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ABSTRACT

The turbulent forced convective heat transfer and thermal performance
characteristics in a tube inserted with modified twisted tape swirl generators (tapered
twisted tape multiple twisted tapes and transverse twisted- baffles) have been
experimentally investigated in this thesis.  The experiments were carried out in a
turbulent regime for Reynolds numbers ranging from 6000 to 20,000. The heat transfer
test section was heated electrically imposing axially and circumferentially under
constant wall heat flux condition by using air as the working fluid.

The first modified twisted tape type namely “tapered tapes” were expected
to cause lower pressure loss than a typical twisted tape, attributed to their smaller
cross-sectional areas in axial direction. To form tapered twisted tapes (T-TT), the edges
of tapes were trimmed prior to a twisting process. The edges of tapes were trimmed
with different trimmed widths, related to the taper angles. The studied tapered twisted
tapes possessed four different taper angles (0=0° (typical twisted tape), 0.3°, 0.6° and
0.9°) and three different twist ratios (y/w=3.5, 4.0 and 4.5). The experimental results
showed that the heat transfer and pressure loss increased with decreasing taper angle
(0) and twist ratio (y/w). Thermal performance tended to increase with increasing
taper angle and decreasing tape twist ratio. It was found that at the taper angle (0) of
0.9° and twist ratio (y/w) of 3.5 yielded the maximum thermal performance factor of
1.05

The second modified twisted tape type namely “multiple twisted-tapes” were
expected to produce stronger turbulence intensity than the typical twisted tape due
to combined effects of multi-swirls. The multiple twisted-tapes with various numbers
of tape (N=2, 3, 4, 5 and 6 piece) with three different twist ratios (y/w) of of 2.5, 5, 10,
15,20 and 25. were employed. It was found that heat transfer tended to increase
with the rise of number of tape (N). Among the studied conditions, the highest heat

transfer rate of 47% and thermal performance of 1.2 times above those of the plain



tube were found by using the tube equipped with multiple twisted tapes at maximum
number of tape (N) of 6

The last modified twisted tape type namely “transverse twisted-baffles” were
expected to generate a swirl flow (vortex) in the tube leading to chaotic fluid mixing
between core and wall regions and resulting in efficient heat transfer and thermal

performance. The transverse twisted- baffles with three different baffle width ratios

(w/D=0.1, 0.2 and 0.3) and three baffle twist ratios (y/w=2, 3, 4 and 00) were
comparatively studied. It was observed that the thermal performance of the
transverse twisted- baffles increased as baffle width ratio (w/D) increased and twist
ratio (y/w) decreased.  The transverse twisted- baffles with the optimal geometric
parameters, (y/w=2.0 and w/D=0.3), gave the thermal performance factors in the range
of 1.46-1.69.

In order to evaluate the practical use and advantage of modified twisted tape
swirl generators, the thermal performance factors were evaluated. At a given Reynolds
number, the transverse twisted-baffles offered the highest thermal performance factor
while the tapered twisted tapes gave the poorest thermal performance factor. For the
studied range, the transverse twisted- baffles offered higher thermal performance
factors than the tapered twisted tapes and multiple twisted tapes by around 60.9%
and 40.8%. The empirical correlations for Nusselt number, friction factor and thermal
performance were also developed using least squares regression analysis. In addition,
the final conclusion, the discussion, and the recommendation for the future work are

presented in the last chapter.

Keywords: Heat transfer enhancement; Multiple twisted-tapes; Swirl flow; Tapered

twisted tape; Transverse twisted-baffle; Twisted tape; Vortex flow
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Chemical Engineering and Processing. 96 : 62-71.
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wwawny Tagldernaduvesinalunisnageu vinrsnageulugasnisivanuututuiiy Re
w29 10,000-100,000

Murugesan et al. (2011) UNLEUBNANITNAGOUVBILHUTALUY V-cut FIBNITEIYLY
AuSeu fMUsEnouALEEaTIULAY faUsENevaNsTausBInNSey  urudndldnagou
Jons1diuln (y=2.0, 4.4 Uag 6.0) 9RINEIUANUTNLALAIINNTIIS (DR=0.34 Llaz WR=0.43,
DR=0.34 ey WR=0.34, DR=0.43 wag WR=0.34) n1svageunuiatavtawanuaziiusesnou
mmLﬁEJmmuLﬁ%ﬁ%’]ymiamawaaé’mwﬁaumﬁﬁm RTIEAIUAINANUALAIIUNIN

Wongcharee wag Eiamsa-ard (2011) @nwani1sufinnisiiiunisanemaiiudouwas
HuUszansivszneudsamulurienauiifinisfesausiudnwuuinsadunnuludienisiva
wuusuSeu tnsududadadnsdiunisdn (/W) Wiy 3, 4 wag 5 nuukudaiiiinng
aduunilirnisanemaLFeugeniwEudauuUUnA 70.9-104% waznuindniifinisadu
unulvienduszansilseneudenugeniuudnuuuund 33-50% tnsusudauuuady
unlvirnaussauziBennuFougeani 5.25 A0 y/W=3.0 wag Re=2000

Twisted tape with alternate axis (TA)

< 24 \L Typical twisted tape (TT)
S €Tt € € f A

U 2.1 wiudnaduunilusuidsves Wongcharee Wag Eiamsa-ard (2011)

Bas warAMy (2012) ANWIaNwaENITaeMAINUSaULALAUUTEaNTAIUSENaULEYR
PUNTNITPARIRNUTALUULTD9IN9TE IR uvaUYa kN ulaluvianay Tugianisina



wuudutaudien Re Tutia 5132-24,989 Tnefnwidedvsnavessnsrdiunisdn (y/D) winiu
2, 2.5, 3, 3.5, 4 LazdnNSnaveIdnIIaIuYa9INTENI NI NUURUURLHUTA (¢/D) WinAy
0.0178 wag 0.0357 laeiin1siSeuisuiuuaudauuuiiune wazldenniaduveslna
ey wuIHudaiimsnulidnisiemanuieutaziussnouideamugainitve
wan Tneusiudaiien ¢/D=0.0178 uaz y/D=2.0 WiAnaussnuzidenmsougefigail 1.75 i
Re=5132

5UN 2.2 uiutnlunuideves Bas uazany (2012)

Thianpong WazAns (2012) ﬁmsnmiwﬂaaﬂﬁqﬁw‘ﬁwamaamiwwgLLNuﬁmﬁﬁmi
Andednuuuiuuusudaluenaudanisdemanudeusardnumenislualugaanislva
wuuiiutaudien Re Tuvag 5500-20,500 Tnsusiudafiinuisiiidnainuessiany (d/w) uas
SR318UANANVIUA (W/W) 111170 0.11, 0.33 wag 0.55 laeiiargnsidiunistn (y/W)
asfivindy 3.0 BdldiauefisaveanisiadiinlUludesmsivanaaeufinisiafeusudnuiie
Anwdsdnuaiznisivasme wuinmsluavesvedvafilvaruunudaasi dnvaziunisiva
yyuendlumausudn dunsdlvasieidnsusngnszuamsivauvunsasiniy mslauuy
myuensiidielvvedluanszunnidiundmesmaldisunseiu dmaliiudafinuniag vinlvins
wanidsunaufeuiiiovieisdu waenuiimsdesousiudailifinis oz gueslifndn uay
uiudafiinngianzguazantn enisaismaiuseuganitvieran 190% uaz 208%
mud iy Tneusuledifinnsionzuasdeatindian d/W=0.11 wag w/w=0.33 lsiAnaussauzids
AnuFeugaiigadl 1.32

HULDIPUUY

YUUDIAUT
3UN 2.3 urutaniinsianzsuazinUnlunuideves Thianpong wazAny (2012)
Ozceyhan and Bas (2012) nag0ULNUTALUUALALLABTENITLIUTD99199INKTIYE

NAABUN Re Tua9 5132-24,989 NSUNNSANmMAIUSUT W TUTI9LanaIn UNSIALYY
MUVBY Re MIUTENOUANTIAULITIAINTOUGER 1.75



Bhuiya wazAn (2013) Anwidnuwaiznisdiomanudounasdulssanimusznay
Foanmuiiinisfasausudanizgluvionan Tudrenisinauuudutiuiien Re lugag 7200-
49,800 lngusulnilA19nsduveegaIsiniy 1.6, 4.5, 8.9 uay 14.7 WuhmsansauEudn
Wirglirnsagmauieulagiiuszneuldeaniugindvieilal laglian1saiemaiy
Fou AMiUTEnoUdsANIU wagAaNsTauridesmusoulutie 110-340, 110-360 uag 28-
59% lawieuiuieiUan

SUN 2.4 unudnaeslunuideves Bhuiya wagaug (2013)

Salam uazAns (2013) thiauensifiunisanamenufouiitinisaadausudauuuda
vourusesdinaouiuiiansluvienaulugaensinauuudulaudien Re luras 10,000-
19,000 Inaududafinnsinveuiiusesavasuiuinfid1aauniae 8 mm wave1s 14 mm
wuilAnsaemenadeunasduUsEavasaUsEneudsav ULty 2.3-2.9 ua 1.4-1.8
wih dlafleuiurioduasnuinunudedidneimanssousdaaudoulurae 1.9-2.3

5UN 2.5 ududauuusinveulusosdvaeniudnlunuideves Salam uazaue (2013)

Kummitha wazamy (2015) thiauenmsiiunsenemauioulurenaufifinisiag
Tudavmadnanuwuirranisinavuludavunelnginsuswwnunisiva lngludauun
Lﬁﬂﬁﬁguﬁmmﬁu 90 uay 180 aerm wuINARSTUdAIMEnALLLATIInTslrauyly
dnvuelngfnanuuusnunisivadamalinisdiemenudouintudeiisuiuluiauuy
Unf lesananansnenseiueuduthuvesesvaligeduld



Ui 2.6 TulsluaAdeves Kummitha wazaas (2015)

Khoshvaght-Aliabadi k&g Eskandari (2015) thiauenisifisnsaneimnainudeulusie
naufiinsAndstudalagldvesinauly cu Wuvsdlvanaaou Tnaflanandudu 0, 0.1,
0.3% Tutnsnislwawuututaudifen Re Tuthe 7500-15,000 wuiniskivedivauluduves
Ivansaeuitnsanssludaaunsafiunseremaniouls 45-87%

Twist length No.

1 4 3 4 5 6 7 8 9 10 11
- vt 4 QArAerE VA CSo EH S f A 4 4 454 4 G
Type 1 (Uniform)

1 2 3 4 ) 6 7 8 9 10 11
COCCE O Crle i B> Gl Gl
Type 2 (Low to High)

1 2 3 4 5 6 7 8 9 10 11
R B R e S e B S e S S = .
Type 3 (High to Low)

1 2 3 4 5 6 7 8 9 10 11
e e T N o R T S "2
Type 4 (Low to High to Low)

1 2 3 4 5 6 7 8 9 10 11
- —— - GG 666666 GGG G T —
Type S (High to Low to High)

Ul 2.7 TudsluanAdeves Khoshvaght-Aliabadi uaz Eskandari (2015)

Yadav uazAny (2015) Anwin1sindslulaluviedivasudnsadenisiiunisangin

a

AuSaularAduUsEENSMIUsEnaudeamulugisnsiraluus1useu tneludnfvinnns
ARRILANBMIIEIUNSUMYINAY 3.5, 4.5, 5.5 kaz 6.5 WUINNISAAAILUTAAIUITOLANNNS
dnamanuseuldganitvievan Tuvaifenfuidamaliadudseansi seneuideaiugs

AvIBLlan
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sUf 2.8 Tudalusddsves Yadav uazan (2015)

Durga Prasad Waz Gupta (2016) thiausnsiiunisaiemaiuieuluriegusng il
AsAnmsLeudnlnsldvaslnauily ALOs uvedlnanaaeuiiianududy 0.01% was
0.03%Vol wazludailadnsrdrunisdnmiafu 5, 10, 15 wag 20 Tutranslwanuudutaud
A1 Re Tur79 3000-30,000 wunsldveslrauily ALO, AidlAamdudu 0.03%Vol Tuviasy
fag Afinnsfndeududnamnsafiunisdiemainuouldgeaii 31.28% udfvialiien
Fulsyansenlsenoudanvuiisnidy 1.23% deleu funsldiiluveswaneasy

Ul 2.9 wiudadidnsluviaguigluaniseves Durea Prasad wae Gupta (2016)

Y

Saravanan kazAMg (2016) IENUNANMIANYINARBINISINNISINEMAILTOULAY
anudunnageuluieniinsaealduriudaninsinvevsUanieuuazarumasy lngian
5z8En150A (Y) AU 3, 4 day 5 wuiuiudanaszeznistngne (Y=3) Tiaaussousias

AnufeaugeanukuinfiA1szaznsdngss (Y=5)

e ey % €) 4% F5 T

wudndnveusUavaey

e €% W @B B> "-g

wiudndnveusUanumaey

UM 2.10 ududaninmsinveuguamasunaraiumviaeslunuildeves Saravanan uazay
(2016)
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Chang wazanie (2017) thiauemsiiiumsanemarudeuiitinsindausiudalurieds
LLamﬂugﬂﬁ 2.11 'Imaﬁﬂmﬁﬁm‘ﬁwaﬂaaﬁi’ﬂmmmLLNuﬁmﬁgﬂam&gmmwiqmﬁm‘hmu 2 Whu
wag 4 unu lnedanszoznista (y) Windu 2, 2.5, 3 wag 3.5 Re Tutag 750-70,000 WU 1S
amaunuDalutisvesiudsiiinsdne Tdansaomenudeunasdudssansmyssney
Heanmugendwiewan lnedmiudunisivasvususeuagliainisiemainudoulas
Auuszansiusznaudeaniuganitviolan 1.23-6.21 uag 5.91-23.36 11 mudIFU uaz
ﬂzj"Nm'ilwaLLUUfjuﬂau%‘Lﬁmmimammm%@uqmdwiamm 1.55-6.56 Wag 15.24-105.10
Wi MINERU

WAUUR 4 LY

U 2.11 wrindaluauAdeues Chang wagane (2017)

Zhang Bazmaiz (2017) tiauewgAnssunislvanazmssiemanuieuluvenayiil
nsfnsaukuiniitdnwusduiadu wudndevesivalvariuuiudaazsilfAnnisdutou
Juudnmiiuiaty uaseliidanssnansivauvumyumesaziuneluvienaasy vhliae
MswaunaufuYesgamalisgnitsusnananmenarusnalndns dwalsinisuaniaoy
anufeusgvitwedluaiayinviegstudefleutuvioRndou

Protrusion side

Dimple side

U 2.12 usindaiiluaniseves Zhang uasan (2017)
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MAFoRn UM RRumIfemauieungUnsalainmdulu senuuulian
wssiureanisinalianas uidsasaelinsdemanuiousnniuniweawazannis
anydendanulumslvaniusudadada

Nanan Lagamy (2014) diausnan1snaasIniIsiisnisaeimaliuioulay

'3
a

duuszaniusznaudganiuluvie lngfnwfdninaveanisiazsuuuiudn saufnsd

A da

wrudandnsianzgndadunden Tugsnsawuuiutuiian Re Tutas 6000-20,000 Tag
wiudnddnsrdiudusiugudnaiavessiatg (d/w) wiiu 0.2, 0.4 wag 0.6 d8n31d7u
5rUEMeTENINGLNE (s/w) Wiy 1.0, 1.5 wag 2.0 Faruualiasnsdiunisia (y/w)
Lardndiuszarinduonnasdndl Wi 3.0 waz 2.0 audidiu wuwsudaiivinnsine
IiA1nsanemAuSeunaziUszneulduaniugnimieiuan laeian 1.50-2.08 uag 3.4-
4.4 wh sudrey uwnudndidn d/w=0.2 uay s/w=2.0 IAnaussauriiennuiougsanil 1.28

a I a ada a a < a a o
E‘U‘VI 2.13 LLNUUG’IW@Jﬂ’]’iLQ’]%ELL@%LLN‘L!‘U@LQW%EU@L‘UUW@EJ'JIUQ'TU’JT\]EJGUEN Nanan Lasme
(2014)

Man wagang (2016) ﬁﬂm%m%maﬁummiLngl,wiuﬁmgﬂﬂémmamﬁﬁﬂﬁamﬁﬂuﬁa
nauuariinisuuAsur1nuevewsudn 4 A1 Ao 600, 1200, 1800 waz 2400 mm
wulansanemaut oL U 1.45-1.90, 1.23-1.55, 1.18-1.45 wag 1.15-1.37 W
dloeuiuvioan fanduusyanseusenaudoanuifiuty 3.69-5.75, 2.30-4.48, 2.15—
275 uay 1.21-1.31 wh dlewlsufuviean wasiimanssousidsnanudou 0.94-1.06, 0.82—
0.94, 0.89-1.04 waz 0.89-1.06 dvunisanaausudaiinnue 2400, 1800, 1200 uag
600 AUAIRY

5UN 2.14 wiudaniinsnnggsuaseanadluanwideves Man uwagany (2016)
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Mwesigye uazagsy (2016) Anwdnusenmsnanasmseemenudeuluionaud
fimsanddludaitnnunisldifuntdaviolutisnisivaial Re lutae 10,260-1,353,000
Tneludnfiamdnsidiunsdnd 0.5-2.0 wasfiAmdnsidiuauniiedt 0.53-0.91 wuinludn
ansavilvinszuanisivafianisivawuunyuaeuwnunsiia iligamgivesedlva
AamswavusauiuladTy ilniswanuasunnudeudiiavieriiniy Tngnuinanunsauiiy
mMsmemanudeulads 169% Wewflsuiuviean

@

Periodic (b)

Mass flow
d; rate (kg/s)

Periodic Twisted tape

gﬂﬁ 2.15 udutnluuideves Mwesigye uagany (2016)

Lin wazang (2017) duausdvinavesiuinlnaednwuznisiva n1sanamainusou
wazanuaunnadenluvienan TnetUndiyu (o) Wiy 27.64°% 21.44°, 17.44°, 14.67° uazdl
seviing (S) Wiy 0.83D, 1.0D, 1.25D wag 1.67D wuinludaifitndwaliiinnszuanis
Inavgumsesauuannunsiauas Iniludndwmalinssomanufoufisduegiann
waznuinansafinniseiemanudouls 76.4-190.9% diawWisuiuierlan uaeegslsiniy
Raanaldl Ardudseanasusynoudoanuiiuay 179.9-289.1% Wiewweufuviaian

U 2.16 windetnlunuiddeves Lin uazans (2017)

Saysroy Wag Eiamsa-ard (2017) ﬁﬂquammmﬂwaLLUUﬂuﬂQULLazé’ﬂwmzmi
dewmaudeulurienaufifinmsfnsdludangsiudsmieanauduanagon sussesly
UnilAdnsidiunisnnnunineness (w/W, WR) wiriu 0.5, 0.6, 0.7, 0.8, 0.9 UagAdnsid
AINE1IYB93 (L/W, LR) Wiy 0.7, 0.8 wag 0.9 WudAIN1saemAuToukazAuaiuan
Aseuanaiion WR uazen LR 1iinty lusasiidiaussousiBennudouiiniuiion WR
ity Tensdl WR=0.9 uay LR=0.7 TidaussounBsanuiougsandl 1.37 fie Re=7000
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gﬂﬁ 2.17 wutnane3lunuideves Saysroy wag Eiamsa-ard (2017)

mu‘ii’f&Lﬁ'mﬁummﬁumadwmm’m%@uﬁwqﬂﬂiﬂiﬁ%’ﬂqmmﬁuﬂ’mLLUU‘MmEJLLN'u
U Tnensldunudawuuratsunuazluidesiuuiianisnisivaveanszuanislunandnves
na Fansdosuuiianamsivafisudamanienanudouliuisas vildnisaemaiuiou
1nTy

Fiamsa-ard et al. (2010) ¥hnsfnwusiudausuiien (ST) wiudagiifmnsweanis
Tnvoundealufiananiuiu (€7 avuiudngfiiianisvesnsiaveandeiaiuiu (CoT)
HANINAGBUNUIN CoT HnINIAI8NAUTBUGINTIT CT way ST Useannd 12.5-44.5%
ez 17.8-50% AMNE9U

Chokphoemphun waymgy (2015) Anwnisifiunsenemamnudenluenaufifiings
andaludnlugramsiuawuududauiien Re Tugas 5300-24,000 Tudafidsnsidaunisda

WINAU 4 wag 5 WU ANIW lRAINSa18WAINSeN 1.15-2.12 Wi Tuuean
duusgavsiusenaudeniuilreglurig 1.9-4.1 whllewlguiuviawa

1T1 : single twisted tape, y/w=4 (Ry) 3T2: 3 twisted tapes (R, Ry, L)

4TI : 4 twisted tapes (R R R Rp)

172 s

4 twisted tapes (Rp. R Ry Ly)

27T2: 2 twisted tapes (R, 4T3 : 4 twisted tapes (R, Ry, Ly, Ly)

3T1: 3 twisted tapes (R, Ry Ry) 4T4 : 4 twisted tapes (R, L, R, L)

Ry = Right Twist; L = Left Twist

gﬂ‘f/‘i 2.18 Tuinlusuideves Chokphoemphun wagamue (2015)
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Fiamsa-ard waganz (2015) Anwnstiiunsaramannudenluvienaufitinisindsly
T 2 1u Tneludns 2 Tufladasidrunisnsneiy wavldvesinauluiluveslvannasy
Ao TiO,/water Tuthesmsinanuudutuiien Re Tugas 5400-15,200 Araududuresves
Tnauluiildmegouiian 0.07, 0.14 waz 0.21% wazluda 2 lu ﬁé’mwdaumsﬁmﬁ&hqﬁu
(yo/y) WU 1.5, 2.0 waz 2.5 wuinmsieasiudaiifn yo/y=1.5 mmsmwummimam
audould 89% warvnliAdudszansiiuseneudoamuiinty 5.43 Wi uenanids
danaliiaussausdmnudouiiniu 1.13 wih dlewihiuviewsan waswuimsldvesinawn
Tuideadudy 0.21% dwaldAnsaomeaudeuiiutu 9.9-11.2%

yo =60

'Q >a >Q >a )‘ )">Q'§'>Q

(@)yoly =2.5

(b) yoly = 2.0

yo =36

3';. S oSS el

©yoy = 1.5

sUi 2.19 Tudslusuideves Eiamsa-ard uazAmg (2015)

Li wazaz (2015) Anwinissiaeadeiiaveesnisiiunsinamanusenluvionay
ftimsaassluda 4 Tu Tnefinmsusudsumnissaludanssnanavie (©) wiiu 0, 2, 4, 6, 8,
10, 12 YSudsuatosinsssninsmsaiefureuvadludn (S) wihiv 0.5, 1.0, 1.5, 2.0 uaz
Uudsusuiumedude (n) wiiu 1-6 Tu wuhmsmewenuseudivtugea 28.1% Wl
FeuRuviewan uazwuiiidlesn S anas denalsirinistiemanudauiiudy

b

J
1

<G

conventional twisted tape

vo@

unilateral twisted tape

7~
<

cross hollow twisted tape

sUT 2.20 Tudalusuiddsves Li uazanss (2015)
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Promvonge (2015) Anvimaifiuntsdiemarsdeuluviefudoudyiaiiinsfaily
T 4 TugamfueSugumitluraanisivauvuiiuiuiien Re lutas 4000-30,000 Tagludnyn
Tulasnsrduni1sonasiiingu 4.0 warATUTUATINAERTIdIuAINgUYInaY 0.16, 0.21,
0.32 uag 0.42 JABRTIEUTZEERRDWNAY 4, 8, 12 war 16 uasliyuUznznisivawiniu 30
o9 wudileAdnandunuguuesniudssalimmstieinanuieulas mdusavsin
Usgnoudeavuiiiniu udavanaioadnindiusresfindifindu nsddnsdinaiugs
Wiy 0.42 uadnsausrerindiinty 4.0 TienstemanudounayAduyseanin
Usgnauidnaniugsiian waznsdldnsidiuainugainiu 0.21 uagdnsidmszesfindiiiy
4.0 Wipsaussauzidenudougeiiand 1.75 fid1 Re=4000

Square duct
(Test section)

U 2.21 Tulin 4 TusawfuasusuiiTlunyideves Promvonge (2015)

Abdolbagi tazang (2016) Anwanisiiunisanemanudeutugienisivasuy
Huthulusteassiifinisfiagaluda 2 Tu Aemnsuuununususasasuarnsty ludnd
MNNSANINAERIIERNT5TA (H/D) 11AU 5, 10 wag 15 WUIIAINITaNgnaInusou Al
Sulssanssvssneudeaniu uazaussaunisnnudowfindudendnsidiunisia
Wity LAENNTIAIUU UMY UAIUNAULAINITA1891AINTBUEINTINTIN LU UTYY
il 22.5% LLasqqﬂdwimﬁﬁhjﬁmia@ﬁgmcjuﬁm 61% nsRadauruaLUUYILAIY
el H/D=5, 10 waz 15 Tienaussauzidennudoud 1.58, 1.44 wag 1.15 audeu
TuvgAsudauuumuamiuiian H/D=5, 10 waz 15 IeanssouziBanuioudl 1.43,
1.19 uag 1.04 a1uaeU

Counter Twisted Tapes (CTT) Plain Flat Tube

Co-Twisted Tapes (CoTT)

(%
Y

U 2.22 windndiAnssluviensslunuideves Abdolbag wazans (2016)
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Bhuiya uazAne (2016) Anwndnwaiznisanemanuseuluvienaufidnisinasludn
2 Tunsuaunei LLaz:‘imﬁngﬁluﬁmﬁaaﬂmmﬁumﬂﬂa'au Tuganisluauuutlutiui
M Re Turaa 7200-50,000 Tnedinsusuiasudsasaruduriuguinansvesgianziviniu
1.6, 4.6, 10.4 uaz 18.6% Nu@wnsaiunsaemauseuazadulssansslsznou
Bonnule 80-290% waz 111-335% muddu Wewleuturewan

Lo
—

(a) ' '
Counter swirl flow

Direction
of flow

W

(b)

5UN 2.23 101e3uRudnBuurtuaIunieiuluaideues Bhuiya wazaniy (2016)

Singh wazAny (2016) Yrauednumznisinawaznisanemauseuluienauiifinns
faddlun 4 wiuswfuuutanswnulursmsivanuuduthudien Re Tutas 6300-22,500
Tnousutunwuiiadasdmssesindwintu 1 uas 2 waglulaiisnsdiunistawiniu 2,
3 uay 4 WuIns@nAnE Ll EAINsdremAILSeu (NW) Ardudssansidssneuiden
U () LATANANSSOULITIANNFDU 11U 107-293, 0.93-0.99 way 1.46-1.61 suaisu

3UN 2.24 windandasanuiuusunuisuniulunuideves Singh wazane (2016)

o a

Tamna UagzAne (2016) Anwdvinavesn1sinasusudinludaeliiunisaiem

AnusauluviawaniUasuanusaulutianisivakuutuliuian Re Tuyag 5300-24,000 Tng

' [
v aaa U ¥

lafaaaluta 2 luiid1dasidiunistinindu 4.0 wazasuguadnaadadivludnaien
8n31d3uAINGgUYIINY 0.07, 0.09, 0.14 uag 0.19 lneasuudriliAdnsndiussesiing
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o [

Wiy 1.9 uasdlyudzngnisivaniaiu 30 e wudmsiasdudngiuasugudadviilinig

aewauiouiinduliadisuivludanlifinmfiaaiu uifdmaliadudszdnsdlsenou
Heanugaumeuaeinu nsinddludn 2 luafiuasugudinagnsidiuanugainiu
0.09 imaussauzdeauiougmianviiiv 1.4

JUN 2.25 urutaninfsnsugudddliuaideves Tamna uagay (2016)

E

Singh wazaaiz (2017) AnwinsifiunsdismanufounazdulseavsiUseney
Foavuluviedifinisinmiududnianesgudmioudata Turasnisivauuututaudian Re
319 5000-27,000 lasuruUailA18n16dIUY093312 (a/Wy) 1in1iu 0.083-0.333 uagilan
on5EUNIUA (TL/Wr) Wifu 2.0-3.5 LLavaé’ﬁwLauawamﬂmsﬁm&’j\mrﬁuﬁmms'ggﬂﬁlm?{w
nFaFeuioutuududanlifinignangg nudsiauonafiieuiivuiuviean wans
neaesuandliiiiuinlaemlunsiassusudndenalinisdgmanufounasdulsyanan
Usgnouduanugeninviean uagnuimsinsauiudoinnessudindeuindaliainig
deweufeularduussansiyseneudeaniuginimeiUaszina 5.92% uay 7.89%

AUAIAU

JUN 2.26 urudnnzguamaeudnaluanuideves Singh Sur Wavany (2017)
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Singh Suri wazAuE (2017) ﬁﬂmmaaqﬁw‘ﬁwmmLwiuﬁﬂﬁﬁﬂmawguazamﬂﬂ
awdsulurenausensaemauieunasduUssansmusznoudeanulutisnisivawuy
Juthufian Re Tugas 5000-27,000 Imaﬁmsﬂ%’mﬂé"aumé’mﬂdaummqwm%ﬂﬁm?ism
(Wo/Wr) Tuaing 0.042-0.167 %aLLNuﬁmﬁmé’mmd’;ummgﬁm?{amﬁm%’a (a/Wy) WAU 0.25 &
AdnsdunsOR (TL/W:) Whity 2.5 wasurudailsiuau 4 uny nan1smaaemuinnsang
unudaiiinsinulkainsaiemanuoutaziuszneuidenniugsnivieran lasd
Agsandl 6.96 Wi uaz 8.3 wh Walivuiuvioan

JUN 2.27 unudaniinisineguazAnUnawmaenliuaideves Singh Suri wagauy (2017)

yideRnfunTRunstomeu SoudeveRafiinsuSulsiuarRadegunsnd
a¥rsanuiuon lavieRnusudsutu dimpled uay corrugated vilivaslvaiinnisia
wuunuAsRituiafmsenseukar M gUnsaladeantuiiutiu daelinnsdrew
AuSeunInTy

Date et al. (2009) ¥inn13finw AN ¥aENISEEMAIINTRULAZ AU UAAR S LUYID
foandeafidnsaeslduiudnluramnsinauvusuSeuuasdutiu vieseundenilivaaeu
fifAnsvostoandsanuitanisesniilve navesn snadeuLansliiuIfiAnswenisin
(muduuRnuazmuduuning) JovSwadenisaismaiiusounasmINAUanas

Kumnbhar kazAny (2015) Yiauenisataedeiiavuesmsiiunissemaiudeu
Turteuuu dimpled Aidmsinssludnuuuiugag lnevhnsAneidvinavessnsdiuay
Anvesintu Samdiussegindvasinduuardnadauniziurasaduda wudnisinsly
Ualuviauuu dimpled dswadrAgyaoanyuznisivalaznisaismauiou

5U# 2.28 vio dimpled AnAsludniiugaslunuideves Kumbhar wagmnsy (2015)
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Hasanpour wavmqz (2016) Anwnsfiunisenemaudouluvie corrusated il
mﬁamﬁy’ﬂuﬁmng ludndnveusuiiuazlulndaveusudig Tnglulnilmdnsidiunisie
WINAU 3, 5, 7 ﬁﬁwé’mwﬁauﬁuaﬂgﬁmst,vhﬁu 0.11, 0.33 JAIDATIEIUAIIUAINLALOATIAIY
ALEIBINTFRvUFURINaE UMY 0.3-0.6 TaevinisdAnwilugienisivanuy
Juthudian Re Turas 5000-15,000 wuimsisdsludndnlulusie corrusated danalsiilen
nstemarmdeuganinislivie corrugated filsifinsfindausudn

5UN 2.29 winudauave corrugated luinw3devas Hasanpour wazaniy (2016)

Fiamsa-ard wagAme (2016) B1Lauen1391a0939fiaueanIsiiun1sanemaIy
Younavdnvaznshrauvuiutiuluve corugated wuv 3 sesfiiinsAnasludnnanivie
TnsludafnisuSuiasuaisnsidiumuniiamadu 0.1, 0.25, 0.34 Las 0.5 wazvie
corrugated UAIBATIAINANNANUIAY 0.14 wagliAISRTIEIUTEUERAGIIINY 8.0 WUIINIT
Aassludaanunsasiiumsaiomaiudouls 1.2-36% eiflsufunslévie corrusated il
nsanddlun

. | —— -
. |

(@) ===
Y @ | ‘

JU#1 2.30 ¥ie corrugated NiinsAasalutnlunuideves Eiamsa-ard uazAmy (2016)
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Hong wavmy (2016) AnwdvEnavewio corrugated MifinsAnasiudniieiiu
msdamenudeulugisnislvawuutiutaudien Re Tute 8000-20,000 Tngldommduves
Tnanaaeu Iagludaitvinnsansdlusie corrugated fA1dns1d1un1sUaiNAU 1.06, 1.56,
2.04 waw 3.22 wudmiuvie corrugated Mlaifinishnsaludaliirimamemanudougeniy
viowai 86% Tuvasfiilefnasludnlutisiivhnisnaaeufidndnsidrunisdawiniu 1.06,
156, 2.44 waz 3.22 agldmmsanemeusendinty 131-177%, 125-168%, 120-153%,
way 113-140% Wewleufurieran

H ks

ﬁ F e o o
o A - TGO T

JUN 2.31 vie corrugated MiinsAandlulnluauideves Hong wazaAn (2016)

2.3 WUININNIIANE
MnmsnwaAdeiisdesfunisiinnmssiemaiufesunsluvsuandasuaiiy
Soufiiinsaonldusudn msldgunsaifinaruiulou mslénguusudn msliviefiavsuse
a¥ensuyumatazauiiulumeluvie faagilimsvianedaiiussendldiunisiiy
femanuieulugunssitaniasuniuieu mnsAseiriunvinlitunanlunsifiuns
gewausaulaensly windaisey nauwkulauaziiuinuie (1) nsaluiudaisedvinnis
VABDITINUA 12 N6l LLﬁQLi‘;JumiU%’ULUﬁ'auaguﬁm@mﬁ’u 0 sanua 4 nsdl Ao 0=0°
0.3°, 0.6° wag 0.9° USuiaeusyezn1son 3 nsdl Av 9.5, 14.25. 19 mm.( y/w=3.5, 4.0 lay
4.5) Tunsdlnguusudaagyinsdnyunulaiiuszneulusmeowsuda (TT) iflvuiaraning
(w) 40 mm. fiszazn130a 160 mm. gnAnsdliagludumissinarsuasiinduusudaiasud
fywnduianundng (w) 8 mm. feuseu (2) TunsnaaevzAnwsnsnavesszenislnuag
Sunureuiudaaiuiidonseudonistiemaruiou Fauvsszeznislaldviomn 6 nd
y=20, 40, 80, 120, 160 waz 200 mm. (y/w=2.5, 5, 10, 15, 20 k@ 25) ward1uIuLEudn
ieufignldidonseuusiuda TTi usoonidu 5 n3dl e N=2, 3, 4, 5 way 6 wiu (3) lunsdl
wiudnvensAnwfednsdiauninveauwiuda(w/D) wazssezn1siniiiavzwasenis
f1emaNToukarnIsgdsauy tneiauninweukudn 6.4, 12.8 wag 19.2 mm
(w/D=0.1, 0.2 uay 0.3) szuzn130n 12.8, 19.2, 25.6 mm. uay WNuUATe (y/w=0.1, 0.2, 0.3
WAy 00) yinsiAsIEninsaegmanuseulunliaviadan (Nu) wagnisgadeninueiuly
watvesusznoudsanu () Mniufiioudisumsnemenufeusaznisgydeniiuiy
viewdaSeunagiUszneumaiiudusznouanssauridannuiou
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LERIREREIHN

3.1 unin

nsaremanudoudianuluinerdnuss Wuwuunsiaudeunaznisnining
Sounvutsdudmsunsinanieluvienay Afadagunsaiadrenislvauuumgunis Tuund
avoSunsdunadinisnsiinuszaniammsaiemaiiudou nsaremaueu namans
nslva anduiusnsmaufeuluguuuusiieg Wedlasginsiemaiuieu nsgade
ANAY NMFIAINISANEMANNSaUluDNANLAEANMEEANIU

3.2 MsENEmAINERY

mMseudou Aensaismarueulasidanaishideud Wy aufeuinnium
Tuthelnasudeulavgileniuiidnudeusdniou iudu msthaufeuduusngnisel
seiveumAvesaas Welduaufeussiinnsdunazdsdondanuiu nnhauouda
Anduldluaansynanugisosuds seunm viefng avarmsoluninienufeuves
aasudazvingdduandeiu wsfwesildesuigmiaiinsadanaisendt danm
n1511AI3eu (Thermal Conductivity: k) anfifiA k geaztninuiauldd e1ii wwén
noauns agiiien Feloatiiennliinnivuyvedu visgunsaiuaniudsumanieu dauian
fiflen k shazihanufeulsdes 019 louf Udu Jelouthanldvhauuiunufeu Wud
flugnunsdnntudeunsuislddae ngnisdiaanueuvesniies (Fourer law of heat
conduction) 7191 “é’mwmimaﬁﬂmm%fauwiﬁumaﬁummﬁ&mﬁﬁuaﬂqmmﬁLLaz‘ﬁuﬁ

dr
g-= -kA— (3.1)
dx

faiu mndesnisdiemanufeusionisiilildunn shildlasidentagianansiiden
an1mnniAuTeuge wsoiuiuTnihdudavesmsthnusedlinnnty nisweadou
Humsanemenudeulneiisinarsindeuivielnaluses nsnaudouduintuanisiu
YoavaIseinayit mmmmWiaiumiwwmm%fawﬁua&Jﬁuﬁﬁmizﬁm%miwwmm%f@u
(Convection heat transfer coefficient: h) ﬁﬂqmwgﬁumﬁau LLazﬁzJumﬁuﬁﬁ’maﬁmqﬁﬁ
mswimudeu Tnevilden h %uaguiﬁuuawwwswﬁl,ma% 279 AU waraulRvesiInan
FouTnlganmsveasadusiensdl a1 h wnninedsnisniauseulds lunisnduiua h
foumnedamanufeuldlali Augruvesnismaudeusiuiese Newton’s cooling law

[

&
PNU

g. =hA(T_ -T,) (3.2)
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Fatfu mndeansdemannuieudien snilildunn ildlaeidiudn h 019
Andainauten vieiufiuin ity Tagildlunistiemarudou maudfdaudou u
msanemanFeulugunduusimaniuih Jsliondoinandunisdsdneniadou 1wu nsus
$adnnufouainaserindundslan lneviluingdellgumgigeasfeudedanuoulsnn
ndnnsTemATLSuf N SuAisE o3uneldfe Stefan-Boltzmann Law fsil

g =cAe(T" -T) (3.3)

dlo 0 1WuAAsi Stefan-Boltzmann @awiniu 5.6703x10° (W/m2K%) wag € 1lua1ann

n15waeSed (Emissivity) Ing €=1 dmsuingen waz €=0 dmsuingu

3.3 n1swiAuSauanvastuanlvaciuvie
A1INIANSBuINVRd AR nak1UYIe FUAAINAITANUWNAINUSDUNIURINE
aunsauwUatauleinieantaidu 2 nsdl fe

% L 1%

1 NSAINENTANUSDUNNIAT
2 NIAlQUNAIARIAIN

Y

o ) A A aa & &) pbalbd | P A
a’]%iUﬂqﬁlﬁﬁl‘UV@W'ﬁl’n L NUDUNOANNITY T, WU DAINNIINNYULNAINUIBUIINNND

q U

aewliwnvedlratulzAoIlawnusnsInIsilasuwlainasnuniglunesuveslvailva
FUYD AT AN TR EUALNSLARIANNELRLSAana e U

g

D
g, =Mc AT =p—V.c (T -T,) (3.4)
l
Tube Flow
VAR

;
!

V_ ml h‘;—

dx

T
L

dg(x) differential

.
K@

2—;?12

JUN 3.1 nswanueuvewveslvailvaniuve
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dmiulumeanvesduusednsnismanuiou dnsnisaiemadnuiouainvialuts
due NllAue dx fagun 3.1 asliauduiusiunswisunuauugivednouradiva
lugiefgiiudy LaglinuduiusseninenuuaAnAIeseningg 7 (x) veuienvaumgi

T (x) vasfuveslranntdntiue

ANMUFUNUSAINA1ILAD
dq. =Mc dT =h (zD)ax(T_ -T,) (3.5)

AIUIIFIUTOMARNIAIVDIAUUSEANSNITNIANUSaURAYTIN h d1nSunistnad
Ivaruviau
MCp (7732 _7731) = hA(7—S _7:7)av (3'6)

W ngumnil 7. uar 7, UazkUinaenainug1Ivedvia sNTUUALLANATIYEY

UMNTINITIUENNTT (3.6) HuAIzAouduA1IANLANGIILRAY

9 Y

Y a a < k4
3.4 YUBANIAIULIIILAZANUIDU
an13gn1sva Asansivanuvususeuluienaundsed » augun 3.2

Irrotatiopal Velocity Developing Fully Developed
flow region Boundary Layer Velocity Profile  Velocity Profile

[z ZqRtig e

7

~ m\ [ 7 7 —_
- gy = =) ‘ -+ "\
N Prls ¢ s o - 32 S BN ,\_._._
M =3 ]
/”- » L
= 3 ‘ /k el —
- Hydrodynamic entrance region Fully developed region ——————

JUT 3.2 nsnemvestuveulinvesnsivakuususeulurianay

nsuanieluneivounnma1annnisivanieusn Ao n1stanieluvelvauwsnandin

(%
o

Tag7innuruvesturoulaldaiuisaiiudusoss 1o wsizindlelualulassoenilegu

=

[ - - Y ! = o 1 v ] <
Youlnnznedufuiuinware Juilililaunsavergeeniuladn suiennumsied

LY

Snwazdmauniuauliivdsuniasmaludn Fen1stradnwazruiisenin n1stanususn

o

\WAuinaa (Fully developed flow) @aunisinansuniniii3onin nnstwannidsusua
(Developing flow) waglsany195r8zU8InNIsialuUilin Hydrodynamic entrance region
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drwsunisinanieluviotu deediledenisvensivesdiausiaamiada (Entry
region) Ssaztuagfunmsvatuusgslsuuunuideunienuudutiu Sesuunnisinald
nfausiluas (Re) dadudndiuveusadossousianaumnie dmsumsinanisly
vienauivuady

VD VD

Y7 1%
A5 Ak UUSIUBS U Re < 2300
nshvaluriadsunias 2300 < Re < 4000
nsbanuuduliu Re > 4000

Re Ingi d1mSurasmsiddsuulaswesnisiva aannsivauwvusuSsuidunisiva
wuudutau Buduain Re,. ~ 2,300 waznsinausuudutaudad re > 4000

dnsunshuanuus1uisy (Re < 2300) AILB1IUBITIUTIUNIIDGIEIMTUAS
USudl nbaannaunis

fd,h

) ~0.05Re, (3.8)
D lam

drulunisiranuutuliu (Re = 4000) luiflaunisnuduaudinsumssegn1sdmsuy
nsUSUs waistiesdnbiinentesiu Re uwagllrnusvunnnsil

fd h

D turb

10 < <60 (3.9)

o U ! dl dldgl al o U y !
dmiuaildluiil iegauidn x> 100 dmiunisivanuutul

< =
3.5 AULIIRRY
anuwsineluievsuusiasuisiiuiindidavesie dwuddldnnuitedy o

14 ]
A A

wnu Taeflenudn anudieds fe ANuSIANMmeiunntIfnveiowasAINNUILILYEY
voilva Awiiugninisivavewia

m=pu A (3.10)

[

fudunisluaaninemsd Nondqlilanteluvieninu

=b
b
e
2
ho)
mo)
Lo
=b.
.
2
B
ee
c

YoULAIAIVINADAAINULIIVI®
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3.6 MsgyLHEANAY

Usinadnegramilsiiaulalunsiinsginislvaluviofie nsgadeaudu uay
AerdesiuanudeansuunavesluiiaiagiliiAanisivanudenis nsgaudonudu
voamslvaluienruen L uansoonuiduaunisléded

L pV
ap= =20 (3.11)
D 2

3.7 MIAENAMNGEU (W) LazAIusznauANNLEsANIY ( f)
msfsaaviaead iunsmeimsaemanuieuiioglusuvesiudslimie
aursomldanaunisanalusinfidedeld dddunisnaassdudunisnaassiiil re
5¥1379 5000 §9 21,000 6’?’5&L‘flumﬂwaLLUU{juﬂ’Juué’aﬁ’aﬁ?ﬁﬂé’fmwﬁms‘mLasuﬁfamaa‘ﬁ
dunislawuutiudiu Saflaunisves Dittus-Boulter (1930) aun15ves Gnielinski (1976)
4UN13909 Petukhov (1970) Lazaun159e9 Blasius ImamaulmmﬂmmmuLuammqmqu
m%gﬂmlﬂLUiEJ‘UmsmﬂuwamimaaunwaLﬂmwlmmmmu Harn1sanenaudou

uarANUAEANIY
AmsmemanuieuansamlatusUveuaviawan nsaindndmuseunainam
MNANNTUINE9H
hD
Nu=~— (3.12)
K

dvsuanudeaniu () aansamlaanauns (3.13) azla

2DAP
- (3.13)

> pV L
e AP = pgAh

31NNIANYIMARDIRIUNINEIAmERsaIeiIulitN1sAnyIN1saemALSouwas
nstvanuuiutiuluvonauinitey aunsaglanduiusiaeil

ANSdUNUS VDY Dittus — Boelter (1930)

Nu, = 0.023Re,”” Pr’ (3.14)
5o n=04 dmumslimnufeunnvouvar (1 > 7)

d' ] o/ L4 [ !
Wie n=03 dmsunisbinnudusiveaval (7 < 7))



0.7 <Pr<160
Re, 10,000

L/D=10

ANFUNUS VDY Gnielinski (1976)

(f / 8)Re, - 1000)Pr

1/2

Nu =

0T +127(F /8) (Pr-1)

0.5 <Pr<2000

3000 <Re, < 5%10°

ANFUNUS VDY Petukhov (1970)

(f/8)Re, Pr
NuD g 1/2 2/3
1.07+12.7(f /8) "(Pr "-1)

o o d )
ANAUNUTVBY Blasius

f=0316Re™” dmsulugae Re < 20000
f=0.184Re” dgmsulugae Re = 20000

3.8 A2UILNBUANTIOULLTIAIUSOU
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(3.15)

(3.16)

(3.17)
(3.18)

ANTNAITUIAIUTENDUANTTAULLTIAIINSBUILYINNITNANTUINAN1ILANFITU

(Pumping power) 1A8uU

(VAP), = (VAP)

(3.19)

d' N v a a ~ ez =
W (V) @mi']ﬂ']ﬁlﬂaLﬂﬂﬂiuqmim@fl‘ﬂaﬂlﬂaLLagLGUEJUIUWQUW'J‘Uigﬂ@ULaEJ@VHu

waz Re laidu

(fRe’), = (fRe’)

1/3

Re, =Re(f / f)

(3.20)

AUTENBUANTTOULLTIAINUSOU AD DASIEIUVIRUUTLENTNITNIAINUSDUVDY



28

& a ~ o o a £ % | o Ao v o o« 9
NUNINAFDU (h) WBUNUANUIZANTNITNIAUTDUNDNUILTIU (/’]O) NAANYULNYINUY

-1/3

h Nu Nu
ne— =——| | — S (3.21)

Nu Nu 1,

0 lpp 0 lpp 0

fUsznavaussauzidanudouanduidtaiiandnduimuaiunsalunis
sowenudeu Tnadlolda 7> 1 waneiliiuszansannsaiemannudeusnnnivioniss
Bou Weldhaduresssuuanieniu lnsmsiauuazesnuuugunsaluanidsunnuiou
ﬁﬂmu'wimaLﬁdﬁlﬁﬁhﬁwizﬂauamaaum%qmm%’aumﬁam Frazdunalianunsaanuun
suaqaﬂﬂimu,aﬂLﬂaaummaauuavﬂsmamwamuwmaqﬂau’[,mmwuu mlﬂamﬁammuwu
mimam [AaUselomiidluudnisanituiinsingg lmamimuvmﬂmawmw Fres1mued
fas ammﬂwawmmwaqamamﬂm LwaLﬂuammamwuﬂumimsJL&JmmLLawmejzgm

ANGANTNYININAIU

3.9 msasvanduNUSanasulduUnsIUURaNEAILUS

TaerhlU FuUsnuusasivsef1neUaLes (Response ;¥) %%uayjﬁuﬁmﬂiéaiz
n (Independent YEn) Regression variables) L X1 , X ..., Xn Wiy AMLAURUSIEnI1967
wdsiandl aunsnesunelasuuusaemsadamEns Meni1 aunisannes (Regression
equation) HUUIGBIALNTOANDLALADAARBINUNGNVRITOLATDIIDEN UNTRlEMATY
NIRRT UANUAUTUS IS T8N IS WU Y = g(x,, X, ... x ) LTud ogaslsh
anu Tnedulngjarlinsruiladduauduiusiurassssninaiauds dedfuieiosiinng
Uszanamvesiteituiiouszanad ¢ Tnslunsmaaeuiiadlilsunsulilaseonviondiva
snaglun s Heidu

Tunsfnensaeimenuden @ Nu sinfisudsdassiiaulafnwiminnii 1 fuus
91 Re, Pr uaziandsaue Wusy uuusaesiluildazeglusunuuresannisinds (Power
Equation) fA®

y=boxex, XX (3.22)
%aa’lmimlﬂaﬂﬁasﬂugﬂ Multiple Linear Regress in Logarithmic Scale Aig
(n(y) =In(b,) + b,In(x,) + b,In(x,) + b,In(x,)... + b (n(x ) (3.23)

WD b = A1

= AANUIZAVEUEION TN OTVUAUNTIVOIRIUUT X,



29

Tunsinnsanaiildannnisadanduiusonnes A R (@udseansvesnsdnduls
; Coefficient of Determination) = 0.9714v3e 97.14 Wedus m R? e3ueldimanes y 7
i unaviedvinaaindauus x 97.14 Weddud druiwdedn 2.86 Wendudiduaiu
wsUsauvestoyafifinasindiuusudodadeduillingvld dudumnaunisiidn R Bege
wila anuusiugvesniniaunsluldifevuevieainaziunadnidoniigaunnd iy
Tneyhluaunsithluldansiian R? egretfes 0.75 mngand1 0.90 fodndunn (fh R agilen
Faust 0 89 1 Tae@t 0 wanelifiruduiuglagseninesudsaunasiudssases, 1 udans
Pilanuduiusivegsauysal)

Tun1TIATIZAENNITONNDYIAITITIATIZIAT P-value NIDAIAIUAIAYVBIAILUT
Saszlivhe Wislidinduuslvuiienuddyvdeiidvdnasoaunisuniian Inededle P o
wilnaedidvswasnniitu fesdfiuimedndfldannamagouiuys x, azdien P tosiian
Fauanslyiifiuinduys x, asiidviwadeaunmsuniign



unii 4
N1599nLkUUgUNIalLaIsN1TNAas

4.1 uni

Tuunilazesuisiniseenuuuieiosiemanuieunazgunsaisznay nisfinda
gunsainavaaes mssenuuusiudawazgUnsaitieiiunsaemenndou 3nmaassly
uiazdunouaznafutoyaiievhmslinsginanismaaes aumslunisiinszideyans
innssemamdeunsluvionaniddsumiuiou Tnsnsaneimanufouluinesvess
wUslimbaaviawaniuasnisgaydonnudulumenvesiiuseneudenniu N15IAT1EANg
N131Aa89 WIgUNEUNISAIEMAIINTON Wasn TgldeaufuiuianlasuLad?
Usgneumsiiindusgneuanssaunsanufeudadudeyaimuaniidduiieaty

nMsfAnwinsiiunsiemanufoulazanssouzifeniuiou levinniseenuuy
gUnsaldevhlimsdemanuieureuniesuaniudouaudoulidianfiuiu 3 uuundng

(1) wrudnisen Anwfis@nsnavesonstdiusserinvidenunInwepudnLaysyy
BuaveaunudaiinansgmusonsaiemauioulusUveavifawar (Nu) fuszneuany
e () tasilsenovaussauzdennudou (1) veswudabes siuvimun 13 nsdl

(2) nquukuldn AnwiNeBnsnavednsdIusEEEinsianIuNIavaskHulnLay
FrurnvesunudaasufidnansemusionsdromauFeuluguvesiavdasas (Nu) 6
Usgneunuidenniu (f) wasdiusenovanssausideninuson (1) vednguuauin 534
o 33 N

(3) WHUTAVINY ANWIDBNTNAVDITATIdIUAIINNII VBN UTARDLA UK Y
audnaslensodauarsasdiussazfinienunitsesusiudnvesunulafiinansenuse
n1sanginanuseulusUveuavdaiwan (Nu) fusenauaudsaniu(f) wasdusenay

AUTTOULTIAMNTOU (1) VeuruTavINg FIuvmLn 13 N5l

4.2 gunsaln1maaag
yanmasavionanivasumudeuienaufugunsalilflufinumsfiunisaiemainy
Youmoluieuaniudsuanuoudsiigunsaiuszneuse (1) luaesfiaiunsaidniing
Inavesemiald 25 cfm firnusiu 700 mm H,0 (2) Bunedines Aldmuauueines 7.5 KW
AfdasnITeeanvesamEdnAliingas 0-460 V vasnszualiih 18 A lunsaunu
amnudasevvedluanefiilooinalvaniuyanaaessald (3) gunsalinaudunnaseud
anunsninnauandgldie 125 mm H,0 Wemenuduaniiistu fuuenvesvieneaoy
wgndenseusne (4) snananuiou Wedinszudlwihlvaruvnaindifinmdumlain
g9 ndsulwihazasudundanuanudouiliAnmstemeudeuiuvionaaeuas
Nenaaouatewmauiauliiuainiaaiuadiulunisavauausoulunisneaedly (5)
gunsaimuAunandauTeuveamInALFeuves Chuan Hsin SRV-10 fiansunsausuanle
Faust 0-240VA 1HWILET 110V waw 220V waeld (6) faRfiasvos YAMADA u DT-288
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fifigaansdn 7 2325 °C inrudududa 45-75% USinanssuaadu 923 40-900A gnianld
Tuns¥anszualwiiniioldduudndsnuiliiuionaasy lunsineungiiiivieuay
aamgiivesenmadou dwivnuidelidentd (7) weslududaviandasivainsin -180 °C
faUszanal 1,350 °C wazgamgifldazgniaiinlag uaz (8)gunsaituiingungives
GRAPHTEC midi LOGGER GL820 fifisnusudesdayaaounden 20 e indedanansarineu
I¢figamgdl 0-45 °C mFududadas 5-85% Joyagumpifldnaiostuiin axgndadl
poufiumes ieltlunsduusiely

Personal computer
Inverter

Data logger

Pressure digital Pressure digital

\A set of type-T Thermocouples Orifice flow meter
|l il i ey e S S AN P RTD
Warm air '\

It BN
(ié\
Cold air o
Hot wire Heaﬁng section il
anemometer A

/

Ay |
L~ —
Amp meter J
A B Voll gren Inclined manometer
nemometer Variac transformer

i

High pressure blower

Vertical manometer |
JUN 4.1 lnoginsuianinIsyinaIuuedsE uuNAeuNsaewmANTou

4.3 vienndau

gunsalvaassnsuaniUdsunnuieu lumsvaasseiniaazlvanuvienindslu
mnufeuiiniaiiiane Jevievinnnavienssunsiivunadusinugudnaraneluindiu 64
mm AUn 1 mm

d1miun1sinauuusiusey Re < 2300 AINNEIIVBIYIUIIUNINTIEUTUNS
U5ud mldainaunis

fd,h

D lam

~0.05Re,

Re 3nf d1mutienisiddsuudasvesnisivasinuuusiudsuiduwuuiudiu
3u8Uan Re, ~2,300 wazmstmadunuudutudud e Re > 4000

drlunisivauuuiiutau Re > 4000 lsiflaunsfiutneud miumszsensdmsy
msUFush widifsitlifedestuanssluaduasiimussanadel
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Q |

dvduAnildluig RZANLAT X = 23D, dmsunisinaiususuiud
INAUNTS X = 23 x 0.064 m

= 1.472 m
satiulunsmaaesdsimuavieniadiganaaedvidate 1.5 m dauadugui 4.2

UM 4.2 sUieyanaasimsuanivaguainuiou

Tunsvnaes IWldvunanauseudugunsal Thenudeusuntsionnaey Wuuuundnai
SounuvariLaye IG]f-_lﬂ’]'ﬁ‘-\]"lEJﬂi%LLﬁIW‘W’]IﬁﬁEJ’]WU@ﬁ’J@ﬁﬁﬂ?’méf’m%’]ulﬂﬁ’]@ﬂ naaulndn
sudsudundanuanudou Ingvaainenuseudldviunanawnued snannuseudy
umauuy faandluguil 4.3 Jaduainazgniiumasnenenivieiivinmaaouyiiliiin
nsanemaNseuludwenadeulasienadaungwmAaRsauliiueNARINEIAY

1500
b LI 7 e N EOILO )
W I\r r's"-il'-ll ‘;-E:'q f'lﬂlll \LF W 'FII’H:IE}'l \E"'EI'L ﬂ?‘
LA

U 4.3 Apainauiouy

4.4 mssenuuuwHulauazgunsalteinnsaemaNLTou

4.4.1 NM159RNRUULNUTALSYN

wwarudslunseonkuuLEudaSs i aiunisaremanuseu Wesarnnisldudy
dnarluidosuufienianisinavesnssuanisivandnvesy Tna iliAnnsinawuudulay
TWandudafameaudouldunsas sildnisaramenudeuniniu uinislwageningedds
wdaunslwanndy ilvaussausanufouanas satunisldusuing oagedituiniings
YosunudnanaimuuIEveeanidsumiudousslinslandsnunslvaanas 6
Usgnevaussnuzdeanufoudiunintu lnslunsvaasuusiudaienungniiulsluns
VAADIRIAA 12 NSdl LLﬁQLf]um'iiJ%’ULﬂﬁ'sJugm 0 shavium 4 nsdl Ao 0=0° 0.3° 0.6° way
0.9° USusaeusseznisdn 3 n3dl fi 9.5, 14.25, 19 mm ( y/w =3.5, 4.0 uaz 4.5) Tuns
NPaBIITYNSIRgeUNSIgmMALS eI RS e U UL DR S
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i = oA A
M19190 4.1 3']8@3[@8@%@\1LLNUL?EJQV]I&Uﬂ']iW@ﬁ@U

vionagau Di w y 0
(mm) (mm) (mm)

ViatUan 64 62 - -
y/w=3.5, §=0° 64 62 217 0°
y/w=3.5, §=0.3° 64 62 217 0.3°
y/w=3.5, §=0.6° 64 62 217 0.6°
y/w=3.5, §=0.9° 64 62 217 0.9°
y/w=4.0, §=0° 64 62 248 0°
y/w=04.0, §=0.3° 64 62 248 0.3°
y/w=4.0, §=0.6° 64 62 248 0.6°
y/w=4.0, §=0.9° 64 62 248 0.9°
y/w=4.5, §=0° 64 62 279 0°
y/w=4.5, 0 =0.3° 64 62 279 0.3°
y/w=4.5, 0 =0.6° 64 62 279 0.6°
y/w=45 0=0.9° 64 62 279 0.9°

0=03.06%nd 0.9°

Tapered twisted tape

3UN 4.4 anvaizaesluinbe)

gﬂﬁ 4.5 LLcjuﬁmﬁguﬁw\'Nq (0=0, 0.3, 0.6 wag 0.9) 7i y/w=3.5



34

U 4.7 wiudafiymi3easnag (0 =0, 0.3, 0.6 WAz 0.9) 7 y/w=4.5

4.4.2 N152BNULUUNANLANUTA

wnAnuAdlunseniuy nguwuda Weiumsaumamdeurie eswnnsld
wiudemdnuaziuiudnadudensouiioginiuniiuie Wovadlvaq iuurulandnazsinli
Annsidesuuiianisnisinaresnssuanisivandnue ua eenuifiuiudaasuazuay
Tnasuaztheiusiliinnsdonuuiiannisivaitudafiameanudeuliunsasilingg
femenudeunnty Tnglunsveassazyinisudsussoznnstauazsuiuessuda
w3y wiudedldlunisneaaesiilaud (1) wiuda (TT) Aflvunaduiiaaundag (W) 40 mm 4
A7 (L) 1500 mm dszeynnsda 160 mm (Y/W=4) (2) wiudadaiy (TT) fifaunduil
AUNI19 (W) 56 mm da31ue17 (L) 1500 mm H5888n1500 224 mm (Y/W=4) uag (3)
nguusiuda (M-TTs) iuseneuludowiude (TTN) fiflvuinanundie (w) 40 mm fsvos
1300 160 mm gndnddlfogludiumismsinarsuagiinguusudaiaiuiifouinduiiaan
119 (W) 8 mm apusU TUNSNARBIALANYIBNTNaTDITEuN1TUALALINUILYRILNUTA
@S ufideusouiansanewALSeY FeutisyaznsOnldvanun 6 N5l y=20, 40, 80, 120,
160 waz 200 mm (y/w=2.5, 5, 10, 15, 20 uag 25) LLaz'«iﬂmuLwiuﬁ@Lﬁ%ﬁgﬂwﬁﬁamau
urudn TTi wdseanidu 5 n3el Ao N=2, 3, 4, 5 WAy 6 Wi



4.4.2.1 urutnuuunguueiuina

sUN 4.8 nguunudn

35

Y/W=4
LAUUAAILAL
(W =56 mm)

Y/W=4
LAUUANAN
(W =40 mm)

Y/W=4, N=1
y/w=2.5,5, 10, 15, 20, 25
N=2 WU

Y/W=4, N=1
y/w=2.5, 5, 10, 15, 20, 25
N=3 W

Y/W=4N=1
y/w=2.55,10, 15, 20, 25
N=4 Wy

Y/W=4,N=1
y/w=2.5, 5, 10, 15, 20, 25
N=5 L

Y/W=4,N=1
y/w=2.5,5, 10, 15, 20, 25
N=6 L1
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4.4.2.2 wiuSauuuaaiu

wiudasaiuiflinaaounafiunissiemaruiou meluvenandeuni
Fow anezgilitlendianumun 1.2 mm IAnundng (W) 40 mm dmsuwsiudanan uag 56
mm dmfuwiudanuuiaiuuasiianmen () 1500 mm f8asdumsin (w=1) &
Usnglu 5U7 4.9 uag 4.10

U 4.10 usiudanadia (W=56 mm)

ﬂﬁjmLLNuﬁﬂﬁaﬁgﬂiaULLﬁuﬁﬂgﬂLaMﬁquﬂ%ﬁ (W) 270 40 mm wazin3wen (L)
1500 mm fignsndunistn (Y/W=4) lnenguuruiniiszeenista (y=20, 40, 80, 120, 160,
200 mm) wazils Ay 2 i 6 wiu AldvagounsifiunmsaemanuSounisluriowanasy
Anu¥eu shanezgilideuiimiumin 1.2 mm ssinglu juil 4.11-4.16

SR o R - b _SEC g ot

SN N . S S e

G ot o

I T T e

o L . -

“.‘:—.

S ~—

(%
Y

5UN 4.11 sunquurutaffannsuruludndaus 2 89 6 uiu seeedn y=20 mm (y/w=2.5)



M1319% 4.2 TeazdenvaanguuHudanlylunsnadeu
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vionagau Di W Y N w y N
(mm) | (mm) | (mm) | weiw | (mm) | (mm) | Y

vaLlan 64 - - - - - -
Y/W=4 64 40 160 1 - - -
Y/W=4 64 56 224 1 - - -
Y/W=4N=1 uag y/w=2.5 N=2 64 a0 160 1 8 20 2
Y/W=4N=1 Wy y/w=2.5, N=3 64 40 160 1 8 20 3
Y/W=4 N=1 uag y/w=2.5 N=4 64 a0 160 1 8 20 q
Y/W=4,N=1 waz y/w=2.5, N=5 | 64 a0 160 1 8 20 5
Y/W=4N=1 uag y/w=2.5 N=6 64 40 160 1 8 20 6
Y/W=4,N=1 tag y/w=5, N=2 64 a0 160 1 8 a0 2
Y/W=4,N=1 Ua¢ y/w=5, N=3 64 40 160 1 8 40 3
Y/W=4 N=1 way y/w=5, N=4 64 a0 160 1 8 a0 qa
Y/W=4,N=1 uag y/w=5, N=5 64 40 160 1 8 40 5
Y/W=4 N=1 uag y/w=5, N=6 64 a0 160 e 8 40 6
Y/W=4 N=1 uag y/w=10, N=2 64 40 160 1 8 80 2
Y/W=4N=1 Wag y/w=10, N=3 64 40 160 1 8 80 3
Y/W=4 N=1 uag y/w=10, N=4 64 a0 160 T 8 80 a
Y/W=4N=1 uag y/w=10, N=5 64 a0 160 1 8 80 5
Y/W=4,N=1 uag y/w=10, N=6 60 a0 160 1 8 80 6
Y/W=4N=1 uag y/w=15, N=2 64 40 160 1 8 120 2
Y/W=4,N=1 uge y/w=15N=3 | 64 40 160 1 8 120 3
Y/W=4 N=1 uag y/w=15, N=4 64 a0 160 1 8 120 q
Y/W=4 N=1 uag y/w=15, N=5 64 40 160 1 8 120 5
Y/W=4,N=1 haz y/w=15, N=6 64 a0 160 1 8 120 6
Y/W=4,N=1 wag y/w=20,N=2 | 64 a0 160 1 8 160 2
Y/W=4,N=1 hag y/w=20, N=3 64 a0 160 1 8 160 3
Y/W=4,N=1 haz y/w=20, N=4 | ¢4 a0 160 1 8 160 a
Y/W=4N=1 wag y/w=20, N=5 64 a0 160 1 8 160 5
Y/W=4,N=1 bag y/w=25, N=6 64 a0 160 1 8 160 6
Y/W=4,N=1 uag y/w=25N=2 | 64 a0 160 1 8 200 2
Y/W=4,N=1 hag y/w=25, N=3 64 a0 160 1 8 200 3
Y/W=4,N=1 uag y/w=25 N=4 | 64 a0 160 1 8 200 aq
Y/W=4,N=1 uag y/w=25, N=5 64 a0 160 1 8 200 5
Y/W=4N=1 way y/w=25, N=6 64 a0 160 1 8 200 6
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T e DD Sa T

B _t e e e a6

—— -

5 T O 9 e S e -
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—

(%

JUN 4.12 sUnquusutaffanausilulncue 2 89 6 Wiy sgeein y=40 mm (y/w=5)

5UN 4.14 sunquurutaffnnsunuludngaus 2 89 6 Uiy seedna y=120 mm (y/w=15)
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(%
Y

5UN 4.16 sUnquurulafanasuruludnaws 2 89 6 uiu seeeta y=200 mm (y/w=25)

4.4.3 N159NUUULHUTAVIN4

nseenuuuusLTnrilFAnnsWasuLaiemsnisvavedlavinlsdudeiia
msluavasenudeauuias lumsesnwuuliudisiudavnaiioanusduvesnisine 9ae
Iﬁﬂﬁmﬂmmm%@umﬂﬁuLLazammiqzyLﬁawé’qmumﬂmiﬁamm IneAnuf99nSnaves
AN wesuarseaynson Tnsudsnsaneiluduioonifunsinuisnsdua
nhaveausiuda (w/D) uarszeznisln (Fauandlugud 4.17) AfdvEnadensiemarmdou
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waznsgauiduaaiy lneanunievaskulnd 6.4, 12.8 wag 19.2 mm (w/D=0.1, 0.2 k@

0.3) Te82M130A 12.8, 19.2, 25.6 mm Wag Wuumss (y/w=0.1, 0.2, 0.3 uag 00)

(V) HUTAVING

JUN 4.17 sUuanadinuynizued (n) WHWISEUINNUI ua (3) wiudnuing



(n) w/D=0.1

(1) w/D=0.2

(A) w/D=0.3.

5UN 4.18 uansdnsadiunsinveusulnuing

41
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i = I a =
M990 4.3 3’1EJaSL’eJEJWU’eNLLNUUWU’JNV}IﬂuﬂWSWWﬁBU

vionagau Di w y
(mm) (mm) (mm)
ViatUan 64 62
y/w=2, w/D=0.1 64 6.4 12.8
y/w=3, w/D=0.1 64 6.4 19.2
y/w=4, w/D=0.1 64 6.4 25.6
y/w=00, w/D=0.1 64 6.4 TABIPN
y/w=2, w/D=0.2 64 12.8 25.6
y/w=3, w/D=0.2 64 12.8 38.4
y/w=4, w/D=0.2 64 12.8 51.2
y/w=00, w/D=0.2 64 12.8 TAPIPN
y/w=2, w/D=0.3 64 19.2 38.4
y/w=3, w/D=0.3 64 19.2 57.6
y/w=4, w/D=0.3 64 149, A 76.8
y/w=00, w/D=0.3 64 19.2 UNUATS

4.5 waanluaties

voslwaildvnassdeoinia dslumsesnuuy sududesiinun snsimsirauaza
suadinvasiinas Waauluanes vise tasesitiau (Blowen) fis gunsaifivilfiAnn1sindoud
Y8901MIAFIEALE LA rsdeIns Tnelassuildld frauTuanosuosussvm GALE
INDUSTRAL VENTILATION $u TB-150 Axnasnadindlity 380 Volt aa1i3aseu 3000 rpm
wowmosIuIn 7.5 KW 8n51nslviavesenna 25 cfm aangsiu 700 mm H,0 Saiiu weauwuy
weeldadouvuldusuniss (Centrifusal or Radial fan) lnefiudnmsiauiienisisennie
dmadudauasvissesntununied  dwalfernmadinrudigaiuudatdulioniasii
wihdaivenetuludnvasdumes  lunsvegeuinadluaned  vhnsusuanugalegld
Funesiweslumnusuuandlugui ¢.19

5UN 4.19 luaties (Blower)
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4.6 BuLISNDS
dunesiwedvimihilunmsulasnszualuiudisensualili fuluanes imihi
Hushmuguanuidiseuvesames Welilssnsnnsinavesenmanuioullunmeass
Tnelasanuiilduns FRECON Ix type 400V §u 010 148U wawmes 7.5 KW msinzoentes
AAaAnAlY 0-460 V Snsinstngesnuesnseudliiiin 18 A fauanslusuil 4.20

JUN 4.20 BuLI93es (Inverter)

4.7 aunsalinANuAUANATaY

gunsalinAuduanAsex (Pressure drop) il dude Dwyer Digital Gauge
(differential) 125 mm H,O Ju DM-1107 ldipnnusunnasex FasUanevieitvinnsnagoua
2 Elﬁuwmﬂqmmulwm memmmﬂumﬂﬂﬁammﬂquLquiuumLLmausuumwmaaq wagld
Sarmsunnasefivemadufioasuiisusasinisinaresoimasausd Re 473 6000-20,000
wSeadlofasiauwiudalunisasiadulate 1% lugasfianauwdo 5 mm H,O wazay
ualugn 2% uieRreiienanniis 25 mm H,0 1 6.25 mm H,0 uamslugudi ¢.21

o000

DigiMag

UM 4.21 gunsalinanusdunnasey

4.8 aunsalmruannandAuSouvaunaInAIUSoY
in3esUuausednglniiuanslusui 4.22 1Wugunsallunismiuquaiiusiig
dndlaihfianglviuunudnnes ienuauidndanuouvosusiudaimeslildnuiidmun
Taelassnuifliedossunnussdngludih uuuusuaildves Chuan Hsin $u SRV-10 Slide
Voltage Regulator 0-240V 1000VA USuailddaus 0-240vA Twidnlgsta 110 way 220v &
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¥8390N 2 Yn Nieunaiinesuanliariaunisusualn Iszuuihdlesiu naaeunislda
waaasesinauund Wuunasaelnnszuaadu (AC power supply) usiowlasusu
LLiﬂﬁ'ﬂV\lﬁWﬁmLﬂuwgu (Variable Voltage transformer-Variac)

JUN 4.22 unadsdnelvinssuaadu

fapfimesnldlunsindinisirgliilviueaainanudoutugnuansugun 4.23

o
YU aa s

Tassnuilldiiaffinesuss YAMADA $u DT-288 Swagstdumadosilodntasnisinuazany
Qnes 7 2325 °C A luduita 45-75% US1Nmunssudady 999 40-800 A AINgNHes 2%
ANUANANSNTEIUARAY H29 4-600 V A2MUGNABI +1.5% AUANANGNIEUANTY 939 400-
600 V Anagnees £1% anusuniulniii 933 400-40 MQ AUgNdeY £1.2%

4.10 \3psiladnaaminll

dmsunuidoiidonldnesluduilanin K fvinanduasianlasiua/evgua B9
annsolfnuiigumgilutng -270-1,372°C sglassuilddagnmafiogsewig 0-200°C
fovasuuy K dwsunmsinguugiitisdunaztaldan -180-1350 °C anunsoldiluaui
Uifseneendlads viieannzuuuideslddnitnuudug awnsoldiuanimauiiiniswd $ed
auFeuldd Trsnsnsiasuulassuedeulwilviogumgiiidniwuudug wagilnndy
\Badusnndigaluussamesludlaseiu dedeveauy K liwsnziunsiniidesduia
fUUFATeIATe wareandladalagnse limungiuauiidlovesdaimes luvangiuanin
suiugryania vdansliauly 30 Bildrunamaniivdsuly Wusavinlvinuauds

LR AR q
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yosusaadoulriinuasulunsidenlfinesludulamadenlflvigniosuasimnzanivau
fuq

Tunsvnassagyinisinsaesluduidafiiavioneunsiiognelugunsaiuaniuey
Arwdousionun 10 90 Inedisvegvinessarinvanewig funaenrte1ITasieNauas 903
Andaoshnisuinvienewadiiuiosssnueimilwesarumunvents wdithanewes
TudTarideudnfuuinaivihnsuinlfdudeifisiuiensiuns Tneagumndfiinldae
Jugnmnivesivievewns washndaesluduiladmadn 1 & TasfianemesTuduida
weefiananaie iteTngamgivesenmamelugunniuanideuaudouiiadn uasiads
wesludUlaiineeend iy 5 M lnsusdazsasilszeranuenaziananaviellaudsinme
e ingamaiivesernianelugunsaiianiasunudouesn uandlusud 4.24 uay 4.25

U 4.24 mosludiauvuriia K Uit 4.25 wesludUilladiniseon

Tudruvesnisesnwuunisinnamasiueuilaludrunaaaulanyinn1sianenenown b
WWuseaUssanans e nnuruIve e iesanovuiaantidnsuiasanasluaUida
4‘ o aa 1 v U d‘
\eingaungiivienulufe UN 4.26

£
|
| #

1 % |

RIS LS v i o re

E74
!} ] £ II &) Thermocouple
| EpE

5UN 4.26 dnwaznsfanumvesiuauilanive

4.11 gunsalinuasiansAungll

gunsalfnuasuaninanmgil (Data logger) JUM 4.27 ushfudana (gumal)
naeIngumngil (Thermocouple) dsrnludagunsaiuansan (Digital thermometer) Wievh
MsUszsnanaudLaniineamgiiosnuniumiavuaniiioouanina  Inetdensioiaiaadiiy
wosludUla soiun 16 1 ileuanwmausziiudeyagumnimadi-niseen uasfiave
esuawiaua 16 sus Tasfiusasiduagdetiiutesmesgunsaiinagamngd Tudmvs
FBnsiudeyaazldazldneninmosierdniu Data logger titeifudoyavesgumylivesiados

Tnsgunaniinuazuansagamnd lassenddoifldvss GRAPHTEC mdi LOGGER
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GL820 Fefiduutesdgraeunasn 20 ¥89 MUNENNLINAEUNITIIUYIe 0-45 °C
ANUTUFURAYI 5-85% PosSutayanivunvzgnuen wiassaiinmsdeuteyawuudanileituy
nwAMNTwLInvg 2GB Tudanthaed TFT aun 5.7 47

JUN 4.27 aunsaluansangaumalivaziiunadoya

Personal computer

T

T
: [ 20 mm 2 |
e . |
~N .

a

SUTl 4.28 dnwaznsidesdegunsalinuazuansanganail
4.12 miaﬂxg’maxmsmam
4.12.1 gunsalynnaass
yagunsninaasinIsuaniUasuany Tunismeaseinialuanuvieinisliaanm
Youiiiaasiiase Feihunanvienssunsnivuiaduriugudnarsmeluyindu 64 mm
AU 1,500 mm d@3nunu1 T mm ﬂawmﬁa‘uﬁmﬁﬁ:mmul’iﬁaﬂmﬁ’umiqayu?lamm
Fouunneuen lngldniaulasusunssnulnistaunumyu (Variable Voltage transformer-
Variac) L1usnauauusasiunaznszialilii lneauseduililunisvmegeuitfu 150 Watt
Tunsnaassnsluanyuaisazgnadslasnisiasanguueiluda dmiunisingumgduves
omAimatuaznisen vurfigamgiifiiaviossgnasiaialaemesludilauuusia K 3s
gungiiviavuagndufinddisiades Data Logger lHluaiiesifialnaudganaasiie
uanivdsuaufeulaeiduroimoinuny warinsninisinavesormatingyagunsal
uandsuanufewneieiosinnnufunnasen Mvhnsaeuiiouliudfiniatuaznisesn
yhnisfadaaiosinanuduanaseudiniumainuiunnasounisluvienaaeuii o
wassamiusnason lumsmadeuusiasaiaazinstuiindeyagumgiisumiaigg §nsn
msluauazmuduanasvesona Mendsaniiszuuiinganiozauna usznitsnamaas
awyhnsUSUASRTINTTInaluYie Re vesonnATinIgvosEnINatae 6000-20,000 Taed
AavantRnne vesadlvanamesiulawninduasnisvaviawaniaziarsanainAgumngd
Taoiade
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4.12.2 usiuludn

nsaealdusiuludndunislumaiansiivaussauznsdemanudouiiousiian
dHomnilfunusiazandenisiaduaznisthgsnuntes Tnevhluuiudaagyiuthiiateu
Jueiesiuianisivanyuasegisdeiiles mslvanyuasagsiiliiAammdudulnduids
siewazmirsnatlunsinavesadinanieluvieliuiuiu vlivesvanausuuazuanudey
AuSouRBaty nseenuuusUvetuiunflivangauvesuiudaazdielifiudninig
dewmanudoulfunniunsiiauduiigadedinsanasesnamnzaudaazsiliduasionts
Usgndanslindany

€an
[l
=2

5UN 4.30 gunsaldmsunsUauniuegilifioy

wnsviuduludn

1 fausiuogiidenlililsvuneiiivue

2 ﬁwLwiua@jﬁl,ﬁauﬁﬁmLLé”ﬂ‘LJﬁmé’ast%aﬁm Tndunaenlnlasses (y, V) uag
Famslunisdamuiteuluiidiviun

3 mnunsdinauusiudelrihuiuludaifaaiaudunfniusediendiiio
Tldnnuitoulalnefadaurang 2 usu fa 6 usu eldfuuungalude

4 Yunudalunaaewnudeulunisnaaesiely

4.13 3301510809
NTIATIENNTENLNANTEUINQUNTAINITNARBITIDRNKUY Vet Ty am199 11



48

WANaYTEEaN (Nu) waznisgaydeaiudulunatvesiilsenaudeaniu (f) wWisuiiey
n1sagwmANSoulaznTgdsanuiuientiassuLagiIUsENOUANTIAUELTIAUT Y

() fABnnaessedeluil

1 Ansagunsaltieniiunisiiemanufounduuiuineilivaaouludumaaey
YosyavInABATRslanUABUAI IS

2 U3udargunsaiinmnudunnasen (Pressure drop) aaedlsiiiandugud

3 Waaindluanefiiedrsennialifuyanaasnaniudsunaiuiourinnisusy
mnuifiseamsauvesluaneslasdunesinesllia Re muleulunmaaes

4 Upaingliaglwliduuvasanelinssuaadu (AC power supply) nilsuiasusu
wsssiulnihvdiauwnumsu (Variable Voltage transformer-Variac) kaginANsshakagissiu
93 uvdadglnnszuaadu (AC power supply) Wldnudaulavesnisnzans (lunsmaaes
fvualy 150 wat) Tneldifaddmeslunista

5 dainaenngiiaiumienieg 13 16 Fumis Ao gauUNIRIMAADU 10 fuvUs Uay
gaumgiimadn 1 sfumis uaznisesn 5 funs Wigamgiiegluaniizasi wdwihmstudin
He 9OV INIMAdEU guUNINIIgM)InteandIunaaeY

6 Uuluanediladsusdasinislvamuifisenuuulinisely dee1 Re oejfaus
%39 Re=6000-20,000 udasdunsnasossinuduson 4-5

7 iilovadounsuaNAl Re Aifmun innswdsuisudailivaaey Tudiunaaey
vosavnasnAIosLanUAsun T suudiiumvaaswaduneu 2 8 6 mudduiile
LAUAIAINAUANATONEIUVIAADY QUUQHRINAFEY aamglnIuduasgnmngiiviseendiu
AABy AuA1AN Re Tioanuuuld

8 vinnsiinsgideyarasamisiiemaueudsetlusureaaviiaeati A1nns
andomudutseglusivesiaussneuidsanu emiuUsznevaussaaznisnuiou
VBN

4.14 mﬁmmsﬁwamiwﬂaaﬂ

Whnevesnuiilemnisingmanufeulumenvesiaudsldmheaviaman s
pszsimedulszansnisanginausounisluniouazaviasariaas dmsunsaonld
wiunen nduuiudn uwazwiudave aunsnesuisldwsd

Tussrinamsnageuanasaduveduarhaulasuanudou 90 anateiesuly

nanfsusuInaInliauieu (Heater) lngnunalnnisaremaiuiouluguuuuvesnism

AuTou (Convective) ninstualunisnaasy mewntaziedn @0 \yinfumsdnem

Y

Anufeulusuuuuvasnsianuieulagludiunisvagey annsalisulanal
Aa = 4c @.1)

[

ANuSaunlasulnga Al LRI ALY AU AU LIS OLERS b Ratl
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dq ZMCP’O(TO —7—,) (@.2)

lunsneaesnsnageuaunanuTaunuauieungnaeleuanuaaInALTou

Qg =V prelgdoulangndaudevasiae (Uniform heat flux) Tinuaeaslva (@1n1#)

Tusia (Q,) aziinsiilnamnusauanniavionaysyuuluseningsna 3%-5%

qy —q
V19 1100< 5%

a 4.3)

TAgANYDINITNIANUS D UVR VeI lUA (91NTFA) ANUITARAIUIUAIAUUTLANTNITNA
Anusounelulamuaunisl

Ns

Tned T =

b

(4.5)
2

4‘ ~d = a d‘ -&J a U 1 o Qdﬁl a
bl® (TS) G0 QZUMQ‘MLﬂ’ﬁEJWUN'JNUQJY]‘EJIU?JEN%EJVI@&@Q ATUIEUIINDEUNHUNUNIVD

(%
a

N1J9%19 10 ALNUE5EMNUaEYiaN1988nuaINIsnagaulneldaunisaase bl

21,

10

»

(4.6)

adlunIsneassluaiuisammdudseansnisatemanusen (A) lolaemsa 39
Fndusadldnisaunaaunsi (4.1) waemandayadudsingg aulomsslul

9, =a, Z/\/ICP,O(TO—F)ZhA(TS —Tp) @.7)

ArduUsEAnSn1snianseuads (h) wazAladsiavdawas (M) @11750
funalgnuaumseelui
. MC (T, —T)
AT =T)

wadawaniede (Mu) auisavlaann aunis (3.12) Iae Nu=hD /k
Tun1sneaseAIfiIUsenauAIUEsAN LT UMBNVDIANUAUANATIN (AP) 211N



ANUEIMAEDY (L) W1sanatnaunsalinanudunnasen neldanimlvanasmlaain
aun1s (3.11) fiail

AP
D 2

FUTLNOUANTINULTIAINIUSOU 11150 LARINANNIT (3.21) il

f=

-1/3

h Nu Nu f
h Nu Nu 1,

0 lpp 0 lpp Y

dusuvedlvia Re @1mu15011t97naun159A (3.7) Aeantauiiauslutemu
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unit 5
ANSENNNISANUWIAIIUSDUASUNUTALT

5.1 uni

Iuwﬁﬂdnﬁamiﬁﬂmmimammm%faumﬂaw%wasuammaaLLm'uﬁm‘%m 0) Tu
watliavilagan (Nu) wazn1sgeydennusulunatvesiiusenaudeaniu (f) wagdlsenay
aussausLinmdou MnyansasestauandusUi 4.2 ndeaundgiunuinnsldusiude
sxtefivaussausmsaemaudeu uanistauiudniilnianisvinenislvavesvesia
Flmudunmunsivaun dwavlishussnovanssausidsnusousas

FalunisnisneassiissinisasiuiivestiutalngosnuuuliidnvaziSer e
anusaduesnsivalianat widmegaglinisaemanufeusiniunitverauazannis
anydendanulunsivaniuiudesai IneiuiifanassulsiussafuymEoousiudad
gnaneenty éﬁ’ummﬁugﬂ‘ﬁ 4.16 s?iqLwiuﬁmﬁgwmgﬂﬁmﬂs{’ﬂumimaaqﬁwm 12 n5dl
wtnflunsusuasuym 0 viavun 4 nsdl fie 0=0° 0.3° 0.6° waw 0.9° YuiAsuszes
n1350a 3 Nl A® 9.5, 14.25, 19 mm (y/w =3.5, 4.0 Wag 4.5)

5.2 HANISEUEUNBRALSEU

5.2.1 wagauwigu Nu wag f

N1INAGRILANYINAYBINITEEINAILTOULAL AN TadEANAUYD BN T s ulY
NAUVDIAVU ALY ANLAZAIUSTEADULAANIUATUAIA ULUTIULALUNANISNAADIN kAU

[y v 6 ¥ 3 ¥y [ y I a Ly 1 < A | 1

ANFUNUSUDY Gnielinski d115unistrawuututirniin1snaluIag 1 duNluviollaiway
WS ULNEURANISNARDIIUTENaULEIANIUAU dndunusvad Blasius umaanistnatiulu
\ianI9dUANUNTRNVRIUNITAIN1TVINGDY

ANUFUNUSVD LAV TAANAU Re nS@viacUan 21nN1SNARINUINLUII9NS bna
wUUUUUU Re HILTUIZYINAINISANEmMAINNST DU ALV UA LT ULALN U LaUSauLiaua
A1SA1EWIAINNSDUIINNITNAABINUAINISONULNAIINS BUINNENFUNUSVI Gnielinski WuIn
TugrensivawuudulruAINSEewmANNS o UINNKANITNARDILAIUINAI

ANNSANENAINSDUIINANAUNUSVDI Gnielinski TASAINISANUNAIIUSDUIINANT

a A a Y = a ) o v ¢ R e v '
NAADILAIAAINLARBULARY LWINNU 6% LB gUNUANEUNUSUDI Gnielinsk NLEUIAINIS
dnewanufouveanisivasuuuliuninsiauegrnauiluvewadsusnglugui 5.1

ANNUSVDY Gnielinski

(/8)(Re , —1000) Pr

- (5.1)
°1+12.7(f/8)Y2 (Pr¥*-1)
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0.5 < Pr < 2,000
3,000 <Re, <5x10°

ANUFNNUSVIRIUSENBULEEANIUAU Re NSeYiBlUa1 1NNISNAABINUINIUYI
mslvauuuiutau Avdusznoudsaniuanandniieoidle Re fiuty WowSsuifisudadn
UsENoULdEANIUIINNTNAABILAEANFIUTENBULEEANIUANNE@NFUNUSYBY Blasius WU
TugrmsinanuutiuthumimuszneudenmuainnismaassimuinnitmsUseneuiden
MunanduRusues Blasius IngarfUssnaudsaniuainnsmeassiimaainndouadt
WU 11% lefisuiuanduiudaes Blasius ildmeadiusznoudanniu dmsunisiva
wuuuthuiinmsiaunegaduiiluviewdn ssusingluguil 5.1

o/ v ¢ e
ARdUNUSUDS Blasius

f = 0.316 Re °% (tauly Re, > 2x10* (5.2)

90 \
80 - Vv Blasius ]

- O  Gnielinski .10
70 - x  Plaintube _
60 - .08
50 |- K\

2t ASIEEED & S 1.06 +

40 - 5 i

- e}

| *% i
30 i v g Q - > .04
20F (R BAFST %]

5 .02
10+ /
O . 1 | 1 | 1 | L 1
4000 8000 12000 16000 20000

Re

UM 5.1 anudusiussendng Nu, f uag Re vaeviorise

5.3 INTNAVDILNUTALIY

5.3.1 P13818mMANToU (Nu)

gﬂﬁ 5.2 AuduTUSIENING Nu Lag Re J09urudniend y/w=3.5,4.0, 4.5 Lag 0
~0°, 0.3°, 0.6°, 0.9° AR NINARBINUIN Nu vasenaasunnnsdaduulltufiudy
pA Re Afintu insrznsinadutufifisty Samslmadutiuiifinduasyinli veda
Inaluduiatundaieldnniy dwaliiansiemenufoul @ity angunudt yiw=35,
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0=0° T¥eingeam Nu=67.26 9 Re=20,000 uaw e y/w=3.5, B=0° lufn Nu gsgn yneas
Re finaaou anasuifunavetunudnidey y/w=3.5 0=0.3° wiudaded y/w=3.5, 0=0.6°
wHuOATE7 y/w=4.0, =0° uudniien y/w=4.0, =0.3° uudni3en y/w=3.5, §=0.9°
WHudL3e7 y/w=4.0, 0=0.6° uHudn3ed y/w=4.5, 0=0° uiudnl38 y/w=4.0, §=0.9°
WHuOASYT y/w=4.5, §=0.3° uudnise y/w=4.5, 9 =0.6° uHudaLTY7 y/w=4.5, §=0.9°
wazvieRnFeulsiasia Nu shanainnisideudidudisiunuia a1 Nu iisduanvefinGen
Tuareussanad 27.86-43.10%, 25.30-40.95%, 22.80-38.13%, 22.18-36.74%, 20.59-34.97%,

Nu

Nu/Nu

70 |
60

50

40

30

25

20

15

X Chal¥d

4000

1.45

8000

12000

16000

20000

1.40 -

1.35 -

1.30 -

1.25

1.20 -

1.05

O & @0 & O &8 @ D

O 6 @0 60 @ &

O 6 @ 60 @ &

O 6 @ 60 @ &

|

O & @b 600 @ @

O & @b 600 @ &

O 6 @0 80eH» @ o

O 6 @ 0@ @ ©

|

4000

8000

12000

16000

20000

X0 & @ &® O & @ &© O % @ &

JUN 5.2 Anuduiiussenine Nu wae Re 1asurunLsen

O & @ ® O & @ ®© O & @ &

TT, y/w=3.5, 0=0"

T-TT, y/w=3.5, 6=0.3°
T-TT. y/w=3.5, 6=0.6"
T-TT, y/w=3.5, 6=0.9°
TT, y/w=4.0, 6=0°

T-TT, y/w=4.0, 6=0.3°
T-TT. y/w=4.0, 0=0.6"
T-TT, y/w=4.0, 6=0.9°
TT, y/w=4.5, 0=0"

T-TT, y/w=4.5, 6=0.3°
T-TT, y/w=4.5, 0=0.6"

T-TT. y/w=4.5, 6=0.9°
Plain tube

TT, y/w=3.5, 6=0°
T-TT, y/w=3.5, 6=0.3"

T-TT, y/w=3.5, 6=0.6
T-TT, y/w=3.5, 6=0.9°
TT, y/w=4.0, 6=0°

T-TT, y/w=4.0, 6=0.3°
T-TT, y/w=4.0, 6=0.6
T-TT, y/w=4.0, 6=0.9°
TT, y/w=4.5, 6=0°

T-TT, y/w=4.5, 6=0.3°
T-TT, y/w=4.5, 6=0.6"
T-TT, y/w=4.5, 0=0.9°

JUT 5.3 mnudusiugsendng Nu/Nu, uae Re vesunuinben
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19.11-33.99%, 17.58-31.59%, 15.21-28.94%, 14.05-27.64%, 13. 82 27. 39% 11.09-
24.33%, 8.65-21.59% mummj mmwmivi y/w fleei way 0 flanen mamum Nu T
msuu dosanuiudndifaunienasaunuiiinnnitazssernsdnditesnitwunsdl
Su wzvhliAnlnawvudutuldunnni

U 5.3 anuduiussening Nu/Nu, uag Re vesusiudai3eondl y/w=35, 4.0, 4.5
waz 0=0° 0.3° 0.6° 0.9° A16199 N15NAADINUTT Nu/Nuy, Iﬁmqﬂqmﬁﬂ'w Re ﬁﬁﬁqmmsﬁ
wunltiianasmual Re Aifindu nnsdvesukudaGeldda Nu inndn Nu viewdn e
Re 110U A1 NU/Nu, ansas wansliiiiuindninavesuiudadeiinnde rRe s vilald
fn Nu 1nn wardviswaveurudndeanaude Re o Wesmnuunaiuiinidausiulu
Saflanasinituiiniivinveaielininianssualnamuaisanas anuiiutiuanas dewasi
T¥nsaioimainufouanas Ingdsingnisaifasiiudmautude 0 windu 1ngunudn
y/w=3.5, §=0° Tifi1 Nu/Nu, a3gn iy 1.43 9 Re=6000 anas L iunaveswmrudnEe)
y/w=3.5, §=0.3° LNuTALTe y/w=3.5, =0.6° kiudale y/w=4.0, §=0° uiudnL3e
y/w=04.0, §=0.3° uuTaLTe y/w=3.5, 0=0.9° ukudnis83 y/w=4.0, 8=0.6° LiudaLTe?
y/w=4.5, §=0° weudniseq y/w=4.0, #=0.9° unutaLIe? y/w=4.5, §=0.3° Liudnl3e?
y/w=4.5, =0.6° uiudn3ea y/w=4.5, §=0.9° Teieas Nu/Nug Gi"ﬁqm TneanadsUszaa
1.17 w11, 1.15 w11, 1.13 497, 1.12 1911, 1.10 17, 1.09 111, 1.08 1, 1.06 1111, 1.05 1,
1.04 5 wag 1.02 Wi suddiuesdoulausindian

5.3.2 fausenautdaaniu (f)

i‘LJ‘Vl 5.4 AUENNUS WIS f Way Re “U?NLLNUUG]LTEJ’J‘VI y/w=35,4.0, 4.5 uaz 0=0°,
0.3°, 0.6°, 0.9° A wu f Suwiltiuanaadle Re fiAfisanngy LLammmamw Re

13 T T T T

L $ ®  TT, y/w=3.5, 0=0°
A2r " ®  T-TT, y/w=3.5, 6=0.3"
11k @ T-TT, y/w=3.5, 6=0.6°

9 ®

i e O T-TT, yiw=3.5, 6=0.9°
10 | 0 8

L ® ® @ TT, y/w=4.0,6=0°
09 g g 8 ® ®  T.TT, y/w=4.0, 0=0.3°

B = 8 ® @ T-TT, y/w=4.0, 0=0.6°
.08 - 8 @ o

4 L 3 3 ® ® . O T-TT, yiw=4.0, 6=0.9°

orr 8 3 : § % 8 ® ®  TT, yiw=4.5, 0=0°
06 L 8 g 2 o § % ®  T-TT, y/w=4.5, 0=0.3
05 | 8 g 2 3 @ T-TT, y/w=4.5,6=0.6"
L 8 8 O T-TT, y/w=4.5,0=0.9"
.04 - %S x X Plain tube

- X X %
.03 - X X X
02 [ 1 | 1 | 1 | 1 |
4000 8000 12000 16000 20000

Re

3‘1] i 5.4 ANUFUNUSTEIIN f uag Re vouluulnEe?
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Aam 9INFUNUI y/w=3.5, §=0° TiAngaan f= 0.12 71 Re=6000 UaY M y/w=3.5, §=0°
Tvien f gean 9T Re nmaey anasnidunavosunudnGes y/w=4.0, §=0° uiudai3en
y/w=3.5, =0.3° L{dudnLTe7 y/w=4.5, §=0° uiuTn387 y/w=4.0, §=0.3° unudnL38?
y/w=3.5, §=0.6° LAUTALTY y/w=4.5, =0.3° uiuTnLlse7 y/w=4.0, §=0.6° uuudnise
y/w=3.5, §=0.9° W uTaLse7 y/w=4.5, =0.6° LiuTaLse y/w=4.0, §=0.9° unudnise
y/w=4.5, §=0.9° uagviaidnsuulian fs‘i’wqm MNMSISIUEIRUTaE U A fLiiuTuen
noRssulugIeUsTuN 141.69-193.33%, 125.44-173.57%, 122.26-169.76%, 112.01-
157.38%, 104.94-148.81%, 95.76-137.38%, 95.05-136.42%, 78.44-116.42%, 70.31-
106.66%, 69.25-105.23%,58.65-92.61%, 50.41-87.38% Aud1fu anmaiivihlsf y/w=3.5,0
=0° §lAn quqmﬁaqmﬂ mmwmLm,iumﬂmmumammﬁmﬁa y/w anad Lilasanyy
Uznzuazitufidudavoslnainiuvesivalnarihulaeintu was msldunudafisiuun bl o
anat dsalrurudaiifuiivnsnsideuiiveweslramnniy vildinnadsusuveswes
Tnaszriamadafumsesnunntudiodiouiunsnaasensdaun

30 T T T T
¥ ® ®  TT, yw=3.5, 6=0"
® T-TT, y/w=3.5,6=0.3°
28 | ® ;
| 8 A @ T-TT, y/w=3.5, 0=0.6"
O  T-TT, y/w=3.5, 0=0.9"
26 S 8 ¢
® & TT, y/w=4.0, 6=0"
i 2 ® & N\ ® 1) 0
i1 $ ® T-TT, y/w=4.0, 6=0.3
3 ()

N ® i ® g 8 8 @ T-TT, y/w=4.0, 6=0.6"
= i o o ® & O T-TT. yiw=4.0, 0=0.9°
o @ o e . 0

L ( o P ® @ TT, y/w=4.5, 0=0

3 @ [ 2 1 5 ,
20 8 @ i) ® T-TT, y/w=4.5, 6=0.3
L < ) \; @ @ T.TT, y/w=4.5, 6=0.6"
0] @ @ ® 0
1.8 - o o @ @ @ O T-TT, y/w=4.5, 6=0.9
I\ O O @ ®
o) 9 4
16 | e} Q 0
© o}
14 | 1 | 1 | |
4000 8000 12000 16000 20000
Re

JUN 5.5 anuduiugsening /1, ey Re vasudulniie?

i“LJ‘VI 5.5 ANUANNUSIENIN /f, Uaz Re mammuumsm‘m y/w=3.5,4.0, 4.5 uas 0
= 0°,0.3° 0.6° 0.9° A16119%) WU f fuwiltuanade Re mmmmmmu LLaummam‘m Re
mqm NFUNUN v y/w=3.5, 0=0°lnein i/, gegnla 2.93 7l Re=6000 WAy ¥io y/w=3.5,
0=0° nn /£, gsga T Re Tivnaou anasundunavesusiudaized y/w=4.0, 6 =0° usiu
a7 y/w=3.5, §=0.3° uiudnsen y/w=4.5, 9=0° unudniseq y/w=4.0, 6=0.3° uiudn
1567 y/w=3.5, 9=0.6° LuuTaen y/w=4.5, 0=0.3° ukuinien y/w=4.0, 9=0.6° wuuln
1587 y/w=3.5, 9=0.9° urudnisen y/w=4.5, 9=0.6° uuuinisen y/w=4.0, 9=0.9° wuuln
1387 y/w=4.5, 9=0.9° Tvie f/f, G?’]E‘j@ TneAaaeUsyunas 1.56 W, 1.46 i, 1.44 1, 1.37
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Wi, 1.32 i, 1.27 Wi, 1.26 Wi, 1.15 Wi, 1.10 wh, 1.09 Wi uaz 1.02 whaesdeulus
flannugiiu :nnisvaaommud A /£, vowusudnfidanauile Re iftatu Snaniaifinty
v01 flunsdlldusudinGedidshnidannmadiutures f viewan Tasameflyude 0=0.9°
vouuudn y/w=3.5, 4.0, 4.5 e /£, fidanawingn

5.3.3 fiaUsznauaussausdenduiou (M)

SUT 5.6 mnwdiiudseminsnusznevanssauzidanuioulay Re voauiudaizen
i y/w=3.5,4.0, 45 uaz 9=0° 0.3° 0.6° 0.9° A9 N1TNAADINUIN FIUTENOUALTIOU
Fennu¥ou fuunltuanasmud Re ffindu uaziidngeand Re san angunudn vie
y/w=3.5, 0=0.9° T fusznouausIauridennuiou gaan 1.05 7 Re=6000 uazA e
Usznevaussauztsnnuien adegeiian iy 1.01 anasundunaves ukudaiien
y/w=3.5, 9=0.6° WHuTaL387 y/w=4.0, 6=0.9° uduTn3e7 y/w=4.0, =0.6° LNUTALTY?
y/w=3.5, 9=0.3° uuUaLTe y/w=3.5, 9=0° uWHuTAL387 y/w=4.0, §=0.3° Luudn3en
y/w=4.5, 9=0.9° ududalsel y/w=4.5, 9=0.6° WiuTaLse3 y/w=4.0, o =0° uHudnl38?
y/w=0.5, 9=0.3° uuSaides y/w=4.5, 6=0° Jefledausenavanssausideninuion iy
Uszanad 0.996, 0.991, 0.983, 0.974, 0.966, 0.963, 0.953, 0.946, 0.945, 0.924 wag 0.909
MINAIRUIINHAVEY NU/Nu, Uae /f; vl y/w=3.5, 8=0.9° iA1iUsenovausTousids
Anudou geian nmsnaassnuitfaiinmsldwiudages azdunishgmlfiaanis
deweufeuiifissnnduniivendasiigaudian f diuduiidnmnindutusniuie
devfuviea esniluaniiufidhuniunisiva wildefussnevaussausifaning
Yougaitgaifles 1.01

1.08
i ®  TT, y/w=3.5, 6=0"
1.06 |- . ® T-TT, y/w=3.5,0=0.3"
ik @ T-TT,yw=3.5,0=0.6"
- g o O T-TT, y/w=3.5,06=0.9"
1027 3 2 o @ TT, yw=4.0, 6=0"
I e @ TUTT. viw=40.6=03°
1.00 - 8 @ 8 e} o o & T-TT, y/w=4.0,6 0.30
- o 8 @ T-TT, y/w=4.0,0=0.6
o ® 2 2
= 8t e 8 ® e o 8 8 O TTT, yiw=4.0,0=0.9°
r O @ o 1) e e @ ) _ _~0
J TT, y/w=4.5, 6=0
96 . ® o 8 8 o o
- ® 0 5 8 8 8 ® T.TT, y/w=4.5,6=0.3"
94 ® ) (e) o @ a0
: = ® ° ® o T-TT, y/w=4.5, 0=0.6
i o 5
92 @ o . O T-TT, y/w=4.5,6=0.9
L & ()
® o
90 | ® - o o
.88 ' ' ' I . I
4000 8000 12000 16000 20000

Re

JUN 5.6 Anuduiugseninedusenavaussausldnuiou uaz Re vasuiudnised



57

5.4 aNswavae 0
5.4.1 N15A18MAIN50U (Nu)

SU 5.7 Anuduiudsenine Nu/Nu, wag o veauiudaBersine fu i Re iy
6000, 12,000 taz 18,000 Wu31 Nu/Nu,, wunlieiiinanaie o Saiuiy Lﬁaamﬂgu
37 0 fennn ahliiuiivesuiudnanas frduvaeiivesivalvaruuiudaSen szl
Rensnyumaiidsgamaiiinlddesndt nsdl 0 ferlfesiiazsiliveslnaaunsafgumgd
sonanrilsvieldfnindsalt nsuaniUdeumnudeudnin wuilunsdl y/w=3.5 iy 0
270 0 T 0.3 919 Nu/Nu, anasiade 1.83% ynifia 0 90 0.3 Tidu 0.6 ¥iale
Nu/Nu, anasiade 2.0% mnifia 8 910 0.6 Tuilu 0.9 ¥inlsf Nu/Nu, anadiade 2.99%lu
N3l y/w=4.0 w8 an 0.0 Wil 0.3 vl% Nu/Nu, anasade 1.29% winidiy 0 910
0.3 Tuidlu 0.6 ¥l Nu/Nu, anasiads 2.50% winuial 6910 0.6 Tuidu 0.9 ¥ils Nu/Nu
anaalady 3.0% lunsdl y/w=4.5 winudfiy 0 910 0 Loy 0.3 vialsk Nuw/Nu, anasiade
1.20% vnnkfia 8 270 0.3 Tkl 0.6 ¥l Nu/Nu, anadiade 2.40% ynuiis 8 910 0.6 1U
0.9 ¥l Nu/Nu, anadiade 2.19%

1.45

® ®  Re=6000, y/w=3.5
r g ®  Re=12,000, y/w=3.5
1.40 @  Re=18,000, y/w=3.5
L ® @ Re=6000, y/w=4.0
1A ! " ®  Re=12,000, y/w=4.0
i n (] @ Re=18,000, y/w=4.0
i @ @ Re=6000, y/w=4.5
1.30 [ - o ®  Re=12,000, y/w=4.5
== L 3 @ ) @ @ Re=18.000, y/w=4.5
% 125 8
= @ 8 ]
rd @ o @
1.20 ) ]
i o @ o
115 | 8 o o Py
L / ]
1.10 ®
1.05 | | | ]
0.0 0.3 06 0.9
0

SUN 5.7 Anuduiussendng Nu/Nu, uag 0 veduiudniEe)

5.4.2 A2Usznaurdeaniu (f)

U7 5.8 AwdNsiussEnne 7/, uag 0 vesunudniFervesududaFersineg fu 1
Re=6000, 12,000 Way 18,000 nu31 £/f, wualiuaziarananie 0 Saniutu esain
Hoswmnyuidey 0 denunn Audifovewsulnansas ildnsgadondsnuluninedoud
nuusudnandiasiie lunsd y/w=3.5 mnidiy 0 910 0 Wiy 0.3 ¥lW /£, anasiade
7.99% ynuitd 6 910 0.3 Tk 0.6 vV £/, anasiade 12.0% winkdia 6 a0 0.6 Tuidu
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3.0

® ® Re=6000, y/w=3.5
r ® Re=12,000, y/w=3.5
28 @ Re=18,000, y/w=3.5
L & ® @  Re=6000, y/w=4.0
26 L @ ® Re=12.000, y/w=4.0
: 3} @ Re=18,000, y/w=4.0
r 2 (] @®  Re=6000, y/w=4.5
24 i3 ® ® Re=12,000, y/w=4.5
L ) @ Re=18,000, y/w=4.5
= ool 3
= - @ 2 8
L s ®
2.0 @ 8
L @
]
181 e
L -] g
L @
1.6 2
1.4 ' ! L L
0.0 0.3 0.6 0.9

0

UM 5.8 Anuduiussendng f/f, wag 0 vesuwiudnizes

0.9 ¥l 7/f, anasads 12.99% lunsidl y/w=4.0 wnuiy 0 210 0 iy 0.3 ¥l /7, anas
\ade 8.99% vnifial § 910 0.3 TUkdu 0.6 ¥inl¥i £/f, anadiade 12.99% vnudiiu 6 N 0.6
Tdu 0.9 ¥l 76, anaaade 10.99% Tunsel y/w=45 mnuia 6 990 0 il 0.3 vl
f/f, anaade 8.12% winuiy 0 9 0.3 Tl 0.6 viTl /%o anauade 13.23% ynkiy 0
210 0.6 Thiu 0.9 vl /£, anaslade 8.72%

5.4.3 fiaUsznauaNsIauLIdNANIau (1)

108 L ® Re=6000, y/w=3.5
106 L ®  Re=12,000, y/w=3.5
L ® @ Re=18.000, y/w=3.5
1.04 @©  Re=6000, y/w=4.0
L ® @  Re=12,000, y/w=4.0
102 L ® @  Re=18,000, y/w=4.0
L @ % @  Re=6000, y/w=4.5
L @ Re=12,000, y/w=4.5
1oor ® ° ; @  Re=18,000, y/w=4.5
= 98 & @ @
- o )
96 |- g a
L @ ® J
94 |- ] J @
L Ey @
92 - o
i Yy
o
00 b
.88 1 1 | |
0.0 03 06 0.9

0

JUN 5.9 AnuduiusenieiiUsenauansIauziien Loy uay 0 veuHulnEe)
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U 5.9 mnuduiudszinsiisenevaussouiBsanuiou uay 0 vesusudniFen
vouHudniSer1e fu i Re Wiy 6000, 12,000 waz 18,000 WuinFiUsznavaNssauy
Femnudou fuwlfuegiiendudu o 0 faniintu Wosmndudndwaunain NuNu,
wag 7/f, Tunsdl y/w=3.5 mnudin 8 910 0 Wiy 0.3 vhlviiusenevaussausifannuiou
fuTuLaas 0.93% minudiy 8 910 0.3 Ty 0.6 ilddussnevaussauzFruSeu
Wuduiade 2.27% windiy 8 90 0.6 W 0.9 vhlFfUsneveaussausiinnudou
Fuduads 1.6% lunsdl y/w=4.0 winuiiy 0 990 0 Tl 0.3 viilddusenouaussausida
audou Wudueds 1.85% windia 6 910 0.3 Uiy 0.6 sildfusznevaussouside
Audou Winduiads 2.12% iy 0 910 0.6 Ty 0.9 ¥inldaussauzidennnudou
udutads 0.84% lunsel y/w=4.5 mnudia 0 990 0 Uiy 0.3 vilsddusynovaussaus
Bapnudeu Wuduaas 1.63%ndy 0 90 0.3 1 0.6 vilFusynovaussausids
Audeu WuTulads 2.32% wintiy 8 910 0.6 Ty 0.9 lFfussnevaussouside
Awdeu iinTueas 0.82%

5.5 BNINAVDY y/w
5.5.1 N15A18MAN5DU (NU)

JUM 5.10 AMUAURUSIENINN NU/Nu, ke y/w Yasuiulnisedsnee fu 9 Re=
6000, 12,000 4ag 18,000 Wu31 Nu/Nu, kudltiasiiAnanauis y/w Ianfiudu 1ie931n
4‘ t:ll Q‘ -:’f( t:ll a U U U C% 1 v = o Yt a
e y/w Mniuvedivagniudsuiienslulilnalududaiuaimioldanas Jwihlingamgl
INNURIDDNUT NAUTUNTZLANT Iananladi Jeasmalrnrameusaulsanas Tunsal 0
=0 winan y/w 90 4.5 1l 4.0 il Nu/Nu, istiumae 6.05% wnaa y/w 910 4.0 1U
Uu 3.5 vl Nu/Nu Wiisdiuede 4.64% Tunsel 0=0.3 mnan y/w 910 4.5 T8y 4.0 vh

1.45
i ® ® Re=6,000, 6=0"
1.40 | % ® Re=12,000, 6=0°
@ @ Re=18,000, 6=0
i ® ® Re=6,000, 0=0.3°
1.35 - % ® ® Re=12,000, 6=0.3°
- o & @ Re=18,000, 0=0.3°
1.30 - o ®  Re=6,000, 0=0.6"
=~ - 8 8 g @ Re=12,000, 0=0.6°
g 125 @ ® @ Re=18,000, 6=0.6
= 0 @ @ Re=6,000, 0=0.9"
Z i § ® ®  Re=12.000,0=0.9"
1.20 |- @ o @ Re=18,000, 0=0.9°
L o o
115 F @ Q
- 2
110 @
1.05 ' ' L
3.5 4.0 4.5
y/w

JUN 5.10 ANUdNTUSTZNIe Nu/Nu, Uae y/w vedusuinize?
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U5 NU/Nu, Witueds 5.95% wnan y/w 910 4.0 Ty 3.5 vl Nu/Nu, Wstuede
4.07% lunsdl 0=0.6 wnan y/w 910 4.5 TUilu 4.0 vhlH Nu/Nu, iisduwads 5.83% win
insan y/w 910 4.0 Ty 3.5 vl Nu/Nu, \istuede 4.61% Tunsdl =09 mnan y/w
210 4.5 Wy 4.0 vl Nu/Nu, WsTuede 4.96% wnan y/w 9n 4.0 Ty 3.5 vhld
Nu/Nu, diatuady 4.62 Tunisnnaesmuindvisnaves y/w Suinnidviswaves 0 see
Nu/Nup

5.5.2 A2Usznautdeaniu (f)

SURL 5.11 mnuduriussening £/, uay y/w vesusiudaiFenineg fu 7 Re=6000,
12,000 Az 18,000 NMsnARDINUI £, uwaliinedmanande y/w fauiutu iiesan
dloszpnsiiadiuturiliarumniuresnisinanyunisansinawihls #f, ansias Tunsdl
8=0 ynan y/w 0 4.5 Whilu 4.0 vl /£, iutwade 6.22% mnan y/w n 4.0 il
3.5 vl f/f, Wiuduads 7.25% tunsdl 0=0.3 vnan y/w a1n 4.5 Wil 4.0 vl 1,
Mty 5.20% winvhnisan y/w 4.0 Tl 3.5 s f, indueds 8.43% lu
nsel 0=0.6 wnam y/w 210 4.5 Ty 4.0 vl 7f, iiiutuiadie 5.49% winan y/w 210 4.0
Ui 3.5 ¥l 6, finduiade 9.67% lunsdl 0=0.9 mnviin1san y/w 210 4.5 Uil 4.0
yilsk £/£, \atuiade 2.86% winan y/w a1n 4.0 Tkl 3.5 ¥l £/, Wiutuiede 7.219%

3.0
- S @  Re=6,000, 6=0°
28 L ®  Re=12.000, 0=0°
& @ Re=18,000, 0=0"
26 : g @  Re=6,000, 9:0.300
: ® ®  Re=12,000, 6=0.3
o ° 8 @ Re=18,000, 6=0.3°
24 + 2 & & Re=6,000, 6=0.6"
" @ ] ®  Re=12,000, 6=0.6"
= ool ¢ o @ Re=18,000, 0=0.6°
= o 2 4 ®  Re=6,000, 6=0.9°
I i 4 ® ® Re=12.000,6=09"
20 e o ? @ Re=18.000, 0=0.9"
1.8 | & @ 8
L L ® Y
o
16 @ °
1.4 ! L I
3.5 4.0 4.5
y/w

JUN 5.11 Anuduiussening /1, wag y/w vauiuiniEe)
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5.5.3 fiausznauaussausidenduiau (1)

=

JUN 5.12 Anuduiusseninadiiusenevaussousienuiousar y/w vasuiuin
1526199 U i Re=6000, 12,000 waE 18,000 WUIFIUTENOUALTIAULITIAINSDU 2uilAn
anaaile y/w feiiutu Wewndudvsnaman Nu/Nu, was f/flunsal 0=0 winam y/w
910 4.5 [y 4.0 ¥ldsusenevaussauzBanudeu utueas 3.94% snan y/w 970
4.0 Wiy 3.5 ¥lisusznovaussouiBenudeu Wutwades 2.23% lunsdl §=0.3 mn
an y/w a7 4.5 Ty 4.0 vildfussnevaussausBinnutou iudueds 4.16% winan
y/w an 4.0 Wy 3.5 vl7 fhusznevaussausdennudeu Wiutueds 1.30% lunsdl 0
~0.6 wnan y/w 910 4.5 [y 4.0 ¥rlisausznevaussauziBannutou dvduede 3.96%
mnan y/w an 4.0 Ty 3.5 Wilkidssnevaussousidnudou ntuade 1.44% Tu
n3dl 0=0.9 mnan y/w 910 4.5 108y 4.0 vhlvidsenevaussausderudou utuede
3.98% winan y/w 910 4.0 Ty 35 vldfUssnevaussausiBinnudon dWuduede
2.20% Tun1sMeaInuINdvsnauas y/w Juinnindnswaves 0 fo AIEIUTENDUANTIOUS

WBIAUSDU
1.08
o @  Re=6,000, 0=0°
1.06 - @ Re=12,000, 0=0°
4 @ Re=18.000, 6=0"
1.04 - ® @  Re=6,000, 6=0.3°
r @ @ Re=12,000, 0=0.3"
1.02 | P & @ Re=18.000, 0=0.3°
[ @ Re=6,000, 0=0.6"
1§00 i g & @ Re=12,000, 0=0.6"
=1L P e g 3 @  Re=18,000, 6=0.6°
I 2 hi & Re=6.000, 6=0.9
96 | 2 ® ®  Re=12,000, 6=0.9°
I o ® 3 @  Re=18.000,0=0.9"
o4 b o @
L @ Q@
92+ Y
i 8
90 @
88 | | |
3.5 4.0 45
y/w

JUT 5.12 AnuduiusseninamiusenauaussousiBennuiou uag y/w veusuinisen

5.6 HUNUSAYINTATULEUATILUUNANEAILUTVBIMNUTALTE?
ANENNUSVDINTNENANTBULASURAAINERSIEIUNITTA (W), BRTIEIUAINY

(%
=]

n19veaHuTn (W/D), Re (Re), Prandtl number (Pr) &9a1un50@3198Mdunus tana

DGR

Nup =0076Re” " Prot (y /) 0P 1+ O (5.1)
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6,000 < Re < 21,000
0<6<0.9
35<yw<45

faUsznauAUEeANIU

f =16.559 Re 0% (y/w) >t + )% (5.2)

6,000 < Re < 21,000
0<6<0.9
3.5<yw<45

ArUszNaUaNTIaULLTIAINSOU

1) =1.871 Re_o'oﬂr ()//W)_O'22 1+ 9)_0'08 (5.3)

6,000 < Re < 21,000
0<6<0.9
3.5<yw<45

5.6.1 §UNUS Nu Yaeunudnen

TUFIUIDIAIAIINABINLAROUIINENFUNUS N5 E 8 WA NS oY (AUATS 5.1)
Wisuisuiumanmsanemaiindaunisneaes Ineflanduiusniseismainudouien
AnuAARLAAsuIINtoyansnaseglutas +5% fusinglugud 5.13

5.6.2 §UNUS f vasuputaSe

TUdILYIAIAIINARIALAR BUINENSUTLSTUSENOUAMUEEAVIY (@UnTs 5.2)
Wisuiflsuiuasussnouanudeanuainmsnnass Inefianduiusiusznaunnuden
muﬁﬂ'wm'}mmmm?{aumﬂ%’agamimaaqagﬂuﬁm +4% ﬁws'mgiugﬂﬁ 5.14

5.6.3 uNUsAUsSTNaUANSTaUITIANSou vasupudASen

TudIUTeIAIANARIALAA U NAEURLSHIUSENoUALSSaULTIANSU (@Nn13
5.3) Wisuifisuiumdusznavaussauzenudouainnisnaaes lnefianduiuss
Usgnovaussauzisanuieuiiaimiuaainindeuaindoyanisnnassegludis £8% s
Usngluguil 5.15



90

80 - oy

Nu (Predicted)
3

-
S
N

20 - Vi

T T T T T T T

20 30 40 50 60 70 80 90
Nu (Experimental)

JUM 5.13 Aunuduiusues Nu senieanduiusiagnsnaaeaasuiuinige,

16 —
14 A 7/ s
12 1 e/

10

f (Predicted)

08

06

u{ 7z

.04 .06 .08 10 A2 .14 16
f (Experimental)

3UN 5.14 Anuduiusves f seninsanduiusiarniimaaeivesunudnise?
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1.3
/
/
/
12 - y
# /
| // ”
1.1 y /
/ -y
) +10% 4 /
210 0 g : /
2 74 2.0
-8 / dv’d ) UI)/
& 0 / A &V
s / 35
= (7
A
-10%
ol 8 9 1.0 1.1 1.2 1.3

1 (Experimental)

JUN 5.15 anuduiusuesdiiusenauaussausidannusoussninanduiusn1snnastves
wiudnlaen

5.7 dgunan1snnaasukudage

5.7.1 f1 Nu ity e y/w lkaz 0 anag

5.7.2.n38 y/w=3.5, §=0° lvirmasan Nu=67 7 Re=20,000 WU A1 NU LisguaN
veRseulugUsza 27.86-43.10%

5.7.3 nsdl y/w=35, §=0° i Nu/Nu, gegslél 1.43 91 Re=6000

5.7.4 nsdl y/w=3.5, §=0° siAngsgn f= 0.12 71 Re=6000

5.7.5 N38 y/w=3.5, §=0° 15ie f/f, geanlél 2.93 A Re=6000

5.7.6 N3l y/w=3.5, §=0.9° iAdusznevanssougiisnnuiou gefign iy
1.05 7 Re=6000 nuindausiinnislauiuinie asdunsdieiliannsoemanufoud
Funntunimeduagiiyasiudian f Adstuiidnsnisdutusniudedioutuieivsn
dosnduaniiufisnumumslva uilidfusenevaussnusdeniuiou ldogeaaiiios
1.01 Adeulasanann

5.7.7 nuidusznevaussausdeudeu Suuiliaeiiduiiviu e 0 feufiutu
esniludvEnamnan Nu/Nu, wag F/f,

5.7.8 wuiniUsznevaussausBinudeu fdananile y/w SAfiudu esain
Judndwau1ain Nu/Nu, wag f/f,

5.7.9 Tun1snaaoInuindnsnaves y/w duinnindnsnaves 0 seaAsilsznou
AUITOULLTIANNTOU



unii 6
N1SNNITANEIMAIUTIUAENFULHUTA

6.1 Ui

TuuniidesnsAnumnsiisuisunisaemaudouveuiudaduiy, wiudndid
AMUNI VDAY LﬁﬂdwmmLﬁumu@uéﬂmwmmﬁa, nauuulnLazisllafanTaEwm
anufou TumsanwinduusiudnagyinisuiuasussernsauazdnuiuvesisudaLasy
Tnsnshasausiudnaiuagyilfifinnisnyuaisvesvalnddudafiaunndu vlhinnis
wanwasuaudeunnniy uiudaildlunisvnassdlaun

1.1 wiwda (TTH) Afvumdudauniae (W) 40 mm da27ue17 (L) 1500 mm &
5282N150A 160 mm (Y/W=4)

1.2 wiudesaia (T Aflvunaduiianiiunds (W) 56 mm dauena (L) 1500 mm
Asvagn150n 224 mm (Y/W=4)

1.3 nauusude (M-TTs) Msgnovlufeunuda (TT) Aflvuinauning (w) 40
mm S5zernn30a 160 mm gnanssvoglusudmsinatauasiinguukudaaiudidun
EuZAINNIe (W) 8 mm aauseU TUN1SNAaBIILANWIBNENAVDITLENISUALELINUIUYDY
LuTnEsuidonTouRanIsah ey Feulsszaymsinlanavun 6 nsdl y=20, 40,
80, 120, 160 Waz 200 mm (y/w=25, 5, 10, 15, 20 wag 25) LLazﬁi’mmLNuﬁmLa%uﬁgﬂi%’ﬁ
ausauwiudn TTi wdseanidu 5 n3dl Aim N=2, 3, 4, 5 Lay 6 WU

nsdiensgvinisanewmanuioulunadiavdadan (Nu) Laznsgadeainunuly

3 o = o @ = = I £ = [y
NAUVDIMUTENBULAYANU (f) ’ﬁ]’]ﬂuum‘ﬂiﬁmL‘Vl‘EJ“Uﬂ’]iﬂ’]EJLVIﬂ'J’]ﬂJiEJULLﬁ%ﬂ’]’iQZQLﬁEJﬂ’J’]lIﬂ‘U

VontsseukazimyUsenavaussousidsnuseu (1)

6.2 BNTNAVBINGUUHUTA

6.2.1 nsa1ewmAausaun (Nu)

Ul 6.1 Anudusiudsening Nu wag Re wosnguusiudn N=2, 3, 4, 5 uaz 6 Wiy
WAy y/w=2.5, 5, 10, 15, 20 kag 25 A6199 N1SNAa8INUI1 Nu vesvianaaaunnnsalaid
wunlduiiudunudn Re Adfindy nsrznislwatutiuiiiisdu Fesnsluatuduiifisiues
¥l eslualwalududatundaislduiniy dealfiAnnsoiomeannudeuldaay Tunis
maaqmjmmuﬁﬂuﬁawudwﬁ y/w=2.519#1 Nu gegm nnnsal N=2, 3, 4, 5 uag 6 Wiy wae
NNV Re fvedeu anasundunavoinguuniuldn y/w=>5, y/w=10, y/w=15, y/w=20 uaz
y/W=25 A1UaIau ﬂfcj:uLwiuﬁmiuviaﬁvhmiﬂ%’mzaz y/w=2.5,5,10, 15, 20 uag 25 Wui1
n561 N=2 uwy 9298119 Nu istuannviefinSeulurasussann 4.93-23.20% n3di N=3 i
2evili Nu induainviefSouluraeUsvana 11.43-63.37% nsdl N=4 wsiu 2zl Nu
Wity anvieRadey TutisUszana 21.05-70.89% nsdl N=5 wiu eyl Nu fiudu
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80 N=5 g
70 - Q g R
60 g a °
s0 b i . .
40 a .

L a °
30 - S
80 - N=6 8

I ; !
70 - 3 R
60 F g S . o

= i . .
50 g . .
40 4 .
30 - 5

!} °

x
20 T T T T
4000 8000 12000 16000 20000
Re

e TTi

o AT T

o M-TTs, ylw=2.5

¢ M-TTs, yw=5

v M-TTs, ylw=10

o M-TTs, ylw=15

*  M-TTs, ylw=20

+  M-TTs, ylw=25

+ Plain tube

JUM 6.1 AnudLTUSTEnINe Nu uag Re Yoenguunudnluvionsiisse y At

nvieANIulugIsUTENNIN 32.80-90.76% N5l N=6 Wil 99l Nu LANIUINNTBR?
SeuluiieUseana 40.42-109.03% aua1diu nNN1sveaasnuIlunIsAnAnguuEuTagn
nsal N=2, 3, 4, 5 Uag 6 Wiy U A1 Nu 9zandunsal A1 y veangululnanas 1eeain

n1sldunuinniszeznisialindesvinlianvuiaduriaudnatsvesreslnaliuuiniy

AusveadlvaiintuiasanulAaweinsivaiindy anududouinduiuiy nszud
nstranyuad Tukwiwnuiuundy vesluaszihumiinnislranyuiulududadunidaie
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WU AR Nu 30y Taefinsdl N=6 Wiy wag y/w=2.5 mm 31 Nu gegala 83.5

i Re=20,000

225
N=2
2.00
REEES
-
z.
Z
=
7 150 |
A
a
A
= s A
1.25 g g A a .
I T I T B
1.00 |
225+
N=3
2.00 |
1.75
=N
=
Z
=
7 150+
.
s
oy A
el N/ L2
125 .t * H : ¢
2028 \} i
5 B !
° ° ° ° °
1.00
225+
N=4
2.00 |-
1.75
N s
=
2 c\ :
= b *
2150 N 3
A * v a
3 ] ¢ 3
b3 ° b4 s
H 2 g §
1.25 | aYai 1 §
° ° e ® ° ° ° °
1.00 |
Il L L I
4000 8000 12000 16000 20000
Re

P

Nu/Nu

Nu/Nu

225
N=5
2.00
s
&
1.75 *
% §
1.50 . ) g 8 g
1.25 : 4 s
° ° ° ° ° o o
1.00
2.25
N-6
+
2.00 b4
: s
:
1.75 g
150 \ H
- §
125 PR I
y o "/ ° ° °
1.00
4000 8000 12000 16000 20000
Re
o TTi
a TT
o M-TTs, ylw=2.5
& M-TTs, yw=5
v M-TTs, y/w=10
o M-TTs, y/lw=15
*  M-TTs, ylw=20
+  M-TTs, y/lw=25
7 Plain tube

JUN 6.2 AuduRUETENINe Nu/Nup uag Re Yaenguunuidnluvionsdisse y sraiu

'gﬂ‘ﬁ 6.2 ANMUFUINUTTENTII NU/NU,, ke Re 90anguuwiudn N=2, 3, 4, 5 uag 6
WU Uag y/w=2.5, 5, 10, 15, 20 kag 25 Nnnsalvesnguurudailen Nu 11nnd Nu viasan
uaz Nu/Nu, vosunulnnaaeunnnsdl 11 Nu/Nu, geandidn Re sitge uazandiudliu
anasuAn Re Aty Tunsveaesnguukudaluewudh 9 y/w=2.5 T Nu/Nu, 2
nnnsdl N=2, 3, 4, 5 Wag 6 uiiu way N34 Re Anaasu anasundunavesnguusiude
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y/w=5, y/w=10, y/w=15, y/w=20 4@z y/w=25 lses Nu/Nu, Gi"’]qm ﬂfjmwiuﬁmiuviaﬁﬁ’]
n1sUSUsEEE y=20, 40, 80, 120, 160 Waz 200 WU 36l N=2 uel 92911l Nu/Nu, i
nvieRaSeulutag 1.04-1.23 N3l N=3 wiu 929l Nu/Nu, istuann viefaiSeulura
1.11-1.83 036 N=4 wiu 2zvhls Nu/Nu, iiisduannviefaiSeulugae 1.21-1.70 nsel N=5
wtu 2ehlsd Nu/Nu, wistuannviefiseulugag 1.32-1.90 nsél N=6 usu azvhls Nu/Nu,
WinguannvieRndeuludae 1.40-2.09 auddiu Ardadiuadonsd Nu/Nu, de Nu/Nu,
Aan(y/w=25) n3dl N=2 TagAadsUszana 1.01-1.07 i1 n3dl N=3 uiu lage1ade
Uszanad 1.01-1.09 11 nsdl N=4 usiu TasAadeyszann 1.02-1.10 Wi nsdl N=5 usiy
TngAadeuseun 1.01-1.06 i1 n3dl N=6 uku lnganadsussuia 1.01-1.06 ¥
pwdiy  lunsdlnguusiude N=2 wag 3 uiunnideulunismaass y/w=2.5, 5, 10, 15, 20
uay 25 e Nu/Nu, tesndn TTi - wkudafes uwinsdl N=4, 5 waz 6 wsiu yndeulvns
nAaes ag1viAn Nu/Nup 1901 TTi wstudaflen B9 M-TTs, y-20 N=6 usiu 1vie1 Nu/Nu,
geanls 2.09 i Re = 6000

6.2.2 firsznautduaniu (f)

gﬂﬁ 6.3 AMUANNUTIENIN f Uae Re vadnduurudn N=2, 3, 4, 5 WAy 6 Wiy uaz
y/w=2.5, 5,10, 15, 20 wag 25 wui f Sunlduanainsd Re ddnfuuniudagiirgeand
Re f1gn Tunsnmassnauurulaluviewudn 7 y/w=2.5 e f geqn nansdl N=2, 3, 4, 5
WAT 6 WHU WaE YNYI Re ﬁwmaauammmﬂuwmaqﬂfjmwiuﬁm y/w=5, y/w=10, y/w=15,
y/w=20 kag y/w=25 A18a1ny S11UNaNLN TN fvinasususes y/w=2.5, 5, 10,
15, 20 uay 25 WUINTE N=2 Wi 93ile% £ iliuduanviemSeulurisussain 91.91-
147.87% nsdl N=3 usly 229l Nu WiistuannvieRatieulugasUszana 116.56-199.20%
A3t N=6 wny 9zl Nu iisduainveinSeulughsUssanas 130.88-250.00% nstil N=5
urin 9evil Nu iatuannveRaSeulugasssanas 147.42-323.13% nsdl N=6 wiu 2%
yilsh Nu iinduainsieRnFevlutistseana 165.44-026.59% amdndu anvnfivils y &
Adnas waz N Sty gaewfiaan fiﬁqﬂﬁﬁu \Hasnszazmsdadisnaziilinisinadiu
p3vazdhufuiansinanyunluduiatundaviosnduainaufuiinandg silkiaonu
Fruvnugstu nasenainviglfinniiiaedinisgydendinunislvainnnd nsdl y g
Tunsmnasanguusiudaluvionuin 7 y/w=2.5, N=6 usiu 7 Re=6000 T¥ian f gsgals 0.198

'guﬁ 6.6 ANFURUTIENING WU F/F, Wae Re vaanguuauldn N=2 uu , 3,4, 5
LAY 6 WU kay y/w=2.5, 5, 10, 15, 20 wag 25 N15NARRINUI f/f, Y0via Naaaunnnel
Tingean 7ifn Re sflan Ailuuliiianasmud Re Afindu Tumsvnaoanduunudalusie
wui 7 y/w=2.5 AN /£, gaqm nnnsdl N=2, 3, 4, 5 uag 6 Uk Lag 9N Re Timadey
anasutlunavoinguudude y/w=5, y/w=10, y/w=15, y/w=20 uaz y/w=25 Toa6i
Nu/Nu,, G‘hqm ﬂ&j:uLLﬂJuﬁmiuviaﬁﬁﬁmiU%’inz y=20, 40, 80, 120, 160 wag 200 mm
wutnsdl N=2 ushy vl 7/, iutuainvieRaFeulutng 1.91-2.47 ndl N=3 iy azeh



69

20 F N
20 F
18| N-2 0 N-5
' 18 |
16 | Tl
*
RERS b @
L .
- 12 a =4 §
- i
10 [~ R A _10 B . g
3 * - .
08 § Lo s . $
& ; A a Q
06 |- P : ° I * . S
LI § 06 . ., -
. L4 L]
A . . 04
x “ ; x 3
20 - :
20 | 20F a
18 b N3 : N-6
BTSN S
¥
16 | 16k + -
*
14 g :
ol ;
- A2
= g = - N ?
10 2 F 10 | - ?
L : 2 I ) ;
08 $
08 1 1 o “ 8
* - . &Yy { , - \ .
06 | ° L By y 06 |- L . R \ a
5 ® °
04y % I
L x X ) g B A | iy x I > x X
20 F 02 L 1 | ! L L | T
N=4 4000 8000 12000 16000 20000
18
Re
e TTi
16 | T
14 F o M-TTs, ylw=2.5
a ¢ M-TTs, yw=5
*
12k g v M-TTs, y/w=10
. % o M-TTs, ylw=15
10 * M-TTs, y/w:20
E ? + M-TTs, ylw=25
08 - -4 i +  Plain tube
| . . § A
.06 | ° . .
L 4 °
04 F b
0‘_) I 1 L L 1 L T )\< >I(
4000 8000 12000 16000 20000
Re

JUN 6.3 Auduniugsening f uag Re veanquuduln luviansdisye v snaiy

% /6, ifatuannvieRadeuludis 2.16-2.99 n3dl N=4 iy azvhlf £f, ifiaduarnvien
Boulutag 2.30-3.49 nsdl N=5 usiu vl /£, iutuannvieRaBeulugag 2.47-4.23 nsl
N=6 ustu asviili £/£, iutuainviefiFeulurag 2.65-5.26 auddu erdndiuadstes
/£, 10 f/f, Aan(y/w=2.50) n3dl N=2 Ny Anadeussana 1.03-1.12 i1 n3dl N=3 Uy
Anadouszanm 1.02-1.11 Win n3dl N=4 usiu AnadeUseanal 1.01-1.09 Wi N3l N=5 wiy
TngAadeuseann 1.02-1.10 Win n3dl N=6 Wiy anadeussan 1.02-1.11 Wi sudiu
Tunsdinguusuda N=2 unuuaz 3 yndoulunismaass y/w=2.5, 5, 10, 15, 20 Wag 25 2
iR £/, Ueendn TTi wHudafe urnsdl N=4, 5 uag 6 Wiy mﬁaulmmwmaaq AN ae!



55

5.0

4.5

4.0

i,

3.0

2.5

55

3.0

4.5

4.0

P

f/f

3.5

535

5.0

45

4.0

f/f
o2

1.5

3000

70

F 55
N=2 N=5
F 5.0
L 45
F 40+ 3
f o
*
L Y] 3 o
|
- ol P ;
I © ., - '
3 o a . 2.5 A ‘
3 H g . a .
L é é H ? ? g g E 2.0 ° ° ° . . . . .
r 55 F
N-3 . N-6
[ 50 2
=]
| 45 « o
+ *
[ 40 = 3
- A
L ol L H *
= L5 ? g
= a H
é N !
S i oy
¥ H g : g 4 i
% g i g 26 ~\\ . .
- e * e L} o ° ° ® 20 L ° ° ° P - ] .
e 15 1 ! L 1 1
N-4 4000 8000 12000 16000 20000
I Re
Il o TTi
& €T
| o M-TTs, ylw=2.5
® M-TTs,yw=5
"\ N v M-TTs, y/w=10
g g o M-TTs, y/lw=15
r g § * M-TTs, ylw=20
§ ? +  M-TTs, y/w=25
[ g ﬁ § #  Plain tube
1 L L L Il 1
8000 12000 16000 20000
Re

UM 6.4 Anuduiiugsendng f/f, uae Re vaanguuduln luvensdsye y et

f/f, 41nN37 TTi weudafien Feaenadeeiuen Nu/Nu, mﬂgﬂﬁ 6.2 i y/w = 2.5 N=6
WH 91 Re = 6000 viAn £/f, gaanle 2.47

6.2.3 AusznauaNsIaUzIgIANiau (1)

JUN 6.5 ANUAUTUSIEnINaiIUTEnouanTIausiTanIINTau  Wag Re Yaangquny

Un N=2, 3,4, 5 U@y 6 WU hay y/w=2.5, 5, 10, 15, 20 Lag 25 WuNUIeNaUausTausias



71

125 F 125 F
r N-2 r N-5
120 F 120 -
r I
115 F 115
3 3 8
1.10 | 1.10 F ¥ §
B B ¥
1.05 | 1.05 F § §
= L = F ¥ 4
- a F
1.00 |- 1.00 § g
L A L A
95 A 95 F A
A N . L a a .
90 |- . g 4 00 a
A B S T I
ssp° ¢ 8 3 E i i i K
125 F 125 F
N-3 F N-6
120 | 120 4
115 | 115 §
110 b 110 - § g
1.05 | 1.05 - g g g
=3 . = b g
'y A
100 F & 1.00 +
L * A L A
(=}
ot ¥ e &, 95 SN
o 3 § ; s H a T b a
90 | I T S 90 b
: — P ] ;
L H * é 3
_ ® - k- H * Z A
85| © el MR N 8k oy, LY. .
195 20 L - L L . L . I
= :
o 4000 8000 12000 16000 20000
3 N=4 ’
1.20 |- Re
115 |- i
| = e TTi
Lol * t AL
| v : o M-TTs, yw=25
sk 5 3 & M-TTs,yw=5
= L . ° X : v M-TTs, ylw=10
1.00 |- S o e I o M-TTs, yw=15
i i GOD e e e *  M-TTs, ylw=20
C - * * v
» | i ¥ g 2 : +  M-TTs, ylw=25
i V| i
o L 1 Plain tube
850 "RR S 1 LNyl
8“ 1 1 1 L L L 1 Ik
4000 8000 12000 16000 20000
Re

JUN 6.5 AnuduuSTEnIeUsenevanTsausilenuiou wag Re vaenguunudnluve

NIAsYY y A9AY

arwdou fuunltiuanawnsd Re fanfiuunntu waedidngaandi Re san Tumsvaassngy
usiudluvienudn 7 y/w = 2.5 isusznovanssauzidennuieu gegn nnnsdl N=2, 3, 4,
5uay 6 WNY Wag 9NYI9 Re ﬁmmaaaaﬂmmﬂuma%qmjmLLm'uﬁm y/w=5, y/w=10,
y/w=15, y/w=20 Uag y/w=25 aua1au ﬂ&juLLNuﬁm‘LuViaﬁﬁwmsﬂ%’mwz y/w=25, 5, 10,
15, 20 uay 25 NUInsd N=2 uky vl frusznevaussaundminuiou wdsuszun

0.85-0.87 N5 N=3 Wil ¥INAFIUTENaUANTIOULLTIANUSDU wasUIzuNl 0.88-0.93



72

56l N=a win  ¥1¥ fusznevaussaundnudou wasUszanar 0.95-1.02 n3dl N=5
i vld fausznevansausiienudeuadeUszana 1.04-1.07 nsdl N=6 wiu vilw
fUsEnovauTsausdsaLSeuadsUsyna 1.07-1.10 nuiusudavned y/w=2.5 N=6
w1, Re=6000 TAnfUsznevaussauzidemnuiounusougegn 1.20 lagfinisanen
y/w teiiuiaUsznevausTauzBirufeunTunaBvisnaves Nu/Nu, wag /f,

e TTi o M-TTs,N=2 v M-TTs,N=4 * M-TTs, N=6
a4 TT e M-TTs,N=3 © M-TTs,N=5 x  Plain tube

80 - yW-2.5 . e 80 |- yw-15 *
* [+]
- ] v r
.
70 * o e 70 b * v
4 * © A
* ° v . R [ . ° a ¢
v
60 ) o AR 60 N . MR-
* ° — X L v a x
7 g z o N x
SIS 7 A G rspt " , " N
° v . B . L ~ a b B
x e o B
g0 T 8 o e A9 °
'y . ° L a ¢ H
X * o] *
~ L L] ik [ 3
30 y - 30 o~
*
80 yWw=5 . 80 F yW-20 .
L 7 L * [+]
* -] v
70 £ e W & 70 - 0
* * =]
r * ° v s [ I .
* o * [}
60 v oI\ . & s . 60 - 4 1
* =] x * ° M
z | " C PN | A I | LA Sl N
C 50 - b © v A ° 50 X L4 5
* o x * x
* v A ° ¥ M * 8
* o x P X
wr A\ A, € 40 |- - M
a ° ol I * s
* o x g x
° *
30 o x 30 - o
. v
80 - yw-10 ) 80 - yw-=25 .
* o | N o
* o
|- v |- o]
70 oy . 70 ) 1
M * L * °
* ] v A X *
(o]
60 U - 60 * r . @
° a x * ° x
= * o v A ° = r X * [
x * © X
“S0F . e, s . “s0 . s
* o * <] x
L ° a ° F X P e
M * a X ° X
40 < 2 ° 40 X
* o x X
L a ° L X * e
* a x g x
- . -
° [}
20 1 1 L L L L L L 20 L 1 1 L 1 L 1 1
4000 8000 12000 16000 20000 4000 8000 12000 16000 20000
Re Re

JUN 6.6 AUAUTUE YNNG Nu uae Re Yoenguuautn Tuviensal N s1ariu



73

SUT 6.6 A mdifussening Nu uay Re vednauusiuda y/w=2.5, 5, 10, 15, 20 uag
25 N30l N=2, 3, 4, 5 Uag 6 UHU kay @199 N151Aa0NUdn Nu vadvie naaauynnsalen
funltfintumud Re ity msrzmslvatiuuiidintu famslvatuufiduiuey
vl veslwalvalududasunimeldunty dwalfAnnisdemanuiouldddy luns
npasanguusiudaluienwudn 7 N=6 usiu 151 Nu gegn nnsdl y/w=2.5, 5, 10, 15, 20
LAg 25 UAY 1NY Re TMadauanannguuEudna N=5, 4, 3 uay 2 wiu awuddu ngu
windeluviefvihnsusu N=2, 3, 4, 5 waz 6 wiu wunsdl y/w=2.5 9zl Nu iaduain
vieRnZeulutisUszunal 10.03-109.03% nsdl y/w=5 az¥ili Nu tiisduainviefiadeu
TugasUszanal 8.68-105.65% nsel y/w=10 9g9iil# Nu ifisduanvieRaideulutisUsvanal
7.50-102.53% n36 y/w=15 a3l Nu iiaduanvienaideuludiessana 6.48-99.45%
A58 y/w=20 ezl Nu sisTuansieRadoulutiessanal 5.76-96.42% nsdl y/w=25
gyl Nu iutuainviefuSeulutassvann 4.93-93.44% mwdasu Tunisvaaesngy
wHudanudn 7l y/w=2.5, N=6 Uy, Re=20,000 1#an Nu geanle 83.50 1ums§®§?amjml,siu
Sannnsdines y/w=2.5, 5, 10, 15, 20 waz 25 tu A1 Nuagaindude N vesnguluda
ity idesnmisldludaasuiinuaduiugudidn (8 mm) flegsevinamisvisuas usiy
Tandnidvunalvg (40 mm) ogenly wiudaada uiazsuruiliAnnszuanisivauuy
yuaadlustunuiiuiiing ssninwdsieuarunudandn Benislvanguiulududaty
pifsvieanndu wozusuaitemdsthnsnauuumumsssusuavanliludutatuns
viounTu vl Nu indu aenedesiumaiiusiuiusesnguludauinty asdwvili Nu
U WU 7 y/w=25, N=6 s 7 Re=6000 Ten f gegnld 0.198

gih'?i 6.7 ANUANRUTTENIN U1 NU/Nup, wae Re va9nguuaudn y/w=2.5, 5, 10,
15, 20 ua 25 N30 N=2 Leiu, 3, 4, 5 bag 6 Leuuay A1Mn99 N1599889nu31 Nu/Nu, 989
vienagouynnsel WiAngaaniian Re siflgn Arduualvuanasmiudl Re ifindu luns
naassnguusudalusienudn A N=6 sy 11 Nu/Nu, geaa yansdl y/w=2.5, 5, 10, 15,
20 uay 25 uay NI Re nadevanasnidunguuiuda N=5, 4, 3 waz 2 audfu ng
wrudaluriefivhn1sususees N=2, 3, 4, 5 Ua2 6 WHUNUITINSd y/w=2.5 9zl Nu/Nuy,
WinguannvieRuseulutag 1.10-2.09 nsdl y/w=5 as¥ili Nu/Nu, iintuanvefaiieu
Tt 1.08-2.05 n3el y/w=10 ag¥ilsf Nu/Nu, suanvefiadeulutig 1.07-2.02 nsdl
y/w=15 9gv1l% Nu/Nu, WuTuainviefndeulugae 1.06-1.99 5l y/w=20 2z¥iali
Nu/Nu, tistuainvefiageulugis 1.05-1.96 nsel y/w=25 agvil# Nu/Nu, Wisduainie
Aaeulurag 1.04-1.93 audiiu adndauadsnsdl Nu/Nu, slo Nu/Nu, fnga (N=2) nsdl
y/w=2.5 Tnganadeuszaia 1.11-1.48 wiinsdl y/w=5 lneanadeuszunn 1.11-1.48 wi
n36l y/w=10 IneAnadeuseana 1.10-1.49 wihnsdl y/w=15 lneanadeUssunns 1.10-1.49



e TTi o M-TTs,N=2 v M-TTs,N=4 + M-TTs, N=6
A TT e M-TTs,N=3 o M-TTs,N=5
225
yw=25
| *
2.00
o *
175 b o 7
=D4 v o *
Z 150 | v ° . * .
H v °
- 3 v v °
$ M v
. $
125 o . 4 . R .
+ . . . a o - -
° o ° ® °
1.00
225
yW=5
2.00
L o *
175 ° *
==1 F
2 ° .
= v o *
7 150 . o *
. o g
+ ¢ A % v O o
* a v
. A ¢ v
i 15 * A
13 o el A/,
L g . a h
° o o 3 a o o
° ° ® ° °
1.00
225 -
yw=10
200+ *
L o7 A
175 . *
-
2 Naw
= o
Z 150 NN S b Toad L o
v ° *
L . a R v - ° °
* D a A - >
125 + A .
o * + . . -
r o 8 > a a o
L ° ° o . o .
1.00 |
T T T T
4000 8000 12000 16000 20000
Re

Nu/Nu,

p

Nu/Nu

P

Nu/Nu

74

225 -
yw=15
200 F o«
FoL
1.75 .
o
- *
o
v *
- (o]
Ls0- o * .
| a v o o *
v e
2 : * ‘ * : v v
1.25 + . a M v
* + . A
o * .
| ° E . o a o
. . H - H
1.00 +
225 F
yw=20
2.00
*
.+
1.75 +
.
o
L .
¢ *
150 -7 ° *
- v ° * N
L A 9
iy ° °
» A v
125 + el - BV g
* . b4 .

i s E . a o ¢
1.00 A AY 1 v ¢
225+

R yWw=25
2.00 -

*
17 s UN
*
L o
*
o]
15057 'y 7 A
i .
L X o . «
X
* x b 4 ¢
2] &
1.25 p . X ¥ .

L g % * . . .
1.00 A e ¢

1 1 1 1 Il

4000 8000 12000 16000 20000

Re

UM 6.7 ANuduiugsEndng Nu/Nu, uag Re vainguuruin luviensal N dneiu

wih 36 y/w=20 Tneanadeuszuna 1.01-1.06 Wi nsdl y/w=25 tneradeuszana 1.09-

1.49 1 AUAIRU



75

e TTi o M-TTs,N=2 v M-TTs,N=4 =« M-TTs, N=6
a TT e M-TTs,N=3 © M-TTs,N=5 x  Plain tube

20 F « 20 F
r yw=25 r yw=15
18 - a8k,
16 - ° . 16
14 | 4E
L v 5] * -
12 - 12 v @ *
& L 4 v ° * e L o
o *
10 - . v ° * nE X .
L o . v o * I * X ° o *
08 - o . v ° * 08 - e . X A *
- [ o * v o * ‘ L] o 'Y X ° *
L ° ] Y v ° F ° o * 5 °
06 - A S T 06 |- N Yo
er ° o g al 8 8 ¥
04 - « ; 04 % ;
r " * x % x o = * x i x X
20 F 20F
ror yW-5 I yw-20
18 - 18k
. F *
16 - d6r
L ° * fe
14 + A4 e *
L : 4 . F
12 F 1 1= = ° *
hal r é v ° ! & F 3
*
10 - T~ P O s B .
¢
L o 3 - o * [ * X o *
08 - o [ v ° * 08 = . X L *
P ! PG/ , — N SN | T
L a X
L] o + 3 o L8 1 8 9 ¢ $
06 i 25183\ ¢ : 06 i ¥ : :
0405 i O e’ 2 = -
- 3 x x x g = I * b x x
20 20F
L y/W:].O r y/W:25
Jf-0 % 18 -
16 + 16 - o
P ° * i’
14 - ) e
[ *
2 4% ¢ A2 .
s — | z °
- [ * v p * ° *
10 - N . = SO0 ) Toe? & f
L L4 : y e . x .
a ° *
08 ° o = E v © * 08 - g . - : o *
L . a] 3 z ° v, = %} . 4 - = E g
by . o i ¥ 06 - 3 o M ¢ H
.06 j ° S g 3 L © o o
L 04 %
04 e | 57 S
L X X e = " X X x
02 L L I L 1 L I .02 ! ! L . L - !
1000 8000 12000 16000 20000 4000 8000 12000 16000 20000
Re Re

sUN 6.8 AuduTUSTENINe f uay Re veanduusudna Tuviansdl N et

a

JUN 6.8 ANUdUTUSTENING f uae Re Yoenguunudn 91 y/w=2.5, 5, 10, 15, 20 uag

25 A58l N=2, 3, 4, 5 uag 6 Wiulay A9 wual f duwiliuanainsal Re IALANNINTY
a0 d‘ 4.:» 1 1 a 1 1 d' 1 Yo

LazilA1aagai Re dran lunisnaasanguurudaluvienudn # N=6 usu e f gega un

nsdl y/w=2.5, 5, 10, 15, 20 ua 25 uaz YN8 Re vadeu anasundunaveinguuwny



76

e TTi o M-TTs,N=2 v M-TTs,N=4 * M-TTs, N=6
A TT e M-TTs,N=3 ¢ M-TTs, N=5

551 55 F
L yw=2.5 L yw=15
50 5.0 -
r *
45+ * 4.5 -
L o L .
4.0 * 4.0 -
o
L ° *
=] * =]
E 35 F v ° . E 35 F ° .
B v o * r v o *
3.0 - ¢ v . * 3.0 - a v °© *
v ° ° *
[ ¢ 4 M v ° ; [ . X : M ° ° *
25 - ¢ . v 25+ A * M v °
2 a . . v - ¢ A X
L a o . b . L 5 . . . b4
a o e o
200 e e a4 . . . 200 e . o 0 3 3 3
55 F 5.5 F
L yW-5 L yw=20
5.0 F * 50 F
45+ 4.5 *
*
40 0 ° . 4.0 - *
- [ ° . e [ e *
= 35+ S AT 2
v o * L *
v ° v ° N
30 8 3 v LA - P o .
I : A x . © * [ = X . (<] " *
. . s ¥ v © 2 . b4 , o
2.5 . % N x v 2.5 . . % X x ;
L o X X L J é L g ) i * * . .
2.0 - s * o ° o ° E f 20k ¢ q 3 . : : 8 8
[ r
55 % -
L y/W=10 L y/W=25
50 X 5.0
H L
45 45 -
*
} * L
40 Qe 4.0 - >
*
S 35t f . /&s Yo ) .
- v o * F 5] -
30 AN “Cn "o & 30 E ‘a7 -
. a x
25| R\ 25 e, o A T
[ = . D * . 3 L ® * N . = =
a * *
200 ° ¢ Wy, T gal T = 20N LS o
[ -
1.5 L - L L - - - - 1.5 ' | 1 1 | | . |
4000 8000 12000 16000 20000 4000 8000 12000 16000 20000
Re Re

JUN 6.9 Anuduiussendng f/f, wae Re vaanguuduln Tuvonsdl N sariu

Ua N=5, 4, 3 Wag 2 WHU ANUaIAU mjmwiuﬁmiuviaﬁﬁﬂmsﬂ%’u N=2, 3, 4, 5 Lag 6 LKy
wuininsdl y/w=2.5 ax¥ili f ifiuduanvieRadevlurasUssunas 109.19-426.59% nsél
y/w=5 9e¥ilef f iiuduanvieRadeuludiessunas 105.14-405.58% nsdl y/w=10 99
W f it uannviednSeulugasUsyanar 101.10-390.16% n3dl y/w=15 avild f ifiudu
nvioiEeulugaeUszan 98.5-369.7% n3dl y/w=20 asiilsk f iinguainioiiniieu
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TugaUszanns 96.3-352.7% nsdl y/w=25 avsildt f iiiuduainviefiaBeulugaeUssuna
91.91-338.29% MUAGU fmﬂﬂ?i%ﬂa@\‘iWU’iﬂumiﬁﬂ@?\iﬂdmLLﬂjuﬁﬂVJﬂﬂiﬂjﬂJaﬁ y/w=25,5,
10, 15, 20 way 25 1 @1 f aganiunsd A N maamjﬂuﬁmﬁwﬁu iiesan nsdivedlva
Tnavznewiudnasuusazusiuyinly vesnnusvesweslvafiutu uas auldmesnisiva
iy esdudoudindadindy vldinsgadendanunniulunsdnduvesesinaly
\AABUTNULNNTY

gﬂﬁ 6.9 ANMUANNUSTENING WU /f, wae Re vosnguuniuin y/w=2.5, 5, 10, 15,
20 @y 25 N3 N=2, 3, 4, 5 LAy 6 Wi LAz A6199 NISNARBINUIN F/f, 9030 Vndaa
ynnsdl Wiengagaiien Re shitan anfiwultiuanaseaud Re Adiudu Tun1maaesnguusu
Doluvienuin 7 N=6 weu 1sian f/f, geam ANl y/w=2.5, 5, 10, 15, 20 Uag 25 uag 9n
%24 Re finaaeu anawndunaveanduusudn N=5, 4, 3 uaz 2 wiu mud1iu nguusiude
Tuefivinsuiusses N=2, 3, 4, 5 ua 6 Wiy wudiinsd yaw=2.5 ety £, fatuann
vioRn3uulut 2.09-5.26 nsdl y/w=5 g9l £, WiutuainvieRaisaulugas 2.04-5.05
N3l y/w=10 aevilef /6, iatuanviefnseulutng 2.01-4.89 nsdl y/w=15 asile /£,
dutuanvieRniseulutag 1.98-4.69 sl y/w=20 agvhlsh £, wiiutuarnvieaiSeuluga
1.96-4.52 Nt y/w= 25 agyilsf /£, induainvieRaFeulutag 1.91-4.38 piuddu @1
dadrundnes 7f, oo f/f, Anan (N=2) n3dl y/w=2.5 lngaAnadsuszana 1.14-1.63 11
3l y/w=5 tngAnadeuseann 1.15-1.64 winsdl y/w=10 lneanadeuszann 1.16-1.64
wih 36l y/w=15 TaeanadeUszang 1.164-1.64 wih n3dl v/w=20 Tneawadeuszann 1.15-
1.64 wh nsdl y/w=25 lneaadsuszana 1.16-1.65 wih ausu

SUf 6.10 Anuduiussgninefuseneuaussausisauieu uay Re vourudn
asluvienieg fu wuiadusznevaussousdnuden Suwnlitanansd Re fanfiuunn
Y wardidngeand Re sham lunsmaaesnguusiudaluvienudn 9 N=6 usu Tsiadszney
ausInuzLBInNTeu gean nnnsdl y/w=2.5, 5, 10, 15, 20 ua 25 Uaz Y3 Re fnadoy
anasudunavainguunudn N=5, 4, 3 uag 2 uiunuaiu ﬂfjmwiuﬁmiuviaﬁﬁ'}msﬂ%u
N=2, 3,4, 5 WAy 6 Wiy NUIAnsal y/w=2.5 ilsusenavaussausiieninuiou lade
Uszunas 0.879-1.105 nsdl y/w=5 viliifusenevaussaunifeninudon wisussuin
0.871-1.100 56l y/w=10 v1l% Fausznevaussousidemiuseu wasussunn 0.864-1.095
nsdl y/w=15 ¥l% fausznovaussauzBeniiudou wisUssuia 0.858-1.089 N6l
y/w=20 ¥l fhusznevaussausdinuiou waslszanas 0.855-1.084 n3dl y/w=25 ¥
Tsusenevaussoundnnudeu wlsuseann 0.854-1.078 wiudnvindluvied y/w =
2.5, N=6 Wiy Re=20,000 Tadusznouanssousiismnuion gefigauszanal.20 1 Re

'
[J

Aan MUTENOUANTIOUITINNUTOU WINTUAYL BNSHavad Nu/Nu, wae /f,



05

.00

.95

10

.05

.00

)
%

.80

M-TTs, N=6

e TTi o M-TTs,N=2 v M-TTs,N=4 «
a4 TT e M-TTs,N=3 o M-TTs, N=5
r yw=25
L *
L °
L *
L v ° *
|- o *
L v R *
*
L v ° * N
°
L v o
L a v o
- ¢ - M v
* A v
L . R
L * H a
A
L o . . 4 3
- o a
° ° ° a a o
[ ® . ° ° ® °
r yWw=5
= *
F °
L *
L ° ¥
- v o -
L *
v - *
L o y :
L v o
L . v y °
L . a v 4
'Y a i v
I A
.
H . Y a
- A A a
B a . * *
L o
° . - o a o S
I} b L ° ° ® °
; y/w=10
T *
r °
+ *
L ® .
L i i .
h *
- » *
|- g ° o 2 *
a v @
L - )
|- & v
. a v
’ . a . v
L a
kK * & A: '
L * p, .
. 0 o o -
a
R\ N A
I I . I I
4000 8000 12000 16000 20000
Re

sUfi 6

Y

78

25F

- yw=15
W,

[ o
15 | .

| A
10 |

L e *
o5t 7 ° * *

- - v ° * *
(<]
oof ° v °
L . v
v
e A

[ * . & a A
90 |-

L o ¢ * . .
F * e 3 5 g 5 3 3
25 F

yw=20
200,
15+ o,
]0: o *

. ) *

549 = o % R

L [} * .
007 A v (] o

| " v o
i VA B vy S

A . %\ -
90 i 3 “

L * -

e — * .
851 e O R L B TR
235 F

| yWw=25
20

[ *

15 o
| *
10 |- o

F © *

05 F Y Y §

|- v o *

*
Souh o7 - °
[ a o
I
95 X
L * ) X X
* X X
90 | 2 4

I . .,
5l \¥a Pl ¢ ¢ o 3
80 i 1 i L L 1 i 1
4000 8000 12000 16000 20000

Re

10 anuduiussenIndiusenevaussausidanuseu uag Re vaanguusudn lu

I = 1 L
ansed N f19nuU



79

6.3 BNTNAVDI y/W

6.3.1 nsanemAusau (Nu)

UM 6.11 Arwduiusszning Nu/Nu, uag y/w veisudnvinsluriesian fu 7
Re=6000, 12,000 kag 18,000 31NN1TNARBINUIINTET N=2, 3, 4, 5 Uaz 6 Wi Nu/Nu,
wwaltiuasiianas nsdl y/w danfintu dewnsdlszer y/w Aty vanefavesivagn
WasufiemsluTlnaluduiadundavioldanas anututhurewedvausnaiinimoanas
nsminnsialusieanasdsilifsgamgfinniiufineeninuaniunsuansinandnldei

dsnalrongmanudaulaanas

©  Re=06,000, N=2 A Re=06,000, N=4 ¢ Re=6,000, N=6
e Re=12,000, N=2 4  Re=12,000,N=4 e Re=12,000, N=6
® Re=18,000, N=2 4 Re=18,000,N=4 ¢ Re=18,000, N=0
o  Re=6,000, N=3 *  Re=0,000, N=5
®  Re=12,000, N=3 *  Re=12,000, N=5
B Re=18,000, N=3 *  Re=18000, N=5
225 |
i o
2.00 | % ¢
; & s,
- F < 0
. *
175 | * *
A 11
= ¢ * 73
% B * & 9 o *
= X " - 2
7. (S0 ¢ * ® 4 -
ﬁ 'y ® ®
B é I : *
A A . o 5 A
1.25% N, Povt A A g
8 8 S - (]
[ o 7] L ]
B - Y @ ]
1.00 -
| I | 1 | 1 | 1 |
0 5 10 15 20 25
y/w

JUN 6.11 AudNTussEndng Nu/Nu, kae y/w vesnguisiudn
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A1519% 6.1 aguAINIsAEmAINToUN y/w wag N f199

No Nu/Nuj, WAeTiNTy (%)

Feuly N=2 | N=3 | N=4 | N=5 | N=6

WEIL Wh WA | WU | LU

1 | nsdlanAn y/w 970 25 1de 20 122 | 1.85 | 211 | 136 | 1.21
2 | nydlanAn y/w 21 20 wide 15 1.05 | 187 | 177 | 163 | 1.22
3 | nsdlanAn y/w 210 15 wide 10 146 | 177 | 231 | 110 | 1.22
4 | nstlanAl y/w 910 10 W@e 5 166 | 221 | 213 | 1.10 | 1.23
5 | nsanAT y/w 270 5 Lide 2.5 187 | 163 | 234 | 121 | 1.31

M597 6.1 IINMTNARBINUT Nu/Nu, asfidiuty nsdlane y/W §1199) 7 N=2,
3,4, 5 wag 6 Wiunuin deldnguuwsiudn N=2, 3, 4, 5 uaz 6 wiu nsdlane y/w a0 25
widle 20 vl Nu/Nu, Ladefiiiatiu oglutie 1.21-2.11% nsdandn y/w 910 20 Wil 15
Pl Nu/NU, Ladefiisdu agludas 1.05-1.87% nsflanA y/w 910 15 wide 10 vilw
NU/Nu, @Asfiiintu aglutng 1.10-2.31% nsdandn y/w 91010 wio 5 vl Nu/Nu,
AsTIiNTY oglutag 1.10-221% nadiand y/w 900 5 imde 2.5 il Nu/Nu, e
sty oglur 1.21-2.30%

6.3.2 A2UsTnaudeanu (f)

Ul 6.12 ATuduiussening 7, uay y/w vesusiudinuinsluvionnaq fu 1 Re =
6000, 12,000 Wag 18,000 INNTNAABINUIN NTEHTA N=2, 3,4, 5 uaz 6 Wku £/f, wuilty
awdienanansdl y/w fenfiuiu esnnsvezfindrasnsdmfisunnturiily aumuiuiy
yoamslvavsunnaniiasyiili 7f, andias uagBswaves y/w e matfiuduves f/f, toy
n1dnswansal N

M15197 6.2 f/fo lagTdiutiy nsdlanen y/W #1799 fIN=2, 3, 4, 5 uay 6 WHU WU
Lﬁai%’ﬂejmwiuﬁm N=2, 3, 4, 5 uaz 6 LNY MINAITNAADINUI ATUAAAT y/w 210 25 L1nde
20 ¥lsk /£, wBefiintu aglutie 1.76-3.08% nsdlane y/w 910 20 wiede 15 vl 1,
defifindy oglutag 1.71-2.26% nsdiand y/w 210 15 widie 10 ¥l f/f, edsfifiudy
oeflutng 1.74-3.21% nsdiandn y/w 99 10 widle 5 ¥il¥ F/f, indefifiutu aglurie 1.81-
2.77% nselane y/w 210 5 wide 2.5 Vil £/£, ladefiiiudu ag/luy9 1.83-2.42%
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o  Re=6,000, N=2 A Re=6,000,N=4 & Re=6,000, N=6
e Re=12,000, N=2 4 Re=12,000,N=4 & Re=12,000 N=6
e Re—=18,000, N=2 A Re=18,000,N=4 & Re=18,000, N=6
o Re=6,000, N=3 x  Re=6,000, N=5
m  Re=12,000,N=3 * Re=12,000, N=5
@ Re=18,000, N=3 *  Re=18,000, N=5
55
£ o
B [ed
5.0 o
B <&
45 - o
<&
B r
40 F o -
- — * %
el *
e 35F g d . - 2
L Fd = a ¥ X .
X * i 2 A
30| 9 e " *
Ly o A g : : *
25+ 8 1 n a A
m ¥ 8 é f
- (o] ® ] ) C
[ ] ® s}
20} o o $ 8 8
1.5 | | ] ] ! 1 1 | ] ]
0 5 10 15 20 25
y/w
SUT 6.12 Annuduiussening f/f, uae y/w vasnduusiuda
M9l 6.2 aguadusznouideaniu (O 7 y/v uag N s
No Goula F/f, \ndeMfindy (%)
N=2 N=3 N=4 N=5 N=6
8 S B UL T VU VR R T T TV
1 | nsdlanAl y/w 21 25 W@ 20 308 | 217 | 1.76 | 263 | 2.24
2 | nsdlanen y/w 310 20 wide 15 208 | 1.99 | 1.71 | 201 | 2.26
3 nsalane y/w 310 15 W§e 10 2.03 3.21 1.74 1.83 2.29
4 | nsdlandn y/w 30 10 wide 5 277 | 206 | 1.81 | 2.08 | 2.25
5 | nslanA y/w 210 5 1@ 2.5 255 | 183 | 263 | 242 | 258

6.3.3 sinUsznavaussausdenuion (1)
JUT 6.13 Anuduiiusseninaiiusenevanssausidanuiou wag y/w vadusudn
22791u9A199 71 91 Re=6000, 12,000 way 18,000 Wu31 NTWNA N=2, 3, 4, 5 uaz 6 Wi
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fUsEnauausIausliInIuTon  wudluudziiananasnsal y/w JANANTU 1Hes91ndncna

11970 Nu/Nu, wag f/f, Lazdninaves y/w fo N15iuTuveIiilsenauaussousidaniny

Sou Uewnndvswansal N

o Re=6,000, N=2 4 Re=6,000, N=4 ¢ Re=6,000, N=6
® Re=12,000, N=2 A Re=12,000,N=4 e Re=12,000, N=6
@ Re=18,000, N=2 4 Re=18,000,N=4 e Re=18,000, N=6
o Re=6,000, N=3 *  Re=6,000, N=5
m Re=12,000, N=3 *  Re=12,000, N=5
B Re=18,000, N=3 *  Re=18,000, N=5
1.25 -
1.20 - <o
L % ot Z © o o
*
1.15 + *
- A
| 4 'S a
1.10 ® * o .
r %* * Z N L 4
1.05 | B o * & *
L ¢ ®
4 i A *
1.00 o 5 p 3 * u
L A — ; A R
95 E - A
& L A
"] A L = B
90 - ] ]
L ° s 2] e .
° g 7]
85 | g s 8
80 i ] ] ] | ] ] ] | I |
0 5 10 15 20 25
y/w

JUT 6.13 AnuduiuSIEnIeiUsEnaUaNsTOuLIBInNToU uag y/w Y0enguusuln

A1319% 6.3 aguATIUTEnaUANTIAUEIIATNTaU 91 y/w lag N 699

No Souly /£, inaufiiuty (%)

N=2 | N=3 | N=4 | N=5 | N=6

WA | WU | WHW | WWU | WU
1 | nsilanAl y/w 270 25 1@ 20 019 | 112 | 153 | 047 | 047
2 | nslanAY y/w 210 20 Wde 15 034 | 121 | 120 | 096 | 046
3 | nsdlanA y/w 970 15 1de 10 078 | 070 | 173 | 049 | 045
4 | nsgdanAn y/w 270 10 Lde 5 073 | 152 | 153 | 0.40 | 047
5 | nsdlanAn y/w 910 5 11de 2.5 1.02 | 1.01 | 1.46 | 0.40 | 044
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3 6.3 Wesidudiusznevanssnusndinnufoundefifiutu nsdlandr y/w
$19°) fiN=2, 3 4,5 uay 6 Wiy miwmaaqwudwLﬁ@iﬁi’fﬂﬁjmmuﬁm N=2, 3, 4, 5 uag 6 wHu
nstiandn y/w 210 25 widle 20 vl fvsgnevaussaunisnuteu wsfifisdueglutas
0.19-1.53% nsdianan y/w 910 20 e 15 vili Musznevaussauzdennusou wasd
dinFuegludis 0.30-1.21% nsdlandn y/w 170 15 widle 10 ¥l dUsznevansousids
audou Ladefiiintueglutag 0.45-1.73% nsdland1 y/w a0 10 wde 5 vild @
UsENauaNssausIdInIINTou LaﬁaﬁLﬁuﬁuagiuﬁaa 0.40-1.53% N3RANAT y/w 0 5
wide 2.5 vl Fusznevaussoundsenuiou wisfifiutuoglurag 0.40-1.46%

6.4 IMUVBIHUTALETU

6.4.1 M3anamAuTau (Nu)

U7 6.14 prwidsifusszning Nu/Nu, wag N geausiufarndlusiesneg fu 7 Re=
6000, 12,000 WAz 18,000 wui1 N5 y/w=2.5, 5, 10, 15, 20 waz 25 Nu/Nu, wualtiuqed]
Aufindy nsdl N-Senfistu nssnanisreuuumueasluwaunuvesurunaSulududa
funiiavie wag nsvwansmanuumsumsvosiiulaaitlunsmieihnsinauuumunig

Yok udAnan Al dudanUaTa ol ALLINTY 1A Nu LALTY wazdnswansdl N #a A3

WLTUNSE NU/Nu, 3NNIBVEWATY v/w

o Re=6,000, yw=25 &  Re=6,000, y/w=10 © Re=6,000, y/w=20
® Re=12,000,y/w=2.54 Re=12,000, y/w=10+ Re=12,000, yiw=20
® Re=18,000, y/w=2.54 Re-18,000, yw=10¢ Re=18,000, y/w=20
o Re=6,000, y/w=5 * Re=6,000, y/w=15 v Re=0,000, y/w=25
®m  Re=12,000,y/w=5 * Re=12,000, yyw=15v Re=12000, y/w=25
B Re=18,000, y/w=5 + Re-18,000, yiw—15v  Re=18,000, y/w=25

225
0 o
P
2.00 - %
\ ¢
- 175F ¢
= i
E - A
: *
Z 150 | (2) ’ ’
o
. g 1 ’
*
1.25 - . i
1.00 |
L L 1 1 L L | L 1 L
2 3 4 5 6
N

JUN 6.14 Auduiussendng Nu/Nu, bag N veenauisude
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A5 6.4 Nu/Nu, RAgNLTY nsidandn y/w #1999 N=2, 3, 4, 5 Uag 6 Wiy

NNINAaRINUI Waldnquuiule y/w=2.5, 5, 10, 15, 20 wag 25 Nsaliind Iy N 910

210w 3 wiin vinlsd Nu/Nu, wdeiiiudu eglutig 9.71-12.05% nsdhiindiuiu N 210 3

w4 usu vl Nu/Nu, wedefiiindy ogluyas 13.21-14.57% nsdifiudiuau N 910 4

u 5 weiu vild Nu/Nu, wdefiiindy ogluga 9.12-13.98% nsdliindruan N 910 5 18u

6 ueu vl Nu/Nu, lndeiiiiudu agluyae 7.29-7.90% msivdsundasves N davsnwasie

Nu/Nup H1NNIBNTNAVDI y/wW

M1319% 6.4 aguAINIsaEmANTaUN N uaz y/w #1499

No Fouly Nu/Nu, Wdefifisitu (%)
y/w y/w y/wW y/wW y/w y/w
=2.5 =5 =10 =15 =20 =25
1 ﬂiiﬁLﬂT\jﬂJf\?’mDu Na1n2@u3 | 1205 | 1021 | 11.70 | 11.35 | 10.42 9.71
2 ﬂiﬂjLﬁmﬁﬁu’Ju Na1n 3Wud | 1457 | 13.74 | 13.84 | 1321 | 13.33 | 13.03
3 | nsddinsuu N an gy s | 9.12 10.39 | 1155 | 1294 | 13.10 | 13.98
il ﬂiiﬁLﬁNﬁﬁU?u N 310 510U 6 7.66 1.56 7.42 7.29 7.74 7.90

6.4.2 Arusznaudeaniu (f)

o Re=6,000, y/w=25 & Re=6,000, y/w=10 ¢ Re=6,000, y/w=20
® Re=12,000, y/w=254 Re=12,000, y/w=10 ¢ Re=12,000, y/w=20
¢ Re=18,000, y/w=2.54 Re=18.000, y/w=10 ¢  Re=18,000, y/w=20
o Re=0,000, y/w=5 = Re=6,000, y/w=15 ¢ Re=6,000, y/w=25
= Re=12,000, y/w=5 * Re=12,000, y/w=15¥  Re=12,000, y/w=25
= Re=18,000,y/w=5 #* Re=18,000, y/w=15v Re=18000, y/w=25
5V |-
- [e]
50 %
B *
4.5 | <
v
B Q
401 A
_ 3
Y= °
&~ 35} o ¥ ;
3.0 % g !
L a ’
25} %
20 E
15 1 L 1 1 1 1 1 1 1

€an
c
=2

6.15 ANUFNRUSTENIN I/, Uag y/w U0nguuEuin
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UM 6.15 ammduiussening i/, waz N vosusiudavindlurionnsq fu i Re=
6000, 12,000 LAz 18,000 Wuin N3TA y/w=2.5, 5, 10, 15, 20 uaz 25 f/f, wualifuazile
diutunsdl N fdufindu esinmsldurudagsy mmswesedvaiutu uaynisvu
msvasnslnawiintu yhlvimsgapdendsnunntulunisudnduresedlualiindeuiiiu
1Ny

M15997 6.5 f/f, asTiiuTy nsdlanen y/W 199 7 N=2, 3,4, 5 uaz 6 Wiy WU
Sleldnguunudn y/w=2.5, 5, 10, 15, 20 uag 25 nsdlfindiuau N 910 2 1 3 wsiu viila
/£, lndofiiuty oglutag 15.23-16.92% nsdiifiudmau N an 318w 4 usiu vild /7,
Anfiutu agludas 11.05-13.93% nsdifindiuau N a1n 4 Ju 5wy vl /£, 1aded
ity ogflutag 12.14-13.99% nsdiifinsiuau N 990 5 u 6 wiu il £/f, 1feilifia
Juogflurng 10.16-15.46% naUAsuutases N Sidvidnase F/f, unnnindviwaves y

A151991 6.5 aguAiiusenauldeaniu (f) 71 N uag y/w 199

No Seuly £/f, inanliuty (%)
y/w y/wW Y/ W y/W y/w y/w
=05 5 —--. =19 =20 =25
1 ﬂitﬁLﬁNﬁ’M’m Nawn2Wu3 | 1523 | 1607 | 16.92 | 15.49 | 1559 | 16.68
2 ﬂiﬂjLﬁNﬁ?UDu N91n 340ud | 11.98 | 11.05 | 11.35 | 13.09 | 13.43 | 13.93
3 | sdfiudiuau N 9n 4 W@u s | 1373 | 13.99 | 13.66 | 13.53 | 13.18 | 12.14
al ﬂiﬁLﬁﬁJﬁ’M’m Nain50u6 | 1546 | 1527 | 15.06 | 14.48 14.16 | 14.63

6.4.3 fiaUsznaUaNTIAUITIANTOUY m

Ul 6.16 AnmdussEvingusgnevatssauznudou  wag N vedusiudn
adluviesngg fu Al Re=6000, 12,000 uaw 18,000 WuINTMN y/w=2.5, 5, 10, 15, 20 way
25 /£, uwilediaiatunsdl N faniuiy ieswindudvBnainann Nu/Nu, uay £/,

M7 6.6 FausznovaussaunSInISe Wity nsdandn y/w e 9
N=2, 3, 4, 5 Wz 6 Wi WU Lﬁﬂ%mjmwiuﬁm y/w=2.5, 5, 10, 15, 20 uaz 25 A5
dau N 910 2 Ju 3 wiu ylddusenesuanssausidsnuiou ﬁLﬁuﬁua&ﬂuﬁd’N 4.21-
6.88% n3dliinsuan N 910 3 180 4 wi il fusznevaussousdseuiouadefiia
ﬁﬁuagﬂuﬁm 8.22-10.32% n3didfindiuan N an 4 10u 5wy fusznevaussauzideny
$ou wdeiifintuaglutng 4.56-9.70% nsdiifiuduau N 990 5 18u 6 wiu vl fauszney
AUTIOULLTIAINTOU Laﬁﬂﬁlﬂmﬁuaeﬂuﬁm 2.56-3.12% nswasuulases N T8vsnasie
FUIENOUANITIOULITIANNSBU LINAINBYBNAVDY y/W
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© Re=6,000,y/w=25 2 Re=6,000,y/w=10 ¢ Re=6,000, y/w=20
® Re=12,000, y'w=2.54 Re=12,000, yyw=10 ¢ Re=12,000, y/w=20
® Re=18,000,y/w=2.54 Re=18,000, y/w=10¢ Re=18,000, y/w=20
o Re=6,000, y/w=5 # Re=6,000,y/w=15 v Re=6,000, y/w=25

. Re=12,000, y/'w=5 * Re=12,000, y/w=15v Re=12,000, y/w=25
m  Re=18,000, y/w=5 = Re=18,000 y/w=15v Re=18,000, y/w=25

1.25
1.20 +
[ g 8
115 + 54
L o]
1.10 F = !
| A
1.05 | % ! s
= E 5
1.00 o & ’
E a e
)
.95 2 -
i ) q 3
90 - 2 !
85 i
80 1 1 1 I 1 1 1 1 1
2 3 4 5 6

JUN 6.16 AnudNiussEnineitusznavaNsTausidInINTow war N vaanguusudn

M19197 6.6 ATUANTIUTENOUANTIAUBIANTOU T N Uag y/w #1399

No wauly UseNoUANSIOULLTININUTBULRAITLALUU (%)

y/wW y/w y/wW y/W y/w y/w
=25 =5 10 =15 =20 =25

Asdfindiuau N 91n 2 803 | 6.87 6.88 6.03 6.12 5.19 4.21

ﬂiﬂjLﬂlmﬁ’M’Ju Na1n3@ua | 1032 | 9.82 9.82 8.66 8.67 8.22

ﬂiﬂjL‘ﬂliJ‘ﬂo'WU’Ju N 910 4 L‘ﬁu 5 4.56 5.69 6.90 8.26 8.52 9.70

2 TWIN |-

ﬂ’iﬂjl,ﬁmﬁ’m’m Nawm5ue | 268 2.63 2.56 2.59 3.12 3.12
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6.5 d@3UNaNIIMAADY
Tummeassas@nudvswavesszensdauazsnuvesunulneiuiidensousonis

femaudou Fautszuznisdaldneun 20 nsdl 6, 40, 80, 120, 160 Az 200 mm (y/w
=25, 5,10, 15, 20 uay 25) wazdrunuwsudaieduignlindonseuwsiuda TTi wseenify
5050 A 2, 3, 4, 5 LAY WY 91NNISNAABINUTN 6

1.5.6 n3al y=20 A" Nu @dam Nnnsal N=2, 3, 4, 5 uag 6 WHY Uay N
Re finpaou warlumsindanguusiulannnsd N=2, 3, 4, 5 uae 6 wiu Hu A1 Nu azanniu
nsdl ey vesnguusiudaanas esnnnislaunudniifiszoznisdadiatessivlianuuin
Gushaudnansesasnafiuannty  vesrnnuiinesvesvafisduuazaruldesnisiva
Fiudu eududeuiiinfiutu nssuanisinenyunis luuiuwnufissntu vedlvassiiuy
sruAnnstnanualuduiatumdsiannnturililden Nu snndu Tnefl N=6 wiu uay y=20
mm 2zl Nu gsanléf 8350 1 Re=20,000

2.5.6 NinnsalvenguuNudadiaA Nu 11nndl Nu vietauayg Nu/Nu, Y09k

a ] Y 1 A o a A 4 ! N é{
UANAERUNINNIE Tvian Nu/Nup NGENIGH Re ANER wazATLLIlUNANAIMINAT Re LN

'
I 1 1

Fedinguusindn y=200, N=6 i T Nu/Nu, geanls 209 71 Re=6000

5.6.3 ¢ f duuililianaensil Re dAwAuEINTUuAzilAT f 898091 Re fnan Tu
nnaapnguuNudaluvienudn 7 y=20 mm Tvien f asan nnnsdl N=2, 3, 4, 5 uag 6 unu

v
=

uay N Re findou anvaiviald y Sesas uae N Sewnntu daeifiuen f g
desnnszaynsdaiidnayiiliesivalvaiueiuihud fenslvauuumulududady
weaviennTe Lﬁmmmﬁmmugﬁu vadlnalnasenainvislasnuaziinsgedeondeny
sluaannndt nsdl y fd g Tunismeassnguududnmuin 91 Y=20, N=6 wiiu 71 Re=6000
e f gegala 198

6.5.4 ¢ /f, vesnguusudafignnageunnnsdl IiAngegaiien Re Afign eind
wulihianasmu Re ity lunisvaassnguusudnluviewudn 7 y=20 Wie1 f/f, gean
NANTE N=2, 3, 4, 5 Uag 6 Wiy LAz N Re finadeu 7 y=20, N=6 wiu 71 Re=6000 1t
A1 f/f, gagala 247

6.5.5 ANFIUTENUANTIOULLTIAIINTOU YaenguukuTnTluilUNanaINTal Re
fenfnnntu waelidgeaedl Re shan lunismeaesnduusiudsluvionudr 7 y=20 T
Usgneuaussnuzidennieu gean ynnsdl N=2, 3, 4, 5 uaz 6 Wi Wwag Yn1a Re Ivndey
NNINARBINUIMNTATINT y=20, N=6 wil, Re= 6000 WiAfiusenavaussousids
arufou guan lasfinsandn y anfumsdidiudussnevanssoussarudou wnnty
AUBNTNAVDY Nu/Nu, kag /1,

6.5.6 Tumsfnsanguusiudaynnsdlves y=20, 40, 80, 120, 160 uaz 200 mm
thu @1 Nu azannBuidle N vesnguludadiudu idesanmisldludaaiuiivunndusihugus
N (8 mm) flegserineniiaiouazusulandnfifiouinlng @0 mm) Aogfuluurudads

Y
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Y
al

usiazusuiliAnnszuansvaluuryuns Tukannuitituiiing sswinsudaviowazusiuda
wdn Aansinanyuiu lWdudaturdsieinntu uazuinaiutie wmienslrauuumu
msvesusudandnlilududatumimennniu vhls Nu dfindu deandesiunmaiivduiures
nauluBamndu asdaevinli Nu sty

6.5.7 N8l N=6 weiu 1A Nu/Nuy, f, f/f, Wazsiaussnauaussausidanusou
g9an Wnnsdl ile y=20, 40, 80, 120, 160 WAz 200 mm WAz %A Re TMAFDY AnA%N
Dunguwiuda N=5, 4, 3 uay 2 Wiy auadu

6.5.8 MaUAsunUases N Tovdnade Nu, f uagfuszneuaussouzdny

$oU UINNINBNTNATBY Yy
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ANSLNNNISANENAINUSDUAYUHNUTAVING

7.1 uni
mnildnanliluundeunthifvedinalvadluviefeguugifasiiaiiaveuass
qmwgﬁﬁm’iﬁqmmﬁﬁmamiwwmm%’au%Lﬁﬂﬁml,as%wuaumw%a%ﬁu%mﬁamﬂwamaq
arwdouasFunefiulufiansuisiiiaudufuiiudazuandatuoenly smudeuluss
Tnetuinfinfianduguassasonstamanuion driuieenuuuusiuinueiviiliinns
Wasuuuasiiennansivavedinariili dudafanisivavesaufeuuisas Tunseenuuuls
Jurtrauiudnunafieanussiruvesnisiva aelinsdiomanuieusniu uazannis
gy dendanunisinalianas Tuuniindniaginssunistmanteluvienageunislvadiiinig
aonldusudnuuusain uHulnug wagviowd TaeAnwidvinaves arunieesisy
svozn130n lnsutsnisfnuludiutosndu nsdnwfdnmdiuninuniteuesdude
(W/D) warszezn1stn dauandlusuil 4.18 fiddnsnadensanemauieutaznisgnyde
ANUAY I8AUNIIVBNUTN 6.4, 12,8 Wag 19.2 mm (W/D=0.1, 0.2 k@ 0.3) 88213

U0 12.8, 19.2, 25.6 mm. Wag WHUAI (y/w=0.1, 0.2, 0.3 uag 00)

mslaszinistemauseulunatiaviai@an (Nu) wuaznisaadsainudiuly
watvediUsznouldeaniu () anduissufisunisaiemaiiuiow nsagdsninudiu

LazFIUsENaUANIIOULITIAINTEY (1) AUrBNTASYY

7.2 INSWAVDILAUUAVING

7.2.1 Msgenaeiau (Nu)
JUM 7.1 uamemuduiussendng Nu uag Re voauiudnying w/D=0.3, 0.2, 0.1

LAY y/w=2, 3,4, 00 #6199 3INN1SNAGBINUI1 Nu UaIvianaaauinnsalAiliu by
WinBunuAn Re Miadu wsrzanslvadutuiiiiuty Tnoesildvesinalwalududay
nfavieldanniu dwalminanisaismainudeulanau 31n5UNUI1 w/D=0.3, y/w=2 %
A1gegn Nu= 153 71 Re=20,000 Laz¥i® w/D=0.3, y/w=2 lsiAn Nu guan %nt Re Anadeuy
anasudunavesiudnuIg w/D=0.3, y/w=3 LHudnu11s w/D=0.3, y/w=4 wuudnua19
w/D=0.2, y/w=2 WHuTAYI13 w/D=0.3, y/w=00 LNuTn1119 w/D=0.2, y/w=3 WHuTaAu3I14
w/D=0.2, y/w=4 Wudnua19 w/D=0.2, y/w=00 Wiudnv119 w/D=0.1, y/w=4 uiuidnv9
w/D=0.1, y/w=3 LHuTAu119 w/D=0.1, y/w=2 UuTaA°319 w/D=0.1, y/w=00 LagnNon?
S8 192-207%, 175-189%, 153-167%, 132-144%, 128-140%, 121-133%, 110-121%, 94-
104%, 74-83%, 69-78%, 63-72%, 53-61% Aud1fy annnivilsinsdunudavansd
w/D=0.2 uaz 0.3 io y/w anasasyili Nu 1iintu esenaunirvewsudnuazssey
mslndiana egninluinwinsiumsivavesvedlvasilyt wivdalumideninglvalv
Annslrakuumyua Aamuiiutaurssmsinaiiunniu Nu ity nsdlusiuludnuang
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w/D=0.3, ylw=2
w/D=0.3, y/w=3
w/D=0.3, y/w=4
w/D=0.3, y/w=c0
w/D=0.2, y/w=2
w/D=0.2, y/lw=3
w/D=0.2, ylw=4
w/D=0.2, y/w=0
w/D=0.1, ylw=2
w/D=0.1, y/w=3
w/D=0.1, y/w=4
w/D=0.1, y/w=c0
Plain tube

w/D=0.3, y/w=2
w/D=0.3, y/w=3
w/D=0.3, y/w=4
w/D=0.3, y/w=c0
w/D=0.2, y/w=2
w/D=0.2, y/w=3
w/D=0.2, ylw=4
w/D=0.2, y/w=0
w/D=0.1, y/w=2
w/D=0.1, y/w=3
w/D=0.1, y/lw=4
w/D=0.1, y/w=c0

JUN 7.2 Anuduniugsendng Nu/Nu, uag Re 30eunuinying
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T Nu dhan 3esdrduandrsfunudn an Nu ifisduannvieRadeulurasssand
w/D=0.1 Arunisveswdudnvindinntes e y/w gy vilddr Nu iinTy esann
wiudafifszeznsiafunnidlegniinluansuinenisiva wuinndeivesusiuinazinsing
Uznzszminsasiatuududnumnannniududnunsd fsseznisdasninilmninnisiva
wuudutauunnin Iﬂaﬁﬁw‘ﬁwaﬁLﬁﬂmmimﬁmﬁﬂﬁmaﬂﬁaLﬁmﬂﬂilmat.l,uumuﬂ’;qamaq
dosnflanunweaduludaimiley

UL 7.2 mudusiussening Nu/Nu, uaz Re vesusudnuang w/D=03, 0.2, 0.1
WAL y/w = 2, 3, 4, 00 AIAN99 NITVIAADINUIN Nu/Nupiﬁmqaqmﬁm Re Gi"ﬁﬁqml,azﬁumiﬁm
anasmAn Re ity angunudvie w/D=0.3, y/iwv=2 Tnen Nu/Nu, geanls 3.07 7
Re=6000 anasdunavessudnging w/D=0.3, y/w=3 Wiudnune w/D=0.3, y/w=0 unu
UAY19 w/D=0.2, y/w=2 WHuTnr119 w/D=0.3, y/W=00 UNUTAYINN w/D=0.2, y/w=3 WU
UAY9 W/D=0.2, y/w=04 WHuTnu119 w/D=0.2, y/w=00 WHuTnv19 w/D=0.1, y/w=4 WU
UAY219 w/D=0.1, y/w=3 WH{uTav319 w/D=0.1, y/w=2 uazuuudnu31g w/D=0.1, y/w=00
TfAs Nu ﬁ?ﬁqm TneAadsUssanal 1.90 Wi, 1.79 i, 1.65 1, 1.51 wh, 1.49 wi, 1.44
Wi, 1.37 i, 1.27 Wi, 1.3 0, 1.10 W waw 1.06 pradduzesideulviiian

7.2.2 fqusEnaudeaniu (f)

nslfusudnamafiodiunsemersiomdunaliamusugndeluteifiuuniy
gnuandluguves f 3Uil 7.3 arwdiudsenine f was Re vasliudauanam w/D fu y/w
#1499 fiu nudn £ Susltuasaade Re danfiuinndunesiaiaagnd Re diga wuti vie
W/D=0.3, y/w=00 e f gaanld 0.94 71 Re=6000 waz w/D=0.3, y/w=00 Tsie1 f geaann
9249 Re Tmndevanatuniunasod unudnug w/D=0.2, y/w=00 WHNUTAYINE w/D=0.3,
y/w=4 LNUUNYI19 w/D=0.3, y/w=3 Luinu119 w/D=0.2, y/w=4 Waudav13 w/D=0.3,
y/w=2 WNUTAYI19 w/D=0.2, y/w=3 WH{uTa1179wW/D=0.2, y/w=2 Wutinv119 w/D=0.1,
y/w=00 UWHUTAL9 w/D=0.1, y/w=4 LH{uda12719 w/D=0.1, y/w=3 L{udanu119 w/D=0.1,
y/w=2 uazviefaiduulien féhan anmsissuddutneiunudy f f fstuandeRideu
TutheUszana 22.42-29.66 Wi, 10.95-14.49 ¥, 7.85-10.38 191, 6.79-8.97 W1, 6.05-8.01
W1, 5.97-7.9 111, 5.51-7.29 1911, 4.97-6.57 111, 4.48-5.93 1111, 3.57-4.73 1911, 3.29-4.35
W1, 3.06-.04 Wi srmddy aumaivinld w/D flengs uag y/w Sleeh Gaeifiue £ ligetu
dlesannsdl y/w= 2, 3 uag 4 wiudagnansnsinunsivavesiva sednuaugiiduusdu
Fdevlsuiitnvesusulnlifanduiienisinalaenss nefduusudovinliAnnisusne
wazBsuiiamanislva viliimsggydendnunniulunssdndureseslvaliiadoud
duldannniviewan anudiumunisiavesia 3 nsdliavanasdle y fAwfiudy udtos
NI1N38 y/w=00 %QLﬂuLLw'uL%fJUQmw&gqmﬂﬁuﬁﬂmqmﬂua%qima FlsiuTigunns
navesvaslva Ailvaigngduannnd Seiliinisgydendmnumntulumandndunes
voslmaliindouiirinuluanniign ndsnugydvazanaaiemuninweasiuanas
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w/D=0.3, y/w=2
w/D=0.3, y/w=3
w/D=0.3, y/w=4
w/D=0.3, y/w=00
w/D=0.2, y/w=2
w/D=0.2, y/w=3
w/D=0.2, y/w=4
w/D=0.2, y/w=00
w/D=0.1, y/w=2
w/D=0.1, y/w=3
w/D=0.1, y/w=4
w/D=0.1, y/w=c0
Plain tube

w/D=0.3, y/w=2
w/D=0.3, y/w=3
w/D=0.3, y/w=4
w/D=0.3, y/w=c0
w/D=0.2, y/w=2
w/D=0.2, y/w=3
w/D=0.2, ylw=4
w/D=0.2, y/w=c0
w/D=0.1, y/w=2
w/D=0.1, y/w=3
w/D=0.1, y/w=4
w/D=0.1, y/w=00
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31J1n 7.4 UENNUSTENIN f/fo ua Re maumummwm vv/D U y/w 61199 1Y

[

wuI /f, fuunliufiviudle Re fAnfivaniy uas umaaaw Re mam INFUNUIN
w/D=0.3, y/w=00 Tyran f/f, qqqmiﬂ 29.71 1/| Re=20,000 waz w/D=0.3, y/w=00 Tnan f/f,
g9 YN¥4 Re fvadeu anasundunaresuiudnuIng w/D=0.2, y/w=00 uiudnuing
w/D=0.3, y/w=4 WHuUnv119 w/D=0.3, y/w=3 LHUTAY119 w/D=0.2, y/w=4 WHUTAY19
w/D=0.3, y/w=2 WHuTnv319 w/D=0.2, y/w=3 Wuudanu119w/D=0.2, y/w=2 LiUTAY214
w/D=0.1, y/w=00 Luutinv119 w/D=0.1, y/w=4 Wudnv119w/D=0.1, y/w=3 Lazluuin
1218 w/D=0.1, y/w=2 T /f, dan Tasaiadeuszunm 7.32 i, 3.57 i, 2.56 11,
2.21 W1, 1.97 1, 1.95 w11, 1.80 111, 1.62 911, 1.46 Win, 1.16 11 waz 1.07 #uabuuDd
Soulviiian

7.2.3 ausEnavaussauzdeauian (M)

Ul 7.5 AnudiusseninesusenauaussausiBeninuiou uaz Re vaausiudn
Y1961 i nuiUsEnevaNssauzidInusey Suwnltuananile Re fidnfiuunniy
uazilA1gaandl Re Aaniusiulinuans w/D=0.3, y/w=2 TA1 fusznouaussaugieniny
You gefianuszana 1.69 7 7l Re=6000 anasuidunaes wiudauIne w/D=0.3, y/w=3
WHUUAYIE W/D=0.2, y/w=2 UNUTAYI1 w/D=0.3, y/w=4 UWHUTATI13 w/D=0.2, y/w=3

WHUTAYI1 W/D=0.2, y/w=4 wnutinu11d w/D=0.1, y/w=4 whudanu219 w/D=0.1, y/w=3
WAUUAYIE W/D=0.1, y/w=2 LuTnu219 w/D=0.1, y/w=00 WHuTAU114 w/D=0.2, y/w=

00 LazNuTnUI1e w/D=0.3, y/w=00

2.0 A w/D=0.3, y/w=2
L A w/D=0.3, y/w=3
A w/D=0.3, y/w=4
18 - A w/D=0.3, ylw=c0
s A O w/D=0.2, ylw=2
A O w/D=0.2, ylw=3
16 | A A B w/D=0.2, ylw=4
i A % A A A O w/D=0.2, ylw=0
0 A L O  wiD=0.1, ylw=2
14 O Y SN O w/D=0.1, yw=3
=y N & A o O O a A @ w/D=0.1,y/w=4
A A o O O @ w/D=0.1, ylw=o
12+ 8 g & A A p
i @ g g
8 B
10F o
. B 2 e 4
A ] ] - o ©) Q
A O o
8 r A A a o
i 1 | 1 | 1 | 1 |
4000 8000 12000 16000 20000
Re

JUN 7.5 AnuduiusTenIneiiuseneuansausiBniusey wag Re Yaeunuinying
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fuszneuaussouziiinuieu Man dafldrAdausznouanssougiBannuieu 1ade
Usvana 1.40, 1.31, 1.23, 1.21, 1.11, 1.10, 1.003, 1.08, 0.89, 0.84 uaz 0.78 MUAIAU 3N
Haves Nu/Nup wae f/f, vl w/D=0.3, y/w=2 liedusenavaussausiieninuiou g
fignlunismaaos

7.3 DNTNAVDY y/w

7.3.1 Msangwmausau (Nu)

Ul 7.6 MnuduTuSIENING Nu/Nu, wag y/w vosusiudauinesiag fu i Re=
6000, 12,000 uag 18,000 WU N3l w/D=0.2 uag 0.3 Nu/Nu, kualtiedianfindud
y/w HA1anas Hosnunudnrmnehlmannswdsufieninisiva danisivasuududn
wntu vililvalududatuniioldinnduasafiguugisnituioonunanfunssua
nsluavdnldinntu dwalfdremenydouldidisdu asald w/D=0.1 Nu/Nu, wusliuees
Aiinguile y/W feanfiudu Tnean Nu ilAg9an 7 y/w=4 usiazaamiasile y/w=00
[esanfienanevesuiudaranuasszey nsdadviiliAenszuavsuaen sl
wnnwely mevhaetudaivesmeslvalndmimerhlinmsmemanudouansiias usidlefis
seoynsOnfient il suvsnsvossiudadidunisivamnduildiaanslnavyuainn
Fu vhliAnmadutiugand) msdemarusougstu uidleilie y/w=00 yusnzveusy
fignunslvauniian wiudfimnmsiisnfunsivavesusilidaasulannsmyuiusesy
Tnadlududatuniloie 3oiluld A1 NuNu, tesninnsel y/w=4 lunsdl w/D=0.3 mnan
y/w 910 00 1B 4 ¥ild Nu/Nu, Wiistuade 10.99% winam y/w 910 4 Tuidu 3 vinls
NU/Nu, iRuTueas 8.43% vnan y/w 210 3 Wil 2 vl Nu/Nu, ifisidunde 6.09%

4.0

& Re=6,000, w/D=0.3
- A Re=12,000, w/D=0.3
35| A Re=18,000, w/D=0.3
' O Re=6,000, w/D=0.2
- B Re=12,000, w/D=0.2
30t 2 v m  Re=18,000, W/D=0.2
- Iy 0 Re=6,000, w/D=0.1
S r ® Re=12,000, w/D=0.1
£ 25¢ g N e Re=18,000, w/D=0.1
S -] u] Y
pd i 8 g
20} B
L 8 8
v 8
15 |
10 ¢ | | | |
2 3 4 o0

ylw

JUN 7.6 Auduius e ndng Nu/Nu, kg y/w Yeeunudnying
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Tunsdl w/D=0.2 wnan y/w 91n 00 Ty 4 vl Nu/Nu, Wistuiade 8.29% winan y/w
210 4 WUy 3 ¥l Nu/N, istuade 5.23% wnan y/w 910 3 T 2 vl NuN,
diutuaie 4.71% Tunsdl w/D=0.1 wnany/w 910 00 Ty 4 vils Nu/Nu, Wistuiads
13.80% wnan y/w 210 4 L 3 vl Nu/Nu, anasiade 2.79% winan y/w an 3 1
B 2 9l Nu/Nu, anasiade 3.43%

7.3.2 fiausznaudeanu (f)

s 7.7 anuduiussening 76, uay y/w v0sududnvInafieg fu 9l Re=
6000, 12,000 wag 18,000 Wuin N3eif w/D=0.3, 0.2 uae 0.1 /f, wltuazilaniintu o
y/w Sendutu oy /£, wnaadedunse yw=00 iesmnfuuiuiounsiminiudia
memslvavesvesiva IuiliAermuduanlunisiasiiusnndian lunsdl w/D=0.3 minan
y/w 910 00 WUl 4 i1l £/f, anadiade 64.99% wnan y/w 9n 4 T 3 vili o,
anaalade 13.5% winan y/w a0 3 Wu 2 vialk 7/f, anasludag 11.9-12.0% Tunsdl
w/D=0.2 mnan y/w 21n 00 Tuillu 4 viTi Nu/Nu, anasludng 44.6-44.7% minan y/w
90 4 Tl 3 vl £/f, anasludiag 8.9-9.0% winan y/w 930 3 Ty 2 vl 7/, anaq
Tug3 9.7-9.8% lunsdl w/D=0.1 winan y/w 910 00 Tl 4 vl Nu/Nu, anasluag
20.1-20.2% vnan y/w 910 & 1y 3 vili 7/f, anasludae 7.9-8.0% winan y/w 270 3
Ty 2 vl f/f, anaslugag 6.9%

32 A Re=6,000, w/D=0.3
- A Re=12,000, w/D=0.3
28 X A Re=18,000, w/D=0.3
s O Re=6,000, w/D=0.2
24 ®  Re=12,000, w/D=0.2
L 4 ®  Re=18,000, w/D=0.2
20 0 Re=6,000, W/D=0.1
N i ® Re=12,000, w/D=0.1
= 16t e Re=18,000, w/D=0.1
. ]
12 2
8| i ¢
: : - . '
4+ 8 8 8
0 | | | |
2 4 0

ylw

JUN 7.7 anuduniugsendng 7/, uag y/w veusuinuig

7.3.3 fiausznauanssausiBenuiou (1)

SU 7.8 AMNENRUSIEING FUTENoUANTIaUSITAINSIU wag y/w Y0uHuln

Y
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3199199 U 7 Re=6000, 12,000 waz 18,000 WU n3difl w/D=0.3 waz 0.2 Fauszneu
aussaunidennudou wnltuesiidanaunile y/w dAwfiudu nsdlf w/p=0.1 fauszneu
gussausiderudou wwilduesdanfiududle yw faniutu uiazanmanile y/w=00
FaAnandvinaves Nu/Nu, wag £/f, Tunsdl w/D=0.3 minan y/w 310 00 Tl 4 vilv
FrusynovaussousBanmdeu Wiinduluas 57.50-57.51% winan yv/w a0 4l 3
¥l¥ fhusenevaussausidernudou udulugag 13.79-13.80% winan y/w 910 3 U
2 9l dausznevanssounderudou dvdulugis 10.71-10.72% lunsdl w/D=0.2
winan y/w 90 00 Tl 4 vl fusznevaussausiBeuden Wuduludis 31.93-
31.94% minan y/w 910 4 Wiy 3 ¥nl% dausznevaussausdemiudou udulugas
8.58-8.59% wnan y/w an 3 WUy 2 vinlek dausznevaussausidennnudou duduludie
8.37-8.38% lunsdl w/D=0.1 mnUdsw y/w a0 00 Ty ¢ ¥lv fausenevaussouzds
Audeu tiudulutag 22.70-22.69% minwdsy y/w 910 & Ly 3 vl fuseneu
aussousienuden anasluyas 0.057-0.058% mindeu y/w 910 3 T 2 vils &
USENaUausIOuLITInIusau anaslugie 1.07-1.08%

2.0 A Re=6,000, w/D=0.3
- A Re=12,000, w/D=0.3
18 L A Re=18,000, w/D=0.3
i = O Re=6,000, w/D=0.2
B Re=12,000, w/D=0.2
16| A / @ Re=18,000, w/D=0.2
- A ©  Re=6,000, w/D=0.1
14 = A ® Re=12,000, w/D=0.1
= | a & S ® Re=18,000, w/D=0.1
5 9
1.2 - o 2
[ S - :
10 + o)
' :
8 2
A
i ! | | |
2 3 4 00

ylw

JUN 7.8 Anudusiussyninedinusenevaussausienuiou way y/w veausuinuing

7.4 8Ndnavas w/D
7.4.1 nsagmAansay (Nu)
JUN 7.9 AudNRussendng Nu/Nu, kag w/D Y0auiudnu319619e Ay 7 Re=

6000, 12,000 taz 18,000 WUd1 NI y/w=2, 3, 4 haz 00 Wu31 Nu/Nu, bultuasiie
WLTULD w/D TAANTY 1H0991NANNAIN9YBILHULANLINTY AU TUUIUYDINS AN
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P unsdl y/w=2 wniiin w/D a0 0.1 Ty 0.2 ¥l Nu/Nu, iiisduiade 41.93% wn
i w/D 910 0.2 T 0.3 ¥l NuNu, iiiuade 25.73% Tunsel y/w=3 mnifia w/D
210 0.1 W 0.2 vl Nu/Nu, ifisduade 30.87% mnifia w/D 910 0.2 1Uilu 0.3 vhls
Nu/Nup distuads 24.10% Tunsdl y/w=4 wnifia w/D 910 0.1 Ty 0.2 vl Nu/Nu,
diutuaie 20.89% winiiy w/D 910 0.2 Wit 0.3 ¥l Nu/Nu, iisduiade 20.43% lu
A3l y/w=00 winuiiy w/D 910 0.1 Wil 0.2 ¥ils Nu/Nu, isduade 27.03% niia
w/D 910 0.2 Tdu 0.3 vl Nu/Nu,, Winduade 17.519% lunisnaassnuindvsnaves
w/D T11nni18nsnaves y/w #is A1 Nu/Nu,

3.5 A Re=6,000, y/w=2
R A Re=12,000, y/w=2
B A Re=18,000, yiw=2

30 O Re=6,000, y/w=3
3 m  Re=12,000, y/w=3
L B ®  Re=18,000, y/w=3

N s O Re=6,000, ylw=4
3 25¢ 4 ®  Re=12,000, yw=4
= & % ®  Re=18,000, yiw=4

Z i o! *  Re=6,000, y/w=o0
S 4 % Re=12,000, yw=oo
' * *  Re=18,000, y/w=co

15 .
| | |
0.1 0.2 0.3
w/D

JURN 7.9 Auduiussendng Nu/Nu, 4ag w/D Yaeunuinyag

7.4.2 aaUsznaudeaniu (f)

U7 7.10 AnuduRiusszning £/f, uas w/D vosurulnyineingg fu 7 Re=
6000, 12,000 uaz 18,000 WUt A3l y/w=2, 3, 4 Law 00 nud1 /£, uuiltuaedafiuiy
dle w/D flendindu lunsdl y/w=2 winuiin w/D 910 0.1 Wil 0.2 ¥lsf £, iiutuiade
62.61% vnifin w/D 270 0.2 Ty 0.3 ¥ /£, iiiuduiade 20.129% lunsdl y/w=3 wn
i w/D 21 0.1 iy 0.2 ¥l £, wiintuade 67.45% winudiin w/D 910 0.2 Ui 0.3
vilet /6, Wuduade 23.13% lunsd y/w=4 mnifia w/D 210 0.1 1 0.2 vl £/f,
dutwads 69.29% winidiy w/D ann 0.2 Ty 0.3 ¥l 4, ifiuduiade 29.53% lunsdl
y/w=00 Aty w/D 910 0.1 Wiy 0.2 vilo £/, \iutuiade 144.30% winuia w/D 270
0.2 il 0.3 vhlof 7/, iiutuaie 104.66% lumsnaaesmuindviwaves w/d fuinndy
BNINAVDI y/w #io A" f/f,



25 -

20 -

fif,

15 -

10 -

* %

[ome
DO e

JUN 7.10 ANudusTEnINe /f; wag w/D vesuiuinuIg

0.2 0.3

w/D

7.4.3 siaUsznauaussausiBeauiau (1)
U7 711 mnsdasitussendnuseneuanssaustBanNieu wag w/D vosusuln
YINAE Fufl Re=6000, 12,000 Wwaz 18,000 WUIN N3G y/w=2, 3 uag 4 i w/D e
ity ananinsveududnfiinntuastisasnssuaivanuaslinniu yiliiuseneu

AUTIOULLTIANUS DY TALANTY

1.8 |
L A
16 |
A
B A
141 A m
c i = i
A
[ ]
12 B g E o
L [ ]
H o
10 B ¥
- * *
* * *
8 * *
*
i | | |
0.1 0.2 0.3
w/D

% X+ e e OmEO D> DD

% X% e e OmEEODMD DD

98

Re=6,000, y/w=2
Re=12,000, y/w=2
Re=18,000, y/w=2
Re=6,000, y/w=3
Re=12,000, y/w=3
Re=18,000, y/w=3
Re=6,000, y/w=4
Re=12,000, y/w=4
Re=18,000, y/w=4
Re=6,000, y/w=o00
Re=12,000, y/w=00
Re=18,000, y/w=00

Re=6,000, y/w=2
Re=12,000, y/w=2
Re=18,000, y/w=2
Re=6,000, y/w=3
Re=12,000, y/w=3
Re=18,000, y/w=3
Re=6,000, y/w=4
Re=12,000, y/w=4
Re=18,000, y/w=4
Re=6,000, y/w=c0
Re=12,000, y/w=00
Re=18,000, y/w=c00

JUN 7.11 anudiusseninginusenauanssousidanuion uag w/D veunudnyin
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NS y/w=00 wuin e w/D Hanfisdy esminmsifiueunewesusuEouinedeann
fuiirnnanisivaveswedua SeildiAnauduanlunisivandiuanndu il sauseney
aussauzidenudeu daanas Tunsdl y/w=2 windia w/D 990 0.1 Ty 0.2 v1l# &
UsnevaussausiBrudeu 1iinTuaae 20.74% wauiiy w/D 910 0.2 Uiy 0.3 il &
Usznavaussausidennudou Wnduads 18.28% lunsdl y/w=3 snuia w/D 910 0.1 W
0.2 vl fausznevanssausiBenudey fisduads 10.21% winudiy w/D 970 0.2
TUiiu 0.3 vl drusznovaussauzdinnudon fisTuaeas 15.78% lunsdl y/w=4 win
gl w/D 270 0.1 T 0.2 vildsusenevaussausiBanudey Wiuduads 1.42% win
st w/D 97 0.2 Ty 0.3 ¥l fhusvnevaussausiBemudeu iinTuaas 10.48% Tu
58 y/w=00 il w/D 970 0.1 B 0.2 lvsusznevaussauzfanuion anas
\de 5.68% winuiy w/D a1 0.2 [y 0.3 dlisusznevaussauzifnnudon anas
\ly 7.44%

7.5. ANHUNUSAIEITNTATUHUATILUUNANEAILUTVBIEUTAVING
ANMUFUNUSVOENFURUTA1T18WwANNSaulAs USRI 1dIun15T (/W)
INF1AIUAIUNINVDEUTA /D), (Re), Prandtl number (Pr) @sa@1unsoasaandunus

£
Y a

AF9L
N1SAEMANNS DY
= 0.797 0.4 0.432 -0.082
Nu=0.11Re*”" Pr**(w/ D) "~ (y/ w) (7.1)
il
6,000 < Re <21,000
0.1<w/D<0.3
2<ylw<4
AUSTNOULHYANIU
0. 0.668 .
f =1.099Re**® (w/ D)™ (y / w)***® (7.2)
6000 < Re < 21,000
0.1<wD <03
e 2<yw<a

A2Us2NaUANTIAULLTIAINSOU

)—0.181

n=6.602Re™ ' (w/ D) " (y/w

0.209
) (7.3)
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. 6,000 < Re <21,000
el 0.1<w/D<0.3
2<ylw<4
160 7
L //
140 | 6,2
/,/ O/O/
120 ¢ L o207
L /% /
— 6B
T 100 - o
2 80
a i X
2 60 | ‘ -8%
40 +
20 F
O 1 1 1 1 1 1 L 1 1 ] L 1 1 1

0 20 40 60 80 100 120 140 160
Nu (Experimental)

JUN 7.12 @uduiusued Nu seninanduiusuasnisnaaeavasuiuinying

40

f (Predicted)
3
N

.05 4

05 .10 15 20 25 .30 .35 .40
f (Experimental)

JUN 7.13 anuduiudues f sevdsavduiuduaznisvaassveuiudnying
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7.5.1 §UNUS Nu Y99ueudnung

TudIureIAIAINARIALAABUIINANFUTUS A1 Ta18MAd NS o (dunis 7.1)
W3sufisuiumanmsaemaiudeunisneaes Insflanduiusnisersmaiiudouien
AuAmALAABUIINTayan I Inaeseglutas +8% dusngluguil 7.12

7.5.2 §UNUS f vosuuudnug

TudIUT8IAIALARIALAA DU NENFLTUSIUTENUAI I EBANIY (RS 7.2)
Wisuisuiuaiussneunnudeaniuainnismeass Inefianduiusiussneuninuden
mufinnunaindeuandeyanisnaaseglutag £4% fsinglugud 7.13

7.6 d3UNANIINAADY

7.6.1 s w/D=0.3, y/w=2 Wirngean Nu=153 #i Re=20,000 nu1 A1 Nu 1
MnvioRTeuluteUTEINM 192-207%

7.6.2 natlusudinunedl w/D=0.2 uaz 0.3 il y/w anasazviild Nu iindy

7.6.3 n3diurudne19fl w/D=0.1 Arnunirsessudnuadienies We y/w s
viloien Nu Wity

7.6.4 n5dl w/D=0.3, y/w=2 T Nu/Nuy, geanle 3.07 #i Re=6000

7.6:5 N3t ¥io w/D=0.3, y/w=00 e f a9amls 0.94 7 Re=6000 @1 f ifinduaN
Vo gUluYI9UTTUN 2,142-2,866%

7.6.6 N381 w/D=0.3, y/w=00Tnen /£, gaanlel 29.71 A Re=20,000

7.6.7 N8 w/D=0.3, y/w=2 TA1daUsynauaussaugiaeninuiou qqﬁqmﬂsxmm
1.69 71 1 Re=6000

7.6.8 N36] w/D=0.3 wav 0.2 ArdaUsznevaussauziienudou azlidananie
y/w ﬁfwmﬂ'mﬁu nsdl w/D=0.1 FsUsenevELsTauFImLSe winldiasddfiutuile
y/W mmmmum y/w=4 me\]uammmma y/w=00 mmmmnamawaﬁum Nu/Nup LLau f/fo

7.6.9 N5t y/w=2, 3 uay 4 \ile w/D fAdfinty mmmwwaumummﬂﬂmmqﬁma
a%’]ﬂﬂi%LLﬁiﬁaMHUﬂlﬂﬁmmﬂu wilshusenavaussousdemanuiey fafiuty uinsdi
y/w=00 WU 1ile w/D iy WeswnmsfinarunvessuEsun sanudie
memsinavesvasiva shlAsmusuaniunsivaruannty vnldfusenovaussousids
AUTOU dANanas

7.6.10 8N3NAVOI y/w HUINAINBNFTNAVY W/D ADAIFIUTENOUANTTOUSITIAIL
Fou
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ayunan1snagauLazalauBLUL

8.1 d@gUnan1INAaay
n1sfnwuganisnasesilafnuifaudnvaznisifiunisatemaiiuseu (Nu) fa

Usnaunnudenu (f) wazfiiusenauaussausideniuieu (1) luasswaniUisuaiy
Founuuvisnauniin1saenlduriudnised nguwiulntazuiuinyININNITNAFDIEINITD
ayunalanall

8.1.1 wiiuini3en

8.1.1.1 nsdl y/w=3.5, 6=0° WA sanemerwdeu (Nu) gegawiniu 67 7
Re=20,000 WU A1 Nu tstuainvioini3eulugsussanas 27.9-43.1%, awngividli y/w
T wag 0 Favdi dreuiindr Nu Tigedu esainuiudaiifiaianirmasaiiausiu
innniuarsgeznsinfitosninunudansdidun ﬁ]vﬁﬂﬁﬁmlwaquﬂuﬂauiﬁamﬂd'}

8.1.1.2 n3d y/w=3.5, 0=0° lyien NU/NU 4 aqamlm 1.43 7 Re= 6000 VNN
vousulnselviilar Nu uinnd Nu viewd Lo Re 1T A1 Nu/Nu, aas1as uandl
uindvsnaveausiudaiGeaiiinnidle Re 1 vilslsAn Nu uin wazdvisnavesusiudaiben
anadie Re fAnnndu ilesnauiaiuiinidausuludafianasihiuinihdnveuiuda
Anelvmsifnnszualnavyumsanas autiuliuanas dwavillinsmemeuiouana
TngUmngnissitasifudaautuile 0 uy

8.1.1.3 38 y/w=3.5, §=0° larsusznovanundenmu () gegale 0.12 7
Re=6000 ansniivilifian f gegadiesnin ermuwdunisivanyuarsnniude y/w
anaq iflasnnyuusneiaiuiiduiaveslvaunduvedialyeriuldeniu wagnsldusiu
Fafifuulily 0 anas dsalvidudadiuiivansmandoufivessesivianiniu vilviAaua
ssmuduresmaslnassrhanmadfumseninniudledisuiunmeaesnsdidug

8.1.1.4 nsdl y/w=35, §=0° Tnen f/f, geanlsl 2.93 Wi 9 Re=6000

8.1.1.5 n3al y/w=35, §=0.9° IAdnusznovanssnuziBsanuiougeiiganil
1.05 1ile Re=6000 wuirdausimslduiudater awfumsdsviliiAansdiomanuieu
fifisnnduninienduariigaiuiian f idutuddnsnsisluihnidedouiuriews
dosnnduaniiufidumunisiva udliisnfdsenovaussousidanufouniogegaios
1.01 ieulvdsnan

8.1.1.6 A1 Nu/Nu, wuiltiasdidnanaadle 0 fawfindu idesannyude 0 &
Anann awvilviuiivesuduinanas fadurneiivedlvalnaiuukuingss agilfaanis
viuANTiRgumgiiilsiesniingd 0 fldesigiilvivedlva aunsofsgamaiiesnain
wifsvioldAnindanali nsuanidsuaiuieudinin
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8.1.1.7 A1 F/f, uay 0 vesusudniFervesunudniFenie fu 7 Re=6000,
12,000 Az 18,000 wu f/f, uunltiasddanande 0 danfutu esnymes o den
110 Mufifavesusiudnansas ilvinsgydendunulumaedeuiiniuuiudaansiiasie

8.1.1.8 Adusznevaussauzdsmufeuduuilifesdidniindu o ¢ dd
vty ifesnndudvinasnann Nu/Nu, wag /f,

8.1.1.9 A1 Nu/Nu, wualiigiidnananie y/w fandudu ioswnszeznns
Safifiutu veslnagnildsufionsllflvalududatundaieldanas Fuilfgumnian
fufeonun meufunssuamsivandnlim Sedsalithomenudouldanas

8.1.1.10 fn /f, wultiedienanaude y/w fidnfintu Wesmnifloszosns
Safisduilinnumnuiuresnslanyunisansasiili £/f, ansas

8.1.1.11 Asusnavaussauzifemiudounwilduasirananile y/w den
ity flesaniudndnanain NW/Nu,, bag f/fbunsal Tumsmaaesnuindnsnaves y/w

TUNNNIBNTNAVDY 0 HEAIIUTENAUALITTOULLTIAINUSDU

8.1.2 NANUNUUA
Tumsvaassiuiulndsusznause wiuda (TT) fmaniie (W) 40 mm Hszes

MDA 160 mm (Y/W=a) usudadufa (TT) fanmniis (W) 56 mm fszeznista 224 mm
(Y/W=0) ngaisude (M-TTs) Avsznaulusneusiudn (TTi) Afuunnanunie (W) 40 mm
fisvognsn 160 mm gninssbiegluiuminsananuazinguusuniasuiifouindus
AUATIE (W) 8 mm dauseu Tun15VnaesasAn¥I8ysnavesseen1sinuas I 1UIUYD LAY
Jaasuiidonseusansanemanudey dsutssegnnsialanania 6 N5l 20, 40, 80, 120,
160 way 200 mm (y/w = 2.5, 5, 10, 15, 20 uag 25) uazdruiuwsiubaiainiignldidonseu
wiudn TTi wuseanidu 5 n3dl Ao 2, 3, 4, 5 Wag 6 LHU INAISNAABINUIN

8.1.2.1. n3al y=20 191A1 Nu gean Nnnsel N=2, 3, 4, 5 Wag 6 bHU Uag 9n
%14 Re fivagoy uazlunsindanguusudonnnsdl N = 2, 3,4, 5 uag 6 usu 1u A Nu a2
wndunsdl Ay vesnguukuinanas asainmsldunudniifiszermstadadessilian
vaduihgudnanvesvedluaifiuiniy vesauiivamesinafintuiareulfses
nslvadiuiy anududonindafiutu nszuanisinanymans lubwaunuifinandy veg
Inaeihududamsinanyuulududatundsiosndurilildan Nuwntu Tned N=6
uiu waz y = 20 mm 9z Nu geanlé 71 Re=20,000

8.1.2.2 nnnsalveanauurudaial Nu 11An31 Nu viekUauag Nu/Nu, 989
LLNuﬁwmaawmazﬁ T%ein Nu/Nu, geandien Re Anilgn LLa“mﬁLLmIﬁmammmum Re 71
ity Sefinguusiuda y =200, N=6 usiu Trien Nu/Nu, gegaldl 2.09 wh i Re = 6000

8.1.2.3 ¢ f flwwliduamasnsel Re fAnfinsntuuasiien f geand Re Agn
Tunismmassnguurudaluvionuin 7 y=20 mm T f gean ynnsdl N=2, 3, 4, 5 uaz 6
Wil waz NNT Re finpaeu anvaivils y Sensas wag N Sawnntu dreidiua £ 1
a9t 1osnszegmstiniinazilivesinaluaruaiudiui ianslvauuumguanly
Sudfafundsiennndu amuduniugedu vedlvaluasonainveldenuasiinisgade
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wdanumsinauinnin nsdl y fid ge lumsmeassnguusiudanuin A y=20, N=6 wiu 7
Re=6000 lvifn f @3anln 0.198

8.1.2.4 fn £/f, voenguusiulniignuaaounnnsal Ire1geaadidn Re d1fign
fluunltiuanasmue Re Mty lunsmasosnguusudaluiewudn 7 y=20 lsia 1,
g9an Ansdl N=2,3, 4,5 Uaz 6 KU WAz N2 Re Anaaou A y=20, N=6 iy 7
Re=6000 v f/f, aegnle 2.47

8.1.2.5 AiUsnavaussaudenuTeuvanguuiuiniivuiltuanainsal
Re fififianniu uasfiangeanil Re sam lunisvanosnduisiudeluvienudn 9 y=20 Wi
Usgnauanssnusldenudeugegn vnnsal N=2, 3, 4, 5 uaz 6 Wiy uaz YNY Re Ivindey
INNITNARDINUIWMAUTATINT y=20, N=6 wiiw, Re= 6000 Tefusznovaussouzids
mnufeugsgn 1.20 lnefimsandn y szifunisdediafussnovanssausidesanuiousin
Fuawdvsnaves Nu/Nu, wag /f,

8.1.2.6 lun1s@nssnauusiudinynnadiues y=20, 40, 80, 120, 160 waz 200
mm 1 A1 Nu azandude N vssnguludiadistu desnmildludasuiivundudiy
Audidn (8 mm) Miegszninamidavionasunutavandisumlng (40 mm) Aegsmily wiy
Fuatu winzukurhliAnnszuanisiranuumauedlunnunuiiiuiiig ssvhaiivioway
wiudondn Aanislvavuulududaiondmonniy woeiuiadutomioimslvauuy
nyuarasusuinndnlrlududafunimonindu vl Nu sty aonndpafuniai
Sruruvesnguludnnntiu segaevili Nu sty

8.1.2.7 38l N=6 i 19ie1 Nu/Nuy, f, 7/f, kagaausesnauanssnusieny
Sougaan nnnsal (e y=20, 40, 80, 120, 160 UAT 200 mm WAy YN Re TMAGEU ARAY
wndunguuruldn N = 5,4, 3 uaz 2 UHY AIE6Y

8.1.2.8 maApuLUasues N favnasie Nu, f wazdiUsenevaussouzids
AUSDUNINNINBNENAVDT Y

8.1.3 wHudnu9

8.1.3.1 n3el w/D=0.3, y/w=2 lA1N13818iNAI1UTO U 7 Re=20,000
WU A Nu iintuainvieRadeulutaedssana 192-2079% lunsduwiudnuinedl w/D=0.2
waz 0.3 1ile y/w anasazsinld Nusiinty lesninmiunirsvesusiudauazsyesnisdnd
anad egnilunernnsiunsivavesvedlvayinld uiudalumieaninsinaliifans
Iyauuumyunag Aamnududauresnislvadfivanndy Nu wnntu nsdlusiludnuaned w/o
-0.1 muniessrudnvnsdidies de yw Wistu vilde Nu datu esmnuduie
ﬁﬁﬁsaxmiﬁmﬁmnLﬁagﬂﬁﬂmwmwmﬂua NUILNAYIVRIMNUTAL NI YN
seninwvadlvatuwiudauanannniunudnund Sssesnisdasniiliinnsivanuy
Jutauninnit Tnefidnsnadiinanisivienilvvedluaianisinatuunyuaisanas
downdinnuniweduludadiaies

8.1.3.2 W/D=0.3, y/w=2 Tnen Nu/Nu, gsanléf 3.07 # Re=6000
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8.1.3.3 Wud1 vio w/D=0.3, y/w=00 lna f gagnld 0.94 7 Re=6000, N3l
y/w=00 Faduusiudsugnieimintuiiamamslvazediva shlsditudidunslnaveswes
e Alvariznziuannndy Seiiliinsaydendanuinndulumssdnduvosweslvalif
indouiinuluinniian wdsnuggidsaranailonmnevesusuana

8.1.3.4 N3l w/D=0.3, y/w=00 Tu1 f/f, gaanlsl 29.7 71 Re=20,000

8.1.3.5 N3t w/D=0.3, y/w=2 Iﬁmé]’aﬂssﬂauamsauzL%qmm%wqqﬁqm
Uszanal 1.69 91 Re=6,000

8.1.3.6 N3l W/D=0.2 uaz 0.3 Nu/Nu, wualfuaefidndutuidle y/w fidn
anas ilesnnududneneiliAnnisudsuiamenisine Wianisrauuututhuanndy v
Tilnaluduiatundsielfnntuaunsafsemmadaniiuinesninuauiunsewanislvandn
IHnnu daalidemanuSoulfifiutu nsdlil w/D=0.1 Nu/Nu, uusluasdaniudude
y/w Sy Tagen Nu wilengage 7 y/w=0 uszansauiie yAv=00

8.1.3.7 n38d w/D=0.3, 0.2 hag 0.1 f/f, wualtueeiandiuguile y/w A1
diutu Tae £f, 1nfige iledunsd yiv=00 iesainifuuiuFounsisainiuiianisns
Ivavevedlva FviliAaeuduaslumslnakumnian

8.1.3.8 N30l w/D=0.3 uay 0.2 FIUTENBUANTIOULITIAMUTOU kud LUl
nanadiile y/w ety nsdif wD=0.1 fusznavaussausBinuien walituaziian
dindudle y/w fefindy wiavandaile yiw=00 Sufnndrdnaves Nu/Nu, wag /£,

8.13.9 N3t y/w=2, 3, 4 Waz 00 WU Nu/Nu, uualiaeiinfinduile w/o
fianfintu lunisweaeswuindviwates w/D funniBvswaues y/w sl A1 Nu/Nu,

8.1.3.10 6l y/w=00 yniiis w/D 210 0.1 Wil 0.2 W /£, iiinduiade
144.30%n4is w/D 910 0.2 1Uilu 0.3 vilsk £, ifinduiade 104.79% Tunismaaeanudi
dvBNaVI w/D HUINNIBNTNAVDI y/w sid AN f/f,

8.1.3.11 3l y/w=2, 3 waw 4 uife w/D fanfstu arunirsvesusudaiiun
Juazdwasinssualnanyuasliuinty shilfisznevaussoundemnuioudan ity
N5 y/w=00 wud e w/D ddinty 1ieswinnisinauni e siuE U RN
fuiirnianisiwavesvasiya SuitlnAnaiusuanlunisiakiuaindu vinlksuseney
AUTIOULTIANUTOULIAIAREA

8.2 UolduBLUY

TumsAnwmsiiunsanemanudoulpslduriudaluisnanuasuniudounuunay
FelavinnisAnwdvsnaveusudawuuSen, nauwkuln wae wHudnvag lnen1sAnwinas
Wawreluaisas@nudeiunusdu o Lﬁ@l‘mﬁuﬁﬁ@yjﬂumiaaﬂLLUUlmﬁLﬂ%‘I@\‘iLLaﬂLﬂgﬁu
mueudilanssausiBannudeusniy Wy (1) msdnwnmstiunsaemanudoulagld
urindanguusudnfiffienisnisiavesusiulaiaduaduiu (2) msfnwvinsifiunisaiewm
audeulpglinguuduinadufaduinanimefiosnd il heanaudunsivaves
Twa (3) ns@nwimsiinnsaemanudoulasldusiudannaasdeaiuie



106

UIIUIUNA

Abdolbagi M.Kh., Azmi W.H., RizalmanMamat, Mohamed N.M.Z.N. and G. Najafi. 2016.
“ Experimental investigation of turbulent heat transfer by counter and co-
swirling flow in a flat tube fitted with twin twisted tapes”, International
Communications in Heat and Mass Transfer, 75: 295-302

Bas H. and Ozceyhan V. 2012. “Heat transfer enhancement in a tube with twisted tape
inserts placed separately from the tube wall”, Experimental Thermal and
Fluid Science, 41: 51-58

Bhuiya M.M.K., Azad A.K., Chowdhury M.S.U. and Saha M. 2016. “Heat transfer
augmentation in a circular tube with perforated double counter twisted tape
inserts”, International Communications in Heat and Mass Transfer, 74: 18-
26

Bhuiya M.M.K., Chowdhury M.S.U., Saha M. and Islam M.T. 2013. “Heat transfer and
friction factor characteristics in turbulent flow through a tube fitted with
perforated twisted tape inserts”, International Communications in Heat and
Mass Transfer, 46: 49-57

Chang S.W., Yu K.C. and Huang K.C. 2017. “Thermal performances of tubular flows
enhanced by twin and four spiky twisted fins on rod”, Applied Thermal
Engineering, 112: 45-60

Chen, C., Wang, P., Hou, M., Deng, X., Li, L., Huang, C., Huang, H., Zhang, G., and Huang,
W., 2007. Configuration optimization of regularly spaced short-length twisted
tape in a circular tube to enhance turbulent heat transfer using CFD modeling.
Applied Thermal Engineering. 31, 1141e1149.

Chokphoemphun S., Pimsarn M., Thianpong C. and Promvonge P. 2015. “Thermal
performance of tubular heat exchanger with multiple twisted-tape inserts”,
Chinese Journal of Chemical Engineering, 23: 755-762

Date, A\W., Bharadwaj, P., and Khondge, J.A.D., 2009. Heat transfer and pressure drop
in a spirally grooved tube with twisted tape insert. International Journal of
Heat and Mass Transfer. 52, 1938-1944.

Durga Prasad P.V. and Gupta A.V.S.S.K.S. 2016. “ Experimental investigation on
enhancement of heat transfer using Al,Os/water nanofluid in a u-tube with
twisted tape inserts”, International Journal of Heat and Mass Transfer, 75:
154-161



107

Eiamsa-ard, S., 2010. Study on thermal and fluid flow characteristics in turbulent
channel flows with multiple twisted tape vortex generators. International
Communications in Heat and Mass Transfer. 31, 644-651.

Eiamsa- ard S., Kiatkittipong K. and Jedsadaratanachai W. 2015. “ Heat transfer
enhancement of TiO,/water nanofluid in a heat exchanger tube equipped with
overlapped dual twisted-tapes”, Engineering Science and Technology, an
International Journal, 18: 336-350

Eiamsa-ard, S., and Promvonge, P., 2011. Influence of Double-sided Delta-wing Tape
Insert with Alternate-axes on Flow and Heat Transfer Characteristics in a Heat
Exchanger Tube. Chinese Journal of Chemical Engineering. 19, 410-423.

Eiamsa-ard, S., Thianpong, C., and Eiamsa-ard, P., 2010. Turbulent heat transfer
enhancement by counter/ co-swirling flow in a tube fitted with twin twisted
tapes. Experimental Thermal and Fluid Science. 34, 53-62.

Eiamsa-ard, S., Wongcharee, K., Eilamsa-ard, P., and Thianpong, C., 2010. Heat transfer
enhancement in a tube using delta-winglet twisted tape inserts. Applied
Thermal Engineering. 30, 310-318.

Jaisankar, S., Radhakrishnan, T.K., and Sheeba, K.N., 2009. Experimental studies on
heat transfer and friction factor characteristics of forced circulation solar water
heater system fitted with helical twisted tape. Solar Energy. 83, 1943-1952.

Jaisankar, S., Radhakrishnan, T.K., Sheeba, K.N., and Suresh, S., 2009. Experimental
investigation of heat transfer and friction factor characteristics of thermosyphon
solar water heater system fitted with spacer at the trailing edge of Left—Right
twisted tapes. Energy Conversion and Management. 50, 2638-2649.

Khoshvaght-Aliabadi M. and Eskandari M. 2015. “Influence of twist length variations on
thermal-hydraulic specifications of twisted-tape inserts in presence of Cu-water
nanofluid”, Experimental Thermal and Fluid Science, 61: 230-240

Kummitha O.R., Reddy Bandi V.R. and Pandey K.M. 2015." “3D Numerical analysis for
thermal- hydraulic characteristics of water flow inside a circular tube with
twisted tape with helical protrusions”, Procedia Engineering, 127: 1134-1141

Li P., Liu Z., Liu W. and Chen G. 2015. “Numerical study on heat transfer enhancement
characteristics of tube inserted with centrally hollow narrow twisted tapes”,
International Journal of Heat and Mass Transfer, 88: 481-491

Lin Z.M., Wang L.B., Dang W. and Zhang Y.H. 2017. “Numerical study of the laminar
flow and heat transfer characteristics in a tube inserting a twisted tape having
parallelogram winglet vortex generators”, Applied Thermal Engineering, 115:
644-658



108

Man C., Yao J. and Wang C. 2016. “The experimental study on the heat transfer and
friction factor characteristics in tube with a new kind of twisted tape insert”,
International Journal of Heat and Mass Transfer, 75: 124-129

Murugesan, P. K., Mayilsamy, K., and Suresh, S., 2010. Turbulent Heat Transfer and
Pressure Drop in Tube Fitted with Square-cut Twisted Tape. Chinese Journal
of Chemical Engineering. 18(4), 609-617

Murugesan, P., Mayilsamy, K., Suresh, S., and Srinivasan, P.S.S., 2011. Heat transfer and
pressure drop characteristics in a circular tube fitted with and without V-cut
twisted tape insert. International Communications in Heat and Mass
Transfer. 38, 329-334.

Mwesigye A., Bello-Ochende T. and Meyer J.P. 2016. “Heat transfer and entropy
generation in a parabolic trough receiver with wall- detached twisted tape
inserts”, International Journal of Thermal Sciences, 99: 238-257

Nanan K., Thianpong C., Promvonge P. and Eiamsa-ard S. 2014. “Investigation of heat
transfer enhancement by perforated helical twisted- tapes” , International
Communications in Heat and Mass Transfer, 52: 106-112

Ozceyhan, V., and Bas, H., 2012.  Heat transfer enhancement in a tube with twisted
tape inserts placed separately from the tube wall. Experimental Thermal
and Fluid Science.

Promvonge P. 2015. “Thermal performance in square-duct heat exchanger with
quadruple V-finned twisted tapes”, Applied Thermal Engineering, 91: 298-
307

Saha, S.K., 2010. Thermohydraulics of turbulent flow through rectangular and square
ducts with axial corrugation roughness and twisted-tapes with and without
oblique teeth. Experimental Thermal and Fluid Science. 34, 744-752.

Salam B,, Biswas S., Saha S. and Bhuiya MM K. 2013. “Heat transfer enhancement in a
tube using rectangular-cut twisted tape insert”, Procedia Engineering, 56: 96-
103

Saysroy A. and Eiamsa-ard S. 2017. “Periodically fully-developed heat and fluid flow
behaviors in a turbulent tube flow with square-cut twisted tape inserts”,
Applied Thermal Engineering, 112: 895-910

Singh v., Chamoli S., Kumar M. and Kumar A. 2016. “Heat transfer and fluid flow
characteristics of heat exchanger tube with multiple twisted tapes and solid
rings inserts”, Chemical Engineering and Processing: Process Intensification,
102: 156-168

Singh S, AR., Kumar A. and Maithani R. 2017. “Effect of square wings in multiple square
perforated twisted tapes on fluid flow and heat transfer of heat exchanger

tube”, Case Studies in Thermal Engineering, 10: 28-43



109

Singh S, A.R., Kumar A. and Maithani R. 2017. “Heat transfer enhancement of heat
exchanger tube with multiple square perforated twisted tape inserts”
Chemical Engineering and Processing: Process Intensification, 116: 76-96

Tamna S., Kaewkohkiat Y., Skullong S. and Promvonge P. 2016. “Heat transfer
enhancement in tubular heat exchanger with double V-ribbed twisted-tapes”,
Case Studies in Thermal Engineering, 7: 14-24

Thianpong, C., Eiamsaard, P., and Eiamsa-ard, S., 2012. Heat transfer and thermal
performance characteristics of heat exchanger tube fitted with perforated
twisted-tapes. Heat Mass Transfer. 48, 881-892.

Thianpong C., Eiamsa-ard P., Promvonge P. and Eiamsa-ard S. 2012. “Effect of
perforated twisted-tapes with parallel wings on heat transfer enhancement in
a heat exchanger tube”, Energy Procedia, 14: 1117-1123

Thianpong, C., Eiamsa-ard, P., Wongcharee, K., and Eiamsa-ard, S., 2009. Compound
heat transfer enhancement of a dimpled tube with a twisted tape swirl
generator. International Communications in Heat and Mass Transfer. 36,
698-704.

Wongcharee, K., and Eiamsa-ard, S., 2011. Friction and heat transfer characteristics of
laminar swirl flow through the round tubes inserted with alternate clockwise
and counter-clockwise twisted-tapes. International Communications in Heat
and Mass Transfer. 38, 348-352.

Yadav R.J., Kore S., Raibhole V.N. and Joshi P.S. 2015. “Development of correlations
for friction factor and heat transfer coefficient for square and hex duct with
twisted tape insert in laminar flow”, Procedia Engineering, 127: 250-257

Zheng L., Xie Y. and Zhang D. 2017. “ Numerical investigation on heat transfer
performance and flow characteristics in circular tubes with dimpled twisted
tapes using Al203-water nanofluid”, International Journal of Heat and Mass
Transfer, 111: 962-981



dy @ dl Y o L v d‘ = ! gj 1 Y o ¥ €Y 1Y
wnanstiluenansianulidmsunisidauienistnwintu leugslvmiluldusslomismunisi

lidnsdllas visdu Bnnanudlisaudadiien uagdesdnedsiainvesenasnaseniinisunluly



111

AMANUIN 1.

AauaudAnIumnasulaulindvasaInIANAIUAUUIIEINIA



M19199 -1 Aavantaniaweiliulauniindvese1nanAuAuUIIEINIA

112

T Yo, c, ux10 14 kx10° | ax10° Pr
(K) kg/m) | @kgK) | Nsm) | @7 | (WmK) | (ms)
27N1A

100 | 3.25562 1.032 71.1 2.0 9.34 2.54 0.786
150 2.3364 1012 1034 4.426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.59 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 223 225 0.707
300 11614 1.007 184.6 15.89 26.3 225 0.707
350 0.990 1.009 208.2 2092 30.0 29.9 0.700
400 0.8711 1.014 230.1 26.41 33.8 38.3 0.690
450 0.7740 1.021 250.7 32.39 37.3 472 0.686
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 45.57 43.9 66.7 0.683
600 0.5804 1.051 305.8 52.69 46.9 769 0.685
650 0.5356 1.063 3225 60.21 49.7 873 0.690
700 0.4975 1.075 338.8 68.10 524 98.0 0.695
750 0.4643 1.087 354.6 76,37 54.9 109 0.702
800 0.4354 1.099 369.8 84.93 573 120 0.709
850 0.4097 1110 384.3 93.80 59.6 151 0.716
900 0.3868 1121 398.1 1029 62.0 143 0.720
950 0.3666 1.131 4413 1122 64.3 155 0.723
1000 | 0.3482 1141 424.4 1219 67.7 168 0.726
1100 | 03166 1159 449.0 1418 715 195 0.728
1200 | 0.2902 1175 475.0 1629 76.3 224 0.728
1300 | 0.2679 1189 496.0 185.1 82 238 0.719
1400 | 0.2488 1.207 530 213 91 303 0.703
1500 | 0.2322 1.230 557 240 100 350 0.685
1600 | 0.2177 1.248 584 268 106 390 0.688
1700 | 0.2049 1.267 611 298 113 435 0.685
1800 |  0.1935 1.286 637 329 120 482 0.683
1900 | 0.1833 1.307 663 362 128 534 0.677
2000 | 0.1741 1337 689 296 137 589 0.672
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The effects of inserted tapered twisted tapes, their taper angle and twist ratio on heat transfer rate,
pressure drop and thermal performance factor characteristics have been reported. The experiments were
carried out by using the tapered twisted tapes with 4 different taper angles which ¢/=0.0° (typical twisted
tape), 0.3°, 0.6° and 0.9°, At each taper angle, the tapered twisted tapes were twisted at three different
twist ratios (y/W) of 3.5, 4.0 and 4.5. All tapes were tested under turbulent flow regime for Reynolds
numbers between 6000 and 20,000. A twistratio is defined as the ratio of twist length (y ) to twisted tape
widthat the large end (W). The plain tube was also tested for comparison. Heat transfer enhancement and
friction loss increased with decreasing taper angle and twist ratio. Thermal performance factor tended to
increase with increasing taper angle and decreasing tape twist ratio. For the present range, the tube with
the tape with taper angle (#!) of 0.9° and twist ratio (y/W) of 3.5 yielded the maximum thermal

Keywords:

Heat transfer enhancement
Heat exchanger

Swirl flow

Tapered twisted tape

performance factor of 1.05 at Reynolds number (Re) of 6000.

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction

Swirl generators have been extensively applied for convective
heat transfer enhancement in several engineering and industrial
applications such as: solar air/water heater, shell and tube heat
exchanger, air conditioning, refrigeration, gas cooled nuclear
reactor, chemical reactor, chemical and petrochemical industries,
etc [1-3]. A twisted tape insert is one of the promising swirl
generators for enhancing heat transfer for both laminar and
turbulent flows. Heat transfer enhancement by twisted tape insert
is attributed toits promoting the transverse mixing and producing
swirl flow or vortex inside a heat exchanger leading to an efficient
disruption of thermal boundary layer and breaking down the
viscous sub-layer. In addition, a twisted tape is easily installed in an
existing plain tube heat exchanger and cost-competitive.

Twisted tapes with various geometries were proposed and
utilized in research works. Salman et al. [4| reported the effect of
the quadrant-cut twisted tapes at different cut depths (w =0.5, 1.0,
and 1.5 cm) on the heat transfer enhancement characteristics in a
circular tube. Their results indicated that heat transfer coefficient
significantly increased with decreasing cut depth. Salman et al. [5]
also studied the behaviors of heat transfer and friction factor in a

Abbreviation: T-TT, tapered twisted tape; TT, typical twisted tape.
* Corresponding author, Fax: +66 2 9883666.
E-muail address: smith@mutac.th (S, Elamsa-ard)

http:{/dx.doiorg/10.1016/j.cep.2015.08.002
0255-2701)@ 2015 Elsevier BV, All rights reserved.

tube equipped with twisted tape inserts with different alternative
angles (&= 30°, 60° and 90°). For their studied range, heat transfer
coefficient increased with increasing alternative angle. Murugesan
et al.|6,7] examined the effect of square-cut and V-cut twisted tape
inserts on the heat transfer enhancement, pressure drop and
thermal performance characteristics. Zhang et al. [8] compared
heat transfer in a converging-diverging tubes fitted with and
without regularly-spaced twisted tape. Their results revealed that
the tube with regularly-spaced tapes yielded considerably higher
heat transfer coefficient than the one without twisted tape. Patil
and Babu [9] employed twisted tapes with different twist ratios in
a square duct and found that heat transfer and pressure loss were
insignificantly affected by changing tape twist ratio. Vazifeshenas
and Delavar [10] invented center-cleared twisted tapes for heat
transfer enhancement. They found that the tube with center-
cleared twisted tapes yielded considerably higher heat transfer
coefficient than the plain tube alone, Liu and Bai [11] reported the
formation and development of helical vortices by short twisted
tapes and mentioned that wvortex intensity increased with
increasing swirl intensity.

In some research studies, tape inserts were in form of helical
screw tape inserts. Most inserts in this form gave high heat transfer
coefficients and thermal performance factors [12,13]. Sivashan-
mugam and Suresh [12] employed typical helical screw tapes with
different at twist lengths (y=1.95, 2.93, 391 and 4.89) for heat
transfer enhancement in a circular tube. Their results found that
heat transfer coefficient increased with decreasing twist length.
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Nomenclature

heat transfer surface area, m?

specific heat of fluid, J kg~ ' K™!
diameter of the test tube, m

friction factor=AP/((L/DY pU?/2))

heat transfer coefficient, Wm = K™
current, A

thermal conductivity of fluid, Wm™"'K~'

length of the test section, m
-1

k-]

[l - e N e Rl

m  mass flow rate, kg s

Nu Nusselt number =hD/k

P pressure of flow in stationary tube, Pa

AP pressure drop, Pa

Pr Prandt] number = pc,/k

(Q heat transfer rate, W

Re Reynolds number= pUD/|p

t  thickness of the test tube, m

T  temperature, K

T mean temperature, K

U mean axial flow velocity, m 5!

vV wvoltage, V

w twisted tape width at the small end of tape, m
W twisted tape width at the large end of tape, m
y  twist length, m

Greek symbols

o fluid density, kg m—>

s fluid dynamic viscosity, kgs=' m~
& taper angle, degree

11 thermal performance factor

1

Subscripts

b bulk

conv convection

i inlet

0 outlet/outer
p plain

t twisted tape
w wall

Jaisankar et al. [13] invented helical twisted tape in left-right
arrangement, The tape induced bidirectional swirl flow, giving
better heat transfer than the typical helical twisted tape which
induced unidirectional swirl flow.

The comparative studies of heat transfer enhancement by
modified twisted tapes and typical twisted tape were also
reported. Rahimi et al. | 14] compared heat transfer augmentation
by modified twisted tapes (perforated, notched and jagged twisted
tapes) with that by the typical one. Their results found that jagged
twisted tape gave better heat transfer while perforated and
notched twisted tapes gave poorer heat transfer than the typical
one. Wongcharee and Eiamsa-ard [15] studied the effect of tape
shape (triangle, rectangle and trapezoid twisted tapes) on the heat
transfer enhancement and found that coefficient characteristics.
Under similar conditions, the trapezoid tape gave the highest heat
transfer coefficient. Eiamsa-ard et al. [16] modified the twisted
tape by twisting a straight tape to form a twisted tape then bending
the twisted tape into a helical shape to form “helically twisted
tape”. The helically twisted tape was subjected to a comparative
test with a typical helical tape. The experimental results showed
that the helically twisted tape gave lower heat transfer coefficient
but higher thermal performance than the typical one. Recently,

Eiamsa-ard et al. [17] further modified helically twisted tape by
varying tape number (single, dual and triple-helical twisted tapes.
The experimental results showed that the dual and triple-helical
tapes yielded higher heat transfer coefficient than the single one.
Bas and Ozceyhan [18] reported the heat transfer and pressure
drop in a tube equipped with twisted tape inserts at different
clearance ratios and twist ratios, by using Taguchi method. Their
results indicated that heat transfer coefficient increased with the
decreases of twist ratio and clearance ratio. Beigzadeh et al. [19]
applied the hybrid model, including back propagation network and
genetic algorithm, to predict the thermal and flow characteristics
inachannel equipped with multiple twisted tapes while the multi-
objective optimization with genetic algorithm was applied for the
optimization.

For better heat transfer emhancement, twisted tapes were
applied together with other heat transferenhancement techniques
|20-23]. Bhattacharyya and Saha [20] equipped centre-cleared
twisted-tapes with a circular duct and found that the combined
devices yielded significantly higher heat transfer enhancement
than the circular duct alone. Similarly, Promvonge et al. [21]
reported that the use of helical-ribbed tube equipped with twin
twisted tapes resulted in noticeably higher heat transfer coefficient
the use of the ribbed tube alone. Again, Promvonge et al. [22]
examined the heat transfer characteristics of a square duct
equipped with combined winglet vortex generators and twisted
tapes. Their results showed that the duct with combined winglet
vortex generators and twisted tapes gave higher heat transfer
coefficient and thermal performance than the one with only
twisted tapes. Khoshvaght-Aliabadi and Eskandari [23] combined
the effects of conductive and convective heat transfer enhance-
ment by using Cu-water nanofluids as the working fluids in the
tube equipped with twist tapes. Their experiments were carried
out using the non-uniform twist tapes with different twist lengths
(low-high, high-low, low-high-low, and high-low-high]). They
reported that the simultaneous use of the nanofluid and twisted
tapes resulted in superior heat transfer than the individual use of a
single technique. Among the studied tapes, the one with low to
high twist lengths gave the maximum heat transfer coefficient. In
the similar way, Chougule and Sahu [24] studied the heat transfer
coefficient of tube equipped with helical twisted tape using Al,0,/
water and CNT/water nanofluids at different particle volume
fractions as the testing fluids. Their results showed that the use of
the helical tape together with the nanofluids resulted in better heat
transfer than the use of the tape or the nanofluids alone.

Based on the above literature review, the heat transfer
enhancement by twisted tapes is strongly dependent on tape
geometry. In common, a thermal performance factor as an overall
heat transfer enhancement is dependent on both heat transfer
coefficient and friction loss. The good heat transfer enhancement
device should give a reasonable trade-off between the increased
heat transfer coefficient and friction loss. The present investiga-
tion focuses on the developments of the twisted tape geometry
with aims to reduce a pressure drop and increase a thermal
performance factor. The tapered tapes proposed in the present
work are expected to cause lower friction loss than a typical
twisted tape, attributed to their smaller cross-section areas in
axial direction. The effects of taper angles (¢ = 0.0° (typical twisted
tape), 0.3, 0.6° and 0.9°) and twist ratios (y/W=3.5, 4.0 and 4.5},
on the thermal enhancement factor are studied. The experiments
are carried out in a turbulent regime for Reynolds numbers
between 6000 and 20,000, under a uniformly heated wall
condition. The experimental results of the heat transfer rate
(Nu), pressure drop (f) and thermal performance obtained by using
tapered twisted tapes were compared with those by the use of
typical twisted tape inserts.
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2. Experimental facility
2.1. Tapered twisted tapes

The details of the tapered and typical (or classic) twisted tapes
applied in the present work are demonstrated in Fig. 1. All tapered
twisted tapes (T-TTs) were made of aluminum strip with tape
thickness (f) of 1.0mm. The typical twisted tapes possessed a
constant tape width (W) of 20 mm. On the other hand, tape width
of tapered twisted tapes (T-TT) gradually reduced along the flow
passage. To form tapered twisted tapes (T-TT) the edges of tapes
were trimmed prior to a twisting process. The edges of tapes were
trimmed with different trimmed widths, related to the taper
angles as shown in the figure. The studied tapered twisted tapes
possessed four various taper angles (6= 0.0° (typical twisted tape),
0.3°, 0.6° and 0.9°) and three different twist ratios, y/W=3.5, 4.0
and 4.5, respectively.

2.2, Test procedure

Experiments were performed in an open-loop experimental
facility (as schematic diagram shown in Fig. 2). The system
consisted of a circular copper tube, a high-pressure blower, an
electrical power supply unit and measurement instruments and
recorders. The copper tube had 64 mm inner diameter (D) and
67 mm outer diameter (D,), 1.5 mm thickness (£), and 3900 mm
length (L) which was divided into three parts: a calm section
(2000 mm), a test section or heating section (1500 mm ) and an exit
(400mm). The test section was heated by continually winding
flexible electrical wire connected to the electrical power supply
unit. The power supply unit was controlled via avariac transformer
to obtain a constant heat flux condition by keeping the output
current below 3 amps. The outer surface of the test tube was well

Tperes) rwisted uipe

(a) details of typicaliapered twisted 1wpe

(d) typical/tapered twisted tope for WW = 4.5

Fig. 1. Photograph and geometry details of typical twisted tape (¢ =0°) and tapered
twisted tape (¢ =0.3, 0.6° and 0.9°) at different twist ratios (y/W=3.5, 4.0 and 4.5).

insulated to minimize convection and radiation heat losses to
surroundings. In addition, necessary precautions were taken to
prevent leakages from the system. Wood bars with low thermal
conductivity, were fitted around the copper tube to function as
thermal barriers at the inlet and exit of the test section. The
detailed description of experimental set up was previously
performed by Ref. [25].

The uncertainty of the Nusselt number and friction factor data
can be expressed as follows [26,27].

2.2.1. Nusselt number

ANu 1[(8, oy T 2198
Nu = WHW Nu]-_‘\h} + {ﬁ(Nu]AD} + {ﬁ{Nu]Ak}
Am?  AD\2 %

-{&) (%)

whereh_T;‘T_iT;
05

Ah1ffoan, A qon 17 o, P
= ﬁ[{a—qrﬁq bofaman « {apan

Ry 2] 2

oS TS T -h !

where g’ ;,—,%EI[(—V;—) +mMCp(Tyy — Tb.ﬂ
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2.2.2. Friction factor
Af o N R R IR 2]*?
Pt (miany « ({30} + e |

. [{AE\AJ)P}}2+{%}2+{MTD}2+{2§%}2ri N
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where —— = = and -
m D

Ap h Re

The uncertainties of non-dimensional parameters were within

+6%, 9% and +8% for Reynolds number, Musselt number and

friction factor, respectively. The uncertainties of axial velocity,

pressure and temperature measurements were within £7%, £5%

and £0.5%, respectively. The experimental results were reproduc-
ible within these uncertainty ranges.

3. Data reduction

In the present experiments, the inner surface of the test tube
was maintained under uniform wall heat flux condition. The inlet
fluid temperature (T;) of the test tube was kept constant at 26°C.
During the test, air in the test tube received heat (Q.,) from the
electrical heat wire mainly via the convective heat transfer
mechanism. Thereby, the Q. is assumed to be equal to the
convective heat transfer within the tube wall which can be
expressed as:

Qair - Qmm' t4]

The heat gained by air in term of enthalpy change can be written
as:

Qair - mcp,air{To - Ti] i5]
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Fig. 2. Experimental apparatus.

During the test, the heat equilibrium test performed that the heat
received by the air (Qa), was within 5% lower than the heat
supplied by electrical heating (Qy,=IV), thisis due to the heat loss
from the test section

((Qvi — Qqje) x 100%)
Qi

test sectionThe average value of heat absorbed by the fluid is taken
for internal convective heat transfer coefficient calculation as:

Qeonv = hA(T,, ~ Ty) (7)

where A is the internal surface of the tube wall (T,,) and T}, is the
mean bulk flow temperature (T, =(T,+71;)/2).

The mean inner wall surface temperature (T,,) of the test tube is
calculated from surface temperatures of 15 stations located
between the inlet and the exit of the test tube, using the following
equation:

Ty =2l 8)
where T,, is the local wall temperature, evaluated at the inner wall
surface of the test tube.

The mean heat transfer coefficient can be determined by:

<5% (6)

Qair = Qeony = 1 Cpair(To — Ti) = hA(T,, — Ty)

The mean tube-side convection heat transfer coefficient (h) can be
determined using the following equation:
h = (i Cpuie(To — Ti))/A(T,, — Ty) 9)

It should be noted that, the thickness of tubes (0.5mm) is
negligible, conduction resistance is small in comparison with the
convective resistance. The mean MNusselt number based on the

diameter of the inner tube can be evaluated as:

Nu = % (10}
The pressure loss (AP) of the turbulent flow in the test section
can be directly measured. The friction factor in term of pressure
loss across the test section length (L) calculated from a difference in
the level of a manometer liquid is acquired under an isothermal
flow condition. Substituting the pressure loss value into the
following equation yields the Darcy friction factor (f) as:

AP

fBrd —— -~ (11)

(@o(72))

The Nusselt number enhancement index is defined as the ratio
of Nusselt number of the system with a heat transfer enhancement
device (here is the tube equipped with tapered twisted tape: T-TT)
that without a heat transfer enhancement device (here is a plain
tube, p).

Nu .

= Nup (12
Similarly, the friction factor enhancement index is defined as:
f .

F =+ 13)
f '

The mechanical energy consumption factor in term of a thermal
performance factor is defined as the ratio of convective heat
transfer coefficient of the systemwith a heat transfer enhancement
device to that without a heat transfer enhancement device. The
ratio is based on the operation at an identical pumping power.
Based on the definition mentioned above, the thermal perfor-
mance factor can be expressed in terms of MNusselt number
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enhancement index and friction factor enhancement index as
[14,29,30].
(Nu/Nug)

n=—p (14)

(Fifo)”
The flow regime is indicated by Reynolds number value.

pUD
o

Re (15)

In the present study, the studied Reynolds numbers are
between 6000 and 20,000. Air is used as the testing fluid which
is assumed to be incompressible. The thermos-physical properties
of testing fluid (air) are assumed to be temperature independent.
The specific heat at constant pressure (C,), thermal conductivity
(k), density () and dynamic viscosity (/¢) of air are based on the
bulk flow temperature which is the mean value of the inlet and
outlet temperatures (T, =(T,+Ti)/2).

4. Confirmation of the plain tube

In order to ensure the accuracy and reliability of the
experimental setup, the experimental results (Nusselt numbers
and friction factors) of the present plain tube data were compared
with those achieved from the standard correlations [28].
Experimental Nusselt numbers were compared with those
calculated from Dittus-Boelter correlation (Dittus-Boelter, 1930)
and Petukhov correlation (Petulkhow, 1970) as shown in Eqgs. (16)
and (17), respectively, while the experimental friction factor were
compared with those from Petukhov correlation as shown in
Eq.(18). The comparisons between the experimental results of the
present plain tube and those from the standard correlations for the
fully developed turbulent flow are demonstrated in Fig. 3(a and b).
Apparently, the Nusselt numbers of the present plain tube deviated
from those of Dittus-Boelter and Petukhov correlations within +8%
and +7.4%, respectively, while experimental friction factor results
deviated from those of within £9.2%. The comparisons indicate
that the present experimental data accord well with the
correlations, confirming the reliability of the present experimental
facility and method.

4.1. Nusselt number correlations

Dittus-Boelter correlation:
Nu = 0.023Re¥5Pr'/¥or Re =1 » 10% (16)
Petukhov correlation:

(f/8)RePr. . ;
— f'12 ;f_.gg.-z (Pr —1)for10* < Re <5« 10° (17

4.2. Friction factor correlations

Petukhov correlation:

f = (0.79InRe — 1.64) *for 3000 < Re = 5 = 10° (18)

5. Results and Discussion

The experimental results of heat transfer ( Nusselt number, Nu),
pressure drop (friction factor, f) and thermal performance factor
(1) ina tube with tapered twisted tapes (T-TTs) are reported in the
present section. The effects of taper angles (£=0.0° (typical twisted
tape), 0.3%, 0.6° and 0.97) and twist ratios (y/W=3.5,4.0 and 4.5) of
the tapered tapes in a turbulent region of Reynolds number,

70 _l »  Plain tube (a)
¥ Dittus-Boelter correlation
i O  Petukhov correlation
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Fig.3. Confirmation of the plainchannel: (a) Nusselt numberand (b) friction factor.

Re =6000-20,000 are described. The results of the plain tube are
also provided for evaluation.

5.1. Effect of the taper angle and twist ratio on heat transfer

The variations of heat transfer in term of Nusselt number (Nu)
with Reynolds number (Re) and MNusselt number enhancement
index (Nu/Nu,) with Reynolds number of the studied cases are
demonstrated in Fig. 4(a) and (b), respectively. Nusselt number
increased with the rise of Reynolds number for all cases. At a given
Reynolds number the tubes with tapered twisted tapes (T-TTs)
yielded higher Nusselt number than the one without tape (the
plain tube). The superior heat transfer in the tubes with tapered
twisted tapes (T-TTs) is attributed to 2 important factors (1) the
swirl flow generated by the inserted tapes leads to a stronger
turbulence intensity and (2 ) the decrease of cross-sectional area of
a flow passage due to the twisted tape blockage, leads to an
increase of fluid flow velocity. At similar conditions, heat transfer
tended to decrease with the increase of taper angle. This can be
explained that as the taper angle increases, the swirl intensity
induced by a tapered twisted tape become wealker, resulting in
poorer fluid mixing between wall and core regions. The
experimental results in Fig. 4 showed that the tubes with tapered
twisted tapes (T-TTs) with 6 =0.0° {the typical twisted tape), 0.3°,
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Fig. 4. Effect of taper angle and twist ratio on Nusselt number {Nu).

06° and 0.9° gave mean Nusselt numbers around 1.43, 1.40,
1.38 and 1.33 times of that given by the plain tube. In other words,
the tapered twisted tape (T-TT) with #=0.0° offered higher heat
transfer than those with #=0.3°, 0.6° and 0.9° by around 2.09%,
3.49% and 6.99%, respectively.

Fig. 4(a) also shows the effect of twist ratio (y/W) on the heat
transfer (Nu). Nusselts number tended to increase with decreasing
twist ratio or twist length (y). The twisted tape with smaller twist
ratio possesses more twist numbers, thus induces more consistent
swirl flow with stronger swirl intensity. This leads to higher
turbulent intensity and thus better heat transfer. For the studied
range, the use of the tapered twisted tapes (T-TTs) with twist
ratio y/W=3.5 gave higher Nusselt number than the ones with
y/W=4.0 and 4.5 by around 3.75%, and 9.99%, respectively.

The results in Fig. 4(b) also reveal that as Reynolds number
decreases, heat transfer enhancement by inserting tapered twisted
tape (T-TT) becomes more significant indicated by the increase
of Nusselt number enhancement index (Nu/Nup). These results

& TT.yW =380~ & TT, yW=40,0-00 @
B TAT.WW =35 8=03 § 77 _yW=4.0.6=03 @
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TTT, 5/ =45, B=00

related to the dominant destruction of the thermal/velocity
boundary layer in laminar regime in which the thermal boundary
layer is relatively thick. It is noteworthy that the slope of Nu/Nu,
ratio-Reynolds number curve is dependent on enhancement
device.

5.2. Effect of the taper angles and twist ratio on friction factor

The variations of pressure drop in term of friction factor (f) with
Reynolds number (Re) and friction factor enhancement index (f/f,)
with Reynolds number of the studied cases are demonstrated in
Fig.5(a) and(b), respectively. In all cases, friction factorand friction
factor enhancement index tended to decrease with increasing
Reynolds number (Re]. For the studied range, the use of the tubes
equipped with tapered twisted tapes (T-TTs) caused higher friction
factor than that of the plain tube by 154.6-293%. This is attributed
to the dissipation of dynamic pressure of the fluid due to the very
high viscosity loss near the tube wall and the inter\action of the
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Fig. 5. Effect of taper angle and
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pressure forces with inertial forces in the boundary layer caused by
the tapered twisted tapes (T-TTs).

For the tubes with tapered twisted tapes (T-TTs), friction factor
decreased as taper angle increased. The friction factors caused by
the tapered twisted tape (T-TT) with # = 0.9° were lower than those
caused by the ones with #=0.0°, 0.3°, and 0.6° by around 41.97%,
30.6% and 14.94% respectively. This is due to the lower flow
hindrance caused by the smaller surface area of the tape with
larger taper angle. In addition, the friction factors of the tubes with
the tapered twisted tape (T-TT) at taper angle of #=0.0°, 0.3°, 0.6°
and 0.9° are as high as 2.93, 2.69, 2.37 and 2.06 times of the plain
tube, respectively.

Fig. 5 also shows that the friction factor tended to increase with
decreasing twist ratio (y/W) for all Reynolds number studied. The
use of the tapes with twist ratio (y/W) of 4.0 and 4.5, resulted in
favorable reduction of friction loss as comparison with the one
with the smallest twist ratio of 3.5, due to the lower flow resistance
caused by the weaker swirl intensity. In the present range, the
mean friction factors caused by the tubes with the tapered twisted
tapes (T-TTs) at twist ratios (y/W) of 3.5 4.0 and 4.5 were around
293, 2.73 and 2.57 times of that of the plain tube.

5.3. Effect of the taper angles and twist ratio on thermal performance

One major aim of the present report is to evaluate the heat
transfer enhancement in term of thermal performance at the equal
pumping power (power input). The effect of tapered twisted tape
(T-TT) swirl generator on the thermal performance factor is
depicted in Fig. 6. Apparently, thermal performance factor tended
to decrease with increasing Reynolds number. This indicates that
the use of tapered twisted tapes (T-TTs) is more favorable at lower
Reynolds number.

At a given Reynolds number, thermal performance factor
increased with increasing taper angle. As reported in Sections 5.1
and 5.2, atapered twisted tape (T-TT) with larger taper angle gave
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Fig. 6. Effect of taper angle and twist ratio on thermal performance factor.

lower Musselt number and friction factor. Thus, the superior
thermal performance factor is due to the dominant effect of the
lower friction factor (see Eq. ( 14])). This signifies that the reduction
of friction loss by a proper design of tapered twisted tape (T-TT)
insert is extremely important for optimizing heat transfer
enhancement condition. For the present range, the thermal
performance factors achieved by the use of the tapered twisted
tapes (T-TTs) with 6=0.0°, 0.3°, 0.6° and 0.9° were found to be
0.89to 0.99, 0.91 to 1.01, 0.93 to 1.03 and 0.94 to 1.05, respectively,
depending upon Reynolds number and twist ratio. The comparison
shows that the tapered twisted tapes (T-TTs) with taper angle (#) of
0.9° offered 4.49%, 3.76% and 1.58% higher mean thermal
performance factor than those of #=00° 0.3°, and 06°,
respectively.

Fig. 6 also shows that thermal performance factor increased
with decreasing tape twist ratio. Evidently, the tapered twisted
tapes (T-TTs) with y/W=3.5 gave 4.97%, 4.67% and 4.62% higher
mean thermal performance factor than those with y/W=4.0 and
4.5, respectively. For the present range, the tube with the tape with
taper angle (#) of 0.9° and twist ratio (y/W) of 3.5 yielded the
maximum thermal performance factor of 1.05 at Reynolds number
of 6000. The thermal performance factor result suggests the
favorable tape geometry for heat transferenhancement is the small
twist ratio and large taper angle, while the favorable condition is
low Reynolds number.

5.4. Empirical correlations

The statistical correlations for Nusselt number (Nu), friction
factor (f) and thermal performance factor () of the tube with
tapered twisted tapes (T-TTs) were developed, using experimental
data with the aid of least square regression analysis, as a function
of tape geometry (taper angle and twist ratio) and flow (Reynolds
number). The resultant correlations are expressed in Egs.
(19)-(21). The predicted data from the resultant correlations of
the N g fprea and 1,00 are plotted against experimental data of
the Nueyp, faep and ne, in Figs. 7-9 (a-c). The deviations of the
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Fig. 7. Comparison of experimental data with correlation prediction in term of
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Fig. 8. Comparison of experimental data with correlation prediction in term of
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predicted data from the experimental ones were within £5% for
Nusselt number, 5% for friction factor and +10% for thermal
performance.

Nu = 0.076Re®75prd4(y w)=93%1 + g)=*! (19)
f = 16.559Re~24%(y/W) =051 (1 + §)~033 (20)
1 = 1.871Re~"24(y/W)™02(1 4 9)-008 (21)

5.5. Comparison with other tape inserts

For benchmarking, the thermal performance factor of the
tapered twisted tape (T-TT) with the best performance (y/w of
3.5 and # of 0.9°) in the present study were compared with those
of the other tapes in the previously published papers. The other
tapes subjected to the comparison include two regularly spaced
tapes (regularly spaced short-length twisted tape by Wang et al.
[2] and regularly-spaced twisted tape by Eiamsa-ard et al. [30])
and three modified twisted tape (serrated twisted tape by Chang
et al. [29], notched twisted tape by Rahimi et al. [14] and
perforated twisted tape by Rahimi et al. [ 14], as shown in Fig. 10.
The comparison of thermal performance factors shown in Fig. 11,
indicates that the T-TT gave superior thermal performance to the
notched twisted tape [14], perforated twisted tape | 14], serrated
twisted tape [29], and regularly-spaced twisted tape [30]. The
better thermal performance of the T-TT is primarily attributed to
the lower pressure loss. On the other hand, the T-TT gave slightly
lower thermal performance factor than the regularly spaced
short-length twisted tape [2| at the low Reynolds number.
However, the opposite result is found at high Reynolds number
(e.g. 15,000), since the T-TT possesses more effective heat transfer
enhancement with low pressure loss (f/f,~ 1.54-2.26) at such a

Fig. 9. Comparison of experimental data with correlation prediction in term of
thermal performance factor.

high Reynolds number. In addition, the thermal performance of
the tapered twisted tape (T-TT) is better than that of the typical
twisted tape (TT) depending on the twist ratio, as demonstrated
in Fig. 6.

TR

- .
Chang et al. [29] serrated twisted tape

Rahimi et al. [14] perforated twisted tape

Rahimi et al. [14] notched twisted tape

Fig. 10. Photograph and picture view of the previously modified twisted tape.
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20 range, the tube with the tape with taper angle (¢) of 0.9° and
twist ratio (¥/W) of 3.5 yielded the maximum thermal
18 1 —O0—— T.-TT,yW=3568=09 performance factor of 1.05 at Reynolds number of 6000.
’ —_— = == Regularly spaced short -length twisted tape|2]
— — 00— —- Notched twisted tape[14]
161  ———0-——- Perforated twisted tape[14] References
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Fig. 11. Comparison of between thermal performance factors of T-TTin the present
work and those of other tapes in the previous works.

6. Conclusions

An experimental investigation of thermal and friction charac-
teristics in a tube equipped with tapered twisted tape (T-TT) under
uniform wall heat flux conditions were carried out. The effects of
taper angle (#=0.0°, 0.3°,0.6° and 0.9°) and twist ratio (y/W=3.5,
4.0 and 4.5) were also studied. The experimental results are
reported in forms of heat transfer coefficient (Nu), friction factor (f)
and thermal performance factor (). The major findings can be
summarized as follows:

(1) The use of the tubes equipped with tapered twisted tapes (T-
TTs) resulted in better heat transfer than the use of the plain
tube.

(2) Heat transfer enhancement and friction loss increased with
decreasing taper angle. The tapered twisted tape (T-TT) with
#=0.9° gave lower mean Nusselt number than the ones with
6=0.0°, 0.3° and 0.6 by around 2.09%, 3.49% and 6.99%,
respectively. This can be explained that as the taper angle
increases, the swirlintensity induced by a tapered twisted tape
become weaker, resulting in poorer fluid mixing between wall
and core regions. The mean friction factor caused by the tapes
with # = 0.9° was lower than those of the oneswith #=0.0°, 0.3°
and 0.6° by around 41.97%, 30.6% and 14.94%, respectively.

Heat transfer enhancement and friction loss increased with

decreasing twist ratio. The tapered twisted tape (T-TT) with

y/W=4.5 gave lower mean Nusselt number than the ones with
y/W=35 and 4.0 by around 10.98% and 6.05%, respectively. It
can be explained that the twisted tape with smaller twist ratio
possesses more twist numbers, thus induces more consistent
swirl flow with stronger swirl intensity. This leads to higher
turbulent intensity and thus better heat transfer. It is also seen
that the mean friction factor caused by the tapes with y/W=4.5
was lower than those of the ones with y/W=3.5 and 4.0 around

15.7% and 6.22%, respectively.

Thermal performance factor tended to increase with increasing

taper angle and decreasing tape twist ratio. For the present
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Abstract Transverse twisted-baffles (T-TBs) and trans-
verse baffles (TBs) were employed for heat transfer
enhancement in circular tubes. The experimental and numer-
ical studies were carried out to investigate heat transfer, fric-
tion loss and thermal performance factor associated with the
use of the baffles (T-TBs/TBs). The studies encompass three
different baffle width ratios (w/D = 0.1, 0.2 and 0.3, for TBs
and T-TBs), three baffle twist ratios (v/w = 2.0, 3.0 and 4.0,
for T-TBs) and Reynolds numbers from 6000 to 20,000.
The experimental results reveal that at similar conditions,
thermal performance factors of the tubes with the T-TBs
are consistently higher than those of the ones with the TBs.
This is attributed to the superior heat transfer enhancement
with lower pressure drop penalty as the beneficial effects
given by the T-TBs, as compared to those given by the TBs.
For T-TBs, thermal performance factor increases as baffle
width ratio (w/D) increases and twist ratio (v/w) decreases.
The T-TBs with the smallest twist ratio (y/w = 2.0) give
higher thermal performance factors than the ones with 3.0
and 4.0 by around 4.7-6.1 and 10.2-15 %, respectively. For
the studied range, the T-TBs with the optimal geometric
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parameters, (y/w = 2.0 and w/D = 0.3), give the thermal
performance factors in a range of 1.46—1.69.

List of symbols

Heat transfer surface area (m?)

Specific heat capacity of air (J kg_l K_')
Inside diameter of test tube (m)

Outside diameter of test tube (m)

Friction factor

Convective heat transfer coefficient (W m ™2 K™!)
Turbulent kinetic energy (k = %?u'j)
Thermal conductivity of air (W m™! K")
Length of test tube (m)

Length of twisted baffle (m)

Mass flow rate (Kg sh

Nusselt number

Pitch length (m)

Pressure of flow in test tube (Pa)

Pressure drop in the test sextion (Pa)

Pr Prandtl number (,u‘CP{k)

o Heat transfer rate (W)

¢"  Heat flux (Wm™?)

R Resistance (§2)

Re Reynolds number (puD/ )

T Temperature (°C)

T Mean temperature (°C)

t Thickness of twisted baffle (m)

u Fluctuating component of velocity (m s_l)
Mean or uniform velocity (m s~
Velocity component in X;-direction (m s“)
Velocity component in x;-direction (ms™ l)
Voltage (V)

Width of twisted baffle (m)

Coordinate direction

Twist length of twisted baffle (m)
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Greek letters
r Thermal diffusivity (I" = i /Pr)
I; Turbulent thermal diffusivity (I; = p,/Pry)

n Thermal performance factor

o Inverse effective Prandtl number for k
o, Inverse effective Prandtl number for ¢
S Kronecker delta

Mo Effective viscosity

e Turbulent viscosity (u; = pc#k?‘ /&)
£ Dissipation rate

m Dynamic viscosity (kg s~ ! m™

o Density (kg m™)

Subscripts

a Air

b Bulk

conv  Convective

i Inlet

o Outlet

p Plain tube

rp Pumping power
t Twisted baffle
w Wall
Abbreviations

TB Transverse baffle
T-TB Transverse twisted-baffle

1 Introduction

Heat transfer is an essential process in engineering and
industrial applications, such as solar airfwater heater, refrig-
eration, air-conditioning, heat pump, petroleum, chemi-
cal and electricity generation, etc. Various kinds of inserts
such as fin, rib, baffle, coiled wire, propeller, and twisted
tape, have been extensively utilized as the turbulators or
passive heat transfer enhancement devices in heat exchang-
ers, The inserts can create one or more combinations of the
following conditions that are favorable for the increase in
heat transfer rate: (1) disruption of the development of ther-
mal/velocity boundary layer and increase of the turbulence
intensity, (2) increase in heat transfer area, and (3) genera-
tion of swirling/rotating, vortexing and/or secondary flows.
In common, the use of inserts results in an increase flow
resistance, thus a rise of the power requirement for pump-
ing the working fluids. The tradeoff between the enhanced
heat transfer and increased friction loss is strongly depend-
ent on the insert geometries. The proper design of the
inserts is necessary for enhancing heat transfer with a rea-
sonable friction loss. Several attempts have been made to
improve the insert geometries, as stated below.

@ Springer

The effect of various turbulators (ribs, baffles and delta
winglets) with different geometries on the heat transfer
enhancement in heat transfer rate in the duct of solar air
heaters and heat exchangers, were reviewed [1]. The corre-
lations of heat transfer and friction factor were developed
for the practical applications. Durmug [2] investigated the
effect of conical cut out turbulators on the heat transfer,
pressure loss and exergy in a heat exchanger tube. Yakut
and Sahin [3] employed coiled wires for the heat trans-
fer augmentation in a circular tube under uniform heat
flux condition. They found that as the pitch of the insert
increased, the vortex shedding frequencies decreased.
Eiamsa-ard and Promvonge [4-7] investigated the influ-
ences of V-nozzles, diverging/converging nozzles, V-noz-
zle combined with a snail entry and free-spacing snail
entry combined with conical nozzles on the heat transfer
and friction loss characteristics. They found that the tur-
bulators gave efficient heat transfer enhancement. Akansu
[8] numerically investigated the effect of porous ring on
the heat-transfer and pressure drop characteristics. The
distance between two porous rings (L/D) was varied from
0.5 to 2.0. They reported that heat-transfer enhancement
became poorer as L/D increased. Zamankhan [9] numeri-
cally studied the heat transfer enhancement in a round
tube with a helical turbulator using glycol-water as the
base fluid. It was found that the turbulator considerably
increased both heat transfer rate and pressure drop. Kong-
kaitpaiboon et al. [10] utilized circular-rings to improve
the heat transfer rate in a heat exchanger tube. The use
of the tube with circularrings resulted in heat transfer
enhancement up to 195 %, as compared to that of the plain
tube. Karakaya and Durmug [11] employed the conical
springs with different angles (0) of 30°, 45° and 60° as the
turbulators in heat exchanger tubes. Their results revealed
that heat transfer and pressure loss increased as the angle
decreased. Karakaya et al. [11] reported that the rings in
DR arrangement yielded higher heat transfer rate than the
ones in CR and CDR arrangements up to 44 and 27 %,
respectively. Muthusamy et al. [12] used conical cut-out
turbulators integrated with internal fins for improving the
heat transfer rate in a heat exchanger tube. The turbulators
with three different pitch ratios (PR) of 3, 4 and 5 were
comparatively tested. Their results showed that the tur
bulators with the smallest PR yielded the maximum heat
transfer rate. Bhuiya et al. [13, 14] studied the effects of
double and triple twisted tapes on heat transfer character-
istics. The results showed that the triple twisted tapes gave
better heat transfer rate than the double ones. Thianpong
et al. [15] used twisted-rings inserts for the augmenta-
tion of heat transfer in a heat exchanger tube. The results
indicated that most twisted-rings yielded lower heat trans-
fer rate and pressure drop than the typical circular rings,
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except the ones with the largest width ratio (w/D = 0.15)
and the smallest pitch ratio (p/D = 1.0). Eiamsa-ard et al.
[16] experimentally investi gated the heat transfer enhance-
ment by using helically twisted tapes. Evidently, heat
transfer and pressure drop increased as tape twist ratio
and helical pitch ratio decreased, while the thermal per-
formance showed the opposite trend. Nanan et al. [17]
studied the effect of helically twisted tapes on the thermal
performance in a heat exchanger tube. It was found that
the tapes producing co-swirl flows yielded lower Nus-
selt number and friction factor but higher thermal perfor-
mance factor than the ones producing counter-switl flows.
Jasiriski [18] employed turbulising ball inserts with dif-
ferent diameters and longitudinal spacings. Their results
revealed that at the same longitudinal spacing, heat trans-
fer rate consistently increased with increasing ball diam-
eter. You et al. [19] investigated the effect of staggered and
non-staggered conical strip insetts on thermo-hydraulic
performance and entropy generation. Recently, Tu et al.
[20] studied the heat transfer and pressure loss in the cir-
cular tube equipped with small pipes with different spacer
lengths and arc radii. Their results showed that Nusselt
number and friction factor increased with the decrease of
spacer length.

As shown in the literature review, the heat transfer
enhancement by tube inserts is strongly dependent on the
designs and geomeitries of the inserts. In the present work,
the alternative inserts in forms of transverse baffles (TBs) and
transverse twisted-baffles (T-TBs) inserts are proposed. The
application of the transverse twisted-baffles (T-TBs) placed
in the tested tube was expected to generate a swirl flow (vor-
tex) in the tube, give chaotic fluid mixing between core and
wall regions and result in efficient heat transfer. The TBs and
T-TBs with three different baffle width ratios (w/D = 0.1,
0.2 and 0.3) and three baffle twist ratios (viw = 2.0, 3.0 and
4.0, for T-TBs) for Reynolds numbers from 6000 to 20,000
were tested. The study can be divided into experimental and
numerical parts. The experimental study was carried out for
heat transfer, friction loss and thermal performance factor.
The numerical study focused on the flow and heat transfer
characteristics related to the experimental results.

2 Numerical study
2.1 Computational domain

The schematic diagram of circular tube fitted with trans-
verse twisted-baffles (T-TBs)/transverse baffles (TBs)
under constant wall heat flux condition is shown in
Fig. la—. The geometric dimension of the tube fitted
with T-TBs/TBs is in the same manner as the one in the
experimental details. The T-TBs/TBs are in a transverse

pattern and directed perpendicular to the axial flow direc-
tion. In present work, the multi-block structured grids
are adopted. The computational domain is divided into
several sub-domains. The grids near the T-TBs/TBs are
dense. The fine mesh is stretched out in terms of the expo-
nential distribution in the transverse line. In addition, as
the effect of boundary layer was taken into consideration
for the flow structure and heat transfer characteristics of
near-wall region, the refined mesh is implemented in wall-
normal direction. Grid independent solution is obtained by
comparing the solutions at different grid levels (102,440,
254,615, 522,468 and 943,538 cells). In the test, the vari-
ation in Nu and f values for the transverse baffles (TBs) at
w/D = 0.1 and Re = 10,000 is marginal (<0.38 %) when
increasing the number of cells from 522,468 to 943,538.
Hence the grid system of 522,468 cells was adopted for
the current computation.

2.2 Governing equations

The tube flow is governed by the continuity equation, the

Navier—Stokes equations and the energy equation. These equa-

tions can be wiitten in the Cartesian tensor system as follows:
Continuity equation.

a
—(pui) =0
o (pui) (1)
Momentum equation:
] aP d duj ——
L oyl + | JB _ orr
Bx;-(puru’) Ax; N ax; {#(ij P (2
where
_ du;  du 2 du;
—pilil, = il W' LY ) RPN S ) g
il ij+3xf 3\” +'u£3xi v @

where p is the density of fluid, and u; is a mean compo-
nent of velocity in the direction x;, p is the pressure, y is
the dynamic viscosity, and ' is a fluctuating compo-
nent of velocity. The parameter £ is the turbulent kinetic
energy, defined as k = Iu{u; and §; is a Kronecker delta.
An advantage of the Boussinesq approach with the compu-
tation of the relatively low computational cost associated
with the computation of the turbulent viscosity, u, given is

e = pcﬂkzjs.
Energy equation:
B ury = 2 (e T
ax; (puiT) = ij ( I)ij “

Where T" and T', are molecular thermal diffusivity and tur-
bulent thermal diffusivity, respectively. The diffusivities
can be expressed as

F=p/Pr and I; = p/Pr; (5
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Fig. 1 Grid arrangement and computation domain of circular tube with enhancement inserts: a transverse baffles and b transverse twisted-
baffles for w/D = 0.2 and y/w = 2.0

The RNG k — & model is derived from the instantaneous @ d d de
- fon usi ‘ - w22 (PE) +—(peui) = —— | Ceflef —
Navier—Stokes equation using the “renormalization group ot ox; ox; ax;

(RNG) method. The steady state transport equation are £
G- (G Gy,G
expressed as: + lsk( k +G3:Gs)
£2
— Coep— —Re+ S: (7)
] ] ] dk k
a—r(Pk) + a(pkuf) = oo \ GHef o | + G
! 7 7 In these equations G, represents the generation of tur-

+Gp — pe+Ym+ S (6)  bulence kinetic energy due to the mean velocity gradients.
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Gy, is the generation of turbulence kinetic energy due to
buoyancy. ¥, represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissi-
pation rate. The quantities o and «, are the inverse effec-
tive Prandtl numbers for k and &, respectively. 5§, and §_ are
user-defined source terms. C, and G,, are constants. The
effective viscosity pgis written by

2
Peff = 1+ 1 = p+ pCu—- (8)

where ¢ u is a constants and set to 0.0845, derived using the
RNG theory.

All the governing equations are discretized by the
QUICK numerical scheme (Quadratic upstream interpola-
tion for convective kinetics differencing scheme), decou-
pling with the SIMPLE (Semi Implicit Method for Pres-
sure-Linked Equations) algorithm and solved using a finite
volume approach. For closure of the equations, the RNG
k-¢ model is used in the present study. The solutions are
determined converged when the normalized residual values
are less than 107" for all variables and less than 10~° for
energy equation.

2.3 Boundary conditions

In general, for flow through the obstacles in tandem such
as baffle, rib, block or cylinder, the flow becomes peri-
odical after the second or fifth ribs [21-25]. For the pre-
sent study, the tube with TB/T-TB with periodic module,
the periodic boundaries are used for the inlet and outlet of
the flow domain, which indicates that the velocity, pres-
sure and temperature gradients are in repetitive patterns.
Periodic boundaries are used for the inlet and outlet of the
flow domain. Constant mass flow rate of air with 300 K is
assumed in the flow direction rather than constant pressure
drop due to periodic flow condition. The initial temperature
is at 300 K as same as the experimental condition. The tur-
bulence intensity was kept constant at 10 % at the inlet. The
inlet and outlet profiles for the velocities must be identical.
The physical properties of the air are assumed to remain
constant at average bulk temperature. Impermeable bound-
ary and no-slip wall conditions are implemented over the
tube wall as well as the transverse twisted-baffles (T-TBs
with w/D = 0.1, 0.2 and 0.3, and y/w = 2.0 and 4.0) and
transverse baffles (TBs with w/D = 0.1 and 0.3). In addi-
tion, a constant heat flux, ¢ = —K (T/3n), where n is the
coordinate perpendicular to the wall, is prescribed on wall.
The constant heat flux of the tube wall is maintained con-
stant at 600 W/m?® (same as the experimental condition).
The baffle (TB/T-TB) is maintained under an adiabatic
condition so that a7/n = O where n is the normal to the
TB/T-TB surface. It should be noted that the inlet and out-
let dimensionless temperatures are identical.

3 Experimental study

Figures 2 and 3 represent the transverse twisted-baffles
(T-TBs) used in the present experiment. The transverse
twisted-baffles were made of aluminum sheets. Each sheet
was 0.8 mm thick and 63 mm long. Twisted-baffles were fab-
ricated at three twist ratios (y/w = 2.0, 3.0 and 4.0) and width
ratios (w/D = 0.1, 0.2 and 0.3), where y, D and w are a twist
length (180° per twist length), an inner diameter of the test
tube and a baffle width, respectively. The transverse twisted-
baffles were placed in transverse arrangement along the test
tube at constant pitch length (p) of 96 mm (or p/D of 1.5).
Experiments were conducted in an open-loop experi-
mental facility (as schematic diagram shown in Fig. 4). The
major parts of the system were a circular copper tube, a
high-pressure blower, an electrical power supply unit and
measurement instruments and recorders. The copper tube
had 64 mm inner diameter (1) and 67 mm outer diameter
(D), 1.5 mm thickness (f), and 3900 mm length (L) which
was divided into three parts: a calm section (2000 mm),
a test section or heating section (1500 mm) and an exit
(400 mm). The test section was heated by continually

(a)
) 54 -~
A/J Cays n 1) -_Hr‘_
Yoo B
WwD=4, WwD=02 e e w/D=0.1
T s
: . -
5 "l -’J‘.q‘
=4 7™yt
e L ':"'d
Y g S
A .
i ;-
‘ﬂ-" d
w/D=0.1

Fig. 2 Photograph of enhancement inserts in tandem arrangement
at various baffle width ratios: a transverse baffles and b transverse
twisted-baffles
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Fig.3 Photograph of enhancement inserts in tandem arrangement at various baffle twist ratios: a w/D = 0.1, bw/D =02 and ¢ w/D = 0.3

winding flexible electrical wire connected to the electrical
power supply unit. The power supply unit was controlled
via a variac transformer to obtain a constant heat flux con-
dition by keeping the output current below three amps. The
outer surface of the test tube was well insulated to mini-
mize convection and radiation heat losses to surroundings.
In addition, necessary precautions were taken to prevent
leakages from the system.

In the experiments, thermocouples were placed circum-
ferentially at fifteen different axial distances. It was found
that the temperatures which measured at the same axial dis-
tance but different circumferential positions, were compara-
ble. This can be attributed to the excellent cross flow mixing
associated with the periodical swirl flow. Each thermocou-
ple was soldered in a groove inside the wall. The groove
which was filed in the outer wall of the tube had a depth of
0.5 mm. After soldering, high temperature silicon insulation
was applied on top of the soldered thermocouples to protect

Q) springer

them from direct exposure to the heater. The RTD for meas-
uring the inlet temperature was installed into the tube core
at the entrance while the ones for measuring the outlet tem-
peratures were located at the distances of 2D and 4D down-
stream of the exit. Due to the chaotic fluid mixing, only
three RTDs were used to measure the fluid temperature at
each station. Wood bars with low thermal conductivity, were
fitted around the copper tube to function as thermal barriers
at the inlet and exit of the test section. The detailed descrip-
tion of experimental procedure was previously reported by
Eiamsa-ard et al. [16].

4 Data reduction and performance criteria

At steady state, the rate of heat absorbed by air (the work-
ing fluid) is assumed to be equal to the convective heat
transfer rate.
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Fig. 4 Schematic diagram of experimental heat transfer set-up and test section. a schematic diagram of experimental set-up. b Test section
Qa = Qcom (9)  Nu=hD/k, (15)
where Reynolds number (Re) can be calculated from
Qa = mCpa(To —Ti) (10)  Re=puD/p (16)

The convection heat transfer from the test section can be
written by

Qcomy = hA(Tw —Tp) (11)
where T}, is a bulk fluid temperature which is defined as
Tp= (To+Ti)/2 (12)

and T, is average wall temperature calculated from local
wall temperatures measured at 15 points along the axial
direction.

Bois Y T 115

An average heat transfer coefficient (k) and an average
Nusselt number (Nu) can be calculated from the follow
equations.

(13)

h = nCpa(To — Ti)/A(Tw — Tp) (14)

The friction factor, f is computed by pressure drop, Ap
across the length of the periodic tube, L as

(ap/L)D

3pu?

f= 17

The energy saving potential of the heat transfer enhance-
ment devices can be evaluated in term of thermal perfor-
mance factor (n) which is defined as the ratio of the convec-
tive heat transfer coefficient of the tube with enhancement
devices (h,) to that of the plain tube (h,), at an equal pump-
ing power and given by

= (Vur/Nuwp)/ () 5)""°

(18)

Where Nup and fp stand for Nusselt number and friction
factor for the plain tube, respectively.
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5 Experimental uncertainties

The uncertainties of data measurements and calculations
were also quantified based on the standard method [26-28].
In order to evaluate the reliability of the experimental facil-
ity, the uncertainties of experimental data were determined.
The uncertainty of the Nusselt number and friction factor
data can be expressed as follows [26—28].

Nusselt number:

ANu 1 [(a 2 (9 4

0.5 05
a 2 AR\ [ AD)?
H{ gt | = {(7) (H) }
(19)
‘Where
"
h=—"211
T, = T;
05
Ah a2 ah 2 ah 2
T‘i[{a—qﬂ‘i‘ L ed +{a—n”b}]
- &q” 2+ AT, 2+ AT, 2705
W Ty NTJ i, A~ i (20)
‘Where
05
' 2 ] L ,
= () i 1]
Friction factor:
2 2
A1 {iamp)} +{E.&L}
f f|laap oL

af 2 af 2]
+{E‘&D} +{3(Re)‘m}

AAPYY2  (ALY?  (3ADY?  (2ARe)? =
o RS e e

(21)
‘Where
A(AP)  Ah
AP h
and

[T
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Table 1 Uncertainties for the relevant variables

Variables Uncertainty (%)
Ammerter, [ 1.4
Kinematic viscosity (air, from tables) 0.06
Pressure, P 4.8
Mean temperature, T, 0.18
Manometer (mm) 4.2
Temperature indicator 32
Test tube diameter, I} 1.2
Thermal conductivity, k (air, from tables) 0.4
Velocity of the air, U 54
Voltmeter, V 1.7

The uncertainties of non-dimensional parameters were
within 5, £10 and 315 % for Reynolds number, Nusselt
number and friction factor, respectively. The other uncer-
tainties are presented in Table 1. The experimental results
were reproducible within these uncertainty ranges.

6 Results and discussion
6.1 Numerical results
6.1.1 Validation of the transverse baffles (TBs)

Figure 5a, b shows the validation of the heat transfer (Nu)
and friction factor (f) in the tube fitted with the transverse
baffles (TBs) predicted by the RNG k£ — £ model with
measurements for using the transverse baffles (TBs) with
w/D = 0.1, 02 and 0.3. Evidently, the predicted Nu and
f are in good agreement with present experimental data.
As compared to the experimental results, the deviations of
predicted heat transfer (Nu) and friction factor (f) data are
within 8 and 6 %.

6.1.2 Flow structure, temperature, local Nusselt number

The numerical results of flow and temperature characteris-
tics in the tubes with baffles are displayed in Figs. 6a—g and
Ta—g while the contour plots of local Nusselt number are
shown in Fig. 8a—g. In the tubes with the transverse baffies
(TBs) shown in Figs. 6a, b and 7a, b, fluid flow changes
from a common axial flow to be a divering-converging
flow immediately downstream of the baffles, due to the
flow disturbance by the baffles. As baffle width ratio (w/D)
increases, the flow becomes more complicated and its tur-
bulence intensity increases. This results in a thinner ther-
mal boundary layer, especially at the interfaces between
the baffles and the tube walls (Figs. 6a, b, 7a, b) and thus
higher Nusselt number Fig. 8a, b.
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Fig. 5 Confirmatory test of Nusselt number and friction factor of
tube with TBs at various w/D. a Nusselt number. b Friction factor

In the tubes with the transverse baffles (T-TBs) shown
in Figs. 6¢c—g and 7c—g, swirl flow/votex is induced imme-
diately behind the baffles. The flow pattern is affected
throughout the test section by the presence of the T-TBs. As
twist ratio (y/w) increases (or twist number decreases), the
number of vortex decreases. At the same twist ratio (y/w),
swirl or votex size increases, as baffle width ratio (w/D)
increases. This results in lower wall temperature and thus
higher Nussselt number (Fig. 8c—g), due to the stronger
turbulence intensity. This result is in the same manner
as found in case of TBs. As twist ratio (y/w) decreases,
wall temperature decreases (Fig. 7c—g), Nusselt number
increases and Nusselt number distribution becomes more
uniform (Fig. 8c—g). This can be explained that the tapes
with smaller twist ratio possessing higher twist number,
give more consistent swirl flow and thus better fluid mixing
within the tubes.

For the present study, all T-TBs consistently give higher
Nusselt number and better uniformity of Nusselt number
distribution than TBs. The superior performance for heat
transfer enhancement of T-TBs to that of TBs is responsible

by the two functions of T-TBs including inducing swirl
flow and giving flow disturbance, while TBs give only
common fluid flow disturbance. Among the studied cases,
the tube with T-TBs at w/D = 0.3 and y/w = 2.0 yields the
highest Nusselt number and the best uniformity of Nusselt
number distribution (Fig. 8g).

6.2 Experimental results
6.2.1 Validation test of the plain tube

To evaluate the reliability of the experimental facility and
process, the verification of the present experimental data
was conducted by comparing the experimental results
(Nusselt number and friction factor) of the present plain
tube with those obtained from the standard correlations
[29] as shown in Fig. 9. The comparisons show the pre-
sent results are in excellent agreement with those from the
standard correlations. This indicates that the experimental
facility and process applied in the present work are reliable.

6.2.2 Heat transfer

The experimental heat transfer results of the tubes equipped
with transverse twisted-baffles (T-TBs), transverse baffles
(TBs which can also be defined as the T-TBs with twist
ratio (v/w) of o0) and also the plain tube are presented in
terms of Nusselt number ratio (Nu/Nu,, defined as the ratio
of Nusselt number of tube with baffles to that of the plain
tube (Fig. 10), for Reynolds numbers varied from 6000
to 20,000. For all cases, Nusselt numbers increase with
increasing Reynolds number. However, Nusselt number
ratios are approximately constant, since the Nusselt num-
bers in the tubes with baffles and the plain tube are concur-
rently increased with increasing Reynolds number. For both
TBs and T-TBs. Nusselt numbers increase as baffle width
ratio (w/D) increases. According to the numerical results
in Figs. 6, 7 and 8 results, the number of vortex increases
as twist ratio decreases and vortex size increases as width
ratio increases. The use of T-TBs with the smallest twist
ratio (wWw = 2.0) and the largest width ratio (w/D = 0.3)
results in the lowest wall temperature and the highest Nus-
selt number. This means that the vortex flow characteristic
significantly affects heat transfer enhancement. The vortex
with higher numbers gives more consistent fluid distur-
bance and the larger vortex size gives stronger turbulence
intensity resulting in better fluid mixing between the wall
and the core regions, higher temperature gradient along
the heating wall and superior heat transfer enhancement.
For T-TBs, Nusselt numbers increase as twist ratio (y/w)
decreases. These experimental results accord well with
the numerical results in Sect. 6.1.2. As found, the Nusselt
numbers given by the T-TBs with w/D = 0.3 are higher
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(a)

(c)

(e)

(2)

Fig. 6 Contour plots of streamlines and temperature field in trans-
verse planes for: a TBs, w/D = 0.1, b TBs, w/D = 0.3, ¢ T-TBs,
w/D = 0.1 and y/w = 2.0, d T-TBs, w/D = 0.1 and yw = 4.0,

than those of the ones with w/D = 0.1 and 0.2 by around
50.2 and 21.9 %, respectively. The T-TBs at y/w = 2.0 give
higher Nusselt number than the ones with y/w = 3.0 and
4.0 by around 5.4 and 12.6 %, respectively. At the constant
baffle width ratio (w/D) of 0.3, the Nusselt numbers of the
tubes with T-TBs at y/w = 2.0, 3.0 and 4.0 are higher than
those of the plain tube around 197.6, 180.5 and 158.7 %,
respectively. In addition, at similar conditions, the uses of
T-TBs aty/w = 2.0, 3.0 and 4.0 resultin better heat transfer
than that of TBs (y/w = 00) by around 17.9, 14.9 and 11 %.
In addition, the experimental result reveal that among
the studied cases, the tube with T-TBs at w/D = 0.3 and
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(b)

e T-TBs, w/D = 0.3 and y/w = 2.0, and f T-TBs, w/D = 0.3 and
ww = 40, g T-TBs, w/D = 0.3 and yw = 2.0, and h T-TBs,
w/D =03 and y/w= 4.0

y/w = 2.0 yields the highest Nusselt number, same as that
found in the numerical result.

6.2.3 Friction factor

The experimental friction loss results of the tubes equipped
with transverse twisted-baffles (T-TBs), transverse baf-
fles (TBs, y/w = o0) and also the plain tube are presented
in terms of friction factor ratio (f/f, defined as the ratio
of friction factor of tube with baffles to that of the plain
tube (Fig. 11), for Reynolds numbers varied from 6000 to
20,000. For all cases, friction factors ratio increase with
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Fig.7 Streamlines and wall temperature for: a TBs, w/D = 0.1,
b TBs, w/D = 0.3, ¢ T-TBs, w/D = 0.1 and y/w = 2.0, d T-TBs,
w/D = 0.1 and y¥w = 40, e T-TBs, w/D = 0.3 and y/w = 2.0, and f
T-TBs, w/D = 0.3 and yw = 4.0, g T-TBs, w/D = 0.3 and yw = 2.0,
and h T-TBs, w/D = 0.3 and ylw = 4.0
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Fig.8 Contour plots of local Nusselt number at: a TBs, w/D = 0.1,
b TBs, w/D = 03, ¢ T-TBs, w/D = 0.1 and y/w = 2.0, d T-TBs,
w/D = 0.1 and yiw = 40, e T-TBs, w/D = 0.2 and yiw = 2.0, f
T-TBs, w/D = 0.2 and y/w = 4.0, g T-TBs, w/D = 0.3 and y/w = 2.0,
and h T-TBs, w/D = 0.3 and y/w = 4.0

increasing Reynolds number, since the increase of friction
factors of the tubes with baffles is more significant than the
one of the plain tube. Interestingly, at similar conditions
TBs (y/w = 00) consistently cause higher friction factors
than T-TBs. This is attributed to the larger blockage area
(surface perpendicular to the axial flow) of TBs as com-
pared to those of T-TBs. The contours of static pressure

@ Springer



141

Heat Mass Transfer (2016) 52:2177-2102

2188
90 A2
- v Blasins -
80" O Guistinski 140
70 ¥ Plein tobe |
60 -1.08
i b i
sof W o
£t ¥ © H.06
W = % |
i o]
L .04
Y 5 8 ¥ -
0+ by v ¥ ¥ ¥ 1+] ]
- Hm
10+ |
0 1 1 1 1
4000 8000 12000 16000 20000
Re

Fig. 9 Confirmatory test of Nusselt number and friction factor of
plain tube
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Fig. 10 Variations of Nusselt number with Reynolds number for dif-
ferent baffle width ratios (w/D) and baffle twist ratios (y/'w)
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Fig. 11 Variations of friction factor with Reynolds number for differ
ent baffle width ratios (w/D) and baffle twist ratios (y/w)
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(Fig. 12a-h) reveal that the use of the baffle with large
blockage area results in high static pressure on the front
surface of the baffle since a dynamic pressure is signifi-
cantly converted to be a static pressure due to the tangen-
tial contact between the fluid and the baffle when the fluid
impingement occurs. Then, the static pressure is substan-
tially dissipated behind the baffle, resulting in high pres-
sure drop and thus, high friction loss. The results in Fig. 10
show that the friction factors caused by the TBs (v/w = o0)
are around 46.5-275, 36.2-230 and 25.3-186 % higher
than those caused by the T-TBs with y/w = 2.0, 2.5 and 3.0,
respectively.

The effects of width ratio (for TBs and T-TBs) and twist
ratio (for T-TBs) on friction loss are also directly related
to the blockage area or the baffle surface perpendicular to
the axial flow. Accordingly, friction loss increases with the
increases of width ratio and twist ratio as shown in Figs. 10
and 11. Evidently, the friction factors of the tubes with
T-TBs at y/w = 2.0, 3.0 and 4.0 are respectively around
3.06-7.92, 3.29-8.99, 3.58-10.39 times of those of the
plain tube. In other words, the T-TBs at y/w = 2.0 cause
lower friction loss than the ones with yww = 3.0 and 4.0
by around 9.6 and 18.7 %, respectively. Among the studied
cases, the use of TBs with w/D = 0.3 (y/w = o) causes the
maximum friction factor which is as high as 29.7 times of
that of the plain tube.

6.2.4 Thermal performance

The effect of using TBs and T-TBs on thermal perfor-
mance factor based on the same pumping power criterion,
is presented in Fig. 13. For all cases, thermal performance
factor tends to decrease with the rise of Reynolds number.
At the same Reynolds number, thermal performance fac-
tors of the tubes with the T-TBs are consistently higher
than those of the ones with the TBs. This is responsible
by the superior heat transfer enhancement (due to the swirl
flow as the extra secondary flow) with lower pressure drop
penalty (due to the smaller surface perpendicular to the
axial flow) given by the T-TBs, as compared to those given
by the TBs (ww = o00). The results in Fig. 13 show that
the T-TBs with v/w = 2.0, 3.0 and 4.0, respectively yield
higher thermal performance factors than TBs by around
21.3-98.5, 22.6-79.2 and 22.7-57.5 %. As shown, the
thermal performance factors offered by T-TBs are above
unity while those given by TBs are below unity. This indi-
cates that the use of T-TBs is feasible for energy saving
while that of TBs is not.

For T-TBs, Thermal performance factor increases as
baffle width ratio (w/D) increases and twist ratio (y/w)
decreases. The increase of baffle width ratio results in
the increases of both Nusselt number and friction factor.
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Fig. 12 Contour plots of static pressure at: a TBs, w/D = 0.1, b TBs,
w/D = 0.3, ¢ T-TBs, w/D = 0.1 and y/w = 2.0, d T-TBs, w/D = 0.1
and yw = 40, e T-TBs, w/D = 0.2 and y/w = 20, and f T-TBs,

However, the effect of the increased heat transfer is more
dominant than the increased friction loss. The decrease of
twist ratio results in heat transfer improvement and sup-
pression of friction loss, both are beneficial effects for
thermal performance. The T-TBs with the smallest twist
ratio (y/w = 2.0) give higher thermal performance factors
than the ones with y/w = 3.0 and 4.0 by around 8.4-10.7
and 17.8-25.9 %, respectively. For the studied range, the
T-TBs with the optimal geometric parameters, (y/w = 2.0

w/D = 0.2 and y/iw = 4.0, g T-TBs, w/D = 0.3 and y/w = 2.0, and h
T-TBs, w/D = 0.3 and y/w = 4.0

and w/D = 0.3), give the thermal performance factors in a
range of 1.46-1.69.

The variations of friction factor ratio (f/f,) with Nus-
selt number ratio (Nu/Nu,) are presented in Fig. 14. The
variations show the trade-off between the improved heat
transfer and the increased friction loss. It can be reveal
that the use of the TBs with the largest width baffle ratio
(w/D = 3.0) results in extremely high friction factor (up to
29.7 times of the plain tube) and the moderate heat transfer
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20 & w03, 5 further practical use. The resultant empirical correlations are
e b A shown in Eqs. (22-24). To evaluate the accuracy of the cor-
' A ;" relations, the experimental results are compared with those
= 16 fa o calculated from the correlations. The comparisons indicate
Q‘“ r f A, S e A, ; that the deviations of the experimental results from the cor-
=l e S - relations are within +8, +4 and +8 % for Nusselt number,

zZ .. & s 0 o @ wiD=0.1, yhw=d friction factor, and thermal performance, respectively.
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Fig. 13 Varations of thermal performance (Nqu;g,)f(ﬁ{ﬁ,)m with
Reynolds number for different baffle width ratios (w/D) and baffle
twist ratios (y/w)
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Fig. 14 Variations of (NquuP)f(f)i,) with fffp for different baffle
width ratios (w/D) and baffle twist ratios (yf)

enhancement. This is responsible for the lowest thermal
performance factor of the tube with the TBs. On the other
hand, the use of T-TBs with the optimal geometric param-
eters, (v/w = 2.0 and w/D = 0.3), results in the excellent
heat transfer enhancement (up to 3.08 times of the plain
tube) and the reasonable friction loss (up to 7.9 times of
the plain tube). This tradeoff leads to high thermal perfor-
mance factor (up to 1.69 times of the plain tube at constant
pumping power).

6.2.5 Empirical correlations
The experimental results of the Nusselt number, friction fac-
tor, and thermal performance of the tubes with the transverse

twisted-baffles (T-TBs) and transverse baffles (TBs) are
employed for developing the empirical correlations, for the

@ Springer

6.3 Comparative study

Comparisons between present turbulators with transverse
twisted-baffles (T-TBs: w/D = 0.3 and y/w = 2.0) and
the modified turbulators in the open literature are demon-
strated in Figs. 15 and 16. The results of C-type turbula-
tors with PR = 5.0 of Muthusamy et al. [12], triple twisted
tape turbulators with ¥/w = 1.92 of Bhuiya et al. [14], heli-
cally twisted tape with y/w = 3.0 and p/D = 2.0 of Nanan
et al. [17], and S-shape small pipe with spacer length
S = 100 mm and arc radii R = 15 mm) of Tu et al. [20] are
chosen for comparison. The thermal performance factors
were performed under the same pumping power. It is found
that the thermal performance factors of the present trans-
verse twisted-baffles (T-TBs) are higher than those of most
inserts in the open literature including the helically twisted
tape by Nanan et al. [17], triple twisted tape by Bhuiya
etal. [14] and C-type turbulators by Muthusamy et al. [12].
However, present transverse twisted-baffles (T-TBs) give
lower thermal performance factors than the S-shape small
pipe by Tu et al. [20]. Therefore, it can be concluded that
the present transverse twisted-baffles (T-TBs) are competi-
tive as compared to other tube inserts.

7 Conclusions

The experimental and numerical studies were carried out to
investigate the flow and heat transfer and friction loss char-
acteristics of the tubes equipped with the TBs and T-TBs
compared to those of the plain tube. The studies encompass
three different baffle width ratios (w/D = 0.1, 0.2 and 0.3,
for TBs and T-TBs), three baffle twist ratios (y/w = 2.0, 3.0
and 4.0, for T-TBs) and Reynolds numbers from 6000 to
20,000. The major findings in the present work are sum-
marized as follows.

1. For the present study, all T-TBs consistently give
higher Nusselt number and better uniformity of Nusselt
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Fig. 15 The turbulators in open
literature

C-type twrbulator, [12] triple twisted tape, [ 14]

167 %, respectively. However, the increase in friction
factor is more significant than the increase of Nusselt
number. For T-TBs, as twist ratio (v/w) decreases, Nus-
selt numbers increases, friction loss decreases and ther-
mal performance increases.

Fig. 16 Comparison of the cur- R Present work, T-TBs
rent results with those in open & Cetype turbulator [12)
literature 7 Triple twisted tape mrbulator [14]
O Helically twisted tape wrbulator [17]
O S-shape small pipe turbulator [20]
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Re
number distribution than TBs. However, T-TBs cause 3. The effect of interaction of the vortices induced by
lower friction loss than TBs, due to the proper design T-TBs is numerically investigated. For the studied
of baffle twist shape. range, the T-TBs with the optimal geometric param-
For both TBs and T-TBs, Nusselt number, friction eters, (v/w = 2.0 and w/D = 0.3), give the thermal per-
factor and thermal performance factor increase with formance factors in a range of 1.46-1.69. T-TBs offer
increasing baffle width ratio (w/D). At constant y/w of superior thermal performance to TBs. The thermal
4.0, the Nusselt numbers of the tubes with the T-TBs performance factors offered by T-TBs are above unity
at w/D = 0.1, 0.2 and 0.3 are higher than those of the while those given by TBs are below unity.
plain tube by around 74.3-83.6, 111-122, and 154- 4. The experimental results of the Nusselt number, fric-

tion factor, and thermal performance of the tubes with
the transverse twisted-baffles (T-TBs) and transverse
baffles (TBs) are employed for developing the empirical
correlations, for the further practical use. Evidently, the
resultant correlations give satisfactory predictions with
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deviations within £8, 4 and 38 % for Nusselt number,
friction factor, and thermal performance, respectively.
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Abstract — A numerical simulation of turbulent forced
convection is  performed in  order to gain an
understanding of swirling flow field, fluid temperature,
local Nusselt number, pressure drop and thermal
performance  characteristics of  three-dimensional
round tubes equipped with regularly-spaced twisted
tapes with alternate axes (RS-TT-A). Twisted tapes
with free space length ratios of s/w = 1.0, 1.5 and 2.0
are considered.  Computations, based on a finite
volume method, are earried out by utilizing the RNG
k-g turbulence model. The results of the tubes with
RS-TT-A are compared with those of the ones with
regularly-spaced twisted tape (RS-TT) and typical
twisted tape ('TT) and also a plain tube. Parametric
runs are made for Reynolds numbers of 5000 to 15,000,
The tube wall is subjected to a uniform heat flux
heating condition.  The numerical results show that
RS-TT-A yield higher Nusselt number and thermal
performance than RS-TT. For RS-TT-A and RS-TT,
thermal performance increases with increasing free
space length ratio.

Keywords: Heat exchanger, heat transfer, regularly-
spaced twisted tape with alternate axis (RS-TT-A), typical
twisted tape, swirl flow

I. INTRODUCTION
I'he passive heat transfer augmentation methods which

do not need any external power input are used in many
engineering applications. There are hundreds of passive

methods, one of the most popular techniques is insertion of

twisted tapes in a tube. This technique enhances the
convective heat transfer by introducing swirl into the bulk
flow and disrupting the thermal boundary layer on the tube
wall. However, the use of twisted tape also causes the rise
of the pressure drop inside the tube. A lot of research

works have been carried out to find the optimal design of

twisted tape inserts and achieve the best thermal

performance or the best tradeoft between the enhanced heat
transfer and increased friction loss.  Zhang er al. |1]
focused in improving heat transfer by developing twisted
tapes in forms of triple and quadruple twisted tapes which
produced more consistent swirl flow than a typical one.
They reported that the triple and quadruple twisted tapes
respectively enhanced Nussell number up to 171% and
182% compared to that of the plain tube. The thermal
performance factors of tube fitted with the enhance devices
were around 1.64-2.46. Another design of twisted tape to
reduce the friction loss and improved thermal performance
factor is a twisted tape with regular space or a regularly
spaced twisted lape. Regularly spaced twisted tapes with
different geometries were proposed [2-5].  Ananth and
Jaisankar [6] emploved helical tape with different spacer
lengths for heat transfer in a thermosyphon solar water
heater,  Their results showed that heat transfer rate
increased with the decrease in rod and spacer length while
pressure drop decreased with the increase in rod and spacer
length.  Similarly. Fiamsa-ard er @l 7] found that the
regularly-spaced twisted tape with smaller free space ratio
gave higher heat transfer rate and lower [riction factor. As
compared to a full length twisted tape. regularly-spaced
twisted tapes caused lower friction factor because they
induced less consistent swirling flows and weaker
turbulence. This work adopts both improving heat transfer
and reducing [riction factor approaches in order 1o improve
thermal performance of twisted tape inserts.  The
modification for improving heat transfer is made by
introducing allernate axes into twisted tapes. The alternate
axes are expecled to induce strong flow f{luctuation and
thus turbulence. The modilication for reducing friction
factor is made by leaving space between each pair of the
tapes. Three space length ratios. s/w = 1.0, 1.5 and 2.0 are
examined to find the optimum geometry. The modified
twisted tapes called regularly-spaced twisted tapes with
alternate axes (RS-TT-A). The typical regularly-spaced
twisted tapes (RS-TT) are also studied for comparison. The
simulation is carried out for Reynolds numbers (Re) from
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5000 to 15.000 using air as the working fluid.

y

S (a) Typical twisted tape

B .t

v (b) Regularly-spaced twisted tape |

4 |- f‘g
v ¢ \ — .
_.r{\ - |

LA . !

Alternate axis point

Alternate axis point
() Regularly-spaced twisted tape with altemate axis

Figure 1 Grid arrangement for circular tube fitted with regularly-
spaced twisted tape with alternate axis (RS-TT-A).

II. PHYSICAL MODEL

The details of circular tubes fitted with regularly-spaced
twisted tapes with alternate axes (RS-TT-A) are presented
in Fig. 1. The regularly-spaced twisted tape with alternate
axis with three different space length ratios, s/w = 1.0, 1.5
and 2.0 are tested. The results of the tubes with RS-TT-A
arc compared with those of the ones with regularly-spaced
twisted tape (RS-TT) and typical twisted tape (TT1) and also
a plain tube.  All tapes have the same twist ratio (w/w) of
1.0 and all circular tubes have the same diameter of 20 mm.

[1I. GOVERNING EQUATIONS

The phenomenon under consideration is governed by the
steady three-dimensional form of the continuity, the time-
averaged incompressible Navier-Stokes equations and the
energy equation.  In the Cartesian tensor system. these
equations can be written in the following form:

Continuity equation:

)
()= 10 m
ax

1

Momentum equation:

M__a_p+i[,{%+&_z B_H+

ax, v, ax, o, & 3 oy )
%(—pu;u;]
Energy equation:
Lupe- -2 L] o
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The Reynolds-averaged approach to turbulence modeling
requires that the Reynolds stresses, — puju; in Eq. (2) be

appropriately modeled.

A common method employs the Boussinesq hypothesis to
relate the Reynolds stresses to the mean veloeity gradients:

—— Qu,  Ou 2 City
ot =) S G2 e P s (5
puli ﬂ{ax axJ 3(,01‘5 MakJU )

J i
The expression for the turbulent viscosity is given as

kz

= pC,— (6)
The time-independent incompressible  Navier-Stokes
equations are discretized using the finite volume method.
QUICK  (Quadratic  upstream  interpolation  for
convective kinetics differencing scheme) and central
differencing flow numerical schemes are applied for
convective and diffusive terms, respectively. The discrete
nonlinear equations are  implemented implicitly.  To
evaluate the pressure field. the pressure-velocity coupling
algorithm SIMPLE (Semi Implicit Method for Pressure-
Linked Equations) is seleeted. At the inlet fully-developed
velocity profile is imposed.  Impermeable boundary
condition is implemented over the wall.  The inlet
turbulence intensity is kept constant at 10%. unless stated
otherwise.

Two parameters of interest are: (1) friction factor and (2)
Nusselt number.  The friction factor. /" is computed from
the following equation.

AP

f=—=—7 (7)
Dl 2
Where Ap is pressure drop across the length of the tube (1)

The heat transfer is evaluated in term of Nusselt number
which can be expressed as

hD
Nu=— 8
p (8)
The average Nusselt number can be obtained by:
1
Nu,, =;JNu‘xaA (9

The thermal performance can be expressed as:

N p 13
"

=| X § S (10)
! {N”.vlfp]
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IV. NUMERICAL RESULTS

The contour plots of streamline in the tubes with RS-
TT-A (with sw = 1.0 and 2.0), RS-TT, TT and the plain
tube are shown and compared in Fig. 2. Swirl flow stream
lines regarding to twisted tape geometries are found in the
tubes with all tapes while only straight stream lines are
observed in the plain tube. [t is also found that the TT
gives more consistent swirl than RS-TT-A and RS-TT. For
RS-TT-A. swirl consistency become poorer and its
intensity becomes weaker as twist ratio (s/w) increases. [t
can also be observed high turbulence duc to flow
fluctuation is found around alternate axes of RS-TT-A at
both s/w = 1.0 and 2.0.

(a) Plain tube e

Figure 2 Contour plots of streamline in tubes with RS-TT-A, RS-
TT, TT and the plain tube.
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Figure 3 presents contour plots of fluid temperature in
the tubes with RS-TT-A (with s/w = 1.0 and 2.0). RS-TT.
TT and the plain tube. For the plain tube, fluid temperature
is unchanged and thick thermal boundary exists throughout
the test section. For the tubes with twisted tapes. fluid
temperatures around the entrances and tube cores are low.
Then, fluid temperatures become higher along the axial
direction due to a swirling effect that enhances fluid mixing
between core and wall regions and thus improves heat
transfer from tube walls to fluid.  In addition, fluid
fluctuation in RS-TT-A cases further enhances fluid mixing
and heat transfer.

Temperature:. 300 301 302 303 304 305 3();! 307 3‘0! 309 310
(a) Plain tube -

-

ST, s/w=1.0

(d) RS—'I‘:T-A, s/w=1.0 :

(€) RS-TT, s/w =2.0

.“OOGW

(f) RS-TT-A, s/w =2.0

Figure 3 Temperature fields in tubes with RS-TT-A, RS-TT, TT
and the plain tube.
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Figure 3 also found that the RS-TT-A with the smallest
space length ratios. s/w = 1.0. give better fluid mixing than
the ones with s/w = 2.0 due to more consistent swirling
effect.  These results accord with those in Fig. 4 which
shows that the RS-TT-A with the smallest space length
ratios. s/w = 1.0. give higher Nusselt number and more
uniform Nusselt number distribution than the ones with sy
=20.

Q 10 20 30 40 5) 60 70 30 90 100

(a) Plain tube

() RS-TT, s/w=1.0

(d) RS-TT-A, s/w =1.0

(e) RS-TT, s/w =2.0

(f) RS-TT-A, s/w=2.0

Figure 4 Nusselt numbers distributions around tubes with RS-TT-
A.RS-TT, TT and the plain tube.

Nusselt number ratio (Nw/Nup) against Reynolds
number of all studied cases is shown in Fig. 5. For all
tubes with twisted tapes. Nusselt number ratios are higher
than unity. This indicates an advantageous gain of using
the tubes with twisted tapes over the plain tube. However.
Nusselt number ratio considerably decreases with the rise
of Reynolds number. This relates to the thickness of
thermal boundary layer. At low Reynolds number the
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thickness of thermal boundary layer is large. thus heat
transfer enhancement (in term of Nu/Nu,,) promoted by the
boundary layer disruption is more significant than that at
the higher Reynolds number where the thickness of thermal
boundary layer is initially smaller [8]. At similar
conditions. RS-TT-A give higher Nusselt number than RS-
TT.

© TT,yw=10
& RSTT-A yw=10sw=10 & RS-TT.yw=10s/w=10
@ RS-TT-A yw=10sw=15 ® RSTT,yw=10sw=15
© RSTT-A yw=10sw=20 O RSTT,yw=10sw=20
4.5
40 g
3.5
[
K ° §
e LY
3.0
E 8
£ X 3 3
2.5 4
o 8 §
o
(s}
20 1
1.5 1
o . . .
5000 7500 10000 12500 15000

Reynolds number

Figure 5 Variation of average Nusselt number ratio (Nuw/Nu,)
with Reynolds number (Re).

@ TT.yw=10
® RSTT-A yiv=1.0sw=1.0 & RSTT,yw=10siw=10
® RSTT-A yiv=10sw=15 © RSTT,yw=10sAv=15
O RSTTA yiv=10si=20 O RSTT,yw=10sAv=20
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= s
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124 ®
®
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g g g
9 o Q (¢}
5000 7500 10000 12500 15000

Reynolds number

Figure 6 Relationship between friction factor ratio (£f,) and
Reynolds number (Re).

In addition. Nusselt number ratio tends to decrease with
the rise of space length ratio (s/w) for both regularly-spaced
twisted tape with/without alternate axis (RS-TT-A and RS-
TT). The use of RS-TT-A with s/w = 1.0 and 1.5 results in
higher Nusselt number than the use of TT while the use of
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RS-TT-A with s/w = 1.5 and 2.0 results in lower Nusselt
number.  According to the obtained results, the Nusselt
numbers of the tubes with RS-TT-A with sw = 1.0
increase by 3.9% as compared to that of the one with TT,
due to the effect of fluid fluctuation induced by alternate
axes. On the other hand, all RS-TT give lower Nusselt
number than TT.

Relationship between friction factor ratio (ff,) and
Reynolds number (Re) of all tubes with twisted tapes is
shown in Fig. 6. Tor all cases. friction factor ratio (f;f,)
tends to decrease with the rise of Reynolds number. At
similar conditions, RS-TT-A cause comparable friction loss
to RS-TT. For both RS-TT-A and RS-TT. friction factor
slightly decreases with the rise of space length ratio (s4v).
Friction factors of the tube with TT are substantially higher
than those of the tubes with RS-TT-A and RS-TT. The
maximum friction factor of the tube with TT is 16.7, 1.71
and 1.64 times of those of the plain tube and the tubes with
RS-TT-A and RS-TT. respectively.

& TTyw=10
% RSTTAyw=10sw=10 & RSTT,ymw=10sw=10
® RSTTA yw=10sw=15 & RSTT.yw=10sm=15
O RSTTAyw=10sw=20 O RS-TT,yw=10sw=20
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14
= L
&
® o
° 8
12 1
: g
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1.0 [}
T . T T T T
5000 7500 10000 12500 15000
Reynolds number

Figure 7 Relationship between thermal performance factor (17)
and Reynolds number (fe).

The variation of thermal performance factor (#) with
Reynolds number is shown in Fig. 7. For all cases, thermal
performance  substantially  decreases  with  increasing
Reynolds number.  All tubes with twisted tapes yield
thermal performance factors above unity. At the same
Reynolds number, thermal performance factors of the tubes
with RS-TT-A are considerably higher than those of the
tubes with RS-TT and TT. This is attributed to the better
tradeoft between enhanced heat transfer and increased
friction loss associated with the use of RS-TT-A compared
to the use of RS-TT and TT. Among the RS-TT-A., the one
with s/w = 1.5 and 2.0 offer the maximum thermal
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performance factor. Although the RS-TT-A with s'w = 1.5
and 2.0 yields lower heat transfer than the ones with s/w =
1.0. its higher thermal performance factor is the result of
the dominant influence of the lower friction loss. The
mean thermal performance factors offered by the RS-TT-A
at s/w= 1.0, 1.5 and 2.0 are respectively 15.9%. 18.3% and
16.1% higher than that given by the TT.

V. CONCLUSIONS

Numerical investigation of heat transfer. friction loss and
thermal performance characteristics of the tubes with RS-
I'T-A at three different space length ratios compared with
those ofthe ones with regularly-spaced twisted tape (RS-
1Ty and typical twisted tape (TT) and also a plain tube are
reported.

The following conclusions can be drawn:

1. RS-TT-A yield higher Nusselt number than RS-
TT and TT. For RS-TT-A and RS-TT. Nusselt
number increases with decreasing space length
ratio.

2. RS-TT-A cause slightly higher friction loss than
RS-TT but substantially lower than TT. For RS-
TT-A and RS-TT. friction loss increases with
decreasing space length ratio.

3. RS-TT-A gives superior thermal performance
factor to RS-TT and TT. For RS-TT-A and RS-
TT. thermal performance factor increases with
increasing space length ratio.

4. The maximum thermal performance factor of
1.75 is achieved by the use of RS-TT-A with s/w
ol 1.5 at Reynolds number of 5000.

5. Thermal performance factor of the RS-TT-A with
s/w = 1.0, 1.5 and 2.0 arc respectively 1.7. 1.75
and 1.74. respeetively.
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Abstract — Numerical simulation of multiple swirling
flows in tubes equipped with an overlapped quadruple
twisted tape (0-QTs) is performed.  The study
encompasses Reynolds number ranging from 5000 to
15,000. The computations are conducted for the swirl
flows induced by two types of multiple twisted tapes:
(1) quadruple twisted tapes and (2) overlapped

quadruple twisted tapes with different overlap ratios of

vy = 025, 0.4 and 0.5. The numerical results of the
tubes with tape inserts are compared with those of the
plain tube. Numerieal results of the flow and thermal
structures in the tube with overlapped quadruple
twisted tapes are also examined.  All overlapped
quadruple twisted tapes (O-QTs) offer higher Nusselt
numbers which are accompanied with the higher
friction losses than the typical quadruple twisted tapes
(QTs; yoy = L0). However, all O-QTs yield lower
thermal performance factors than the Q1s. In addition,
thermal performance factor decreases with decreasing
overlapped ratio (y,/).

Keywords:  Heat  exchanger tube, heat rransfer,
overlapped quadruple twisted tapes (0-0OTs), swirl flow

I. INTRODUCTION

Several heat transfer enhancement techniques have
been applied to improve heat transfer in order to reduce the

size and cost of the heat exchanger systems.  Insertion of

twisted tapes as swirl and turbulent devices is one of the
most widely used and studied techniques for heat transfer
enhancement [1-4].  In common, swirl and turbulent
devices improve heat transfer and increase pressure drop.
simultancously. The overall thermal performance of swirl
and turbulent devices is evaluated by determining the
tradeoff” between improved heat transfer (desired effect)
and increased pressure drop (unwanted cffect). Typical
twisted tapes have been modified into twisted tapes in
different stvles to obtain higher thermal performances. Li
et al. |5] studicd the heat transfer, friction factor and

thermal performance characteristics in tubes fitted with
centrally hollow narrow twisted tapes. They found that the
overall heat transfer performance of the centrally hollow
narrow twisted tapes increases by 28% compared to those
of typical twisted tapes.  They also reported that the
smaller the clearance. the higher is the thermal
performance. Pal and Saha [6] investigated the heat
transfer  enhaneement,  pressure  drop  and  thermal
performance characteristics in laminar flow of viscous oil
through a round tube having integral spiral rib roughness
and equipped with twisted tapes with oblique teeth. It was
found that the heat transfer rate of the twisted tapes with
oblique teeth combined with integral spiral rib roughness
gave significantly better than the individual enhancement
technique (round tube having integral spiral rib roughness /
twisted tapes) acting alone. Fiamsa-ard ef af. [7] carried
out experimental and numerical studics to investigate the
influence of the tube fitted with regularlyv-spaced twisted
tapes at different free space lengths and twist ratios on the
heat transfer enhancement. pressure drop and thermal
performance characteristics. The physical behaviors of the
fluid flow (decaying swirling flow field), fluid temperature
and local Nussclt number were also examined. The results
of the regularly-spaced twisted tapes were compared with
those of typical/full-length twisted tapes, The comparison
revealed that the regularly-spaced twisted tapes gave lower
heat transfer and pressure drop than the typical/full-length
twisted tapes.  Numerical analysis, especially  CFD
(Computational ~ Fluid ~ Dynamics)  modelling  was
extensively applied for predicting the flow and thermal
behaviors in heat exchangers equipped with twisted tapes
[5. 7). The approach is a power tool for a better
understanding on heat transfer mechanism. The literature
shows that the performance of The present work proposes
new designed overlapped quadruple twisted tapes (0-QTs)
for heat transfer enhancement. A numerical method is
applied to investigate the flow structure (streamline and
velocity vector). temperature field. local Nusselt number.
heat transter, friction factor and thermal performance factor
characteristics in tubes with overlapped quadruple twisted
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tapes O-QTs. under a vniform heat flux tube condition.
The overlapped quadruple twisted tapes (0O-QTs) are
expected to induce a rapid mixing and a high turbulent and
multiple swirling flow, which leads to an excellent heat
transfer enhancement.

Front view

Side view

Figure | Tube fitted with overlapped quadruple twisted tapes.

[I. GOVERNING EQUATIONS

For the tubes fitted with overlapped quadruple twisted
lapes. it is assumed that the flow is periodic in the axial
direction (Fig. 1). The continuity, momentum and energy
equations for the three dimensional models are employed.
For steady state, constant density flows. the time-averaged
incompressible Navier-Stokes equations in the Carlesian
tensor notation can be written in the following form:

157

& J‘ i

Continuity equation:

2 (pu)=0 (n

v

Momentum equation:
o\pu; d
7’1‘-4‘) = B_p + i u—L Ou; ﬁ (2)
ax, ay,  Ox, Ty, ay
Energy equation:

—[pu T)- { ;—T] 3)

J

where T is the thermal diffusivity and is given by

u
R=-2 4
Pr )

Apart from the energy equation discretized by the
QUICK scheme, the governing equations were discretized
by the power law scheme, decoupling with the SIMPLE
algorithm and solved using a finite volume approach. The
solutions were considered to be converged when the
normalized residual values were less than 107 for all
variables but less than 10™ only for the energy equation.

HI. FLOW DESCRIPTION

The system of interest is a circular tube equipped with
averlapped quadruple twisted tapes (0-QTs) as shown in
Fig. 1. Airenters the circular tube with an inside diameter
(D) of 0.02 m. at an inlet temperature, Tin, and flows
through overlapped quadruple twisted tapes (0-QTs). The
overlapped quadruple twisted tapes (O-QTs) consist of four
tapes. Each pair of tapes has identical twist length
(180%twist length) which is different from that of another
pair. For the studied range, twist ratio of one pair of tapes is
fixed at W = 2.0 while those (y,/W) of another pair are
0.5, 08, 1.0 and 2.0 which corresponding to overlapped
twist ratios (y,4) of 025 0.4, 0.5 and 1.0 (typical
quadruple twisted tapes (QTs)). respectively.  Periodic
boundaries are used for the inlet and outlet of the flow
domains. The inlet and outlet profiles for the velocities are
identical. The physical properties of the air are assumed to
remain constant at average bulk temperature. Impermeable
boundary and no-slip wall conditions are implemented over
the circular tube walls as well as the overlapped quadruple
twisted tapes (O-QTs). The constant heat flux of all the
circular tube walls is maintained at 600 W/m® while the
surfaces of overlapped quadruple twisted tapes (O-QTs) are
assumed at adiabatic wall conditions.
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©)ysy=025
Figure 2 Streamline and velocity vector through the overlapped
quadruple twisted tapes in a circular tube for Re = 5000.

158

Tanghet, Thadand

o) '&""\
RSCE (i)
4

Turbulent Kinetic Energy:  0.002 0335 0.668 1.001 1334 1.667 2

©yoy= 025
Figure 3 Turbulence kinetic energy (TKE) in tube equipped with
overlapped quadruple twisted tapes for Re = 5000.

IV.NUMERICAL RESULTS AND DISCUSSION

The numerical results of flow and heat transfer
associated with the swirl flows induced by two types of
multiple twisted tapes: (1) typical quadruple twisted tapes
and (2) overlapped quadruple twisted tapes (O-QTs) with
different overlap ratios of y,/y = 0.25. 0.4 and 0.5. are
reported.

1. Flow and Thermal behaviours

Figure 2(a-c) presents the contour plots of four
streamline/swirling  flows through the tube equipped
overlapped quadruple twisted tapes (O-QTs). For all cases.
four swirl flows are generated along with one recirculation
flow. The interaction among swirl flows induced by
different tapes is also found, indicated by the merging of
the orange and black lines. As overlapped ratio (3,/y)
decreases. recirculation zone becomes smaller. This can be
explained that the tape pair with smaller twist ratio (v,/I)
induced stronger swirl flows which suppress the effect of
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the recirculation. The stronger swirl flows are responsible
for better mixing. stronger flow fluctuation and thus higher
heat transfer rate.

Temperature: 298 301 304 307 310

©)y =025
Figure 4 Temperature field in tube equipped with overlapped
quadruple twisted tapes for Re = 5000.

Figure 3(a-c) demonstrated the effect of the overlapped
twist ratios (y,/») on turbulence Kinetic energy (TKE). In
general. TKE magnitude is high at the locations between
tapes and along tape edges where shear stress is high. The
TKE magnitude increases with decreasing overlap ratio,
which accords with the streamline results mentioned above.
Therefore. it can be addressed herein that the higher
interaction between swirl flows (or high vortex strength)
induced by the overlapped quadruple twisted tapes (O-QTs)
epically by the ones with the smallest overlapped twist ratio
(/v = 0.25) leads to superior fluid mixing. resulting in
high turbulent kinetic energy. more uniform  fluid
temperature distribution and thinner thermal boundary layer
as shown in Figure 4(a-c).

Figure 5(a-c) shows the effect of the overlapped twist
ratio on local wall Nusselt number. The high wall Nusselt
number areas (in red color) are found along the tape edges
due to the high heat transfer conductivity. Local Nusselt
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number increases with decreasing overlapped twist ratio
due to the better fluid mixing which consequently results in
more efficient disruption of thermal boundary layer on tube
walls. For the studied range. overlapped quadruple twisted
tapes with the smallest overlapped twist ratio (y,/y = 0.25)
offer the highest local wall Nusselt number with the best
uniform distribution. On the other hand. typical quadruple
twisted tapes (v,/y = 1.0) give the lowest local wall Nusselt
number with the poorest uniform distribution.

0 10 20 30 40 50 60 70 80 90 100

(©) yo/y=025
Figure § Distribution of local wall Nusselt number in tube
equipped with overlapped quadruple twisted tapes for Re = 5000.

2. Heat transfer. Friction factor and Thermal performance

Figures 6 and 7 respectively show variation of Nusselt
number ratio (Nw/Nu,) and friction factor ratio (ff,) with
Reynolds number (Nu, and f, are Nusselt number and
friction factor of a plain tube. respectively). For all cases.
Nuw/Nu,, considerably decreases with increasing Reynolds
number while ff, is insignificantly changed. At the same
Reynolds number, Nu/Nu, and f7f, increase with decreasing
overlapped twist ratio (y,/»). Nusselt numbers of the tubes
equipped with overlapped quadruple twisted tapes with y,/v
=0.25. 0.4 and 0.5 are found about 17.9%. 13.4% and 9%.
higher than that of the typical quadruple twisted tapes
(QTs: yy/y = 1.0) while friction factors are higher by 177%.
126% and 62%. respectively. The highest Nusselt number
and friction factor are achieved by the use of O-QTs with



The 22 Regional Sympostum on Chemical Engineering: RSCE 2013
“Embracing the Opening of AEC Incorporating with Education,
Research, and Indusiries in Chemical Engineering”

Bangkok, Thatland, September 24-25, 2015

the smallest y,4 = 0.25. The highest Nusselt number is
attributed to the most effective disruption of the thermal
boundary layer while the highest friction factor is attributed
to the strongest turbulent intensity induce by the tapes.
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Figure 6 Variation of Nusselt number ratio. NuwNu, with
Reynolds number for tube equipped with overlapped quadruple
twisted tapes.
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Figure 7 Variation of friction factor ratio with Reynolds number
for tube equipped with overlapped quadruple twisted tapes.
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Figure § shows variation of thermal performance factor
(7 = (NuwNu)/( fifi)"") with Reynolds number. Thermal
performance factor is useful to evaluate the quality of the
enhancement. Thermal performance factor decreases with
the rise of Reynolds number. For low Reynolds number
(=7500). thermal performance factor are beyond unity in all
cases. As ),y increases, thermal performance [factor
increases. although Nusselt number decreases. This is due
to the dominant effect of the lower f[riction loss. The
maximum values of thermal performance factor associated
by the use of the overlapped quadruple twisted tapes with
Yo 025, 0.4 and 0.5 are 1.18. 1.23 and 1.31.
respectively.  For the investigaled range, the highest
thermal performance factor of 1.39 is achieved by the use
ol the typical quadruple twisted tapes (Q1s: vy = 1.0).

V. CONCLUSIONS

I'he numerical investigation of the heat transfer
enhancement in a heat exchanger tube using overlapped
quadruple  twisted tapes (O-QTs) inserts has been
performed. All overlapped quadruple twisted tapes (O-
QTs) offer higher Nusselt numbers which are accompanied
with the higher friction losses than the typical quadruple
twisted tapes (QTs: y,/v = 1.0). As the effect of increased
friction loss is dominant over that of improved heat transfer
enhancement, all O-QTs yield lower thermal performance
factors than the QTs. In addition. thermal performance
factor decreases with decreasing overlapped ratio (v,/v).
For the investigated range. the highest thermal performance
factor of 1.39 is achieved by the use of the typical
quadruple twisted tapes at the lowest Reynolds number of
5000.
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