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ABSTRACT

The thesis presents an-experimental study on thermal performance
enhancement of a square-duct heat exchanger inserted diagonally with baffled-
tapes. The duct havinga constant wall heat-flux condition has.a cross-section of
45x45 mm. In the present work, air used as the test fluid was flowed through the
tested duct in terms of Reynolds number from 4000 to 25,000, The heat transfer rate
and pressure drop in the duct are presented in terms of Nusselt number (Nu) and
friction factor (f), respectively. The thesis outlines are divided-into three sections as
follows:

Firstly, insertion effects of wire coil, twisted tapes relating to twist ratios, and
oblique-baffled tapes involving to baffle attack angles, heights and pitches on heat
transfer characteristics in a constant heat-fluxed square duct are examined
experimentally. In this study, a full-length. wire coil and two different twist ratios
(y/w= 4, 5) for twisted tapes are introduced. For oblique-baffled tapes, the baffle
characteristics include five ratios of baffle to duct heights (BR=b/H=:0.1,0:15, 0.2, 0.25
and 0.3), four ratios of pitch to duct heights, (PR = 0.5, 0.75, 1,72, 3), and four baffle
attack angles (o = 15°, 20°, 30° and 45°). The use of the baffled tape inserted
diagonally into the tested duct is to generate vortex flows leading to vortex-pair-
induced impingements inside the duct. 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. 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 o = 20°, BR =
0.2 and PR = 1, provides the highest thermal performance enhancement factor (TEF).

Secondly, effects of V-baffled tapes with V-tip pointing downstream and
upstream at different baffle orientations, heights, pitches and attack angles on heat
transfer characteristics in a square duct are investigated. Baffle parameters are baffle
to duct height ratio or blockage ratio, (BR = 0.1, 0.15, 0.2 and 0.25), pitch to duct
height ratio, (PR = 0.5, 0.75, 1, 2) and attack angle, (a0 = 15°, 20°, 30° and 45°). The

[



tape with V-baffles mounted on both sides is inserted diagonally into test duct. 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 a = 45° BR = 0.25 and PR = 0.5 gives the highest heat transfer and pressure
loss while the V-baffled tape at o = 20°, BR = 0.2 and PR = 1 yields 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 o = 20°, BR = 0.2 and PR = 1 is slightly higher than that of
the one at o = 30° but much higher than that of the o = 45° at the same condition.
This indicates that the V-downstream baffled tape at oo = 20°, BR = 0.2 and PR = 1
provides the highest TEF value.

Finally, effects of discrete V-baffled tapes with various baffle heights, pitches,
and attack angles on heat transfer and pressure loss behaviors in the square duct are
examined. Several baffle characteristics are introduced such as baffle to duct height
ratio or blockage ratio, (BR=-0.10, 0.15, 0.20 and 0.25), pitch to duct height ratio, (PR
= 0.5, 0.75, 1, 2):and baffle attackangle, (o = 20° 30°, 45° and 60°). The V-baffles
attached on both sides of the tape are discrete/broken into. 2 parts to reduce the
pressure loss in-the duct. The results show that the heat transfer and friction factor
values from' using the discrete V-baffled tape increase with increasing the attack
angle (o) and the blockage ratio (BR) but with decreasing the pitch ratio (PR). The
discrete V-baffled tape with o = 459, BR = 0.2 and PR = 1 gives the highest mean TEF
of about 2.1 and also performs better than the twisted tape, the wire coil, the
oblique-baffled and the V-baffled tapes.
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Flat plate without ribs Flat plate with 45°ribs
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eight thermocouples lay out

g‘uﬁ 2.4 3ULyuUATuYeY Benlu and Jiang [21]

ysaulvalwena [22] ¥nsfnensiuanss o ueau o U UL U uEIen s 9N
'saawumme;'lwawmusﬂamaaunum Tormenduveslvanaaou Traausluanaoud
500-20,000 L‘LJiauawauwasvmwﬁawmumLsamnluumsLﬁ?msmnwawmwmvsaa
amaam ﬂuawmu‘wumiLfcm3aaamaﬂmmwsﬂmmLLa“‘uawmuw%saaamaamumi
WuRiudivaey Smnsuuunsetunasioiu NNBNSNARBINUT Foswuruifin1siwyses
m’l,mwuamwm’imammnmauuaumsasyl,ﬁaﬂ'mmu Tnefdn e/D, = 0.33 Feauunues
sawmmﬂm“lwma;quamiﬂuvﬂmmaumaﬂ Tuﬂummm e/Dy, = 0.25 uag e/Dy, = 0.20
%wmm%smmmsmuﬂim}v’mmiqua:J's‘sﬂuvm'uLJ'ﬁaumam LaztoIvuIuisings
wseedaawuuoaiy 'Lumam'i"lmimammwmauaamwm‘s%mmmummu WA
'waammwmu'lunmwmﬂmmumumlﬂ sioun Varun et al. [23] ldfaguuazifouiFes
mﬂuﬂmameﬁmEJLwﬂ'nmau‘aawaalwama'[wamamsmaaamwmwiyuumwa
Usznaumugunsaniig q maﬂmumsmu LLam'LusUM 2.5 wieuaauensiTeiReItunng
femANUSoU LLazm’mLaammu,ﬂwUluwamn'm'iaumawammmqa’mma
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e/D FLOW PATTERN
/e FLOW PATTERNS /
f—p ———
et '1/0
o0 —
Oa- e o REATTACHMENT OF FREE
o N SHEAR LAYER
L_REATTACHMENT OF THE
SHEAR LAYER g

(=]

= —::,____.‘\ l’:’n - fe w f/;"' ////
= S

e ﬁa“@g 5 21

(n) (V)
d v L] i < a;d L7, T . o o 1 1
JUR 25 (n) dnwaznisivanuuig g uuiuRaniinnsduiusiuieduiusseeiisening

'

=

BaARIYIYIY Uae (1) dnwmsnisivauuunng 9 vuiiuiafidenuduiusidu
erifufiundnugavesRavsusyYes Varun et al, [23]

Promvonge and Thianpong [24] uonAiiaanumALi Tumﬁﬁﬂma‘aﬁlwﬁ%
'I:wmmau’twawumuwamaammsa W308M51EIUVBAGUNS VDT IWUILAT 7 Tnggusng
VoIS U ULUY AZanaw 2anay ﬁmaammia Wislvuiwes uazywospiuiliu 30°, 45°
way 60° dmSunsIaM e/H sening 0.05 waz 0.15 uarsnsady Ple aglugesewing 5
f4 20 mimmmmmvamﬂiﬁwaqﬂ%'waqm'mLLmﬂshwﬁ'WTmamLw?w'amwulaiﬁaa'lu
's'lm'ru mEJmmuaammwmaamm‘uaamsmmuamamumamumwawauamimaamsmﬂ
anumdsueg (ammaawmmLLauammaamuumn Ima’lumummmnu a1 e/H
Wity 0.3 wadwdimaniitienisesnuuuiintureaiesuaniudeuaiudeu lunis
nageuarliomelunsmeaaou Tnsmsluaduuuuiutuiitinanssluadegludaus 5,000
fl4 16,000, sloan Fsdaemee [25] ¥nisAnwinisifiuyseansnmnisaremanueuluse
naslnsmsfinssadisnnudutunelueriingndanutoundi (constant  heat-flux)
Tneldmnnumaennuduihu ldnesluiennaeudainmstdlutalinieluainunnaes
mmaﬂLﬁ‘aﬁ%amﬂwauwmmuu‘%nmﬁwiamaau wanalugui 2.6 vswavesdn
onneusrzfindainun (P) reidurugudnaraduain (d) wavdnsdusseindlude
(Py sioAMunIgluda (W), [CR : y] lunisdrewmmudeunasduusedvsusadoanuluyie
nanfildlunisnaaou Sasanislnavesernaldvaaeuiidrdaiavissivad (Reynolds
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Numbers, Re) §¥%1914 3000 - 20,000 wadnAIsnaassiluSeuisuiunsaildainun
wioluDneghadrluvefndeu Fetlddiuinnisldarnuandonludaanunsavinlisnsanis
dromanudeuiutuiduassvindlodsuiisuiunisldmnuavialudnogadien nnsly
aaﬂ’umaﬂvﬁm'ﬁmﬁuﬁﬁné’mﬂe’humsﬁﬂLLazé'miwdaua'aﬂ‘umﬁmﬁaaq Jram TSRS
nsteimaruseuldAnidnndunisiauasdnadiuainuniiininge nelddeulyi
Wislouiu

Electrica hegter
Insulation
Tharmecnuplog
Preasure g \ X Prassure lap
Cold air | RIS SRR pN SR R ET s e
i T e e VAT s BT | AAgANaa
> [ T o AT T e
5 Twisted tape
; =V
| / '/"‘ oA \ Wire coil
f ¥ .

b/

v

d = ] 173
U¥ 2.6 TUNUNAADUVDY TID8NaY [25]

Eall

anavas [26] inrsAinuinisiiinnistemanfouvesinioanivisuninuiou
fetemunuiiiinsuaumasuiasaiuuiiianagnsasmenudeuiiiwuua naaes
Tughaauisgluad Re = 5,000-25,000 uavyinnsSeuiisunavestosruuiifintseou
YomuTATATUABIAILUYAN  YesuuiiiiaSuung v 60°, 45°, 30° karAsunse
(90°) Snsndnsypziindriomigetoruuu PR = 1, 2 wee 3 Snsndnnuginiuienu
getasruIL e/H = 0.1, 0.2 Uy 0.3 INMSIAARINUIIYANAADITTiAT UL 60° Tsfdn
MstemaLFeukariUsEne U davIuRNIIn Y ilerFsuiiisusudosvunuiiiyy
45°, 30° uwavA3umse (909) 1nefid1 PR = 1 way e/t = 0.3 Wwanisaeimauiou
ungn Tnefinuny 60° danariadariafeinnimenfadou 5.45 wh MUAATUL
a5° fanaviadaritadoninnimiontiafou 5.09 vh asuyn 30° TAnaviadariads
wnnImertiuieu 4.66 W wazaSunse (90°) fAnaviadarindunnnivientuiou 2.04
wih udrdssneudeanuifindusuiulagiiniugm 60° ifuszneudeaniuaie
wnnimenladey 24.53 wih ASuyw 45° fadussnoudsamuadsunniviortdaSeu
21.35 wh ASuyy 30° fidMuseneudsaviuademnnimieniadeu 13.21 Whuazaiu
n39(90%)  TeiausvneudeamuiRAsuinnivienudeu 10.94 i Fedenalinisiia
aussaurauFeuiiandell Insaiuyu 30° ddmuszneunaifiuanssauzauiouads
wnnivenifaiSey 1.97 Auyy 60° fiAmlszneunmsiivanssouranudouaisinnniy
vierniaTeu 1.90 yu 45° fidduszneunsifivaussouranuiounisannnivenaieu
1.87 uaza3uass (90°) Hrfuseneunisifinanssnurainufou wisunnivenaSey
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1.02 asiﬂal'iﬁmumiLﬁuammuvrﬂmﬁauﬁaaam Ao yu 30° fidnsausserindsoniny
FUUBVUIU PR = 1 LLa.,amwmummaamwammawawmu e/H = 0.2 lneilasa
ﬂsunaumimmmmu Aufouadsunniveniaudeu 2.05, doun udina [27]
mmiﬂnmmmwmmsau AufourenAIosandsunnudouneluvievesuiy
Amdvuiifaiuses onaduveslnavnasy Tuthswesnianssluas Re = 3,000-20,000
Togvihmseaeaduaensd fe nsdiftinsindensundn (o) uaznsdiiinsinsiety
NONNANTDINTY ma'lumﬂﬂﬂaawama‘dm‘umua”ﬁamnsfﬁﬁﬁﬁ'ﬁm Ao nsdinshna3ud

T TRV BRI, LLﬁuﬂimﬂﬂﬂiU‘ﬂ\iN’JUULLﬁwN?a’N %3ﬂiﬁﬁﬂﬁLLUGﬂ']'iﬁ]ﬂ'D'Nﬂ‘iUlﬂL?JU 2

=

LUV A wuunsatuuandesiu nanisnaaeanuin yanAaRIAtATUMENKaNTDIRTY N3dlfn
ﬂ‘%uﬁﬁwuﬁwmﬁmﬁﬁm PR = 05 ’lwmmwamawmnndﬂﬁamuaLssuaawaﬂ Tawdian
La‘UUﬁL?jiﬁViLﬁﬁEJlJ’lﬂﬂ')’l‘We]NUﬂL‘a’EJU 6.51 W1 wazyAvAReITiEATUMEN (Lumaq) nIAnAIY
fiRuuduRgaiilen PR = 05 TmsmmLamums‘ﬁaﬁmﬁﬂmnﬂiwiawﬁaf%w 6.33 11 Uay
nsdifRneTURR ULRBS R TiAIE s d s EEERng PR = 1.0 I¥nsiuaussouy
Anuoudvgeiian Inofinnsfiuaussauyarudeuadoiiy 1.66 uazyAMAADITisiaTy
win (lilseq) nsdiinnFuiiinvuduiisrfidednsdimseoefind PR = 1.0 3eilsh
Usyneunsifinanssatsalusouaeaaniiiu 1.84 wey 1.71 Janufidianisdluads y
dmiunsdlviedinsundnuazvieilnsundnuausasnudiu wasdmivviefiaTundnuauses
A54 NIARRATURIVLLERIAN TSI ABULUURRUTTE PR = 0.5 anavniadan
aeami‘iam%mﬁUUﬁULLUUﬁu 7 #ifinsfaesuiiiovutasinarsiuuanmseiu Tneden
wuiadaiedeuinnimiendadou 7.37 wh LLav'LwmimuammuvmmsauLaaammaﬂ
IﬂEJﬂ'IGDU'Suﬂ@‘Uﬂ’!‘iLWi.IﬁlJﬁﬂuuﬂ'TlﬁJ'iE]umﬂEJL‘VI'Wﬂ‘U 1.69 founduganaassiiaiundn
(lifis09) n3diRnm3uilaRnuLLasRng TN InTuLUURsITUATel PR = 0.5 ¥
wdadavigean Insirnavtadaiadeuinniamoniadey 7.20 v uaglinigidfiy
aussouzauSeugeiian Insdmussneumaivaussausmntewadowiniu 1.57 way
Sripattanapipat and Promvonge (28] WaninIsATIEATIAANAINITAENAIILSOU
swidoy 2 37 lugesuiufifaududusimesimtuiazaruunies TnsAndnasnis
Tnauau Ima‘i%ﬁaulﬂuamwnﬁﬁwﬁ'mqﬁ wuLsdluaniugag 100-600 wuduﬁaammuﬁaaﬂ
iULWﬂuwvm‘lumLa'uuawawaLavmﬂimaULaaﬂmumeu wazdamuimnAnaussluadd
Thpennesi 5° uag 10° 'lwmmﬂsvﬂaumsmeam‘sauvmwmauaqmmmamwmw 0’
(wruuwuw)

g1lwdas [29] vnsdAnunisifiunsenemanudouveaaisawaniuasuaudey
’Luw’@Lm'wmuﬁ'ﬁﬂ%wé’ﬂ51J6fﬁﬁ'muﬂ~w~ﬁ’wm1wa q5° 9M3IAIUANGIATURDAILES
¥99WUI e/H = 0.05, 0.1, 0.15, 0.2 was 0.25 amﬂmuu uwmmmammawawmu PR =
1,2 uaw 3 Tnefnspsuiifiuuiissiuios warAnfsnsuifiiuuuasiing s ﬁ]mﬁdﬂwuw
Hosunazmsaiy Tagvhnsmaaesiiannisiaduiuundndanudeudiinnedl Avioudusiiy
suvy wazldorneduveslnanaaou ludrnavisdTuadmaun 5,000 fa 23,000 wHy
nedou wandluzuil 2.7 nansnaaoamuin sinRmdngUiATRauuasREaeady
wuunseiu Tirmsaremaudeuuazensussneudeamuiiissnniign Wewssuiieuiu
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goviouuruuiifimsinfniuiiiovuuasinaedannduiuudesty uasindesuiauy
\Wiesethaien Tnedirn e/H = 0.25 way PR = 1 fidaniadaiadonnnivieusuyununis
159V 10.63 W1 wazA1iUsENaUEEANILEE LN IYIBUALTUN LTS 68.67 1
ANFNY AIAARIASUTRIVLLAE RIS AR UL E ey Janaviadaiadsunnnive
WHUTWURTISBY 9.76 1M1 wazAfUsynauduamiuadsuinniivewsuuiuntadey
60.97 Wi uaznIsRARIARUTRIULLTIBI0E 1) fianaviadariadomnninviowsusnm
nduigu 7.59 i wazAYsEneudaniuedsuinniviewtusuiuntatoy 46.47
Wi %‘qeiwa‘lﬁﬁwivnaumiLﬁuausimuumm%'aumé"amnm'wiauwwmuwumau
pddusal 2,61, 2.49 wag 2.12 wh amqhnmunnsmamsﬂuvmwmawaam Ao
W‘waLLNwmuwmmmwanwmﬂﬂUmmﬂmuuuaumamtumwmumsanu feH =

0.10, PR = 1 um'squau'ﬁausmm5aumaﬂmnmwauwuwmuwumav 2.91 Whiif&s
Jusualvainiy

el

o~ Im‘ = M. 2
Ry Al )\ g
i s.rﬁ"‘“‘m_—"b

g | s =
“htE

i b o
i et 60 cm
FLOW ' .

d L= U w o ° =
JUN 2.7 aSumdingusiviny 45° 909 §1lndns [29]

Lee et al. [30] vinmsAnwiguwuunisiva, msmammnmau wawfdsnuitldng
w{]uluwaamaﬂuwmimﬂm’mmmwm iy 60° wuuRsuiesaie wazATUFUMAIINY
45° angAsuIeaduLaY Ananseluad Re = 10,000-30 ,000 Immaumuﬁuﬂnmﬂa
nsednA (D) Wiy 75, 50, 38.4 A1 Aspect Ratio (AR) Winfiu 3, 5, 6.8 BN IUANUEIATY
seduruAgugnaislensedin (e/D,) Wiy 0.04, 0.06, 0.078 wardnTIEIusTIERndAoAIY
AU (P/e) wirfu 10 sukuUAsY Ltam'lu'ﬁﬂw 2.8 WANSYINADINUT ﬂ‘iU’iUm’J!JlJ 60°
LLUUﬂsULﬂ&nmmuaq’twmsmammwmaumnmwsmﬂmauu 45° wanyAIUINEdULDD
LLavms’lﬂmawuﬂﬁn1wuﬂumuwmmu a5° vimaﬂsmwaauu,mﬁ].,'L?Juaﬂm"msusu
iy 60° WuuATUREseLe
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607 continuous V-shaped rib (60V)

Ple=10

56 6 70

x/e
43° muluple V-shuped rib (45V)

JUT 2.8 UivuAsUMElYedAvITes Lee et al [30]

i [31] ﬁﬂLﬁuamﬁLﬂﬁ“ﬁmﬁ"atawmmin"]&Jmmm%’auﬁw%’umﬂwal,t.w
's'ruLsau’[uwaamaUmmamuammummw Iﬂauﬂﬁmﬂmmunmwmw LLNuﬂu’J'NLE]‘éN

uag Lqunu'mLamwmwwmmaaqmwawa LLam'LuiUw 2.9 Fain1snawsiuunuy
LERT Immmunm’maawimmmauuuanwmymwmwmmmuuﬂvmw o =207, 30° uay
45° pudnsiv Lmvumamswmumsﬂmﬂum-ﬂwa (Blockage ratio, BR) 111U 0.10, 0.15,
0.20, 0.25 U@ 0.30 MWy mmmuﬂmwLami'ﬂmmaﬂwmymwmmammuuu ¥y
fla =30° Lta.,umamsnafmmwmnummnuﬂuuwuﬂu'mwm nﬁlwamuumunusﬂﬁﬁ:"
f95001 2 n3edl Aensdivareidmufiemsnasiva waznTtiivanemuiamanisiva ’[umi
AaldiiSusunsuiiiouandendsuiininaiaasiu SIMPLE an1ssiassiile
mLauaﬂmaﬂwﬁuvmimammwmauummﬂwamawaﬂwammuLamieﬂuamuuwumu
Laumumuana'mlam3aaﬂeuawaﬁmaemma 439971 Re = 100 §4 1,000 uazldfnuvinaves
LmunumaﬂnimEJmmnmauu,awmsazyuaammmu'twaamaamma HadwsTldanvie
amaammsammsmmmuﬂunnuﬂﬂLUsaumwnumaamaammsamLis‘u WU wa%maw
amsawumsmmmunmvqum‘smammwmauimmmmaamaammammu ORI
aﬁswmumwmﬂumﬂwmmwaL«zfamt,avmﬂsunauLﬁammmwmu PINANWULNNTINIG
WHUALNUIN LLNuﬂmmamgUmammmsmammqmaulmmmwLLmunu'mmmLLameuﬂu
1797719 Tﬂmmurﬁau'awuﬁ'aqwﬁﬁﬁ a =30° LLUUUﬂWU%‘%ﬂ?uﬁﬂWNmi"Lwa’Lﬁ’midwm
mwmauaamwLLUUanwmuwﬂmqms“haa WAEHAANWSINN1IAILINE WU LquﬂusU
WJ'JLLUU"Ua’]EJTUWJU‘WHVI’Nﬂ’]‘ﬁl‘IﬂaVl BR = 0.125 ilA1susznaunisiiuaussousad
saquqmmnv 3.33
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Flow Inlet

&

= oY = " o o o
JUN 2.9 wiunumaBewasununugUivives v [31]

nunuami [32] 1.?1?1ﬂ‘b"]ﬂmaﬂl‘imu?.lENﬂ’l5ﬂ’}EJWIF"I’J’HJ‘iE)ULLauﬂ’ﬂﬁJLﬁEJﬂW]UIU“?jEN
Lmufuuwwmmmumqm'ssﬂammaamuauﬁmaumum LLam'lusUw 2.10 Hannendnd
mmiauuuumm lugruauisdluad Re = 5,000-25,000 LLa.,mmiLﬂsaumauwaﬂawm
‘umumwuaLsﬂvﬂwawmwmsuwmwﬂmumaEJ;JLLaUamaauNummuu 30° Fonuiie
n19n15kua wamswmu'ﬁuawwm‘umammawewmu PR = 1, 2,3 Uz 4 8n9dmAILge
ﬂsumamﬁuawawmu e/H =02, 0.3 ua 0.4 NKANITNAGBINUIT nsmﬂsumam’mﬂ
ﬁmaauwum fien e/H = 0.8, PR = 1 WiAnsdiemaniutouuay mU'ﬁvnaULaammuaq
wam 'lmmLa‘uuamamaasmnmwawuuwu 6.15 Wi pudEASYUNRAsUaNLImAL Tieh
e/H = 0.4, PR = 1 fldnanialarindesanimviontiadey 513 v LLauamaqmmummU
‘lumummmﬂummﬂiunamaammumnmﬂuwﬂ'suuwmogﬂamaauwum A1 e/H =
0.4, PR = 1 fifrfausznouidsaniumisuinnivientiadeu 67.68 WinlaranadnuaIny
luvnziiniuundaiguanuimass fifn e/H = 0.4, PR = 1 fiffusynoudanuade
wnndwienduSeulugan 21.89 whuaranasuddu weRaswuidersusenounisifia
AUITTOULAINTOUNUIN ﬂwuwmasﬂﬁmaauwm A1 e/H = 0.2, PR = 1 a5
Us.,ﬂaumiswuammuummsau WdvnniviorfauSou 1.61 i «mUummam%qmﬂ
ﬂwwuwuwmmnu 30989U1AD mumama‘sﬂﬁmaaumum A1 e/H = 0.3, PR = 1 o
mmﬂ‘svnaum'zquaminum'nmaul,aaamnmwwanuma‘u 1.55 Wi Tuvasfinsuui
fdgUanuivdey fifn e/H = 0.4, PR = 1 IfedUsznaunisifinaussougaudoy
wavInnIverlaiey 1.839 whdufudigean sesaunde AU UaumEY i



[1] ar
: Z0UINAAANTSIN
ghilfanomyanaid Nl .

¥ 1 . HI v d 1 1 o
e/H = 03,PR = 1 lidsznaunisifivaussouzanudoundouinnivieniusey
1.772 widlefiarsandiusenaunisifivaussougauiouaiionudn ASuu1eRadgy
d < ° = v =l
anuwdey wngauiashluinsassendldiuauunnign

l:: » Inflow

—

e, W IR, ;»"!/}’\ N s Ay
PE AN N e

d =1 @ L
JU% 2.10 ATy gURIves nuntiunns [32]

quiiey [33] ynmsAnwnsimnseemansouluviedindvydnsalagldniugy
fhyfianmrnisthemannseuiifouuunil iinsviaasslutananiseTuas Re = 4,200
26,000 uagsinsiUSeuiivunavesiedmasudnsanaiouiueriaenniuguigly
dnuaisnusalngiivanemytiunssuaauiiun 30°, 45° oy 55° DA IAIUANFIATUAD
AIMEaVID b/H = 0.11, 0.15 wag 0.19 dndusvesiindionnugsasunu PR = 0.66,
1.32 uaz 1.98 wrlunnaey uaadlugudl 211 9nransneaeswugamaassiiaanniusUf
gty 30°, 45° uaw 55° Wiraviadaviviadu Taefien b/H = 0.19 uax PR = 0.66 AFULM
30°, 45° way 55° WAaviadaviaduinnniwiedmdsudaiamiaiou 2.71, 2.14 uay 3.18
Wi muddy udiiUsEneudsamuiisutuiulneiiesuus 30°, 45° uay 55°
Usvnoudsamuiadeninnimedindeudnianiadou 1.66, 6.26 way 6.36 wh audiu e
dunalinisfiuturesaussnuznssemenufouiivad ASULN 30° Smsdusrusiindso
AINGTOIWUI PR = 0.66 UAY BMTIEMANINGIATURBAINEGWID b/H = 0.19 fiA1nns
Lﬁu‘ﬁwaaamﬁﬂuzﬂ'rid'ml.wﬂ':m%aul,aﬁamnﬂdﬁﬁaﬁLwﬁauia§ﬁNﬁaL?au 2.28 ¥ uay
ATUNL 457, 55° Sdauszerindronugetesuu PR = 0.66 uay SnsiadueLgeny
floAugio b/H = 0.19 fAmsifisturesassournisdomaruieuadeunnivie
Andounianiatou 1.71 uay 1.16 wh anadei

128977
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SUT 2.11 ruguiyues quiiien (33]

Sripattanapipat [34] WL@UNISANYUTIAUAVVINITANUNANUSBULAE
nginssumsivauvusuSevlutesnisinaitguugifnad Tnefinsfnsausuiuguaiy
wuuanmdsnfiniaivutasiaanseiy uanddugui 2.12 Seiluaeny o wiiu 30°
a5°, 60° waz 90° mMudy uasiidmsrdunmsntumsiva (Blockage ratio, BR) faus 0.05
i1 0.30 dmsudnsausTor STy (Pitch ratio, PR) 9xWidu 1.0 dwidunsdl
uevy 45°, 60° way 90° duyvwy 30° sxdimsidsuudasdnsdiusseeiing
sewiukutufeus 0.5 d 2,0 lunsAnwiensmsivaildasadsuuvadiumueiause
Tuast (Reynolds number, Re)  &aildasaust 100 uiie 1,000 Tuntssiassaeliiusunsy
FLUENT Tupnsanuas waﬁlﬁﬂsﬁ']Lauaagj'lug*u‘s'ﬁwaaamumﬂwaLLasﬂﬁd'mmmm
$ou Rnuadndildendesmsivaiiinsinuiutugnirluineuiisuiudesmsivainey
wui desmsluadiiintsinuduiueziiumsdiomanuseuldfnindesmsivamiEou s
WuturessnsadunisUasunisive  shldeaudaidaviiaysusene vidoaniy
Wiy venmninmsiegdauainisivanudy despgmgveuduiuiivunadnas o
ﬁ’ﬂ,ﬁLﬁmmwumumuﬁﬁmqmﬂua?ﬁws'ﬂ"wLﬁum‘:dwmm%'au Tuveugifeaiu nng
gydunudufiaranasdnde lidvseneunisifiuaussausanudon (TEF) ve9
LLN‘L!ﬂuiﬂﬂaua\iﬂ’JWLLNUﬂuTﬂ’NmﬂﬂuaEJWﬂU lnedlen TEF gegauiniu 2.33 7l BR = 0.075,

PR = 1.00 i Re = 1,000 mamwuﬂugﬂﬂauymﬁum 30°

D

— Computational domain

\—i“" —-
: \_7_ »

d v 1 o ] L " "
UM 2.12 lassadevesvuiuasiauunsiuniBaiiaues Sripattanapipat [34]
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vugi [35] ¥hmsAinyimsiiunisaigmenudourenaieuantUdsuaudeuly
vieusurundmasuiuindiieiu W/H, AR) = 10, AUGIYOIVUIY (H) = 30 Hadiuns
Tudhnauissluad (Re) faust 5,000 fla 23,000 Wud1 MsakerumSILRTNSAN9ARY
LumssiunasyuUsnzveslnaigs  Tianstemanudeusassuseneudonvuiiy
Qa‘i’]’umﬂn'ﬁnm'ii‘fmwaﬂ%uLLmLﬁmﬁ’uuaxquﬂswsmaqﬂﬂﬁwﬁwn'ﬁw faUszneunILiy
aussnuzATieu (TEF) vesniumnanuimiouming fenugediiing fanruuudes
fuwartn a = 30° lirgegn damn fﬁwmmuLw‘ﬁ'Uwﬁﬁ’ﬂﬁnwsdwmmm%’auqaaﬂ
mnﬁﬁuﬁwm‘%’wmamm?iﬂwﬁﬁ'q qumquaﬁ%aua e/H =0.13,0.2 uay 0.26
wuuangeliainaue e/H = 0.13, 0.2 afufu @i PH = 1.33 Undmdeuuasamisn,
WU 5 guay 10 ¢, dnsrdnaugslndoninugstessuiu b/H = 0.2, 0.3 wa 0.4 $an
fematnunisluauasimumsiva fyuens 381 o 30°, 45° uaz 60° wuih mslé
asusmivlnilidnisdemaudeutarmyseneuidsanuiidfinuniudedoutu
viowluseu Undimdvy 10 “'gmuﬁﬂmamﬂwa'ﬁ'quﬂsmuazmmggqﬂ"lmnnﬁwz'l,ﬁé’mm
matemanuTeuuasMUssneudsaumInnd1ln awwiden 5 ¢ Imufianienisined
NuUEnguarATINGaFANGT wasn1sAnmaATUTNu TN ARIUTE s A AT ULU LA
3t Didnstemaufeusaziausvneuiduammuiiinaniian Wewssuiiivuiums

o e

- & o | s &I s - 5 o & e I ]
AAFIATUVINIUL-ANININRUULD DIALNALARASAS UM UL 0Ra 1 Wi Beag 1afien

3§ 3w T (EAEE.

e

A
Welyo b b | Webwe 10 prnany. o -
i, w ix L T T———

v
@

(1) ASUNUIRAFIRIVLFTULAEY

Tnflewc! ‘-4'_m"-_?‘_“‘ ] : _—L
“"I:r""il'r__a.:;:.-._‘._"";‘._a__ . .l}
i
b —
= i = | ol
(A) PRUM AFUVEMRNATYUAY TN () ATUUsAwABLAIY warlin

UM 2.13 wiunnaouves YUHFN [35]
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2.3 WUIN9NISANEN Y

MnuiTedeiu dwlvgpjiaulafies@nwinginssunisdhomennudounaznis
gy durudunoluveuanidsuninudeudifidmisiinedsng 9 LU JUNSY, sruEiing,
AN, Tseasanarn1sdnINAs uLUUAN 9 ’lumsﬁﬂmuwmLLmﬂm’LumiUs LUNAASY
mmmmluwaamaﬂmmamaquamsnuvmmsawaamsamamﬂaaumﬁmau Ty
Asanile, JUnss, 1um, yuusne, AnugauarszezAindaiu Sedmadednvaurnisiva
vovadlua miazyLﬁﬂmmmml,aULLNLﬁEJmmutﬁamummﬂa'l,ﬂmslwa’l.uvia wardsddyfie
mmumiaammu’Lwaumnmamimmmwaaqwa’l,mwamaﬂﬂﬁuwsﬁnmmaﬂsumaauanwmv
yoenTuLuUd 1 Tnglduumieie miaaﬂ'lmmumammﬂwmﬂ‘lumm'smuanL*Uasjumm
Youdwinlavmnlunisiings ammuwum‘smam mmnmaw‘uu mmﬂwmaauﬁhmmmu
vinasuiunzaulisngatety muumumaummmﬂﬂs asifioriinsfnwinsvaaes
mmnumﬁmumimEJmmmsauma’luwa%mammwmmmmumamﬂﬂsmmwuma q
LuEJG‘\)’lﬂ‘VlEJLUuIﬂ‘i&ﬁi']\'lﬁ’lﬂmﬂ’lBIU‘IJEJQ?”UUM?E]BUﬂ‘ifMLLaﬂLUﬁUUﬂ’J’]?J'ﬁEJUVI’ﬂULLﬁ“WI
WI5Me AT avENadeaussauENISRINISIEMAILS oY LWSLUUSQ?]PYN&J‘LﬂMJJLLﬂB
Lmea’Lum‘sﬁ’mﬁu’taLﬁan'L*t'fLLavaanLLU*U%JUn'sniLLanLUé"aJuﬂ'mu%auﬁmm aulwd
ﬂ'svammwmimmuaaam LLﬂvLWE}ﬂ’]i‘uEJ”IEJ‘UE)JJaﬂ'W‘iFiﬂH’]ﬂiULLUUWN 9 NBDAIUNN YL
MSAARY N158A379 Lasfiamng LwaLﬂumuaanlwnucﬂ%qwummau‘lmaan'l'zjm:umm
wnzaudwiussuurasldausell inliianosdadnimduuselenivasuumnanis
Wanwelulagessfinanls fheenuuy dhinvinasinist erfivu sudsulewiiinesd
fidvdwariensifiunismemanudounislumoRtmsfndauruusRnesy Wsnsuandou
anuseusninseslvanasni o eluleiesuandsunnudeu wasdadulsslovise
miwwmaanLL‘u'uaUnimLLarmJaaum"lmau‘lwuﬂivammwmawu Wrlugnislindsau
am\auﬂ‘suammwmﬂawuuavamnﬁafytﬁawamu m'Lwamnﬁ'L'm'aame PEUI08ANTT
Aavsunaienisusulnoenled uastaRvioduwinda uaﬂmﬂuaammiﬂammmaﬂnsm
wanidsumnudou fuunanesindamangay manmiammﬂmam;auwwmmu 13
wrvummsquaminuumsmammaLLamUaaumwmauhmwuu m’lwuﬂiu‘lwumm YUY
uaziAsaaniUAsunTsoutaians Tnoamessuurhandy fsdlouedidnas Ulug
m's'l'm}'smwmmﬁmmmwuwuauaq ilaausingniseliSeunsyan muuavmuimw
wm%aumuwammlmms’lmwamuLLavmswmﬂ'ﬁammmmLLaqus LANTNIN @508
AuvuNSHERlugnamNs T ﬂaNLUuU'ﬁu‘Ewﬂmamamaﬂwawwuﬂummwﬁﬂa mﬂmms'ﬂlﬂ
ﬂLUu"LJ's.lwumamiwmmmﬂIuIaEmENUum@ﬂﬂmﬂuaammmaaﬁaﬂu amm'a.laﬂsau an
UaRuLALAANANTENUADALNE Y



unil 3
NQes)

3.1 uni

uniinanais nguiiiisadesiuauided tonanséned (36-44] Tnefiansannis
dromadudeu Wuniswiaudeunvudsdudmsunisinanielune (Forced
convection for flow inside ducts) afursfianamansnisiva augandaau n1saiewm
Awseu anduusniswiarudeuluguiuusing 4 mafunsdiemanuieu wWelnses
nMsmemaufou msgydenuiu  uagaussnugmsiiunisaemanuiou (Thermal
performance enhancement factor, TEF) %’faﬁwﬂ’agaﬁﬁmmﬁﬁqé’ﬁmﬁmﬁ’u

3.2 NafNEAsYaslva

mslvaneluvedveouwniidn [39, 43 Tnsiimumuivestureuinnislvall
awsaiiniuged q W wsrindielnaluldsyesniivdutouianisinadiofiy
Nufmihavenioddlaainsovensaenlulasn sUINvesRaEElidnyurdauLLLey
Liwasuwvaseludn Fanislradnuasidud Bendn nasluadiv sy (Fully
developed flow) daunstuaneuwini 1undn mslvedimasuss (Developing flow)
WaELTUNTITLEYURINTIMANUUEN Hydrodynamic entrance region

wWisimosaudunnasaiifeatestuidi e saaulaensa Barmudunnasey
wnidudeslimamundouvodnamnniy

msdngridaliinas, W,
Win =V Ap (3.1)

ANUAUANATDIUDIUDIINE, Ap

¥
Ap=f P2 (3.2)
2D
%39 friction factor (f) @nsavlaen wnanseneda [39, 43]
2
_ Ap (3.3)

(L/D) pU?
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3.2.1 dn1zAsiva

awium'i‘l.wamU'luwauummmuammwmamwawawﬁnfumwm (Entry
region) ma.,‘uuaamm']mﬂwauuwumﬂuaLm‘u'l,m‘ivmwﬂﬁlwmmuswwawsau:u*u
tutau wusdluaddwmiunislvanigluvienausiumidy

pu,,D
0

Rep = (3.4)

P - o = '
Wo u, Ao muFuadeneluve
D fe wuruAuinaveme

wusluadingd dmsudismsidsustaswesnisiva mnnisivauuusudeudu
nsluawvutiuvau Buduain Rep, . ~ 2,300 waznslvaidunvudutudui 7
Re,, > 4,000

dwiunmsivanuususey (Rey < 2,300) Anue3vestausnamadidmdy
msUsus mleanauns

(-’5@3) ~0.05Rey, (3.5)
D lam

drulunislnauuututhu (Reg = 4,000)liflaunisfiviuoud mium sz vz
dwisumsdiuiy uagiferitldifeadeatuavisdluad wasdanussunmudl

103[5"’—"] <60 (3.6)
turb

dmsueilluid imesauidl x4 > 10D dwsumsivauuuiiudoy

[V 7

=
3.2.2 AU5R5Y
musIneluessudsiRsuinianuiiniinsesie fduiddanumsaueds u,

& 1 &

wy Taeilonwdn anuiduede fie anuspasmeiuininvemewasanumuuiuues
vodlva wwiiudnsnisivavesna

h=pu, A, (3.7)

v o = i ad & v oo o

dndunisluaaniazasil Adamldlinsluvefiifuiini dansi A1 m uae u,
goudrmaiinaennueIvio

dmiuvienan (A, =aD?/4) rweuausdluaranguiiu

Rep =—— (3.8)
= nDp
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W3EA1 h nanmlaannisduiiinsavesidnduaa (pu) yvisiufivtida

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

]

gty dmsuvianay nsavedlvadamiluls avls

L pu(r,x)dAC o
_ A _2mp fo A
U = pAc = pnroz '[ U(I',X)'dl'-g'[ U(r, X}dr (3.10)

Faagmen u,, laviudl Weg velocity profile, u(r) Aishuviatiu

3.2.3 MswAsuulasanudunaziaUssnauidsamulunislvauuuuiusadiai

TuusimAanssuild - ssldaulafisfunisfenmusunnesonlunisivanely
vio ilosnmmsilnesiifsatestunismunamdsnuestuveinalaonss lunism
AnusunnAseu mldlagldiusenondeaniuves  Moody Fadunisdwes|3an Tne
e

gL op/d)D (3.11)
TpuR 2
%& Critical
04
\ Zo0g —l Trnnslllon A
0.08 20"9 ————— Fully rough zone
007 Lamlnar : - - - 0.05
0.04
0.06 0.03
0.05 —{0.02
Q 0.015
Z
She 004 001 g
‘;-. <« 0.008 4
T 003 £0e8 E
; ) i ] 7 0004 3
g o002 o L 0.002 2
S 1 '-‘\\ ] =
3 002 S ; Hioip @
& ST 0.0008
i S 0.6006
E o 0.0004
0.015 ~
e (uim) X Bade 0.0002
~
Drawn tubing 15 \ 5 0.0001
Commercial steel 46 3 =
0.01 gast Iron i 260 Smeoth pipes L} | 0:000.05
0.009 oncrete -3000 } ~J
0.008 000,01

i . .
10° 2 34568l0% 2 3456810° 2 3456 810° 2 3456 am—l‘ Eass .810°%
£ = 0,000,001

o= - = 0.000,005
Reynolds number, R:-,,=i-i{_2 !

d a = o s A o . } 1
JUN 3.1 duseneuideanudmiunisinanusudnduiiluvionau [39, 43]

o L y 1 o v v g o = € 1 (I ) [
dwiumsvauuuiutuivivindun mslieseigesnnuinnitdesddnasinnis
vaapwiUsznoudamudmivanausdluadsg q lduandulaozunsuves Moody Tusu
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P Y o - Vs ¢ a Vo - v
3.1 Mvsznauldeanusviiirtuegiviavisdluaduazaniizinvesvie Feasiiaves
AU UL RNLN DU AU T UTRIR IRL TR Uy ausail
— -1/4 4
= 1/5 4
f =0.184Re, Rep >2x10 (3.13)

du 0 ar 1 1 = o
uennillingimuRuanAsa (Ap) sewinszey x, o9 x, Wy
2 Pu2 puz
=—?dp=f—= | "dx=fEm(x, —x (3.14)
f, P='"D f 2D( 2 %)

o = o @ y f | a  a
Farn £ Mngun 3.2 dmsunsivawuuiudwlurenaufiseu
way Petukhov [44] Taausaunisidu

f=(0.79InRe~1.64)"  dwSu 3000 < Re <5x10° (3.15)

i b3
3.3 NMTAYNAINUIDU
ﬂ?‘iﬂﬂﬂ?‘u@ﬂ‘ﬁﬂ’ﬂ@‘UL‘LIF]‘VINF']'JW&J?BU'LUVIEJﬂﬂLI LLE’{WQ’LN‘SU‘W 2 wammmmmm
T(r,0) ﬁwmummmqmnammmm m'iwwmmsaummmwuamweuwmmﬂwamaq

ﬂ?’]ﬁJ‘iE]U‘\]BﬁNWUﬂEJMTU'U amalinmumam:} ‘V?N’]‘U’ENWEJFNW IﬂEJ’eJ']’i]LUUEJEM%ﬂlJN']

'
=

aiauonad \T5 asil) vide Mdndanudorditnarieue oo \# mw) anmefiusuianad
YOI NS5O (Thermal(y fully . developed condition) faziinty Tuwaﬂsﬂiﬂwm
aam.ﬂmﬂsummea].,Lmﬂmwﬂumuwaulﬂu'mmwnummwmawanmmwmaumm

3.3.1 dn128nsUSuR AT

Luaqmﬂums'w*iﬂ';'msamﬂﬂ'uu@wsvmwmLtamaﬂwa vuRegrmgivesivadsng
Wavuulasnuszes x awumamniﬂamﬂmau Thermal fully developed %3984
amummu%uLmﬂmalﬂmnn‘smnﬁl‘t&amaaﬂaﬂwam (oufex)=0 ’Lumw‘mmﬂsummam
Tumanduiu diinswiausou (dT, /dx) Wudeatu (0T/ox) #5ait r Ta q szlidy
fud Haflnun fio sUiwesgamail T(r) sswdsunlaseswieiiostux faviouaiiou
h anmnisuiuiaduiivesgamgilineiintuee Usﬂngm'ﬁmuavmawm’twu’twaa’lmﬂh
fifveguugiiielilddeulyi

mnmmnmaamwnulé’ﬁﬁiuw (T, - T)/(T, - T, ) Fuduiiouleiifiedess

U v
&

dnsrduitasifudaseiu x dudedeusiin T(r) Sanadsuededoiiostu x WeigusIe
dunmsuee  profile faglidsuutanes warmslnawuuiiFendn msluaususaudadinng
A50U (Thermally full ly developed) uagazlain
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d | T,(x)-T(r,x)
rolysmys ) =0 (3.16)
X s(x)_ m(x fd.t
o T, 7o guungiiiovie
T #o guvglvesvesivaiidumisla
T, #o aampiladevesveslwaviniuiimidinueve

Foulviidmualidmsvauns (3.16) Feamdniuluve o19asdunsdl q" Al
wie T, aefiflel Seulviifauvuifinatunnlumeimnssy Wy TusdwioildZuanuten
Ml melineuendiliuauseurnnisuiedesainaue ssdunsdives q Al
dunsdl T, asfl eufsdudndniswisuanme ieswinnsidonvioniseuniy) Retud
Hameuen

3.4 NTHUAAVIINEG 19U
wmsmnmﬂwa'iuwammﬂw 3.2 vodlvalnausnsiuiansdt m u.a.mmswwmm
Souintuiiinangly T,ﬂamlﬂm'sLﬂaﬂuLLUaawaamumauua sndsnuingvosvativa s
nmsihauseulufirmsmuiuumeagldinndn seiusludmunainserilaovedlve
uzlnaruvie %ﬁaﬁmSw%waﬁtﬁmﬁaaﬁumﬁL‘LJﬁlstLUaawé’da'}um'm%fauuazmumnm*s
Twawindy

AGone = P dx

- FERELI Ty sy e R AR SN

- gy

1
|
! \ [T, #dT, S
1

o g 1 . Tm m n
l
e vt o ok
= S TR 2P NPT R e
l " fe= =] I
5’0 L
nman g M908n , 0

p=]
UM 3.2 YsmsmavavdwiunisluanisTuvie [39]

nuvesnsivadusitlfiadouvesvariuuiinsaiunu Andemiaenavediua
uazavagluguvemanmueIn Wi p uarUSinssume v @s v = 1/p)

Inun1suszgnAniseyingwdsnudeuiuinsniugumuguil 3.4 waverniionwes
T, “wls

dq cony +m(cv 3 +pv)—[n’1(chm +pv)+m (C +pv) ]: 0 (3.17)
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%39 dqon, =thd(c,T,, +pv) (3.18)

dweoslnaluuiaauysel (pv = RT,, uae ¢, =c, +R) ald

dq gy, = the,dT,, (3.19)

aunsillglandmivveunariidadldididuiu Tunsdli c, =c, Wi v toy
1 9 d(pv) Wevialuesdesndn d(c,T,,) snnauanansasaiiold

FUvRIENMT (3.19) InentestuReulvdmsuviaanun Ingnsdufinsmanmath
Daveeenvosio awle

Qeonv = I'th (Tm,o . Tm,i ) (3.20)

=

10ef q,,,, {WUdRTIMSaEmaLTouvDaTILA

I3
s o a |

A1 iJU‘ﬁﬁﬂﬂﬁﬂ’]‘iﬂ'lEJmﬂ’Niﬁau, h

LLL rhCp (Tm,o _Tm,i)

(3.21)
AS(TS —Tb)
ngiladeveswedlua, T,
Tk
Ty = (8.22)
2
WwvaE@an, Nupg

L3

WoulvmnuSounin Ao Wandaudoudinmed IneRnuiudsmesiniwiuiy

3.5 andunusniswiaudou mslvawvudutuluvienay
#un1sm Nu, dwmdunislwanvutuduiviuiaduiluvieonaudeu auelay
Colburn @alsin197n Chilton-Colburn analogy [41]

e 1 StPr¥? = &Prm (3.24)
2 8 Re;,Pr

wnu £ 91nauns (3.23) aunisved Colburn Wy

Nup, =0.023Re/*pr'/3 (3.25)
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Dittus-Boelter [41] dtausannisidu
Nuj, =0.023Re}*Pr" (3.26)

4 -3 s o vy
lag# n = 0.4 dwmiumsvhlideu (T, >T,)
waz n = 0.3 dmiumeiliiu (T, <T,)

2 L o L7 1 d; a ﬂu
GEY ﬂ']'i‘lﬂﬂ'iUFl’lig‘u&uﬁ'\ﬂﬂNﬁﬂ"IiWﬂﬁBﬁﬁ'\’ﬁiU‘UN‘U@ﬁLﬂ aulusail

6,000 < Rep, <107
0.55Pr=<120
L/D =60

uaz Gnielinski (447 Ieausaunisidy

_ (£/8)(Re=1000)Pr
C1+127(77/8) (P =1)

dm3U 3000<Re <5x10°  (3.27)

aunanie 9 derliifivaenznsdedos 4 fnuuand1sgamafl (T, = T, Ylsiannin
lnvnuaudfisine q Aed T, dvdunisluaiivansdineaznisuusivdsuauantiun q
Seider way Tate [41) Ieuuginlflgaunmsnelun

0.14
WA 0.027Re;‘j5Pr"’3[£J (3.28)
K

6,000 < Rey, <107
dmsu 0.7 < Pr <10,000
L/D =60

o wa | v P P =
Iﬂammauummq 9 onUAT p A T, I0eR p vindl T,

3.6 svsuRuSNIWIAUSeY dwduiedlinas
fowliidesrfaunnifgrtunisinnsandenisivaneluvienas N15UsEENANIY

Iemnssudrulngiiieateatunisniauieuluedilinay lnonisldiduntugudnans

UsAvBnailurugmilams (Characteristic length) $aduni durhugudnandlensodn
wurhuguinanslensedia (Hydraulic diameter), D,

D, =2 (3.29)
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o i=J =§J =l L
H) A, AR WUVWUIARA
<4 2

P, o useugUvemidinnisiva

Wuiuaudnanslensedaiarldlunmsiusumamisiinesdie q Wy Rep uax
Nup, dmiutamsinaliutu

3.7 AMstNnIsEemaISeu

msfiunsaemauieu (Heat Transfer Enhancement) lagnsvinlviiAnnisvyu
wmesmsaealdludanuguil 3.3 m'iaeﬂLmﬁnﬁﬂizﬂauﬁ'ammumaﬁgnﬁﬂLﬂUﬂwumaayu
360° \unaliruisiweansivaiiu esnnanuddudadiulndutaie mafudngnis
feweusoudunaliiinnusunnases (Pressure drop) 1nTu

E ludia r
M ]

o P i v =
UM 3.3 msiiunstiemanuseulaenisdentdluie

WA A-A

3.8 dUTTAULNISNUNISAIBNALS oY
madwwesinauiltlunisieenmaiueniindadeu (P, Jwhiurdwesiraudldlu

I [} 1 A - 5 =1 o 1
N398R e insARsRsuanwMzsang (P,) [40]




2%

Re, (%"
Re;, \f,

Re, 1
Re, (f,/f, )‘/3

Re
Reb = __HD_I,"B (330)
(fy/o)
1 QI U 174 -y GJ o o/ L7 d 1
ﬂ?ﬂhiiﬂﬂﬁﬂ?‘imlﬂﬂ’]'iﬂ']EJL‘VIF']'J’]JJ'S'O‘LI'Wi)’]'iflJ’mﬂ']ﬂ\'l‘UO\‘iWﬂﬁNﬂIﬂUHWi%?USWﬂ’]ﬂ
1 1 l:l L7 =} 1 1 - 5 = L7 1 1 s a 5 1 ﬂ'
N']UVIE]‘:’]:EINUQL'iEJULLﬂSWQﬁﬁﬂ']'i?\ﬂﬁ]ﬂﬂi‘ljﬂﬂ‘lﬂﬁuﬁﬂ’]ﬁ‘] IMAU AUUANANTTOUEANTLNUANNS

feWANNSauALNs M Lee 9Tl
~1/3
=Nuhr Nub f (3.31)
N Nu, f

Nu,

JEF = 2
0

PP

d A =] =
ORINDY b AD AU
0 o vientysoU
= A o s = a .
pp. AD NNIRIVULAEINU (pumping power)

Foraussnurnisiuntsdemanieussiuitantanslriduiauansaly
msthemanuiou Tnadelirannnds 1 uanvinliiussansamanstewatydouunnia
viewusou illeldideiuinansesszuvaniioaiu Tnonisiauanay roonuuugUnsal
LLaﬂLUasJ*ussmu'5auufqmmwmat.walﬂmmau*ssﬂuvmammmsmammwsauawaﬂ Faaz
L'Uuwalwmmsnam’ummeaaﬂﬂmuanL‘UaauﬂmmauLLa.,ﬂﬁuwamwawuwmmﬂau’lwnu

sy ihlugnisanduguniskan Weussleriieluidnisaniuiindsanm Idssansnin
el fesapiisag aanslimsnennsifegeenadiin iteibunuwavmanildumsdoe
Werguazuidymninganineinsndas



unil 4
NseenuuUgUnIallazIsnImnaes

4.1 uni

Tuunilndnnde miaaﬂLLuuaUnmLmvmmwmaaqmiaqLLanLUaauﬁmmauquwa
amaumma mmsmmmLquU'Nmmﬂ'sUTmaaam'LamuLmewqumawa ioifinaussouy
meuveaAIaanUasumuSoy u,a.,mmeawmmi‘]umumamammsmuma
nanedaduiiteuluefnuseudisuse 'iwavLaEJm'[.ummmamaaﬂnsmﬁlﬂumi
AR maammﬁmswmaaﬂmmavmumauu,avm'imwauaLwamms’;msﬂvwwaﬂﬁwmaaq
IﬂEJLLUQEI’J'UIUmiﬁﬂ‘lﬂ’lm‘iL‘W&Jﬂ’ﬁﬂ'lEJLV]ﬂ’J’lﬂJ'i@Uﬂ’]EJIU%ﬂEJWIiﬁ Lwaﬁﬂmmwwsmmaﬁmm
vodumaday wusldil

1. a3nva (wire coil) AnwiBnswavesainum
Tudn (twisted tape) AnyidvdnavessessnsDavesludn
WHUUNNTIAATULBEY (oblique-baffled tape) AnwnavSwavesiyny, amnugs

Lagsyuyiingasu
4. wHuu1eRnATUALY (V-baffled tape) Inefnasunuuans (V-tip) Taunsvua
n15kua (V-downstream) wazfnasulluudatedmaunssuanislva (v-

upstream) AN VEWATD LYV, A WG Lars oy induaaiy
5. WHWUNRAAATUAIIUENAA (discrete V-baffled  tape) Anwidviwavaenisen
VN, JUUENE, ANLEY UauTEHrAngUaIRsy

4.2 NM399NLUVRUNTILAZYNVIARDY

4.2.1 Wagy

msimuntainay TnefisasanilassTuas. Re = 25,000 Famsvhnuvesinay
Tussunisygean

Mnaunsidurugudnaslensodia (Hydraulic diameter)

_ 4(45x4.5x107)
(2(4.5+4.5)x107
=0.045m

mnmswﬂmauﬁﬁmmmﬁqmwgﬁta Aoty 318 K 9¢ld p =1.099712kg/m*
Ay n=191.3993x107 N-s/m>
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INEUNISLAUTIIUAR
pVDh

Rep =

WIAMERAY
pD;,
3 25,000x191.3993x 1077
1.099712x0.045

=9.67 m/s
Q=VA,
=9.67x0.045x0.045
=0.0196 m*/s
=117 m?®/min

AINFNUNTT

v o o R <l Y '
fadu lunsnaaesivualildwnen famnsalvaisnsinisluauinnds 1.17

QRUIARLUATADUIT
4.2.2 Yiemud1unvnaans
dmiumislvawuutudu (Re, = 4,000) ldfiaunsAnuuaudmsumszognig

o s s as 12 = i 1 4:] 1 s « = o Y
AM3UN15UTURAD LW\ELWEN'J'WINLﬂEJ’J‘U‘OQﬂ'ULa’UL'iﬂUﬂﬂLLﬁﬂﬂﬂWU'ﬁﬁuqmﬂﬁﬁ (39, 43]

10 < [fi‘il) <60
turb

dmiualsluiitl isresauidn x,, =10D, dmsunisivaiusumaiiad (Fully

developed flow)

NFAUNT X =10D,

=10x0.045
=0.45m

sy Tunsvaaesdsimusvionadyavaaediiiaaiuens 1 was
¢ { 1% )
lunsmeassyngunsaliadesuaniudouaiuiou amnsauvsdunounismaass

ponlu 3 Junav Al

& o o =
dumouiinis  nswleugUnsailunisvaaes
Tureuiides  msinsegunsailumsvnaes

Tunou TURBUMTNARDIANUNANITNAADS

VURNDUNEL
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4.3 nMamssugunsallunisvaaes

lumsfinwinavesyulsng augs szesfing Aannawaznisdnineaiu Jadu
MATuinaaes msdamisuuazaisgunsallunisvaass Tneis1vaziBense 9 ves
qunsaiildlunismnaes weil

1 :‘ v d af  af
4.3.1 ﬁgwmaaawauanLﬂﬂau;snm-saugﬂﬁmaww;sﬁ
! PN v r.-l' o LY o « =f a
YanaaealaniUasuauseugUdvivudnia Wugunsainldludnwinisiiunis
' 1% 1 a & 1 a o | < a ¥
dewenuseunsluvientinsindauduusinaiuuuusig 4 Taouandlusud 4.1 nsfnda
szvhnsaealduiuuninaiumuuadunusuvesvisludunageuwarUFeuifisunanis
vaaesuviorasay

o e

< ' = v o o
UM 4.1 gavnasviolanudsuanusousuamdeninsa

Furuiilélunisnadeuliaesdu diuusn Ao LLﬁuaaﬁLﬁUmﬁU 1A21un319 60
fadwns aueT 1,500 Sa8IWAT wasWUT 0.5 9a8wns diufiaes LLNUU’Nmﬂﬂ'ﬁULLUUG}’N 9
LWBLU‘L&W?H‘END@?L‘Vlﬂﬂ’]EJlUVlBLLaﬂLUﬂFJ‘L!F]’JWlI'i’e]u wazyiMsvuauINYAVAgaUMY suawm
YoayannaeIzUsznavlusgauiu 4 # auaumuum‘lmamﬂuamulale aurutud
aonduukunszidos auruduitaruduauivlonts way wuwﬁwmaamuwl’ﬂu
Lﬂsaw'ﬁ‘ummﬂLwaflaanumiafytaam']mawaww

4.3.2 una93I1801NA

uwaadngena ldWnay (High-pressure blower) MODEL TB-150 Huuuuwnay
voeldausaiugs vun 1.5 Aladnd wie 2 HP  dnseualwdi 380 v Aaudu 700
mm.Aq uansluguit 4.2
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Uﬁ 4.2 wmauu‘amum (High-pressure blower)

woLwes (Motor) [Wusumidslunistuneas auin 1.5 Aladias 19nseualwiin 380 v
50 Hz 2900 rpm 14.8 A wanslugui 4.3

= ¢
U 4.3 sownes

dunBmes (nverter) Omron Inverter, 3G3JX-Ad037, 380-480V 3PHASE 3.7kw
5HP udunelmesuuuusuamud (Frequency Inverter) gminanldluniseauauanusa

5a'u*uaauaLmaiﬁ'l’uwwmammmuaq 'Lum'smwuam31n'ﬁlwamaammﬂlﬂmmwmwum
wamdluguil 4.4

=
UM 4.4 Inverter
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4.3.3 gunsnlinansimsiuavesennid

Orifice meter Wugunsaflunisiasasinisinaveseinia faksiiniadrgavaaos
senireinauuazdaninan duanduguil 4.13 Wnudswesyanaaes) Tunisashegunsal
Orifice  meter lAai19nmansguues  JIS  (JAPANESE  INDUSTRIAL  STANDARD)
Measurement of Fluid Flow by Means of Orifice Plates, Nozzles and Venturi Tubes JIS
Z 8762 yhanusuwman A 5 Saduns TnseaiNasenwuuliiivuiaidusiiu
gudnareiumi 47 fadums uazidusugudnansdmds 51 dadiuns uandusudl 4.5
warswasBuniuRNYeIeIHa wanslunianuan v.

ey annfuLLYIRIIUEE (nclined manometen) U Mark Il Model No.25 14
TMAMURANANYOIATIUAUTEN TN UM WaLAUNES Orifice meter 1eldMsnIInTg
INa99981nN17 AILLANANIYEIATILAY FeatnsaoTuAT A INALLANAIIT8 528U red
gage oil (specific gravity = 0.826) LLﬂﬂdIugﬂﬁ 4.6

o =i ) Y .
gﬂw 4.6 \MIDIINANMUAULUUSLUIULDEY (Inclined manometer)
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4.3.4 nIWNaY (Settling tank)

denay Wugunsaifildlunisuivanimnisivavesernia sanvienauunduvie
| d' = 2 s = s v a ) [ L ! 2/ ()
Awdo ieliinsaasuivanmnisinaeinia Wiiianisduludesannoudngve

]
' v

Anbondnia vuinaunitwazainugs 45x45 fadwns wandugud 4.7

o w

UM 4.7 faineu (Settling tank)

4.3.5 gunsnlpauAunandausauvasurudnnes

wnasdelyinsyuaadu (AC power supply) THasosUsuramsnainglai 1 TDGC
2-3 KVA CAPACITY: 3,000 VA MAX, 12 Amp \Hugunsnilunismuruenusisdngling
Pebifuwiugames  lumsasvaudndannudouveuiudnmodliliniismmn  uandy
gﬂﬁ 4.8

E'Uﬁ 4.8 uvadnelvinszuaadu (AC power supply)

4.3.6 gunsalingaungil

Data acquisition system, Fluke 2650A Lﬂuqﬂnmilﬁuﬁmda (Recorder) Tnuuaning
gauugiliumamiivevesiaiaioueuasdidyyinuaninanimanonfiatme siunis
software a1usauansAguniilivianun 40 v dnaflon 6 Aums Fadoldddaniu
audungunn nisldmlae@eurairiosinfumesTusula vamun 30 # ieouanswauay
iudoyagamaiifia 28 suwis s 4 shuvewiedda gumgiimaduarmssendrunagey
2 sumis uanslugud 4.9
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= < 7
JUN 4.9 invpufiutoya

o L ay ¢l Ve aa ] aa
woesTuAUila (Thermocouple) \Wugunsaliildingamgiiiadiunedeu gungii

U
o

v ad o U oA = L]
M uargungiiinieen wansluguil 4.10 newesludUlawvusiin K $huau 28 o

P

\oTngamaiiiovionun 28 dumisuazivesufTauuy RTD Pt100. $1u7u 2 # iitedn
gaunpiimaiiuayeamaiinivesndunnasy

]
]
3 h
N AN

WuUY RTD Pt100 WUVTTn K

sUT 4.10 wiesluAuida

4.3.7 \A3aeTRALFuAnAToN

\n3ernAnudunnasen (Differential pressure gages) 31 Dwyer 475 Mark Ill 924
n15149u 0-10.00 IN W.C. (0-2.49 kPa) 1ugunsalfilédaruiunnasousywindiunaaey
LLam’Lugﬂﬁ 4.11

gﬂﬁ 4.11 \pFesiRmnuiunnaso, Dwyer 475 Mark Il Digital Manometer
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4.3.8 gUnIalinA1UL59 Y999

\n3esinnnuEivetennie (Vane-type Anemometer) Ju 445 fve TESTO Wy
aﬂnsmw'tmﬂmmmauwmummmqaanﬂawmaa‘swﬁ 'l?'ﬂum'iaaumau (Calibration)
msanlun1smnans Ltam’lugw 4.12

gﬂﬁ 4.12 iWievinmniniveseme (Vane-type Anemometer), TESTO 445

4.4 msAnaegUnsaintsnaaes

4.4.1 gUnsniynnnaes

‘gmwmaaqm%‘amanuJﬁtJumm%auuwviaﬁmﬁﬂué’ﬁﬁ’aﬁﬁmﬁmmﬁLuiumqaﬂﬂ?u
wazgUnsain1svaaewr 4 uandlusuil 4.13 o1me Wuredlwanageuludiuveanstnem
AvISouLAYNTgIdn Wiy grdsnsadigsyuuinuiinauamiiugy | (High-pressure
blower) 911 1.5 kw lagvienanguiadurugudnaliniglu 50 dadiuns 1deude
sewininaududeinau (Settling - tank) Inefifutreinefiiufayuanudiseunis
vhawvasimauelildsnsimsivavesenamuitoonuuuld Snsinistnaveseiniely
swvugninlasldriuseifagnaeuiieuaroulasly Hot - wire ™ wae Vane-type
Anemometers (Testo 445) AuruRnAseNeesia Talaeld Inclined manometer

Inclined
manometer Electrical heater AC-Power supply
- ion - Baflle " -
l/’ Calm Scction A€\ Thermacouple set )
\ —r— T 1
Pressure tap Y I J N\ —J I L | J Watt meter
. \_‘_‘L TR Cold air e s - Hot air
= ——— = ~ S
Orifice a T e P P e R N
; Pressure tap T'est Section \ Pressure tap
Settling tank
H Electrical heater
Blower sl
B S
pt ]:”__\ Inverter Manometer I

Fluke 2650A Laptop

as

] ot ] o 12 =i
JUn 4.13 LLNuwwawmwmaamauaﬂLUaaum’]maugUﬁmaﬁu 73
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1 = v v a a a a o
IﬂSQ'ﬁ%qQ’UaQW@ﬁLwaﬂﬂﬂﬁﬁﬁ A77U817 3,000 UABLUAT WU 3 UaALUAT flﬂ'l"llfﬂ'TN

WAYAINEIYRVID 45X45 Tadiuns, duvadeu ANue1s (L) = 1,000 faduns fepTuu
gnasenuiuezgiiiiion Sannumun @ 0.3 adwns Inevinisaenldaiuuuadunues
LUVBIVIBNAADY

Waan Blowen wun 1.5 kW Wuundsdufinnislvavesennia, Control valve
mUﬂuamﬂmﬂwammﬁmamumaau Orifice meter Tgdmsutndnsinsinavesainia
mmmwmmﬂaaq Manometer  lanuunndnsvesnnnudu ieldmsnsinsivaves
917A ATIUUANAINYIAINAY TABNISBINAIINATIILANADSS LY Inclined
manometer, Settling tank muwmmmiuLuaumﬂwamaammﬁ'lwumsiwa{]umuuaawam

, AD3vuuUSuanmasiva Lwa‘lwmmﬁﬁl‘wan@uwwmwmaaauanwmvmu Fully develop

wazlaiindumaaey, viedniagnihlieusedamasivivun 2,000 Tnd Ansaiirtves
‘wamﬁmu memalwﬁuuaaau (AC power supply) wuudsuAlIanae TDGC 2-3 kVA
CAPACITY : 3000 VA MAX. 12 Amp \Jugunsaiildlumsmuaulaarinaiilfiuusiusnmed
Tunseuaundndamudouvesurusnmasilémuiiimus, Data Logger FLUKE 2650A
LﬂuaﬂnimmuLLavLLam‘uauaammum 28 SUAUs Iﬁawmmmamwnummammmaaum
Afu maumamuamnmaﬂmumaﬁmm K vuaidusnugugnanaiy 1.5 waamm 9ol
Maiuarguuniineeen 2 Al 'lmmaﬂuﬂummmu RTD Pt 100 Ramaiinouddiy
VndoU 80 lafwnsnaynunasd@mndoy 10 uaaL:ummmmamummm’maumqaaﬂ
Lﬂsanﬂmmmumﬂmam TESTO 350-M/XL L‘Uua'dnimﬂmmmwmumnmamumw
mwmmqwmawmLmuamaaanmmmuwmaau ﬂammmawwnmamamlmumn Data
Logger waziAsedinamusunnases Inoduvnd suspslimsiuauIutuauouliie oty
miquLﬁammaaumﬂqusmLmaiaanamﬁmﬂmmauan

LwamvmwummwmmﬂLﬂaauwaanﬁmmaua*nhmﬂﬂﬁwmam fnualngnIy
aanaladeuluMIF WIS B9990 LonaTs [45] mmﬂuﬂmmﬂawmnammmuwwsmmm
13wy +5% dwsuiavisdluad, £5% dmsuiauiadariiay £10% dmivaudonniy
Anunainedeulunisinansluwalnulssananiesnin £7% wagarutuiang
ARNALAABUY SN 5%, daurmannAFeuegAMglve s UTTaNN £0.5%

d o 1 a G!j o a
FUN 4.14 dumidsfinnamesiudila
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4.4.2 miﬁmﬁ’aafmw Tulia wazwriuursinaIudnYMEAg 9
mm%uﬂm:nmsmumimammwmammvmsargLﬁﬂmwmuma'luwaamaw
1 %’a fnshndeannun Tudn wasuruUsEnASy IﬂEJLLUOﬁ’luﬂ’ﬁﬂﬂ‘mE)Wo'Wﬁ‘UENﬁ’Dﬂ‘Uﬂ v
‘T‘m wazusuURnAsudNYaEng 9 eenidu 3 daundn « wail
1. amun (wire coil) ludin (twisted tape) uazunuu1IRnATUBES (oblique-
baffled tape) Anwidvswavosainun Anwdviwavesszezmsdnveddudn ua
AnydvSwavesyulsne, ANNGN UWazTEENATUInsy
2. wiuunsinaIuda’ (V-baffled  tape) lnsRnATunuuUate? (V-tip) Innu
nszuansvia (V-downstream) uasfinAsuwuulaneavaunseuanisiva (V-
upstream) Anw18vEWaYDINITINIY, YuUzny, ATIES uaTTEETinduesnTu
3. WHUUNNANATUARILENG (discrete V-baffled tape) Anw18vnEnavesnisdn

M9, YUlenz, ANUGIAEIYETRIRTUaIASY

dauil 1 avnum wire coil) Tuda (twisted tape) WATWALUNNAAATULEY
(oblique-baffled tape)
dufl 1.1 anem (wire coil) Anwisninavasainua Ingldarnunga) (full-length
wire coil) aoaldluviedmdiontnia lavadnvauaz TBnisinia uandlugui 4,15

lectrical hoater
o e Insulation

viro co Thermucouples
¢
Pressure top L Pressure top
X
%y "y 'y B O R e 2
Cold air rLL S —— y e e 15 Hot air
> BN mw; RS CAN L MAREES LR NRARR ! & “Tw
Y { e T ORI B
Eav.ms‘ 280k P
Wha coil
]
[3 [ R P oe o eTE @
U 720 | A [} e\ g R SN
[ oy ‘ { \ L
t ! y SN Dl ¢ ) o A
Bt 1

L Square duct

o et

< as a & '
Uﬂ 4.15 a?UWWﬂBU'UENﬂ'ﬁﬂﬂU']EﬂUW 1.1 anvnuasIsn1shnmiluyie nad

ectneal heater
& o Insutation

Thermocouples
Twisted tape
Pressure tap R Pressure tap
P 1
Cold air 1 — - , [ix Hot air

]

3

Twisled lup-z

S

= ] ' = a adl a o v w
3UN 4.16 dunmadovvesnisfinmdiui 1.2 lulauasisnisinisluviednia

Square (Iu'c!. F
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= = B a a = < - |

daud 1.2 Tulia (twisted tape) Anwidvdwavesszuznslavesluda Ingludadl

amwmummmamamqumwmuvm y/w =6 uag 5 aaﬂ'la’[.uwaamaamma Inglutnuay
Wnshinde wandlugui 4.16

daufl 1.3 wiuunsiinA3uldes (oblique-baffled tape) AnwdnSwavesyulznz

(au), A (b) wawsvuzfindveseriu (P) Shsndumugenasuieninugevio BR = 0.1, 0.15,

0.2, 0.25 uaw 0.3 PRSI IUTY vwmmiumam’mawa PR =05, 0.75, 1, 2 uag 3 yudene

= 15°, 20°, 30" uaw 45° Aneuusuusiiuiduuuas e sy Tnowduitui

AN 6 fadiums  wazdiamuen (L) Wiy 1,500 faduns dmsuasusasusy

uwitvitlignasremnnusiuesgfivion firmumun () wiviu 0.3 fiedwns aoldnuiuaidy
g meAvALLIna TnsuruusRnaIuBswarIENSHnde uamdlugud 4.17

unheated heated >

= ),

'«’“m( tnpc square duct

e et

A ! =t 1 1 1 = aa - G’j 1 o
3N 4.17 duvadeuvesnsAinwidiud 1.3 wiuvisineiueauasiinsiaddluviednia
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d2ufl 2 urluursinaIusag (V-baffled tape) lnsRnATunuuUane? (V-tip) 4
AunsEuan1sivia (V-downstream)  warfinasuwuuyate3inaunszuanisiva (v-
upstream)

duil 2.1 wiuuAnATURLT Anssnuiianienisiug (V-downstream) finwn
dvBwavewuUsng, A1NGY UazTrerRndueIAsU WHuUAAASY  V-downstream i
gnsIEALGIRTUADANEYIE BR = 0.1, 0.15, 0.2 Uag 0.25 Snsdnsvoviindasude
FAUGYE PR = 0.5, 0.75, 1 uae 2 yuusvg o = 15°, 20°, 30° uaw 45° RAmeuuusuUeiiy
ST SAE R Y TnsunuiiuinunianagAuewiitu 6 fadwues uay
1,500 fiadituns sy dmfueSusavuiuiivitldgnaireanuruesgiiiley Gavumin

winfu 0.3 fiadluns Tnouwnuuinasu V-downstream wanslugui 4.18

—— unheated B heated >

baffle tape square duct

A 1 = 1 d ) = =
3UN 4.18 drumadouveanisAnuidiui 2.1 uiuueinasy V-downstream wayisnis
Anndluviodnsa



a2
dauil 2.2 ukuurefinasuig Aemsavaufianianisiva (V-upstream) finw1
avswave LNy, ALY warTzurRnduosRiy WHUUNARATY V-upstream fishsndy
PYGATUADALEY BR = 0.1, 0.15, 0.2 Ay 0.25 SnsnduszezRindeiudenugae
PR = 05,075 1 uaz 2 yulsve o = 15°, 20°, 30° uaw 45° Anssuuusuunsdiufaguuy
waziuanveuiuiiy Tnswduiviimwniuasanueawiiu 6 fTadums  way 1,500
fadins mudiy dmdueiunazuduiivillignasrsonuiuesgiiion fanumun wihdy
0.3 fiadluns IABWNUUNRAAASY V-upstream u,ﬁm'lugﬂﬁ' 4.19

|t——— unheated - heated >

Flow H —

= 4

\_.

baffle tape square duct

= | = | =~ ' = = a &
3UN 4.19 dunadoureInsfinydui 2.2 uuueRnasu V-upstream wag3inisangs
Tuviednsa
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d2uil 3 wuuSAnASURSUENG (discrete V-baffled tape = V-discrete)

19 g\‘i V‘Vl’]uﬂﬂ‘lfﬂﬁﬂ"l'ﬂﬂa ﬁnmawﬁwawamuu sV, AU Lassy vrAnTUaIATU
wHuARAIU V-discrete I 1]8F\‘i’lﬁ?ﬂﬂ’ﬂuﬁﬂﬂ'SUW@ﬂT]ﬂJﬁ\TWB BR = 0.1, 0.15, 0.2 wag 0.25
89’13'15‘1')14‘3“8”ﬁﬁ!‘ﬁﬂiUﬂBﬂ’J’lNﬂﬂﬂ@ PR = G5, 0.75; 1, 1.5 uae 2 umJum a = 20 30

45° ey 60 Flﬂﬁ\ﬁUuLLNUU’NWUWQﬂWUUULLﬂuﬂﬂuﬁN‘U@%LLNUV]‘U IﬂEJLLNUV]UiJﬂ’J’]&Jﬂ"JNLLﬂu
ATUENIVNNAU 6 NaGiunT ey 1,500 fiaduns muainu ﬁ?%'ﬁUﬂiULLa“LLNUWUmﬂﬂﬂﬂi"ld
ﬁ]"IﬂLLN'lJE)"ﬂlILUEJlJ fiaumun Wiy 0.3 fiadms lnusuueinasu V-discrete LLﬂﬂﬂIU‘i‘U

‘W42O

]

heated >

bnl‘fln tape square duct

o |
E‘IJ'V! 4.20 ﬁ'lUVlﬂﬁEJU‘UENﬂ’ﬁﬁﬂ‘U’lﬁ'JUW 3 LLN‘L!‘U’I\Wlﬂﬂ’i"U V-discrete LLﬁu'Jﬁﬂ'ﬁF]@ﬂﬂ'LUVIE}
IN5d
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4.5 F5n1MAa0s

3 mmmwuq'1u1/1ﬂaau'i,ua’mwmaawawmwmaaaLﬂ'iaaLLanLUaEJUﬂ’nmauwaa
Awdoudnga

2. naindiinay Tionaluasinugamaass uaru$udunemesiileusuanuiasey
naieuvesinauitelilFsnsnisinavesernamufiesnuuuly lnugdnsinisivaves
omAlusEuuTINAALRUANAseuLuRRIHALALE1UA19IN Inclined manometer

3. dnFnAnudunnasendiunaaey finnsiauis 10 seiumuiteenuuuly sindy
Uiumnudaauiienansiauusnyesnimagey

4. Weazwnlndrglwlifuunasielvnsvuaadu Ysumanusisdndundagnglu
nszuaaduielwlituuuBnines welinioutuivesedeulundndmnudounsd

5. dunngamgiifisumissing 4 i 30 daunv fio guuilImaay 28 Auns
uazgamgiimudiuazniesn 2 s Toumglined idasihnistuiinua CRIVARDE
nagou gamgimadiuaggumgiinisesndiunnaey

6. UsudunamesiiteviummsiiSiaufisnainistassly wdninistiufinea gaunadl
Ravnaou gaminsduazgamgiinsoondunnasusolurunsuis 10 seiu Sernausd
Tuasioglutiasaus Re = 4,000 fv 25,000

7. Lﬂaﬂu‘auamwmaaU'Lua'auwmaamlawmwmaaqmsaaLLanLUaEJum'lmamwwa
Avdvudnsaudsiniunsaaasnadusou 2 f 6 auddy Welfuranuiuanasen
daunadou gumpildmadey guvginiudiuavgungiiniseandiunaaou auen
S ianiisenuuul it 10 sedy

8. mm’nLﬂinvwauawaammimEJmﬂ':’lmau%aae”lu'sﬂwamawaLeziavl AN
azyLaﬂﬂaﬂumumaﬂ"’luswmmﬂ‘svnamaammu LLaumauiinuvﬂ’mwumimammmﬁau
yntfuthieyausagnsdiviaisaunsandiniug WelUFeuiiiuiudenanisunsosindinany
paandouglutln
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"-‘: 1 v b2 =% 1
nAsNNNIsaEmAINsaulaeldatnun Tuldn waspuuung
ANASULDYY

5.1 umin

Tuunil ndniisnanisnaaesdind 1 madiumsaemaudeulngldainun (wire
coil) Tudn (twisted tape) uazusiuu19ina3uIdes (oblique-baffled tape) TnButuu1sHn
AIuBBsaonldmuuuadunusavemiodna Ankaiu 2 fu vuussiuiduuy
uazFuareiuiiy ofnyidvinavasanugs ssozing uazuUsnyressu nouds
msfnwludniioonidy

1. yudeuviekteSey awSeuifisunanisnaaeinmstiewmanudey wazns
qtyLﬁammﬁ‘uﬁlﬁﬁuawé’uﬁuéﬁ%’aﬁalﬁ
A20UA SR3NEILAINUA CR = 8 iloAnEBYENaTeImInUn
Tudn dmdiumstn y/w = 4 uaz 5 iWefnwaninavesszeziavedlun
WelUUISARATULELY dRsdIunINgIRTURBATINEMD BR = 0.1, 0.15, 0.2,
0.25 uag 0.3, snsdwszesfindasusenugaio PR = 0.5, 0.75, 1, 2 uay
3, Uy o = 157, 20°, 30° uay 45° ileAnwBvBNaveInIgY, Srovitnd
waryuUsNgATU

1

=\ TR s~ s & B
—3 r:’h’l N\ & j‘D ) H.-'F‘ h‘:“:{:\ \_)< &> E} D:r
(n) ()
unheated - heated
t I .I\ .i
Flow \ —— — x_ \\
n s /
-
baffle tape square duct

()
IJ =Y 1 - =l =
3UN 5.1 (n) anun () Tudn way (A) wHuURRATULDEY

inmslesginsagmauioulunatvesauiaidar (NU) uasmsgadonimmueiu
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Usny 30° Tofd1 Nu/Nuo wae f/f, Wiisfusnandnuudeng 20° way 15° lnumsfnsaniudl
PR = 0.5 1WA Nu/Nup waw /f, iiintiuanniiga musien3uil PR = 0.75, 1, 2 uay 3
AIUAIAY

15° 20" 30°
A PR=05 &  PR=0.5 A PR=0.5
® PR-0.75 B PR=0.75 o PR=0.75
(R ® PR=I ® PR=I o PR=I
v PR=2 ¥ PR=2 v PR=2
& PR-3 & PR=3 & PR=3

6 , Re=18200

Nuw/Nu

0 20 40 60 80
< v W o | a  a i
JUN 5.26 Aadumiugues Nu/Nu, u £/, nsdiuiuunsfinas uidesmsing g

E‘Uﬁ' 5.27.(n) wansmnuduiusues TEF fu Re lnsiUSouiisudoya Nu/Nu, uae
/£y Arrdeduidiatuwua ér TEF winznsdlAnuliANgeEndl Re MlazanaImLNIsLAY
199 Re  MaRnsuHUNRRRS Uy 207 e TEF gandmsuyudsng 30° uay
15° WA Re Taefi PR= 1 T TEF gagn mudae PR = 0.75, PR = 0.5, PR = 2 uae PR =
3 ?imwiumaﬁm%u@myuﬂsm 20° Ivieln TEF gagaiviafiu 1.87, 1.84, 1.82,1.76 uaz 1.68
dmiu PR = 1, 0.75,°0.5, 2 Ay 3 mudfu dm3um TEF gegnay Re Avngavestas
wnaey Faduddinlet nsldusuunsiinaiuedsualyin TEF uag Nu/Nu, figsnduay
mahuduueinesudesudssgndldmsidentia Re dan

JUR 5.27 (v) udnspuduiuguas TEF fu PR nsdlinsausuuisinniuidsmmseg
71BR = 0.2 wuin A TEF dnsusiwdoums o, PR uay Re e dloforsant Re =
4,130 FudupuiwedmanaauariiSrsaetutiamsvadeu sl TEF guanluu
avnsiivaaoy Inefiyuuene 20° Wie TEF gandnuudeny 30° uay 15° 89 PR = 1 e
TEF g9an AuAae PR = 0.75, PR = 0.5, PR = 2 WAz PR = 3 muideiy, dmius TEF gean
oyl o = 20°, PR = 1 uaz Re = 4,130
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2.0
15* 20" 30°
A PR-05 & PR=0S A PR=0.S
® PR=0.75 PR=0.75 O PR=0.75
S ® PR=| @ PR=I O PR=I
A v PR=2 ¥ PR=2 v PR=2
1.8 € PR=3 ® PR=3 O PR=3
: g .
(O]
2 i
8 @
§ ®
i & ®
16 ¥ e g2
SRR E -
a
o & % & @ o
A - B2 2 o
< v 8 g g g ®
i v 4 -
$ § v § L g
1.4 o
* ¥y, A 3
v
: o & $ 2
L ? @
Inclined, BR=0.2 ¢ $
lzw.lw[1|||!||1|I\|||Iw|\I|rr\
0 5000 10000 15000 20000 25000 30000
Re
(n)
2.2
L 15 20" a0°
e Re=4130 —&— Re=4130 — -A—  Re=4130
| —B— Re=8850 ~ @~ Re=8850 — 0= " Re<8850
—@— Re=13570 —®— Re=13570 Lo Re=I3570
2000, MlRelisr90 /" /o exinrsn\ L & NRdSda00
4 Re=23010  —®— Re=23010 — O —  Re=23010
&,—"‘u_\ Inclined, BR=0.2
&Y
[
=
35
PR
(%)

4 @ o & o/ o - 1 = =l = !
JUW 5.27 Anuduniugues TEF AU Re wag (1) TEF fu PR nsalusiuunefinasuidosausna o

1 ¥ l'-‘j = 1 v -l LY I u u
n"|swmaaa'l,umuﬁLwa@1mﬂm-smEJmmwmamtasmingt.aﬁmmmu’luwamia Ty
Tuwsuuneina3uiBeayu 30°, 20° was 15°, BR = 0.2, PR = 0.5, 0.75, 1, 2 uaw 3 uansly
WIUVRI Nu ez f Tpean Nu Alrainmsnaasulugaenslinadudugeusuuisinrsuise
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qusha q Wit nslERsuT PR = 0.5 Tidmstemmudougean uarlvimsgadumiuiy
Lﬁmﬁuﬁ@uﬁwqawﬁ'uﬁu dethdeyausuuisdnasuiBeam 30°, 20° way 15° isuiii
fu wudwduuRiaasuBenu 30° dd1 Nu - gandiuduunsiiaasuBeam 20° uag 15°
MUERY WaiAn  TEF veausuu1einaiuiBeaya 20° fidngege tnsfldgendturuuisinau
WBoag 30° ogfil 4% uasiimgeniusuuninaiuidea 15° oy 4.7% 7 BR = 0.2, PR =
1, Re = 4,130 dwmiuuiuuneinaiuioagm 20°9 BR = 0.2, PR = 1, Re = 4,130 lsie TEF
goile 1.87 msthandsegndld ielildimsdiemenuieunasussansnmilgandt uay
ausaanvInvesgUnseiuanisunnuiou dmiuen TEF gegadmiunnnsdinnaouil
WUl Re Fnsingn

o | < a ' a -
M99 5.1 Aady Nu/Nuo, f/f, way TEF nsdlanun lude waswivunainn3udes 45°

nsdif Fuew BR | PR | Nu/Nu, f/f, TEF
1 0.1 1 4.29 35.25 1.32
2 0.1 2 A 31.01 1.27
3 0.1 3 3.27 2347 115
a4 0:15 1 Dl 40.19 1.51
5 0% 2 4.78 37.09 1.44
6 0.15 3 4.04 30.11 1.81
7 0.2 1 5.81 54.89 1.54
8 baffled tape 0.2 2 5.23 46.73 146
9 0.2 3 453 36.33 1.38
10 0.25 1 598 66.51 1.48
11 0.25 2 5.44 60.68 1.39
12 0.25 3 4.74 55.99 1.25
13 0.3 1 6.49 119.8 1.31
14 0.3 2 5,65 106.58 1.21
15 0.3 3 5.04 90.82 113
16 wire coil - " ¥4 8.3 1.15
17 tape, y/w=4 - - 2.20 6.1 1.21
18 tape, y/w=5 - - 2.09 5.0 1.18




o ! o P a o oa
M99 5.2 Aady Nu/Nug, f/f, way TEF nstlunuunafnasudea 30°
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nseif BR PR Nu/Nu, t/t, TEF
1 0.1 i 4.07 26.88 1.36
2 0.1 2 3.69 24.12 1.28
3 0.1 3 313 19.33 11t
4 0.15 | 4.99 36.37 1.52
5 0.15 2 4.64 33.08 1.45
6 0.15 3 3.94 26.29 1.33
i 0.2 1 559 44.69 1.56
8 0.2 2 4,94 38.19 1.47
9 0.2 3 4.42 32.04 1.40
10 0.25 1 5.76 58.69 1.49
11 0.25 2 Syl 49.58 142
12 0.25 ) 4.60 45.59 1.29
15, 0.3 1 6.09 93.32 1.35
14 03 Z 5.39 84.67 1.23
15 0.3 3 4.83 73.92 1.16
ASN9Tl 5.3 Al NWNug, F/f, wae TEF nsfiuiuuniinasudes 20°
naei BR PR Nu/Nu, /%, TEF
1 01 1 3.85 21.03 1.41
2 0.1 2 341 17 T6 1.31
3 0.1 3 2.87 13.69 1.21
q 815 1 4.83 27.88 1.60
5 0, R, 2 432 24.63 1.50
6 0.15 e 3.63 19.14 1.36
7 0.2 1 £ 34.30 1.63
8 0.2 2 4.64 28.93 1.52
9 0.2 3 4.11 22.82 1.46
10 0.25 1 5.39 41.98 1.56
11 0.25 2 4.94 38.29 1.47
12 0.25 3 4.24 31.69 1.35
13 0.3 1 571 71.62 1.38
14 3 2 5.08 63.45 1.28
15 0.3 3 4.43 53.93 1.18
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< ' o o a = 1 <
M1 5.4 Anade Nu/Nu, f/fy uag TEF nstluiuunfnnTuldesyusne 9 7 BR = 0.2

N a PR Nu/Nu, £/f, TEF
1 15° 0.5 4.97 37.41 1.49
2 15° 0.75 4.87 32.79 1.53
3 15° 1 4.73 28.52 1.56
q 15° 2 4.24 25.66 1.45
5 15° 3 373 20.03 1.38
6 20° 0.5 553 43.54 1.58
7 20° 0.75 5.42 39.17 1.60
8 20° 1 5.28 34.30 1.63
9 20° 2 4.64 28.93 1.52
10 20° 3 411 22.82 1.46
11 30° 0.5 5.86 59.71 1.51
12 30° 0.75 5.73 51.62 1.55
13 30° 1 5.52 44.69 1.57
14 30° 2 4.94 38.19 1.47
15 30° 3 4.42 32.04 1.40

o e v 9 va i | | oy
*favlumsendaduldde iadvgegnuos NuNu, f/f way TEF Tuusagnsilfinu

5.7 d3U
nanisnaaedludnil 1 nsifisnisdremarefoulasldiriuunsfinaiuides il
Anwroviwavesuleny, Anugy uavszerRindasu wu:h NMIUTBUTIBURANSNIURDUND
wuaLsa‘ulmma’lnaLﬂaaﬂuaﬂamwuﬁmwana% LLavLuammmLm'umamﬂﬂimaaauwvwma q
\eFnudvBnavemusne, AN LavsyszRngnIu wud1 mshadarsuideslien Nu
uazliiein TEF gendnnslilulauasaanue TnsnsfakensuunsfinasuiBesdamasonisanom
anufeunaznsgrydsausuiiatuludunageu TnpysenelaranuganTuifiunniy
V’Lﬁﬁhmsdwmmm%’auua miamlﬁammﬁmﬁumﬂﬁmﬁlaLﬁauﬁvﬁamﬂu%dma
awisyes wm“’lwmmsmammwmauuavﬂﬁamLaammmummumuwm Wyl
09 Nu wiiuTuuay f%uamaeLaﬂuaammmimmu’um Re ATUYaENg 20 ‘lwm TEF g9
ﬂTlﬂ‘j'UmJ 30°, 15° wag 45° Luaamrmﬂ'riat.yl,aammmuwuaﬂn'muu 45°, 30° uazA1 Nu
gendflefivuiuam 15° muunmaen‘LmeumwmﬂwLawnmmvauﬂaﬂ'maan‘hmuu
Usnz 20°, PR = 1, BR = 0.2 wagfirn Re smdsavlie TEF guanlunstinaaou Yaulvian
vnnveaeiosanUdsunnudouldedrediusyansam m'«aﬂnwaﬂ'rzmnw'a'lua'auw 1 9wiity
Wdmaufwavesnisindauiuunsinaiuidos fuiulumsfnwdi 2 asvinisine
INTNATYBIFUNTY, SvEEAnd, AIUEY, NANIINITIRNUAEYNUENEVRIATY Wodna
msAnuildluussgndlduasdnuvenenatoyaludauil 3 delu
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5.8 NM3a319aUNITARTUNUS A8 Insadud U S IUUANRuUS

Tnewaly fuusmaudassiavienameuaues (Response; Y ) wiuegusulsdasy
n (Independent %38 Regressor variables) LU Xy, Xp,..., %, {UAU ANEIRUSVOITILUS
wianil amnsassunelasuuusiasmndinmans Adondt “aumsTinsatu” (@UNSORN0E;
Regression equation) wuudnassiinsatuasasnadesiunduuasioyavesiodrs viensdl
naaoUNsIUA RS uAAIT LS IW RS e siauds WU Y = ¢ (x, xp.x) iud asml'm
mu Tnsdnluglaglinauilstduanuduiusiuieswosiauls faiudedestinisuseano
Fvesileiduiiouszanue ¢ TnslunismageuiesldTusunsy Microsoft Office Excel 1fu
w3osdelunsmiteiduianan

Tunsfnwinisaemanufeu lunatdves Nu Sfulsdassfiauladnewunnnii 1 &
WUs WU ausgluan (Re), lauwsu (Pr), ORTIEMANINGINTUARDAINGMD (BR), Tmsndu
ivavﬂm‘?ﬂ?w{ammmvia (PR), Jueny (o) wazwTres AN Sy 9 1Wusu Luuiaes
Vl’ﬂﬂﬁ‘[‘ﬁf\]”aﬂ"lmﬂtmumm Multiple - Exponential  Regression “Model fauandluaunis
seluil

Y = by %7 K155 ..x8n (5.3)
?fqaﬁmiﬂl,maﬂﬁaﬁﬁugﬂ Multiple Linear Regress in Logarithmic Scale f®
In(Y )= In by + by In(x, ) +baIn(x,) +bsn(x; )b, In(x, ) (5.4)

= ! P
b by, = AIAIN

b = AduUsEAvEYTeNI s vendunTIveiuls X,

5.8.1 n1saanlduruurefinaSuldee 45°
5.8.1.1 anudunusavladan

Arnidiiusvesauialar (Nu) fulanisdiuan (Re) Snsrdaumnugeniuian g
vie (BR) uazdnindusresiindnsusonanugmie (PR) yaraidususis

gﬂﬁ 5.28 uamnud@miusvenavialavianduius (Nuy.) fuaedadasiannnis
NAADY (NUeyp) NSHIMAUUNARATULDEY 457, BR = 0.1, 0.15, 0.2, 0.25 way 0.3, PR = 1, 2
way 3 lnedveuwnlutisausdluad Re = 4,000-25,000 99NA15NARBINUINALNTT
fndnafinueanmndeusglutae 10 %

Nu =0.155Re""*® Pr®*(BR +1)*** (PR +1)"*** (5.5)
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5.8.1.2 ANENWUSAIUEnauduanIY

mudniusveaiivsenaudeanu () fuiauisdluad (Re) Snsndrumugeniusie
ANgIVie (BR) uazdnsndiuszurindaiusieninugavie (PR) anunsamiauduiusls
faid

UM 5.29  wamamnuduiusvesiavszneuidsamuanduug (fore)  AUAWTENBY
doamuannisveaes (f,,) nsdlukuuRnATuIBes 45° BR = 0.1, 0.15, 0.2, 0.25 Wae
0.3, PR = 1, 2 uag 3 lnefvoutvnludiauavsdluan Re = 4,000-25,000 91NN1SNAGDY
wudann1sianaiinueaiaedousglurig £10 %

i 5 -0.43
f=0.748Re*""*(BR +1)***(PR +1)"** (5.6)
500
400
4 300f
¥ |
=3 L8
A5
(¥
5
59 A
A-_200 |
100
Nu = U.]55Rc“ﬁx P!‘U'll(BRI 1)3:>.| (PRH)_" 353
0-1\\|III\||‘I|III||I\_
0 100 200 300 400 500

Experimental Nu

JUN 5.28 AMUFURUTUDI Nupe TU NUgy NSAIHUUNRART U S 45°
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- +10%

-10%

Predicted f
(8]
T

f=0.748Re"" (BR+1) ™ (PR+1) ™

Experimental
d a o s - ] “ = =
EU'W 5.29 ﬂ’J"lﬁJﬂﬁJWUﬁ"ﬁﬂﬂ fpre u fexp NSRULKNUUNAAATULDEY 450

5.8.2 n1saan ldunuuisinaiuidug 30°
5.8.2.1 ANUANWUSIAVLALTAN
3U 5.30 uansmnudiiusuenuiaidaviandiius (NUpee) fiutauaBaviaInng
NRABY (Nue,p) NTIUAUUNARATUIBHS 30°, BR = 0.1, 0:15, 0.2, 0.25 Waw 0.3, PR = 1, 2
waz 3 lnedlvouunluiuansdluad Re = 4,000-25,000 99NN15UARBINUTENATS
fandn Tnnueaiaedousdlugng +10%

Nu = 0'404Re‘3‘758 Pr0.4 (BR)0.402 (PR)-0.333 (57)

5.8.2.2 AuduwusSAUsEnauIduAnY
A 531 wamsmudiiusvesiaussnoudunnuanduiug (fore) NUAIUTENDU
@AM ILIINNITNIAGD (fexp) NIEUUHUUNAAATUIBLS 307, BR = 0.1, 0.15, 0.2, 0.25 uas
0.3, PR = 1, 2 uar 3 lasiivouwnludruansdluad Re = 4,000-25,000 91ASNAADY
wuiaumstana fanuermaedousglutag £10%

f =13.824Re*"'™(BR)" (PR )" (5.8)



500

: o
400 e
i 0
I o
5 00F -10%
Z i
o
2
o
2
3 .
& 200
100 -
Nu'= 0,404Re" ™ Pr*(BR)" " (PRY™
0 Lot Ty B b 0 L =TTy W
0 100 200 300 400 500

Experimental Nu

d s o/ L3 L2 1 =y =
UM 5.30 AIENRUSUDS NUre F1U Nugg nsdiusuurednmsuides 30°

3.0
5 o L F10% 8
20 8
- & -10%
o
2
2 15N
=1
g o)
=%
10
5
r‘._‘ ]3.824Rc-nlll‘m (BR)T lD7J(PR)~{:4J1
0.0 ! L I L | 1 | 1 | i
0.0 5 1.0 L5 2.0 2.5 3.0

Experimental f

d ot ot L3 s =l 1 = =l =
g‘dw 5.31 ANUAUNUDUDY fore NU oy NTEULNUUNAAATULDEN 30°
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5.8.3 n1saanlduruunsinaiuides 20°
5.8.3.1 AuduNUSIavdaTan
gﬂﬁ' 5.32 uansmnuduiusvesavia@aianduius (Nuye) fumuiadanannis
NARDI (NUeyp) NIEIUKULNARATUIBYS 20°, BR = 0.1, 0.15, 0.2, 0.25 Uag 0.3, PR = 1, 2
way 3 Inefiveuwnlutinausdluan Re = 4,000-25,000 31NANSNAABINUINAUNITAINGT
fiaunanaindousglutis £10%

Nu = 0.142Re*7*Pr®*(BR +1)***(PR +1)**"* (5.9)

5.8.3.2 AvnudunusaausEnauduaniy
SUT 533 uansuduitusuasiaussneuidonnuanduius (f,.) fusausyney
HuAMUNNITNARLY (f,) NetlkuUeRnASUBYY 20° BR =-0.1, 0.15, 0.2, 0.25 uay
03, PR = 1, 2 unz 3 lnsilvouiupluginausgluas Re = 4,000-25,000 91nN159AA0
wuinaunsianan farunatedousglutan +10 %

f = 0.514Re "™ (BR + 1)/ (PR 1)°** (5.10)
500
400 - 110%
r O
o)
I (0,95
5 300, 6% -10%
3 &
5 L
=
g L
& 200
100
Nu=0,142Re"™ P! (BR+ 1) (PR11)"™
O_rtrl1|||lw||w\||||I||||
0 100 200 300 400 500

Experimental Nu

ﬁl o o L2 - 1 a
JUN 5.32 ANUFURUSVD Nupe U NUg,, NItlusuURaAiuLdes 20°
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2.5
- +10%
20
o T g -10%
5 i
S
2
=9}
1.0 -
5
F=0.514Re (BR+1 )7.31{. (PR l)-o-w-o
O.OAIIII!ll\’]lll‘lll\l\lll
0.0 v 1.0 1.5 2.0 2%

Experimental f
o o W g ar = [ o = = (o]
3‘1]14 5.33 ATUANWLDUBA foe NU fo, NIULNUUNAAATULDE 20

5.8.4 nasdenlduduunsinniuides yu 15°, 20° uay 30°
5.8.4.1 AnudunusIavLHLIEaY
mmduTusyewauladan (NU) Autauisdluan (Re) utlnsesu (o) wazdnsndoy
syugRRtnTURRATMGWE (PR) MA i iusIF]
‘g‘dﬁ 534 uanRNAITUST0Y Nuge U Nugy, NIRILHUUIARATUEES a0 = 15°,
20° uay 30°, BR = 0.2, PR = 05, 0.75, 1, 2 taz 3 lagdvouwsluginaistluas Re =
4,000-25,000 9nMsnaaBUTaELFInaiimNaaIaAsusglutae £10 %

Nu = 0.163Re*™Pt**(tana+1)"* (PR +1)*** (5.11)

5.8.4.2 AURUNUSAIUSENOUEYANIUY
gﬂff’i 535 uamamuduiusvesinusznaudeaniuanduius (f,.) fusiusenou
WFEANIUINNTNAREA (fur) NSTIUHLUNARATUDE o = 15°, 20° waw 30, BR = 0.2, PR =
0.5, 0.75, 1, 2 uag 3 leedveulwnlutisausdluan Re = 4,000-25,000 91NA1SNARDY
wudraun1sienan Sanuemaedousglutag +10%

f =1.046Re™ (tana+ 1) (PR+1)**” (5.12)



3
v

400
3 e}
C@ o}
+10% %OO
L % o
300
o]
| O
= -10%
= s o
a
’g 200
= i
“
- L
100
Nu=0,163Re’ Ml’r‘”(ianrx +1)" “U[I’F{Jrl]'g"“m
0 L 1 i | L L 1 I | L L L I ! 1
0 100 200 300 400

Experimental Nu

4 L2 a L3 s -l 1 - = 1
Uil 5.34 A2REURUTYRY Nupe U NUgyp NSHKHNUNARATUIBINATN 9

2.0
: +10% &
15 -
e [ ﬁ -10%
) -
]
2 10N g
8 |
A é
(o)
5
f= 1.046Re™ (tanc +17 " (PR+17"™
0.0 1 T ) 1 1 1 1 1 1 I L L 1 1 1 1 i
0.0 5 1.0 1.5 2.0

Experimental

d . o at 1 Ly =l =l 1
JUN 5.35 AUFURUTVDS fre U foyp NIMHUUIFANATUDB AL €
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undl 6
q' 1 b7 17 ] =Y = v = ]
N1SINNNTaNEWANSaulng lHuUNUUIIRnASUA2 I danld
AUUUATUNULEIYUVD IV

6.1 umin
Tuuni] ndnwanismaaosdud 2 Msiunmssemauteulaelukuueinasy
3 (V- bafﬂed tape) ﬂaﬁﬂ,ﬁﬁ’mLLU'JL?IUV]LLEN:JJJ’UE)WIEWGl'i?i Iﬂammmﬂa‘u 2 FIUVULNY
mquamu‘uuuavmumwmuwuwu ﬂnmamwamaqmumamw NEA 9 AENNAS
finsts, ANUgarsEEEindesnsu Insulsidooonifusad
L wiwuneAnaiuad fndedmunsenansiva (vedownstream)  uasinded
MUNSERANTS A (V-upstream) INeANY BWENavosfiemnensin

2. LLNHU'NGIWF]'SUW"J') amﬂmummmﬂ'ﬁumammawa B\ 0.1, 0.15
0.2 uay 0.25 Lwaﬂﬂmamwamaammmﬂw
3, LLNuU'Nmﬂiumq dns@IUTLY vwm'umumammawa PR = 0.5,

0.75, 1 uaw 2 Wednmdydnavessvuziag
4. WHUUBAA3URT Yusng o = 15°, 20°, 30° uag 45° iednuiBninaves
Nuleny

mms'ams'1.,wm'smammwmauluwwmmLamuawa‘w (NU) waznsgayLdunanusi
Tuwavesiseneuideaniu (9 mnuumﬂwumwmsmammmsauuavm‘agzymsmm
Aunuvion S wavAaussauznsRInIsaEmALToU (TEF) mwwayjawmmmw
rdvduiea iy feluil

unheated heated >

f

Flow n

=4

tape square duct

= ' a v ala
U7 6.1 uNuUNRRATUATIY Pvmunseuanislva (v- -upstream)

unheated

Flow

=

H

=

baffle tape square duct

7]
v ala

= | a -
JUN 6.2 LuusinATUAITANLNSELENSIa (V-downstream)
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6.2 HANTITNAABINITEDATAUNUUNIAAATURT 45° (V-upstream uay

V-downstream)

6.2.1 NSANANTOU V-upstream

HanInAeLARINanIsaremauseuluiedna Tuannsiuuundndanuioud
RaAail feusuueRnATy V-upstream yu 45° ONTIAIUAMGIATUADAINGVID, BR = 0.1,
0.15, 0.2 uaw 0.25 msaIUsEEERANTATUADAINGIVD, PR = 0.5, 0.75, 1 wag 2 Audeiy
wanslunadvesafadan, Nu wavdasidiuauiadasi, Nu/Nu, Ingd Nu #ildainnns
vaaeulutamsinatutou uanduguil 6.3 () nslén3u V-upstream yu 45° awads
ﬂ’nmﬁuﬂfauuamj’mﬁuﬂﬁdﬂEJmmm%’au'l.ﬁﬁamﬂ%uuazﬁumiﬁumﬁauﬁ’mﬂmﬁwﬁ’u
viewtfaou Tny Nu tindumy Re wazA3u V-upstream s 45° 7 BR = 0.25 I Nu
qugn MUY BR = 0.2, 0.15 uax 0.1 mwdiu msdaaneeiudl PR =0.5 Trien Nu gean
MUY PR = 0.75, 1 uae PR= 2 muddu Tnefl PR = 0.5 Widanisiiia Nu delfieufuvie
ndspueylutae 798-806%, 774-785%, 639-647% uay 524-531% dwiu BR = 0.25,
0.2, 0.15 uay 0.1 MUEWU mueag PR = 0.75 Wiehnisiiy Nu ielisufuvientiasey
Tuta4 785-791%, 755-765%, 620-627% Way 506-514% dwmsu BR = 0.25, 0.2, 0.15
was 0.1 ey, PR = 1 Iensifia Nu dleifleuiuriensiasou Tudie 763-776%,
733-744%, 605-614% Loy 477-486% d1%3U BR = 0.25, 0.2, 0.15 uaz 0.1 mugdsu
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6.2.5 finUsgnauldenniu V-downstream
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6.5.4 HUTTOULNNSINNNITABMAIUTIU
JUN 6.43 wanannuduiusues Nu/Nu, iU f/f, nsdiiniin3u V-downstream, BR
a a g ' o o & 1 v o X al
= 0.2 MyuUsneuayseuefingsing 9 Wuidn @o Nu/Nug luTuasdmalyt f/f, ety Tnemsu
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O PR=2 @ PR=2 ® PR=2 & PR=2
10
- L Re=4130  Re=8850  Re=18290
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3Ui 6.44.(n) uansmdiusues TEF fu Re laewSaudivudoya Nu/Nu, uas
f/fo Aideduiioatunutn i1 TEF udaensdidnunliiegeaa? Re duaranasmunsii
w89 Re M3ARRIATY V-downstream yaitlyny 20° ke TEF gandesusailzny 30°, 15°
uay 45° vinen Re Tneit PR =1 TyfR TEF gean audiy PR = 0.75, PR'= 0.5 Waw PR = 2
Fapuyuuzne 20° WAt TEF guaaiviiify 2.12, 2.08, 2.02 kay 1.95 W30 PR = 1, 0.75,
0.5 uay 2 mUERU A TEF geamayit Re Amgatosmiamaadey Sudushdelddn msld
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Fondirn Re shan
SU 6.44 (9) uamsmnuduitusves TEF Su PR Asdindendy V-downstream 33
gy 4 71 BR = 2 WUt f1 TEF msudsidoumy o, PR uay Re iy ilefionsan
Re = 4,130 Fadunuisrveslnavaasumnuifirsgalutasnsneaey Tieh  TEF
sapluwsiaynsdinaaou Tnofiyusne 20° Tid TEF gandupsny 30°, 15° uay 45° @
PR = 1 TiA TEF gegn musie PR = 0.75, PR = 0.5 way PR = 2 auddiu dmsuen TEF
quameyil o = 20°, PR = 1 uaw Re = 4,130
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mwmaaa'luﬁwﬁﬁaﬁn19'1msdwmmmé’auuazﬂ'lsqfut,ﬁammﬁ'uluviaﬁ'@%’a oy
1¥A3u V-downstream denldnuuuiidunuesuvesvie viuusng 15°, 20°, 30° uay 45°,
BR = 0.2, PR = 0.5, 0.75, 1 uag 2 wanslumatived Nu, f waz TEF Taedn Nu Aildanns
naaoulutesnsivadulauiessu V-downstream yusne q wud msldesudl PR = 0.5
(w%'eﬁsvavﬁmm 'mem'm'mmm'nmaumam LLau'L‘mm'iacuLaammmummuﬂaumaaq
WUy Luauwamamsmmmﬂw V-downstream yu 15°, 20°, 30° way 45° wnuSsuiiisuiiu
WU ﬂ']'i'L‘UFIi‘UJJJJ 45° fifn Nu gendiesuyy 30°, 20° uay 15° Add waedlen f gandn
L‘UUH‘U aawa’l‘wm TEF ¥99A3U V- downstream 3ju 20° ffingego Tﬂﬂummnmmwm 30°
ot 1.4% fehgendnaTuy 15° eyl 2.4% LLauumaamwmwu 45° oyl 3% 7 BR = 0. 2,
PR = 1, Re = 4,130 d9SUASU V-downstream £ 20° 1 BR = 0.2,PR=1,Re = 4,130 ‘tja
e TEF gefla 2.12 masdwnyseynald Lﬁ'a’lﬂﬁmm'ifhﬂmm’m%’auuazﬂﬁvaw%mwﬁaa
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319 6.1 Fiads Nu/Nu,, £/, wae TEF nsainsu V-upstream Way V-downstream 45°

nsdifl | fAmepdu BR PR Nu/Nu, T TEF
1 upstream Ol 0.5 5.28 55.95 159
2 upstream 0.15 0.5 6.42 68.45 1.58
3 upstream 0.2 0.5 7.79 104.19 1.66
a upstream 0.25 0.5 8.01 155.51 1.57
5 upstream 0.1 0.75 5.09 49.01 1.40
6 upstream 0:15 0.75 6.24 6155 159
7 upstream 0.2 075 7.60 94.83 1.68
8 upstream 0.25 0.75 7.89 125.81 1.58
9 upstream 0.1 1 4.82 38.07 1.44
10 upstream 0:15 1 6.08 46.73 1.70
11 upstream 62 il T 3 TR 1.75
12 upstream 0.25 1 7.69 106.44 1.63
13 upstream 1 2 4.20 32.21 1.33
14 upstream 0.15 2 544 43.73 1.55
15 upstream 0.2 2 6.65 70.84 1.62
16 upstream 0.25 2 6.94 97.61 1.52
1F downstream 0.1 0.5 5.82 64.08 1.46
18 downstream 0.15 0.5 7.47 84.35 1.71
19 downstream 0.2 0.5 8.38 ot af ) 1.74
20 downstream 0.25 0.5 8.58 143.59 1.65
21 downstream 0.1 0.75 5.63 55.09 1.49
22 | downstream | - 0.15 0.75 7.18 72.73 1.73
23 downstream 0.2 0.75 8.20 99.88 1.78
24 downstream 0.25 0.75 8.45 153.55 1.66
25 downstream 0.1 1 5.38 46.13 1.51
26 downstream 8,15 1 6.73 57.06 1.76
27 downstream 0.2 il 791 81.34 1.84
28 downstream 0.25 1 8.26 109.49 1.74
29 downstream 0.1 2 4.65 36.18 1.41
30 downstream 0.15 2 6.04 52.09 1.63
51 downstream 0.2 2 7.08 75.00 1.69
32 downstream 0.25 2 7.43 102.14 1.60
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AT 6.2 ANaBY NWNUo, £/, wa TEF nselAsu V-upstream uag V-downstream 30°

nsdifl | fiAnneau BR PR Nu/Nu, f/f, TEF
1 upstream 0.1 0.5 4.55 34.19 1.41
2 upstream 0.15 0.5 6.19 58,39 1.60
3 upstream 0.2 0.5 7.49 89.78 1.68
a4 upstream 0.25 0.5 7.78 117.92 1.59
5 upstream 0.1 0.75 4.44q 31.09 1.42
6 upstream 0.15 0.75 595 49.96 1.62
7 upstream 0.2 0.75 7.07 74.01 1.70
8 upstream 0.25 0.75 63 107.71 1.61
9 upstream 0.1 1 4.40 27.97 1.46
10 upstream Q.15 1 5,57 35.13 iyl
11 upstream 0.2 il 6.80 57.09 1.78
12 upstream 0.25 1 7.19 81.14 1.67
13 upstream 0.1 2 3.89 24.86 1.34
14 upstream 0.15 2 4.98 §2.87 1.56
15 upstream 0.2 2 6.03 50.80 1.64
16 upstream 0.25 b 6.34 71.70 1.55
17 downstream 0.1 0.5 4.94 37.47 1.78
18 downstream 13 0.5 6.95 66.55 1.72
19 downstream 0.2 0.5 7.55 79.29 177
20 downstream 0.25 0.5 8.29 122.9% 1.68
21 downstream (o] 0.75 4.86 34.13 1.51
22 downstream 0:15 0.75 6.51 $3.26 1.74
23 downstream 0.2 0.75 7.45 68.82 1.83
24 downstream 0.25 0.75 8.05 11053 1.69
25 downstream 0.1 ! 4.53 26.86 1.52
26 downstream 015 1 6.30 44.76 1.78
27 downstream 0.2 1 7.00 53:95 1.86
28 downstream 0.25 1 7.74 87.43 1.75
29 downstream 0.1 2 4.14 24.64 1.43
30 downstream 0.15 7. 5.64 40.59 1.65
31 downstream 0.2 ] 6.19 47.65 1.72
52 downstream 0.25 2 6.84 76.74 1.62
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M5 6.3 A Nu/Nug, £/, wae TEF nsdindu V-upstream a¢ V-downstream 20°

nsdifl | fiAnneAsu BR PR Nu/Nu, f/f, TEF
1 upstream 0.1 0.5 4.45 30.90 1.43
2 upstream 0.15 0.5 5.89 48.85 1.62
3 upstream 0.2 0.5 6.67 61.54 1.70
a upstream 0.25 0.5 1.35 96.52 1.61
5 upstream 0.1 0.75 4.32 26.97 1.45
6 upstream 0.15 .58 551 38.55 1.64
T upstream 0.2 Ofebr 6.35 5227 1./1
8 upstream 0.25 0.75 7.10 84.38 1.63
9 upstream 0.1 1 4.14 NE7 1.47
10 upstream 0.1 i ) 5V 30.%2 1.72
11 upstream 0.2 1 585 35.34 1.80
12 upstream 0.25 1 6.02 47.03 1.68
13 upstream 0.1 2 A58 L1A\92 1.35
14 upstream 0.15 2 4.65 2392 1.58
15 upstream 0.2 2 5.04 22, 47 1.65
16 upstream 0.25 N 5.44 43.72 1.55
17 downstream 0.1 0.5 a.77 32.98 1.50
18 downstream 0.15 0.5 6.46 50.91 1.75
19 downstream 0.2 0.5 7.16 64.30 1.80
20 downstream 0.25 oo 1.92 105.25 1.69
21 downstream 0.1 0.75 4.62 28.61 1.52
22 downstream 0.15 0.75 6.12 42.76 1.76
23 downstream 0.2 0.75 6.98 54.89 1.85
24 downstream 0.25 0.75 7.0 02.75 1.70
25 downstream 0.1 1 4.37 23.73 1.53
26 downstream 0.15 1 5Tl a1.78 1.81
27 downstream 0.2 1 6.21 36.41 1.89
28 downstream 0.25 1 6.50 49.78 1.78
29 downstream 3.1 2 3.96 2117 1.44
30 downstream 0.15 2 5.02 27.88 1.66
31 downstream @.2 2 5.35 29,77 1.735
32 downstream 0.25 2 5.81 45.91 1.63




5197 6.4 ANadY Nu/Nu, F/f, Uay TEF nSiieSu V-downstream LUAN ) i BR = 0.2
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N3 o PR Nu/Nu, £/f, TEF
1 15° 0.5 6.48 51.13 1.75
2 15° 0.75 6.10 40.46 1.79
3 15° 1 5.82 31.87 1.84
4 15° 2 5.08 27.04 1.70
5 20° 0.5 7.16 64.30 1.80
6 20° 0.75 6.92 53.02 1.85
7 20° 1 6.21 36.41 1.89
8 20° 2 5.35 29.77 1.73
9 30° 0.5 7.55 79.29 1.77
10 30° 0.75 7.45 68.82 1.83
11 30° 1 7.00 53.95 1.86
12 30° 2 6.19 47.65 1.72
13 45° 0.5 8.38 21277 1.74
14 45° 0.75 8,20 99.88 1.78
15 q5° 1 7.91 81.34 1.84
16 45° 2 7.08 75.00 1.69
6.6 d3U

nan1snnansluaudl 2 nasiiunisanewmausoulaglduruuNRAnASUR T Wefnw

IndnavesyuUny, AirM1INIAARS,

AANLEY WA TEEEATATU WUTT NISHARILHLUIAR

msum’naawam@m'smEJmr—nmiauu,a'vm‘samLaUm’mmumnmu'luafawmaau [GERERIEAE
LLaummmmumumﬂ*‘uwv’lwm Nu uag f qumﬂwumamaunwawwwu’lﬂmawnm
sxu.,wmm 'me Nu uag f mmuﬂaumaaq wunlifuves Nu asfintulas f szanandnties
MUMTANTUDY Re TnBA%U V-downstrearm WiAan sdomamadouuay TEF ganAsu
V—upstream VnyulEny mﬂ%kuwmv 20° lvien TEF aamfm-a‘umu 30°, 15° uay 45°
Luaamrmmsazymamwmuwuaammu 45°, 30° LLﬁuﬁJﬂ’l Nu waammu 15° mauum's
donldnsuimunvaufienisidenlduuu V-downstream 7 o = 20°, PR = 1, BR = 0.2 uagh

A1 Re sdlwien TEF gegnlunsdinagey vilitvanrusvenaiesuaniudsuninudould

281930 UsEANS AN
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6.7 N1FA3NAUNITANTUNUS A28 INTETULEUASIUUUAIEA YT
Tne8198933n59nunil 5 e 5.8
6.7.1 n1saenldunuunIfinASU V-upstream 45°
6.7.1.1 ANUFUWUSIAVUALDAN

AuduiusTeaiadar (Nu) fuiausdluad (Re) dnsndiumugeniusondnugs
vio (BR) uavdnsndnssozRndasuronmgme (PR) mamuduwuslawsi

gﬂﬁ 6.45 uansruduiuSvauavTadavianduius (Nuye) fulaeiadavionnnis
VAQDY (Nug,) NSAANKIATY V-upstream 3y 45°, BR = 0.1, 0.15, 0.2 uag 0.25, PR = 0.5,
0.75, 1 uaz 2 Insfvoulvnlutle Re = 4,000-25,000 31NNITNAGDINUIIENAITAINGT
fimnunanandousglutng £10%

Nu = 0.101Re*?*Pr®(BR +1)*** (PR +1) %% (6.1)

6.7.1.2 AUUWUSAYYUSENOUIEDANIY
AmdiusTewIUTEneUdIAN L () fuiatisdluad (Re) dmsrdunnugensusie
Agwie (BR) wazdninduseerfindniusieniimganie (PR) arunsammuduiusld
fall
g‘U{r’i 6.46 « udnsnuFUSYRIIUSENDUdBAMUEMELWLS (F,.) fiusaUseney
duAnIu 9INNNSNARR (fup) nsaifnRarT V-upstream 34 45°, BR = 0.1,0.15, 0.2 way
0.25, PR = 0.5, 0.75, 1 uay 2 lnsfiwpulumlutie Re = 4,000-25,000 91nA15VAaD4
wudﬂamﬁﬁméﬂﬁm']mmmﬂ%"auag’lmﬁ’m +10 %

f=0.95Re "™ (BR +1)*"* (PR +1)**" (6.2)
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5
+10%
x ¢ &
o
&
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£ N
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2
(=9
| 4%
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1 -
I f=0.95Re”*™ (BR+1)*™ (PR+1)**"
0 | | | L | L 1 L
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Experimental f

d . a s s = =
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6.7.2 N15a0ATlALHUUIIAAATU V-downstream 45°
6.7.2.1 AUFNNUSIaVI AR an
FUN 6.47 uanInNUANRUSYDS Nupe U Nug, NSIAARIATU V-downstream s

45°, BR = 0.1, 0.15, 0.2 uaw 0.25, PR = 0.5, 0.75, 1 uay 2 lneflveuinlugne Re =
4,000-25,000 91nN15NARRINUIIANNTSAINANTAUAAIAATEUDYIUTN 10 %

Nu = 0.119Re"™” Pr®*(BR +1)'**(PR +1)" (6.3)

6.7.1.2 AMUFUNUSHAUsTNRUIEEANIUY
'gﬂﬁ 6.8 UARIANUFURUTVR Foe (U fop NsERARIASY V-downstream yu 45°,
BR = 0.1, 0.15, 0.2 uay 0.25, PR = 0.5, 0.75, 1-kay 2 lagiiveulunluyie Re = 4,000-
25,000 mnm‘ammaaawud';aumﬁﬁaﬂEinﬁmmsﬂamﬂ?iauag”lu‘tha +10 %

i 7 -0.
f =1.249Re "™ (BR +1)"'"®(PR +1)** (6.4)
600
i o
Qo
o
5 o
Q0
500 ’
v 110% i
89
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400 | g
i ©
2 C -10%
k- § O
£ 300
S i
u
(=9} L
200
100 |
i Nu=0,119Re"™ P> (BR £ 1)** (PR+1 )"
Omr ISR (A PO SR L R [N AT S S (AN A (U N LT TR PN | poliig

0 100 200 300 400 500 600

Experimental Nu

o YY) )
JUN 6.47 AUFURUTUOI NUpe U Nug,, N3iliA3U V-downstream 45°
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+10% of

3r o -10%

Predicted f

F“ 1-249]-{0.([0%3 (BR"I):,'IM (PRi I)d 6

0 . 1 L 1 . I f I .
0 1 2 3 -+ b

Experimental f
d s Qs o L7 =
JUM 6.48 ATMEURUSOS fe U foy, NITIATY V-downstream 45°

6.7.3 n1sapalauruUIAnATU V-upstream 30°
6.7.3.1 ANUENAUSIAVNAITAN
UM 6.49 1ARIPEIRUSYBY NUye U NuUge NSEIRARSATY V-upstream yu 307,
BR = 0.1, 0.15, 0.2 uaz 0.25, PR = 0.5, 0.75, 1 uay 2 lngdvouwinludlaa Re = 4,000-
25,000 MAnIsVAaBInUIIENTsinattimnunannaeuegluiie +10%

Nu = 0.091Re®”! Pro4(BR + 1) (PR +1)*** (6.5)

6.7.3.2 AURNNUSAUIZNaULEEANUY
'g‘tJﬁ' 6.50 UARIAINFMUSVL fore MU fopp N3ANAIATY V-upstream yu 30°, BR
= 0.1, 0.15, 0.2 uag 0.25, PR = 0.5, 0.75, 1 uaz 2 lneflvautunludig Re = 4,000-25,000
mﬂmsmamwuiﬁaumsﬁaﬂdﬂﬁmmﬂmmﬂ?{auagﬂuﬂma +10%

f =0.653Re™®'(BR +1)"'* (PR +1)**’ (6.6)
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6.7.4 nsdanldunuuisinaiu V-downstream 30°
6.7.4.1 AUFUNUSIRVTALTan
SUT 6.51 uanIPFIRUSYS Nupe FU Nugy, NSRIRRRIATY V-downstream s
30°, BR = 0.1, 0.15, 0.2 way 0.25, PR = 0.5, 0.75, 1 uaz 2 leedveuiwalutase Re =
4,000-25,000 -’mnmsmaaswuiwaumiﬁ’andﬂﬁmmmamﬂﬁauag'lmm +10%

Nu =0.099Re’™" Pr®*(BR +1)** (PR +1)*** (6.7)

6.7.4.2 AuduNuSAUTENaUIdYANIY
Ul 6.52 UaRIPIUATUSYOY fore U foy, N3dIARRIATU V-downstream s 30°,
BR = 0.1, 0.15, 0.2 wag 0.25, PR = 0.5, 0.75, 1 uaz 2 lnediveuivmtutae Re = 4,000-
25,000 mﬂmswmamwudmumsﬁeﬂﬁinﬁmnuﬂamﬂﬁauagiuma +10 %

% g -0.668
f =0.706Re**(BR + 1) ***(PR +1J** (6.8)
600
. o}
: (bo
500 110% (@]
- ® O
- % O
' €3
400 |-
g f -10%
9 2 O
2 300
2
2 i
ay
200 -
100 |-
I Nu = 0.099Re"™ Pr"* (BR+1)™ (PR 12
OMIIl'l!\lll\ill\ll?flllllllI|
0 100 200 300 400 500 600

Experimental Nu
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+10% s

-10%

Predicted f
[\
T

f= 0.706[{5‘0""5 (-B]-a_' -I)‘i 689 (P[{I’I)-" HHK

0 I & 1 " 1
0 1 2 3

Experimental f
d a L 4 o
JUN 6.52 Anmduiusues £, (U o, n3tinTu V-downstream 30°

6.7.5 n15a0 AlAwNLUIIANASU V-upstream 20°
6.7.5.1 AUFUANUS LAV

A o L L3 Qs -l 5 =i
JUM 6.53 UanIANUFINUSYDY Nupe U Nuex, NTEIRARIATY V-upstream yu 20°,

BR = 0.1, 0.15, 0.2 Waz 0.25, PR = 0.5, 0.75, 1 Uay 2 Tneilvouwuplugie Re = 4,000-
25,000 91NNNARBINUIIANNTRINATIERNATIARGa Lo U £10%

Nu =0.098Re" " Pr™*(BR +1)*** (PR +1)*" (6.9)

6.7.5.2 ANMUENNUSAIUsENRUIRERANNU

JUM 6.54 uananudunuSvel foe AU oy nsifnain3y V-upstream yu 20°, BR

=0.1,0.15, 0.2 wag 0.25, PR = 0.5, 0.75, 1 uaz 2 Ineflvouiumlugiz Re = 4,000-25,000
MNMMaaesHUIENNsinanimnanndousglutag £10 %

f= 0.783Re-ﬂﬂl(BR + 1)7‘146 (PR -1 1)—0.924 (610)
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6.7.6 n1saanlduriuuisfina3u V-downstream 20°
6.7.6.1 AnuduWuSIaviadan
UM 6.55 WanImLERUSU0Y Nuye U Nug, NSEIRARIATY V-downstream s
20°, BR = 0.1, 0.15, 0.2 uay 0.25, PR = 0.5, 0.75, 1 uay 2 lneivouivmlutie Re =
4,000-25,000 91nN1SMIAABINUINANNTSFINa TR MAAALARBUEY U +10%

Nu =0.101Re"™ Pr®(BR +1)***(PR +1)°*" (6.11)

6.7.6.2 ANUFUNUSAIUSENDULHIANIY
'gU‘i?i 6.56 WANIAUTUUTVDY fore (U forp nseiRnReASy V-downstream 3 20°,
BR = 0.1, 0.15, 0.2 uaz 0.25, PR = 0.5, 0.75, 1 waz 2 lneiivoutanlugie Re = 4,000-
25,000 mﬂmsmaaawudﬂaumiﬁaﬂfh:}ﬁmmmmmmé‘laua;ﬂuﬁaq +10 %

g £ -0.955
f =0.856Re""'*(BR +1)'(PR +1) (6.12)
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f=0.856Re ™" (BR+1"* (PR+1)"%*
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3 4
Experimental

o o an el o
JUN 6.56 AEUNUSVON e AU fuyp NIAIATY V-downstream 20°

6.7.7 n13a0A ldUKNUUINARATY V-downstream a1 157, 20°, 30° way 45°
6.7.7.1 ARUAIWUSIavTHLZaY

JUR 6,57 UAnsAUALRUSUOS NUge MU NUgg, NTEIARAIATY. V-downstream
(e}

,30° uay 45°, BR= 02, PR = 0.5, 0.75, 1 uar 2 Inefiveuivnlutas Re = 4,000-
25,000 91nN1sNARRINUIIENNNSAINANLAMLAA AT EUEElUTI +10 %

15°, 20

Nu =0.158Re"”" Pr®*(tana +1)**** (PR +1)°** (6.13)

6.7.7.2 AnudunwusAUsEnaUIdeANIUY
JUN 6.58 UanIAIMEINUSUDY fiye U for NIMIAARIATY V-downstream yu 15°,
20°, 30° uag 45° BR = 0.2, PR = 0.5, 0.75, 1 uaz 2 Ineilvouwnlugle Re

= 4,000-
I s U = < 1
25,000 iJ']ﬂﬂ']i'ﬂﬂﬂ@QWU"J’]ﬁﬁJﬂ']361\‘1ﬂﬁ"l'Jllﬂ')"Illﬂﬁ’]ﬂLﬂﬁ@u’i)q”tu‘ﬁ']\i +10%

f =1.369Re " (tana. +1)" (PR +1)°*" (6.14)
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7.1 uni

Tuunil nd1afisnanisnaaosdrud 3 Wunisiaurusuituldfuinios
uanwdsumuieu laendeyananisnnaosdauil 2 9nunil 6 darfiaseisasianndy
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qum'smamm'nmauawu AnwBvEnaveIgUNy, yuleny, mnuguayszuzintasu lay
LLuqmsﬁnwﬂumuuaamUu

L weuusinniuaad | Wiguifigunisdinaiuiuy V-full wag . V-discrete
9nS1AIUAINGINTUADANNGYD BR = 0.1, 0.15, 0.2 uaz 0.25 snsdu
seurfindaTudonugie PR = 1 AnyidvBwaventsdninemsy

2. wHuuRARSY V-discrete IWibUMb U Y nATUR o = 60°, 457, 30° uay
20° SgrdruAuRATURBAIGYe BR = 0.2 Snsidusserindaiusie
AILEIVD PR = 1 Anw1dviwavelsvs
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7.2 #AaNSUTBUNEULHU U9 AAATUAITUAZLA LU IR AATUASURDILENAY
7.2.1 nM1sANEmAINTIY
Nnuamsnaaesluunil 6 auiIndedmunszuanisisa (V-downstream=V-full
feny o = 45° Wisnmsdhemenudougegalunsdvagey fatuwihmsianntuam
WueFumiuend (V-discrete) uashwnSoudisuiuaiu V-full Tuundl 6 iiesosnisan
svvdawalsilden TEF figedy
KansVaspanantsinemanudeuluiednia  Tuannzfuundndanuioud
Ramafl fwadu V-full uazA3y V-discrete 71 BR = 0.1, 0.15, 0.2 wa¥ 0.25, PR = 1 wandly
watvosavadas, Nu uazdnsndruaviia@adi, Nu/Nu, tasdn Nu fildainnisvegeu
Tutrenisivatiutou wamdluguil 7.2 nisiindansuiitisaieeudutuuastheiuns
fhemanuieuligunniuuasiuunliumiiousudlafioutuvontaiou  Tnefidn Nu
Fasiuma Re wagnsiadersudl BR = 0.25 TAn Nu g9gn LRI BR = 0.2, 0.15 waz 0.1
AL Tansdiinaaes U V-full uavnsdldnneesy Vdiscrete Santsdnaneadu V-full Tof
A1 Nu geniin15dnaneetu V-discrete Tngmsdnneniu v-ull Wiennisidin Nu dawieuru
viewdaSyueglugae 820-833%, 787-197%, 668-677% uay 536-542% d3U BR =
0.25, 0.2, 0.15 uaw 0.1 MNAIFU wagmMsdnaemsy Vdiscrete Wirnisiiu Nu deifivy
AuviendaSoueglutie 548-587%, 484-522%, 411-449% Lay 346-375% &MU BR =
0.25, 0.2, 0.15 uag 0.1 AUEAY
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nan1sNnaeviodnTafinsiafiaiu V-full uave3u Vdiscrete uandlugui 7.3

wuth msdarneniusdii BR = 0.25 TiAn NU/Nu, geam e BR = 0.2, 0.15 waw 0.1

PIUAINU N159A219A3U V-full TR Nu/Nuy 31nni1n1sdaneesu V-discrete Tnonisdanns

ASU V-full Wie Nu/Nu, WleiisuiuviorifaSeu gandwinfu 826%, 791%, 673% uav

538% @1M3U BR = 0.25, 0.2, 0.15 uag 0.1 AMUAIAU LaZN159RI19ASY V-discrete 19N
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Re n33A9ATU V-discrete TfA1 TEF gandimsdnaneniu V-full waedl BR = 0.2 fidn TEF
96 MUY BR = 0.15, BR = 0.25 uay BR = 0.1 mud1siu Inun159m119m3u Vodiscrete
'Lvrm TEF Wiy 2.28, 2.4, 2.35 Uag 2.12 @%5U BR = 0.25, 0.2, 0.15 way 0.1 muaisiu
wagilen TEF WelSsuisutiunissninemdu V-full gandwiiu 14%, 15% 16% WAz 19%
d w5 BR = 0.25, 0.2, 0.15 uay 0.1 AuaIdu dmusn TEF aaaﬂaaw Re mmamaww
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Re ﬁﬂﬂﬂ
3.0
i V-full V-discrete
- A [R=025 A BR=025
® BR-02 O BR=0.2
25 - v BR-0.I5 v BR=0.15
g 0 W BR=0.I O BR=0,]
A
2. X U G A A X 9 g g
4 o A
L 2 g Q n
[ X7 g 8
L s
E L& F ] m = - - |
1.0
L
S
45°, PR=1
0.0|\||l| L hop ity 8]y Wi g 4 A S A, )
0 5000 10000 15000 20000 25000 30000

Re
< L) @ S = d
JUN 7.6 mwidiniused TEF iU Re n3dindu VAfull uay Vediscrete

m'iwmaaﬂumumwaﬂnmmimammmaauuaumaamLaammmu’luwa%ma lny
finman3usddmnauuy V-full Was Vdiscrete Suyazne 45° PR = 1, BR = 0.1, 0.15, 0.2
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7.3 DNBWAVRIYUUTNEURNUUINARATUAIILENAD

7.3.1 M3fewmAusou

Inade 7.2 Fwanwmanisinwien Nu, f uas TEF 99en3usnidnaneuuy V-full
way V-discrete ﬁqﬁﬂxms 45° PR = 1, BR = 0.1, 0.15, 0.2 ka 0.25 WU N1STAINATY
V-discrete aunsataglien f anaaldifuetnamnn uazdwaliien TEF geduse Tnosud
BR = 0.2 Te TEF gegn snuluideiiudonadu V-discrete 7l BR = 0.2 avhnisdnw
vy Tnefizne 20°, 30°, 45° uay 60° WiewSeuifibuuarUsdliiufadviwa
YDUUENETNAN

wanInmapudnswanscemadeuluviednia  luannsiuuundndanuioud
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Tnemsinfen3u  V-discrete iy 45° Tien TEF gendanisindenuam 30°, 20° way 60°
muawunnAl Re Imgliien TEF gegaviniu 2.4, 2.3, 2.28 way 1.92 dmsunisdnnnemsu
figazme 45°, 30°, 20° uag 60° mudAy dmSurn TEF geanetl Re Asnanvestas
ooy Fudufdaliin mslindu v-discrete dwmalsilifan TEF figsnduaznsiwiuuuy
V-discrete 1nUsvandldpasidentian Re fgn
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JUN 7.11 mudiiusues TEF AU Re nstliASy V-discrete Miyuuevzsing 9

nwwﬂaaaluﬁauﬁLﬁaﬁﬂwwnWidqammm%’auuasﬂ'lsqfuuLﬁstmﬁu’luﬁa%’a%'a oy
ldn3u v-discrete donldnmuuundunussgavesvie Tnafizvy 20% 30°,45° uay 60°, BR
= 0.2, PR = 1 uanslunidved Nu , f waz TEF Tnern Nu fildainnisnaaeulutienisiva
Yuthusheaiu V-discrete uuvnesaa-q wuin nisldaius 607 e Nu g9an wagden f
dindureuinagatuiy Sedsualiesy Vediscrete yu 45° fiF TEF gaan Laglvien TEF gate
2.4 aysiuUsegndld delilddnsanemarifounasUssansnwitgsndy wavannse
anvuwnvesgunsalanivisumudou dmsue TEF gaandmiunnnadinaaeuiinudl Re
Amgn

7.4 nan1sNAaaIn1saen lduruuIsina3u V-discrete 45°

7.4.1 nMIdngwmANToY

nanInARRILaERsHansinemauiouluiedna luannvinwuundndanudeud
fansfl seATuLUU V-discrete i 45° Tagil BR = 0.15, 0.2 way 0.25, PR = 0.5, 0.75, 1,
1.5 uar 2 auddu uanslunatives Nu waz Nu/Nu, Taean Nu filaainnisnaaeulutis
nstuatutau uandlugud 7.12 (n) msldedu v-discrete au 45° tavadsmuduluuay
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%hsuﬁumsdwmmm%’aulﬁqamﬂ'ﬁmmzﬁLLmIﬁumﬁauﬁ'mfiaLﬁauﬁ’vﬁawﬁaﬁ'au Tny
Nu Hutiusa Re uawA3y V-discrete 7 BR = 0.25 lafen Nu §98M P1U9Y BR = 0.2 uay
0.15 Aud1diu n15IAeAsuT PR =0.5 THdn Nu 498 MUAIY PR = 0.75, 1, 1.5 uay PR =
2 audhéiu Taeft BR = 0.25 Tidmsiin Nu Weiisuturentaseveglutag 579-621%,
566-602%, 548-587%, 522-563% Way 446-479% @1%3U PR = 0.5, 0.75, 1, 1.5 Way 2
AINEWU fuae BR = 0.2 TAInsdin Nu dieleuiuvientiasou Tugae 532-573%,
508-546%, 484-522%, 457-492% Wway 397-432% @m35U PR = 0.5, 0.75, 1, 1.5 uay 2
MUFIFU waz BR = 0.15 Wdrnsiiiy Nu dioiisusuveniadou luyas 466-504%, 425-
463%, 411-449%, 393-424% uar 338-365% @1%5U PR = 0.5, 0.75, 1, 1.5 uag 2
AUEINU

U 7.12 (3) wamennwduiusues. Nu-iu PR nsdifindedu V-discrete i 45°
wui e BR iinTussyinliien Nu duslfdiugu Tog BR = 0.25 T Nu dufuannni
BR = 0.2 ua¥ 0.15 mudifiu n1siiiuued Re aziidnwasotrentsiinduves Nu usgis
UIN UWasi PR = 0.5 WA Nu iiingunannit PR = 0.75, PR =1, PR = 1.5 Wag PR = 2
AUEIRAY

nan1snAaeiedniaiifinisaenldniy V-discrete 3l 45° MuuuNduNLEL
vowie wansluguil 7.13 (n) wuiy AU BR galsien NuNu, gendna3u BR shilnnen Re
uagdiuunliiudmiioudulnewmwizdl PR =0.5 TA1 NW/NUgInA31 PR = 0.75, PR = 1, PR =
1.5 way PR = 2 mwdadiy Taefl BR = 0.25 e Nu/Nu ileifisufusientiadoy gandy
Winrfu 597%, 581%, 566%, 540% Way 459% d@wsSu PR = 0.5, 0.75, 1, 1.5 uag 2
mUEWU Awae BR =-0.2 Tie NWNU, Weifisuiuviendadey geninvindy 5509,
525%, 501%, 473% uay 413% dM3U PR =.0.5, 0.75, 1, 1.5 la¢ 2 Auaeu uae BR =
0.15 TA1 Nu/Nug slewfsufuvientiadey gINIINU 482%, 441%, 428%, 407% uay
349% dM3U PR = 0.5, 0.75, 1, 1.5 Ulez 2 MNa1AY

3U 7.13 (1) wansnmduiusues Nu/Nuy U PR nsdifindan3t V-discrete sy 45°
WU AANEN Lagsyeintdinadanistewmaudouiusgrann Tngndu BR = 0.25 T
A1 NU/NUo g8 Ausiengu BR = 0.20 uazngu BR = 0.15 mudidy Fanasldadudl PR &
Atley (svuvfindd) danalidn NuNug qqniwms’hﬁ’ﬂ%ﬁ PR fiAunn (Szuingving)
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7.4.2 arusznauldeaniu

ANUANRUTTDY f U Re MNWANITNARDY LLam'Lu'sUw 7.14 (1) wuin e Re
windussyiliien f fuwsltiuasas Tngesui PR = 0.5 fien fﬁa*nﬁm G!'IJ.IG]’JEJF]'S‘U PR = 0.75,
PR = 1, PR = 1.5, PR = 2 uavvieniaeu deflen f anaemud iy waznisinmnanduil BR =
0.25 T f iisTuannnd1 msfndarsuil BR = 0.2 wa 0.15 muddu Tasadu BR = 0.25
Tvian f LﬁaLU‘%UULﬁﬂuﬁ’wiawﬁél.%uqan’hm’]ﬁ’u 34 1N, 29 W1, 24 Wi, 22 i1 way 19
Wi @ WS PR = 0.5, 0.75, 1, 1.5 uay 2 aua1dyu audae BR = 0.2 Widn f e
Wiguiisuivvienifaiiouganduitiu 23 wih, 18 i, 14 wh, 12 Wi way 11 Wi
@MU PR = 0.5, 0.75, 1, 1.5 uaz 2 muddu wag BR = 0.15 Tien f ileuSouiiivufiuvie
WOUTBUEINIWINAY 16 110, 11 11, 9 i1, 8 Wi waz 7 wih dmu PR = 0.5, 0.75, 1,
1.5 wag 2 AuaInu

’iUﬁ 7.14 (v) LARIANAELRUSTRY f AU PR n3tifnRamRy V- discrete 3 45° wuin
PR denarensiiuiuvasn £ Hustiainn Theesufl PR = 0.5 THen fmmumnnmmw
PR = 0.75, PR = 1, PR = 1.5 1la¥ PR= 2 u&IAU 'Ucuw BR =0.25 Tidn f L‘WﬁJ‘UUJJ'mﬂ’N
BR = 0.2 wag 0.15 sud1nu

gﬂ'ﬁ 7.15(n) wanImNduRuses 7/f, fu Re wuda f/f, Suudlthudiudunu
msifies Re Inoiawizdl PR < 0.5 84, adurouinsgdudiennmniansudonnis
Inavesweslnaneluonnn vaigiindu BR = 0.25 fif F/f, gedm nudhe BR = 0.2 uay
BR = 0.15 mwddu Fanshiefy V-discrete wussgnaldpamiionldi PR ladnsiiu 0.75
LﬁmhUammiﬁﬁyﬁammﬁuua zannauIDINmaulann

i‘LJ‘V‘I 7. 15 (‘U) waneAINIFINUSYRY f/f, U PR nsdiRARIATY Vd!screte 3y 45°
wuin ilo BR Wuduazsilvien f/f uumiumwmu 1n8 BR'=0.25 'I:wm £/fy disAiuannnn
BR = 0.2 wag 0.15 auarsu nisiiiuves Re muawﬁwamamam‘nwmwm f/fo 10U
1N ward PR = 0.5 19en £/f, Wiaduannnd PR = 0.75,PR=1, PR = 1.5 uag PR = 2
MUEGU



)
By

U

o
i

1.8
BR=0.25 BR=().2 BR=0.15
1.6 - O PR=0.5 ® PR=05 ® PR-05
i O PR=0.75 @B PR=0.75 W PR=0.75
A PR=1 & PR=1 A PR=|
14 v PR=L5 ¥ PR=1.3 v PR=I1S
O PR=2 ® PR=2 ¢ PR=2
i X smooth duct
1.2 - V-discrete, 45 °
1oL © ¢ 0 o 0 o 0o 0o o o
- B0 0D o o o o o o o
B
L o A
5 © 6 86 686886 6 ¢
‘ B 8 8 & 9 # 8 & ®8 @
: ; ® o o o o o o o
4 - Y Y Sy P Y
§ 5 8 ¥ 8 ¥ ¥ ¥ §
SERNKUTE
JL 3 3 3 $
0.0 AR e - N iy N N, 0 i R e S,
0 5000 10000 15000 20000 25000 30000
Re
(n)
60
I BR=0.25 BR=0.2 BR=0.15
L — = Re=23010 —&—  Re=23010 —A— Re¢=23010
50 - — 0= Re=18290 ~®= Re=18290 —8— Re=1%290
5 — -~ Re=13570 —®— Re=13570 —m= Re=13570
—i=g:— Re=8850 —F— Re=8850 —¥— Rc=8850
- — Q= Re=4130 ~®— Re=4130 —— Re=4130
40
L BS V-discrete, 45 °
o
S 306
20+
10 -
0 L 1 1 | L L 1 I L Il i 1 1 I | 1 1 1 L
5 1.0 1.5 2.0 25

7.14 AnuduWusSves (n) f AU Re way (V) f AU PR NSEIASY V-discrete 45°

PR
()

177



30000

60
BR=0.25 BR=0.2 BR=(.,15
O PR=05 ® PR=0.5 ® PR=05
sol O PR=0.75 @ PR=0.75 B PR=0.75
A PR=I & PR=I A PRl
¥ PR=1.5 ¥  PR=5 v PR=15
- O PR=2 & PR=2 ¢ PR=2
40 - V-discrete, 45 ° o
o 9]
o]
& o
o g o *©
[ L. o} =
w30 g =
O (m] A A Ay
u] A
i 5 s 8 5 ¢ ¢ ¢ ©
20 | o 6 o © g B 8 8 8
® g 8 4 o o ¢ °°
L o] o © ® P S & A
a o & A
s ot vy ¥ 8 X 1§
10| & ¥y 7 § $ ¢ $ ‘
: $\®
0 T S e P R I R DS Y . (ol PP ol T RERT T T,
0 5000 10000 15000 20000 25000
Re
(n)
1.6
N BR=0.25 BR=0.2 BR=0.15
1.4 ¥ ——=Of—"" Re=4130 —<—  Re=4130 —4— Rc=4130
' —+ 7+ 0 Re=8850 —®— Re-8850 —¥— Re=8850
—=0— Re=13570  —@— Re=13570 —.— Re=13570
—~O—_ Re=18290 —®— Re=1%290 —8— Re=15290
1.2 — 8 —  Re=23010 —4— Re=23010 —A— Re=23010
L " L}
o L & V-discrete, 45
<
S\\3 %
N
4+
2
00 TN Y RN RN (NN TN N SN ST SN TR (NN SN TR Y AN SN S NN S
0.0 5 1.0 135 2.0
PR
()

=
UV

178

7.15 Anuduiusves (n) f/f, fu Re way (V) f/f, U PR n3dim3u V-discrete 45°
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7.4.3 gusTOUENSIRNNISENemAI LYo

SUT 7.16 uansmuduiusues Nu/Nu, U f/f, nsdiindaniu V-discrete yu 45° 9
AMUGATSEEYRRGEng q WU o Nu/Nu, \Wuduardanaliien /£, \intuiie Tnoasy
7 PR = 0.5 lvfein NU/NU, Wae f/f, tiuduunnni PR = 0.75, PR = 1,PR=1.5Ua% PR =2
Tnomsfaserduil BR = 0.25 A Nu/Nuo uae unitgn AusieAsuR BR = 0.2
way 0.15 MuaeU

10
BR=0.25 BR=0.2 BR=0.15
O PR=05 ® PR=0.5 ® PR=0.5
O  PR=0.75 @ PR=0.75 W PR=0.75
8 |- A PR=| & PR=I A PR=|
v PR=LS ¥ PR=15 ¥ PR=15
$  PR=2 @ PR=2 ¢ PR=2
= i e=4130 .
E ] V-diserete, 45 ° g Re ;%350 Re=18290
=
= A
4 BR=0.25
————— BR=0.2
— —— BR=0.15
2 L I L L 1 I I I L L
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o e e o = = .
UN 7.16 ATNENNUSVDS Nu/Nug fiu f/fy nsiasy V-discrete 45°
U 7.17 (n) uansmuduiusves TEF AU Re Tﬂmﬂ?amﬁwffam NU/NUo Uy

1
f/fo ‘Vlﬁ faduneIfy wulael TER LLﬂﬁuﬂimﬂﬂ‘Uﬂ%ﬂﬁﬂﬂﬁﬂ‘ﬂ Re ﬂ'lLLﬁ“ﬁﬂﬁﬁW]llﬂ'iiLWﬁJ

999 Re FamshnsansUd PR = 1 el TEF g94n AUAB PR = 1.5, PR.= 0.75, PR = 0.5
wag PR = 2 ﬁwnﬂfamaaﬂ'smuavnnm Re AU BR = 0.2 Wiklh TEF gdam pusas BR =
0.15 uay BR = 0.25 nefl BR = 0.2 Ty TEF geaniiniu 2.25, 231, 24, 2. 37 uay 2.17
¥ PR = 0.5, 0.75, 1, 1.5 Uaw 2 aaeeiu dmsurin TEF geanogil Re mmﬁmawaa
waaou Fadusdinléin nsanseniu V-discrete yu 45 ° dyialitlie TEF figaniuagnis
sy V-discrete umUszgnaldmsidenitel Re sgn

U 7.17 (@) uanamnuduiusves TEF U PR nsdlfindeniu V-discrete yu 45°
WuIA TEF nsuusiUdsumu PR, BR uae Re filde iefiensand Re = 4,130 oy
Anadivedlanasourudadmegalutanmmnaeuaglien  TEF  gegeluusiasnsdl
vaeou Taunselves PR 7 PR = 1 W1 TEF geandn PR = 1.5, PR = 0.75, PR = 0.5 ua PR =
2 mudu waznsalues BR 71 BR = 0.2 Wik TEF gaan muse BR = 0.15 way BR = 0.25

iy dmSur TEF geamagil PR = 1, BR = 0.2 uae Re = 4,130
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i O PR=0.5 ® PR=05 @® PR=0.5
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msnasesluduilitednymsaemaudoutasmsgadsauiuluviednia Tne
14ASu V-discrete yuuywy 45°, BR = 0.15, 0.2 waz 0.25, PR = 0.5, 0.75, 1, 1.5 wag 2

v
s

wamdlunates Nu wag f lnean Nu Aldainnisnaasulutienisivadutudonising

174
=%

AU V-discrete yudznz 45° wudh msldnuil BR = 0.25 iin Nu gean uarliien f iy
Aputsgauiu Tnun1sdnneaduil PR = 0.5 i1 Nu wae  geam muda PR = 075, 1,
1.5 uay 2 mud iy dawaliesuil BR = 0.2, PR = 1 iifn TEF gean Wi 2.4 A
Uszgndld iielilddnnisdnemeanuieunasysyansamilgandt uasanunsnaneuinves
gunsaluanUAsumFeuldiiiuegnai dwsue TEF geandmsunnnsaimeaeuinuil Re
A1Rign

M9l 7.1 ey Nu/Nu, f/f, wae TEF nsgaguiisumsu V-full uas V-discrete il

o =45, PR =1
NS QUERPU BR Nu/Nu, f/t, TEF
1 V-full 0.1 5.38 46,13 1.51
2 V-full b, Tgo! 6.73 57.06 1.76
3 V-full 0.2 7.91 81.34 1.84
4 V-full 0.25 8.26 109.5 1.74
5 V-discrete 0.1 3.58 03 1.83
6 V-discrete 0.15 4.28 9.09 2.06
7 V-discrete 0.2 5.01 13.65 411
8 V-discrete 0.25 5.66 23.82 1.98

5797 7.2 Alade Nu/Nug, £/, Uay TEF nsdipsy V-discrete 4 A1 BR'=/ 0.2, PR = 1

N5 o Nu/Nu, i TEF
1 20° 4.20 9.74 1.98
2 30° 4.60 12.23 2.01
3 45° 5.01 13.65 21
4 60° 6.50 39.14 1.92
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A15799 7.3 Aade Nu/Nug, £/f, uae TEF nselrsu V-discrete 45°

nsei BR PR Nu/Nu, f/f, TEF
1 0.15 0.5 4.82 16.02 1.92
2 0.15 0.75 a.41 11.46 1.97
3 0.15 1 4.28 9.09 2.06
4 0.15 1.5 4.07 8.25 2.02
5 0.15 2 3.49 72l 1.82
6 0.2 0.5 5.50 22.67 1.95
7 0.2 0.75 5.25 18.14 2,01
8 0.2 1 5.01 13.65 211
9 0.2 1.5 473 11.99 2.08
10 0.2 2 413 10.72 1.88
11 0.25 0.5 597 33.92 1.85
12 0.25 0.75 5.81 28.88 1.91
13 0.25 1 5.66 23.82 1.98
14 0.25 15 5.40 21.98 1.94
15 0.25 2 4,59 18.87 1.73
7.5 @3U

wannsnaaBsdILd 3 msiauuuieiisnisdimaruseulagldesusinend
WefnwidvEnavesmuvy MIInY AINGY UATSEBERRGASY nmsnaR 7.0-7.3 uang
ANRABTEY NU/Nug, £/, Was TEF luudaznsdiing Slovinnisiuseuiioussminensu v-full
wavAsu V-discrete wuin msdnineaiu V-full e Nu wae f gendinisdmnnensy V-
discrete uslvien TEF i dadunisidenldeiusimaientdaiuiuy Vediscrete s
truannsgydenudild wiouiilien TEF fiasnihatuiuy v-full

dwmsudvswavemuuzngaiutiu mslindudl a =60° Wi Nu wer f iy
Foutrsgandndy q wWuiu nmanisvnasssagUlidnisliaTy V-discrete vy
pysiitenldil o = 45° el TEF figandn uaedien f Aldgeaufuly

dmFumsdnnanduiu a3udl BR = 025 Te Nu ua f gaamvia V-full uay V-
discrete Tnpn1sdaaneesuwuy V-full i Nu gandinisdanieeSunuu V-discrete Laduag
Tuga 30-40% waglien f gendnadvegludae 77-85% udedu V-discrete Tsie TEF gandn
p3U V-full 1ndeegluta 14-19% Faefu V-discrete 7 BR = 0.2 ¥ien TEF gean

m3daaneA3uit PR e q 1 wuth PR =05 e Nu uay f gegn aufeAsuil PR
= 0.75, 1, 1.5 way 2 muasu dadusvadlfifiuinin mssmineeiu PR Sdaalyiinng
WU (Vortex) nszunniiviinafivionnasugniingdidu q §rdainaianuan a
unmldEunsifiam) uinisidenld PR Amnvauvesnsdvaaouil asidenldi PR = 1
33l¥iein TEF guan uazand f LdABnde
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7.6 NIATNAUNISENTUNUS A5 INsATUAUNTILUUNAEHIWUS
Tned143938msanundl 5 ade 5.8
7.6.1 nsaalduruu1einA3uAIU V-discrete 45°
7.6.1.1 AnuduNUSIavTEdan

rwduiiusvonavialdan (Nu) fulausdluad (Re) dndiuninugeniuienanugs
vie (BR) wazdnsnduserfindaiudenugevie (PR) Sl

gﬂﬁ 7.18 uanamuduiusrauaviadarianduius (Nuye.) Aulaviadasionnnis
NAGDY (NUgyp) ﬂitﬁa}ﬂﬁgﬂﬂ%u V-discrete 3 450, BR = 0.15, 0.2 uax 0.25, PR = 0.5, 0.75,
1, 1.5 waz 2 lneflvoulnludie Re = 4,000-25,000 91NN1SNAABINUINAUNISHINEI]
AmAAALARBURElLTN £6%

Nu = 0,384Re"™* Pr’*(BR +1)"** (PR 1)%""' (7.1)

7.6.1.2 AudunwusaIvsnauiduaniu

Amduiugvesinysgnaudaniu (N fulaussluad (Re) dnandunnugeniuse
ANgvie (BR)  uazonsidauseerfindaiudeniugvie (PR) auisamauduiusld
ifail

SUR 7.19) uansenudiniugvesshussnaui@onnuavdiius () fususney
FOAMUIINMNSNNEDN (fay) NFEAAGIATY V-dliscrete 1m 45°, BR = 0,15, 0.2 kay 0.25, PR
= 05, 0.75, 1, 1.5 way 2 Inefiveuiwnlugay Re = 4,000-25,000 971An15NARBINUI
aun1sdananafinaunatmadeustlutn £8%

£ =11.93Re *™*(BR +1) ""'(PR +1)**" (7.2)

7.6.1.3 ANANNUSANSSOUENISIRNAISENEMAINL Yo

AnudUuSvRELss AU s RUN s ewAISeu (TEF)  AutavisdTuast (Re)
ansIEIUANGIATURDAIINGIYID (BR), uazdnindauseuzindnIusoniugevie (PR)
anusaMANIETLSL AR

gﬂﬁ" 7.20uanaALdUN LS Y IELS SAULATSIRUN ST amAN LS DA ALWLS {TEF )
fusussaurMSiLMSEEMATNOUIINNTIAAEY (TEF.,,) NStifiniepsy V-discrete 3
45°, BR = 0.15, 0.2 Way 0.25, PR = 0.5, 0.75, 1, 1.5 uaz 2 laeilvouiwnlutie Re =
4,000-25,000 mﬂmswﬂamwudwauﬂ1ss'faﬂa'nﬁmmﬂmmmé"auaq”luﬁw +8%

TEF =5.788Re *(BR + 1) 7! (PR +1)***! (7.3)
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8.1 dgUnan1ivnasy
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Turuidell Wunsnvidweassiofinayssouranusouronnsosuaniuaou

[V I

rnufeunuuviedntamousiuusiinefu aunsnagUld Fetelud
8.1.1 mstiunsanemauteulagliainun Tulin uazusuursinaiuides
8.1.1.1 a7nvn Tula uay uiuursinasudes 45°
nsfinwdninavesainug luln wavuiuuisinasudeau 45°,BR = 0.1,
0.15, 0.2, 0.25 Wax 0.3, PR = 1, 2-uay 3 wudr mavaasmavanarludnluviednadawald
F1 Nu waz TEF getuniwiomiaiiou ususiuusinniuioslinn Nu uas TEF ganinanem
warluladuethann Tngnslinsudesd B8R = 03 A1 Nu gegm uazlien fifudy
Aoutegatuiy demaliaSuiduadl BR = 0.2, PR = 1 fid1 TEF gaan
8.1.1.2 uluuRinAsuLdYs 30°
MSANBNEHATDINHUUNARAS UL 30°,BR =.0.1, 0.15, 0.2, 0.25 wae 0.3,
PR = 1, 2 uaw 3 wuin msldaFui BR = 0.3 Tidn Nu gagn waglvian f fiutudoudiags
Wiy Weshdeyauduusfinasuies yu 45° amUFouidisuuusuudinesudes au 30°
wud nslduriuunsineuiBee s 30° e Nu anasdntfepdlaiieufiugu 45° uiadndy
fiofn f anasApud N Jedanalvin TEF voauduy1einn3udes g 30° Benaendiunuung
finASuLBoe yu 45° ogii 1.7% denaliuduynafinniuides yu 30°7 BR = 0.2, PR = 1 iidn
TEF gsqn
8.1.1.3 UHWUNANATUIBES 20
NSANYIDYENAVIMNLUIRRASULBEY 431 207, BR = 0.1, 0.15, 0.2, 0.25 uag
03, PR = 1, 2 waw 3nudr msliniud B8R = 0.3 i1 Nu gegn wagliian Fuiiutudoudng
gatuiu evhdoyaunuursinaiuides s 45° uay 30° nuUisuisufuusiuunainau
e 3 20° wudh msldukiuvisineuBes yu 20° I Nu anaadiowfiouiusg 45° uay
30° ustdsdftyfern f anasrouttennn Sedenalvia TEF vosusuursinaiuides uu 20°
AganiukuuRneSuBEe yu 45° agil 6% uasiidngeaninusiuuredneiuides s 30° g
4% 7 BR = 0.2, PR = 1, Re = 4,130 dmiuusiuushinauides s 20°7 BR = 0.2, PR = 1,
Re = 4,130 lviin TEF gugn
8.1.1.4 UHUUNAAATUIDBIYUAN 9
nsiTeuliisudvdnaveusiuuafianiudes yu 30°, 20° way 15°, BR = 0.2, PR
= 0.5, 075, 1, 2 wag 3 wud1 msldedudl PR = 05 DA Nu gean uaglien fiudy
Aoudregaduiu Wethdoyauruunsiinaiudes yu 30°, 20° wag 15° wudiouiiisuiiy
WUI1 wiuUsAnATUBee yu 30° i Nu gendusuunsinaiuides yu 20°  waw 15°
MUEU usifn TEF wasusuuiiinaiuides yu 20° fidigean Tnedidgendiusiuuneiinesu

=l
il
M
1
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o yu 30° agil 4% uasdngeniukuunsinaiuides yu 15° ogfl 4.7% 7 BR = 0.2, PR
= 1, Re = 4,130 danaliuriuu1efinaiuides yu 20° BR = 0.2, PR = 1, Re = 4,130 T¥en
TEF g9

8.1.2 nstiunnsaemanufeulaslduiuursinaduiag
8.1.2.1 wruu1eRnAsURaT 45°
mMsAnyuaresnuuULAIsuaniUdsunLieufienisindausiuuieianiudid
Andednmunszuanislva (V-downstream) waw@ndainiunseuanising (V-upstream) au
45° BR = 0.1, 0.15, 0.2 wav 0.25, PR = 0.5, 0.75, 1 waz 2 Wul1 NSARARIATULUY V-
downstream lfin Nu wazdn f figaninnsinsanunuy V-upstream vousifieatufilsian
TEF gandguiu Taunnsléniudl BR = 0.25 Tiin Nu gean wagliien fiitutiudeutneg
wuiy dmuaiuil BR = 0.2, PR =1 f1 TEF Qaqmﬁa V-Upstream Uag V-downstream
TAuN1sAndensuLLY V-downstrear T Nu @m’iwmsﬁmﬁgm?uwu V-upstream ¥y
7%, Wifn f gand1 6% wazlyidn TEF gan3t 5% dmsumsdnseniuil BR= 0.2, PR = 1 &9
AU V-downstream '*71. BR==() 2=PRH=—"1% o4 TEF RGL
8.1.2.2 weluu1eiinA3ufa3 30°
MsAnILALDDNLUYIAIpsUaNIUABUAT NS aUMBNSARRIASY Veupstream
waw V-downstream ual 307, BR = 0.1, 0.15, 0.2 uas 025, PR = 0.5, 0.75,1 Uag 2 Wui
AsARReRUIUY V-downstream 1A Nu uasn f figeninisinsiaiuutu V-upstream
vausideauiliel TEF genduduiu TaenastieSuil BR = 0.25 T Nu gaan wazlvien f
Watudoudagatuty dmsuesuil 88 = 0.2, PR = 1 il TEF gagake V-Upstream Was
V-downstream Tnenisiiasensuuuy V-downstream Wi Nu'_ gendamsineauuuy V-
upstream winfu 3%, Tvin £ gandn 5% waelsfin TEF ganidn 5% damsunisinsaedud BR
= 0.2, PR = 1 wawilethdoyamsinfausuursiinaiudad 4 45° siiouiisufunisinie
uNLURARZUST 3 30° wudn nsldusuURnAs s u 30° fid1 Nu anaadntieuidle
Wiwuiuygy 45° usdedadtyior f anasoutnann Sedawalvidn TEE vasukuusRnaTusad
31 30°7 BR = 0.2, PR = 1.8lA1gendiuu 45° ogffi 1.5% waz 1.6% dmdunsinmansuiuy
V-downstream ua V-upstrearn aua iy daalinnsliniu v-dewnstream 3 30° i BR
= 0.2, PR = 1 Ivifi" TEF gegn
8.1.2.3 UWHUUNNARATUADT 20°
nsAnyLazeanuUUIASeILaniUaBuALSouRIENSARRIATY  V-upstream
wae V-downstream 3Ju 200, BR = 0.1, 0.15, 0.2 uaz 0.25, PR = 0.5, 0.75, 1 4@y 2 WU
NSAARIATULUY V-downstream Wiel Nu wawehn f fiaendinsAndapdunun V-upstream
mwﬁmﬁ’uﬁiﬁﬁh TEF aaﬂ'i'u,‘tfuﬁ’u Tngnsldrduit BR = 0.25 Triein Nu gegn uawliie f
dinFudouinagatuiy dmduasul BR = 0.2, PR = 1 i1 TEF geanyia V- -Upstream Uay
V-downstream lngnnsinmsaiuiuy V-downstream e Nu q\‘m’nmwlﬂmﬂimwu V-
upstream WU 6%, Ten f gandn 3% waglvirn TEF gendn 5% dmsunisinmansud BR
= 0.2, PR = 1 wazilathdeyanisindauruunsfinadudd gy 45° way 30° swSeuifieuiu
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MsAnRaUAUARATURY 1 20° wudh mslusiuunaRaesuRS yu 20° fiA1 Nu tioend
wu 45° uay 30° muddu uddsdtyAedn f anasdeudnenn Sedwalidn TEF vesusiu
vshnasuad yu 20° fidngenduniuuninaduiid yu 30° uay 45° mudiiu Fanisings
uHuUARASURTS sy 20° 7 BR = 0.2, PR = 1 fiAn TEF gandusuusinasuiad uu 30°
offil 1.1% WAy 1.0% dmMIUATULUY V-downstream uaz V-upstream Msdnsiu uaynns
AnstauriuueRneiusad s 20° 7 BR = 0.2, PR = 1 fie TEF FINIUNUVAAATUAIT
a5° agjﬁ 2.5% uag 2.3% dMTUATULUY V-downstream Wag V-upstream AuaIfu daua
WinslATu V-downstream yu 20° 71 BR = 0.2, PR = 1 fifn TEF qegn
8.1.2.4 BNFWANNULNTUHNUUNAAATUADD

M3IBUiBUBvEHAYeIATU V-downstream sy 15°, 20°, 30° uaz d45°, BR =
0.2, PR = 0.5, 0.75, 1 waw 2 wui1 msldinduil PR = 0.5 o Nu avan uarlien f iuty
Aputagatuiy Lﬁaﬁﬁ‘ﬁayamﬁﬂﬁzﬂﬂ‘ﬁu V-downstream 3m.15°, 20°, 30° uag 45° an
Wabuiiguriu wui msldesusu 45° fieh Nu gendaesuga 30°, 20° way 15° andsu uag
il f genduauiu dawalvien TEF vedn3u V-downstream i 20° fidgegn Tnofirgand
AU 30° oyl 1.4% fiArgeninmIunn 15° ogil 2.4% uazdirgamieiuam 45° ogil 3%
#iBR = 0.2, PR = 1, Re = 4,130 dawalfpSu V-downstream 33l 20°# BR = 0.2, PR = 1,
Re = 4,130 A1 TEF 9@

8.1.3 mawiunisimarudoulnsldusiuursinasudaiuonia
8.1.3.1 NMSWIHUTIBUUHLUNAAAS U ILASIHLUNSRRASURY I WNG
mMaFguiguuNuURaAs Ui (V-full) lasukuusinaiudaiduensa (V-discrete)
31 457, BR = 0.1,0.15, 0.2 Uay 0.25, PR = 1 WU msdnangpsuuy V-Full 1587 Nu uae
M f AigandnsdmneeFuluy V-discrete uagliAn TEF finaninduiu famsdanessud
BR = 0.25 Tyifn Nu el £ gagavisniu V-Full waw Vadiscrete Tnonsdnansasu v-full
Tairn Nu gendinasdenaspiunuy V-discrete adtoglugng 30-40% uazliien f aendnade
ogluraa 77-85% wa3u V-discrete IA1 TEF gandamsu V-full todgadlutae 14-19%
daal¥ir3u V-discrete #1 BR = 0.2 di¢1 TEF gagn
8.1.3.2 DNEWAYNUINZUHUUNANATUAIIUENE
n1sAnwBVEnaTesuUsvizAY V-discrete #ismr 20°, 30°, 45° waw 60°, BR = 0.2
uaz PR = 1 wui msldasuiiyu 60° e Nu gean wazlien £ ifistudoudisgatuiy ud
AU V-discrete 3y 45° TWifn TEF gean
8.1.3.3 UHUUANATUAIIUENGT
nsfnwuaresnuuUInieaLaniUAsuALSouRIEN1sAnReRRY V-discrete 33
45° BR = 0.15, 0.2 ae 0.25, PR = 0.5, 0.75, 1, 1.5 way 2 wui1 nsldasud BR = 0.25 1t
f Nu gagn wazlvien fiindudeutnsgaduiy uasnsdnaned PR = 0.5 T Nu ua f
geqn Musae PR = 0.75, 1, 1.5 uay 2 audwu dewaliiniu V-discrete 7 BR = 0.2 uay
PR = 1 flfn TEF gaan

D.
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A 1 1 1 1 =1
A15199 8.1 WA Nu/Nuy, f/fy haw TEF UpauaazaIufnm

daudnun* ] Nu/Nu, . f/f, ] TEF
AL G faLel 6N AR fiq
1.1 1.71 6.73 4.15 141.61 0.88 177
1.2 3.02 6.32 14.16 109.50 1.05 1.80
1.3 2,78 5.91 9.87 84.75 1.08 1.88
1.4 3.62 6.08 15.02 70.16 1.26 1.88
2.1 4.16 8.65 23.03 169.75 1.24 2.06
2.2 3.85 8.35 17.88 145.42 1.25 2:10
2.3 3.:62 7.98 14.31 123.93 1227 2.13
2.4 5.03 8.44 19.67 133.42 1.58 213
3.1 2.95 8.65 4.58 169,75 .32 2.40
3.2 4.05 6.72 7.15 4591 1.76 240
2.3 295 6.21 4.58 39.82 1.54 240

w

4 oo e |
* Luaﬁ?uﬁﬂ‘lﬂq’uﬂﬂquqﬂULLUQLUU PNY

1.1 awen lula wavuduusinasudys g 45° 2.3 uiuusdnaiudad yu 20°

1.2 winuniansuides yu 30° 2.4 Whn9Rnesuid gusng q 71 BR=0.2

1.3 uluvAnATudes ya 20° 3.1 AU V-full uew Vediscrete yu 45°, PR=1
14 wiuundneSuiBoe g 4 7 BR = 0.2 3.2 30 V-discrete 313 9 7 BR = 0.2, PR=1
2.1 uwluuARRsuUATd g 45° 3.3 msy V-discrete yu 45°

2.2 UWHUUNAARSURYT 3 30°

AT 8.1 UanaYaawDsAn NU/Nuy, /i ey TEF Uodusiazdiun1s@ne daasidiuls
InsAnwnsiuanssaureufeuvennieuandsuniufounuie dnFadasusuung
AnAsudnuaizdng q u e TEF  gegnvassnddeil ity 2.40 edndeniuuuy v-
discrete 3ja1 45°, BR = 0.15, 0.2 WAy 0.25, PR = 0.5, 0.75, 1, 1:5-Ua 2 mnenfunuud
Anszuantsivia (V-downstream). wazifieluuszgndldenluningnanvnssunay
inwnsnssuezdusslemidensiauuasesnuvugunsaluaniudsuainudou viliiin
walulaglmivazduuummalumsifivaussauganuiouvesguniniuaniUdsunufoudild
n1suandsurudeunidlurie Usendandsany anvuauagnsldtanlunisadragunsed
wanidsunuieuilugnisandununiandn aussleviidluudiuiinsings asmnse
msUudsutunuuasmstigedne dewaliifnuseansnmiigeiusarsaniishas Oy
m3lindanuegequaaznelfifauszlomigean
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8.2 YiduDuY
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i p C, wx 10 v k x10° | ax10° ;
F
K | ke/m?) | (kg K) | (Ns/m?) | (m2/s) | W/mK) | (m?/s)
100 | 325562 | 1.032 711 2.0 9.34 254 | 0.786
150 | 23364 | 1.012 103.4 4.426 13.8 584 | 0758
200 | 17458 | 1.007 1325 7.59 18.1 103 | 0737
250 | 1.3947 | 1.006 159.6 1146 | 223 225 | 0707
300 | 1.1614 | 1.007 184.6 1589 | 26.3 225 | 0707
350 | 0990 | 1.009 208.2 2092 | 300 299 | 0.700
400 | 08711 | 1014 2301 26.41 33,8 383 | 0.690
450 | 07740 | 1.021 250.7 32,39 37.3 472 | 0685
500 | 0.6964 | 1030 270.1 38.79 40.7 567 | 0.684
550 | 0.6329) 1.080 288.4 455177 -1 138 66.7. | 0.683
600 | 05804 | 1.051 305.8 5269 | 469 769, .| 0.685
650 0.5356 1.063 3705 60.21 49.7 87.3 0.690
700 | 04975.| /1075 338.8 68.10 52.4 980" | 0.695
750 | 0.4643 |- 1.087 354.6 TRy o YA 109 0.702
800 | 04354 | 1.099 369.8 84.93 | 57.3 120 0.709
850 | 04097 | 1.110 384.3 9380 | 596 131 0.716
900 | 0.3868 | 1121 398.1 102.9 62.0 143 0.720
950 | 0.3666 | 1.131 4113 112.2 643 155 0.723
1000 | 03482, | ~1.141 424.4 1219 67.7 168 0.726
1100 | 03166 |\ 1.159 449.0 141.8 /5 195 0.728
1200 | 0.2902 | 1.175 473.0 162.9 76:3 224 0.728
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Heat transfer in square duct fitted diagonally with angle-finned
tape—Part 1: Experimental study’*

Pongjet Promvonge *, Sompol Skullong, Sutapat Kwankaomeng, Chinaruk Thiangpong
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ARTICLE INFO A B S4PF A G0

Available online 28 March 2012 The paper presents an experimental study on turbulent flow and heat transfer characteristics in a square duct
fitted diagonally with 30 angle-finned tapes. The tested duct has a square section and uniform heat-fluxed
walls and the flow rate of air used as the test fluid is presented in ternis of Reynolds number from 4000 to
23.000. The angle-finned straight tape in the present work is newly invented without previous investigations
available. The insertion of the finned tape is performed with three ratios of fin pitch to duct height (PR = P/H)
at the fin attack angle of 30° with respect to the main flow direction. The finned tape inserted diagonally in
the duct is expected ta generate a longitudinal vortex fow pair through the heated duct. Influences of five
fin-to-duct height ratios (BR = h/H=0,1-0.3) for each lin pitch on thermal and flow friction characteristics
of the inserted duct are investigated. The experimental result shows that at smaller fin pitch spacing, the
finned tape with BR =0.3 provides the highest heat transfer and friction factor but the one with BR=0.2
and PR= 1.0 yields the best thermal performance. The thermal performance of the newly invented finned

Keywords:

Heat transfer
Square duct
Angle-finned tape
Friction

Inserted duct

tape turbulator is found to be much higher than that of the wire coil/twisted tape turbulator,

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Vortex/swirl flows have been commonly used for increasing con-
vection heat transfer coefficients in several engineering applications
such as heat exchangers, drying processes and vortex combustors.
There are many types of vortex generators employed in the heat ex-
changer ducts such as helical/twisted tapes [1-3], coiled wires [4-
6], ribs/fins/baffles [7-9] and winglets [10,11]. Most vartex flow de-
vices mentioned above are effectively applied to circular tubes
while the rib/baffle/fin and winglets are suitably emplayed for the
channels or flat surface ducts. In high performance heat exchanger
duct systems, periodic ribs/baffles/fins have been widely applied in
many industrial applications. The baffled/finned duct successfully
prevents the development of thermal boundary layer, and therefore
augments the heat transfer performance and results in much better
heat transfer efficiency than that in smooth duct with no baffle/fin,
Because of the practical importance, the heat transfer and flow char-
acteristic in ducts with rib/baffle/fin turbulators have attracted many
investigators.

Han et al. [12,13] studied experimentally the heat transfer in a
square channel with ribs on two walls for nine different rib configura-
tions. Average heat transfer and friction factor were reported for the
P/e=10 and e/H = 0.0625 rib by heating cither only onc of the ribbed
walls or both of them, or all four channel walls. The heat transfer

“ Communicated by W], Minkowycz.
* Corresponding author.
E-mail address: kppongje@kmitlac.th (P, Promvonge),

0735-1933/5 - sce front matter © 2012 Elsevier Ld. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2012.03.007

augmentations and the friction factor were highest for the 60° orien-
tation amongst the angled ribs. Liou and Hwang [14,15] used a real
time Laser Holographic Interferometry to measure the local as well
as average heat transfer coefficient of square, triangular and semi-
circular ribs and found that the square ribs give the best heat transfer
performance among them. This is contrary to the experimental result
of Ahn [16] reported that the triangular rib is better than the square
one. Taslim et al. [17] conducted measurements of the heat transfer
in a square channel with three 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% and experimental data showed a significant increase in average
Nusselt number with increasing the e/H ratio. Chandra et al, [18]
studied heat transfer behaviors in a square channel with continuous
ribs on four walls where ribs were placed superimposed on walls
and found that the heat transfer increases with raising the number
of ribbed walls and with reducing Reynolds number while the friction
factor increases with both cases.

Kwankaomeng and Promvonge [19], and Promvonge et al. [20]
studied numerically the laminar periodic flows over 30° and 45° an-
gled baffles repeatedly mounted only on one wall of a square channel,
respectively. They noted that the heat transfer enhancement for the
45° angled baffle with BR = 0.4 was about 2-3 fold higher than that
for the 90° baffle while the friction loss was some 10-25% lower. In
addition, they found that a single streamwise main vortex flow creat-
ed by the angled baffles/fins can help to induce impingement jets on
the upper, lower and baffle trailing end side walls of the channel, The
appearance of vortex-induced impingement (V1) flows led to drastic
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with two-sided angled fins attached. In a square duct with one wall
roughened by repeated angled baffles (or fins), the baffle-induced sec-
ondary flows (or vortex flows) accompanied by enhanced turbulence
intensity provide a drastic increase in heat transfer due to VI effects as
reported in Ref. [20,21]. In the present work, another type of inserted
devices has been developed by insertion of a 30° angle-finned tape
into a square duct that has never been found in the literature. This
inserted device stems from the concept that the square duct can be di-
vided in diagonal into two isosceles triangular ducts and then the an-
gled fins can be mounted repeatedly on the common base (diagonal
side of the duct) of the two imaginary isosceles triangular ducts, There-
fore, the diagonally inserted tape in the square duct is assumed to be the
common base of the two isosceles triangular ducts. The present inserted
device has been developed from a combination of the merits of rib, baf-
fle, winglet and twisted tape turbulators. This means that the present
inserted device will provide a drastically high heat transfer rate like baf-
fles, low pressure drop like angled ribs, swirl/vortex flow as winglets
and case of practical use like twisted tapes. Therefore, a new 30° finned
tape insert is proposed and expected to provide higher thermal perfor-
mance than wire coil/twisted tape inserts due to the VI effect. The ex-
perimental results using air-as the test fluid for the 30° angle-finned
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Nomenclature
A convection heat transfer area of duct, m?
AR aspect ratio of duct, (W/H)
b fin height, m
BR fin blockage ratio, (b/H)
G specific heat capacity of air, |/kgK
D hydraulic diameter of duct, (= H), m
e rib height, m
I friction factor
H duct height, m
h average heat transfer coefficient, W/m?K
I current, A
ka thermal conductivity of air, W/mK
L length of test duct, m
m mass flow rate of air, kg/s
Nu Nusselt number, (hD/k,)
P fin pitch spacing (axial length of spacing), m
Ap pressure drop, Pa
PR fin pitch to duct height ratio, (P/H)
Pr Prandtl number
Re Reynolds number, (UD/1")

Q heat transfer, W

T temperature, K

TEF thermal performance enhancement factor
t thickness of fin, m

U mean velocity, m/s

v voltage, V

v volumetric flow rate, m*/s

w width of duct

Greek letters

o attack angle of fin, °
P density of air, kg/m?
v kinematics viscosity, m*/s
Subscripts

b bulk

0 smooth duct

conv convection

i inlet

0 out

pp pumping power

5 duct surface

increase of the thermal performance of the channel. In comparison,
the 30° baffle/fin performs better than the 45° one due to lower pres-
sure loss. Promvonge et al. [21,22] again investigated numerically the
laminar flow structure and thermal behaviors in a square channel
with 30° and 45° inline balffles on two opposite walls. Two stream-
wise counter-rotating vortex flows were created along the channel
and VI jets appeared on the upper, lower and baffle leading end side
walls while the maximum thermal performance factor was found
for the 30° inline baffle case but the 45° inline baffle provides higher
heat transfer rate.

From the literature review cited above, the use of wire coil/twisted
tape inserts in the square duct may not be suitable due to the flow leak-
age in the duct corners leading to lower strength of the vortex flow, The
works in Ref. [19-22] triggered the present work to investigate the heat
transfer enhancement in a square duct inserted diagonally with a tape

tape inserted diagonally in the square duct are presented for turbulent
flows in a Re range of 4000 to 23,000 in the current work.

2, Experimental setup

A schematic diagram of the experimental apparatus is presented in
Fig. 1 while the detail of a tape with double-sided angled fins, inserted
diagonally into the square duct is shown in Fig. 2. In Fig, 1, a circular
pipe used for connecting a high-pressure blower to a settling tank was
attached by an orifice flow meter to measure the flow rate while a
square duct including a calm section (2000 mm) and a test section
(1000 mm) was employed following the settling tank. The square duct
configuration was characterized by the duct height, H of 45 mm while
three fin-pitch to duct-height ratios (PR= P/H=1, 2 and 3) and the
fin attack angle of 30" were used for the finned tape. The overall length
of the duct was 3000 mm, The tested square duct made of 3 mm thick
aluminum sheets has a cross. section of 45x 45 mm? and 1000 mm
length (L). The diagonal straight tape was made of aluminum with its di-
mension of 63 x 1500 0.5 mm?, The five fin strip sizes were 4.5, 6.75, 9,
1125 and 13.5 mm high (b) with 0.3 mm thickness (t). The angled fins
made of a 0.3 mm aluminum strip were attached on the two sides of the
aluminum tape with hot superglue, To assure a fully developed periodic
flow throughout the test duct, the tape inserted diagonally into the duct
was extended by about 11D upstream of the test section. The test section
consisted ufthe four heating walls. The AC power supply was the source
of power for the plate-type heater, used for heating all walls of the test
section in order to maintain a uniform surface heat flux.

Air as the test fluid in both heat transfer and pressure drop experi-
ments, was directed into the systems by a 1.45 kW high-pressure blow-
cr. The operating speed of the blower was varied by using an inverter to
provide desired airflow rates. The flow rate of air in the systems was
measured by using an orifice plate system pre-calibrated by using hot
wire and vane-type anemometers. The pressure drop across the orifice
was measured using an inclined manometer. In order to measure
temperature distributions on the upper and lower wall and a sidewall,
thirty thermocouples were fitted into the outer cluct walls. The thermo-
couples were installed in holes drilled from the rear face and centered of
the duct walls with the respective junctions positioned within 1.5 mm
of the inside wall and axial separation was 100 mm apart. To measure
the inlet and outlet bulk temperatures, two sets of two thermocouples
were positioned upstream and downstream of the test duct. All thermo-
couples were type K, 1.5 mm diameter wire, The thermocouple voltage
autputs were fed into a data acquisition system (Fluke 2650A) and then
recorded via a personal computer,
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Fig. 1. Schematic diagram of experimental apparatus,

Two static pressure taps were located at the top of the wall to
measure axial pressure drops across the test section, used to evaluate
the friction factor. These were located at the centre line of the duct.
One of these taps is 30 mm upstream of the test duct and the other
is 50 mm downstream. The pressure drop was measurcd by a digital
differential pressure and a data logger connected to the 2 mm diam-
eter taps and recorded via a personal computer,

The uncertainty in the data calculation was based on Ref. |123]. The
maximum uncertainties of non-dimensional parameters were 4-5%
for Reynolds number, +6% for Nusselt number and =+ 8% for friction.
The uncertainty in the axial velocity measurement was estimated to
be less than + 5%, and pressure has a corresponding estimated uncer-
tainty of + 5%, whereas the uncertainty in temperature measurement
at the duct wall was about +0.5%.

3. Data reduction
The main purpose of the experiment is to investigate the heat

transfer and flow friction behaviors in a square duct inserted diago-
nally with an angle-finned tape. The average heat transfer coefficients

unheated

are evaluated from the local measured temperatures and heat inputs.
With heat added uniformly to fluid (Qg,) and the temperature differ-
ence of wall and fluid (T,, —T},), average heat transfer coefficient will
be calculated from the measured data via the following equations:

Quir (n

Qegiy =MCp (T, =T;) =1V

h L @
A(Ti=1)

in which,

Ty = (To ¥ TH2 (3)

and

T 7 /80 (4)

The term A is the inner surface area of the four heated duct walls
whereas T is the average surface temperature obtained from local

heated

(1TH)

Flow 0

|
TN

1N
% X

-

square duct

Fig. 2. Test section with 30" angle-finned tape insert,
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surface temperatures on the upper, lower and side walls along the (a)
axial length of the heated duct. Then, average Nusselt number is writ- 80
ten as: [ =+==+=+ Ditws-Boelier correlation
r (o] smooth duct
hD [~ Gaielinski correlation
Nu = e (5) 60
The Reynolds number based on the duct hydraulic diameter is
given by 2wk
Re = UD/v (6) I
The friction factor is evaluated by: 20
2 Ap I
== M
(L/D) pUr L
ll“*"'l""l""l""I""I""
where Ap is a pressure drop across the test section and U is mean air U 000 10000 15000 20000 25000 30000
velocity of the duct. All of the thermo-physical properties of the air Re
are determined at the overall bulk air temperature.
The thermal performance enhancement factor, TEF, defined as the (b) 0
ratio of the heat transfer coefficient of an inserted duct, i to that of a “HE
smooth duct, hg, at an equal pumping power is given by: i o smooth duct
05 - o o Petukhov correlation
h Nu Nu F % 1/3 § Blasius correlation
e (L (g) (419.) (8)
o lon — Nug lpn ~ \Nug/ \ f 04
4. Results and discussion | N8
4.1. Validation of smooth duct wk
The present experimental results on heat transfor and friction char-
acteristics in a smooth wall square duct are first validated in terms of 0L 1
Nusselt number and friction factor. The Nusselt number and friction fac- [
tor obtained from the present smooth square duct are compared with L L T e ey ) T O Al
the correlations of Dittus-Boelter, Gnielinski; Blasius and Petukhov 0 5000 10000 15000 20000 25000 0000

found in the literature [24] for turbulent flow in ducts.
Correlation of Dittus-Boelter,

Nu = 0.023Re"*p24 for heating (9a)

Correlation of Gnielinski,

- U/8)(Re—1000)Pr -
14+ 127(f/8) 72 (Pr23 21)

3000<Re<5 x10°(9b)

Correlation of Blasius,

f=0316Re™"® for 3000<Re<20,000 (104)
Correlation of Petukhov,
f=1(0.79InRe—1.64) > for  3000<Re<5 . 10° (10b)

Fig. 3a and b shows, respectively, a comparison of Nusselt number
and friction factor obtained from the present work with those from
correlations of Eqs. (9) and (10). In the figure, the present smaoth
duct results are in excellent agreement within = 3% with the correla-
tion data, especially for the friction factor correlations of Petukhoy
and the Nusselt number correlations of Gnielinski,

4.2, Effect of blockage ratio (BR)
The present results on heat transfer and flow friction characteristics

in a uniform heat-fluxed square duct diagonally inserted by a straight
tape with 30" angled fins mounted repeatedly on the two tape sides

Re

Fig. 3. Validation of (a) Nusselt number and (b) friction factor for smooth square duct,

are presented in terms of Nusselt number and friction factor. The varia-
tion of Nusselt number obtained under a turbulent regime with Reynolds
number and BR values is presented in Fig. 4a and b, respectively. In
Fig. 4a, the angle-finnel tape insert yields a substantial heat transfer en-
hancement with a similar trend in comparison with the smooth duct and
the Nusselt number increases with the rise of Reynolds number. It is vis-
ible in Fig. 4b that the Nusselt number tends to increase with the incre-
ment of BR and its increase trend for BR<0.2 is faster than that for
BR>0.2. This is because the finned tape insert can generate two main
longitudinal vortex flows that help to increase the flow turbulence cde-
gree and to transport the central core flow to the near-wall region.
Thus, the merit of the finned tape is that the created vortex flows can in-
duce impingement flow over the duct heated walls (called vortex-
induced impingement, VI) [19-22]. Also, the vortex flows can wash up
the flow trapped in the duct corner regions normally act as ineffectively
heat transfer areas, leading to higher heat transfer rate in the duct. The
numerical study of flow structure and temperature fields of this inserted
duct flow was reported in Ref. [25] to confirm the appearance of the VI
effect as mentioned above, It is worth nothing that the heat transfer co-
efficient for fin-to-duct height ratio, BR=0.3 is higher than those for
BR=10.25, 0.2, 0.15, and 0.1. This is caused by higher flow blockage of
using BR=0.3 interrupting the flow leading to stronger vortex flow
strength and thus promoting high levels of mixing over others, A close
examination reveals that at PR=1, the finned tape insert with
BrR=03, 025, 0.2, 015, and 0.1 procuces approximately 5.9-6.3,
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Fig. 4. Variation of Nusselt number with (a) Re and (b} BR for various inserts.

5.6-5.9,5.3-57,4.8-5.2, and 3.9-4.2 times over the smooth duct with no
insert, depending on Re values, respectively.

The effect of the finned tape insert on the isothermal pressure
drop across the tested duct is depicted in Fig. 5. The variation of the
pressure drop is in the form of friction factor with Reynolds number
and BR values is displayed in Fig. 5a and b, respectively. In Fig. 5a, it
is visible that the use of the finned tape inserts leads to a substantial
increase in friction factor over the smooth duct with no insert and the
friction factor shows a slight decrease with the rise of Re values. How-
ever, the friction factor tends to increase with raising the BR and
shows the rapid increase for BR=0.2 as can be seen in Fig. 5h, This
can be attributed to flow blockage, larger surface area and the act
caused by the reverse flow. As expected, the friction factor of
BR=0.3 is much higher than those of BR =0.25, 0.2, 0.15 and 0.1 at
a similar operating condition. For the finned tapes with BR=0.3,
0.25, 0.2, 0.15, and 0.1, the increases in friction factor values at

PR=1, 2 and 3 are, respectively, about 67-109, 42-69, 32-53,
26-43 and 19-31; 60-100, 35-59, 27-45, 24-38 and 18-28; and
53-87, 33-54, 23-37, 19-31 and 14-23 times above the smooth
duct, depending on Re. Therefore, the finned tape of BR=0.3 should
be avoided due to extremely high-pressure loss in comparison with
others. The losses mainly come from higher flow blockage, the dissi-
pation of the dynamical pressure and friction of increasing surface
area.

4.3. Effect of pitch ratio
Effects of fin pitch spacing ratios on heat transfer rate and friction

factor are also presented in Figs. 4 and 5, respectively. In Fig. 4, the
finned tape insert provides a considerable heat transfer rate with a
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3 (
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Fig. 5. Variation of friction factor with (a) Re and (b) BR for various inserts.
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similar trend in comparison with the smooth duct alene and the Nusselt
number tends to increase with reducing the pitch ratio, but with the rise
of Reynolds number. It is worth noting that the heat transfer coefficients
for the finned tape with PR=1 are, respectively, about 10% and 21%
higher than those with PR=2 and 3 for all BR ratios. This caused by
the PR=1 fin interrupting the flow and promoting higher levels of tur-
bulence mixing apart from providing higher vortex strength over the
others.

The influence of the finned tape inserts with different pitch ratios
on the isothermal pressure drop across the tested duct is also dis-
played in Fig, 5. The variation of the pressure drop is shown in the

(a)
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Fig. 6. Variation of (a) Nusselt number ratio, Nu/Nug and (b) friction factor ratio, fify
with BRs.

form of friction factor against Reynolds number and BR values as
seen in Fig. 5a and b, respectively. In the figure, it is observed that
the finned tape insert yields a substantial increase in friction factor
over the smooth duct with no insert. The friction factors obtained
from the PR=1 are approximately 12% and 25% higher than those
from the PR=2 and 3, respectively. Thus, the increase in the PR in
order to reduce the friction loss in the duct is not effective in this
case due to the similar decrease in both heat transfer and friction loss.

4.4. Performance evaluation

The Nusselt number ratio, Nu/Nug, defined as a ratio of the aug-
mented Nusselt number to Nusselt number of smooth duct and the
isothermal friction factor ratio, fify, plotted against the BR are
depicted in Fig. 6a and b, respectively. In Fig. 6a, it can be observed
that the Nu/Nug shows a steeper increase at the beginning with the
rise of BR value but gives a slow increase for BR=0.2. The angle-
finned tape with PR=1 provides higher value of Nu/Nug than the
one with PR=2 or 3 at a given BR value. A close inspection reveals
that at similar BR value, the use of PR=:1 yields the Nu/Nug at about
8-11% higher than that of PR =2 and 3. In Fig. 6b, the variation of iso-
thermal friction factor ratio, f/f with BR values for various the angle-
finned tape cases is presented. In the figure, the fify is found to in-
trease with the rise in Re and BR values. It is visible that the finned
tape inserts provide a substantial increase in the f/fy at about
14~110 times the smooth duct, depending on the BR, PR and Re
values. The use of the BR=0.3 provides the largest f/fy values of
about 93, 85 and 74 for the PR=1, 2 and 3, respectively. This means
that at very high BR value, the increment of PR value is less effective
to reduce significantly the friction loss in the duct.

Fig. 7 depicts the variation of Nu/Nuq ratio with fify values at cor-
responding conditions for various PR, BR and Re valucs. From the fig-
ure, it is apparent that the change or slope of the Nu/Nug with respect
to the f/fy values is steeper for 0.1 <BR <0.2 while gives a slow in-
crease for BR>>0.2. The maximum gradient of the Nu/Nuy is found at
BR=0.2, PR=1 and Re=4130 indicating the optimal point for the
inserted duct should be in this region.

Fig. 8 shows the variation of the thermal performance enhance-
ment factor (TEF) with Reynolds number. For all, the data of Nusselt
number and friction factor ratios are compared at an identical pump-
ing power condition. In the figure, the TEF tends to reduce with the
increase in Reynolds number for all the cases. It is seen that the finned
tape insert with BR==0.2 and PR=1 gives the highest TEF at lower
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Fig. 7. Nusselt number ratio, Nu/Nug versus friction factor ratio, f/fy.
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Reynolds number. For the PR==1 finned tapes of BR =0.3, 0.25, 0.2,
0.15, and 0.1, the maximum TEFs are, respectively, about 1.55, 1.72,
1.8, 1.75 and 1.57. At a given BR value, the use of PR=1 yields the
TEF around 4-8% and 10-14% higher than that of PR=2 and 3,
respectively,

The Nusselt number and friction factor values for using the 30°-
finned tape insert are correlated as functions of Reynolds number
(Re), Prandtl number (Pr), blockage ratio (BR) and fin pitch ratio
(PR), and they are formulated as in Eqs. {11) and (12) below. The
plots of the Nusselt number and friction factor of the finned tape in-
sert, predicted by Eqs. (11) and (12) and measured data are depicted
in Fig. 9a and b, respectively. In the figure, the majority of the mea-
sured data falls within 4: 10%, for the predicted Nusselt number and
friction factor.

Correlations for Nusselt number and friction factor of using the
30°-finned tape inserts at BR=0.1, 0.15, 0.2, 0.25 and 0.3; and
PR=1, 2 and 3 for Re ranging from 4000 to 23,000 are written as:

Nu = 0.404Re" 7% pr4 Ry ™02 (ppy 0333 {in

£ =13.824Re™ "8 pR) 1972 (pR)~0417 (12)

5. Conclusions

An experimental work has been conducted to investigate airflow fric-
tion and heat transfer characteristics in a square duct inserted diagonally
with a 30°-finned tape at different fin blackage and pitch ratios for the
turbulent flow, Reynolds number of 4000 to 23,000. The presence of
the angle-finned tape at BR=0.3 and PR=1 causes a much high-
pressure drop increase, f/fy = 67-109 but also provides a considerable
heat transfer augmentation in the duct, Nu/Nuy = 5.9-6,3, The Nusselt
number of the finned tape insert shows increasing trend with the rise
in BR and Re values. The 30°-finned tape insert of BR=02 and PR=1
yields the highest TEF of about 1.8 at lower Reynolds number.
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A numerical work has been conducted to examine turbulent flow and heat transfer characteristics in a three-
dimensional isothermal-fluxed square-duct fitted diagonally with 30%angle linned tapes, The computations
are based on the finite volume method with the SIMPLE algorithm implemented, The air flow and heat
transfer characteristics.in the duct are presented for Reynolds number (Re) in a range of 4000 to 20,000, In
the current study, a straight tape with 30°-angled fins mounted repeatedly en both sides is inserted diagonal-
ly into the test duct to generate a pair of longitudinal counter-vortices in assisting chaotic flow mixing in the
duct including vortex-induced impingement (V1) effect. Effects of fin blockage ratio (BR= b/H) and pitch
ratio (PR=L/H) on heat transfer and pressure drop behaviors in the duct are investigated and the results
of the finned tape insert are compared with available measurements. The computation reveals that predicted
results from the finned tape insert are in good agreement with measured data. The study indicates that the
vortex flow can help to induce impingement/reattachment flows (VI effect) on the duct walls leading to dras-
ticincrease in the heat transfer rate over the duct. The rise of the BR and the reduction of the PR results in the
increase in Nusselt number and friction factor values. The maximum thermal performance is found to be 1,95
for using the finned tape at BR=0.2 and PR =1 whercas the Nusselt number ratio is about 4.5 at lower Re.
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1. Introduction

High performance thermal systems are of interest in several
engineering applications and therefore, this leads to developing tech-
niques for heat transfer enhancement in order to reduce overall heat
exchanger dimensions and to increase their efficiency, For decades,
fins or baffles have been commonly used in cooling or heating
systems due to their high thermal loads and decreased dimensions.
The cooling or heating air is supplied into the ducts mostly mounted
with several fins to increase the degree of cooling or heating levels
and this configuration is often employed in the design of heat
exchangers. However, the pressure drop of the duct flow is also
increased due to the flow blockage effect.

The first work on the numerical investigation of flow and heat
transfer characteristics in a duct with the concept of periodically
fully developed flow was introduced by Patankar et al. [1]. Berner
et al. [2] found that at a Reynolds number below 600, a laminar
flow behavior in a channel with transverse baffles on two opposite
walls is free from vortex shedding. Webb and Ramadhyani [3] numer-
ically investigated heat transfer behaviors in a channel with staggered
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E-mail address: kppongje@kmirlacth (P, Promvonge).

0735-1933/$ - sce front matter @ 2012 Elsevier Ltd, All rights reserved.
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baffles. The study by Kellar and Patankar (4] disclosed that the heat
transfer in a channel with staggered fins increased with raising the
fin height and/or decreasing the fin spacing, similar to the work of
Webb and Ramadhyani [3]. Cheng and Huang [5] presented laminar
forced convection in the entrance region of a horizontal channel
with one or two pairs of fins placed on the walls, Amiri et al, [6] inves-
tigated experimentally and numerically the laminar flow and heat
transfer in a two-dimensional channel with packed bed porous
medlia using a two-phase equation model for the transport, A numer-
ical study of laminar forced convection in a baffled channel with a
uniform heat flux on the top and bottom walls for periodically fully
developed flow was conducted by Lopez et al. [7].

Guoand Anand [8] studied the three-dimensional heat transfer in a
channel with a single baffle in the entrance region. Numerical studies
for both solid and porous baffles in a two dimensional channel for the
turbulent flow [9] and for the laminar flow regimes [10,11] were con-
ducted and similar thermal performance results for both the solid and
porous cases were reported. Ko and Anand [12] carried out an exper-
iment for turbulent channel flow over porous baffles and similar
flow behavior as good as that of solid baffles was reported. Tsay et al.
[13] investigated numerically by using baffles for enhancement of
heat transfer in laminar channel flow over two heated blocks mounted
on the lower plate, A numerical study of laminar periodic flow and
thermal behaviors in a two dimensional channel fitted with staggered
diamond-shaped baffles was performed by Sripattanapipat and
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Nomenclature 2, Flow configuration and mathematical modeling
: T e - .
A convection heat transfer area, m? 2.1. Fin geometry and arrangement
BR blockage ratio, (b/H)

b fin height, m

D hydraulic diameter of square duct, (=H)

f friction factor

Gl grid convergence index

H duct height, m

h convective heat transfer coefficient, W m=?K~!
k turbulent kinetic energy

k. thermal conductivity of air, Wm ™' K="

L cyclic length of one cell (or axial pitch length), m

Nu Nusselt number

P static pressure, Pa

Pr Prandtl number

PR spacing pitch ratio, L/H

Re Reynolds number, (piiD/u)

Sij rate of strain tensor

T temperature,

TEF thermal performance enhancement factor, (=(Nu/
Nuo)/ (fifa) )

u; velocity component in x-direction, ms™!

i mean velocity in duct, ms™'

w tape width, m

Greek letter

n dynamic viscosity, kg s~ m="!

r thermal diffusivity.

0 vorticity tensor

o fin inclination angle or angle of attack, degree
2 second eigenvalue of symmetric tensor SyS;; + Q2
n density, kg m~?

Subscript

in inlet

0 smooth duct

w wall

pp pumping power

t turbulence

Promvonge [14]. They reported that the diamond baffle with half apex
angle of 5-10" provided slightly better thermal performance than the
flat baffle. In addition, effects of various angled baffles (or fins) placed
on one/two walls of a square duct on heat transfer and flow character-
istics were investigated numerically [15-19]. The investigations
revealed that the streamwise vortex flows caused by the angled baf-
fles existed and helped to induce impingement jets on the duct
walls. The appearance of vortex-induced impingement (V1) flows
leaded to much higher thermal performance.

Most of the investigations, cited above, have focused on heat
transfer characteristics for various blockage and space ratios for baf-
fles/fins placed on the heated wall only. The investigation on the
angle-finned tape insert in square ducts has never been reported. In
the present work, the numerical computations for a three dimension-
al turbulent periodic duct flow over the 30*-angled fins mounted pe-
riodically on double-sides of a tape inserted diagonally are conducted
with the main aim to examine the flow structure and heat transfer
behaviors. The insertion of the tape roughened with double-sided an-
gled fins into the tested duct is expected to generate a pair of longitu-
dinal vortex flows leading to VI effect and better flow mixing between
the core and the wall regions,

The flow system of interest is a horizontal square duct inserted
diagonally with a straight tape roughened with the 30°-angled fins
repeatedly placed on both tape sides at similar locations as depicted
in Fig. 1. The computational domain and the grid size density for
both pitch ratios of the finned tape insert are similar. The flow
under consideration attains a periodic flow condition where the
velocity field repeats itself from one module (or cell) to another, In
the flow module, the air enters the duct at an inlet temperature, Ti,,
and flows over a 30°-angled fin pair placed on both tape sides
where b is the fin height. The tape size is 0.8 mm thick and 0,06 m
wide (W). The duct height, H is set to 0.045 m and b/H is known as
the blockage ratio, BR. It is worth noting that the two corner tips of
each the fin must be trimmed to allow the insertion and the fin is
also detached from the duct wall at about 2 mm apart. The axial
pitch, L or distance between the fin module is set to L in which L/H
is defined as the pitch ratio, PR=1 and 2. To investigate an effect of
the interaction between the fins, the BR is varied in a range of
BR=0.1-0.3 at PR=1 to 2 in the current study.

2.2. Mathematical modeling

The numerical model for fluid flow and heat transfer in the square
duct is developed under the following assumptions:

+ Steady three-dimensional periodic flow and heat transfer.

* The flow is turbulent and incompressible,

» Constant fluid properties.

* Body forces, viscous dissipation and radiation heat transfer are
ignored,

Based on the above assumptions, the duct flow is governed by the
Reynolds averaged Navier-Stokes (RANS) equations and the encrgy
equation, In the Cartesian tensor system these equations can be
written as follows:

Continuity equation:

Momentum equation:

d ,,_’P i 6!:;_7-7

wherepis the density of the fluid, and u; is a mean component of ve-
locity in the direction x;, p is the pressure, yt is the dynamic viscosity,
and u'is a fluctuating compenent of velocity. Repeated indices indi-
cate summation from one to three for 3D problems.

Energy equation:

d . g (. .. 0T :
Tx,(!’“.‘““a};(”fﬂ)a};) (3)

where I and I, are molecular thermal diffusivity and turbulent
thermal diffusivity, respectively and are given by

andr, =tL (4)

by
F= Pr,

Pr

The Reynolds-averaged approach to turbulence modeling requires
that the Reynolds stresses, —pu;ujin Eq. (2) need to be modeled. The
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Fig. 1. Duct geometry and computational domain of periodic duct flow,

Boussinesq hypothesis relates the Reynolds stresses to the mean
velocity gradients as seen in the equation below:

——r du; ‘
—puLl = 4, (%j-:;‘ } d_xj) —-% (pk + 1, ?};UT;) 5 (5)
where k is the turbulent kinetic energy, as defined by k- Liuu;, and
Giyis the Kronecker delta. An advantage of the Boussinesq approach
is the relatively low computational cost associated with the computa-
tion of the turbulent viscosity, p, given as ,u,:pc‘,;kz,’s. The RNG k-¢
model is an example of the two-equation models that use the Boussi-
nesq hypothesis. The RNG ky=¢ model is derived from the instanta-
neous Navier-Stokes equations using the "renormalization group”
(RNG) method. The steady state transport equations are expressed as:

i} il ak .

a—x'(pku,) = E (cxkp(,ﬂ 35) + Gy—ps (6)
] a e 3 s

ﬁ(ﬂﬁﬂi) = W (am“gj 3;1') + Clc%@:"CszT —R; (7)

In the above equations, c, and cv,.are the inverse effective Prandtl
numbers for k and &, respectively. Ci; and Cs, are constants. The
effective viscosity ptis written by

2

k
Hopp = N+ Hy = [+ I”Cﬂ 3 (8)

where C, is a constant and set at 0.0845, derived using the RNG
theory. The effect of swirl on turbulence is included in the RNG
model to enhance accuracy for prediction of swirling flows.

All the governing equations were discretized by the QUICK nu-
merical scheme, decoupling with the SIMPLE algorithm and solved
using a finite volume approach [20]. For closure of the equations,
the RNG k;-¢ model was used in the present study. The solutions
were considered to be converged when the normalized residual
values were less than 107 for all variables but less than 10~9 only
for the energy equation.

Four parameters of interest in the present work are the Reynolds
number, friction factor, Nusselt number and thermal performance
enhancement factor. The Reynolds number is defined as

Re = piiD/n 9

The friction factor, fis computed by pressure drop, Ap across the
length of the periodic duct, L as

L
f= “;%QD (10)

The heat transfer is measured by local Nusselt number which can
be written as

Nty = 22 an

[
kll

The area-average Nusselt number can be obtained by

1
Nit = ﬁj‘Nu,,dfl (12)

The thermal performance enhancement factor (TEF) is defined as
the ratio of the heat transfer coefficient of an augmented surface, h
to that of a smooth surface, fy, at an equal pumping power and
given by

. Nu . 1/3
””“Efpﬁm = (NN /o) (13)

where Nug and f; stand for Nusselt number and friction factor for the
smooth duct, respectively.

For visualization of vortices in three dimensional flows, the coher-
ent structure detecting method based on the Nz-criterion of Jeong and
Hussain [21] is introduced in the current study. In this method, a vor-
tex is defined as a region where the second eigenvalue, A, of the
symmetric tensor 5;;S;; + ;€Y is negative. The tensors S; and (); are
the symmetric and antisymmetric parts of the velocity gradient
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Fig. 2. Verification of (a) Nuy and (b) f; for smooth square duct.

tensor or called the rate of strain tensor and vorticity tensor, respec-
tively and have the form as follows:

1 {0y Oy
1[0y, Oy
“Fi(a—g‘a—m) 25

The vortex-core extraction method mentioned above can find
lines that run through the center of the region of negative A,. A rotat-
ing structure can be raised to view as an “iso-surface” of constant Ao,
where A\, <0 is realized.

The computational domain is resolved by regular Cartesian ele-
ments. For this duct flow, however, regular grid was applied through-
out the domain. A grid independence procedure was implemented by
using Richardson extrapolation technique over grids with different
numbers of cells. It is found that the variation in Nu and fvalues for
the 30°-angle finned tape with BR=0.1 at Re=28000 is marginal
when increasing the number of cells from 82,000 to 163,200. Hence,
there is no such advantage in increasing the number of cells beyond
this value. By using the grid convergence index (GCI) [22,23] for
different grids used where GCI represents an estimation of the dis-
cretization error between numerical solution, calculated over finer
grid and numerical solutions calculated over coarser ones, grid

independence condition was obtained. By considering both conver-
gent time and solution precision, the grid system of 82,000 cells
was adopted for the current computational model.

2.3. Boundary conditions

Periodic boundaries are used for the inlet and outlet of the flow
domain, Constant mass flow rate of air with 300 K (Pr=0.707) is
assumed in the flow direction due to periodic axial flow conditions.
The physical properties of the air have been assumed to remain con-
stant at bulk air temperature. Impermeable boundary and no-slip
wall conditions have been implemented over the duct walls as well
as the finned tape apart from the enhanced wall treatment. The con-
stant heat flux of all the duct walls is maintained at 600 W/m? while
the fin and the tape are assumed at adiabatic wall (high thermal resis-
tance) conditions,

3. Results and discussion
3.1. Validation

Verification of the heat transfer and friction factor of the smooth
square duct with no insert is first performed by comparing with the
values from previous correlations under a similar operating condition

as shown in Fig. 2a and b, respectively. The present numerical smooth
duct result is found to be in excellent agreement with correlation

(a)
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Fig. 3. Validation of (a) Nu and (b) f between predicted and measured data for finned
tape insert,
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solutions obtained from the open literature [24] for both the Nusselt
number and the friction factor, within +0.5 and +1.0% deviations,
respectively. The correlations of the Nusselt number and the friction
factor for turbulent duct flows with constant wall heat flux conditions
are as follows:
Correlation of Gnielinski,
(f/8) (Re—1000) Pr

= < 5 0 5
Nu TT 127 /87 (Prmm‘l} for 3000 <Re <5 x 10 (16)

Correlation of Petukhov,
f=(0.79In Re—1.64)" for 3000 < Re < 5 « 10° (17)
Fig. 3a and b shows, respectively, a validation of the average

Nusselt number, Nu and the friction factor, f predicted by the RNG
k-& model with measurements [25] for using the fin-roughened tape

(a)

with various BRs at PR= 1.0. In the figure, it is visible that the pre-
dicted Nu and f are in good agreement with the measurement and
both the predicted and measured data are in similar trends but the re-
sults of the Nu and f are slightly under-predicted. Thus, the Nu predic-
tion deviation is found to be less than 7% for the BR=0.3 but 25% for
the BR=0.1. For friction loss, the discrepancy of the predicted fvalue
is around 15% less than the measured data. Therefore, it is noted that
the numerical results are slightly under-predicted for the heat trans-
fer and the friction loss in comparison with measurements.

3.2. Flow structure

The flow structure in the duct inserted diagonally with a tape
mounted periodically with double-sided angled fins can be visualized
by the streamline plots as depicted in Fig. 4a to b. Here the stream-
lines of the fin modules are presented for Re = 8000 at BR=0.2 and
PR=1. Fig. 4a shows the streamlines in transverse planes along the

Fig. 4. (a) Streamlines in transverse plancs and (b) iso-surfaces of A; = — 300 for finned tape insert at Re = 8000, PR= 1 and BR = 0.2.
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Fig. 5. Temperature contours in transverse planes for finned tape insert at Re = 8000, PR= 1 and BR = 0.2.

duct with the 30"-angle finned tape insert while Fig. 4b presents the
iso-surfaces of N, =— 300, showing the direction of the center of the
vortex flow (or vortex core). In Fig. 4a, it is visible that two counter-
rotating vortices or longitudinal vortex flows created by the angled
fins appear on both the upper and lower triangular parts of the duct,
as expected and the vortex center is moving diagonally in the inter=
fin cavity from the fin leading end to the next downstream fin trailing
end. The appearance of the longitudinal vortex flows can help to
increase considerably the heat transfer rate in the duct because of
stronger fluid filament mixing. It is concluded that the presence of
the finned tape creates two counter-rotating vortices (Fig. 4a) leading
to longer flow path, high vortex strength and impingement flows.

3.3. Heat transfer

Fig. 5 displays the contour plot of temperature in transverse
planes for the finned tape with PR=1 and BR=0.2 at Re = 8000. It

Nusselt number
110
100

90

80

70

60 Zgg
50 -
40

is found that there is a major change in the temperature field over
the duct cross section. The core and the near-wall temperatures
show nearly the same values (blue region). This means that the vor-
tex flow provides a significant influence on the temperature field, be-
cause it can induce stronger fluid flow mixing between the wall and
the core regions, leading to a high temperature gradient over the
heating ductwall,

The local Nu, contour in the duct walls for the finned tape with
PR=1 and BR=0.2 at Re =38000 is presented in Fig. &. In the figure,
it appears that the higher Nuy values are seen to be in a larger area,
except for a small region in the duct corners, The peaks are observed
at the impingement/attachment areas over the walls, The peak Nuy
values are found to be about 5 times above those for the smooth
duct. This indicates the merit of employing the finned tape insert
over the smooth duct for enhancing heat transfer.

The variation of the average Nu and Nu/Nu, ratio values with
Reynolds number for the finned tape at various BRs is depicted in
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Fig. 7a and b, respectively. It is worth noting that the Nu tends to in-
crease with the rise of Re while the Nu/Nu, ratio shows an opposite
trend. The higher BR value leads to the increase in Nu and Nu/Nug
values. The Nu of the finned tape with BR=0.3 is found to be the
highest. Thus, the generation of VI flow due to the finned tape insert
as well as the role of better flow mixing brings in the augmentation in
heat transfer from the duct wall. In addition, it can be observed that
the 30°-angle finned tape at all BRs provides higher Nu/Nug than the
smooth duct. This is because the vortex strength induced by the
finned tape with lower BR is sufficiently strong to yield a mixing in-
tensity of flow between the wall and the core regions. Closer inspec-
tion reveals that the finned tape inserts provide a heat transfer rate of
about 1.5-6.2 times over the smooth duct with no fin.

(a)

3.4. Pressure loss

In general, the heat transfer augmentation is concerned with pen-
alty in terms of increased friction factor resulting in higher pressure
drop. Fig. 8a and b presents the variation of the friction factor, f and
friction factor ratio, fi/fy with Reynolds number for various BRs, re-
spectively. In the figure, it is noted that the f tends to decrease with
the rise of Re and BR values while the f/f trend shows a slight in-
crease. The use of the finned tape leads to the extreme increase in f
in comparison with the smooth duct. The decrease in the BR gives
rise to the reduction of friction factor. The PR =2 finned tape provides
the reduction of f at about 5-40% below that of the PR=1 one for
BR=0.2 while it gives nearly the same f values for BR<0.2. The f/fy
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Fig. 7. Variarion of (a) Nu and (b) Nu/Nug with Reynolds number.
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8E vary between 1.2 and 1.95, depending on the PR, BR and Re values.
Fo30° For the results investigated, the finned tape with BR=0.2 and
t _oRe=3000 PR=1 gives the best overall thermal performance and the one with
E 4,-—/ e = 4000 BR=0.25 yields slightly lower. This suggests that the finned tape
= e il ’,,—" o Re = 6000 with BR = 0.2—0.25 and PR =1 should be used to obtain higher ther-
. 7T B Re =307 Re = 12000 mal performance.
= SE a"" f_-—a‘_‘;e,o Re = 20000 Correlations for Nusselt number and friction factor of using the
£ r T 30°-angle finned tape insert are:
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Fig. 9. Variation of Nu/Nug with f/f, for various BRs and PRs.

value for the finned tape insert is found to be about 2-55 times over
that of the smooth duct depending on the BR and Re values. Thus,
the flow blockage due to the existence of the finned tape is a vital fac-
tor in causing an extreme pressure drap.

3.5. Performance evaluation

The variation of Nu/Nug ratio with f/fy values at corresponding
conditions for various PR, BR and Re values is displayed in Fig. 9. It
can be observed in the figure that the change of the Nu/Nug with re-
spect to the f/fy is seen to be steeper for 0.1 <BR<0.2 while showing
a slow increase in the case of BR>0.2. The maximum gradient of the
Nu/Nug is found at BR=0.2 and PR =1 at lower Re,

Fig. 10 exhibits the variation of thermal performance enhance-
ment factor (TEF) for air flowing in the square duct with finned tape
insert, In the figure, the TEF of the 30°-angle finned tape insert
tends to decrease with the rise of Re and of BR values. The PR=
finned tape insert provides higher value of the TEF than the PR=2
one at a similar operating condition. The TEF values of the finned
tape inserts are seen to be above unity for all PR and BR values, and
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Fig. 10. Comparison of TEF for various BRs and PRs.

Turbulent periodic flow and heat transfer characteristics in a
square duct fitted diagonally with 30°-angle finned tape are numeri-
cally investigated for Re = 4000 to 20,000. The vortex flow created by
the finned tapeinsert exists and helps to induce impingement/attach-
ment flows on the duct walls leading to drastic increase in the heat
transfer. The order of enhancement is about 150-650% for using the
finned tape with BR=0.1-0.3. However, the finned tape insert gives
rise to enlarged pressure loss ranging from 2 to 55 times above that
of the smooth duct depending on the PR, BR and Re values. The TEF
for the finned tape insert is found to be much higher than unity and
its pealk is about 1,95 at the lowest Re indicating higher thermal per-
formance over that of the smooth duct.
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Abstract

The paper presents a study of heat transfer in a heat exchanger square channel inserted with 20°,
30° and 45° angled, U-shaped ribs. The test channel has a square section with uniform wall heat flux
conditions. The fluid flow and heal transfer characteristics are presented for Reynolds numbers based on
the hydraulic diameter of the channel ranging from 4000 to 25,000. The U-Shaped ribs with axial pitch
equal to three times of channel height and two. rib-to-channel height ratios e/H = 0.1 and 0.2 are
introduced. The experimental result of heat transfer in terms of Nusselt number and pressure loss in
terms of friction factor are compared between the inserted channel and the smooth channel. The U-
shaped rib with the attack angle of 45° gives higher heat transfer and friction factor than the one with the
attack angle of 30°, 20° and the smooth channel. It is worth noting that the heat transfer and pressure
loss for the rib with e/H = 0.2 provides higher Nusselt number and friction factor than these with e/H = 0.1
for all rib angles.

Keywords: turbulator, angle rib, square channel, U-Shaped rib, pressure loss.

1. Introduction

Heat transfer coefficient in a duct flow
can be increased by roughening the wall of the
duct. Over the past decades, many engineering
techniques have been devised for enhancing the
rate of convective heat transfer from the wall
surface. The uses of turbulators such as ribs,
fins, grooves and baffles are often employed in
order to increase the convective heat transfer

rate leading to the compact heat exchanger and

increasing the efficiency.

Several investigations have been carried
out to study the effect of these parameters of
turbulators on heat transfer and friction factor for
roughened surface. Taslim et al. [1] conducted
measurements of the heat transfer in a straight
square channel with three e/H ratios (e/H =
0.083, 0.125 and 0.167) and a fixed Ple = 10
using a liquid crystal technique. Various

staggered rib configurations were studied,
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especially for the angle of 45°. Experimental
data showed a significant increase in average
Nusselt number for the increase of the e/H ratio.
Murata and Mochizuki [2] studied numerically
the heat transfer distribution in a ribbed square
channel with a large eddy simulation method.
The ribs were placed at 60°, e/D = 0.1 and Ple
= 10. Their numerical result indicated that the
flow reattachment at the midpoint between ribs
caused a significant increase in the local heat
transfer. Chandra et al. [3] 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/le = 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. Promvonge and Thianpong [4]
studied the thermal performance of wedge ribs
pointing upstream and downstream, triangular
and rectangular ribs with e/H = 0.3 and Ple =
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.
Thianpong et al. [5] again investigated the
thermal behaviors of isosceles triangular ribs
attached on the two opposite channel walls with
AR = 10 and suggested the optimum thermal
performance of the staggered ribs could be at
about e/H = 0.1 and P/H = 1.0. Promvonge et
al. [6,7] studied the numerical computations for

three dimensional laminar periodic channel flows
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over a 45° inclined baffle mounted on only the
lower wall and on both the upper and lower
channel walls. They found that for the baffle
mounted on one wall, the BR = 0.4 gives the
enhancement of heat transfer at about 2-3 fold
higher than the 90° baffle while the friction loss
is some 10-25% lower. For 45° inline baffles
placed on two opposite walls, the BR = 0.2
provides the enhancement of heat transfer at
about 150-850% higher than the 80° inline
baffles but the friction loss at some 10-150%
below. An extensive literature review over
hundred references on various rib turbulators
was reported by Varun et al. [8].

The study on U-shaped rib in square
channels has never been reported since most
ribs -~ found in the literature are square,
rectangular, triangular and wedge shaped-ribs.
In the present work, the experimental data
presented in turbulent channel flows with 20°,
30° and 45° angled, U-shaped ribs on the lower
and side square-channel walls are conducted
with the main aim being to study the changes in
the flow pattern and heat transfer performance.
The use of the U-shaped rib attached in tandem
is expected to create a longitudinal vortex flow
throughout the tested channel to better mixing of
flows between the core and wall regimes leading
to higher heat transfer rate.

2. Experimental Setup

A schematic diagram of  the
experimental apparatus is presented in Figure 1
while the detail of 45° U-shaped ribs placed on
the lower and side channel walls is depicted in
Figure 2. In Figure 1, a circular pipe was used
for connecting a high-pressure blower to a

settling tank, which an orifice flow meter was
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mounted in this pipeline while a square channel

including a calm section and a test section was
employed following the settling tank. The square
channel configuration was characterized by the
channel height, H of 45 mm and axial pitch
equal to three times of channel height (pitch
ratio, PR = 3) and the attack angle of 20°, 30°
and 45°. The overall length of the channel was
3000 mm. The test square channel made of 3

mm thick aluminum plates has a cross section of

45X45 mm’ and 1000 mm long (L). The rib strip
dimensions were 4.5 and 9 mm high (e) and 0.3
mm thick (t).

The test section consisted of the four
walls. The AC power supply was the source of
power for the plate-type heater, used for heating
all walls 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 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, lower and
side walls, twenty eight thermocouples were
fitted to the walls. 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
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wall and axial separation was 100 mm apart. To
measure the inlet and outlet bulk temperatures,
two thermocouples were positioned upstream
and downstream of the test 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 wall 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 50 mm upstream of the test
channel and the other is 50 mm downstream.
The pressure drop was measured by a digital
differential pressure and a data logger (Testo
1445 and Testo 350XL) 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
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%.
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Fig. 1 Schematic diagram of experimental apparatus.
Flow
Fig. 2 Test section with U-Shaped rib inserts.
3. Data Reduction in which,
The goal of this experiment is to T, =T +T)/I2 (4)
investigate the Nusselt number in ribbed and
channels. The independent parameters were NEOV N )

Reynolds number and rib types. The Reynolds
number based on the channel hydraulic diameter
(D,) is given by:

Re=UD, /v (1)
The average heat transfer coefficients are
evaluated from the measured temperatures and
heat inputs. With heat added uniformly to fluid
(Q,,) and the temperature difference of wall and
fluid (T,,—T,), average heat transfer coefficient will
be evaluated from the experimental data via the

following equations:
Q’m' = Qmm- = I;ifC'p (7;1 = 71‘)': '[7
)
h = Qﬂc‘())l Ii - (3)

The term A is the convective heat transfer area of
the heated upper channel wall whereas ﬁ is the
average surface temperature obtained from local
surface temperatures along the axial length of the

heated channel. Then, average Nusselt number is

written as:
Nu =220 (6)
k
The friction factor is evaluated by:
D
it (7)
(L/D,) pU

The thermal enhancement factor, 7, defined as

the ratio of the, i of an augmented surface to that
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of a smooth surface, h, at a constant pumping

power, wedd [10].
h

d

hy

_ Nu,

Nutg,

e

4. Results 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 Gnielinski-and Petukhov found
in the open literature [11] for turbulent flow in
ducts.

Correlation of Gnielinski,
(/' /8)(Re=1000)Pr
1+ 12,707 /8) 7 (Pr2=1)
Correlation of Petukhov,
7/ =(0.79InRe-1.64) (10)

oy =

(9)

Figure 3a and b shows, 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 figure, the

present results agree very well within £3% for

both friction factor and Nusselt number
correlations.
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Fig. 3 Verification of (a) Nusselt number and (b)
friction factor for smooth channel.
4.2 Effect of blockage ratio (e/H)

The present experimental results on heat
and flow friction characteristics in a uniform heat
flux. channel with U-shaped rib, placed on the
lower and side wall are presented in the form of
Nusselt number and friction factor. The Nusselt
numbers obtained under turbulent flow conditions
for all cases are presented in Figure 4. In the
figure, the Nusselt number increases with the rise
of Reynolds number. This is because the U-
shaped rib turbulators interrupt the development
of the boundary layer of the fluid flow and
increase the turbulence degree of flow. The rib
along with the U-shaped rib of higher o value
also provides higher heat transfer than that of
lower o value, as can be seen in Figure 4. It is
worth noting that the heat transfer coefficient for
rib-to-channel height ratio, e/H = 02 is
considerably higher than those for e/H = 0.1. This
is caused by higher blockage of using e/H = 0.2
interrupting the flow and diverting its direction
thus promoting high levels of mixing over the
others,

The effect of using the rib turbulators on
the isothermal pressure drop across the tested

channel is presented in Figure 5. The variation of
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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 ratio, e/H = 0.2 is
considerably higher than e/H = 0.1, especially for
higher the attack angle. For the rib-to-channel
height ratio e/H = 0.2, 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.

200
A0 e U-Shaped Ribs: PR=3
A 208102
LRRET AT
150} © whenor g 9
] u:,.:nxu o a
o 4shell 02 g a
o smooth channel
B . 3 ¥
Z o0 b 9 _go L P
o oA L] g
B AL sl h
af) » g
€ ® i
50 1 e & o L
1 & L
g )
.
+
.
0 - L L L L
(1] 3000 10000 1 5000 20000 25000 30000
Re

Fig. 4 Variation of Nusselt number with Reynolds

number for various rib heights.
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4.3 Performance evaluation

The Nusselt number ratio, Nu/Nug,
defined as a ratio of augmented Nusselt number
to Nusselt number of smooth channel, plotted
against the Reynolds number value is displayed
in Figure 6. In the figure, the Nusselt number ratio
tends to slightly decrease with the rise of
Reynolds number from 4000 to 25,000 for all
cases of U-shaped rib. The average Nu/Nu,
values for the U-shaped rib with o = 20°, 30° and
45° are, respectively, around 2.3, 2.6 and 2.7 for
the e/H =0.2 and about 1.7, 1.9 and 2.0 for the

e/H = 0.1 one.
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Fig. 6 Variation of Nusselt number ratio, Nu/Nu,
with Reynolds number.
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Fig. 7 Variation of friction factor ratio, f/f, with
Reynolds number.
The variation of isothermal friction factor
ratio, f/f, value with Reynolds number for U-

shaped rib is also depicted in Figure 7. In the
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figure, the friction factor ratio value is found to

increase with the rise of Reynolds number. The
U-shaped rib with e/H = 0.2 and the higher attack
angle provide a considerable increase in the
friction factor ratio than the e/H = 0.1 and the
lower angle under the same operating condition.
The average f/f, values for the U-shaped rib with
o = 20° 30° and 45° are, respectively, around
7.7, 15.5 and 20.1 for the e/H = 0.2 and about
3.4, 7.6 and 10.4 for the e/H = 0.1 in the range of
Re studied. This implies that the use of lower
angle of attack and the rib e/H = 0.1 can help to

reduce considerably the pressure loss.
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Fig. 8 Variation of thermal enhancement factor
with Reynolds number.

Figure 8. shows the variation of the
thermal enhancement factor 7 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 thermal
enhancement factor tends to decrease with the
rise of Reynolds number values for all. It is seen
that the e/H = 0.2 and the lower attack angle
provide a considerable increase in the 1 than the
e/H = 0.1 and the higher angle under the same
operating condition. The average 1| values for the
U-shaped rib with @ = 20° 30° and 45° are,
respectively, around 1.2, 1.07 and 1.0 for the e/H
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= 0.2 and about 1.15, 1.02 and 0.94 for the
e/H=0.1 in the range of Re studied. The results
are for Reynolds number of 4000-25,000 for the
a = 20° U-shaped rib.
5. Conclusions

An experimental study has been carried
out to investigate the airflow friction and heat
transfer characteristics in a square channel fitted
with different attack angle turbulators for the
turbulent regime, Reynolds number from 4000-
25,000. The use of the U-Shaped rib with e/H = 2
and o = 45° causes a very high pressure drop
increase and also provides considerable heat
transfer augmentations, Nu/Nu, = 2.7. 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 « = 20° provides the higher thermal
enhancement factor due to lower friction loss.
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Effect of Inclined Ribs on Heat Transfer
Behavior in a Square Channel

S. Skullong, P. Chaidilokpattanakul and P. Promvonge*

Abstract--The research work presents the study of heat
transfer in a heat exchanger channel inserted with 45° inclined
ribs. The test channel has a square section with a uniform wall
heat flux condition. The fluid flow and heat transfer
characteristics are presented for Reynolds numbers based on
the hydraulic diameter of the channel ranging from 4000 to
40,000. Two rib arrangements, namely, in-line and staggered
arrays, a single pitch equal to three times of channel height
(=3H), and three rib to channel height ratios, e/H=0.1, 0.15, and
0.2 are introduced. The experimental result of heat transfer in
terms of Nusselt number and pressure drop in terms of friction
factor are compared between the ribbed channel and the
smooth channel. The inclined rib with ¢/H=0.2 gives higher heat
transfer and friction factor than the ¢/H=0.15, 0.1 and the
smooth channel. It is worth nothing that the heat transfer and
pressure drop for the in-line arrangement provides the higher
value of Nusselt number and friction factor than the staggered
one for all rib height ratios.
rib, thermal

Index  Terms--square  channel, inclined

behavior, friction factor, turbulator

1. INTRODUCTION

ORCED convection heat transfer is the most frequently

employed mode of the heat transfer in heat exchangers
or in various chemical process plants. In the cooling channel
or duct heat exchanger design, rib, fin, groove or baffle
turbulators are often employed in order to increase the
convective heat transfer rate leading to the compact heat
exchanger and increasing the efficiency. For decades, rib
turbulators have been applied in high-performance thermal
systems due to their high thermal loads. The cooling or
heating air is supplied into the passages or channels with
several ribs to increase the stronger degree of cooling or
heating levels over the smooth wall channel. The use of rib
turbulators completely results in the change of the flow field
and hence the variation of the local convective heat transfer
coefficient. The use of ribs increases not only the heat
transfer rate both for the increased turbulence degree and for
the effects caused by reattachment but alse substantial the
pressure loss.

Another technique used inclined ribs for improving the
performance of heat exchange devices is to set up periodic
disturbance promoters along the streamwise direction. Such
an arrangement of the channels might lead to the
enhancement of the heat transfer due to flow mixing and
periodic interruptions of thermal boundary layers, but often

§. Skullong, C. Thianpong 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).

causes the increase of pressure drop penalty.

The artificial roughened surfaces are widely used in
modern heat exchangers, because they are very effective in
heat transfer augmentation.

Several investigations have been carried out to study the
effect of these parameters of turbulators on heat transfer and
friction factor for roughened surface. Taslim et al. [l]
conducted measurements of the heat transfer in a straight
square channel with three 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
¢/H ratio. Mochizuki [2] studied numerically the heat
transfer distribution in a ribbed square channel with a large
eddy simulation method. The ribs were placed at 60°, ¢/D
=0.1 and P/e =10. Their numerical result indicated that the
flow reattachment at the midpoint between ribs caused a
significant increase in the local heat transfer. Chandra et al.
[3] 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 /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.
Promvonge and Thianpong [4] 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.
Thianpong et al. [5] again investigated the thermal behaviors
of isosceles triangular ribs attached on the two opposite
channel walls with AR=10 and suggested the optimum
thermal performance of the staggered ribs could be at about
e/H=0.1 and P/H=1.0. Promvonge et al. [6] 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 23 fold higher than that for the 90 baffle while the
friction loss is some 10-25% lower. 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
etal [7].



The study on inclined thin ribs in square channels has
never been reported since most ribs found in the literature
are square, rectangular, triangular and wedge shaped-ribs. In
the present work, the experimental data presented in
turbulent channel flows over a 45° inclined rib mounted on
the upper and lower square-channel walls are conducted with
the main aim being to study the changes in the flow pattern
and heat transfer performance. The use of the inclined baffle
attached in tandem is expected to create a longitudinal
vortex flow throughout the tested channel to better mixing of
flows between the core and wall regimes leading to higher
heat transfer rate

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental apparatus is
presented in Fig. | while the detail of 45° inclined baffles
placed on the upper and lower channel walls is 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 square channel
including a calm section and a test section was employed
following the settling tank. The square channel configuration
was characterized by the channel height, // of 45 mm and a
baffle pitch (P) of three times of channel height (pitch ratio,
PR=P/H=3) and the attack angle of 45°. The overall length
of the channel was 3000 mm. The test square channel made
of 3 mm thick aluminum plates has a cross section of 45x45
mm?® and 1000 mm long (L). The baffle strip dimensions
were 4.5, 9, 13.5 and 18 mm high (e) and 0.3 mm thick ().

The test section consisted of the four walls, The AC
power supply was the source of power for the plate-type
heater, used for heating all walls 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 systems was measured

Inclined
manometer

Electrical heater
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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,
lower and side walls, twenty eight thermocouples were fitted
to the walls. 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 100 mm apart. To measure the
inlet and outlet bulk temperatures, two thermocouples were
positioned upstream and downstream of the test 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 wall 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
50 mm upstream of the test channel and the other is 50 mm
downstream, The pressure drop was measured by a digital
differential pressure and a data logger (Testo 1445 and Testo
350XL) 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. [8]. 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%.

AC-Power supply ﬁ
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.. ﬂﬂ - Culd air 1[":__“:‘_""_ e e et o = e
—> —» | [ Ly A - = — > 1™ > ]
T —aw

Orifice

Pressure ta
Settling tank P

Blower

Inverter

e
—

Fluke 2650A

Test Section Pressure tap

Manometer

Laptop

Fig. 1. Schematic diagram of experimental apparatus,
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III. DATA REDUCTION

The goal of this experiment is to investigate the Nusselt
number in the channel. The Reynolds number based on the
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, A, is evaluated from the measured
temperatures and heat inputs. With heat added uniformly to
fluid (Q.;) and the temperature difference of wall and fluid
(Ty—Ty), the average heat transfer coefficient will be
evaluated from the experimental data via the following
equations:

Qur =, =i, (T, =T }= 11 @)
b gmnv (3)
in which, AT =T,
-G )
and

T.=>T128
The term 4 is the convective heat transfer area of the
heated upper, lower and side channel wall whereas 7, is the
average surface temperature obfained from local surface
temperatures, 7;, along the axial length of the heated
channel. The terms s , C,,, ¥ and / are the air mass flow rate,
specific heat, voltage and current, respectively. Then,
average Nusselt number, N, is written as:
hD,

Nu=—= (6)

The friction factor, /, is evaluated by:
I Q)

(L/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.
(4).

For equal pumping power,

(VAP)Il & (VAP) (8)
in which ¥ is volumetric air flow rate and the relationship
between friction and Reynolds number can be expressed as:

nd staggered rib arrangements.

[rrer)=(rre),
Reo = 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:

-1/3
()
Pp

s hy Nuy Nu, E
1V. RESULTS AND DISCUSSION

o

In the present work, experimental measurements of both
heat transfer and pressure loss in square channels with
inclined ribs are presented. Measurements were conducted in
a square channel for two rib arrangements, namely, in-line
and staggered arrays, and three blockage ratio values over a
range of Reynolds numbers as mentioned earlier,

A. Verification of Smaath 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 Gnielinski and Petukhov found in the
literature [10] for turbulent flow in ducts.

Correlation of Gnielinski,

(7 /8)(Re—1000)Pr

w= (10
1+42.7(1 18} [pr2* - 1)
Correlation of Petukhov,
£ =(0.791nRe~1.64)7 (12)

Fig. 3a and b shows, respectively, a comparison of
Nusselt number and friction factor obtained from the present
work with those from correlations of Eqs. (9) and (10). In
the figure, the present results agree very well within +3% for
both friction factor and Nusselt number correlations.
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Fig. 3. Verification of (a) Nusselt number and (b) friction factor for
smooth channel.

B. Effect of rib arrangement

The present results are reported for using two different rib
arrays: in-line and staggered. Figs. 4 and 5 also display the
comparison of heat transfer and friction loss in the square
channel fitted with in-line and staggered rib arrays,
respectively. It is visible in Fig. 4 that the square channel
with the in-line array provides higher heat transfer rate than
that with the staggered one for all Reynolds numbers. This
can be attributed to the higher flow blockage creating the
stronger reverse/recirculation flow from the in-line array,
leading to better mixing between the core and the wall flows.
Furthermore, a close examination reveals that for in-line
ribs, the heat transfer augmentation from the rib with e/H =
0.2 is considerably higher than those for ¢/H = 0.15, and 0.1.
The heat transfer rates obtained from the in-line rib with e/H
=0.2; 0.15; and 0.1 are around 240-290%, 230-270% and
200-240% over the smooth channel, respectively, depending
on the Reynolds number interval. The mean increase in
Nusselt number from using the in-line ribs is found to be
about 4% over the staggered one,

The variation of isothermal friction factor value with
Reynolds number for two different rib arrays is also depicted
in Fig. 5 In the figure, the friction factor value for the in-line
array is found to be considerably higher than that for the
staggered one and tends to be nearly uniform with the
increase of Reynolds number. The increase in friction factor
for using ribs with both arrays is much larger than the
smooth channel, especially for the rib with ¢/H = 0.2. This
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can be attributed to the dissipation of dynamic pressure of
the fluid due to higher flow blockage and surface area. The
average increase in friction losses for both the in-line and
staggered ones of the ribs is, respectively, around 33 and 29
times the smooth channel.
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C. Performance evaluation

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 constant with the rise of Reynolds number
for all e/H ratios. The average Nu/Nu, values for the ribs
with ¢/H = 0.2; 0.15; and 0.1 are, respectively, around 2.6,
2.4, and 2.2 for the in<line and about 2.4, 2.3 and 2.1 for the
staggered one.
Fig. 7 presents the variation of the friction factor ratio, f/f,
with the Reynolds number value. It is visible that the friction
factor ratio tends to increase slightly with raising the
Reynolds number value, especially for the rib with e/H =
0.2. The in-line array provides a considerable increase in the
friction factor ratio than that with the staggered one under
the same conditions, especially for higher e/H rib. The /f;
values for the ribs with ¢/H = 0.2; 0.15; and 0.1 are,
respectively, about 19-34, 16-28 and 13-22 for the in-line
and about 18-32, 15-26 and 12-20 for the staggered array,
depending on Reynolds number values. This suggests that
the use of the staggered array can help to reduce
considerably the pressure loss.
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Fig. 8 shows the variation of the thermal enhancement
factor, n with Reynolds number for all rib heights. For all,
the data obtained by measured Nusselt number and friction
factor values are compared at a similar pumping power. The
thermal enhancement factor tends to decrease with the rise of
Reynolds number values for all rib heights. It is worth noting
that the thermal enhancement factors n of the in-line ribs are
higher than those with the staggered one for all Reynolds
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number values. The thermal enhancement factor 0 of the in-
line rib with e/H = 0.2 is found to be the best among all rib
turbulators and is about 1.1 at the lowest value of Reynolds
number.

V. CONCLUSION

An experimental study has been carried out to investigate
airflow friction and heat transfer characteristics in a square
channel fitted with different rib heights turbulators for the
turbulent regime, Reynolds number of 4000-40,000. The use
of the in-line rib with e/H = 0.2 causes a very high pressure
drop increase and also provides considerable heat transfer
augmentations, Nu/Nu, = 2.6. Nusselt number augmentation
tends to increase with the rise of Reynolds number. In
comparison, the use of the rib with e/H=0.2 leads to the
highest heat transfer rate. The rib e/H = 0.2 provides the
highest thermal enhancement factor at lower Reynolds
number.
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Abstract

This work presents a study of heat transfer in a heat
exchanger channel inserted with inclined ribs., The
channel has a square section with uniform wall heat
flux conditions. The experiments are carricd out by
varying airflow rate for Reynolds number ranging
from 5000 to 25,000. The inclined ribs with an axial
pitch equal to three times of channel height and with
the attack angle of 45° are mounted on the lower wall
only, Effects of five rib-to-channel height ratios
(e/H=0.1, 0.2, 0.3, 0.4 and 0.5) on heat transfer in

terms of Nusselt number and pressure loss in form of

friction factor are experimentally investigated. The
experimental result shows that the inclined ribs with
the ¢/H=0.5 provides higher heal transfer and fiiction
factor values than others. The mean Nusselt number
values are found to-be about 3.21, 2,96, 2.45, 2.05 and
1.73 times higher than the smooth channel while the
mean friction factor values are around 16.85, 10.76,
8.62, 6.46 and 4.32 times for using the inclined ribs
with ¢/H = 0.5, 0.4, 0.3, 0.2 and 0.1, respectively.
Keywords: square  channel, inclined rib, Nusselt
number, friction factor, turbulator

L. Introduction

Forced convection heat transfer is the most
frequently employed mode of the heat transfer in heat
exchangers or in various chemical process plants. In
the cooling channel or channel heat exchanger design,
rib, fin, groove or baffle turbulators are often
employed in order to inerease the convective heat
transfer rate leading to the compact heat exchanger
and increasing the efficiency. For decades. rib
turbulators have been applied in high-performance
thermal systems duc to their high thermal loads. The
cooling or heating air is supplied into the passages or
channels with several ribs to increase the stronger
degree of cooling or heating levels over the smooth
wall channel. The use of rib turbulators completely
results in the change of the flow field and hence the
variation of the local convective heat transfer
coefficient. The use of ribs increases not only the heat
transfer rate both for the increased turbulence degree
and for the effects caused by reattachment but also
substantial the pressure loss. Another technique used
inclined ribs for improving the performance of heat
exchange devices is to set up periodic disturbance
promoters along the streamwise direction. Such an
arrangement of the channels might lead to the

enhancement of the heat transfer due to flow mixing
and periodic interruptions of thermal boundary layers,
but often causes the increase of pressure drop penalty.
The artificial roughened surfaces are widely used in
modern heat exchangers, because they are very
clfective in heat transfer augmentation,

Several investigations have been carried out to
study the effect of these parameters of turbulators on
heat transfer and friction factor for roughened surface.
Taslim et al. [1] conducted measurements of the heat
transfer in a straight square channel with three 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, cspecially for the
angle of 45°. Experimental data showed a significant
increase in average Nusselt number for the increase of
the ¢/H ratio. Mochizuki [2] studied numerically the
heat transfer distribution in a ribbed square channel
with a large eddy simulation method. The ribs were
placed at 60°, ¢/D =0.1 and P/e =10. Their numerical
result indicated that the flow reattachment at the
midpoint between ribs caused a significant increase in
the local heat transfer. Chandra et al. |3] 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 ¢/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. Promvonge
and Thianpong [4] studied the thermal performance
of wedge ribs pointing upstream and downstream,
triangular and reetangular ribs with ¢/H = 0.3 and Ple
= 0.67 mounted on the two opposite walls of a
channel with AR = 5. They found that the inline
wedge rib pointing downstream performed the highest
heat transfer but the best thermal performance is the
staggered triangular rib. Thianpong et al. [5] again
investigated the thermal behaviors of isosceles
triangular ribs attached on the two opposite channel
walls with AR = [0 and suggested the optimum
thermal performance of the staggered ribs could be at
about ¢/H = 0.1 and P/H = 1.0. Promvonge et al. [6]
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 =
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0.4, the enhancement of heat transfer is about 2-3
fold higher than that for the 90° baffle while the
friction loss is some 10-25% lower. 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. [7].

The study on inclined thin ribs in square
channels has never been reported since most ribs
found in the literature are square, rectangular,
triangular or wedge shaped-ribs. In the present work,
the experimental data presented in turbulent channel
flows over a 45° inclined rib mounted only on the
lower square-channel wall are conducted with the
main aim being to study the changes in the flow
pattern and heat transfer performance. The use of the
inclined rib (like ‘rectangular winglet’) attached in
tandem is expected to create a longitudinal vortex
flow throughout the tested channel to better mixing of
flows between the core and wall regimes lcading to
higher heat transfer rate.

2. Experimental Setup

A schematic  diagram of the experimental
apparatus is presented in Figure 1 while the detail of
45° inclined ribs placed on the lower channel wall is
depicted in Figure 2. In Figure 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 square channel
including a calm section and a test section was
employed following the scttling tank. The square
channel configuration was characterized by  the
channel height, /7 of 45 mm and a rib pitch of three
times of channel height (piteh ratio, PR=3) and the
attack angle of 45°. The overall length of the channel
was 3000 mm. The test square channel made of 3 mm
thick aluminum plates has a cross scction of 45x45
mm” and 1000 mm long (L). The rib strip dimensions
were 4.5, 9, 13.5, 18 and 22.5 mm high (e) and 0.3
mm thick (7).

The test section consisted of the four walls, The
AC power supply was the source of power for the
plate-type heater, used for heating all walls of the test
section in order to maintain a uniform surface heat
flux,

Electrical heater

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 tlow 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, lower and side walls, twenty eight
thermocouples  were fitted to the walls. 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 100 mm apart. To measure
the inlet and outlet bulk temperatures, two
thermocouples  were  positioned  upstream  and
downstream of the test 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,

Twao static pressure taps were located at the top
of the principal wall to measurc axial pressure drops
across - the test scction, used to evaluale average
friction factor. These were located at the centre line of
the channel. One of these taps is S0 mm upstream of
the test channel and the other is 50 mm downstream.
The  pressure  drop was measured by a  digital
differential pressure and a data logger (Testo 1445
and Testo 350XL) 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. [8]. 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%.
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Figure 1. Schematic diagram of experimental apparatus,
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Figure 2. Test section with inclined rib arrangements.

3. Data Reduction
The goal of this experiment is to investigate the
Nusselt number in square channels. The independent
parameters were Reynolds number and rib parameters.
The Reynolds number based on the channel hydraulic

diameter is given by
Re=UD, /v (1
The average heat transfer coefficients are evaluated
from the measured temperatures and heat inputs. With
heat added uniformly to fluid (Q.;) and the
temperature difference of wall and fluid (73—7,),
average heat transler coefTicient will be evaluated

from the experimental data via the following
equations:

Qair SO = “s-(",n (Tu - T;)__- v (2)

g .
= '{-:‘lill”' (3)
A [.\ - f;’l

in which,

Ty =(1, +1,)/2 “
and

T,=XT,/28 (5)

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

hD,
Nu=—= 6
P (6)

The friction factor is evaluated by:
2 AP
Pt (7
(/D) pu
The thermal enhancement factor, 7, defined as the
ratio of the, & of an augmented surface to that of a
smooth surface, Ay, at a constant pumping power.

Webb. [9]
_h| _ Nu r_[ Nu }[i}w )
iy ” Nuy, - Nuy \ fo

4. Results and Discussion
4.1 Verification of smooth channel

The present experimental results on heat transfer
and [riction characteristics in a smooth wall channel

are first validated in terms of Nusselt number and
[riction factor. The Nusselt number and friction factor

obtained from the present smooth channel are,
respectively, compared with the correlations of

Gnielinski and Petukhov found in the open literature
[10] for turbulent flow in ducts.

Correlation of Gnielinski,
(/£ /8)(Re~1000)Pr

fap = (9)
2 2/
1+42:7(778) 2 (prB %)
Correlation of Petukhov,
] 2
£ =(0.791n Re=1.64) (10)
L)
A wooth channel
A Gnilinski conelation
.3
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Figure 3. Verification of (a) Nusselt number and (b)
friction lactor for smooth channel.

Figure 3 shows, respectively, a comparison of
Nusselt number and friction factor obtained from the
present work with those from correlations of Eqs. (9)
and (10). In the figures. the present results agree very



S. Skullong et al. / TISD2010, Thailand, 4-6 March 2010

well within £3% for both [riction factor and Nusselt
number correlations.
4.2 Effect of blockage ratio

The present experimental results on heat and flow
friction characteristics in a uniform heat flux channel
with inclined rib, placed on the lower wall only are
presented in the form of Nusselt number and friction
factor. The Nusselt numbers obtained under turbulent
flow conditions for all cases are presented in Figure 4.
In the figure, the inclined 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 inclined rib turbulators
interrupt the development of the boundary layer of the
fluid flow and inerease the turbulence degree of flow.
It is worth nothing that the heat transfer coefticient for
rib-to-channel height ratio, ¢/I1=0.5 is considerably
higher than those for ¢/H = 0.4, 0.3, 0.2, and 0.1. This
is caused by higher blockage of using ¢/H = 0.5
interrupting the flow and diverting its direction thus
promoting high levels of mixing over others. A close
examination reveals that the rib with e/H=0.5 produces
the highest heat transfer coefTicient than other ribs.

The effect of using the rib turbulators on the
isothermal pressure drop across the tested channel is
presented in Figure 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 arca and the act
caused by the reverse flow. As expected, the friction
factor of rib-to-channel height ratio, e/lH=0.5 is
considerably higher than those of ¢/11=0.4, 0.3, 0.2 and
0.1. For the rib of e/H = 0.5. the increasc in friction
factor is in the range of 101-179% over the smooth
channel. 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.
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Figure 4. Variation of Nusselt number with Reynolds
number for various rib heights.

242

R
[ —d oii=bs a=45" PR =3
= ol 04
[ —0—vtl-03
%l == - 02
—@— cll 0l
—H— smoath channel
F e S Y O W S S S G \
R
P ¥ ¥ " - ¥
gk *—0—0—0—0—0—0 o—0
gy R
@ a—a
A, X% * * »
ool T T
[t} S000 10000 15000 20000 25000 30000

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

4.3 Performance evaluation

The Nussclt number ratio, Nu/Nug, defined as a
ratio of augmented Nusselt number to Nusselt number
of smooth channel, -plotted against the Reynolds
number value is displayed in Figure 6. In the figure,
the Nusselt number ratio tends to slightly decrease
with the rise of Reynolds number from 5000 to 25,000
for all cases of ¢/H values. The mean Nusselt number
ratio values are found to be about 3.21, 2.96, 2.45.
2.04 and 1.73 time over the smooth channel for using
the ¢/H = 0.5, 0.4, 0.3 0.2 and 0.1, respectively.

The variation of isothermal friction factor ratio
value with Reynolds number for five rib cases is also
depicted in Figure 7. In the figure, the friction factor
value is found to be increased with the rise of
Reynolds number and of the blockage ratio. The mean
friction factor values are around 16.85, 10.76, 8.62,
6.46 and 4.32 fold for using the ribs with e/H = 0.5,
0.4, 0.3, 0.2 and 0.1, respeetively. This result indicates
that the use of low blockage ratio can help to reduce
the pressure loss considerably.
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Figure 6. Variation of Nusselt number ratio, Nu/Nu,
with Reynolds number.
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Figure 8 shows the variation of the thermal
enhancement factor (1) 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 shows the
highest value of mean the thermal enhancement factor.
The mean thermal enhancement factor values are
around 1.35, 1.26, 1.21, 1.11 and 1.07 times for using
the ribs with ¢/H = 04, 0.5, 03, 0.2 and 0.1,
respectively, The results are for Reynolds number of
5000-25.000 for the 45° rib. the maximum thermal
enhancement factor is found at ¢/H = 0.4, This can be
attributed to considerably lower friction loss.

= cil= 05
' —~p— ol 0
18F i ey LS

[ =0~ cli- 02
~@= 1101

[ u=d45R=3

~o-pd

00—

' | | N R L
0 5000 10000 13000 20000 25000 30000

Re
Figure 8. Variation of thermal enhancement factor
with Reynolds number.

5. Conclusions

Experimental study has been carried out to
investigate airflow  friction and heat transfer
characteristics in a high aspect ratio channel fitted with
different blockage ratio turbulators for the turbulent
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regime, Reynolds number of 5000-25,000. The use of
the inclined ribs with ¢/H = 0.5 causes a very high
pressure drop increase and also provides considerable
heat transfer augmentations, Nu/Nu, = 3.21. 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 = 0.4
provides the higher thermal enhancement factor due to
lower friction loss.
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