wansanudutusvaaaviiaidaandusius (Nuy.) fulaviadasiannnis
N0989 (NUeyp) NIUAAATUAIYY 20°% BR = 0.111, 0.167 Uag 0.222, PR = 0.5, 1.0, 1.5 ua
2.0 lnedivaunlugraavisdluan Re = 7,000-25,000 91NA1SNAADINUINFUNITAINATIH
AnuAaaLAdoueglutIs +10 %

Nu =1.98Re"*"Pr**B, ***p, ' (6.9)

6.7.3.2 ANuFUNUSAUTTNAUIEIAN Y
U 6.24 uansaudiusvesiUsEnaudenvuanduTus (o) Auduszney
HEANIUIINNITNARBY (forp) NIAAAATUAIIYY 20°, BR = 0.111, 0.167 wag 0.222, PR =
0.5, 1.0, 1.5 uay 2.0 lnvdvoutunlutiniavisgluan Re = 7,000-25,000 910N151A8DY
WUIAUNITAING ﬁmmﬂmml,ﬂ?ﬂlauagﬂmm +10 %

f — 1.674RCO.O7ZBR1A191PR—0.197 (6‘10)

300

250 +10
I &

[ () 10
ISO_— dﬁS;p

Predicted Nu

100 =

50

U TR B | TR | PR S 1 PR B T L
] 50 100 150 200 250 300

Experimental Nu

JUN 6.23 ANUFUTUTVBI NUpe U NUeyp NIUARATUFIINN 0 = 20°



07

06 -

05 -

Predicted f

0.4 -

02|

0.1 -

+10

0.0
0.0

JUN 6.24 ANUEURUTVRS fe (U forp NIAIRAAATUATINY o = 20°

0.1

0.2

0.3

0.4 0.5 0.6

Experimental f°

0.7

0.8

0.9

1.0
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N1SLNNNSaN8IWANNTaUlRgUSULUABUFULUUSa IR

7.1 unin

Tuunil nandwmanisnaaesdiud 3 nmsfivnisaiemanuieulnefinasuda?
(V-ribs) 3341 30°, By = 0.111 Pg = 0.5 Imunszuamslvaiindsinuuy (madonldeiugatin
NNANITNARBIUAITIT 6.1, 6.2 WAL 6.3 Lﬁaﬁwmm‘%auLﬁﬂuﬁuué”;wuﬁm’%‘umﬁﬁafﬂfﬁ
fudunsIdeludd 3 Slde NuNu, gelusziudunans wadlofiarsaded f7/f wuind
Arlaigaunnyilsléan TEF sedugeiamunganiithuldihnsifeluduiidesangyde
n&anunistution) dunisiuansdaiidesndugs 3 uu Aguuuusieganeluvievuny
Awdeuiudn ﬁﬂmﬁw%wmmﬁamﬁugﬂLLUU@'N 9 UULNLHN 9, wATAIUNTINTVDIFIY
JepAY annsauvaidesemdusidl

1. éaaﬂﬁlumalﬁmﬁmu 30°, 45° ay 60° AuNANIINIsluawazdsunly
nHsveeguaINIvABNYEITRAL oAnwBnSravewuUzvy LarAN
MavesgIusenay

4 i'aqﬂ?{uﬁ"a"iagu 30°, 45° wag 60° Faudianienisiva iednudvsnaves
gny SviBnaueIANIN B IgIUTIRNAY LaETAMNINITIANNg

3. spendudatum 30° 45° uar 60° Fnaufianenislua iedAnudvsnaves
gy BnSwavesAmnTYegLTeIAAY LaTirIn1Tinng

Mmslaszvinsiemanuieulunatvesaviadas (Nu) wagmsgyideninudu
Tunavivasiausznaudeamu () ntufiuisufisunstemeanu$ounazmsgydonin
fufuviontiaioy warAraussournsiunsemanudou (TEF) dududoyaiduomd
dstuiieaiu fisluil



UPPER PLATE

300
A

INLET 4
ATRFLOW

0.03 -
0.0 0.80 o10 | 8
0.80 @
LOWER PLATE
7
&
i ITLET
INLET4 AIRFLIOWS
AIRFLOW -
J 0.03
0.10 0.60 910 %’I
o
0.80

JUN 7.1 Seamdunadesingm 30°, 45° kay 60° AufianenIsivauruaia)

UFPPER PLATE

age

INLET 4
AIRFLOW

UTLET
RFLOW<,
&)

=1

&
8

INLET 4
AIRFLOW

0.03 -
0.10 0.60 010 | B
0.80 <
LOWER FLATE
QUTLET
AIRFLOW =,
G
(]
_._J 0.03 -
010 p10| B
0.80 h

JUN 7.2 s03aRduiviu 30°, 45° wag 60°

[

YANUNTLHANITND (WEUATD)
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UPPER FLATE

@f
) JUTLET
AIRFLOW,
INLET 2
AIRFLOW =) o
—T
4J 0.03 "
0.16 0.60 oan | B
0.80 =
LOWER FLATE
/|
.
o
i QUTLET
|NLET ATRFLOW,
<«
AIRFLOW -
T
_ |0
0ig 010 2
0.80 <

v a o

SUN 7.3 Seamdumaivingy 30°% 45° wag 60° amaunseuanisivia (i)

7.2 Sw%wamﬂ%’%amﬁmwLﬁaw'hsglmoﬂ 45°, 60° KATANNIINFIUTDS
ﬂ?}lu

7.2.1 N3ANAINTOUY

NansNAABILARINANTsaneaLSeuluievuAmAsuiuh ATldeulvuuundng
anueuiianedl wiuuudadunnlildusuammime sAnseatusisunsidmasiiui
uuUzny 30° Fmunszuanislva dadauadugeniurendmgee, Be 0.111 n31du
svorfindaiudeniiugevie, Pr = 0.5 amuddu Sadundsviewsua1siifisesnaunadeai
1 30°, 45° 60° S1ARENIIAILAINGIVITInAUNDAINGIVB WS (Blockage Ratio, Br)
Gu 0.111 siomsnaaeulagduilasusnsdiusyerfinduossesndusonnugavievuiy
Awdsuiiudn, Pr=0.37, 0.74 uay 1.0 é’QLLamﬂugUﬁ 7.1 nan1sangmauieuLansagly
wavvesaviadan, Nu kazdnsndruiaviladas, Nu/Nu, 1near Nu fildainnisnagaeu
Tugnenisinadulau LLaﬂﬂugUﬁ 7.4 mﬂi’fﬁam%umatﬁmﬁmu 30°, 45° way 60° e
aseuiiutiuesdofiunistemanuieuliganniuuas v ldufivdeusude
WisuisuurleninFou Tas Nu thiuduny Re esnduanaBesy 30° 7 Pe=1.0 T
Nu g9gamINFIE Pe=0.74 waz Px=0.37 lav#l A1n1sifia Nu Weiisuiuvientiauieveg
Tuts 210-392%, 169-315% uaz 163-304% mudu drusesaduiliidn Nu sesasndie
sesnAuMABEwL 60° AN Nu gendwieiiSoueglutag 184-299%, 170-294% uaz 168-
292 % i Pr=1.0, Pa=0.74 Wa% Pr=0.37 A u&su LLazs'mﬂﬁlmmﬁmgu 45° 19p1 Nu g9
niwieiSyuluYae 161-235%, 162-235%, Way 156-221% AuaMU d1915U Pr=1.0,
Pr=0.74 Uag Pr=0.37.01UaAY
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HANITNAAD IV D VUNUALIAHLRUR ijudwﬁﬁi'aaﬂﬁu’mlﬁmﬁmm 30°, 45° uay
60° 91 Pr=0.37, 0.74 uay 1 LLamﬂugﬂﬁ 7.5 WU iaaﬂﬁlmmﬁmﬁmu 30° i Pr=1.0 TvAn
Nu/Nuo 1edegafianfio 3.82 i seanndusesaduBesingu 60° Pe=1.0 a1 Nu/Nu
oy 3.36 Wi uagsesrAuNABEWINL 30° 71 PR=0.74 ToiAn Nu/Nu, 1deilu 3.28 i
mmﬁaaéamﬁluﬁmﬁmu 60°, Pr= 0.74, 0.37 LLasi'aqv-nﬁluLﬁmﬁmu 30° i Pr=0.37 1t
Nu/Nuo tdeidu 3.22, 3.21 wag 3.20 Wi mud iy wazdesnduBosing 45° 7l Pa=0.74,
1 wag 0.37 Tia Nu/Nug G‘hqmﬂizmm 3.03, 3.00 kag 2.91 AUaIRU

320
300 3 0 =30° 45° 60° IWG Lower Plate
280 - PR =037 PR=0.74 PR=1.0
260 O 0=30° 0 9=30° o 0=30°
240E © 0=45° v 0=45° o 0=45°
20 B @ 0=60° T 0=60° ¢ 6=60°
200 E % °
180 E S -
= o
=R & €
= 160 3 % §
140 £ b ] g
E o & )}
120 3 LR )
100 £ e &
80 £ ¢
60 E
40 £
20 E a=30°V Ribs, B;=0.111, P,=0.5, Upper Plate (fixed)
ngwwwlwww\I\\\\I\\\\l\\\\l\\\\l
0 5000 10000 15000 20000 25000 30000

Re
JUN 7.4 anuduiusved Nu iU Re nsfiniiasosatiuinadeawigu30 45° uay 60°
futienienisiva
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7.0 ¢
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7.2.2 ausEnauideaniy

AwATUSYRY f Ay Re uandlusui 7.6 vevurudimdsuiudiwiuaraduses
AU B 30° 45° way 60° Aufirsmslua wud e Re iintuazyinlvien £
funlthifistudntios Tnoseraudid Pe=1.0 e f mnﬁqm AUFeAIUTTl PR=0.74,
P=0.37 wawviontfauuds f dananasudiiy waznlssesnduiiil Py = 1 11 f gefign
geniwiontaiouwintu 912-1396%, dfasesasnfenissosndunaBening 4s°, Py =
1, nifssesndunadeaium 60° Py = 0.37 wagntiisosndunadesingy 30° Py = 1 I f
Lﬁmsﬁuqaﬂ’jmﬁmaﬁaﬂuﬁm 746-1138%, 660-1094%, way 735-1091% MNUAGU hay
musendiseInaunNBoninm 45, P=074, 037 witfesndunadewium 60°
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7.3 8N3wavaIn1stUsasnauf13iayu30°, 45° 60° Fn1uNsEUaNISINA

LLazﬂ’Jmn"Jﬁ\‘ig'}uiaﬂﬂgu

7.3.1 NM3AANIaUY

Nan1TVAaBILansHansamAsTouluviovuuAmAsyiud ATGeuluwuundnd
AFeuditnasd uiuuudaduyedildliuiudmsdimesfnseniudisunssamaeuiui
uuteng 30° Fnunszuanislua dndrunnnugeniunen1nugevie, Be= 0.111 Snsndiu
syezfindaiuden1ugevio (Pitch Ratio) , Py = 0.5 muddiu Sanundavieusiuanaiifisos
ﬂ?iugil(?fﬁ (V-shaped wavy groove, VWG) ¥1133 30°, 45° uag 60° Fpudianisnislva
(Pointing downstream, PDS) sioluilsaui3end1 30° VWG-PDS , 45° VWG-PDS uaz 60°
VWG-PDS ﬁi”lﬁmé’mwduummqwaaiaawﬁu&iammqwmﬁa (Blockage Ratio, Br) U
0.111 ¥msnaaeulasnsusuiasusnidiuszosiindvesiesniausoninugaiovuy
Awmduaiiudn (Pitch Ratio), Pr=0.37, 0.74 Wag 1.0 nansmemaufeuLanioglunatives
avifaldari, Nu wagsnandauiavtiadan, Nu/Nu Inean Nu Aldfainnsmeaeuludianis
Inadutiy wandugudl 7.9 nmsldsesndugufmivhay 30° VWG-PDS, 45° VWG-PDS waz
60° WG-PDS fasairanudutiuiassaofiunisdromanuiouliaauniuuasd
wunldufimfousmilowssufsufuvieniadoy las Nu dudunai Re sosndy 45°
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P=0.74 way Pr=0.37lagdiA1n15Miy Nu Watdsuiunionidaisueaglutie 184-321%,
189-320%, 171-316% uaz 177-315% nud iy drusespaudilifen Nu sesawnie 60°
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Pr=1.0 Tvie1 Nu aandivieilvissuagluyae 184-311%, 175-294%, 182-284% way 172-
282% SAIFU LazIBInA 45° VWG-PDS Pe=1.0 TsiAn Nu afigalunguieniufe Nu gs
nimtefadeulusag 174-272% iy
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HANINAABIY D VLNURIMNAIUELEN WuaTinTRndssesndy 30°, 45° wag 60°
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$09AAULY 30° VWG-PDS, 60° VWG-PDS Pg = 0.37 Waw30° VWG-PDS 7 Pg=0.74 Toiein
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U 7.12 wansmanuduiudues /5 AU Re wudn £/, Duwaldufudununisiiiy
92849 Re 91ANANITNAABDINUIAT f/fy Laﬁlaqaq@lﬁmﬁuﬁwﬁﬁ'amﬁ'u 60° VWG - PDS,
Pe=0.37 geniviontfaiou 13.11 i1 sosasndedl Py=1.0 waz0.74 1A /%, ladugenin
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PDS AuddU 71 30° VWG = PDS, Px=0.74 Tsian TEF lndggsgaidu 1.58 vaizdl 30° VWG -
PDS Px=0.37 Tvhein TEF 1@erfiul.52 uay 45° VWG - PDS P=0.74 v TEF waeidul 51
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2.8 ¢
0=30°, 45°, 60° VWG-PDS Lower Plate
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7.4.1 N3AENAINTIY
Nan1sMAaeslasHansaInasouluviovuudmasyiud ATFeuluwuundnd
Anudeuiiaasi wiuuudadugnillldusuamaiinesfnseaiuiisunsadmasiiui
suteng 30° Fnrunszuanisiva dndIUANNGIATUARBAIINEGNYID, Br= 0.111 n51dIU
svezfindaiudenINgevio (Pitch Ratio) , Py = 0.5 muddiu Sauiundavieusiuanaiifisos
ﬂﬁugﬂﬁa% (V-shaped wavy. groove, VWG) %133 30°, 45° wag 60° Fnuiirnianisiva
(Pointing upstream, PUS) dsluiisnaSonin 30° VWG-PUS , 45° VWG-PUS waz 60° VWG-
PUS f&']ﬁ'ﬂé’mwduummqwaqﬁam?{uﬁiammqwmm (Blockage Ratio, Bg) 1U1 0.111 9
msnaaeulnensUsuAsuS s dLsTa induessosduronugievuuAmALiuiN
(Pitch Ratio), Pr=0.37, 0.74 uag 1.0 nan1sanemaduioukaneglunauvesaviadan,
Nu uagdnsd@uLaviadan, Nu/Nu Iage1 Nu fildainnismaaeuludianisinatiudau
LLamﬂugUﬁ 7.14 nsld90mau 30°, 45° waz 60° VWG-PUS tasasrsnuiutiunazdae
dunsmomarudeuliganniusasduunlifimieutuideFoudsuiuientiuiey
Tas Nu LRuTun1y Re 309U g 60° VWG-PUS i Pe=1.0 19d1 Nu gaganiudae
Px=0.74 Wag 45° VWG-PUS Px=0.37 aedl Arnsifia Nu Weitsusiuvientiaseveglutis
197-352%, 190-340% Way 183-314% A1ud iy sosnauilian Nu sesasnfesosnay
30° VWG-PUS 191 Nu ganinieriaiSeuegluting 176-286% 177-291% wax173-276 %
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Pr=0.37, Pr=0.74 Wag Pr=0.37 AMUSIAU LarIeInau 45° VWG-PUS Pa=0.74, Pa=1.0 LAy
60° VWG-PUS Pr=1.0 Tid1 Nu ganinviedaiseuluyae 184-273%, 171-265%, uag 177-
264% QUAIAY

HANITNAG D9V 8 VUNUAMADLR AN uHua1Tiisesnay 30°, 45° way 60° VWG-
PUS 71 Pr=0.37, 0.74 uaz 1 uanslugudl 7.15 nuin sesnduys 60° VWG-PUS 71 Pe=0.74
191 Nu/Nu, Ladgefiande 3.61 w1 seaundu 60° VWG-PUS Pr=1.0 TsfA1 Nu/Nuo
s 3.52 191 uaz 45° VWG-PUS Pr=0.37 A1 Nu/Nuo waeidy 3.40 wih sudieses
AU 30° VWG-PUS Pq = 0.74, 0.37 waz 45° VWG-PUS 7l Pa=0.74 1%#1 Nu/Nuo tdedu
3.20, 3.8 LAy 3.25 W MUSIRU wazTondu 30° VWG-PUS Pr=1.0, 60° VWG-PUS 0.37
uay 45° VWG-PUS Pr=1.0 TiAn Nu/Nuo figauszanal 3.21, 3.20 wag 3.18 auandiu
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AEUSYeY f AU Re wanslusuil 7.16 viovunudmasuiudifiududiaduy
$09AAY 30°, 45° uaz 60° VWG-PUS wudh 1ieen Re iniuazyinlien f Suunldhnfiady
\Antios Tnosesraudia Pa=1.0 fa f mnﬁqm MUFEASUTIE Pr=0.74, Pr=0.37 wazvie

wifaiSeuds f fimanawmuaiu uasnilsdoanau 60° VWG-PUS Py = 1 Tridn f geflange
nimentaseuiiu 899-1308%, ausesastu 452 VWG-PUS, Py = 1, way 60°
VWG-PUS Py = 0.37 T9imn f Lﬁmﬁuqdﬂ’jﬂmﬁmaﬁaﬂuﬁdw 891-1249%, way 866-1294%
P AuFeTesARY 45° VWG-PUS, Pa=0.37, 0.74 U@y 60° VWG-PUS,, Px=0.74, lsiAn
£ genimientaSeulunag 848-1267%, 843-1272%, uay 816-1271%, @runiiisosnay
30° VWG-PUS, Px=0.37 0.78 wag1.0 i £ saslunguideafuilewIouiiieufuvionts
Sevilarganimentdaseuluyae 812-1177%, 775-1145%, Uag 696-1093% m1uanuy
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.50
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11,95, 11.94 Laz11.88 W1 dauniiIseeRaY 30° VWG-PUS Pr=0.37, 0.74 way 1.0 leian
f/fo aandviewiaey 11.28, 10.92 uay 10.28 i1 AuEIAY
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7.4.3 aussausmsiiunisaiemainudou

gﬂﬁ 7.18 uanaAuduiusves TEF AU Re lagwTeuiigudoya Nu/Nuy wag f/f
fifndaduifioadiunuin a1 TEF udaznsdi@nwliangegail Re duazanasmunIsifinyes
Re Tnufl 60° VWG - PUS P4=0.74 v TEF dogsgaidu 1.61 wi sesasuniy seanduy
60° VWG - PUS Pa=1.0 uag 30° VWG — PUS Pg=0.74 ian TEF wdeidu 1.54 uay 1.53
AINAIAY Gumzﬁ 45° VWG - PUS Pg=0.37, 30° VWG - PUS P=0.37 wag 45° VWG - PUS
Pr=0.74 %A1 TEF 1adedu1.51, 1.48, way 1.45 d1sunilesesnay 30° VWG - PUS
Pe=1.0, 60° VWG - PUS Pr=0.37 W@y 45° VWG - PUS Pg=1.0 Toien TEF wndeidu 1.44,
1.41 uaz 1.40 audrdusmaalunduideddu dm3uan TEF qeqnagiico® VWG - PUS
P:=0.74 8¢l Re=7112 Fadurrshanvestimaaeulaeiian TEF 18y 2.09

M19199 7.1 AR Nu/Nuo, f/fo wae TEF nIalTesnauinadeeyingy 30° 45° uag 60 °

AuiAn1enIsiva
N3l BR PR Nu/Nu, TN TEF
1 30° 0.37 3.20 8.91 1.56
2 30° 0.74 3.28 8.89 1.61
3 30° 1.0 3.82 10.45 1.77
4 b 0.37 2.91 9.89 1.45
5 45° 0.74 3.03 9.70 1.37
6 45° 1.0 3.00 10.75 1.45
/ 60° 0.37 3.21 10.13 1.37
8 60° 0.74 3.22 9.65 1.51
9 60° 1.0 3.36 12.95 1.53

M1319% 7.2 AaRe Nu/Nuo, f7fo Uae TEF nssisesnfiugusiadvingy 30° 45° uag 60 °

Fanuienanislva
Nyl BR PR Nu/Nu, /1, TEF
1 30° 0.37 3.37 11.14 1.52
2 30° 0.74 3.31 9.58 1.58
3 30° 1.0 3.23 11.01 1.48
q 45° 0.37 3.28 11.40 1.48
5 45° 0.74 3.43 12.04 1.51
6 45° 1.0 3.20 12.24 1.40
7 60° 0.37 3.31 13.11 1.42
8 60° 0.74 3.46 12.69 1.50
9 60° 1.0 3.39 12.71 1.47
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A19199 7.3 Aade Nu/Nug, f7fo wae TEF nsdisesnaususidvingu 30° 45° wag 60°

Fyudiesnsnisiva
A5 BR PR Nu/Nu, /5, TEF
1 30° 0.37 3.25 10.93 1.48
2 30° 0.74 3.29 10.28 1.53
3 30° 1.0 3.21 11.28 1.44
4 45° 0.37 3.40 11.95 1.51
5 45° 0.74 3.28 11.94 1.45
6 45° 1.0 3.18 12.04 1.40
7 60° 0.37 3.21 12.17 1.41
8 60° 0.74 3.61 11.84 1.61
9 60° 1.0 3.53 1241 1.54
7.5 @3

Wanisnaaesludui 3 maiiunisaismanuseulaglyasuiiisunsedmaeuiug
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mmaa‘l&umwmmzamammaﬂimwu AU V. SfUTesnaunaBesdl 0 = 30°, PR = 1,
BR = 0.111 uaziiAn Re maalvian TEF gegnlunsdinaaoy vilvidisanvuinvosnies
wanasuamnudeuldeteiiuszansam
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U aaa
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A1 Nu hag TEF asdundmeniaseu nensldasudddniyy 45° Bg = 0.222, Pg=0.51%

A1 Nu gega waglen filuduasudieguduiu dawaliasuasudindyy 45° 9
B = 0.111, Pg = 0.5 e TEF gegnluynansuiediu
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U ada ] o 44'
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8.1.2.2 ARUAALAUENE 20° Fanufiannanisia

=

NNSANYIBNSNaVRIATUSIITT 43 30° Bg = 0.111, 0.167 uaz 0.222, Pg = 0.5,

v aA

1.0, 1.548% 2.0 WU m'saméfaﬂ%umm“ u 30° uiusesraudsdluviediasuiiuindswa
T9iA1 Nu way TEF awummawumw Imamﬂmmum’mmum 30°, By = 0.222, Pr=0.51%

a v aada

A1 Nu hazlian f meumam mmaiwmumummmm 20° 7 Bs = 0.222, P = 0.5 iAn

TEF qqqmiusqmmummﬂu

8.1.3 n1stiiumsanemauisulaglisasnausunsedinsuiuaiuiag
8.1.3.1 $snAuUNMABEayuUENE 30° 45° uag 60° TrufuaTufd
N3ANYIBNENaTeITeInduLBLN 30° 45°uag 60° SanFuATUFINTL
30° Bg = 0.111, Pg = 0.5 WU31 miamﬁy’m%éfﬁﬁﬁm 30° 45° WAy 60° 9URUTIRAY
Bodluefindsuiuindmwaliian Nu wag TEF getunimendaiou Tnsnistesndubomn
30°, Pr=1.0k1A1 Nu thazlien fLﬁwﬁthqq damalﬁ%amﬁlulﬁﬂwu 30°, Pgr=1.0 d@1 TEF
g9an
8.1.3.2 %aaﬂﬁluﬁﬁﬁ?}lmuquﬂz ¢ 30° 45°uag 60° SAUAUATUAQT

1
v ad

N15ANYIINTNAVDITBIAAUAIITAMNY 30°, 45° kay 60° mmumuéf’nﬁﬁgu

o
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Y
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A
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e JUNTIATY foulauazranisnaaeg
[24] ﬂ%'ugﬂmac-mq vadlanagou: o1ne
2008 ki Bt ek Re 4000-16,000
ASUFUaImABY JUAN uazgUAmABIEui danauun
= AsafuLazn ey
ST T = | Nugwe: 11 il Re = 4000
' Nu/Nu0 11, TEF
e 27-4.4 20-70 0.78-1.1
[26] ATULazdnan vodlnanadou: o1nd
2010 L i Re 5000-22,000
_:; j; rugUasIvaBIMi AL Tndniinadl
‘1: : : Foneesuluwunssfulayn et
= fl‘ . |TEF gean: 134 iRe = 5000
= Ea v Nu/Nu0 1, TEF
— 4 o 1.6-35 2-38 0.88-1.34
[27] wrtufugUiadiam 60°  |vetlvanaseu:; sxme
2010
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o — |Fnauasivouiia mansla
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Nu/Nu0 ffy TEF
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T p G, ux10 1% k x10° | ax10° -
r
K | ke/m?) | (WhkgK) | (Ns/m?) | (m2/s) | W/mK) | (m’/s)
100 3.25562 1.032 71.1 2.0 9.34 2.54 0.786
150 2.3364 1.012 103.4 4.426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.59 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 22.3 22.5 0.707
300 | 1.1614 | 1.007 184.6 15.89 26.3 22.5 0.707
350 0.990 1.009 208.2 20.92 30.0 29.9 0.700
400 | 08711 | 1.014 230.1 26.41 333 38.3 0.690
450 0.7740 1.021 250.7 32.39 37.3 47.2 0.686
500 | 0.6964 | 1.030 270.1 38.79 40.7 56.7 0.684
550 | 06329 | 1.040 288.4 45.57 43.9 66.7 0.683
600 0.5804 1.051 305.8 52.69 46.9 76.9 0.685
650 | 05356 | 1.063 3205 60.21 49.7 87.3 0.690
700 0.4975 1.075 338.8 68.10 524 98.0 0.695
750 | 0.4643 | 1.087 354.6 7637 54.9 109 0.702
800 | 0.4354 | 1.099 369.8 84.93 573 120 0.709
850 | 04097 | 1.110 384.3 93.80 59.6 131 0.716
900 | 0.3868 | 1121 398.1 102.9 62.0 143 0.720
950 0.3666 1.131 411.3 112.2 64.3 155 0.723
1000 0.32482 1.141 424.4 121.9 67.7 168 0.726
1100 0.3166 1.159 449.0 141.8 [V 195 0.728
1200 0.2902 1.175 473.0 162.9 76.3 224 0.728
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ARTICLE INFO ABSTRACT

Available online 21 March 2011 Effects of combined ribs and delta-winglet type vortex generators (DWSs) on forced convection heat transfer

and [riction loss behaviors for turbulent airflow through a solar air heater channel are experimentally

Keywords: investigated in the present work. Measurements are carried out in the rectangular channel of aspect ratio,
;‘;‘l transfer AR =10 and height, H'=30 mm. The flow fate is presented in the form of Reynolds numbers based on the inlet

hydraulic diameter of the channel ranging from 5000 to 22,000. The cross-section shape of the rib placed on
the absorber plate to create a reverse-flow is an isosceles triangle with a single rib height, e/H =02 and rib
pitch, PyH=1.33. Ten pairs of the DW with its height, b/H = 0.4; transverse pitch, Py/H=1 and three attack
angles (o) of 60°, 45° and 307 are introduced and mounted on the lower plate entrance of the tested channel
to generate longitudinal vortex flows. The experimental results show that the Nusselt number and friction
factor values for combined rib and DW are found to be much higher than those for the rib/DW alone. The
larger attack angle af the DW leads to higher heat transfer and Friction loss than the lower one. In common
with the rib, the DW pointing upstream (PU-DW) is found to give higher heat transfer rate and friction loss
than the DW pointing downstream (PD-DW) at a similar operating condition. In comparison, the largest
attack angle («v=60") of the PU-DW yields the highest increase in both the Nusselt number and friction factor

Turbulent flow
Solar air hearer
Vortex generator
Delta winglet

while the lowest attack angle of the PD-DW provides the best thermal performance.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

One of the commonly used passive heat transfer enhancement
techniques in single-phase internal flows in channel solar air heaters
is the use of ribs placing periodically in the absorber plate. For
decades, ribs [ 1] have been used in thermal systems due to their high
thermal loads and decreased dimensions. The use of ribs completely
makes the change of the flow field and thus the distribution of the
local heat transfer coefficient. Periodically mounted ribs in the
absorber plate of solar air heater channels can help to interrupt
hydrodynamic and thermal boundary layers leading to an increase in
heat transfer rate. Several studies have been carried out to investigate
the effect of rib geometry and arrangements on heat transfer and
friction loss for roughened surfaces of heat exchanger channels or
solar air heaters. Saidi and Sunden [2] and Tatsumi et al [3]
investigated numerically the turbulent flow and heat transfer
behaviors in square ducts with ribs on two opposite walls and
discrete angled ribs on one wall, respectively. They found that
noticeable heat transfer enhancement is obtained downstream of the
ribs due to strong secondary flow motion. Sahu and Bhagoria [4]
examined broken transverse ribs in solar air heaters, reported that the

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

0735-1933/8 - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016f.ichearmasstransfer.2011.03.014

roughened absorber plate yields the heat transfer rate at 1.25-1.4
times over the smooth rectangular duct and the maximum thermal
efficiency is in the range of 51-83.5% Mittal et al. [5] studied and
compared the absorber plate with six different types of roughness
elements. Their results showed that the channel with inclined ribs
including V-shaped ribs performs better heat transfer rate than
others. An experiment of Aharwal et al. [6] was conducted to study
heat transfer behaviers of a solar air heater channel with inclined
square split-rib with a gap on one wall and the results showed that the
gap inthe inclined rib enhances the heat transfer of the channel. The
increase in Nu and friction factor was, respectively, in a range of 1.5-
2.6 times and 2.3-29 times the smooth channel. The maximum
Nusselt number and friction factor values were found for the gap at
relative gap position of 0.25 and width of 1.0. Effects of transverse or
porous ribs on thermal characteristics in rectangular channels were
numerically studied by Yang and Hwang [7] and Luo et al. [B].
Varun et al. [9] investigated heat transfer and friction character-
istics by using inclined/transverse ribs on the absorber plate of a solar
air heater and reported that the best performance is at relative
roughness pitch of 8. Momin et al. [10] experimentally studied on
thermal characteristics of a solar air heater channel fitted with V-
shaped ribs for e/D=10.02-0.034 and the angle of attack (o) =30"-
90" for a fixed P/e=10. They found that at o«=60", the highest
Nusselt number and friction factor values obtained by the ribs are,
respectively, 2.30 and 2.83 times the smooth channel. Promvonge and
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Nomenclature

convection heat transfer area of channel, m*
aspect ratio of channel (W/H)
winglet height, m

specific heat of air, J/kg K

hydraulic diameter, m

rib height, m

friction factor

channel height, m

average heat transfer coefficient, W/m? K
current, A

thermal conductivity of air, W/m-K
length of tested channel, m

air mass flow rate, kg/s

Nusselt number (hD/k)
longitudinal pitch of rib, m
transverse pitch of delta winglet, m
pressure drop, Pa

Prandtl number

Reynolds number (UD/)

heat transfer, W

temperature, K

thickness of rib, m

mean velocity, m/s

voltage, volt

volumetric flow rate, m*/s

width of channel

DwW delta winglet type vortex generator
PD-DW delta winglet pointing downstream
PU-DW delta winglet pointing upstream

e~ Ba - | Bl e - ™ B 2w
CEFE x SR

S<<c"-HEeEFE

Greek letters

o attack angle of DW, degree
P density of air, kg/m’

1 thermal enhancement factor
4 kinematic viscosity, mz,."s
Subscripts

a augmented

b bulk

0 smooth channel

conv convection

i inlet

o out

pp pumping power

s channel surface

Thianpong [11] studied experimentally the thermal performance of
wedge ribs pointing upstream and downstream, triangular and
rectangular ribs in an AR= 15 heater channel and found that the in-
line wedge rib pointing downstream performed the highest heat
transfer but the best thermal performance is at the staggered
triangular rib. Thianpong et al. [12] investigated the thermal
behaviors of isosceles triangular ribs on the AR=10 channel walls,
Extensive literature reviews over hundred references on various rib
turbulators used for solar air heaters were reported by Varun et al.
[13] and Han et al. [14].

In general, the swirl/vortex flow generator is used in augmentative
heat transfer in several engineering applications to enhance the rate
of the heat and mass transfer equipment such as heat exchanger [15],
vortex combustor, drying process, etc. There are several methods of
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generation of decaying swirl/vortex flow in the duct/channel. The
tangential flow injection/propeller/coil wire/twisted tape to induce a
swirling fluid motion along the tube [16-20] is a popular technique for
round tubes. For channels, the wings/winglets classified as delta,
triangular and rectangular wing/winglet types [21-23] are introduced
to generate vortex flows. The winglets are designed to create
longitudinal vortices that help to increase turbulence levels resulting
in improved heat transfer performance, albeit with a minimal
pressure drop penalty.

For using combined,/compound turbulators, Promvonge and Eiamsa-
ard [24] experimentally investigated the effect of various nozzles
together with a snail type swirl generator on heat transfer and friction
characteristics in a uniform heat flux tube and found that the heat
transfer increases considerably for using both enhancement devices and
is about 20-50% higher than using a single enhancement device.
Influence of combined conical ring and twisted tape inserts in a round
tube on thermal behaviors was reported in Ref. [25]. In addition,
Promvonge [26] also studied the thermal behaviors of using coiled wire
in common with twisted tape swirl generator for generating vortex
flows and reported that the compound turbulators provide higher
thermal performance than the single turbulator. However, the use of
combined nozzle/coil turbulators and snail type swirl generators as
mentioned earlier was faced up to a substantial increase in the pressure
drop. The effect of the two winglet pairs together with the inline/
staggered triangular ribs on thermal characteristics in a channel heat
exchanger was examined by Promvonge et al. [27] and to obtain higher
thermal performance, the staggered rib and the winglet with lower
angle of attack were suggested. Chompookham et al. [28] also studied
the influence of combined two winglet pairs and inline/staggered
wedge ribs on heat transfer rate in an AR= 10 channel and found that
the staggered wedge rib pointing downstream provides better thermal
performance,

The literature review cited above indicates that both enhancement
devices, the rib turbulator and the vortex generator, are among the
most effective and practical methods for augmenting heat transfer in
channels. In channel solar air heater systems, the investigation on
using the isosceles triangular rib mounted only on the absorber plate
in conjunction with the delta-winglet type vortex generator (DW) has
rarely been reported. Thus, the main aim of the present work is to
investigate the heat transfer and flow friction characteristics in a
channel solar air heater equipped with combined rib and DW
turbulators, The ribs are placed only on the absorber plate with a
single rib height, efH=0.20 and rib pitch, PyH=133. The use of
multiple DWS5 (ten pairs) fitted at the entrance of the tested channel is
expected to create multiple longitudinal vortex flows in order to
prolong the residence time of the flow and to wash up the reverse
flow trapped behind the ribs leading to higher heat transfer rate in the
channel. The present results are also compared with the results from
the single use of the DWs or the ribs alone. Experimental results using
air as the test fluid from the rib and the DW with three angles of attack
(a=60" 45° and 30°) and two arrangements of the DW; pointing
upstream (PU) and pointing downstream (PD) are presented in
turbulent channel flows in a range of Reynolds number from 5000 to
22,000.

2. Experimental setup

A schematic diagram of the experimental apparatus is presented in
Fig. 1 while the details of the triangular ribs mounted on the upper
wall or the absorber plate and the DW geometry are depicted in Figs. 2
and 3, respectively. In Fig. 1, a circular pipe was used for connecting a
high-pressure blower to a settling tank, which an orifice flow meter
was mounted in this pipeline while a rectangular duct including a
calm section and a test section was employed following the settling
tank. In Fig. 2, the channel configuration is characterized by the
channel height, H and the longitudinal pitch of rib, P, the respective
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Fig. 1. Schemaric diagram of experimental apparatus.

values of which are 30 mm and 40 mm. The overall length of the
channel is 2000 mm which included 10 pitches of the test section with
the channel width, W, of 300 mm. The ribbed absorber plate was
fabricated from a 12 mm thick aluminum plate, 300 mm wide and
440 mm long (L). The rib dimensions are 4 mm high (e) and 20 mm
thick (t). The form of the ribbed plate was accomplished by means of
wire-EDM machining. For all cases of test runs, ten pairs of the DW
with height, b/H= 0.4 and transverse pitch, P,=H=30mm fabricat-
ed from a 0.30 mm thick aluminum strip are mounted on the tested
channel entrance by using hot glue with three attack angles (a) of 607,
457 and 307, as can be seen in Fig. 2. In this experiment, a combination
of the two phenomena, (1) the re-circulating/reverse flow induced by
the ribs and (2) the vortex flows created by the DWs, is supposed to be
effective in the vicinity of the absorber plate. In addition, both
turbulators are expected to provide better mixing of the fluid between
the core and the heated wall surface, thereby enhancing the heat
transfer rate.

In Fig. 1, the AC power supply was the source of power for the
plate-type heater, used for heating the upper plate of the test section
only to maintain a uniform heat-flux on the absorber plate. Wood
bars, which have a much lower thermal conductivity than the metallic
wall, were placed on the inlet and exit ends of the absorber plate to
serve as a thermal barrier at the inlet and exit of the test section. Air as
the tested fluid in both the heat transfer and pressure drop
experiments, was directed into the systems by a 1.45kW high-
pressure blower. The operating speed of the blower was varied by
using an inverter to provide desired air flow rates. The flow rate of air
in the systems was measured by an orifice plate pre-calibrated by
using hot wire and vane-type anemometers. The pressure drop across
the orifice was measured using inclined manometer for controlling
the airflow rate. In order to measure temperature distributions on the
absorber plate, ten thermocouples were fitted to the plate wall. The
thermocouples were attached in holes drilled from the rear face and
centered of the wall with the respective junctions positioned within

Triangular Ribs

Pointing Upstream, PU |

Fig. 2. Test section with PD-D'W and PU-DW arrangemenis.
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a for Nusselt number and - 10% for friction. The uncertainty in the axial
o velocity measurement was estimated to be less than +5%, and
sk =L DR pressure has a corresponding estimated uncertainty of 4 5%, whereas
& Ditnig Boelter ccaralaiicn the uncertainty in temperature measurement at the channel wall was
BOF about +0.5%.
70 3. Data reduction
Lt 5 2 s? o® The Musselt number (Nu) and the friction factor (f) in a ribbed
2 sk . 2 8 channel fitted with the DWs are calculated in the present work. The
. 2 independent parameters are the Reynolds number, the DW direction
40k L3 and the attack angle. The Reynolds number based on the channel
" ¢ hydraulic diameter (D) is given by
30f
8 Re=UD/v. (1)
W &
The average heat transfer coefficients are computed from the
gl = measured temperatures and heat inputs and will be evaluated from
) ; the experimental data via the following equations:

0 L L ) . L L
2500 5000 7500 10000 12500 15000 17500 20000 22500 25000
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Fig. 3. Verification of (a) Nusselt number and () friction acter for smooth channel.

2 mm of the inside wall and axial separation was 40 mm apart. Ta
measure the inlet and outlet bulk temperatures, two and four
thermocouples were positioned upstream and downstream of the
test duct entry and exit, respectively. All thermocouples were type K,
1.6 mm diameter wire. The thermocouple voltage outputs were fed
into a data acquisition system and then recorded via a personal
computer.

Two static pressure taps were located at the top of the principal
channel wall to measure axial pressure drops across the test section
including the vortex generator, used to evaluate average friction
factor. These were located at the center line of the channel. One of
these taps is 30 mm upstream of the leading edge of the channel and
the other is 30 mm upstream of the trailing edge. The pressure drop
was measured by a digital differential pressure and a data logger
connected to the 3 mm diameter taps and recorded via a personal
computer.,

To quantify the uncertainties of measurements the reduced data
obtained experimentally were determined. The uncertainty in the
data calculation was based on Ref. [ 29]. The maximum uncertainties of
non-dimensional parameters were = 5% for Reynolds number, 4 8%

Qair = Quomy =MC(Ty=T;) = VI (2)
in which,

Ty =T, + T;)/ 2 (4)
and

Ts= YT /10 (3)

The term A is the convective heat transfer area of the heated upper
wall whereas T; is the average surface temperature obtained from
local surface measured temperatures along the axial length of the
heated channel. Then, average Nusselt number is written as:

Nors %. (6)

The friction factor is calculated by:

_ (apyup &
(1/2)pL2
where AP is a pressure drop across the test section and U is mean air
velocity in the channel. All of thermo-physical properties of the air are
determined at the overall bulk air temperature from Eg. (4)
The thermal enhancement factor, 1), defined as the ratio of h of an
augmented surface to that of a smooth surface, hy, at a constant
pumping power:

h Nul (Nu)(fa)‘-”
=i = =1 Wi s
M= hob — Nuglp — \Nug/\F @)
4. Results and discussion

4.1. Verification of smooth channel

The present results on heat transfer and friction characteristics ina
smooth wall channel are first validated in terms of Nusselt number
(Nu) and friction factor (f). The Nu and f obtained from the present
smooth channel are, respectively, compared with the correlations of
Dittus—Boelter and Blasius found in the open literature [30] for
turbulent flow in ducts.
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Correlation of Dittus—Boelter,

Nu=0023Re"™ Pr™ for heating. (9)
Correlation of Blasius,
f=0316Re™™ for 3000 <Re<20,000. (10)

Fig. 3a and b shows, respectively, the comparison of Nu and f
obtained from the present work with those from correlations of Egs. (9)
and (10). In the figure, the present results agree well within 4+ 8% for
both Nu-correlation of Dittus—Boelter and f~correlation of Blasius.

4.2. Effect of combined rib and delta winglet

The present results on thermal characteristics in a uniform heat
flux absorber plate equipped with the e/H=0.2 rib of isosceles
triangular cross-section and the DW are presented in Fig. 4. In the
figure, the use of combined rib and DW provides considerable heat
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Fig. 4. Variation of (a) Nusselt number and (b) Musselt number ratio with Reynolds
number for various turbulators.

transfer enhancements in comparison with the smooth channel and
the Nu values for using both turbulators increase with the rise of Re.
This is because the ribs interrupt the development of the boundary
layer of the fluid flow and create the reverse/re-circulating flow
behind ribs while the DW pairs generate the longitudinal vortex flows
that assist to wash up the reverse flow trapped behind ribs into the
core flow. A close inspection reveals that the use of the combined rib
and DW leads to considerably higher heat transfer than that of the rib
alone. The rib along with the DW of higher o value also provides
higher heat transfer than that of lower « value, as can be seen in
Fig. 5a. For the rib combined with the PU-DW, the increase in Nu value
is about 255% over the smooth channel. In addition, the PD-DW and
PU-DW arrangements show a slight difference in heat transfer rate for
the combined ribs and DWs. The use of the rib and the DW provides a
higher heat transfer rate than that of the rib alone at some 50%
whereas the PU-DW with the ribs gives 2-3% higher heat transfer than
the PD-DW with the ribs. This indicates the merit of using compound
turbulators to promote each other the heat transfer enhancement in
the channel,
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The Nusselt number ratio, Nu/Nu,, defined as a ratio of augmented
Nu to Nu of smooth channel plotted against the Re value is displayed in
Fig. 4b. In the figure, the Nu/Nuj, tends to decrease slightly with the
rise of Re for using the combined turbulators. The average Nu/Nug
values for the combined rib and DWs with ce=60%, 45° and 30" are,
respectively, around 2.54, 2.46 and 2.38 for the PU-DW and 2.48, 2.41
and 2.31 for the PD-DW.

The effect of using the rib and the DWSs on the isothermal pressure
drop across the tested channel is presented in Fig. 5. The variation of
the pressure drop is shown in terms of f with Re. In the figure, it is
apparent that the use of the combined ribs and DWs leads to a
considerable increase in f over that of the rib alone or the smooth
channel. The increase in f value for the combined turbulators is much
higher than that for the smooth channel and is also higher than that in
Nu, however. Unlike Nu, the PU-DW gives much higher f than the PD-
DW. As expected, the f obtained from the combined rib and DWs is
significantly higher than that from the rib alone, especially for the
higher attack angle and the PU-DW arrangement. The increase in fof
the combined ribs and DWs is in a range of 4.65 to 10.05 times over
the smooth channel, depending on the attack angle, the DW
arrangement and Re values. The f of the combined ribs and DWs is
found to be higher than that of the rib alone around 122-134%,

Fig. 5b presents the variation of the friction factor ratio, fifa, with
the Re value. It is observed that the f/f; tends to increase with raising
the Re. The PU-DW and the higher attack angle provide a considerable
increase in the f/f than the PD-DW and the lower attack angle under
the same operating condition. The mean fif, values for using the rib
and the DWs with = 60", 45° and 30" are, respectively, about 9.04,
7.83 and 6.68 for the PU-DW and around 8.19, 7.16 and 5.88 for the
PD-DW in the range of Re studied. This implies that the use of lower
angle of attack and the PD-DW can help to reduce considerably the
pressure loss,

43, Effect of rib

Comparisons of the heat transfer and friction loss in the channel
fitted with the rib alone are also depicted in Figs. 4 and 5, respectively.
It is visible in Fig. 5 that the rib provides higher heat transfer rate than
the smooth channel for all Re values due to the higher flow blockage
(ef/H=0.2) creating the stronger reverse /re-circulation flow from the
rib. The heat transfer rate obtained from the ribs is around 90% over
the smooth channel. In addition, the triangular rib gives almost
uniform values of Nu/Nu, for all Re values as seen in Fig. 4b.

The variation of the isothermal f value with Ee is also depicted in
Fig. 5. In Fig. 5a, the fvalue for the rib alone is found to be much larger
than the smooth channel and tends to be nearly uniform with the
increase of Re. The average increase in friction losses is about 3.9 times
the smooth channel as shown in Fig. 5b.

4.4, Effect of delta winglet and its orientation

Fig. 6a and b presents the comparison of Nu and NuyNug values in
the channel fitted with only the DW of three different attack angles
{(ax=060°, 45° and 30°) for PU-DW and PD-DW arrangements. It is
visible in Fig. 6a that the Nu value for the DW's alone increases with
the rise of Re and the DW with the larger attack angle value provides
higher heat transfer rate than that with the lower one. This can be
attributed to the higher flow blockage of the DW with the larger
attack angle by considering the projected area of the DW in the flow
direction. The channel fitted with the PU-DW provides higher heat
transfer rate than that with the PD-DW for all Re values. The heat
transfer rates obtained from using the DWs alone with e=60", 45°
and 30", are, respectively, around 63%, 59% and 56% above the smooth
channel for the PU-DW and about 61%, 57% and 54% for the PD-DW as
seen in Fig. 6b. In addition, the use of the DWs results in a slight
decrease of the Nu/Nuy for increasing Re value.
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Fig. 6. Variation of (a) Nusselt number and (b) Musselt number ratio with Reynolds
number for various DW attack angles.

Fig. 7a and b shows the variation of isothermal f and fif, values
with Re at three different attack angles of the DW for two DW
arrangements, respectively. In Fig. 7a, the f value for the larger attack
angle of the DW is found to be considerably higher than that for the
lower one and tends to reduce slightly with the increase in Re. The rise
in f for the DW is much higher than the smooth channel, especially for
the case of a=60°. The f value for the PU-DW is found to be
considerably higher than that for the PD-DW and tends to be nearly
uniform with the increase of Re. The average increases in the f for the
DWs with cc=607, 45% and 307 are, respectively, about 3.5,3.2 and 2.8
times the smooth channel for the PU-DW and about 3.3, 3.0 and 2.6
times for the PD-DW as can be seen in Fig. 7b. This means that the
presence of the PD-DW with the lower attack angle (ce=30%) leads to
a similar increase rate in Nu and f values in the tested channel.

4.5. Performance evaluation

The variation of the thermal enhancement factor with Re values for
all turbulators is depicted in Fig. 8. For all, the data obtained by
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measured Nu and fvalues are compared with the smooth channel data
at an equal pumping power. It is visible in the figure that the
enhancement factors for the combined turbulators generally are
found to be above unity and much higher than those for employing a
single turbulator. This indicates that the use of the rib in common with
the DW leads to the advantage over that of a single enhancement
device. The enhancement factor tends to decrease with the rise of Re
values for all turbulators used. It is worth noting that along with the
rib, the enhancement factor of the PD-DW is higher than that of the
PU-DW. Among all turbulators used, the enhancement factor of the
30° PD-DW together with the rib is found to be the best and is about
1.39 at the lowest Re employed while that of the 30° PU-DW along
with the rib is slightly lower and around 1.36.

5. Conclusion
An experimental study has been conducted to investigate airflow

friction and heat transfer characteristics in a solar air heater channel
fitted with the combined triangular rib and the DW turbulators for the
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Abstract

The research work presents the study of heat transfer enhancement in a solar air heater channel
fitted with V-Shaped ribs. The experiments are carried out by varying airflow rate for Reynolds number
ranging from 5000 to 25,000 in the test section with a constant surface heat flux on the upper plate of the
channel which is similar to a solar air heater channel or solar collector. The V-shaped ribs with a
transverse pitch value equal to two time of channel height and with the attack angle of 30° are mounted
on the upper plate only. The effects of five rib to channel height ratios (e/H) of 0.05, 0.1, 0.15, 0.2 and
0.25 on heat transfer in terms of Nusselt number and friction loss in the form of friction factor are
experimentally investigated. The experimental result shows that the V-Shaped rib with the e/H = 0.25
provides higher heat transfer and friction factor values than others. The mean Nusselt number values are
found to be about 5.35, 4.75, 4.41, 3.72 and 2.74 times over the smooth channel while the mean friction
factor values are around 22.58, 14.48, 9.98, 4.88 and 2.35 times for using the ribs with e/H = 0.25, 0.2,
0.15, 0.1 and 0.05, respectively.

Keywords: V-Shaped rib, Nusselt number, friction factor, solar air heater.

1. Introduction combinations of the following conditions that are

The need for high-performance thermal favorable for the increase in heat transfer rate
systems in many engineering applications has with  an undesirable rise of friction: (1)

stimulated considerable interest in finding interruption of boundary layer development and

various methods to improve heat transfer in the
system. The conventional heat exchangers are
generally improved by means of various
augmentation techniques with emphasis on
many types of surface enhancements.

Augmented surfaces can create one or more

increasing turbulence intensity; (2) increase in
heat transfer area; and (3) generating of vortex
and/or secondary flows. In the cooling channel
or channel heat exchanger design, rib, fin, wing
turbulators are often employed in order to

increase the convective heat transfer rate
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leading to the compact heat exchanger and
increasing the efficiency. The use of wing
turbulators completely results in the change of
the flow field and hence the variation of the local
convective heat transfer coefficient. Winglets
have been successfully used for enhancement of
heat transfer of modern thermal systems
because they can generate longitudinal vortex
flow and help to destabilize the main flow with
less penalty of pressure loss.

Many investigations have been carried out
to study the effect of these parameters of
turbulators on heat transfer and friction factor for
roughened surface. Han et al. [1] studied
experimentally the heat transfer in a square
channel with ribs on two walls for nine different
rib configurations. Average heat transfer and
friction factor were reported for P/e = 10 and e/H
= 0.0625. They reported that the angled ribs and
‘V' ribs yield higher heat transfer enhancement
than the continuous ribs. The heat transfer
augmentations and the friction factor were
highest for the 60° orientation amongst the
angled ribs. Han et al. [2] also investigated the
influence of the surface heat flux ratio on the
heat transfer in a square ribbed channel with
e/H=0.0625 and P/e=10, by heating either only
one of the ribbed walls or both of them, or all
four channel walls. They reported that the former
two conditions resulted in an increase in the
heat transfer with respect to the latter one and
the average Nusselt number tends to decrease
for increasing Reynolds numbers and the
thermal boundary condition becomes less
relevant at higher Reynolds number. Taslim et
al. [3] conducted measurements of the heat

transfer in a straight square channel with three
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e/H ratios (e/H=0.083, 0.125 and 0.167) and a
fixed P/e = 10 using a liquid crystal technique.

Various staggered rib configurations were

studied, especially for the angle of 45°.
Experimental data showed a significant increase
in average Nusselt number for the increase of
the e/H ratio. Chandra et al. [4] carried out
measurements on heat transfer and pressure
loss in a square channel with continuous ribs on
four walls. Ribs were placed superimposed on
walls at the rib height ratio e/D = 0.0625; and
the rib pitch ratio, P/e=8. They reported that the
heat transfer augmentation found to increase
with the rise in the number of ribbed walls was
decreased with increasing Reynolds number
while the friction factor augmentation increased
with both cases. Sripattanapipat and Promvonge
[5] conducted a numerical study of laminar
periodic flow and thermal behaviors in a two
dimensional channel fitted with staggered
diamond-shaped baffles and reported that the
diamond baffle with half apex angle of 5-10°
provided slightly better thermal performance than
the flat baffle. However, the increase in heat
transfer is accompanied by an increase in the
resistance of fluid flow. An extensive literature
review over hundred references on various rib
turbulators was reported by Varun et al. [6]
Thus, the main aim of this work is to extend
the experimental data available on various
blockage ratio (e/H=0.05, 0.10, 0.15, 0.20 and
0.25) with similar pitch ratio of (PR=2) and with
the attack angle of 30°, placed on upper plate
only are presented in turbulent channel flows in

a range of Reynolds number from 5000-25,000
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2. Experimental setup

A schematic diagram of the experimental
apparatus is presented in Fig. 1 while the details
30° V-shaped rib arrays on the rectangular
channel used in the heat transfer experiments
are depicted in Fig.2. In Fig.1, a circular pipe
was used for connecting a high-pressure blower
to a settling tank, which an orifice flow meter
was mounted in this pipeline while a rectangular
channel including a calm section and a test
section was employed following the settling tank.
In test section, the rectangular channel
configuration is characterized by the channel
height, H is 30 mm and transverse pitch value
equal to three times of channel height (pitch
ratio, PR=3) and with the attack angle of 30°.
The overall length of the channel is 2000 mm of
the test section with the channel width, W, of
300 mm. Each of the rib walls was fabricated
from 6 mm thick aluminum plates, 300 mm wide
and 400 mm long (L). The rib dimensions are
1.5, 3, 4.5, 6 and 7.5 mm high (e) and 0.3 mm
thick (t).

The AC power supply was the source of
power for the plate-type heater, used for heating
the upper-plate of the test section only to
maintain uniform surface heat flux. A conducting
compound was applied to the heater and the
principal upper wall in order to reduce contact
resistance. Special wood bars, which have a
much lower thermal conductivity than the
metallic wall, were placed on the inlet and exit

ends of the upper and lower walls to serve as a
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thermal barrier at the inlet and exit of the test
section.

Air as the tested fluid in both the heat
transfer and pressure drop experiments, was
directed into the systems by a 1.45 kW high-
pressure blower. The operating speed of the
blower was varied by using an inverter to
provide desired air flow rates. The flow rate of
air in the systems was measured by an orifice
plate pre-calibrated by using hot wire and vane-
type anemometers (Testo 445). The pressure
across the orifice was measured using inclined
manometer. In order to measure temperature
distributions on the principal upper wall, twelve
thermocouples were fitted to the wall. The
thermocouples were installed in holes drilled
from the rear face and centered of the walls with
the respective junctions positioned within 2 mm
of the inside wall and axial separation was 40
mm apart. To measure the inlet bulk
temperature, two thermocouples were positioned
upstream of duct inlet. All thermocouples were K
type, 1.5 mm diameter wire. The thermocouple
voltage outputs were fed into a data acquisition
system (Fluke 2650B) and then recorded via a
personal computer.

Two static pressure taps were located at
the top of the principal channel to measure axial
pressure drops across the test section, used to
evaluate average friction factor. These were
located at the centre line of the channel. One of
these taps is 120 mm downstream from the
leading edge of the channel and the other is 50
mm upstream from the trailing edge. The

pressure drop was measured by a digital
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differential pressure (Testo 1445) connected to

the 2 mm diameter taps and recorded via a
personal computer.

To quantify the uncertainties of
measurements the reduced data obtained
experimentally were determined. The uncertainty
in the data calculation was based on Ref. [9].

The maximum uncertainties of non-dimensional
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parameters were +5% for Reynolds number,
+8% for Nusselt number and +10% for friction.
The uncertainty in the axial velocity
measurement was estimated to be less than
+7%, and pressure has a corresponding
estimated uncertainty of +5%, whereas the
uncertainty in temperature measurement at the

channel wall was about £0.5%.

Variac transformer

Incline
manometer Electrical heater

Thermocoupple Thermocouple set Thermocoupple
probe _ | b | probe .
\ s ot
I f— W = — — = — |% mmreg
P Cold air - = I
TSNS Pressure Test Section Pressure
tapping  Seitling tank tap =1 tap
{oee]
Digital manometer l:l

T, i

Inverter Data Acquisition  pereqnal computer

Fig. 1 Schematic diagram of experimental apparatus

Fig. 2 Test section with wavy rib arrangement

3. Data reduction coefficient, h, is evaluated from the measured

The goal of this study is to investigate the temperatures and heat inputs. With heat added

Nusselt number in the channel. The Reynolds uniformly to fluid (Q,,) and the temperature

difference of wall and fluid (T,-T,), the average
number based on the channel hydraulic I W uid (Tu-To), verag

. . heat transfer coefficient will be evaluated from
diameter, D,, is given by

the experimental data via the following

Re=UD, /v, (1)
where U and v are the mean air velocity of the equations:
channel and kinematics viscosity of air, Quir = Coom = ""Cp(Tg _ 7;_)= VI, @)

respectively. The average heat transfer
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B ®
in which,

T,=(T,+T)/2, (4)
and

T,=Y1./0. (5)

The term A is the convective heat transfer area
of the heated upper channel wall whereas 7, is
the average surface temperature obtained from
local surface temperatures, T,, along the axial
length of the heated channel. The termss, C,,
V and [ are the air mass flow rate, specific heat,
voltage and current, respectively. Then, average

Nusselt number, Nu, is written as:

Nu:h—fi. (6)

The friction factor, f, is evaluated by:

. Y (7)

(L1Dy) U™’

where AP is a pressure drop across the test
section and p is density. All of thermo-physical
properties of the air are determined at the

overall bulk air temperature, T,, from Eq. (4).
For equal pumping power,
(ap); = (ar), ®)

in which V is volumetric air flow rate and the
relationship between friction and Reynolds

number can be expressed as:

(FRe?), = (FRe?),

Re, = Re(f/f, /" (9)
The thermal enhancement factor, n, defined as
the ratio of heat transfer coefficient of an
augmented surface, h to that of the smooth
surface, h,, at the same pumping power:

-3
h| _ Nu =[ Nu ][f) _(10)
- Nu, - Nu, A f,

iy

n
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4. Result and Discussion

4.1 Verification of smooth channel
The present experimental results on

heat transfer and friction characteristics in a
smooth wall channel are first validated in terms
of Nusselt number and friction factor. The
Nusselt number and friction factor obtained from
the present smooth channel are, respectively,
compared with the correlations of Dittus-Boelter
and Blasius found in the open literature [10] for
turbulent flow in ducts.
Correlation of Dittus-Boelter,

Nu=0.023Re"® Pr’*  for heating. (11)
Correlation of Blasius,

£ =0.316Re™ for 3000<Re <20,000. (12)

Fig. 3a and 3b shows, respectively, a
comparison of Nusselt number and friction factor
obtained from the present work with those from
correlations of Egs. (11) and (12). In the figures,
the present results agree very well within + 3%
for Nusselt number and friction factor

correlations

100
®  smooth channel
| © Dittus-Boelter correlation (a)
80 -
60 e?
s®®
B s 8
= . 8
8
40 8 -]
8
L
20 L]
0 i L U P
5000 10000 15000 20000 25000
Re

Fig. 3 (a) Verification of Nusselt number for

smooth channel.
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®  smooth channel
©  Blasius correlation (b)

06 =

2 B
LTI

0.00 1 1 1 1
3000 10000 15000 20000 25000

Re
Fig. 3 (b) Verification of friction factor

for smooth channel.

4.2 Effect of rib height

The present experimental results on heat
and flow friction characteristics in a uniform heat
flux channel with rectangular wv-shaped rib,
placed on upper plate only are presented in the
form of Nusselt number and friction factor. The
Nusselt numbers obtained under turbulent flow
conditions for all case are presented in Fig. 4. In
the figure, the rectangular v-shaped rib
turbulators yield considerable heat transfer
enhancements with a similar trend in comparison
with the smooth channel and the Nusselt
number increases with the rise of Reynolds
number. This is because the rectangular v-
shaped rib turbulators interrupt the development
of the boundary layer of the fluid flow and
increase the turbulence degree of flow. It is
worth nothing that the heat transfer coefficient
for the 30° rectangular v-shaped rib with pitch
ratio of 2 (PR=2) and rib to channel height ratios
(e/H) of 0.25 provides the highest value of
Nusselt number while the e/H = 0.2 is found to
perform better than e/H = 0.15, 0.10 and 0.05
for all types of rib. This caused by e/H = 0.25

interrupting the flow and diverting its direction
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thus promoting high levels of mixing over others.
A close examination reveals that the rib to
channel height ratios of 0.25 produces the
highest heat transfer coefficient than other
blockage ratio of rectangular v-shaped rib.

The effect of using the rib turbulators on
the isothermal pressure drop across the tested
channel is presented in Fig. 5. The variation of
the pressure drop is shown in terms of friction
factor with Reynolds number. In the figure, it is
apparent that the use of rib turbulators leads to
a substantial increase in friction factor over the
smooth channel. This can be attributed to flow
blockage, higher surface area and the act
caused by the reverse flow. As expected, the
friction factor of rib to channel height ratios (e/H)
of 0.25 is considerably higher than those of 0.2,
0.15 and 0.1. For the rib of e/H = 0.25, the
increase in friction factor is in the range of 156-
960% over the e/H = 0.2, 0.15, 0.10, and 0.05
respectively. The losses mainly come from the
dissipation of the dynamical pressure of the air
due to high viscous losses near the wall, to
higher friction of increasing surface area and the

blockage ratios because of the presence of the

ribs.
A eH=025 . " o
400 O coH=020 V-shaped ribs, @ =30
v eH=015
* oH=010 abd
a oH=0.05 ad
300 ®  smooth channcl ad [s)e4
a 09w
'y ose¥
A afov
a4 o4 77 wk
2 A 09 ¥
- a v ¥
200 5 OFT .
A 7 = * Dnnu
A 9 ® ood
2 9o o @ o9
100 g * A
* 0 "
=] XXXXX
x x x x X XX
x X
o
0 5000 10000 15000 0000 25000

Re

Fig. 4 Variation of Nusselt number with Reynolds

number for various rib heights.
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Fig. 5 Variation of friction factor with Reynolds

number for various rib heights.
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Fig. 6 Variation of Nu/Nu, with Reynolds
number.

4.3 Performance evaluation

The Nusselt number ratio, Nu,/Nu,, defined
as a ratio of augmented Nusselt number to
Nusselt number of smooth channel Dplotted
against the Reynolds number value is displayed
in Figure 6. In the figure, the Nusselt number
ratio tends to be nearly uniform with the rise of
Reynolds number from 5000 to 25,000 for all
cases of e/H of 0.25, 0.20, 0.15, 0.10, and 0.05.
The mean Nusselt number ratio values are
found to be about 5.35, 4.75, 441, 3.72 and
2.74 times over the smooth channel for using
the 30° wavy ribs with e/H = 0.25, 0.20, 0.15
0.10 and 0.05, respectively.
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Fig. 7 Variation of friction factor ratio, f/f, with

Reynolds Number.
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Fig. 8 Variation of thermal enhancement factor
with Reynolds number.

The variation of isothermal friction factor
ratio value with Reynolds number for five heights
of v-shaped ribs case is also depicted in Figure
7. In the figure, the friction factor value is found
to be increased with increasing the Reynolds
number and the blockage ratio. The mean
friction factor values are around 22.58, 14.48,
9.98, 4.88 and 2.35 fold for using the inclined
ribs with e/H = 0.25, 0.20, 0.15, 0.10 and 0.05,
respectively. This result indicates that the use of
low blockage ratio can help to reduce the
pressure loss considerably.

Figure 8. shows the variation of the thermal
enhancement factor(TEF) with Reynolds number

for all cases. For all, the data obtained by
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Nusselt number and friction factor values are

compared at similar pumping power. The
enhancement factor tends to decrease with the
rise of Reynolds number values for all. It is seen
that the blockage ratio of 0.10 shows the highest
value of mean the thermal enhancement factor.
The mean thermal enhancement factor values
are around 1.90, 1.95, 2.05, 2.20, and 2.06
times for using the inclined ribs with e/H = 0.25,
0.20, 0.15, 0.10 and 0.05, respectively. The
results are for Reynolds number of 5000-25,000
for the inclined rib 30°, the maximum thermal
enhancement factor is found at e/H = 0.10. This
can be attributed to considerably lower friction
loss.
5. Conclusions
Experimental study has been carried out
to investigate airflow friction and heat transfer
characteristics in a high aspect ratio channel
(AR=10) fitted with different blockage ratio
turbulators for the turbulent regime, Reynolds
number of 5000-25,000. The use of the ribs with
e/H = 0.25 causes a very high pressure drop
increase and also provides considerable heat
transfer augmentations, Nu/Nu, = 4.98. Nusselt
number augmentation tends to increase with the
rise of Reynolds number. In comparison, the use
of rib leads to the higher heat transfer rate but
the e/H = 0.10 provides the higher thermal
enhancement factor due to lower friction loss.
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Thermal Performance Enhancement in Solar Air
Heater Channel with Periodically V-shaped
Baftles

C. Khanoknaiyakarn, S. Kwankaomeng and P. Promvonge*

Abstract—-The research paper presents a study on thermal
performance enhancement in a rectangular channel heat
exchanger mounted with periodically V-shaped baffles. The
channel has an aspect ratio (width to height ratio), AR=10 and
height, H=30 mm while baffle characteristics are the baffle to
channel height ratio, e/H=0.2, 0.3 and 0.4; the baffle pitch to
channel height ratio, PR=P/H=2 and 2.67; the attack angle (o)
of 30° relative to the flow direction. The experiment has been
conducted by varying air flow velocity in order to adjust
Reynolds number range from 5000 to 25,000. The upper wall
of the channel is uniformly heated as a constant heat flux while
the rests are covered with thermal insulations to reduce heat
loss to surroundings. The effects of the baffles on Nusselt
number and friction factor have been examined. The overall
performance of tested baffled channel is evaluated to obtain
the degree of heat transfer enhancement and friction factor
induced by baffles with respect to the smooth channel under
similar flow conditions.

Index Terms--turbulator, solar air heater, V-shaped baffle,
thermal performance, friction factor, periodic,

I. INTRODUCTION

OLAR air heaters are widely used as thermal collection
equipment. The thermal performance of a conventional
solar air heater is poor because of the low convective heat
transfer coefficient between heat transfer surface and air. It
can be improved by either increasing the heat transfer
surface area using extended and corrugated surfaces without
enhancing heat transfer coefficient or using the turbulence
promoters in the form of artificial roughness on the heat
transfer surface with enhancing heat transfer coefficient.
Several engineering techniques have been advised for
enhancing the rate of convective heat transfer form the heat
transfer surface. The uses of turbulators such as rib, fin,
groove, and baffle are often employed in order to increase
the convective heat transfer rate and increasing the
efficiency. Periodic flow interruption generated by rib
arrays and baffle mounted on the heat transfer surfaces is an
extensively used means for enhancement of heat transfer.
The uses of baffles increase not only heat transfer rate,
both for the increased turbulence degree and for the

effects cause by reattachment, but also substantial the

C. Khanoknaiyakarn, M. Pimsarn and P. Promvonge are with
Department of Mechanical Engineering, Faculty of Engineering. King
Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
Tel: +662-3298350-1; fax: +662-3298352 (e-mail: kppongje@kmitl.ac th)

pressure loss. The effects of the geometric parameters such
as the duct aspect ratio, duct blockage ratio (or rib height),
rib angle-of-attack, rib shape, and relative arrangement of
the ribs (in-line, staggered, etc.) affect
pronouncedly on both local and overall heat transfer
coefficients by enhancing turbulence and/or adding heat
transfer surface area. Some of these effects have been
carried out by different investigators.

Several investigations have been carried out to study the
effect of pertinent parameters of turbulators on heat transfer
and friction factor for roughened surface. Han et al. [1]
studied experimentally the heat transfer in a square channel
with ribs on two walls for nine different rib configurations.
Average heat transfer and friction factor were reported for
P/e=10 and e/H=0.0625. They reported that the angled ribs
and *V’ ribs yield higher heat transfer enhancement than the
continuous ribs. The heat transfer augmentations and the
friction factor were highest for the 60° orientation amongst
the angled ribs. Han et al. [2] also investigated the influence
of the surface heat flux ratio on the heat transfer in a ribbed
square channel with e/H=0.063 and P/e=10, by heating
either only one of the ribbed walls or both of them, or all
four channel walls. They reported that the former two
conditions resulted in an increase in the heat transfer with
respect to the latter one and the average Nusselt number
tends to decrease for increasing Reynolds numbers and the
thermal boundary condition becomes less relevant at higher
Reynolds number. Wright et al. [3] investigated the heat
transfer distributions and frictional losses in rotating ribbed
channels with an aspect ratio of 4:1. Angled, discrete
angled, V-shaped. and discrete V-shaped ribs were
investigated, as well as the newly proposed W-shaped and
discrete W-shaped ribs. In all cases, the ribs were placed on
both the leading and trailing surfaces of the channel, and
they were oriented 45 deg to the mainstream flow. The rib
height-to-hydraulic diameter ratio e/H was 0.078, and the
rib pitch-to-height ratio P/e was 10. The channel orientation
with respect to the direction of rotation was 135 deg. The
range of flow parameters included Reynolds number
(Re=10,000—40,000). It was determined that the W-shaped
and discrete W-shaped ribs had the superior heat transfer
performance in both non-rotating and rotating channels. The
angled rib configuration resulted in the worst performance
of the six configurations of the present study.

Criss-cross,

Copyright Notice: 978-1-4673-6008-1/11/$31.00 ©2012 IEEE



For a system with only one roughened wall and three
smooth walls, several investigations [4-8] have been carried
out on rib roughened absorber plates of solar air heaters.
Correlations for heat transfer coefficient and friction factor
have been developed for such a system. However, the
increase in heat transfer is accompanied by an increase in
the resistance of fluid flow. Promvonge and Thianpong [9]
studied the thermal performance of wedge ribs pointing
upstream and downstream, triangular and rectangular ribs
with e/H=0.3 and P/e=6.67 mounted on the two opposite
walls of a channel with AR=15. They found that the inline
wedge rib pointing downstream performed the highest heat
transfer but the best thermal performance is the staggered
triangular rib. Promvonge et al. [10] studied the numerical
computations for three dimensional laminar periodic
channel flows over a 45° inclined baffle mounted only on
the lower square-channel wall and found that the 45° baffle
with BR=0.4, the enhancement of heat transfer is about 2-3
folds higher than that for the 90° baffle while the friction
loss is some 10-25% lower. An extensive literature review
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over hundred references on various rib turbulators was
reported by Varun et al. [11].

The main aim of this experimental study is to examine
the heat transfer and friction characteristics in rectangular
channels with triangular geometric ribs fitted on the lower
plate and heated at the upper plate of the channel. The
experimental data is available on various blockage ratio
(e/H=0.20, 0.30, and 0.40) with two pitch ratio (PR=2, and
2.67) and the attack angle of 30 deg. Experimental results
using air as the test fluid are presented in turbulent channel
flows in a range of Reynolds number from 5000 to 25,000.

I1. EXPERIMENTAL SETUP

A schematic diagram of the experimental apparatus is
presented in Fig.1 while the details periodic V-shaped baffle
arrays on the rectangular channel used in the heat transfer
experiments are depicted in Fig. 2.

AC-Power supply E

Thermocouple set

Inclined
MANOICIES Electrical heater
i
\_Pressure tap |
¢ Colg air l 1
/ ST jm4 UL
Orifice
. Pressure tap
Settling tank

Blower

Inverter

4J7

»
Data Acquisition

J Watt meter

Test Section

Fig. 1. Schematic diagram of experimental apparatus.

Flectrical hoater
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B

_'_4._4__4._4_4._,.4“4__4._4._4_'.-['.
1

Fig. 2. Test section with wavy rib arrangements.
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In Fig. 1, a circular pipe was used for connecting a high-
pressure blower to a settling tank, which an orifice flow meter
was mounted in this pipeline while a rectangular channel
including a calm section and a test section was employed
following the settling tank. The rectangular channel
configuration was characterized by the channel height, // is 30
mm and pitch ratio, PR=2 and 2.67 and with the attack angle
of 30°. The overall length of the channelwas 2000 mm. with
the channel width, I, of 300 mm. Each of the channel walls
was fabricated from 6 mm thick aluminum plate, 300 mm
wide and 400 mm long (L). The V-shaped baffle dimensions
were 6, 9, and 12 mm. high (¢) and 0.3 mm thick (7).

The AC power supply was used as the source of power for
the plate-type heater, used for heating the upper side plate of
the test section in order to maintain a uniform surface heat
flux. Air as the tested fluid in both the heat transfer and
pressure drop experiments, was directed into the systems by a
1.45 kW high-pressure blower. The operating speed of the
blower was varied by using an inverter to provide desired air
flow rates. The flow rate of air in the system was measured by
an orifice plate pre-calibrated by using hot wire and vane-type
anemometers (Testo 445). The pressure across the orifice was
measured using inclined manometer. In order to measure
temperature distributions on the principal upper plate, twelve
thermocouples were fitted to the wall. The thermocouples
were installed in holes drilled from the rear face and centered
of the walls with the respective junctions positioned within 2
mm. of the inside wall and axial separation was 60 mm apart.
To measure the inlet bulk temperature, two thermocouples
were positioned upstream of channel. All thermocouples were
K type, 1.5 mm diameter wire. The thermocouple voltage
outputs were fed into a data acquisition system (Fluke 2650A)
and then recorded via a personal computer.

Two static pressure taps were located at the top of the
principal duct to measure axial pressure drops across the test
section, used to evaluate average friction factor. These were
located at the centre line of the channel. One of these taps is
120 mm downstream from the leading edge of the channel and
the other is 50 mm upstream from the trailing edge. The
pressure drop was measured by a digital differential pressure
and a data logger (Testo 1445-Testo 350XL) connected to the
2 mm diameter taps and recorded via a personal computer.

To quantify the uncertainty of measurements the reduced
data obtained experimentally were determined. The
uncertainty in the data calculation was based on Ref. [12]. The
maximum uncertainties of non-dimensional parameters were
+5% for Reynolds number, +8% for Nusselt number and
+10% for friction. The uncertainty in the axial velocity
measurement was estimated to be less than +7%, and pressure
has a corresponding estimated uncertainty of £5%, whereas
the uncertainty in temperature measurement at the channel
wall was about +£0.5%.

ITI. DATA REDUCTION

The goal of this experiment is to investigate the Nusselt
number in the channel. The Reynolds number based on the
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channel hydraulic diameter, D,, is given by

Re=UD, /v (1)
Where U and v are the mean air velocity of the channel and
kinematics viscosity of air, respectively. The average heat
transfer coefficient, h, is evaluated from the measured
temperatures and heat inputs. With heat added uniformly to
fluid (Q,,,) and the temperature difference of wall and fluid
(T,—Ty), the average heat transfer coefficient will be evaluated
from the experimental data via the following equations:

Oyp = Qoo =mC (T, - T,)=VI @
f = —eom 3)
AT -T,
in which,
T,=(T,+T)/2 ()
and N
ReR 7, /10 (5)

The term A is the convective heat transfer area of the heated

upper channel wall whereas 7, is the average surface

temperature obtained from local surface temperatures, T,
along the axial length of the heated channel. The terms s , C,,
V and 7 are the air mass flow rate, specific heat, voltage and
current, respectively. Then, average Nusselt number, Nu, is

written as:

D,

Nu-= (6)

The friction factor, £ is evaluated by:

fi 2 | AP

&1 D,) pU?
where AP is a pressure drop across the test section and p is
density. All of thermo-physical properties of the air are
determined at the overall bulk air temperature, 7, from Eq.
().

For equal pumping power,

(7

(7aP), =(7aP) (8)

in which I is volumetric air flow rate and the relationship
between friction and Reynolds number can be expressed as:

(FRE)=(/R)
Re, =Re(f/ ;)" ©)

The thermal enhancement factor, 7, defined as the ratio of
heat transfer coefficient of an augmented surface, / to that of a
smooth surface, A, at the same pumping power:

ni{ _% ["_}[L)f
My - Nu, - Nug \ fo

IV. RESULTS AND DISCUSSION

(10)

In the present work, experimental measurements of both
heat transfer and pressure loss in channels with periodical

3



triangular V-shaped baffle are presented. Measurements were
conducted in a channel of aspect ratio, AR=10 for three
blockage ratio values over a range of Reynolds numbers as
mentioned earlier.

A. Verification of Smooth Channel

The present experimental results on heat transfer and
friction characteristics in a smooth wall channel are first
validated in terms of Nusselt number and friction factor. The
Nusselt number and friction factor obtained from the present
smooth channel are, respectively, compared with the
correlations of Dittus-Boelter and Blasius found in the open
literature [13] for turbulent flow in ducts.
Correlation of Dittus-Boelter,

Nu = 0.023Re® Pr%* for heating. (1)

Correlation of Blasius,
/=0316Re™® for 3000 < Re < 20,000

Fig. 3a and 3b show, respectively, a comparison of Nusselt
number and friction factor obtained from the present work
with those from correlations of Egs. (9) and (10). In the
figures, the present results agree very well within + 6% for
both friction factor and Nusselt number correlations.

100
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Fig. 3. (a) Verification of Nusselt number for smooth channel.
08

®  smooth channel
©  Blasius correlation [b]
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25000

10000 15000 20000

Re
Fig. 3. (b) Verification of friction factor for smooth channel.
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B. Effect of Baffle Height Ratio, e/H

The experimental results on heat transfer and friction
characteristics in a uniform heat flux channel with wavy
baffles, placed on upper plate only are presented in the form
of Nusselt number and friction factor. The Nusselt numbers
obtained under turbulent flow conditions for all case are
presented in Fig.4. In the figure, the wavy baffle turbulators
gives considerable heat transfer enhancements with a similar
trend in comparison with the smooth channel and the Nusselt
number increases with the increasing of Reynolds number.
This is because the periodic V-shaped baffle turbulators
interrupt the development of the boundary layer thickness of
the fluid flow and increase the turbulence degree of flow. It is
worth nothing that the heat transfer coefficient for 30° attack
angle with PR=2 and triangular V-shaped baffle height to
channel height ratios (e/H) of 0.4 provides the highest value of
Nusselt number while the e/H =0.4 and PR=2.67 is found to

fform better than 0.3, PR=2 and 2.67, and 0.2 PR=2 and
2.67. This caused by e/H=0.4 PR = 2 interrupting the flow and
diverting its direction thus promoting high levels of mixing
over others. A close examination reveals that the triangular V-
ribs height to channel height ratios of 0.4 produces the highest
heat transfer coefficient than other triangular V-shaped
baffles.

The effect of using the triangular V-ribs turbulators on the
isothermal pressure drop across the tested channel is presented
in Fig.5. The variation of the pressure drop is shown in terms
of friction factor with Reynolds number. In the figure, it is
apparent that the use of triangular V-ribs turbulators leads to a
substantial increase in friction factor over the smooth channel.
This can be attributed to flow blockage, higher surface area
and the act caused by the reverse flow. As expected, the
friction factor of triangular V-ribs to channel height ratios
(e/H) of 0.4, PR = 2 is considerably higher than those of 0.4
PR =2.67,03 PR =2 and 2.67, 0.2 PR =2 and 2.67. For the
triangular V-ribs of e/H = 0.4 PR =3, the increase in friction
factor is in the range of 130-330% over the e/H = 0.4 PR =
2.67, 0.3 PR =2, and 2.67, 0.2 PR = 2 and 2.67. The losses
mainly come from the dissipation of the dynamical pressure of
the air due to high viscous losses near the wall, to higher
friction of increasing surface area and the blockage ratios
because of the presence of the triangular V-shaped baffles.
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Fig. 5. Variation of friction factor with Reynolds number.

The Nusselt number ratio, Nu,/Nu,, defined as a ratio of
augmented Nusselt number to Nusselt number of smooth
channel plotted against the Reynolds number value is
displayed in Fig.6. In the figure, the Nusselt number ratio
tends to be nearly uniform with the rise of Reynolds number
from 5000 to 25,000 for all cases of e/H of 0.4, 0.3, 0.2, and
PR = 2 and 2.67. The mean Nusselt number ratio values are
found to be about 4.99, 4.18, and 3.53 times over the smooth
channel for using the 30° triangular V-ribs with e/H = 0.4, 0.3,
0.2 and PR = 2 and about 4.22, 3.72, and 3.11 times over the
smooth channel for using the 30° triangular V-ribs with e/H =
0.4, 0.3, 0.2 and PR = 2.67 respectively.

The variation of isothermal friction factor ratio value with
Reynolds number for five heights of triangular V-ribs case is
also depicted in Fig.7. In the figure, the friction factor value is
found to be increased with increasing the Reynolds number
and the blockage ratio. The mean friction factor ratio values
are around 21.90, 14.11, and 8.10 fold for using the triangular
V-shaped baffles with e/H = 0.4, 0.3, 0.2, and PR = 2, and
around 16.33, 11.85 and 6.65 fold for using the triangular V-
shaped baffles with e¢/H = 0.4, 0.3, 0.2, and PR = 2.67
respectively. This result indicates that the use of low blockage
ratio can help to reduce the pressure loss considerably.
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C. Performance Evaluation

Fig.8 shows the variation of the thermal enhancement factor
(TEF) with Reynolds number for all cases. For all, the data
obtained by Nusselt number and friction factor values are
compared at similar pumping power. The enhancement factor
tends to decrease with the rise of Reynolds number values for
all. It is seen that the blockage ratio of 0.4 PR=2 shows the
highest value of mean the thermal enhancement factor. The
mean thermal enhancement factor values are around 1.79,
1.76, and 1.74 times for using the periodic V-shaped baffles
with e/H=0.4, 0.2, and 0.3, PR=2 and around 1.665, 1.656
and 1.636 times for using the periodic V-shaped baffles with
e/H=0.4, 0.2, and 0.3, PR=2.67, respectively. The results are
for Reynolds number of 5000-25,000 for the periodic V-
shaped baffles 30°, the maximum thermal enhancement factor
is found at e¢/H=0.40, PR=2. This can be attributed to
considerably that e/H=0.4, 0.3, and 0.2, PR=2 performed
higher thermal enhancement factor than the e/H=0.4, 0.3, and
0.2, PR=2.67 at all ranges of Reynolds number.
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V. CONCLUSION

Experimental study has been carried out to investigate
airflow friction and heat transfer characteristics in a high
aspect ratio channel (AR=10) fitted with different blockage
ratio turbulators for the turbulent regime, Reynolds number of
5000-25,000. The use of the periodic V-shaped baffles with
e/H=0.4, PR=2 causes a very high pressure drop increase and
also provides considerable heat transfer augmentations,
Nu/Nuy=4.99. Nusselt number augmentation tends to increase
with the rise of Reynolds number. In comparison, the use of
baffle leads to the higher heat transfer rate and the e/H=0.40
PR=2 provides the higher thermal enhancement factor and
higher friction loss but the others provide the lower thermal
enhancement factor although provide lower friction factor.
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