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ABSTRACT

The thesis presents a study on heat transfer enhancement in a constant heat-
fluxed rectangular channel or parallel-plate channel with Z-shaped baffles used as a
vortex generator. The tested channel having a constant heat flux applied only to
the upper wall has an aspect ratio, AR = 10 and height, H = 30 mm and air is
employed as the test fluid. The airflow rate is presented in terms of Reynolds
numbers based on the hydraulic diameter of the channel in 3 range of 4400 to
20,400. The heat transfer and the pressure drop in the tested channel are in the
form of Nusselt number (Nu) and friction factor {f), respectively. The relation of Ny
with f values is analyzed to obtain the thermal performance enhancement factor
(TEF). The present study in the thesis is divided into two sections as follows:

Firstly, discrete inclined baffles (DB) and zigzag baffles () placed on the
heated wall only at simitar baffle height and pitch are investigated. For the Z-shaped
baffle, two baffle arrangements: in-phase and out-phase arrays are examined. The
baffle study in this section is focused on three baffle attack angles (&) with the main
flow direction (a = 30°, 45° and 60°) including four array attack angles (6 = 30°, 45°,
60° and 90°). Four baffle heights (e/H = 0.05, 0.1, 0.2 and 0.3) and pitches (P/H = 1.0,
1.5, 2.0 and 3.0) for all cases mentioned are also studied.

Secondly, the study is emphasized on Z-baffles mounted on the upper and
lower walls of the tested channel. There are four Z-baffle arrangements: inline Z-
baffles (Z), inline Z- and reversed Z-baffles (X), staggered Z-baffles (ZS) and staggered
Z- and reversed Z-baffles (XS). For all cases, three different baffle heights (e/H = 0.1,
0.2 and 0.3) and pitches (P/H = 1.5, 2.0 and 3.0) are introduced.

The experimental result reveals that the maximum and minimum TEF values
for using the Z-baffle are at the lowest and highest Re values, respectively. The Z-
baffle with & = 45° placed on both upper and lower walls and the XS arrangement at
e/H = 0.1, P/H = 1.5 provides the highest TEF in a range of 2.24-3.63. In comparison,
other Z-baffles with ZS, X and Z arrangements yield the TEF ranging from 2.08-3.37,
1.92-3.12 and 1.78-2.89, respectively.
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Ui'"ﬂa*unmwmamiauumwmau nfiRnRIAT UL IEINuen FRULY-
anamiloufuuruaBasiu zS) MV]’]&JJJﬂUVlﬂVI’Nﬂ’]'ﬂMa G5
19BIABRTIE UGN SnT1EIufIUSERRUEEANTL uazaLSTaULNTS
dRumsaemAINSou TemAas e,
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4.18

GURATGTPAY

Wi
1A59a519ATULDS OLsSON AN SUNGEN [7] oo 6
TUUUUATUN U ORNRLLYOI KACWE 17T oo 8
ULUUATUNETUVBHINAENYD TaNDE 18], 9
uriunaseUARnATULIaYYY 60° 09 ANAVIAL [29] oo, 11
UNUNARBUYBE HEANA [30]erevreereroesoseesosoeeseeseeesess e 11
ATUNENFUALTII 457 189 B1INTNT [32] oo 12
gﬂLLUUﬂ‘%Umstuviaﬁm?{smaa Hyun Lee and Rhee [34]........cccouvvcommiomrrronrrrnnes 13
ATUUNAITVOY AUATINTT (B8]t eeemesseereesssssstseseeseee oo 14
lassairevasruuuaslamumsauandiniauues Sripattanapipat [39] ... 15
M3ABMYBITLUYBULLANT AR TS EUTUNONAN (6] ..o 18
MsAeMveI UL U AR UNONAL [A6]. oo 20
UannsmuanemIunsman elume 861, 22
YamnaeeieuaniUBEur W oUTURMBENAUA oo 29
WARUUTIAUGY (NIGh-PressUre DLOWET)..........ovviir oo 30
TEIUEY § Ml B0 B AN AL gt | T 30
invertef f...2... [ ey ® ) LX) \\[( 2 prrreal- ) oo b 30
orifice fripter$i\Je. MM BZ L AN et 3 I 31
\n3esinRUA IS (inclined ManomMeter) ..., 31
aaina ettme arklYY Y ... RoW..e. MZZ. O\ @ 1L 32
AT INNTEUNAAEY (AC POWET SUPPLY) orrrevoiecoeeeoee oo 32
UEEELIN .Y, WA QYK A 3O S5 VR / A 33
PUTADTTAGUNATT ettt el 33
\Tesinausunnagey, Dwyer 475 Mark (Il Digital Manometer............coorvvecn..... 34
Lﬂé@d"i’ﬂﬂ’amﬁ’mmmﬂm (vane-type Anemometer), TESTO 445 ..., 34
unuwesyanasovietanUdsun e ugURNREIAUAN oo 35
AN UIUFDOFIAGOMGT .o 36
drunedsuroamsAnudud 1.1 aSuunensdudnunednuen (zigzag, Z)
warluwuuaduurmawuudeslyseiios (discrete inclined baffles, DB) ............ 37
drunaaeuIBINIFnwIET 1.2 aTuunensludnuasdnuen (zigzag, 7)
fifinsdanedulunuy Memsety (in-phase) waswUUNUE ey (out-phase)........ 37
drunnaeuvINISANE@ILT 1.3 ASuuansludnuaednuan (zigzag, 2)
fiflnsgyiriuiiamenislug ) 30°, 9) 45° UaE @) 60° oo 38
dunadevvesnsAnuaind 1.4 efuuiansudnuasdnuen (zgzag, 2) fiflyuvoaun
nsgviusiavanisiva n) 30°, 2) 45°, @) 60° WAZ 9) 90 oo N 39
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5.1

5.2

53

54

55

5.6

5.7

5.8

5.9

5.10

5.11

512

513

5.14

5.15

5.16

d13UtyY3U (sia)
Wi

ﬁ’]u‘l’lﬂﬁ@U‘UBﬂﬂ’Tiﬁﬂ‘UWﬁ’Jum 2 ARASUUU- a9 n) ASUUY- mamqna‘unu (X), ) AU
VU~ mamamuaumu (2), m) ﬂi‘U‘U‘u awmﬂaunuumﬂmmLﬂmﬂu (XS) wazq) Ay

UVU- ma’mmi\muumwumL&lmﬂu A a0
ANuFIRUSTRRauTadaYiulaTLsETuas ATUNBHNUIIEU oo 45
ANUENNUSTRIRIUSENBUIENAYNUA VLRSS luas NIANMBNUANIYY e 46
ANuFuTusvesaria@ariduauseluas ﬂimmmmmummmanwmutam
wuulydaiiios (discrete inclined baffles) WIS UWREY oo 47
mmamwuﬁ*’uaqamnaamamuamam‘uLamsaiuam ﬂiiﬁaﬂﬁsﬂﬂ%‘UUN’J’N
anuusdes wuulsdeidio (discrete inclined baffles) Uumﬁ’aé’mlﬁm ..................... 47
mmanwuﬁmaamﬂsvﬂauLaammunmamssﬁuam ﬂsmmﬂmﬂsumnwanwmv

e wuuludeiies (discrete inclined baffles) vurifaruden ... 48
mmauwuﬁ‘umamﬁmumﬂisnaULaammunmamisﬁuaﬂ nszﬁﬁﬂﬁgaﬂ%ma
Meanuazdes wuuldseidion (discrete inclined baffles) VUNTSA WA ... 48

mmé’uﬂ’uémaaéfuﬂisﬂaumuﬁmmsauzmm%’auﬁ’mamsé‘luaﬁﬂszﬁﬁmﬁa
ASUUNMENYsB o uuultdeieg (discrete inclined baffles) UuNiTaaTy

LERE § Wi 0PI A EAIA e e S T4 1TEENS S =l | I 50
ANuFNRUSTeLaTadaviT e luas nsdiRnfInT UL Y NN
WUUINATINY (Z-in-phase) YURTGURE e 51
AuFuRuSve s dmaria@ariduiavissluag nsdifaRenI UL
ANYINUIN LUUTASITY (Z-in-phase) vusnieduden....... 51
ANudLTusYsUsERe U dsamuRuLlasEluas nIdiRnseRTUUNIIEN Yo
BN WUUINASIA (Z-in-phase) VurTsdudien o 52
ANUENNUEIBORT A INmIUSE N U AU ULausETuas NsdlRnsaasuyng
ANANYSTNUIN WUUINATINY (Z-in-phase) VUNTsF e oo 52
ﬂ’l’]iJE‘TiJWUﬁ‘U?NG]’J‘UiuﬂE]‘Uﬂ']iLﬁliJaiJ‘iiﬂuuﬂ’ﬂiJi'QUﬂULaﬂlLiEﬁuaﬂﬂiiﬁaﬂﬁg\‘i
ASUUMNINENWAULTNYN WUUATIRY (Z-in- -phase) UUNTA UG D oo 53
mmamwuﬁmaqLawamawnmamsaiuam nsdiRnfensULIdnuEnun
LuUMuEpey (Z-out-phase) UWHTURED oo 54
mmauwuﬁmaaamﬂmmawuamammamLisf[uam nsdiRnRanduunenng
dnuasdnuen wuunauBesdy (- -out-phase) uumuqmumm .................................... 55
mmamwuawaamﬂsuﬂamaaﬂmunma‘umﬂuaﬂ nsdifnfenIuunnedneoy
Fauen wuunadesiy (Z-out-phase) VUNTP MUY ... 55
AnudNTusvedms @i Ussnoudautuianssluad nsdiRndensuug
TNANYEINLTN WUUILEBIRY (Z-out-phase) VUNTRGTUAY ..o 56
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5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

6.1

6.2

6.3

6.4

6.5

d15Uny3Y ()

N

AnuduTusIesfUsENaUNISNausTauzauseutuausE luasnsaifags
ATULNNSENEIEINWEN WUUNEDItY (Z-out-phase) UUNTRAULAL T ...coc...........
mmé’uﬁuﬁ‘mmLa“ﬂﬁ’aﬁjaﬁﬁ’uLa‘ULsa’Iuaﬁnsﬁamt?iu’m%uwmmmﬁmu 30°,
45°, 60° waz 90° vuNTIIEILAYY fAUEIATU 3 mm (e/H=0.1) uagsresiing
45, 60 Wag 90 mm (P/H = 1.5, 2.0 WAL 3.0)- e eeeeeeoeeeeeoeeeeeeeoeeoeeeee
ANuduiusTesdRduviadavituaussluadnsdfnsaTuLImaIT
1 30°, 45°, 60° uag 90° vunTIRIULFE fir31g9n3u 3 mm (e/H=0.1) uay
SeuEfing 45, 60 waz 90 mm (B/H = 1.5, 2.0 WAZ 3.0) oo
anuduiusvasiszneudeamuiuaussluasnsaRnmATUU M Ua Y
yu 30°, 45°, 60° waw 90° vunilafnuiien finIgeRTu 3 mm (e/H=0.1) uas
seueiing 45, 60 uay 90 mm (B/H = 1.5, 2.0 UL 3.0) cooovemoeoooeooooooo
ANUFuRUS 1IN E@IUIIUTENOU A AN U UYL S ST UAR NS SARAIAT UL
Mauavin 30°, 45°, 60° uaw 90° UurIEIUYT fiermgensu 3 mm
(e/H=0.1) uazszeeiing 45, 60 uaz 90 mm (B/H = 1.5, 2.0 UA% 3.0). e
anuduiustesiusenaunsifinaussausanuSeutuaussluasnsdiangs
AIUUINTIUMIYINL 307, 45°, 60° uaw 90° vumlsuiden fannugeniu 3
mm (e/H=0.1) uagszueiad 45, 60 uay 90 mm (B/H = 1.5, 2.0 Ua% 3.0) ...
amdifusvesardadmituaunsdluad nsdafsaivuna 45° fsvoy
45 mm (P/H=1.5) UUHTIAMURED c.oooooo oo eeoeesiiesteso oot
Puduiusvewissnaudeamuiviavisdluad nsdifnnsaiuuna 45° 3
LA 45 MM (P/H=1.5) UUNTI VB oo

=»
=
SBa

ASUUSY 45° fisvezfind 45 mm (P/H=1.5) VUNTFMAREY oo
auduiusvenarladaniuavssluan nsdRasIATUUIINENBUEL S
wuulsiraiios (discrete inclined baffles) VUHTAEURE oo
AMuFuRUSveIdns1duarTadariduiaussluad nsdfnsensuuieng
Snunzides wuuliideidos (discrete inclined baffles) VUHTIEUGRET. ...
AnuduTusvesiUsEnaudeavnuiuaussluas nstifnsATuUI sy
B wulairaiiles (discrete inclined bafftes) UUNTIEMUAED oo
ANuFuRUSTesRTIEufUsEnaudsanutulansluas NSaRaRIAS UL
Tednuwandes uwuuldeiiies (discrete inclined baffles) UURTEIWRYT ...
anuduiusvesilszneunsiinaussauzanuSeutuanssluadnsdianss
ASULINNENYEBYs wuulidaiies (discrete inclined baffles) UumtIdTy
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6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

d15Uny3Y (si0)

7
anuduiusvosaviadaituansdluas nsdlRndnTuuinidneausdnuen
WUUINATINU (Z-N-phase) VUREARIULRY <......oooreeeeeeeeereoeeeeeeeeeeseee oo
ANuFuRUSvoIdasdIuavTadarfuausdluan nsdanfInSUL19I
ANWUTTNUYN UUUINATIAY (Z-in-phase) VUHTISTUBEY oo
AnudNiusTasiUsneudsauiulausSluas nsdiRnRIRTUUIE N
FAUYN WUUNATITUY (Z-in-phase) UURTIRVURED cooorer e
Auduiusve R UssneudeavnuiuausSluas ndiRnsenIuL1g
INWULTNUYN WUUIWATINY (Z-in-phase) UUKTIREY oo
audniusvesiusznaunsivayssnuzaudeutulanssluadnsdiings
ASUUNIIENYASTNLYN WUUIRTITU (Z-in-phase) ULHT e uRe D
anuduiusvoaviadaiduanssluas nsdlfafnsuuiandneasdnugn
wuuaBesty (Z-out-phase) VUHTIATURBD. ..oo... ooeeeerooee et eeeseneees
AuFNuSYIsnI1dIuIarTadarifulanseluad nIdiRnfenI Ul
Snwnizdnuen wuunudestiy (Z-out-phase) UWHTRAURED .......coooooieeeer e
mwdisiusvesilszneudeavuiuaussluas nsdRnRIAsUUNIEN LY
Fun wuunadesty (Z-out-phase) UUHTIATURED. oooooioooo. e e reeeeoseeeeenenenees
anuduiusvesdnaduiissnouidsamuiuansdluas nsdlfnsATuung
NednuuLdnuen WuuATeety (Z-out-phase) VUM TURE ...covorrerererereee
audsiustasUsEneumaiinanssausawdoutulanssluadnsdling
ATUUN SN YETNLYN LUUNAEeIRY (Z-out-phase) UUNTISUFHET ...............
auduiudvesaviadarifuiausdluad nadiinsensuuiag 30° Tszeviind
45 MM (P/H=1.5) DUNTIAMUERGD cooveeeeocereere oo csiteie oo estessieee oo
arudiniusvessilsenouidonvufiutastluad nsdiAndaniuunsm 30° 3
FeERaT 45 mm (P/H=1.5) UUBTRENURED ooooorerroeooeoeeeoeoeoeoooo) e

AU 30° fisgaeiind 45 mm (P/H=1.5) UURTIAMUTED oo
mmdiusvesaviadaviiuausdluad afuuneiivingm 30° fu 45° uunily
AuAe AgaRsU 3 mm (e/H=0.1) uarsvosfng 45 mm (P/H=1.5) ..........
v W ¢ LY = LY § o o o O o o
AnuduusTasiUsEnaudamuiuausdluad aSuunedivhyu 30° fu 45
vuRtaufie? famgensu 3 mm (e/H=0.1) uasszeviing 45 mm (P/H=

]
P=1

AuduiusvesUsEnaumsIinanssauzmnusouiuaussluan ATuuIa
3 30° iy 45° vumlwihnifien fanugersu 3 mm (e/H=0.1) uagszozfing
A5 TN AP HZ1.5) oot
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d15Ueysy (sia)
"

aduwusvesarialdaniiuianssluad nsdRnmIAsuUI SN BZISE
wuulaisieides (discrete inclined baffles) UUBTRETURED oo
mmé’i’uﬁuﬁ‘mmé’mwﬁgmamﬁ’aL%aﬁﬁ’vLamisﬂuaﬁ NsElRARIATULI9I1
dnwauzdes wuuliisieiiies (discrete inclined baffles) ULHTIEMARED. ...
auduiusussiUseneuldsanuiuaassluas nsdlinmansuusnune
Beoe wuulsineliles (discrete inclined baffles) UUKTIRUGED oo
AMuduiusesnsEimUszneuduamuiuausSluas nsdlinnansuung
Mednwnzdee wuuliseiiies (discrete inclined baffles) VUNTE UG ...
auduiusvesiiussneumsinanssausafoutuauisdluadnsgiing
ASUUNINANYMELBes Wuultseio (discrete inclined baffles) wuniladny

auduiusveLaval@aviiuaussluas nsdiingeniuulmIednunednugn
WUUINATINY (Z-in-phase) UUHTRIATUIREA .....c.ceoioeieer oo oo
AuduiusvesdnIduavladariduavsdluad nsdlfnseasuuiang
ANWULBNUGN WUUINNTITUY (Z-in-phase) UURTAAIUTE Yoo
auduiusresTUszneudamuiuaustluas nsdiRnmAsuLIIIE L
FUYN WUUINATITU (Z-in-phase) VLTI MURYD oo
ANduRUS YRR IEuMIUsEneuE AN U USSR nIdlRARIASUUNY
MNENBULTNUDN WUUINRTITU (Z-in-phase) VLRI VURE Yoo
AuduiusasUTEnaunsivaussouzanudoutuaussiuadnsdiing s
ASUUNINI AN BUETNUYN WUUINATITY (Z-in-phase) VURTRENUAE ...
anuduusveaaetiadavituansdluad nsdifnmarsuuiemndnunsdnuan
wuuNaBesiu (Z-out-phase) UUHTIRIURED oo
mmauwuﬁmaqamwmmamuaLszsawﬂmamsaiuam nsflAnfanI Y19
Snwnsdnuen wuunadesiy (Z-out-phase) UUHUSATURGD .ovvoeeoeeee
auduiuseaiUsEnaudsanuiulansiluas nsiiRARIASULNINE Ny
Fnugn wuunadeeiy (Z-out-phase) UUNTAF UG ......oooeeeeeeercerreeseeeereeees e

124
LY

AaNuduRusTesRsIdIuiUsEnausamuiUIavsSluan NSSRARIASULA
MadnvuEinuEn WUUIIE BTy (Z-out-phase) UUHTANUAYY .eooreeerre
AnuduRuStesiUsEneunsinaussausaufoutuanssluannsdiings
ATUUINENYAIEANULN WUUMAEDIT (Z-out-phase) UuRTEUREY ...
Amdiudvenauiadaiuieusdluad nsdifndeniuunay 60° Jszeefind
45 MM (P/H=1.5) UUMUIATURGD covoeeeoeeeeeeeeeeeeeeeeeeoeoeeeoeeeoeoeeoeeeoeoeeeeeeeoeoeeeeemo
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7.20
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8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

a15UysU (sia)

mmauwuamaamﬂsmauLaammunmamssﬁuam nimmﬂmmumauu 60° 1
suauwmj 45 mm (P/H—l 5) Uuwuamumm ..............................................................
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mmauwuamaaLamuamawﬂULafuwa’Tuaﬂ ﬂiumwmuu 30°, 45° uaw 60° Uy
NI ULREN mmmaqm‘u 3 mm (e/H=0.1) lagIzasnng 45 mm (P/H=1.5).......
PduTUSYeIUTEnUds A uRUa LS E T Las ﬂ‘sumwwmu 30°, 45° uay
60°  vuNTIRIUAE? ummaaﬂi‘u 3 mm (e/H=0.1) wagszusRad 45 mm
G SN F_ o SN\ /72
AuANTuSvaIUsEno UM TinaNssaurm e iU sETuad ATUUNT]
3 30°, 457 uaz 607 vuntiidnumiy) fn1ugRdu 3 mm (e/H=0.1) uas
SBOENOG 45 mm (P/H=15) oo Koo DN o TSR . W
mmauwusmaaaumsawauwusmwawaw NUlaYNELTaaINN1SAaee NSl
ARRIATU Z-in- phase yy 45° Yunsiuien e/H = 0.1,0.2 uaz 0.3, P/H = 1,
LR B BCO 4 oo oooo A e s s SR\ V8. A coconon M A | T
mmauwuamaqaum‘sawauwuﬁmﬂsuﬂamaammu Autaudeaidaiainnng
VNI NTERARIATY Z-in- phase 311 45° yuntiaiuAe e/H = 0.1, 0.2 uax
0.3, F/HR\,Zuae oKy, W 2. W7 G AL O | 45 L SN 0 N
anuduiusvesaviadariiuiaussiuas nsdlfinnanduuiendnemnsdnuen
ASUUU-AIINRTUIU (X Lo
m’mauwuﬁmaaamswmmamuamawnuLamitﬂuaﬂ nsfRnsenTuUI9I1g
anvaETnun ASUVL-a1menduiy L AN W15 o
ANUFITUSYeIUTEnouds AU U Las nIfRARIAT UL Yo
FUYN ATUUU-ENTRAEUI (X) o nsooooo
mudRUs YRR dTIUTENeU s ufUausSTuas nsdRnsinTuL
NENWULTNUIN ATULU-BNIINSURY (XD et
mmé’i’mﬁuﬁ‘maa@hﬂszﬂaumsLﬁmamsnusmm%auﬁ’uLamLsaﬁuaﬁnizﬁﬁﬂﬁa
ASUUININENBULTNLIN ATULY-819979n S Uy 0
amuduiusvesaviadavituaunsdluad nsdfaminuunniedneusinuen
ASUVU-BNINATIU (D) oo
AMUFNTUSYIsaTdwaviadarifuiausdluad nsdiadensuuinng
NuYULBNUYN ASUUN-SNINATIY (D) oo
ANudTusvasaUsENoUEsRUtUAUSluas nNIRRRIRTUUI SN
BUYN ABUYU-ANINATIIU (Z).cs oo
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8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

8.20

8.21

8.22

8.23

8.24

8.25

d15URy3Y ()

v
o

ANUFURUS YR RS 1EIUMIUSZNaUEER U UaUsSluas NSEIRnRIAS UL

TNANYUSTAUGN ATUUU-BNINATIU (Z) oo
AMUduRUSYIIUTENRUNTINENTTauEALS ot ULauLsEluas NS aIRAc

ASUUNINANYULTNUIN ATUUL-BNINOTIU (Z) oo
anuduRuSvenariadaviduianstluas nsdiindsnTuunniednunsdnuen
AT UL NSRRI OITY (XS).oeoeeeeeeeee
ANUFUNUSvsT R dulaTa@aYifuanseluad nsdiRasanTuuI9Ng
SNUAEBALYN ATUUL-BRINNSURULALANEDITY (XS) oo
AwduiusvesiUsznaudosvnuiuanseluan nTdiRnmASUUININIE Ny
BNUYN ATUUU-E NN U UMY (XS oo
ANUAUNUTUBDRIIEINMUTENBUEEAUAULaTLISSluas nSdlRnfIRTuUI
PNANVAULNUYN ATUUN-AIIINSURURAUAIE DL (XS) oo
ANduRUSYRsfIUTENEUNSfinausTauzAuSeutuausdluannsdinng
ASUUNIINENYETNUIN ASUUL-E19I19N AU ULALO B DI (XS) oo
awduiusveavia@aniuiansdluas nsdiinfenTuuiniednunsdnuen
AU AT DURUUBUANEBITY (2]
ANUFUNUSVOITRTdIuavTadaviduavisdluas nsdlRnfeaTuuImg
SNuaILBNUTN AUV OUNULALAIE BT (ZS) . oo
AnuduiusvesUsEnaudsMui U TS Eluas AsdiinmATUL IS Ny
FUYN ATUUU-ENATOUTUIARIINE DI (Z9) oo
AmduiusvadaTdIuiUssneudoamuiuiauseluad nsdiRnsnuui
PNANWUEANUDN ATUUN- AT OURUUARAUEDITY (ZS) oo
AnuduiusyasfiUsEneUnIsitaussaus A auRuausE uadnsERnng
ASUUTNINENYETNLYN ASUUL-EN9WEIoURULALANE DY (ZS)
Awdiiusvenavifadaniuavsdluad nsdifadeniuuneiivingm 45° 3
FEUERAG 45 MM (P/H=1.5) UUBTULBI cooooeeeoeoeoeoeeoeoeoeoeoeoeoeoeoeeeoeeeoeoeeeeo
AMuduiusvesdiUssnaudeaniuiuiavssluan nsdnagenSUUITvinyy
45° F52uRng 45 mm (P/H=1.5) UUHTIUU-BN oo
AuduiusvesiUsEneuMTinaussausaudoutuiaussluannsdiing
ASUUSTI W 45° Sisyorfing 45 mm (B/H=1.5) UURIAUL-ENT o
Anudiiusyealadariiuaussluad nadiindaniuunedivium 45° fennw
§9P5U 3 mm (e/H=0.1) WaeTBaLRAT 45 MM (B/H=15) ..o ereeeeree

ANUFUWUSTRUsENauEAMUSULaULSSluas NSEIRAGIASUUNIRYILL
45° fieugenTu 3 mm (e/H=0.1) uagIee¥ing 45 mm (P/H=1.5) oo
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8.26

8.27

8.28

9-1
9-2
9-3
-4

#1503V (si0)

AMadNTusYeUsEneuMSitaussaurmuteutuausdluasnsdiansa
ATUUTIviag 45° firnugeau 3 mm (e/H=0.1) uagszoefing 45 mm
B ) L
ANUHTusvasaunsandutusiaviaded duanadaviannisvaass nsal
Radarsu XS yu 45° RaRSUuu-a1e e/H = 0.1, 0.2 uay 0.3, P/H=1,2uas 3 ...
ANuduTuSvesaunsanduiusiuseneudonviu fulavladanainnis
VAaDY NIEIRARIATU XS yu 45° fanTuuu-ane e/ = 0.1, 0.2 way 0.3, P/H =
(O - TR o oot e, . TR

lAseair s nAdnuas IR MRUOIOTHEA oo

VTN TUMRUOBTA ...
GEERIST A NICE T i 462208 AV -3 g CON — E \ W

XVIIt

AVl
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FN8N1TANG BT AN YAl

3

NEAlAIDNYIANAU
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& o % | 2
WUVNNTTWIAMUITDUYDIUDIVUIUY, M

onsdumNunIwReANgIveItaIvuI (W/H)

AR
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LLqumwmumasva LI09RDTYY vwm mmaaﬂi‘umaLaumuﬂueﬂmalamaaﬂ LRy

Bﬁl'ﬁ’]ﬂ?ﬂiuEJuWGl‘UG]E]ﬂ’J']ﬁJaGﬂiU e LWJJ‘U‘LI

Lu and Jiang [20] vhns@inwiasuideavinygu 0°, 20°, 30°, 45°, 60° way 90° Audi
nensiva asuifinangs 0.8 mm fiaund1e 1 mm wasiiszosfind ¢ mm Wiavaen
é’uﬂssﬁw‘émsdqEJmm'm%’auuazmﬁuﬂszﬁwémmLé’smmwaaLwiuif»vaﬁ%mma%ﬁm?{w
Anwluraednsinisivavesenniawindiu 0.0010-0.0018 ke/s

mnmswmaaawudﬁ AUy 60° TanduUsEAvdnsanemennuSeuuasa L unn
ﬂsaumnwam ATULY O Iwmmwmumnﬂsauuawam Nszeziing 6 mmlvAusuanAsay
ua&mamLmamaunumwmmmnu

Sahu and Bhagoria [21] lasenufiwarewidgssannsouanudouauiou
liusednsnwgegauszanm 51-83%
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ysaulvalwana [22] VT'lmiﬁﬂmwamaﬁmsLezﬂsﬁwuﬁuﬁamaluﬁawmugﬂ
Awdeuiud JUluuaSuLaEMSTA9ASY m'amnﬁuammuvmm%’aumu Wiguiiiguna
sty nuszjawu'mlfmviaaamaam L%wuiaqamaamm'}mma waziwy
Josfvdeniiimaifundudindon danauuasitusasgei Immmmﬂumaﬂwamaau
danauissluadiaud 500-20,000 MnuansmannanUit Fesmuuitimsiyies vl
dannstemanufeunasnisgyidsaudiu uasdesunuiiinamegsedaiauuuies
fu Tiendnmnisahemanufeugeniinisdnnnuunsetu wiaslinanssiudrulunsdi
Ansrsutiandnly Tnefivesuuuienssosimnaguiia oD, = 033 Waussauganudou
g9an

&

Mittal et al. [23] levhmsnSeufleufasavesniunades wazmadugus v 3il
UsgdvSammeanusaugendnasuluguuuudy

Varun et al. [24] and Hans et al. [25] 3seifenfunistismanudou wazaanu
doanu saudsldiinisiSeuises waraglimadansifiunisdisimaiueuvesosing
meluvieeniadou mensdmesaruesyssuuRavieduilidduiuaugwesiivgussues
Varun et al. [24]

Promvonge and Thianpong [26] W8y Eiamsa-ard, S. and Promvonge [27]
W'lmwmmmaﬂwm msmammmaaumamsmﬂmmmammaawmm uag
ammaammmﬂ laomidlunisnegay IﬂamﬂuaLUuquﬂuﬂfaummamLs&ﬁuamaﬂiu
mLm 5000 93 16,000 @1uvianaAdeU Wavanw¥uENISININATY

Varun et al. [28] Ynnsvnasandnuuien1saiemanuiou uazaudeaniud
afuduaiunaudssutusunaasuisuauieusinuaefing wudilssniaminnge

& A

AN P/e = 8

dnanas [29] ldldunueglienvisiuiluedy Baludessuiaudrvinisiineinis.
fewmAuTouYeIATRANIUAYUAIINTE UM YRIIUIUATAS UL HazASUAIALNT
anmznsirnuieuiitiuuuasi [emidlunanaaeslvasgludisausdluad Re =
5000-25,000 wazyinn1siussuiiisunavestosvunuinindaseu dasuiuniasuaumaoy

: ' da o o [o] o o = o, w | a 61

WUUAN 9 deaunuiiiinTuune vimu 457, 30, 60 uagAIunss (907) sasdiuszasfindne
ATNENYBIVUIY P/H = 1, 2 Uag 3 8RT1EIUATINEIATUADAINET DU e/H = 0.1, 0.2
wag 0.3 ulunadauwaAdlugUN 2.4
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3T 2.4 wiuneaeuiinasuuieiu 60° ve ananad [29]

HANINARBINUIASUUNIFLY Se NS NSIANANS Ta UL ANSDULINATY ASULUU
aumden waziiauey lnefinduy 307 SadssAnsmsiuanssouganuiouadeun
NgnAal.97

uzdna [30] MsfnsnSinaLSsausAINL U BILATpILANIUABLAI L Sa Y
meluviedesuinufivaguduierdtu dnanas [29] ddounnsienseitin1siinosuuusy
nAdoU udnIsirasuTIRRBUS suisuiunsEl DutsiudeuRtinnsinasuuig Terna
\uvaslvannasy lutisvesAanssluas Re = 3000-20,0000 Snvasaminsiensaunis
nsdinsAnASUARI UL LYY tasnsaRnRSURATULLAS RIS 4TINS SRSy
W 2 wuu Ae wuussifutasEosty u,am'[,uguﬁ 2.5 HaMINAABINUT Tianauseluansn
q dwSunsaiviendaTundniidiansnsdnsvesind P4 £ 1.0 Aanadiufgruuusuiou
uazuuliunaaouififey axiimansInugauTeugidavindy 1.84 way 1.71 anuddu
AMNNINSERnASUR IV ULAZAIA

(n) ATUndnyw 45° (v) ASUNdnYL 45° TUTBINTINUINTS

JUH 2.5 urunaaeuves ugdna [30]
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Sripattanapipat and Promvonge [31] L@A9NI5ILATILHTIRNAVNITANGINAIY
sawuawmlmawlwal,musmLsau'l,uaﬂwmv 2 4@ IU?JEN‘UH’TLJVIG]ﬂLLN‘LJﬂUS‘LJLW‘US‘VINUG‘U'u
LLavaNLLmwaqumaamwm 0° (uehufuuuu), 5° 10°, 15° 25° wag 35° muam’lugﬂw
2.13 TumsAmunaAndnwuznisivaduaiu Imx‘iaul‘uamwnﬁﬁmﬁamﬁ wunsdluanildly
maﬁqmmaﬂwzﬁa 100-600 ‘wmwmaam:uamaamﬂtwm%mlwmmmuamawLLau
FulsgAvisanudeaniuiaiy wazyueaanysi 5° uaz 10°  HAduussandnsiiy
aussauzauieugnIyuanns 0° (ukuuwuw), 15° 25° uag 35°

d1lwdns [32] hnsfnundnvuenisdhemadufeuvesisuiusuuiiiiniuméngy
Avyulsneiuvaslua 45° Amunlisnsduaugnsusienugeou e/H =

0.05,0.1, 0.15, 0.2 wag 0.25 amﬁmuiuavwmmammawawmu P/H =1, 2 uay 3 oy
RadsrSuifnuuiuiies uashiruuasiads uﬂ’]i’-ﬂG\’J'Nﬂi‘ULL‘U‘ULEJEJ\‘iﬂ‘uLLauG'l’S\‘iﬂu ¥
meaesiianglimdeunuundndanudouiiiond Antsinuuuvecusiumnaay uay
Momaduveslvansaey Tutaauseluasisus 5000 §1 23,000 uriunaasuuandlugu

2.6

@

JUN 2.6 ASundngusiaiyy 45° vas S1lwing [(32]

HAN1INAABINUI YaviausuvunRnRwRIundnsUAIlaeRa i uuariianawuy
TNATUATIIU 71 e/H = 0.10, P/H = 1 Imsiinaussausausouladsunnn I viswsuuny
NUFU 2.91 win

Thianpong et al. [33] Iﬂwwmmnmmﬂsvamﬂ'rwmimammmsauwmwmusﬂ
mumaaﬂwmmmaﬂ

Lee and Rhee [34] vinsfinwidnwnienisiva uaznisanemauluviedinaend
nshaRanTuguATINRT i 60° wuualuidisareiiles uaza3uguidyn 45° vateasy
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MeEduLa? Anassluag Re=10,000-30,000 lneidurituaudnanslenseda (D) Wity
75, 50, 38.4 1 Aspect Ratio Wiy 3, 5, 6.8 &mnsrduAugeRsURBiduRuguinas
leasedia (e/Dy) Wiy 0.04, 0.06, 0.078 uavdhsduszezfindromnugniu (Pe) iy
10 gUuuuATU uansluguil 2.7 nanmmaeswudn AuguRTm 60° wuuaiuieaseedlst
nstremeudeuInnIRsusUiITN 45° nateaTurnaduun wazAduuseansany
deamuvesniuguiadyn 45° vareaSursaduinlssieeninasugudiiye 60° wuuesy
Wenseiiles

60° continuous Veshaped 1ib (60V) 43° multiple V-shaped rib (43V)

sUfl 2.7 suuuuaiuneluviedndsuyes Lee and Rhee [34]
Wi [35] diavemsesenidsiaauiiemanuasnsersmanudouseanisiva
1umaamaﬂmmamammmmmw ‘Lwa’LuLstwmsaumqmﬂ Re = 100 &3 1000 Imaums
fasausiuinee wivdunades wa LLmunu'mLam'iﬂmwmuqmaaqmwawa Fal
A9 AU UUR 597 Iuehmwiur?m'mLamuanwmsmsﬁ]mmaaamuuﬂzmﬂum
amslnadsl o = 20°, 30° waz 45° wazdlA1dnsndiuniugeaTuseaIugeteInisiva
(e/H) winfiu 0.10, 0.15, 0.20, 0.25 Wag 0.30 AIuady ahw,l,aiuﬁu'ummﬁaagﬂﬁﬁﬁ
anuMENTININLBsYINUENe il o =30° mﬂ‘machuuciu%usﬂﬁﬁﬁﬂﬁm 2 N3t Ao
nstivaneitmuiicmmantslva tasnsdiuane3ivoufienisnisiva NaaWﬁmlﬂmﬂmaamaw
ﬁmiammsmmmunumuﬂﬁLUSEJ*UmaunwaamaammamL'iEJ‘U wudinnsiiunnsaiewm
mmsau"l,ﬂmmmaamaamasamLsau nsiiinduvessnsdiunisaturiliaaviaday
uazdisrdninnuidsanuiiity andnunensinneusuiunud LLcJuﬁV’mNLSENgUﬁﬁ
wiumsiemanufouldiniuiuiunsBeuesuruiunnsem Tasukuiunnadeeguin
3 a = 30° LLUUUma%’%muﬁﬂmamﬂwalﬁ’mimEJmmm%’auqmd'}LLUUUmEF'J‘T?m'mﬁﬂ
nensivia LLazé’\‘iwu*jﬂLmuﬁV’ugUé‘fﬁquﬂma'ﬁmuﬁﬂmqnﬁlmaﬁ e/H = 0.125 gy
UsgBvBnsiiinanssouganufeugeiigawinty 3.33

Promvonge et al. [36] a¥ Chompookham et al. [37] ¥NA1SNAaBINIANYEE
MsenemauieureInsu wag UntaelviAnntavyuau (winglet vortex generators) ifinng
UuiBsusm nanuiddinisinsgunsaielinnsinaduou (turbulators) AeufisuFion
yaaavriidnisiemanudouiigainiindiniu wetndrslfAnnisuuiu e
\PiEn
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nunlienis [38] ladnwiaudnvazeanIsaswmausauLasasdsanuluges

a

uiumuiRnaTuUeFdsUanndsuuasindeniiudinviigy 30° Tnnudiennanisina 7
dndusreriindronugeiotuu P/H = 1, 2, 3 uag 4 SnI1duAINEIRTURDAILEY
Yo e/H = 0.2, 0.3 waz 0.4 uandluguil 2.16 Aanmegdndammdeunuunsi Tute
wausdluad Re = 5000-25,000 TngvinisiSeufiguiunavasassuuntdasey  1nua
mMsvaaswUin nsdlaSuLeiaIsUAmasuiugn fien e/H = 0.4, PH = 1 Tidmsanewm
Ao uarduussAvinnudeamugeiign euasiadaiaduinnnivientaSeu 6.15
wh fnduusganserudsamuadennniveniaou 67.68 i ieRarsunfeindu
UssdvBmsiiivanssouzaufeunudn afuunedaizvanumaen e e/H = 0.4, P/H =
1 Ieduussansnisifinaussouzanudeuaismnnimeontauieu 1.839  whaady

ANEER
Y q

Electrical heater

JU# 2.8 ATUUNAIYES NUNTENT [38]

Sripattanapipat [39] ¥n1s@nwidaiiaviienidnenenisaisinainuiou
wazngAnssumslrauuuTUSBUT e stasmsivaRRnsAncausutusU AR UL LA ABY
finidsfinuy uasiansnseiudifigamgfifnad fauandusui 2.9 luduweiuiyudsng
(@) Wiy 30°, 45°, 60° uaz 90° muEARU LardnsIdIUAINGIRsURBANNETRINTS YA
e/H Haug 0.05 9 0.30 dwdudmsndrussesfindarugaossuny AH el 1.0
dmsunsdl yudene 45°, 60° wag 90° druyuuzne 30° vsdinnsAsundasdasidiu
svpziszwisuiuiaud 0.5 1 2.0 lunsfnunidnsnisinadldasivdsuuvadn
Fausdluad Fedladaud 100 i 1000 naitldwuindeansivaiiinsinusuiuaziia
msthemarudeuldfnieimsinafianou Tnemafiuturesdnsidiumiugeniuse
AugeaInsiva yldanaadauarduseananundsaniuiiudy venand
INMIIATIEREUINNTT AN U Lﬁangmmmuﬂuﬁu’uﬁmmmLﬁnaa gyAARNTVIYY
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wnufiananisivadisinniy Ssazdreiiunsaisaiuiey lusnsdoaty nIgeyLde
Audufaranasdniie vlddUseneunisifivaussauranudeu (TEF) veaunufy
suRBuganIusiutusldiuegialy Taeiien TEF geaawiniy 2.33 1 e/H = 0.075, P/H
= 1.00 1 Re = 1000 vouHUAUFUARLIIENY 307

Computational domain

|

Rttt AT T T,

oLy

rees

JUN 2.9 lassasnsosvuiunazlniiunsmulniiswaasyes Sripattanapipat [39]

Promvonge et al. [40) uaninafilfannsFuneatinadnsniAUsEansan
memsauresnislvaluusuisouriudesmsivaniaunadesing 457 vundiiy
e Gawuinfiyuaiu 457 Aasuditian /20,4 asfienUsganBaimnieenausaunaninaIy
fnstaanniuiienisnstua (90%) 23 wh

2.3 WUINNNTANEIITY
nnaeitldendegsunlaedinlnguissaulafivsfnumginssunmsaiom
arwdou uarnsgaidonuiuanelutassunuuuvdvae Mdaiuduikutinimams
Ina lagfinsuSusvariing uavawgiasy dmauasduuiudivagniemss b
firmenisiva delunuideliaziimnasiunsussgnimheiunahinsanasluvedinass
PWNUUGITY 1AEATANTUNS, VU9, 3, SPuehng LAFAUNSARRIASY Bedana
AadnwugNsaemANNTauYeIel A msgyiduanusulasusadoamunisluvionagey
Tnsfmuninguszasditevhnisifisuszansimmstomannudsunelugesuuuiiiniu
vinsludnungdnuen (zigzag, 2) soliasmasntimaaey  dezidunsmmisiinesig
anSwasiontsiivanssaurnisauiou eidussdaulul uazuuamslunmsdadule
onld uazesnuuugunsaluandsummdeuiivmnzalvifuss s amnisvianugege
LLazLﬁamwma*ﬁ'aagamsﬁnwm’%’ulugmwumaﬂ naBATUANYULNIAARY N33R LAy
Airnaveayuaiv Wumadentifugldnudaduladenldnuaumunzauvesssuuves
dldusialy Sﬂﬁgaé’aLﬂuummﬂumsﬁ’wmLwﬂiula%aosgﬁaula Uneanuuy Unfinwiuay
e ey Muusseminesnisninasenisiiunsiemanudeunisluviedis
msfnsaniuus uazdauduuselvmdrontsimuisanuuugunsaluaniasuniudoul s
UsyAvSnndB sty ihlugmslindanuegaiiuszansaam vliaanisliidomas Seanunse
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anmsiinUSinufigatsusulaeanles wazuafivseduindoy uanmnﬁé’f&mmmammm
aﬂﬂsmLLamUaaumwmaﬂwmmﬂﬂ“msmmmuau ihlugnisaansldan was fHufvhay
E)ﬂVNEJ\‘iﬁJU’i“’I&I‘Uu@EJiuUU LagiASeuanUaBurmSewiaany Immawwusuwmmmwu
fgflauniidnag i lugnisanldusunuasvirnundulsidosas lanusingnisaliSeu
nyzan mmlﬂamauiaﬂiauaqlm

fetuasiiulen AR Tnami s gy WAZNSWYINTOLALAT L]
Usgdniaw ansnsaansurunisinlugaavinssy smLUuiJ'suIaﬁnu‘Imamqmamswmuﬂum
\Asugha ENﬂﬂ’NﬂJi‘VllﬂﬂL‘UUU?ZIEJ‘UUG]E]ﬂﬁwwu’]wlﬂiuiaEJV]ENEJULWEJFTJ’WLUUQEJVIWUEQ
dern annmelaniou anvaie wazannansENUsedwwnndaw



‘Trilnvedyanais nizveNInd AR

Una 3

NeY

3.1 unin

TuruideiiAnuidnuarnsaemmidourewesivanelure flvadiuaiuuns
fradssnnsludnunsdnuen (zgzag, 2) Winnasatimaasuiiinmsliaudou fwqu
[41-49] MAgdesfmunazysenauludndng sdassiateda namansvading uasns
fewaudou Tudiuvesnaransvasivassiduludiuvesnisivanieluvie uaznsanewm
Auseufazfieguanaiideusznauluie aunandsiy anduiusnismaainuiouly
sULUUAg 9 NMstiiunseemadey Welinsizsinstiemainuieu msgapdeainuiy
uwaziUsTnauNIsNaNsSaugANT ol (thermal performance enhancement factor,
TEF)

3.2 naAansvadlva

dnwazansinaneluneddnungmusufl 3.1 Aetuvesveuiunvesnisiuaillésy
nansynuInAIuviinusswatinaiiunin drstureuanisiva (boundary Layer) azae’
wneuinunnedsislugfanarsvia Tngludnirrusmesadvaiiniader fuluesd
Alavihdunnuasesruniinveswesivanszyifurs wafiuenusnasinanauminge
lﬁﬁwaﬂimus{aé’ﬂwmwmﬂua Wdmdhausniinavesemuniadlifinarevasinanasan
wmmmumvmam'] aslunaimasususa (developing flow) wagiSendaaszezyainisiva
wuuiidn hydrodynamic entrance region Lagndiniirumiiniinaenisluanmsiide
gﬂs'msuaamﬂmifmwaﬂwmmﬂLﬁ]uLLuuauI‘uL‘LJasJuLLUaamalﬂaﬂ Fanslnadnwaviguil
Fondn mslvafivfusadiud (fully developed flow)

Fasimesauduanaseuieitosiumssnuveiinalaense Saauduan
asausnnsusedddmdiundeunasinasnniy

nsAeiaIlNeaY, W

Wil =V Ap (3.1)

AMUAuRNASaNTEswedlra, Ap

pLV?

Ap=f (3.2)

2D

3.2.1 dnazaslva .
#1sannisivanuususeuluvienaudfiseadl r, anugui 3.1 dwsunsivantgly
vietiusosmlefiinisagneivestaquiaamiadl (entry region) Fsasliuegiuinnisiva

128567
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5 [ 1 a =l Y 1 & 0 o
Sudunislrawuulaseninanislrawvusussunssuuutuliu wusdluandnsunisiva
neluvienaufviuadu

. e - v
¥2am13 nanuy lifinnuwiia ridunsmenainlita

yunalumliuddui >

Xtd. i

| < yamaudilalas lawniind
X

sUTl 3.1 msfiafhvasduretwansinaveansivawuysiuSeuluvienau [46]

pu D
Re; =— (3.3)
u
Wl U fis Aisedsnluvia

D fie WU UANENA1IYD e

ustluadingd dmsutnsnmfeudasmeinisina ainmslvauunsuFeudy
nsluanuutiudan Suduann T | Res. ~2300 taymstvatduwuulududui 9

Rep = 4000

dnlunsinanuudutiu Re, = 000 liifiaumsiuiuoudmiumssgsnsdmsy

v @ 1Y o 4 e v U s o L -:‘lj
ANSUIUR LLG]'ELWEN’J’]I}JLﬂEJ'J‘UENﬂULa‘ULiEﬂuaW HAZHATUTTUNUNIU
10 < (Xgp/D) <60 (3.4)

dmsuanldluni agauyian xy > 100 dwiumsivauuuiud
3.2.2 ANL52LRAY
ausaneluriesvuusiasunaiiuiivedavewie faudddanusiais u,

wnu laeflenudn anusiede fe m’mL%’Jf;]mmawuwﬁﬁmawiau,a::m'\wmuﬁwaq
vaslua zwvihdudasinisivavesna

m=pu_ A (3.5)

' ' ' v i
W o o v @ o

dndunslvaaneasii fsamldldneluvieniiiuinindnnsi A1 m uag u, oy
JAPNINaNAITHYNYIE
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dwSuriena (4, = 0% /o) Fvsuaunssluadanguiiy

4m
Rey =—— (3.6)
TDu

U A 4
v @ LY

1 4 . ¥ a a L% |
WI1gdnAn m emldannsduiiinsauesidnding ( pu) Mvieiuiivinsa

m= J.Ac pulr, x)dA_ (3.7)

b4
v @ ) / L

At dmsuvienay nsaivaslnadadaluls avle

2
ulr, x)rdr = _2~[0r ulr, x)rdr (3.8)

Zw r
2 4J0
PA, prr o

Fevzmen u, Tdviud L‘fj@§ velocity profile, u( r) Py

3.2.3 mMalasundatanudunasiiuszneudsaniulunisinanuuuSusaid

TurudnAmnssumll ssliaulanefunmsiiannusunnaseslunisivaniely
vio \osnfinimesilifsdestunsmauaidnuvesdimionnaulagnss Tuntsm
ausunnasen mildlasldfauszneuideaniuaes Moody Fudunisiditnesléng Tny

13N

= (dp/dx)D

)2

AflenenuduUseansanuideaniy ¢, FaU19ASY 158071 AaUsenauLdsaniu

(3.9)

wWuile Fetenuan

T
C,=— (3.10)

T2

WSS R0 ULURITBvBs AN U AN SR LT UL SIULRI TR RE ety
Aududouuuiimundu ¢, = — gawean| _ I8
f=fn

f
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3.3 N13EEMAINTIUY

msnemvesturauavIaufeuluvionax wansluguil 3.2 fgumgiiaiase
T(r,0) alenunnsnsaingaumgiifiin msmaudouasintuuasduveuiunnisinavesm
fouszidudunositu egralsimuianyiiinveiensii Tnserafugamgiiinasinans
Adfl (T,= Aafl) vise andadeuiiinashiaue (q" = Aefl) anmsfiuSusasiivesaiy
Jou (thermally fully developed condition) flag mmu ‘Iuwamﬂﬁwmaquﬁﬁ
Usuiduiinsunnseiunudeulyliingungifasiviewdndenuieunsil

4 S
Qo lvitui
T.>T(r0)

1
S AR B R o e e R T
L | ey L | " | I
T{r.0) Tr0) | T, Twor T, T (1.0 Tir)
I
T AR e, CANL/AARNNAA Y )
Yt muanuou 1 ¥ ienlinddnit
r 1 i

Yidot

U 3.2 nisnemvestuauianenuseuluviana [46]
dMIUNVALUUTIUGREY S289ANE 198V E NI UUTUM

X fa.t

D

~ 0.05Re, Pr (3.12)

lam

lngmsiuTeuliis v ML (entrance  region) Yosgmunginuaunis (3.12)
fuaun1svenanss (3.4) sgnudnsaiuiien Prwvindu Jaweaguledrfn pr>1 lelaslawn

v

findduvouivanisivavereiimdvuzeuinmsivaresnanEounnn (x> x ) wagae
nauiut Pr<1 dmiu Prge 9 1w Wi (Pr2100) x , a3oEndn x ., 1IN UA¥TR

auyAleingunsswespnuinuiudubun - Inasadisuinamadiveniuiou luma
nduiuveslyahilen Prdwnn 9 wu lavewan pr<o00s JUsvaamgionadunuuuiudia

'
=)

wiaildisann Tueaeiguswesmusidseglutisidnemeg dnlunsivauuutiuiy

Y
<@ a

Reulviaenievaludasshivuiu Pruaglasmsuszanalddh x ., /o=10

3.3.1 guugiliade

TuSesgamgil Sudusedldgumaiiage (7, ) nelirnumnelacauns (3.13)

Y

[, puc, TdA
e e (3.13)

mc,,
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dwsuvienay wazilunislvansasiluls

2
~ [y uTrar | (3.14)

ANYDY T, AzLUasuaINLY x tdanusoudnvsesanainvedlva Gasn9an u, o
AN dnsueRiNuimindnaR
wWandaudou (g ) senireslnaduiiviefigale q mldanngmsidudiivesiii

q. =hA(T,—T.) (3.15)

39 h Budissdndnismanudeuiisumisla q T, wWisuwamnuiiane dufe

dr,, o alaifugud driinstremaufouiniy

3.3.2 d@azn1sUFuRLANT

iessniinsmianudouiatuaieseninfiauazveslva TuReguvgiiveina
FensUAunlainusees x ﬁwﬁaﬁammiﬁmﬁmmw thermal fully developed %3884
anumsaliasunnssluannsdinmsivavesedvail (9u/8x=0 Tutasudnadfududiui
Tumendufu ffinsmanudou (T, /a) Wity @1/6«) #5mil rla 9 agliuaud
wafinuan Ao JUs1euesgamgll T0) ssidsuutasediasiaiiisedy x TauFeuiaiioudn
annemsUiudauiuiveseamgiibineiiatuias Usingnissidasdeadalndlveglusulsis
vosguugiiielilaidoulat
muuansamglilEaAlugy (7, -1/, - T.) fauduiteulviifiogass Fednmdruiiandy
SaseAu x dufedai T0) Ssnaudsustdaiiontu x uisussduivsues profile dag
Liwasuulasas waznislauuuiigondt nmslwauduidufinismnudeu (thermally
fully developed) uagzazlai

8 [ Tix=T(rx)
3 T =0 (3.16)
x| T(x)=T,(x) Fo
il T, fe guugifIvie
T A9 gun)ilveveslvianisuvidle 9
T, Ao gangilindeveaslvaiuintirnuee

tﬂl d’ o ¥ o ) ﬂ! i a dy i =) " a‘

Weulviimmualidmiuaunis (3.16) Faaviinduluvie e1vsnlunsd q, el

%50 T, asntd Weulviifuuuifntusnnlumadmnssy wu lunifaefldsuninudouain
A a M v ) o o s o " P

Tiwieihnmeusnildiuainuseuainmsui$idesnsainase wsndunsdues g, Al da



22
n5dl 7, Ash aziatuddinisiudsuaniog (Hesrnmisifeanionisaiuuiiy) AnTudian
BN

3.3.3 N1FANAATBINALU

fisannisivalurienuguit 3.3 vedlualvadiednsiinandit m uasiiniswenu
Yaudntuiiianely Tneshlumsddsuulamsnuativasndanudndvewesiva 57079
nsthanufeulufienisuuaunuagliide sefudrlifinumandanserinlasvesua
vz naruie Axiifesdvwaiifisitosiunsivieuulamdsuaudeunagsauainms
Ay

dqeony = q5P dx

—_— I —— T,+dl, +—-——-—

0 L
nan g nwosn , o

U@l 3.3 Uiinasmuaudmiumsivanieluvie [46]

wwesnsivadumnunldindeuvesivariuliunsauau Ansiemiieuiavadiva
uazarogflugUveINaRAIBIANTY p kavUSInasTumz v (Bt v=1/p)

TnemsuszgndmseysndndsnuseyiinaTnuaunmgUfl 3.3 uaganileamees T,
azlél

. ! Cdle, T +pv)
dqconv ! m(Cva +pv)— m(CVTm+ pv)+ m————dx | =0 (3.17)
adx

%39 dq..,, =md(c, T+ pv) (3.18)
v I 23 s v
fwesinauniesuysel (pv=RT, uay c, =c,+R) Wl

dq =mc_dT (3.19)
conv pom
aunsildldfdmivveavarfisadalildiwuiu Tunsdil ¢, =c, msgd v Wes

110 9 dlpv) Tnevhlavdeenin dc, T,,) mnaugiaiald
sUresanns (3.19) thendesiudevlvdmivvienanun Tngnisduiitnsaannmad
fansennvesvia axld
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Geony = MCo (T 6= Trni) (3.20)

Toedl g, WHushsnsaiemauiourevionaviun

AdUUsEANSNSINEWAIILSBY, A

mC (T —T_ )
h=—a>" T2 ™ (3.21)
AT =T,)
gaumgiwdevesvaiiva, T,
AN\ T
NN\ T777 (3.22)
2
lavdaLgad, Nu,
hD
Nuy =— (3.23)
; k

Houlvmnndeuiiin fe windamnufouiinan InsRausiudanesiinnsy

3.3.4 auduiugniswianuieu dwiuveitlinaa

faugidedrdaunifefunsiarsandemisinanielurienan nsuszgnsnag
Jeanssudrulugifeadostuniamanuieuluredlinan Inenisléidurugudnan
UsgAnsuaduaueniams (characteristic length) du3snd1 duriugudnandlensedn

urhugudnanslensedia (hydraulic diameter), o,

D, =— (3.24)

P a4 & d vow
LD Ac A WUNNUIRA

P, fAe duseugUramidanisiva

durhugudnaniagldlunisdunamsfinedang q WU Rey Uag Nu,

gwiunislvauuusiuBeu A N, Taenadesiudouluyfudiiufimlianas

3.1
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A15199 3.1 A1 Nu, dwmsunisiasvusudsuiiviuisuiluvenufnidasng 9 fu

[46]
i,
Nuy, = ~——
up =~
b )
HHITAU14 = (Unitorm q,) (Uniform 7,) S Rep,
— 4.36 3.60 64
1.0 361 298 57
1.43 372 3.08 59
20 412 339 62
30 +4.79 3.96 69
4.0 533 444 73
8.0 60.49 5.60 82
o 8.23 7.54 96
» 5.39 4.86 96
— 3.1 249 53

3.3.5 gUTIAULAITHANNISEBNA NSO

nsenemaLSeuvevesinas @RI anIaNs souE s Run s I BmauSaule
Mnnmsieduvssidsilflumsteubivesinandouirinugunsaluaniudsupudousn
muufummIsemanuseuiild Tngaunsumunanfdeildlunisirevsslvariure
fifintiueu (powery) Whiuddsildlunmssevesinarurefifinishafeniudnuassnag
(poweryame) [45]

power, = power .«

(4pQ)y =(4pQ)y e

-2
forv |- fpLv

20, 20,
0 baffle

v A)

—3 =3
(fV )=V ) e

(fRe’)y = (fRe® )i
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3
fO - Rebafﬂe

3
f baffle Re 0

1/3
Rebafﬂe — fO
Reo fbafﬂe
Rebafﬂe — 1 (325)

Reo (fbafﬂe /f0)1/3

ANANSTOULANSIANNNTENVAINSDUNIITUNTINS IV M AaNN 1T I UA15INED1NA
dnuvienindassunagvioNdnsAARIASUANBAZAI99) WAL AUUAIENTIAULANTIRNNNS
AEMAUSDUANNST AN LAR ST

f -1/3

h Nu Nu

TERk=h =] @A p 2t/ Ll \LA, 410 (3.26)
hq ) Nu, s Nuy, A Sy

Wiafiay baffle fa AU

0 A vieraIey
pp A® NAAWULRIAY (pumping power)

FeraussaugnsiiunisaemanusoranduidTafuandiuiimannsaly
nseheeudau Ingleliaunnndi 1 uansiliiussansanasaiemanusounina
ventaiou Weldhdduinanvesszuudnierdu lagnisWauiuazeonuuugunsel
wanasurnudeuiiqasiaielrlfeaussausnsifiunisiiemennufeugaiiga Soae
HuralianunsoanvuinvesgunsaiianiudsunudounasUsendamdsnuiinesdeuliiv
seuu dilldnisansurunisuan wntssleniidluudnsanfiufinisfiosa TéUssamsami
adliu fesameiimas aansléniwennsiifiegegnsdia ieidudnuummmildumsdag
Wenewazui Uy IngansneinInany

3.4 N1SE3NEUNTENFUNUS A2 INTETULAURTILUUNRANA LS

Tnevhly fudsnuusaesvionanauaues (response; Y) agtiuagfusulsdass n
(independent w38 regressor variables) WU X;, Xp.., X, ‘Uusiu AnuduRusyasiuds
wanil ansaosunelngLuusRewnRdamans At “aunsiinsady” (@unisanoes;
regression equation) wuudtaassinsaduazaonndasiiunguvesteyarawiiagig urensoly
NAEOUNI U S T UAILE USRS 90 9IUUT WU Y = @ (, Xo..x) Wusiu agaslsh
AU Imaei';ulmg'%‘lﬂmwﬁaﬁ*i'fummﬁuﬂ’uéﬁLLﬁﬁ]‘%ﬁﬁumﬁaLuJi FarudeRaslinasussana
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aositaiduiioussunadn ¢laglunsmaaeuilagldlusunsy Microsoft Office Excel u
wsesiinlunisyieandusanan
Tun1sAnEINIsarewaNseu lunatvesavdalan dfulsdassiiauladnm

1t 1 fus wu ausdluad (Re), w1 (Pr), Sasdiuanugersusianmgvie
(e/H), dnsduszuzRintasusionIavie (P/H), yuUsney () waznsmasnAnEBY 9
Husu wuusraeshluildazeglugUiuures multiple exponential regression model ¢is
wansluaunsnslull

b2

Y =b, xf‘x2 xl;3 xDn (3.27)

n

Faanunsauvadlieglusy multiple linear regress in logarithmic scale Aa

(nY)= tn by +bylnx, )+ bylnlx, ) +b,lnx, )..+b,in(x, ) (3.28)

qs

Wi b = AELUsEANSE oI ENeT B LI UNTINEWIUS X,



undi 4
N1588NLUUgUNIal KAZISN15NAADS

4.1 umin
quwunmam n139BALUUgUNSH] LazgavaapuAIaaLanUAsuALSouLL LD
Avdeiiudfifnsinderiuunsiinewuulnuen (zigzag, 2) sasstamadey TeaziEealy
dhuinalegunsaiililuganaaes nasnauiinsvnasdlundasiuney uasdunoumsiiy
feyaiitevhunhmsinsesinanmases Tnewvsdnlunsfnmmsiumsseman
Founmelutesnuulne@nyminiiweseine 4 vesrduu wiadu 2 dwvdn q fil
1. ASUUNY (baffle) vuwiladuLAen AnwEnTwavesgunsy, Augs, Szezuia
FMINUIBIATU (S8eing), dnuniznsdning uazyuvesnsy
2. ASUUN (baffle) vumdsaasdty asidunisiendurisuundsassdnulugig
NAEDY Immwuuwmmumwmﬂu ﬁ)uﬂnmawﬁwasﬂma sgugiing, Aay,
UITBIA3Y UazmsTane WeRnmiiveiauuuariaans (Luunsafuwasiiosty)
YDIATUUN

ndunania am']ﬂums%‘l,ﬂﬁsﬁﬁé’famamnﬁmmiz:hammm%’auma’tuﬁawmu
Imamimammmsau“lumamaaLamuawaw (Nu) - wagmsgadeaudulumenyai
Usgneudeaniu () inuASeuisunstiemanudey waznsgeydennnuduiuvionts
56v (Nug, /o) wazsusenaumsifivaussauzaiudeu (TEF) mtﬂumauawmumwmam
e

4.2 nMsapnuUUgUNTal LaTYANIAADY
4.2.1 Woay
nmsauainaniiazldlunisnnans Tngfarsanfiauisdluadungaiazyiinis
AAaU Re = 20,400 6'2’}\1313LfJum’aﬁmmmmﬁmuﬁ%’umszqqqm
MnauMsFuEugudnaslanseda (hydraulic diameter)

—4

4(3x30x10 )

—2

(2(3+30)%x 10
=0.0545m

a

MnaTnRaENTRenAfiguviiaderiniu 318 K (guwgiindsvemiadi uas

o o 3 —
seenvesd N Altlun1vaass) 92l p =1.099712 ke/m’ WA u =191.3993x 10

_N.s/m2
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AMNANASLAUITUaA
P;Dh
U
Reptt
PO,
_ 20,400x191.3993x 10"

ReD =

MAMULS AR V=

1.099712% 0.0546
=6.50m/s
INANNT V=vA

= 650X 3x30x10 "

=0.0585m>/s  =3511.5 LPM

fatu lunisvnaasaivualiléfnay fianunsaldesnsinisivaninnin 3512
ansreui

4.2.2 Anagviamut1yanaaad

Tunisnaaessniugeddorniafiluadusnutimegeudedidnvaznisinaduy
wuudSusudiud (fully developed flow) sisiufiar s dufiassoamnszavaueviedivia
Trvaalidnwnemandnnoudtimadey waussluadingd dwiutinmsdsunlamesnis
Taarnuuusussudunuuiutau Suduean Reg,e &~ 2300 waznsivaduuuududa

Wil e Re, = 4000
drulunslvanuutudiy re, > 000 hiflaunisvinuueudmiuniszegnidmiu
MIUTui wisigannlifertesiuaustluag uazlimusyannmad

X
10< (—@l) <60
D turb

° LY " o4 a ° o a v o g d
dwmiuawldlunil azauydin « ., =300, dwiumislnafiviududui  (fully
developed flow)

INGFUNIT Xpg = 300,

=30x0.05455
=1.64 m

Aty Tunsvaasdsimuariemadiyanaaeddyiiaiuen 1.8 m

=i
4.3 msmiﬂuqﬂnim‘iumiwmm
lumsfinwinavosriuuensludneusdnuen LWeNNaYaIARIee Nilnanodnyay
Tumsanewmenudou Wunisvimeans waziieafilauivinnisiasiginnanueaznisanawm
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mm%’au LLﬁaﬁwmLU%EJULﬁa‘uLﬁamé’nwwﬂaoﬂ%'uﬁ'lﬁmﬂiu?m%mwmszhamm’uﬁauﬁ
GWIE'Iﬂ Fasuduitas mammsmmmau wazasngunsallunisveass lnedisisazidendng q
vasgUnsnifildlunsnaans fail

4.3.1 yamaaoaiuandsuaufousudmasuiiudi

mmaawiau,anLﬂﬁaumm%ausuﬁmﬁauﬁuﬁﬂ Wugunsaildludnwnisidiiunis
mammwsaumﬂ'lwawmuwmsummN'lul.mwnmn'lu‘zjawmaau u.am'lusﬂw 4.1
Tnsnsinssasuiiiadulununiseanuuumsvinass uasSsudisuranisaasstuviontis
1Syu

YW 4.1 mmnassviouaniudeuniuiougudwiasnitui

vienaaauliAnuaing 300 mm #IME73 380 mm LLauﬁ'svaumasmdwﬁwu UazHo
anneluganaasaiaiy 30 mm mmuwawﬂmaamuﬂsuﬂa‘ulﬂmaamu 4 $u auau
mumn’lmamﬂuamulmm aurtuiige wduwiunszitos aunduitauduauuloud
wastuiidRssauuenhiflsleiaasusing

4.3.2 WAET1DINA

wrasaeeIna liWaay (high-pressure blower) MODEL TB-150 tfunuunnauvos
ldausesiugs 12 lue vuin 1.5 kw m3e 2 HP T¥nssualniia 380 v LLam‘lug‘uﬁ 4.2
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gﬂﬁ 4.2 vWinauusaugs (high-pressure blower)

1awmes (motor) iusuniaslunistunnay sure 1.5kw Tonseualnyi 380 Vv 50
Hz 2900 rpm 14.8 A wansluguh 4.3

JUN 4.3 Uoines

duneawmes (inverter) Omron inverter, 3G3JX-A4037, 380-480V 3PHASE 3.7kW 5
HP \usunawesuuuUSumnud (frequency inverter) gniintdlumsaiuauainuniisey
yaanawmesldTuinay lunsaivausnsnisivasasamalilanuinimun wanslugud
4.4

gﬂﬁ 4.4 inverter
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4.3.3 gunsalinonsnisiuavesanie

lun1sveaesasld orifice meter Jugunsallun1sindnsinisivavesenie finsa
wmmwmwmaaﬁumnwmau wazaINNaY muam‘lusﬂw 4.1 LUuaUnsmﬂamswmﬂwa
PNHARANUTUVD YDl MaTIHY Iﬂammsmwamqmmmuw few warndafiveslvalua
mumaﬂﬂsnﬁﬂamuazmmm‘z’ﬂumsaﬂwam'Nmmﬂu%LLamswavLaam‘lummaw 4.4.1
gunsnigannang lnglunsasnegunsel  orifice  meter ldafemuinsgiuves IS
(JAPANESE INDUSTRIAL STANDARD) measurement of fluid flow by means of orifice
plates, nozzles and venturi tubes JIS Z 8762 MINUHUMANAILVYY 5 mm Tayoasila
aanLLUU'lvrmmmaumuﬂuaﬂawmwm 47 mm uazlduHIALENa SN 51 mm
LLaﬂaiusUw 4.5 uavswaviduaiuninveteeiila uansluniAnuIn 1.

gﬂﬁ 4.5 orifice meter

maamﬂmmmuuwsumuLam (inclined manometer) U Mark Il Model No.25 14
TANUUANGANYBIAITURUTENT IR LT WATATUNEY orifice meter tiioldw1gnsNTs
IMav9901n1e AUWANAT VBRI T3 ‘U\‘Iﬁ’m’ﬁﬂ’mlm’ﬂﬂ’\]'lﬂﬂ’)’]&JLLGlﬂGl’N?JENS%ﬂU red
gage oil (specific gravity = 0.826) Lgam‘lugﬂ'ﬁ 4.6

JUT 4.6 1nTorinAnusiuLuusTuIuBes (inclined manometer)

4.3.4 deWnay (settling tank)
Q9NNay LUuaUnsmm'LﬂumsUsuamwmsl‘wamaqmmﬂ Anvienauuduve
Avaoy ielwdmsos way Usuaniwnisiuasinne Imnﬂnﬁﬂumuuaaaﬂnammawa
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Avavuiud aurnaImnig 380 mm A13B1I 450 mm UATAIINGS 380 mm udn
'lusUw 4.7

g‘dﬁ 4.7 Qvinay (settling tank)

4.3.5 gunsninauaudandadnudeuvesurudnines

unasdglvinszudady (AC power supply) HiaSeausuanssredng s U TDGC
2-3 kW CAPACITY: 3000 W.MAX. 12.A LUuaUnsm"lumsmuaummmmnammu‘lwnmmu
gamos IumsmumMan@um'msauwaaumuammaﬂﬁlmmmmvmﬂ me‘lusﬂw 4.8

31] ¥ 4.8 wnasdnelninszuaadu (AC power supply)

4.3.6 aﬂnsai"s'mamwnﬁ

R3000 series Color Paperless Recorder, SUPCON L‘Uuaﬂnsmmmjaua (recorder)
uarLARINAUNYI mmmLLammatuwnulﬂmum 12 fn m’s'l‘dmu‘[matmaumamimm
fumesluduila w3e RTDs shvium 12 67 \Weuana LLaanU‘UauaamMnum 10 AunUs
UUHIINIAUYY UATNDBNAIUNAGDY 2 AL LLam‘luiU‘VI 4.9
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JUT 4.9 in3eafiutoya

rouumes ugunsaifildidondedtuinieaiveya ieldlumsiiudeyagrmgd

Y

Hdunaaey gumiivnudiuazeenvasduvnaey

RTD Pt100 wiesluAUiavie K
Ui 4.10 Wwwdwesingnmgil

wasludilia (thermocouple) WWugunsaiiliinaamgiiiaaiu gauugiiniads
AU uazgaungiiinieoenady uandlusuit 4.10 Tapmesluduiawtueiia K $1uau 10 &
Lﬁ@i’ﬂgmmﬁﬁaﬁp’wm R IRAPN

RTD Pt100 97W7u 2'M3 LﬁaﬁmqquﬁmaviT']LLasqquﬁmqaaﬂai’;umaau RTD
wiusumeiilimuasdenlumsingamirmesludtiTa lnsannsalbrdunedenlsly
nsingaumgil ludiuveamadn wasmseenvesyamaasudnduiigdodlddiusiudnnnis
fimnudndudisedodltisudivesing

4.3.7 w3psinAnuduanason

\n3esinAudunnasen (differential pressure gages) U Dwyer 475 Mark Il 924
msldan 0-2.49 kPa ugunsalildSamnudunnaseussminidiunnaey uanslugudi 4.11
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SERIES A7S MARK W
DIBITAL MANORETER

U7 4.11 1Sesinrudunnasen, Dwyer 475 Mark Iil Digital Manometer

4.3.8 9UnInliAAINTIVBIDINIA

\A38eTAAR5I989810 % (Vane-type Anemometer) Ju 445 &3 TESTO (fiu
gunsalfildiannusiauiiiundmiseanve wmposie 14lunisgeuiioy (calibration)
auSialunvmeass uandluguil 4.12

g‘lJ‘f"i 4.12 \w3erinmaniiveteinia (Vane-type Anemometer), TESTO 445

4.4 msAnasgunsainsmaaes

4.4.1 gUnIniyavnan

ganaandAIoIuaniUdsuAILSBuLUUeAIA R Ui TS RndATUL1Y way
gunsainIvmasine q wandluguil 4.13 emaduredinanaasu gndansangsyuulag
WaauARUEs (high-pressure blower) YU 1.5 kw Ingvionauvnadurtugugnas
melu 7 mm Mideudesznitsinauiudanas (settling tank) Tasiduiawmasiiie
Uiumnuiseumsianusesinauiielildsnsnislvavesenmanuiiosnuuuly §asn
nslvavesemaluszuugnialaglduriuessilagnasuifisursnmoulasld hot wire uas
Vane-type  Anemometers (Testo  445) auauanaseusasia Jalagld inclined
manometer
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Inclined L
1na|10ri1et§r Electrical heater AC-Power supply ﬁ -
Thermocouple set '
Pressure ta Vourt metes
Colg air ey = = e = o oy e I SOOI
—> —> [ —» 99 —» A > T = —— ]
v i S A e ]
Orifice P
‘ Pressure tap i ressure tap
Settling tank RestSettion
Blower
Inverter . | Manometer
e -
| 588 o Laptop
] Data Acquisition

o @ | ] y a 4 o v
UM 4.13 unudsvesyavaaevieuaniuisunuieusUdvasiiuin

Tassadavestesuuiudivasuiuda A1nuen 1,800 mm fens1diuaunime
ATINGRUDIYOIVUI (AR, W/H) = 10, ANUENYBITUI (H) = 30 mm), daunadou ANNET
(L) = 420 mm ATWAF1e (W)= 300 mm BeSugnadeninusussgiitioa nasagumaiii
dunaasumowmeiludhlasia K vwnduriuaudnaians 1.5 mm sauau 10 & 14
dmuingumgiiiavewmimeasuiuuutilewinlvausdli Sundiuvaunes nomes
IuﬁUL‘{Jagﬂaﬂﬁ"ﬁﬁgmnﬁmwﬁa WAZFIUMLNINAN TR ALY sumsiaselatiy 3 mmann
wifeuly uavszeyiaafumuEuILNY 40 mm uaz BTD WUy Pt 100 st 2 ¢ fAasai
feutiidiunadou 80 mm uagdunasadiunagey 30 mmieinguyiivnada uagviseen
fuandluguil 4.4 Aasnsisdngliihannmeslududagnduiidintonfutioya uas
Uuiinaslunouiaiees

innawduating 2 90 agiituuuresasmuuiiofanudusnaseunaontas
vesdunnany Lileldmeiusznouidenr %aﬁmﬁ’z’magﬁﬁmwﬁaﬁanmwm‘ziaa‘umu
UGS 50 mm Mngeumahaumaaey wazqeiaestfifuvt 50 mm anvey
NN90INEIUNATDY mmﬁumnﬂiaui'ﬂima'l‘t?m'%'aqi’mmacémmm@fuunuaﬁmaaL‘?}amiaﬁ;mi’ﬂ
PNAFURIUALINANVUIR 2. mm)

wnastelnnszuaadu (AC power supply) uunaindauvesdamasuiy wuin
1000 W figunsafugudmdsuiuinuuiamamndas 300 mm uazaane1a 400 mm A
meusnyavaaasgniumisauiu W miuldanuiounndrunaasuielile windaanu
Soufifnneil ansuszneuhmwdeugnldieusosywirusiugnmes uazniimaasuiiiefias
anm i unuida ludiuveudiulidadiinsimwdoudidnintilanzgnosnuuy
wiitesesiuusunnasy wastluauiu fsuniimadruasmeesnveiinuu-aaiieiu
furraneaufeuinadiuazesnvesdiumadey
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Z Inflow

a

Uil 4.14 GT”[Lmﬂaﬁm&iv’muﬁmaﬁ’mqmmu
4.4.2 A3U
mu’i%’af‘jﬁnmmuﬁunwdwmmm%aumalu‘ziawmuﬁﬁﬂ?umqﬁﬁwmsﬁmﬁ”ﬁaﬂ%
m:uu.mmﬂumumaawawawmu wlsehun1sAnwdavsnavesnIunuLLIe T sandy
2 dwuvian 9 Sail
1. ATUUN (baffle) UunTId1ULAE ﬂﬂmawswamaasﬂma AN, PETITATRN
FEWINUAIVOIATY (SrEead), BnYuLn1saaIne uay HUTDIATY
2. ATUUI (baffle) vunsaDId1y 9 Wuniseasuuisvunteasssulugag
Nadau Immﬁwuwuqmumammu WANYININATUNTS, Sreghing, AN,

o
udvn

JJ?;J‘UENF']‘A'U Ha¥AITINING LNBWWG\QWW\‘IN’JUULLauNUﬁ%‘i (hUURTINULAY LEJ'eNﬂ'U)
YBIATUU

d2ufl 1 a3uune (baffle) Lvuuezmmn (zigzag, Z) vuNUIAULAEY  WUS
maﬂﬂwﬂumuuaamﬂu 5 daudey wail

drufl 1.1 Snuazvesaiu wfunaUSeuisudnvnsaesrsunuudnugn (2) fu
Tudnwaraiudoauuvliseiies (discrete inclined baffles, DB) filuuawinfuinseninaen
PRNAFDUIUNY muamanwmumaqmu’lusﬂw 4.15 Afuvhanezgilidenun dnuasaTull
AUNIN (W) 30 Mm 1REBRAAIINENYINVIREDY (W) 420 mm Tagagidunisdnedvizna
YBIRNBULATU LLawa’JuanmeUi“ﬂauauq Usgnaudesiasuigy (o) 30°, 45° uaz 60°
ﬂUVlﬂvmm'slwa mma\m\mm 4 wuuhe 1.5, 3, 6 wag 9 mm (e/H = 0.5, 1.0, 2.0 uay
3.0) wazdlszuzAng 3 wuu Ao 4.5, 6.0 waz 9 mm (P/H = 1.5, 2.0 wag 3.0) Lquﬂ'iUﬂmm
N YUATINY ma‘luwmamaﬂamaamum uHUASULsAzLHUTIAS US LI 10 67
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Z-baffles

NARERES
NN
SO

discrete inclined baffles

JUR 4.15 dAunndeuvaIniIsaneIdIudl 1.1 Asvviensludneusdnuen (zigzag, 72)
warlusuuasuunensuuudedineiiios (discrete inclined baffles, DB)

dauft 1.2 ATUUNgUsD Z wuanwmwnﬁmamanu ARvriin1sdmanATuLUULaD
ﬂiU’e‘JEJLLU'JLﬂEJ’Jﬂu (in-phase) LLauLLUULLﬂ’JﬂiUEJEJLLu’JLEJENﬂu (out-phase) ANWMENITIN
LLam‘LusUw 4.16 LUummﬂmamwamaamwmwamamaﬂwmu LLa“anwmuﬂiunauauq
mumw 1. 1LLmTuaaumaqﬂsuawaLL‘U‘UL&Jaanuﬁ]“mzaswmmmuﬂaﬂumsau 3.0, 4.5, 6.0
waz 9 mm (P/H = 1.0, 1.5, 2.0 uag 3.0)

out - phase Z-baffles

JUT 4.16 ArunagevYsInTANYIEILT 1.2 ﬂiumq’miuanwmvmmmﬂ (zigzag, Z)

=)

fin1sdanneniulunuusnasuaguuiieanu (in-phase) uay wuaLEBey (out-phase)
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daufl 1.3 Auunegusa Z fyuvesaludnsiu lumsvaasinugudn Z aeiims
U%’ULﬂ?{auguﬁnizﬁwﬁuﬁﬂmamﬂ‘wa 3 afe a = 30°, 45° uag 60° ANwIBVNENAYBI
gz MUIUT 4.7 uardnuarUsznaudu A 1.1
doufl 1.4 ASuunegUa Z fyuveuaisitety lunmaaesrsugum Z szvihns
Vfuwdsumwesunifinsgviiufienienisiva 4 dle 0 = 30°, 45°, 60°uay 90° Finw
avonaveyulsny mug‘dﬁ 4.18 uazdnunzUszneudun puduil 1.1 |

A) a = 60°
P ( P | o o ) a . da
JUN 4.17 @uvaddUIRINTANYIAIUN 1.3 asuvinludnwusdnuan (zigzag, Z2) il
yunsgvifiufienenisiva n) 30°, v) 45° uaz A) 60°
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60°

M/\/\A .

f)
JUM 4.18 drunaaeuvsinisfineidiud 1.4 ﬂiumamﬂuaﬂwmmmmn (zigzag, Z) il
nuvewnInsEhiuianisnislua n) 30 ,°v) 45 ,ﬂ) 60 ° uag 1) 90°

daufi 1.5 ATUUNFUAT Z wummaa (e) Ay Anuianayasmugersuiinn
m‘wwuﬂ 4 LLUUﬂa 1.5,3, 6 uag 9 mm (e/H = 0.5, 1.0, 2.0 uag 3.0) uazanuwuzUsenau
Buq mwEud 1.1

doudl 1.6 ASUUNIURD Z Tssaviind (P) sy Anwndvsnavedseesing i
svuriind 3 WU A 4.5, 6.0 War 9 mm (P/H = 1.5, 2.0 uay 3.0) n155A99A% Las
SnwarUsenoudug awdaud 1.1
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d2ufl 2 aJuune (baffle) vunTeapIgIY wusnsEnwrludiutiesnifu 4
U0l Mail

[nflow

bottom

top
: BRR AR NN S NN NS NN &
| ]
o AN

) ) 3)

U 4.19 daunaasuvasnis@inuidiuil 2 Anafuuudns n) ATUUL-aNaNdURY (X),
%) ATUVU-A9959TU (2), R) ASUUL-AInduRLAL B 8y (XS) Lag
1) ASUUL-ENAuTeuf ULl UB DY (ZS)

daull 2.1 ASuvieiifidnwaznisneiediy avtsenevlude 4 Sheas Usznauly
A8 ASUUU-A1991908URY (X)¥, ASUUL-819949R597Y (2)*, ASUVU-819319NaURULALDY

2
-

WaInu (XS)*  wagASuvU- a'ﬁm'mmﬁauﬁ’uwiumlﬁaaﬁu (ZS)* muamﬂuiﬂw 4.20 Ju
MSANYIBNSNATEINTIAINTT S NYs LLauaﬂwmuUisnauauq AEIUR 1.1
* @ LY 1
naewmn Snusgeiily 13 LiEJﬂLLVluaﬂ‘l?}muﬂ’]i’JNﬂ‘iUUULLa ansluduf 2.1 dade X
uay Z 23 aaLmuanwmwaaﬂsumNmuuuazmamwwauﬂumaummnuu‘uuﬂ v1fy
FIENWIAINGT? mwuamiusﬂ‘m 4.20 FARSUUUAIINASUNSURY fivzdamiy X was fia

ﬂiuuua’m'mmumsﬂﬂun%aama Z d1ufige S %Lmuaﬂwmsmimummm’muuasma
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LLUUL?Taaﬁuﬁﬁsmdw stagger

daufi 2.2 ASUUNNFURS Z wummm (e) sty Anwiilanavesarugensuiinay
aa‘mwm 4 wuuAe 3, 6 Uaz 9 mm (e/H = 1.0, 2.0 uag 3.0) uavdnwus Uiznauauq 24}V
aauw 1.1

daudi 2.3 ATUUNNgUG Z Tsvezfnd (P) dnefu AnwidviSwavesszesiing o
JeUEiat 3 WUU AB 4.5, 6.0 WAz 9 mm (B/H = 1.5 2.0 uag 3.0) N59AI9AS uay
dnunigUszneudu awdd 1.1

4.5 33151899

1. fndarsunnasuluduusiunadou udwimsandaluluganeassedswanidoy
AUSDU

2. Ueaindinan Wennelwaruyanaass uaziudunewmedifieusuauidisey
mahauvesinauielildsnsnisivavesennmaniuiios nuuuls lnvgdnsnisivaves
21MAlUTEUUINANMINNSUANATDULH LD A

3. YasaufuanaseudIunaaay finaudiaune 15 serumuiisanuuuls de
wusdluadaaus Re = 4400 &4 20,400 U IUFUAINUSIALTIAIMI LS ALAILINYBINTT
nAdAY

4. Waaswiulwane nlifuwnassislvnssuaadu Yuaanuaeadngunassnelu
niuLLaaaumﬂlvﬂmmmuammai Lwa“l,wﬂ’mﬁaumm'mamwaulmWansnmwmaumw

5. aqmmqmwgwm%muamq q %4 12 fumids fe QUNYNAINAGBY 10 FLrS
uazgaumgimaiiuaznisesn 2 fumis Weaamgliaed udwinnstiufinen samgiis
nAAoU guuMpiMadLazgungiivnsesnduvadoy

6. USudunawasifiadiunnudiaumumiteenuuulirssluauasus 15 seau e
ﬁﬂLamLs&ﬂuaﬁasjé?aLwi Re = 4400 fi9 20,300 udAAiun1sVINaBImAUTLABY 4 - 5

7. LUaaumwmaau’lumuwmaawawmwmaaqLﬂ'samanLﬂaaum'}mauuuwa
Audsufiududrduiunsnaasmutunou 2 85 6 mugIdy WeiuAiaufunnasey
dunadou guniiiinaasy guvginindiuaggunginitesndiunadou aiuan
anuauiieanuuulive 15 seau

8. mmiamsw"mauammmmsmammmsaumaa‘lusﬂmaqLa‘uuamaw AINTS
qzyLﬁammmumaa‘lusﬂmmmUiuﬂaULaammu warAhUsTnaUNSNaLSTaUTAL YU
?}q%ﬂanmaumsmimmnﬂumma 4.6 sl

Wafivy m%ummmﬂmmmaawuaamim"uauawlmmﬂmmmaaqmwum Tay
AuaaaLAdeulun1sAWINE19B9a1nIenanT [49] mmmﬂmﬂmaaumnaﬂmmu
WsEweslivile +5% dwiuansdluan, +5% dwsuiaadariuas +10% dmiuanu
deaniu mmﬂmﬂLﬂaau‘lumsmmmwﬁuumLmuﬂ's“mmuaEme +7% WagAIUAU]
AMNARALAG auUsEINA) £5%, mummﬂmmﬂaaumaaqmwgmamuwawmuﬂsxmm
+0.5%



a2

o ¢ v
4.6 N1IUATINUIYA
Wnungessnuddeiifisninisatemarudeuluressunulunatvevaviaidayt
Tngiausdluadlunarvsaduriugudnandensedna (0,) awnsaileuldiu

Re=UD, /v (4.1)

o

e U uay vLﬂ‘lm‘]'mL%’JLQ&EJLLﬂSﬂ'J’]SJViﬁﬂL‘?I\‘iﬁ]ﬁ‘lj“l]@\ia'lﬂ’]ﬂ AUEINU FuUTEENSNITIN

audeuade (h) marldannsiagamgiivasainuioudidourtrssuy amnudeuiliiu
21m (Q,,) uaganuuanAvesgamginlvioivgumgilionnie (1 - ), dulsgdnsns

v & v % o
NWIAITUIDULRA wﬂﬂmﬂ"vamuaw AABDY ANEUNT

Quir = Qeony = MG (T, =TI <VI a.2)
Q
e Cean, (a.3)
AT =T,
Taeil NS Q0 5 (4.4)
way )= QG (4.5)

wad A Ae fufinsaiewanudeukuunsnreNisiuuurewesuuignitaudey
ile 7, Ao gruvgililaadenlanngamgifinvieluusasqe (7,) sunwisniveweswun 7
uas 7, A gumgiimadinasyseenmudinu laewad m,c, v wag/ Ao wamsluaves

21016, ANANIAUTOUTMWIZVBIDINTA, AWANANE Uaznszualniln audeu

vtadaniiade (Nu) WWeulmdu

hD, ‘
Nu=—=0> : (4.6)
k
salsznaudeaviu ( £) menldaan
2 4
= _Pz , 4.7)
(LD puU

We Jdp A9 MIATINAURNASON, p AD AMINVUILULYEINA Uag K A ANNSHIAIY
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fourasonia auaudAnnenmeeteInagnivuafigamaivedivaede (7,) 90

duns (4.4)
ManN1IeMAUU (pumping power) LRgniu

Adp), =W A4p) (4.8)
P Y o ¢ o P~ v e
e v am'm'lﬂﬁa"ua\‘ia’lmﬂ LLﬁ%L‘UEIUIUW‘{IUW'JﬁiE‘!ﬂE]ULaEJWVﬂu LLaZLa‘ULiEﬁuaﬂ ‘LC”ILUU

(fRe®), = (fRe’) WAL Re, =Re(f/ £’ (4.9)

FUTENUNISNNENTIOULAILSOU (thermal performance enhancement factor,
TEF) fip dnsnaiuvesdulszansnisniarudouvesiuidivegasy (h) Weudududsyin

a

MINANNTBWBNTASEU (h, ) AMdsduiieanu

—1/3
h Nu ‘ e Yf Y
TEF=—] = =
o Nug
PP

(4.10)

Nu, fo

PP

Feanfuditaiinansdfifuisnnuannsalunisdemanuiou Tneidelen
wnndt 1 wanadliiiussansammssiemaufousnnniviondaudoy eldmasdusin
auvessEUUANALIfy Insnsiwuiuageoniuugunsaluaniuasuainyudeutigassvaneg
Welwldrfuszneunisiinanssnugmnideugsiiagn dusidunaliainsaaniunves
gunsaluaniVasumndou Ussndandsnuiidasdoulifuseuy dilgnisanduyumssde
Rauseleniiiluninisaniiuiinisings I6Useansnmitgedu fesaveiimas annisld
yiwensiilegetnednin edudnuuimevillunistsuityningandsau



unfl 5
< a R O v v =
AIUVUIY LLUUYNELEYN (ZIgzag, Z) Hu 45 UUNUINIULAYA

5.1 uni
Tuunil na1afiananismeassdiud 1 nsiiunisanemanufeulaeldaiuung
(baffle) wuu@nusn (zigzag, 7) ﬁﬁmmﬁuﬁﬂmamﬂwa (@) 45° vusladnuiien mu‘gﬂﬁ
4.18 AnwBNIwareIAINEY, TEYARG, N1ITAINVBIATY LATANYNLZYBIATY LAgLUs
msenuluduiioonidu
(1.1) wamsvaudauatiadeu WeiSuudfisunanisnaasinisdiamainudou uaz
migmuLﬁamwoﬁ'uﬁloﬁ'ﬁ’uawé’mﬁ’uﬁ‘ﬁL%aﬁalﬁ edunstudufisduneu
gunsalililunisveassinfinanidefie
(1.2) aSuuneednwazides wuulddsifies (discrete inclined baffles) ivh
sufufianianisiva (o) 45° Snwmigmiugui 4.16 vurlssnuieiafng
gnSnavesdnvazyersUluFULUUMAINGTY LATNAYBIAINNFIATY 3, 6 UAs
9 mm (e/H = 0.1, 0.2 waz 0.3) szazRnd 45 60 wag 90 mm (P/H = 1.5,
2.0 way 3.0)
(1.3) ASUUNINENTAEEALYN KWUUIIIATIAY (Z-in-phase) TV yufudia

1
= a  a

manslva (o) 45° dnvazaugud 4.17 vundsiuiieniefnudnina
VBIANBULNITIN waraneazATUlUFULUUMINGTY WASNAYEIAIINEIATY
15,3, 6 war 9 mm (e/H = 0.05, 0.1, 0.2 wag 0.3) SreeRng 45, 60 way 90
mm (P/H = 1.5, 2.0 wag 3.0)

(1.9) a3uurerndnsasdnuen wuuaadesiy (Zout-phase) Avhyuiuiie
nanstva (o) a5° é’ﬂwmwmgﬂff’i 4.17 vusdeiuisniiednerdnine
Y9IANTUENTTIN waranwurATUluIULUUAINGY WASHATDIAINEIATY
3, 6 uag 9 mm (e/H = 0.1, 0.2 uag 0.3) szphad 30, 45 uag 60 mm (P/H
=1, 1.5 uag 2.0)

(1.5) ASuunegusa Z fyuveswaadiafy ivimuiufienianisiva (9 30°, 45°,
60° waz90° é’ﬂwmzmmgﬂﬁ' 418 vundsuieaiiefnendninaves
anwurYaINTNATUILFULUUAINGTY WATNATBIAIINGIATU 3 mm (e/H =
0.1) suAnG 30, 45 waz 60 mm (P/H = 1, 1.5 waz 2.0)

(1.6) mswWIsuiiisudnwazauuisivyy 45° vurdsiuiies ann1smeans
Tumidefiiuuisziiednvauzvesniuiidaifusenounmsiiuaussauy
ﬂfnm"’auﬁqqﬁmmﬂ%uﬂ&Juﬁ'u

nslaseinsasmanueulunstiveuaviadan (Nu) uasnsgaydeaiudu

lunatwevussnoudenmu (f) mmfuﬁw‘%auLﬁa‘umsdwmmm%’auLLaznwsquﬁaﬂuwu
fuurienaSou uasiussnaunsiivaussousausou (TEF) %aLﬁu%’agaﬁﬁ’nmmﬁﬁné’q
Fuieatu InefnunanAavssluad (Re) veansmaaes sinasasiolu
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5.2 Naﬂ']'iVI'JUﬁQUViE]NﬁIQL%EJU
msmaaqﬁﬁnwwaﬁuaamidwmmm%’auLLa::nﬁgigtﬁ&mmﬁ’waqﬁawﬁ’aﬁaﬂu

wavgad Nu uaz f auadiu Wisuiflsusanisvnaesdildfuanduwudues Dittus-Boelter

wazanduiusves Blasius 81988nans (46, 471 Turrnisivatiudu

avduusves Dittus-Boelter,

8

Nu = 0.023Re*® 2™ dnsunislainuseu (5.1)

v o ¢ .
ANFUNUTVDY Blasius,

f=0316Re ? 4,400 < Re < 20,400 (5.2)

5.2.1 laavdadan (Nu)

Tuguit 5.1 mnuduiuduss Nu fu Re nadivienifaiieu snnisnaasmuin lugas
msluauuuthutauen Re wiindu asviliien Nu Waduudontu Weidsuidieus Nu 910
mMsnaasatuAl Nu nandusiusyes Dittus-Boelter wuin TugasnnsTuawuuiudaudn Nu
INNANIINAGBY LAMINATIAINU I1NANFUNUSV 09 Dittus-Boelter  Iagaziian
aamLAdoundeiosndn 6% Wewfleusuanduiusaes Dittus-Boelter A1 Nu d1m¥u
nsinauvudutauiiviudaduiluvondaussy Tugas re, > 10,000

70

60

50

40

30

Flat plate

20

Dittus-Boelter correlation

10

Nu0
lllllllllllllllllIIIIIIIIIIIIIIIII

0 5000 10000 15000 20000 25000

Re
U7 5.1 mnuduiusveuaviadaifuauisdluad nsdvieriaSey

5.2.2 aausznauideaniy ()
JUT 5.2 Amnuduiususs £iu Re nsdivieniaiou 91nnvmasenudn Tudaens
Inauuuduthu v f anasdnifesiile Re Windu WeslSeuilleudn £a1nnsmeass uasen f
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PNandunusved Blasius wuai Tudrsnisiuanvududiue farnnsneaesaiuinnin
Inandunusun Blasius InsasilAranpieuadetoanit 5% Wsieutuanduiusues
Blasius #ilivin £ dwsumislvawuutulauiviusunuiluviefnGeu lugas Re, < 20,000

0.05 [

0.04

0.03

w9 C

002 1 x Flat plate
3 Blasius correlation

0.01 N
i

0.00lllllllllJllll]lllllllll
0 5000 10000 15000 20000 25000

Re

JU# 5.2 anuduiusvesiausenauideaviufiuiausgluan nsgiviontasey

Kamsvaanantiasay vnswisuiieufuanduiusiundeiouasldsunuiion
Tne Nu avilSeuiieuivanduiuduss Dittus-Boelter Fsfimunanmpdouaiotosnit 6%
uae f wsUSeuisusvanduiudae lasius Julanuaanandeuadetesnit 5% laely
NansVAaDIAIMSUIAI AN suAL s Ut Um IR RIARRuRAE AR SAY 10% Fade
Jmansnnaoslundiifiaudesold

5.3 ASUUT99anuuzLaae wuuliidetiios (discrete inclined baffles)

UUNTIA1ULAED
Tudruisfunsdnuidnvazresriudsauulsdeiios (discrete inclined
baffles, DB) fauansluzud 4.16 Falumsmmaeslévihnimmaaedlunanednuay Jsznouly
e AINEA () V’?wm 3 mmqqﬁa 3, 6 wag 9mme/H = 0.1, 0.2 uwag 0.3) uay
SYurRAg (P) Tavun 3 Szeede 45, 60 ag 90 mm (P/H = 1.5, 2.0 uag 3.0) lneagyinis
wrareINsIVABuAINLE uasssesfindroniuludnunzdingny Ssnsiesinauenants
maaqtﬁa’l%ﬁuﬁawqﬁniimmimammm%fau%uamLﬂuﬂsww'*um Nu, f uag TEF



500

400

300

Nu

200

100

i ®  e/H=03PH=15 B o/H=02PH=3
" ©  e/H=03pPM=2 O em=01pH=2
- @  eH=02PH=15 ©  eH=0.1p/H=3
3 ®  eM=03PH=3 X Flatplate
5 ¥ e/H=02,PH=2 °
i 00 ¢
I $  eMH=01PH=15 00 g 00y
L [(] oo d Qa4 )
L 00 ¢ cag g R
= 0ol 004 gp
O 44 ﬂ
: o g8 feaaalcy]
[ e L &S
[ g ¢ 2 §§ o 0%®
N gg E s *°
- X XXX
i KK XK KKK XX
L x X
1 1 L ‘ .l 1 1 1 I 1 1 L 1 ' 1 1 i 1 I 1 1
0 5000 10000 15000 20000
Re

25000

ar

Ui 5.3 enuduiusvesaniadavifuauiseluan nsdifindseiuunnsdnumizdes wuld
sioiiieq (discrete inclined baffles) UuHTIAUIAY?

Nu/Nu0
w

5UTt 5.4 anuduiusvesdnndinavtiadaviiuiausdluan nstiinnseEuuiananyue
o wuulsdeeiles (discrete inclined baffles) UNHTIAULAE

Re

~ e o ¢ g

i G g g g 2 %60 qq ®

L ﬁ @ ()

: el ﬁﬁﬁﬁﬁﬁﬁﬁﬁ;

L gpg g B amg gy

) ¢ 82338585 5ns

: *6 o & o 0 660600 a0,

i ®  eH=03pH=15 ®  o/H=03PH=3 B eH=02,H=3

| ©  eH=03PH=2 e/H=0.2,P/H=2 ©  eH=0.1PH=2

I @  eH=02PMH=15 P eH=0.1pPMH=15 & eMH=01pH=3

[ | B 1 1 I 1 1 1 l 1 1 1 1 I 1 L 1 1 l i 1
5000 10000 15000 20000

25000
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16
14 _ @  e/H=0.3P/H=15 @  o/H=0.2,P/H=15 P e/H=0.1PH=15
L ©  em=03pm=2 B e/H=0.2,P/H=2 ©  eMH=0.1pH=2
L2 5 @ omm03pm-3 B e/H=02,£/H=3 &  o/H=0.1pP/H=3
r x
1.0 - flat plate
X 0 2 3 o 00 000 900
00
“ 08 00 ¢ © 00 0000
- ®® © & o o5 8585588898
06
i A
04 I “ 9 4 PuEuEuEEg g
C d
- 4 E PV rrnung @
C EE B 8 = Eaaaaaasgs:
0.2
& 303 0 & 03000000000
0.0 o XXX X XX X XX X XK X XXX,
0 5000 10000 15000 20000 25000

Re
JUN 5.5 anuduiusvasiiusgneuduavuiuausdluas nsfifnfsniuunanadnuoe
e wuvlisawias (discrete inclined baffles) UURTRATULAEN

60
: @ e/H=0.3,P/H=1.5 "] e/H=0.2,P/H=1.5 <& e/H=0.1,P/H=1.5
50 __ © e/H=0.3,P/H=2 1 4} e/H=0.2,P/H=2 © e/H=0.1,P/H=2
a0 ; (v} e/H=0.3,P/H=3 B e/H=0.2,P/H=3 & e/H=0.1,F/H=3
° r o000 0%0
g 30+ o oo 000 00
o0 O 0 000 ©
- I do 0 © g gL 888680 0°°
I e & ©
20
! Wd @ @ 4 @w@d @Eodud g
10 EE E B H EEEREmm=mamnmm
i ¢
: 08¢ & ¢ 80000888888
0 PR S ST SN EUY SO S ST SR RN ST S S SR JONNE SN N S SN SN S S S
0 5000 10000 15000 20000 25000

Re
JUT 5.6 awdsiusvesdusdiudiuszneudsaniuiuiausdluan nsdfnfapiuunnng
anwauzides wuulireias (discrete inclined baffles) uuniadinuien

5.3.1 Aug (e/H = 0.1, 0.2 uag 0.3)

wanAaesvaIrsuLITBsuUbide flowhiufufirnienisiva 45° fanuge
Al ldue 3 WUU e = 3, 6 uar 9 mm (e/H = 0.1, 0.2 wag 0.3) Nu Aildainasvaasulugas
mslnatludou LLamﬂugUﬁ' 5.3 31ngUnsisesiudean Nu ﬁﬁhl,ﬁuqqs?,j’ummm Re 7i
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Wity annsien Re ﬁmqqmﬂwa?jﬂﬁuﬂaumn ﬁwaﬁﬂﬁ’mimammm%fauﬁqqa%u Iy
Tudhuresnnugniu ?jaﬁmmqamnm Nu %ﬁmmﬂﬂdwmmﬁqﬂ%‘uﬁﬁaandw NNl
seuvfind 45 mm (P/H = 1.5) finnnugen3u 9 mm (e/H = 0.3) 9iie Nu snniigaifesadan
uAugeiianas Tasfininugs e/H = 0.1, 0.2 wag 0.3 9eiiA1 Nu snndukuFouluras
395-340%, 485-417% uay 574-495% auanau lugiedn Re = 4400-20,400 fauanslugy
7i5.4 Lﬁaaﬁmﬂ%ﬁqwzLﬂuﬁ”sﬁv‘iﬂﬁmaﬂwaﬁmashw,ﬁmﬂ’xi‘LMaLLuuﬂuﬂ'gummE‘iqﬁu o
ﬁw‘lﬁmsdwmmm%au'éqqqsﬁumu

Tuduves faziidanamunsiiinduves Re LLazlud'sumaaﬂ'Jmqm%’u?jaﬂ%ﬁ
AN A f%ﬁmqﬁumuﬁmamﬂuguﬁ 5.5 lnefiszeefing 45 mm (P/H = 1.5) 7
ANERSY 9 mm (e/H = 0.3) axdlAn fannftgaiFesaanaurugaiianas Inefinanugs
e/H = 0.1, 0.2 uaz 0.3 9zdA funnukuseulugig 4.9-6.5, 12.2-13.8 uay 28.0-32.7
Wiua1au Tugnean Re = 4400-20,400 é’l’mamﬂugﬂﬁ 5.6 Lﬁa\imﬂﬂ%'uﬁqa%'éamwmi
iwdeuiivesvetlvarlifnranenuduueweslnaunsewinemadh fumsesnannusu
naaeuTiliien £ fiAngenuaunsi 3.2 wandluundl 3

5.3.2 s3ezing (P/H = 1.5, 2.0 uag 3.0)

Namwmaawam%ummwL%‘ENquhjﬁimﬁaaﬁmuﬁuﬁﬂmqmﬂwa 45°  §
SYESAADG 3 WUU P = 45, 60 waz 90 mm (P/H = 1.5, 2.0 wag 3.0) Nu fil#ainnsvadeu
Tugansivnatudau LLam’Lugﬂﬁ 5.3 ngUnIMT vl waressseziing Befiantiosa
Nu 9zdiAnanndety mnanﬁmmqm?u 9 mm (e/H = 0.3) fiszes@ing 45 mm (P/H =
1.5) 9silf1 Nu windigaSesaunnusseyindiiniu Tnefissesfind £/H = 1.5, 2.0 wow
3.0 asdiAn Nu wnnuiwseulugng 574-495%, 490-022% uagz 417-359% muaiau
Tuga3mA1 Re = 4400-20,400 é’fmamiugﬂﬁ 5.4 fiesaneiudusaivhlvvesnadilunadu
Aanstwauuutudou VT']’LﬁLﬁumimammm%@u‘lﬁqaﬁu ilefisvorRndauasyinlrivosivg

b

sglvaluineriumnadau fuihldvesinatutunn LLazmichammm%’auqﬁumu
Tuduwes f druvesssesinddiissozdy ﬁhé’hﬂisﬂauLﬁammu%ﬁmqq‘ﬁumuﬁq
LLaﬂﬂugUﬁ 5.5 Iﬂaﬁmmqaﬂ%u 9 mm (e/H = 0.3) fiszazfing 45 mm (P/H = 1.5) awiia
fmnﬁqm"i‘&Naammmzazﬁms&ﬁamaq Fsseyfing P/H = 1.5, 2.0 way 3.0 2zdAn £ 11nAN
uHuseulueig 28.0-32.4, 26.5-30.3 Lay 23.8-28.0 wimndsu TutieA1 Re = 4400-
20,400 éﬁ’maﬂﬂugﬂﬁ 5.6 ilosvnssesfindfiauasiisnuiuwaveaiuwesnidlofisuiy
gozindfionn lussesdrmpgauiiori avilfvaslnadesnsurinanisluasinuaanii
ilvianusunnaseuiiAngs dwalvien f Lﬁuqqﬁumm
5.3.3 aaUsEnauaussausn1saIuiau (TEF)
1NFUNTI 5.4 uae 5.6 Wunsmiwansnuduiusyesdndiu Nu uas f Sonaos
AriA i anduArfiussneunisinanssauzaudou (thermal  performance
enhancement factor, TEF) auaunisdi 3.50 Tuunit 3 GeeuifuafinansdeUseansnm
mamaiou lneanfunisfindmdanuililumsturedwarugunsaiuaniudsuanudon
fudmdsnuiildannsuaniuasumnuseu mngﬂﬁ 5.7 wassliiiuiiean TEF fiflananas
AuAn Re ATy ﬂ%ﬁﬁmqu 0.3 mm (e/H = 0.1) ssegind 45 mm (P/H = 1.5) a1
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TEF gunniignaetiataglusias 2.02-1.85 luraedn Re = 4400-20,400 Fedin TEF azilingq
Vigawlen Re deiniign

25
B Y
2.0 * o
I Qa * %90, 2
00 @ ag >0
L © O © © “ag @
L SS C ©o o 20 dgg
s WEE S R HTR
. r e o o g g
us P () [V e
= i [N C] oa ®eoe -
10
| & emH=01PH=15 B e/H=02P/H=2 ©  e/H=03p/H=2
0.5 [ @ eH=02P/H=15 ®  e/H=03P/H=15 8 eH=02,/H=3
- ©  e/H=0.1PH=2 & o/H=01,P/H=3 ®  o/H=03P/H=3
0.0 1 1 1 13 I 1 1 1 1 l 1 1 1 B l 1 1 1 1 J 1] 1 1 3
0 5000 10000 15000 20000 25000

Re
JUTl 5.7 anuduiusvesiilszneunisiiwaussausanusouiviavssluannsdlinnany
Unnsanuyzides wuulinewes (discrete inclined baffles) UNHTIATLAEL?

5.4 ASUUTSINANBAUETALYA LUUANRIAU (Z- in-phase)
TudruiiozfunisinunBdnyazenrs U1 EnYaEIALYN LUUINRTITY (Z-
in-phase) fauandluzuil 4.17 Fslumsnmasalivinnisnaaedlunansdnyae Ussneulude
A11ga (e) ﬂu’wm 4 mmqqﬁa 1.5, 3, 6 uar 9 mm (e/H = 0.05, 0.1, 0.2 waz 0.3) way
seusing (P) T 3 seogAe 45, 60 wag 90 mm (P/H = 1.5, 2.0 uag 3.0) lun1snaasy

[
P=1

ﬁqﬂu%Lﬁum'mqamwﬁwhﬁaﬁm'\uga 1.5 mm (e/H = 0.05) flsanranisnaaasiitiumn
Awas TEF awilAngaiimnugeadu 3 mm (/4 = 0.1) Fadudrfiaduiirnugeifigadaiuly
dam‘fﬁmnthmaau‘luduummmmqqdﬁwm'w 3 mm WeIsnIwultuTeeR TEF F19ziian
Lﬁu"'ﬁwéaammmnﬁwmmqm?uﬁsﬁ"wndw 3 mm Iﬂsﬁ]sv‘hmimmammmimé"aummqa
uazsrozfindroniuludnumedingm dnsfiavinauenanisaasuiielifiufangfingsy
nmsemauseuszsianadunsmves Ny, f uay TEF

5.4.1 augs (e/H = 0.05, 0.1, 0.2 uaz 0.3)

HANTSNARBIBIATULINNSE YL INLYN Wuunamsaiuvhyuiufiemenisiva 45°
ﬁmmgaaﬁ%aua 4duuUe =15 3, 6 uaz 9 mm (e/H = 0.05, 0.1, 0.2 uas 0.3) Nu #il&
nmsnagevlutienisinadulau LLaﬂﬂ,ugﬂﬁ 5.8 9n3UNIMLsRsLTLTieR Nu S
qasﬁumum Re Mfiudy ludiuvesrugenu ?jqﬁmmqamnm Nu 2gdiAn3nnInaILge
asufitiosndn Wuierdudnvasaudswuuliredioduide 531 annswfissezfing
45 mm (P/H = 1.5) fir1ngea3u 9 mm (e/H = 0.3) 9eilAn Nu annilgnai3ssasnmuniy
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awianas Inefinugs e/H = 0.05, 0.1, 0.2 waw 0.3 agilen Nu innndusiudoulugag 211-
181%, 333-287%, 472-007% Way 557-480% muawiu Turiadn Re = 4400-20,400 #ig
wanalugun 5.9

600 [
- e/H=0.3 e/H=0.1 e/H=0.05

500 - @ em=Ls & PH=15 A pi-1s
r O =2 O PH=2 & =2
i &  PH=3 & = & =

a0 F PH=3 PAH=3
r e/M=0.2 o ®® 3
I o0

5 r B AH-15 X Flat plate %0 mn e
z 300 [ - 00 O 00E o afl
L QO  pH=2 ® 0O gulg B
g nfy

- [ ] O m a a % % @
L B PH=3 [ ] (.) 5 /o % @%g ®

200 [ e ®
: 8 % 8 88 oo ® °
I o 09
L & N4 A DA ﬁ
N AR o

100 C g g A ﬁ §§ % §_§§ 2 A&
[ o INCEEEN 3 x X
- 88 8§ x x x xxxXXXX
| %X

of ——y = PN =, A AW, 2. N . LT

0 5000 10000 15000 20000 25000

Re
JUN 5.8 anuduiusvataliadaiiuiausdluas nIHARMIRTUUININEN YUEBNLYN KUY
TNATANY (Z- in-phase) VUNLIAULGET

10
) :_ e/H=0.3 e/H=0.2 e/H=0.1 e/H=0.05
; ®  PH-15 B pH-15 ©  PH=15 A pH=15
8L o pae2 O pHe2 O P2 A pH=2
T © pPH=3 B PH=3 ®  Pm=3 A p/H=3
L
6 F % ¢ ¢ ¢ o
=3 L Q0 o [e) ¢ oo L T
é s b B0 g g g 22322008888
: °f 008 0 B onaEgas REE
4 - o
- B8 8 8 A8 8mamaags
3:_ ® o9 P00 000 000
2 E a4 2 4 A A A A
: 82 4 2480880800
1r
O - 1 1 ! [ f 1 1 L [ 1 L 1 1 | Y L S— L !
0 5000 10000 15000 20000 25000
Re

U 5.9 Anuduiusvesdnsduariadaviiuausdluan nstlinfwsuunansanemedn
UBN WUUINATIAY (Z- in-phase) UuNLImMuLAY)



1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

U7 5.10 mwdiiusvesiiuszneudeauiuaustlues nsdifinfaniuumednumy

Re

TAUYAN WUUINASIAY (Z- in-phase) vuntlsiuLfe)

60
50
40
X 30
20

10

r e/H=0.3 e/H=0.2 e/H=0.1 e/H=0.05

:" P/H=15 B pH-15 @ PAH-LS A pH=15

:_ P/H=2 O  pH=2 O prH=2 L pH=2

C P/H=3 B pH-3 ®  pH=3 & pH=3

L X flat plate

- 0 e o o ® 0 00000000

' 00 0 O o © 0 000000000

- o0 © © ¢ DO 000 DD oo

- E g

C oo ® = mwm gm

L a E umm

C o U 00 oooaopag EEE

- A @

. 5 B 00 oemEpm B8 6

- e 2B graeenene

- P T A L O B A S ARA SRR

- XX ¥ ¥ % XX RX X XX RKIR, .,
5000 10000 15000 20000

25000

Re

i e/H=0.3 e/H=0.2 e/H=0.1 e/H=0.05
N P/H=15 ¥ PH=15 & PH=15 A PH=15
I PrH=2 O pH=2 O PH=2 & prH=2
[ P/H=3 B pH=3 & pH=3 & pp=3
I 0o 000
e o 000 ¢
L o0 © [ ] ; 60 000 000 000
[T oo O © oo 000 000
I o \EmE LS T O\
L am
TR N LR

i e # % § BOC0oD0ODOOOGOD
- mE @B B ©H B EH B3 06 E86
I ggg g g %g@@@@@@@ﬁﬁ
- M3 & 4 RRRRRARR DR

5000 10000 15000 20000

25000
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JUT 5.11 muduiusvesdnsidiuiussneudeamuiuiansdluas nsdifnfeniuunng
ANWAEBNLYN WUUINASINU (Z- in-phase) VURTFuRE?

Tudrues fﬁ]uuma@aqmmmwmwm Re LLaulumwaqmmaqmu&Nﬂium
AINIEANIN A ffuvumawuwummﬂmsu‘lummaw 531 mumuam‘luiﬂw 5.10 Tawil
i‘”EJu‘WWU 45 mm (P/H = 1.5) ‘Vlﬂ’J’]lla\‘iﬂS‘U 9 mm (e/H = 0.3) %ufmnwamsmmmmm
mmawamaa Imammmm e/H = 0.05, 0.1, 0.2 uay 0.3 AziiAn furnndudusaulugag
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3.2-37, 6.5-7.7, 17.2-20.2 uay 31.8-36 Wirmnuansiu Tugiean Re = 4400-20,400 NG N
Tugud 5.11

5.4.2 szazAng (P/H = 1.5, 2.0 waz 3.0)

HAANSVARBIVIATUUNIIWANYTTAUTYN LLUU'mmqnummmummamil‘via 45°
Sszuefing 3 wUU (P) 45, 60 wag 90 mm (P/H = 1.5, 2. 0 wag 3.0) Nu wlﬂmnmimaau
Tugaenisinaduty LLaqui‘Uw 5.8 mnsﬂﬂmmsw“mumwaﬂuaqsvauwm Baflentioyen
Nu a“ummﬂawuwummﬂUﬂiU‘Lummam 5.3.2 mﬂmwwmmmﬂiu 9 mm (e/H 0.3)
fszpyfnd 45 mm (P/H = 1.5) agdiA1 Nu mrmaﬂLsmaqmmmva“wmwL‘wmu Toed

e P/H = 1.5, 2.0 wag 3.0 JiiA Nu mnm%mul,ism‘l,uma 557-480%, 511-440%

wag 427-367% muaau g Re = 4400-20, 400 muamiuiﬂw 5.9

Tudiuaey f@1uveesy Wmfnmm gdu A f'«Juumaq‘uum'\umuaﬂﬂuiﬂw 5.10
Iﬂﬂwmmmmu 9 mm (e/H _ 0.3) isveyfing 45 mm (P/H = 1.5) 9¢ umfmnwamsm
aqmmmuavwmmamaa fisswsiind P/H = 1.5, 2.0 uaz 3.0 gzaAn fmnﬂ'mmul,sem
Tu79 31.8-36.0, 28.8-33.0, wag 24.8-29.3 Whamawy Ty9naA1 Re = 4400-20,400 619
LLam’lugﬂﬁ 5.11 WuRearuluvaded 5.3.2

2.5
20 -
1.5 w b
- A A A
N S A L A A
b §24 2 2 23 n22%88a4n
1.0
i e/H=0.3 e/H=0.2 e/H=0.1 e/H=0.05
@ p/H=15 B P/H=15 &  P/H=L5 A pP/H=15
0.5 r O  PH=2 O P/H=2 O PH=2 S PH=2
i D  PH=3 B P/H=3 & PH=3 & P/H=3
0.0""""""""“"""
0 5000 10000 15000 20000 25000
Re

'51]1/1 5.12 mmauwuﬁmaqmﬂiznaumimeammusmm%auﬁ’mamEﬁuaﬁnsfﬁaﬂé)’aﬂ%v
VSN EETnLTA BWUUNRSINU (Z- in-phase) YUNTRRULRY?

5.4.3 §UsznavauITausnneAiiou (TEF)

mﬂiﬂﬂi’]“/‘m 5.9 way 5.11 Sunsuanennuduiuseosdadiu Nu uag f Faaans
mummmmmmummﬂivﬂaumsmuammuvmmmu (thermal  performance
enhancement factor TEF) Lmummﬂﬂummaw 533 mﬂs‘dw 5.12 wansliiuiann TEF
fflArananiuAl Re m‘wmu ﬂiUVlllﬂ’J’mq\‘i 0.3 mm (e/H = 0.1) vezindg 45 mm (P/H =
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1.5) fifin TEF gauniigadetianeglurie 2.15-1.96 Tugiedn Re = 4400-20,400 daAn TEF
eilingeiianislonn Re fdiian

5.5 ASUUNNNIENBAIE NN wuuIaEesiy (Z-out-phase)
Tudquilasiunsinuniednvazussrsuunanednuasdnuen wwunadeiy (Z-
out-phase) muam’lugﬂw 4.17 Fslunsnaassldvnismaasslunanednuay Usznauly
e AN (e) ﬁgwm 3 mmqqﬁa 3, 6uag 9 mme/H = 0.1, 0.2 uag 0.3) uay
sosfind (P) vavium 3 szezde 30, 45 way 60 mm (P/H = 1, 1.5 uag 2.0) lunsnnass
dauilaifiumsvinassdissosing 30 mm (P/H = 1) Felunsnaassuuemseiuasyilald
Lﬁaﬂmn*jﬂdfauaam‘uaaqm?uwmwuﬁu wlumsnaassiineeunuuE sstutiudiugen
youaTuIzadsatuililivutusannsainsiadniuileviinimaaesld Tasasvh
mimmamaqmsmﬁaummqa Lazrsrezindnaniuludnunzienan Sannsfivzdiavena
nsveasaieliiuimginssunsaismanufeuazianafunsmiues Nu, f uag TEF

600
C ®  e/H=03PH=1 O e/H=02p,/H=2
500 B e/H=02P/H=1 ®  oH=0.1P/H=15
g ®  o/H=03P/MH=15 O e/H=0.1,P/H=2
400 " O e/H=03p/H=2 X Flat plate o ®® Q
i M o/H=02pP/MH=15 £ °® L@ E
o] r ®® Q e 0,
= e/H=0.1,P/H=1 ®
300 |- ® i g @E o 2g®
r ® @E O O@ @ oo o
’ L o) U com o *
i ® S 88 BoDg ee?
200 | g 8¢ o 333000
i ®
[ é g 2 23
100 [ E
[ X x X X XX X XXX XXX
L xx
0 1 1 1 l 1 1 ! 1 l L 1 1 AL I U | 1 1 l 1 1 1 1
0 5000 10000 15000 20000 25000
Re

JUT 5.13 eruduiusvesavfalariiuausdliuad nsdifindesuuianndnuaednuen
WUV (Z- out-phase) VURTNATULAYT

5.5.1 augs (e/H = 0.1, 0.2 wag 0.3)

mamiwmaawam‘%umamaé’nwm:%ﬂufzm LL‘U‘U’J’NLgaﬂﬁuﬁ'li,‘luﬁuﬁﬂﬂﬁﬂﬂ’ﬁlﬁa
45° ﬁmmmaﬁ’nama 3WUU e = 3,6 uay 9 mm (e/H = 0.1, 0.2 uaz 0.3) Nu ﬁlé’l’mﬂmi
maau"[,u‘mamﬂma{]uﬂau LLamluiﬂw 5.13 ngUnsmlsRziufienn Nu ummuawu
A Re Tty Iuaaumaammaamu awmmaqmnm Nu avummnmwmmmmuw
188nn L‘uummﬂuam:;msmma&mwulmaLuaﬂumma 531 s wdiszasiing 30
mm (P/H = 1) fieugen3u 9 mm (e/H = 0.3) axiidn Nu snnfianSesasnanueugsdl
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anad Iﬂaﬁmmqa e/H = 0.1, 0.2 uag 0.3 9gdlA1 Nu wnndusuSeulurag 341-294%

423-364% uaz 492-424% mudiu Tuaase Re = 4400-20,400 Fauandlugud 5.14

10

Nu/Nuo

I ®  e/H=03PH=1 O eH=0.3p/H=2 O eH=02,/H=2
- B eH-02p/H=1 B o/H=02pPMH=15 ®  oH=0.1PH=15
i ®  oH-03P/MH=15 ©  e/MH=0.1,/H=1 O e/H=0.1,P/H=2
L %0 o
- ® ® 0 @ ®0 o ¢ oo
: 83 g g cee
i %0 o o $3 3333 §3
i %8 B8 B 8 S 9 200509 e8
r 0o g g g gggg@@{é@ 888
L ¥ ¢ o o o * B 000ggg
- B8 88 a8ssessss
[ ) N -8z [ o A | o \ N ,
0 5000 10000 15000 20000

Re

25000

Uil 5.14 anmidiniusvosdasdiuandadavituianssluas nsdifnmnuuienednune
FOUTYN WUUINEBITY (Z- out-phase) UunTsiuLfien

3.0

25

2.0

1.0

0.5

0.0

U7 5.15 mnudiusresiuszneuiBeemutuianseluas nsdiRnnensuunaednuos

FuYN UUUNUEBITU (Z- out-phase) VRTIRTULAE?

[ ©®  e/H=03p/H=1 B e/H=0.2,P/H=1 ©  e/H=0.1,P/H=1
:— ®  o/H=03P/H=15 H o/H=02P/H=15 ®  o/H=01pPH=15
I O e/H=0.3P/H=2 O e/H=02,/H=2 O e/H=0.1PH=2
N X flat plate
: 2 e ©0 000000 0o
L 00 @ ¢ o © 0 000 000 04
®
C BE g g o O 0 000000 000
C © U8 @EeEge g s
: BE =
g 8 8 mnygopn EENE AN
r QO @ @ o O D OOPOO® ©B O
[ 68 &6 ¢ 696 000000 000
i . XK X XX X X XXX XM K W KK, |
5000 10000 15000 20000 25000
Re
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100
L ® e/H=03F/H=1 0] e/H=0.2,P/H=1 ® e/H=0.1/H=1
i e/H=03,P/H=15 B o/H-02P/H=15 ®  o/H=01PH=15
80 -
L O eH=03pH=2 O e/H=02p/H=2 O eH=0.1p/H=2
: ® ©0@
0@ ® ©°
60 I~ [clc] ® ® ® ®© ®
& o000
0 ..; ; ; ooooooooggo
L 88 S g 5 e EEE e ®
i mE ENE
20 am N R B HE REEBAC 0OU
I 6O & © OO 00000 0660
i 006 06 O 000006000008
O RS TN SRR SR B T SRS S R PR SR SR I T TN SR SR SN T L !
0 5000 10000 15000 20000 25000
Re

g‘U Y 5.16 ﬂ’J']lJﬁiJW‘Uﬁ‘UBﬂ@ﬁi?ﬁ?ﬂﬂ’)ﬂiuﬂ@ULﬁEJﬁV]']UﬂULa‘ULiEI‘Iuaﬂ ﬂimﬁlﬂm\‘iﬂiUU’N’J’N
anuInuLen LL‘UU’JNLFJENﬂ‘L! (Z- out-phase) VURTSAULAEY

Tudhuwes £ avfinanainunisiiisuvesen Re LLazludaumaaﬂawuqqﬂ%Uéﬂﬂ%"uﬁ
AN A1 f agiiingeduuiieniueiuluiaded 5.3.1 aududaduguil 5.15 Tagdl
ssefind 30 mm (P/H = 1) fienugendu 9 mm (e/H = 0.3) agilen fanniigai3esaamnnia
mmqqﬁamaq Imaﬁmmqq e/H = 0.1, 0.2 uag 0.3 azdiA1 £ unnanuausaulugng 6.9-8.0,
18.6-21.7 uag 35.1-40.8 iwawu luraee Re = 4400-20,400 Fauandlugui 5.16

5.5.2 syezng (P/H = 1, 1.5 uag 2.0)

NANINARBNTBIATULINENYNETALYN WuUIRssiuihyuiufianisnisine 45°
fisvuzfing 3 WuU P = 30, 45 uaz 60 mm (P/H = 1, 1.5 uaz 2.0) Nu fila1nnsnasasy
Tutaamslvadutiu uandlusuit 5.13 angunsvisesiuiisavesssesiing Balrdousn
Nu 9sfidnnndsduduiefuaiuluidedt 532 wnnsiiiarugaiu 9 mm (e/H = 0.3)
fiszeefind 30 mm (P/H = 1) azfien Nu mrﬁfiaﬂﬁmawwmmza"ﬁm%ﬁﬁﬁu Toeil
sppyiing P/H = 1, 1.5 uaz 2.0 9gdd1 Nu wnnadukuseulutg 492-424%, 454- 391%
wag 388-334% m1ua1@u Tudiee Re = 4400- 20,400 sauandugui 5.14

Tuduwes fdnwpsveriindddisvovdu i f'«asumqwumumuamﬂugﬂﬁ 5.15
Tnefiaugen3u 9 mm (e/H = 0.3) fiszoefing 30 mm (P/H = 1) 2gdien funiigaidosas
ipsEerAndianas issesRind P/H = 1, 1.5 uas 2.0 aeildn funnniusudeutugae
35.1-40.8, 31.3-36.3, uag 23.2-27.0 Wiwmuawiu TuaieA Re = 4400-20,400 Aauanslugy
#i 5.16 Wudeatuluited 532
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5.5.3 faUsznavaussauznsauTou (TEF)

’mﬂ'iﬂﬂi’nl\h/l 514 way 5.16 Wunsmuansmuduiusvesdadiu Nu LLa“’f‘UWN
ammummmmmﬂummﬂiuﬂaumuwuauimu“mwmau (thermal performance
enhancement factor, TEF) quumsnﬂuiummaw 533 ﬁﬂﬂ’i‘UVl 5.17 wandliiiudenn TEF
fftenanauen Re ity ﬂswummaa 0.3 mm (e/H = 0.1) szvgfindg 30 mm (P/H =
1) fimn TEF aamrmamﬂaumaa’luﬂm 1.76-1.52 Tuv29A" Re = 4400-20,400 TsAn TEF 9edl

d

mqmamuam Re umm‘wqm

9

2.5
20 F ® o o o
L DS o o ® ® Qe ®
L 2 e
L 28% g ggtseeseis
- Q@ g9
L 8 Ga@ g ag 103
15 | B8 8 8 88 8mang;cst
e 88
w
I_. -
10 [ @ e/H=0.1pMH=1 O e/H=0.1P/MH=2 ®  o/H=03P/H=15
[ eHe0LpHELS @  e/H=03pP/H=1 O  e/M=02pP/H=2
05 -
L O] e/H=0.2,P/H=1 o e/H=0.2,P/H=1.5 O e/H=0.3,P/H=2
0.0 [ PRt PR R St T | ThaVAY D> YAy SAd Al A B P W
0 5000 10000 15000 20000 25000
Re

suil 5.17 arwdiiusvesiuszneumaituanssnusaufeuiviausdluainsdiindisnty
VIINENBUERNUEN WUUMBEBat (Z- out-phase) ULNTRATULAYY

5.6 ﬂi‘U‘U'Ni‘UGl'J Z ‘VISJSJ‘UENLLQ'WI'NWL! (6)

’Lumuuﬁ]umumsﬂnmmaﬂwm peAsuUINIEnYaETnuen AifinsiTeuiioy
umaal,l,a’mmq‘l,ul,t,wumaau Maunwiyy 30°, 45°, 60° uay 90° muam’tuiﬂw 4.19 &l
mi‘vumam‘lﬂmmiwmaaﬂwmaaﬂ‘wmz Usznaulugneg ssugiing (P) vianun 3 szuefa 45,
60 waz 90 mm (P/H = 1.5, 2.0 wag 3.0) Vimmqq () 3 mm (e/H = 0.1) uaglagagyiinig
wrareansiUAsuyLveum uazsseriindroniuludnumzdana Fansiiaznauana
msnnansieliduiognssunmstemanuioussuanadunsmues Nu, f uas TEF
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100

I 6=30 g=60" 9= 90°
i ®  P/H=15 A pH=15 &  PM=15
L O  PH=2 5 pH=2 O PH=2
i @  pH=3 &  pH=3 ©  PH=3
I 6=45° e
L B p/H=15 X Flat plate g é é\
L O PH=2 g ; %
i B PH=3 %%gg§g§
- g B~ "
| JREL
- n 0 opE R e
i SR 5 @ ®
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N 5 é
L x X XX
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Ul 5.18 St sauadantuaussluasnsaiiasaasuunnanasigy 307, 457,
60° uay 90° vundesuiien fnrmugensu 3 mm (e/H=0.1) wazsyayind 45,
60 wag 90 mm (P/H = 1.5, 2.0 wag 3.0)

Nu/Nu0

L [ Y °
- Hg ™ ® o ® 9 °
L 66 I Ly E g .: ® oo °
! 88 8 6 6o BRRERERae
- 3% A 2 A R0 0pg 86 85
EB® ¢ o X4 anl Oopg o) 8
\ 9 @ < \(/\AAAQDD
[ gad 8 : ¢ §§§%§§§§§
L O RS
L ¢ oy B w8
_ ® e 0 90 006 e o ol
L 6= 30° 8= 45° 0= 60° 6=90°
- ®  pPH=15 B p/H=15 A pH=15 ©  P/H=15
» O  pPH=2 QO AMH=2 & pH=2 & P/H=2
- ®  pH=3 B PH=3 & PH=3 &  p/H=3
1 1 1 I 1 1 1 1 I 1 L 1 1 l 1 1 1 1 l 1 1 1 1
0 5000 10000 15000 20000 25000
Re

2/
Y

st 5.19 mwdniusvednsduauiadaifuiausdluadnsdiatniuurmnauayiog

o} o} o] o v a =]
30, 45, 60 uwag 90° vuneRuLAY? dAENA

=

SU 3 mm (e/H=0.1

serziing 45, 60 way 90 mm (P/H = 1.5, 2.0 uag 3.0)

) wag
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1.0
I 6= 30° 6= 45° 6=60° f=90°
@ pmels B pH=lS A PH=1S & PH=LS
0.8 - O PH=2 O PH=2 & PH=2 O PH=2
- ®  PH=3 B pH=3 & p/H=3 ®  PH=3
] L o9 © ° . X flat plate
0.6 |- oo
I 2 o MK TRy
i nu B 2 ggooooo
e i Ep OO0 000
I an B R o0 oo SEmM Emm
@é 000 0oooag
04 rh @ @ B B4 Baan A4
i B 5 2 2 Auggﬁﬁéﬁéeﬁ
i s B HE f8poBe Bgm
L A A A DN 2D Aa s s A A 2
L 889 g 358 889
02 1 3 8 888888883888
I ¢ o o S DD SO D POD OO
" XX X X X X X XXX XXX XXX
0.0 O S HAT A T A e Ty Rads A/ SRA PR DR R |
0 5000 10000 15000 20000 25000

Re
3U# 5.20 mdutusvesiUszneudsamuiuiausluasnsdifinneniuuiniua gy
30° 45°, 60° wag 90° vundaiuAes danNgensu 3 mm (e/H=0.1) uay
sepzing 45, 60 uag 90 mm (P/H = 1.5, 2.0 uaz 3.0)

40
- OFI g= 45° 6= 60° 9= 90°
I ®  p/H=15 B p/H=15 A p/H=15 ©  PH=15
30 I~ O  PH=2 O PH=2 & pH=2 O PH=2
&  Am=3 B pH=3 S pH=3 & pH=3
| ™
S PR LR ®
] 2r % ¢ W AR 000 209
‘ 08 § § g EREEEEEEC
I SR O ¢ @ )Y Duuﬂﬂﬂmgggé
[ 8B 8 8 gaesdiasiis
10 I EEBE E—é B aammmaammmaa%a&
L ah & & A A A oad s AL & A&
888 8 8 22838888888
| > ® O P OO 00O SO
O 1 L 1 t | f 1 ' N 1 N ! . " 1 . . L \ { , , .
0 5000 10000 15000 20000 25000
Re

5Ul 5.21 mnudiiusvesdaduiuszneudeanuiiuiausiluadnsdiinnsniuune
uwnviag 30°, 45°, 60° waw 90° uuktiaduliie draugensu 3 mm (e/H=0.1)
wazszezRng 45, 60 uag 90 mm (P/H = 1.5, 2.0 wag 3.0)
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2.5
20 | ﬁéﬁ X ; %i‘iz@o@@eea
: WaE ¢ oRPARRRRARR
[ B 8 B @@BQEWEHR
: B8 E § il
15 8
i i
10 L 6=130° §=45° 6= 60° 9= 90°
I ® PH=15 H P/H=15 A p/H=15 &  P/H=15
L O  P/H=2 0O  P/H=2 A P/H=2 O PH=2
M & PH=3 B p/H=3 A& p/H=3 &  PH=3
051
O.O""I""I""I""l'l"
0 5000 10000 15000 20000 25000
Re

ﬁ‘lJ‘VI 5.22 mﬁuauwuﬁmaamﬂiuna'umsmuammuvmm%auﬁuLamseﬁuaﬁﬂsgﬁamﬁaﬂ%u
U’N'ml,lmmm 30 45 60 way 90 Uuwuamumm mmmmm‘u 3 mm
(e/H=0.1) way voyfing 45, 60 way 90 mm (P/H = 1.5, 2.0 uay 3. 0)

eIt sSsuisunatildainnisvaaes LLﬂﬂ\ﬂUi‘UW 5.18-5.22 fin1NugeASU 3
m (e/H=0.1) LLamaU‘Luninmmauwuﬁsva Nu, f wag TEF iU Re ansUaziiulen
wmmaaﬂiu LazsverRndipeaiy AsURiTLLvenIATy 30° QA1 Nu was f 1NNy
au umAl TEF YUNTITINUAD 90° (n'ﬁ’mum‘uaaﬂsumNmmﬂﬂwmmamﬂwa YDIVDY
v Lﬂuaﬂwmxﬁl‘iﬂumm%u) Luaammﬂanwmv%mmmmmﬂuiﬂw 4.18 unys 907
agidunuunavessutiesnitvesduyy 60°, 15° way 30° Audsy psannnnIviyLy
maaLLmﬁ]“’Ifum'ﬁ muwﬂmamaaﬂsuwmﬂuNmLmeuuWLmuumwmh azlddnwaznig
maﬂiummﬂw 4.18 mumammwLﬂuuuLmaun'uwmwmsl‘wanmmmmusuaamumﬂm
Than Nu wag £ A wianal f fAengaviivian TEF SiAen Fennsaaunlussmzuluy
90° Ao1euavedAsUTIIRiAMImsInateidadiunasnt Nu way f fuvauyinivlea
TEF iAnga

5.7 n1swieuiiguanuee ﬂiumwmmu 45° UUHTIAULRE?
mma‘wmmm’tuwuaaﬁumumwmmumslua*uawml‘wa 45° Aepguunila

EUULTBITIMIAEEU Telin1InARBdnuMEATUTANNA 39 AnYME Iﬂaavasﬂml,aaasum

dndrurarilandan ( m dndrususznaudeanu (f / f,) uagen TEF watmslumsned

51-53 LEAMNANYULUDIATU LLavu,amman'ﬂwmiaum&mwamwmaawaqmu‘luuma“
Snwshilszosfing 45 mm (P/H=1.5) suwvLLamasﬂuﬂﬁwmmau‘wuﬁivmw Ny, f uag
TEF iU Re muam‘l,usﬂw 5.23 -5.25 mnmiwwzmulmwmwummaqmu warsrusng

finanaan Ny, f wag TEF Imwm‘umm wayssoyRnddauauA Nu wag f ﬁ]umamsﬂumu
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veeAn TEF tuasiiAgeiiniuiinnugeiusdssosfinduay issnnavesen f GG

Y
1 a ¢

ANEUOIRTUYILYIAY TEF difn i wiszasRndfiAuTIERiNA1 Nu 1N siiveesn £
m“lwm TEF mmmﬁé’nwm“ﬁanan I‘ua")u%a\‘lﬂi’]Wﬂumu'J’]ﬂiU‘U'NLLUU‘TIﬂLL%ﬂﬁ’JNF]Nﬁu
wummaaﬂsu 9 mm Sgu¥And 45 mm (Z-in-phase, e/H=0.3,P/H= 15) um Nu :LI’]ﬂ‘Vlﬁﬂ
mnsﬂw 5.23 Tuduvesen f mnsﬂ‘m 5.24 ﬂ'i'U‘U’NLLUU‘UﬂLL‘UﬂVI’J’NLEJENﬂ‘UVllJﬂ'J’]lI?NﬂSU 9
mm Sseging 45 mm (Z-out-phase, e/H=0.3,P/H=1.5) ﬁ]ummmnmﬁmﬂuanwm“au oA
mamwmmmnﬁw TEF Iusﬂw 5.25 UIHAVEIA f danasnaan TEF ﬂaammmﬂm
TEF mmmmmuaumiw 3.50 mlmaauwlﬂlummawmum dauan TEF wummnwaﬂﬂa
ﬂi‘umm‘uwnuﬂmwmmqnuuuwmmqqmu 3 mm S2Esfag 45 mm (Z-in-phase,
e/H=0.1,P/H=1.5) LﬁaqmﬂLﬁuﬂ%ﬁlﬁﬁhmsciwmmm%uﬁhjqqmmwiﬂ"lmmLﬁaﬂmu

sannviiienUseans wmsanusaunlatiengs

A59T 5.1 AedsvesdaTdluertiad@ad dnsidiudauseneudaaniu wagiiusenaums
WRuaussausaudou  nstianfeAIuuNEnvaBes wuulisiawien (discrete  inclined
baffles) Mviysfufiemnamsiva (@) 45°

nadif e/H p/H | Nu/Nuy | f1 S TEF
1 0.1 1.5 3.63 5.74 1.89
2 0.1 2.0 2.82 5.34 1.63
3 0.1 30 2.40 4.06 1.51
4 0.2 1.5 4.09 13.02 1.75
5 0.2 2.0 3.46 11.29 1.55
6 0.2 3.0 2.97 9.62 1.41
7 0.3 15 4.52 30.53 1.46
8 0.3 2.0 4.17 28.15 1.38
9 0.3 3.0 3.56 26.27 1.21
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Winaussougaudeu nidiinfsnsuunanednvasdnuen Ihyuiuiiansnisiva (o)
45° Arwigen3u 3 mm (e/H = 0.1) Tmsnauanviug (9) 30°, 45°, 60° uag 907

nsei 6 P/H Nu/Nu, £l 5 TEF
1 30° 15 4.90 20.50 1.80
2 30° 2.0 4.41 18.11 1.69
3 30° 3.0 3.77 12.87 1.61
4 45° 15 4.71 17.09 1.84
5 45° 2.0 4.24 15.09 1.72
6 45° 3.0 3.60 10.72 1.60
7 60° 1.5 4.51 13.67 1.90
8 60° 2.0 4.06 12.07 1.78
9 60° 3.0 3.45 8.58 1.70
10 90° 15 GON N 7.24 2.04
11 90° 2.0 3.53 6.20 1.90
12 90° 3.0 3.00 4.29 1.74
600 T
Z-in-phase Z-out-phase discrete
500 | ® on-03 O em=03 @ em=03
L W e/H=02 2 eH=02 @ e/mH=02
3 ®  om=01 ©  em=01 @ em=0.1
400 A o/H=005
i ®
[ W J
2 300 | o0 ggl
2 300 | 0ol og i gp®
o2 ook 59 2 an?
A e oK% g 2 ae a ¢ 00
200 . o AM 252308500
 gpbgeeseT
i g aah aat
100 T é A AA AA A
AA A 4
0 L 1 ] I I
5000 10000 15000 20000 25000
Re

= LY. v a @ L4 Ao & o O« a ¢
Ul 5.23 awduiusyeanvdadantuausdluad nsdfinfansuutau 45° Nszeswng

45 mm (P/H=1.5) UURTaATUAE"
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2.0
I Z-in-phase Z-out-phase discrete
i ®  o/H=03 © o053 @ eH=03
- L e/H=0.2 4] e/H=0.2 d e/H=0.2

15 ®  eH=01 ©  emH=01 & e/H=01
r A oH=005
L 00 2 0 00000900 00g

“ 10 F 00 ¢ ¢ ¢ oc 000 eer 000

: 0 0 @ 0 00 300000 000
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L N g : 7 BP onnrmE ppn
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Uﬁ 5.24 auduiusvesiailsznaudsaniuiuaussluan ﬂsmmﬂmﬂi‘ummu 45° 3
sEuzAng 45 mm (P/H=1.5) UUNTHNAULAED

'

25
ol BER Y gy
r By te R
- @@ B ) X))
W\ v 9 o @Oamgzﬂzg
A0) A\ 0P Fama P009g
] § A4 42444,
= L A
10 -
i Z-in-phase Z-out-phase discrete
| & eH=01 & em=01 ¢ emH=01
05 - W eH=02 B eh=02 @ eh=02
[ ®  eH=03 ©  eMH=03 ®  eH=03
L A e/H=005
0.0'4.,.1.,..1.,.,1....1....
0 5000 10000 15000 20000 25000
Re

U 5.25 auduiusvesshuszneunsiimanssougaruieutuausdluadnsdifinfansu
O o a ¢ O =
UNYN 45 NTzuzNag 45 mm (P/H=1.5) UUNUINULAEN

5.8 s

nansvaansluduiifunsiiunissemanudeulasldnsuunmaudesiuie
mansiva 45° lngAsuilagaeiu 3 Anuzhe Lmummmawmlummuaq (discrete
Inclined baffle), ASUINTAUTALUUINATINY (Z-in-phase) wasuuuIn ey (Z-out-
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phase) uagiinmsnnauaivesnsuvigu (6) 30° 45°, 60° uaz 90° (MeASuRsNRUTANTS
lva) mnwawiﬂLuaL‘Uizmmawanwmvmaaﬂsmwu Z-in-phase 2glA1 Nu u1nnI1AsSy
LLwauwm'maqmu uazszazindvhiuiuansusudl 5.23 ude £ asuuuy z- -out-phase
LLaﬂﬂusUw 5.24 9zilengwinlien TEF LLamﬂuiUw 5.25 HlfvesnTusnunziineh Tnei

o

ASUANWEY Z-in-phase agil@n TEF NWﬂV]E:IG‘ILiJSLVIEJUVIﬂ'NiJE;NﬂiU LESIE zwmﬁnmmnu

a oo

drunalumsiUSeuiivugunisnaunesriuaagm 90° fenisiauanvesndudsaniuiie
numslva e TEF anndige

3



UNN 6

= a . 0 v Y =
AUV HuUBNUEn (zigzag, Z) yU 30 UUNUINTULAYI

6.1 unin

T ndmRskansaaesEIuR 2 Pinmsvaaasluund 5 15 YMSNAaBIATULN
Tudnwazsnag Aivhguiunisiva 45 ° Tngluuniazyhnisanvuiagusnidu 30° Imanwmv
YDIATUIL LLﬂﬂxﬂ‘Lﬁ‘U‘V] 4.18 Lwamm'iﬂnmmwaﬁuaauwaﬂmmammimammwmau Faz
FnsEnunaninavenugs, svegiing, 1M53A719089ATY LaTENYNZYBIRSULTULALINY
Tuunit 5 Tnouvsmsanuiluduileanidu

(1.1)

(1.2)

(1.3)

(1.4)

(1.5)

AUV A NUULIBET LLUUlumaLuaﬂ (discrete inclined baffles, DB) w
muunummamﬂwa 30° anwmummﬂw 4.16 U‘L!N'LNW\‘L!LG]EJ'JL‘WEJ
ﬂnmawﬁwa“uaaanwmmaaﬂsftﬂ,uwqumﬂan Ay wasuaqmmqamu 3,
6 way 9 mm (e/H = 0.1, 0.2 uaz 0.3) svasiing 45, 60 wag 90 mm (P/H =
1.5, 2.0 way 3.0)

ASUUIINSANYSTAUDN LUUAEATINY (Z-in-phase) ﬁﬁmmﬁ’uﬁﬂ
yansina (@) 30° Snwoe mmﬂw 4.17 vuntag s fiefnudvina
maaé’ﬂwmmmﬂ%ﬁlugﬂqumﬂma LLauma‘suaammqaﬂsu 3, 6 gy 9 mm
(e/H = 0.1, 0.2 uay 0.3) szpzfing 45, 60 waz 90 mm (P/H = 1.5, 2.0 uaz
3.0)

ATUUI9I19ANHAULTNUIN wuUALEeeiu (Z-out-phase) ﬁv‘immﬁ’uﬁﬂ
manashua (@) 30° aﬂwﬁuummﬂw 417 Uuwuamummmaﬂﬂmamﬁwa
maaanwwwaamﬁlugﬂu:uumnm'a LLauwa‘uaammqqu 3, 6 way 9 mm
(e/H = 0.1, 0.2 uag 0.3) szzfnd 30, 45 uaz 60 mm (P/H = 1, 1.5 uag
2.0)

meiemmauanumumumw\mmu 30° UuNTeRuLagn mnmwmaaa
Tyt finauuiasitenanyus mamwmummﬂsuﬂaumﬂwuammuu
mﬁmauwaqu’mnﬂiaumaunu

nswWIsuisuaneue ﬂiU‘U’NVI‘VI’\aJ%J 30° fu 45° UUNTIAULAYD aufu
m'mJ'iEmm&mwaﬁlﬂnumimaaﬂuuw 5 Lwamma‘uaaummumﬂaﬂﬁlﬂ

v‘hmi'sLﬂﬁmmsmammmsauluwaumamasuuaLézsa'm (Nu) waznsgayden ey
Tuwativassnusznaudesnmu (f) mnuunLﬂi&JUmsrumimammmiauuazmiammamm
fuffuviontiasey wariUsEnaumsitanssausAusou (TEF) mLUuﬁuauawmmmwmaa

JuiReiy Imamwuﬂmﬂﬂ%amisﬂuam (Re) 99IMIINAADI mamma"l,ﬂu
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6.2 ASUUIN9anezLd ey nuulisaiiag (discrete inclined baffles,

DB) UURUIATULAY?

Tudrubazfunisdnuiednuarvasniuideauulidedlos (discrete inclined
baffles, DB) ﬁmam’lugﬂﬁ 4.16 Fslunsmeasaldinnismaassdunanednvas Usznauld
e Auga (e) ﬁu’wum 3 mmqaﬁa 3, 6war 9 mme/H = 0.1, 0.2 uay 0.3) uag
seagiad (P) havun 3 svozie 45, 60 waz 90 mm (P/H = 1.5, 2.0 uag 3.0) Ingagyinis
mwa%aamnﬂﬁaummga warsverRndrersuludnunisdingn Jsnnsfiasinauenanis
maam.ﬁa’lﬁl,ﬁuﬁqwqaﬂsmmidwammm%’au%uamL‘?Junﬁwuaq Nu, f waz TEF

6.2.1 A7Uge (e/H = 0.1, 0.2 uaz 0.3)

wamimaawaaﬂ%UU’mwaLﬁmeuhim'aLﬁaaﬁmuﬁuﬁﬂmqmﬂwa 30° fiAuge
agthiane 3 WU e = 3, 6 waz 9 mm (e/H = 0.1, 0.2 4az 0.3) Nu mlﬂmﬂmsvmaau“lu‘m
ms‘lmai“]uﬂ'm LLaﬂﬂusUw 6.1 mnsﬂnﬂWLiwvmumm Nu ummuawumum Re 7
WiuTu 91nmsiian Re umaqmﬂwamﬂumumn :uwawﬂ,wmimammwmaumawu 1ny
Tuduvesrnugeniu 8 &Nummaamnm Nu alu:ummnmwmmmﬂswuaamw AN
segefing 45 mm (P/H = 1.5) wmmmmu 9 mm (e/H = 0.3) azdA1 Nu mn‘mamsmaqm
mmmmawaﬂaa Imwmmaq e/H = 0.1, 0.2 yaz 0.3 azilAn Nu snnadnudussulugi
252-217%, 292-252% wag 340-293% Anua1eU Tue19A1 Re = 4400-20,400 ﬂ\‘iLLE“IG]ﬂ,U'iU‘Vl
6.2 Luaamﬂmwawvwumvmﬂwuaﬂwamlwamummmﬂwaquﬂumumnawu CPAe
’mesmammmsaumqwumm

400
O  e/H=03P/H=15 B e/H=02P/H=3
i ©  e/H=03,p/H=2 ©  e/H=0.1,/H=2
300 - @ e/H=02,P/H=15 &  e/H=0.1P/H=3
r ®  e/H=03,F/H=3 X Flat plate
L ¥ e/H=0.2,P/H=2
5 3 @  e/H=0.1P/H=15 @
=z 200 0 @ o
L 00 ¢ © © g
0 g0g @4,y
X 00 ¢ o4 L]
i » 00 g Dﬂ ?
I o 9 ﬁ T34 %@ 2 %%%
]
100 | gg$$$¢o°°°
i g $ s o
L XX X x X X
55 x X x xXx X x X
I xX
0 1 L 1 1 I 1 1 1 1 I 1 1 1 L l 1 1 1 1 l 13 i 1 L
0 5000 10000 15000 20000 25000
Re

U 6.1 RS TsatEdariuavsluas nsdinasansuuIaednyusdes wuuld
sawlad (discrete inclined baffles) UNNIIATULALD
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q
AR N ETTTE
3 4@ @ 4 222y 2
" “4 @aag @ @y g
o - =]
sl BT 3§ g g $8
3 ° oo s o 3855385
1+ e/H=0.3,P/H=1.5 7] e/H=0.2,P/H=1.5 =] e/H=0.2,P/H=3
L ©  o/H=03,MH=2 B e/H=0.2,P/H=2 ©  e/H=0.1,£/H=2
i e/H=0.3,P/H=3 Q  o/H=0.1,P/H=-15 &  o/H=0.1P/H=3
0 i 1 1 1 l 1 1 L 1 I 1 1 1 1 l 1 1 1 1 I 1 1 i 1
0 5000 10000 15000 20000 25000

Re
g‘dﬁ 6.2 muduNusURIsRI@IarTadantuLansgluan NSURRAIASUUITINANYE
Bes wuulusewed (discrete inclined baffles) UURUIAIULAEN

1.2
L o e/H=0.3,P/H=1.5 @  e/H=02pMH=15 & e/H=01P/H=15
1.0 ) e/H=0.3,P/H=2 B e/H=0.2FP/H=2 ©  e/H=0.1PH=2
F @ e/H=0.3P/H=3 B e/H=0.2,P/H=3 &  o/H=0.1,P/H=3
08 -
L X flat plate
I ®0 O @ 00 000 000
200
“~ 0.6 o © © © 00 © ©
I s & & o > 228888 8¢%¢
04
: Qg 7 &3
4 4d @ @4 dgd
s B 4] v nv renvve of
02 + BB = ] Eaaaauuasag
L 333 ¢ ¢ 30 0030000300
oo v XX X X N XX XXX XXX XXX,
0 5000 10000 15000 20000 25000
Re

JUN 6.3 Anuduiusvesiivsenauideamuduiavisdluan nidifindiaiuunananues
8o wuulaisiaiiies (discrete inclined baffles) UuHTInLLRY?
Tudrures f szdimanatnunmsiistiuyeee Re waludiuresnnugeniudaniul
amgnn A f asangunaduandduguil 6.3 lnefissugiing 45 mm (P/H = 1.5)
AINEIATU 9 mm (e/H = 0.3) AR f unfigaiiesasnaunnugiianas lneiinaugs

=
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e/H = 0.1, 0.2 wag 0.3 aian f anninunuisoulueae 3.3-3.8, 9.0-10.5 way 20.8-24.1 tin
PUAINU Tud9A1 Nu = 4400-20,400 Gﬁ’aLLamﬂugUﬁ 6.4 Lﬁaqmﬂﬂ%uﬁ@q%?jmwmi
\ndeuiivewativariliiianasanusuvasvaslraiinsenInamadn fumeeenainusy
nnaeuTerilien £ ﬁmqamuaumiﬁ 3.2 wandluund 3

40
| @  e/H=03p/H=15 @ e/H=0.2P/H=15 P e/H=0.1,/H=15
| ©  e/H=03p/H=2 B e/H=0.2P/H=2 ©  e/H=0.1P/H=2
30
. @  o/H=03P/H=3 B  e/H=02,P/H=3 &  o/H=01P/H=3
i 00
i e O 000":’):::003
° L J © 090 e &8
] ® 08 & 8 88 o~
i s
10 4@ @@d@@@Ed @ad
428 7 p oppgpEEEEEBER
[ Em m % &5 == =msBm®=88
¥ 0 & & & 6 8608888896
0 il Gl TT P L EaAJsl N R naaAEY.. T FER
0 5000 10000 15000 20000 25000
Re

U 6.4 mrwdiusyasdndrufiussneudsanuiuiasdluan nsfiiafinsuuinns
dnwazides wuuldrewlion (discrete inclined baffles) yuntamuLaen

6.2.2 Se8zAng (P/H = 1.5, 2.0 wag 3.0)

nan1InaastuesaiuuIsIadsvuliseidevinuiufiansnisiva 30°  §
sv8efind 3 Wuu P = 45, 60 WA 90 mm (P/H = 1.5, 2.0 way 3.0) Nu Ailfannisvaaey
Tugrensivadudou Ltam'lugﬂﬁ 6.1 MngUnTis1aiuieravess g ing Bafimiosen

!
= o

latadasiasiidnnnd mﬂﬂiWWﬁmmq\m%U 9 mm (e/H = 0.3) Aiszuziind 45 mm
(P/H = 1.5) 2¥fien NuinnfigniSesasnmussesindfiintu looiiszeziind P/H =

2.0 4ag 3.0 AwiA1 Nu unninweuiseuluaig 340-293%, 333-287% way 324-279%
AUAIAU tu9An Re = 4400-20,400 éﬁ'ﬂLLamﬂusUﬁ 6.2 Lﬁaqmﬂﬂ%’mﬁuﬁaﬁv‘iﬂﬁmaﬂmaﬁ
Tnarhudanisasuudulou m‘lmwmmimammmaau’[mawu dlotisve uwmauﬁ]“m‘lu
sadlvasrlualimeniuinnadeiu feilveslwatiudiuun LLaumimammﬂmauawu
A

Tudures fdrmvesssefindailsvordau a1 £ asiligedumuduandugui 6.3

P o

Tngfirnugardu 9 mm (e/H = 0.3) fisvosfind 45 mm (P/H = 1.5) qeiian funilgaises
aANsEEERndTianas Aissesfing P/H = 1.5, 2.0 uag 3.0 agdlan fuinadusudey
Tusa9 20.8-24. 1, 19 1-22.2 ua® 18.0-20.9 wirenud1au lugiean Re = 4400-20,400 A4

(dw

LLﬂﬂ\ﬂ‘Uiﬂ‘V] 6.4 Lua\‘i‘\ﬂﬂi”EJ”WWUVlﬁu‘\] M’\J’]U')ULLQQ‘UBQF’WULEJ'e]“ﬂ'J'lLﬂJEJLVIEJUﬂ‘Ui ALl AL
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g1 luszszyrwadauLReliu sevlvreslvageasasuraenisivaunnuaaniviniiaans
funnasouiiengs dsmaliiaiudsanudseneuiiisgedunu
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- ag ¢ ¢ o o
[ “Wa g g 2880000
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- BBEE B REaiMmgEiid
e 10 i
i P eH=01PH=15 B e/H=02,P/H=2 ©  e/H=03P/H=2
05 I ©  e/H=0.1P/H=2 &  o/H=0.1,p/H=3 ®  o/H=03P/H=3
I @  e/H=02p/H=15 @ e/H=03,/H=15 B e/H=0.2,P/H=3
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0 5000 10000 15000 20000 25000
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i‘U‘Vl 6.5 ﬂ'J’]%JE’iﬂJWUﬁ’U@W]’JUiuﬂ@‘Uﬂ']'iLWll?ﬁJ'iiﬂuuﬂ'J']Mi@uﬂULﬁ‘?JL‘ﬁEﬁuaﬂﬂ‘iﬂNlﬂﬁNﬂiU
‘U']\'i'l'Nﬂﬂ‘t‘}m"LEJEN LL‘U‘UI%JG\'EJL'UEN (discrete inclined baffles) Uuwmmumm

6.2.3 faUTznavdaNsIAUENIIAINTOU (TEF)

mﬂ‘iﬂﬂi’W\IV] 6.2 uag 6.4 LﬂuniwwLLammmauwuﬁmaaaﬂmu Nu LLavfmmaaq
nijanuadiudn TEF aians? 3.50 luunit 3 Faay Jumiuansdeussansntmmng
AMNSoU T,ﬂa'«JsLﬂumiﬂﬂmwaamuw’tﬂumﬂwaﬂuamuqﬂﬂsmLLamﬂaaummsaunu
ﬁhwa"’muﬁlﬁmnnfmmmﬂﬁauﬂfmﬁau ﬁnﬂiﬂﬁ 6.5 uanslsidiudiedn TEF Aislananan
@ Re TfinTu ﬂ‘i‘UVliJﬂ’J'mﬂ\‘i 0.3 mm (e/H = 0.1) szezfiad 45 mm (P/H = 1.5) HAn TEF
Qamnmqﬂﬂaumagiumq 1.67-1.44 TugasAn Re = 4400-20,400 Fa@n TEF mummwaﬂ
slodn Re fidwhitan

6.3 ASUUNINANEUSTALYN WUUINATINY (Z- in-phase)
Tuduiavdunisdnsniednvaurresaiuuinisdnvuzdnuen wuuIRsaiu (Z-
in-phase) sfauandlugudt 4.17 Flumsvaasdlévhnmeasdunasdnuay Ussneulume
AN (e) Waviun 3 mmqaﬁa 3, 6 way 9 mm (e/H = 0.1, 0.2 uag 0.3) wazseurRng (P)
v 3 szesAe 45, 60 uaz 90 mm (P/H = 1.5, 2.0 uag 3.0) lngagynsnnavednts
Wasuaugs uasszezindreaiuludnuuedangn Fennsiasainauenanimaassivoli
whilmgRnssunsdhewmeudoussuanadunsmves Ny, f uae TEF
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JUN 6.6 Anuduiusveaavimdarituanssluas nsaifnsrsuuInsnesmES nuan LUU
119015974 (Z- in-phase) ULNTeRUIREN
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Ui 6.7 mudiusvesdnsdmaniadavituansdluad ndifadiniuunandnensin
WA UUUINRTIAU (Z- in-phase) Uusdasushen
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14 [
- e/H=0.3 e/H=0.2 e/H=0.1
1.2 C ® PH=15 B PH=15 ®  PH=15
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gﬂﬁ 6.8 mmamwuﬁ‘uaqmﬂiznauLaammuﬂuLam'isﬁuam nsmmmmumamqaﬂwmuﬁuﬂ
LU LL‘UU’J’NG]Nﬂu (Z- in—phase) Uuwuamumm
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i e/H=0.3 e/H=0.2 e/H=0.1
i ® =il 8 P/H=15 =1.
40 - P/H=15 1 & PH=15
i O PH=20 O p/H=20 & PH=20
I @  PH=30 B PH=30 ®  PH=30
30 - o
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BN I 0 @ © ©® °OoooooooOO
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o0 © 999
I g Euyg mEnm
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10._ mE 8 B @ pm aEE EEE @88
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gU N 6.9 mmauwuﬁmaaamwmumﬂsvﬂauLaammmmamsaﬂuam nsmmmmummw
SNUaETNRYN WUUINRTINU (Z- in-phase) VUHTIULRE?

6.3.1 Augs (e/H = 0.1, 0.2 uag 0.3)

Namimaawaam‘ummwaﬂwmusummm meNmanummmummamﬂwa 30°
ummmamt,aua 3 UUe = 3, 6 Wag 9 mm (e/H = 0.1, 0.2 uaz 0.3) Nu mlmmnmi
maaulumm’ﬁlwaﬁuﬂw LLamﬂusUw 6.6 mﬂsﬂﬂﬁmiwwmumm Nu ummuawumu
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f Re Pufiudu Tudureinugeniu mummmmﬂm Nu ﬁ]uummﬂmﬁmmmmwuaa
n91 L%utmﬂanuaﬂwmvﬂiULamuuulmamaﬂumma 6.2.1 nnswiiszesfind 45 mm
(P/H = 1.5) wmmaqm‘u 9 mm (e/H = 0.3) azilA1 Nu mﬂmjﬂLimaqmmummqmaﬂaa
Iﬂwmwaa e/H = 0.1, 0.2 uaz 0.3 zilA Nu snndnuiwseuluyag 333-287%, 365-
315% way 425-366% AUEIRU Tuyean Re = 4400-20,400 muamlusﬂw 6.7

Tudiuves f QeiAanasmunsintures Re LLﬁﬂ‘iAﬁ’JUﬂJ@Qﬂ’J’]MﬂGﬂ‘iUEJ\‘iﬂ'i‘U‘J,J
AYNEAINA AN f ﬁ]vummwLsuummnumu’[,ummaw 6.2.1 mumuam’tmﬂw 6.8 oo
sryzng 45 mm (P/H = 1.5) Vlmmmﬂ'su 9 mm (e/H = 0.3) ﬁl“umfmﬂwamswaam
mmmmaqwaﬂaa Imawmmm e/H = 0.1, 0.2 uay 0.3 2giim £ unniukuseulugag 4.8-
5.6, 12.9-15.0 uag 24.2-28.2 wima1su Tuyiem Re = 4400-20,400 muamﬂusﬂw 6.9

6.3.2 szazind (P/H = 1.5, 2.0 uag 3.0)

NANNTVINABITBIASUUNINANBUETNUYN wum'mmaﬁuv‘imuﬁ’uﬁﬂmamﬂwa 30°
fszusing 3 uuU P = 45, 60 wag 90 mm (P/H = 1.5, 2.0 wag 3.0) Nu ﬁlﬁmnmsmaau
Tugrsnsivadulau LLﬂﬂ\ﬂ‘lﬁﬂ‘V} 6.6 f\mi‘dns"mlLiwumumwa‘umiuauwm SafiAntonrn
Nu avummnawuwummﬂumﬂumﬁuam 6.2.2 mﬂni'\wmmmmu 9 mm (e/H 0.3)
fissesfing 45 mm (P/H = 1.5) agdiAn Nu mﬂwamimaammmuauwmwmeu o
seagfing P/H = 1.5, 2.0 uag 3.0 dziian Nu snnnukuiseulugig 425-366%, 393-338%
WAy 335-289% mauaneu TugaeAn Re = 4400- 20,400 ﬁqmm’tusﬂﬁ 6.7

Tuduwes f mumaqs“avwmmm“auau AN f mumawummmaﬂﬂuiﬂw 6.8
Immm'mmﬂsu 9 mm (e/H = 0.3) fisyugfing 45 mm (P/H = 1.5) 9 ummfmn‘mamsm
APNUSEEs AR anad Tissesfing AP/H = 1.5, 2.0 uaz 3.0 qedlf NN uHuseY
Tugne 24.2-28.2, 21.6-25.1, way 18.9-21.9 wimuasu Tudid Re = 4400-20,400 A
LLamﬂugﬁﬁ 6.9 WiuiReniuluhdei 6.2.2

6.3.3 AaUgNAUANITAULNIIANGBU (TEF)

mnsﬂﬂswm 6.7 Waz 6.9 Wunsmuansmuduiusvadngdiu Nu LLa"’f"?j\‘WNﬁ’eN
muuﬂmmumwum TEF L‘UULﬂEJ’JﬂUIUWNJEJ“VI 6.2.3 ﬁ]’lﬂiﬂ‘ﬂ 6.10 uandliiiutiaan TEF 9
fiFnanasmuA1 Re Tty ﬂswummm 0.3 mm (e/H = 0.1) Syezhindg 45 mm (P/H =
1.5) fien TEF ganniignfefirneglutae 1.95-1.76 Tudaedr Re = 4400-20,400 FaAn TEF
awiirngafigailenn Re firndinfian
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5Ui 6.10 Audisiusesiiussneunaifiuaussausarufoutuiausdluadnsaifianeay
VNS NYEFNUTN WUUINATITY (Z- in-phase) VURTauLAe?

6.4 ARUUNINIENEAILBNUN WUUNEBiY (Z-out-phase)
TudiuilazfunsAnenidnvaugueniuunnidnyusdnugn wuunageeiu (-
out-phase) é’aLLam‘lugUﬁ 417 Felunsneaasisviinisunassluvaiedneas Usznauly
fe ANE (e) ﬂngm 3 mmqaﬁa 3, 6ukaz 9mmle/H = 0.1, 0.2 uaz 0.3) uay
sypefind (P) Tavun 3 Sepede 30, 45 uas 60 mm (P/H = 1, 1.5 uaz 2.0) Tunmaaes
duiezfunsvaassisvesfing 30 mm (P/H = 1) ?IfxﬂuﬂWimmaamumwmqﬁ’ua“ﬁﬂ;ﬂﬁ
\flosannindiugenvesyuaiuaza Ty wlunsnaassinas ULy sstutudiusen
?Jaammi“uamNL&Jmﬂum“lﬁlmuﬂummmmmm‘smmmuLwammimaaﬂm Tngagiin
msmwamaamswaaummaa wagsrseRindransUludnuariang1d Jensinstiauesa
nsneasaiisliifufaginssumsiemanuieuszuanadunsues Nu, f uag TEF
6.4.1 A2 WEN (e/H = 0.1, 0.2 1@z 0.3)
wamimaaﬂ‘uaamummwanwmmmwn LL'UUfmwaaﬂummmwmmamﬂwa :
30° mmmaaammua 34UV e = 3, 6 Wag 9 mm (e/H = 0.1, 0.2 uaz 0.3) Nu ‘Vliﬂ‘i]’]ﬂﬂ'ﬁ
mmaau'lumqmﬂuaﬂuﬂau LLam’Lusﬂw 6.1 ngunsmlisvziiutiedn Nu mmmuawu
AuAn Re LuT TudiuresnIugeeTy 8 sammmaamnm Nu mummnmﬁmmaaﬂsw
Uognin L‘uummn‘uaﬂwmmsuLaw,wulummuaﬂumﬂua 6.2.1 nnsmiiszagiing 30
mm (P/H = 1) #MNugeasu 9 mm (e/H = 0.3) axiidn Nu wnigaiFesasnnauaugad
anas Imemm'maa e/H = 0.1, 0.2 wag 0.3 agdlAn Nu annadurusauludg 325-279%,
402-346% wag 468-403% MUARU ’mem Re = 4400-20,400 muﬁmluﬁﬂw 6.12
Tudauwes f asiiAnanamunsiiuTurer Re LLaﬂua'guﬂJaammqamumrﬁuﬁ
ANGN AN f awdidgautuieatueiuluinded 6.2.1 pusuansluzud 6.13 Tagi
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iuauﬁm% 30 mm (P/H = 1) finugeeSu 9 mm (e/H = 0.3) asilen £ inniignisesasnnnia
ATwigsTianas Tnefiarags e/H = 0.1, 0.2 uaz 0.3 9edien fannndusiuSeulutae 8.5-9.9,

23.2-26.9 way 43.6-50.7 wirmudau Tutaean Re = 4400-20,400 ﬂQLLﬂﬂ\ﬂ,‘NSUVI 6.14
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wuuaEeiu (Z- out-phase) ULHTAULALT
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‘é‘U‘VI 6.12 mmauwuﬁmaqamwmmawawammmLi&ﬁ,uaﬂ ns@iRnReeRULIaedNYE
Fnuwn wuunabestu (Z- out- phase) UuHTInULAE?
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25
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Fnuwn wuundeatu (Z- out-phase) VUNTIINULAY

80
e/H=0.3,P/H=1 @ e/H=02F,/H=1 @©  e/H=01pPH=1
| @ e/H=03P/H=15 B e/H=02PH=15 ®  e/H=01PH=15
60 = O  eH=03pmH=2 O  eH=02,/H=2 O e/H=0.1,p/H=2
L ® @ ®©
0@ ® ©°
I 58 olee @ I3
W L
N 40
oo 000 00
- o0 © © nlo 9 0000
i o0 0O O O oooooggmmmg
P8 ® [CNC]
20
I mms 858 EEEHBBEHEEB
I 60 6 © © © O 00O 009 008
- 60 6 ¢ O 606 0600060000
O...LI....I|...I..,.1....
0 5000 10000 15000 20000 25000
Re

5U# 6.14 anuduiuvesdusiUssnoudamuiuiausdluad nsdifinfesuunm
SnuaETnuen LUUMABeIt (Z- out-phase) UUNTIAULAED

6.4.2 Szazhng (P/H = 1, 1.5 uaz 2.0)
 NANIVARBIYRIATULNI N TNLYN puuramsefiuiapifufiamemsiva 307
Siseuefng 3 WUU P = 30, 45 way 60 mm (P/H = 1, 1.5 uaz 2.0) Nu flgannsnaaay
Tugasmstuatutau LLamqiugﬂﬁ 6.11 NFUNTITINIAUTIHAVDITY yind BaflAntaum
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ot

Nu 9fianunnBatutudeaduasuluidei 6.2.2 3nnnsmiienugansu 9 mm (e/H = 0.3)

o

fiszaefing 30 mm (P/H = 1) azdiA1 Nu mnﬁqm‘%‘maammmzazﬁm%ﬁtﬁwﬁu Tadl
sypsfing P/H = 1, 1.5 uag 2.0 agdldn Nu snnndnunuiSeulutas 468-403%, 383-330%
way 353-304% Ay Tutas Re = 4400-20,400 Fauandtuguil 6.12

Tuduaey f mumaaiuauwmﬁmmuauau A f ﬁ]uumawumumuaﬂﬂusﬂw 6.13
Iﬂaﬁmmqam‘u 9 mm {e/H = 0.3) fissozfind 30 mm (P/H = 1) ﬁ]vumfmnwamsmaq
enussUERadRanas fissesRng P/H = 1, 1.5 wag 2.0 agdiAn f unnndususeuluta
43.6-50.7, 29.1-33.8, uag 26.0-30.1 wirmuadu TugaeA1 Re = 4400-20,400 fauanatugy
# 6.16 Wudaiuluiaded 6.2.2

© 6.4.3 fUTENDUANTINUENIAINGDU (TEF)

’i]']ﬂ’iﬂﬂi']‘W‘Vl 6.12 uag 6.14 LﬂuniwwLLammmauwuﬁmaaammwa‘uuamaw UazA?
1J'i°'ﬂa‘uLaaﬂmummaaqmummmmmﬂummﬂsuﬂaumnwmamsﬂu“mmsau
(thermal performance enhancement factor, TEF) L‘MLG]EJM‘UMWJ‘UEJM 6.2.3 %’m‘i‘d‘m
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(e/H = 0.1) szog@ad 30 mm (P/H = 1) fiA1 TEF qamanmaumag‘tuma 1.56-1.34
lutasriaussluas 4400-20,600 Faen TEF aviiengsitgaiioniauisdluadiievhiian

20
L G
15 | ® e e
oe ® oo
RUSAS & 8 R e e L TR
i 888 8 » Si‘ii§§§§§§
o \\ [ B888e8nnss
10 -
| @ em=01pHR1 O eH=0.1,pH=2 ®  o/H=03pP/H=15
- @ eH=01PH=15 @ e/H=03PM=1 O e/H=02,/H=2
05
- B e/H=02p/H=1 N o/H=02P/H=15 O e/H=03p/H=2
00-...1|.J.1l-..x||.xxlu..
0 5000 10000 15000 20000 25000
Re
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6.1-6.3 WUNAILSNPUEVIATU LazwdnwmanTiUTeufisunanmInaassvesnsuluuay
Snweusdifszezfnd 45 mm (P/H=1.5) s'z’iaavLLamaEJ”lunsWWﬂmué’uﬁuésuwj'm Nu, f uag
TEF ffu Re fauandlugufl 6.16 - 6.18 mnmﬁwﬂvmulmﬂﬂsuwummaamu waYITETRnG
HnasiaAn Nu, f uaz TEF Iﬂwmumaa uwazsrurRinddanauan Nu was f ﬁlumaam”lumu
Y89A1 TEF uufﬂvummwmwmmmmum avwmmm‘u Luaqmﬂmammmf wumaqmm
mmawaamum’iwm TEF fiAnd uszegRndiuauTefiua Nu snnninsiiinvesen f
'vrﬂmm TEF firngenidnunidand Iuﬂ'm‘umﬂi']“/‘lﬁ]oL‘Viu’)']ﬂiU‘U’NLLUU‘UﬂLL‘dﬂWJ'NG]‘Nﬂu
wummamsu 9 mm sgegind 45 mm (Z-in-phase, e/H=0.3, P/H 1.5) :um Nu mﬂwaw
N3t 6.16 ludruvasdn f 9IN3UT 6.17 ASUUILUUEnWENTIaEpsfuiiTaugeRdy 9
mm S¥gsRng 45 mm (Z-out-phase, e/H=0.3, P/H=1.5) uummnmwmduanwmuau
mmamwmimwnﬁw TEF 11431]71 6.18 wLAUINKAVDIAN f dnasian TEF ﬂamummn
f TEF awdiAndnuaunsit 3.50 fildesungluludeiiiiuan dauen TEF fifunniign
ﬁaﬂ%mmuwnLmﬂm'mm\‘muuuwmmqaﬂi‘u 3 mm s8sfag 45 mm (Z-in-phase,
e/H=0.1, P/H=15) iilssnifuasuiilimmsmemanudeuiiligunausamudsanu
srannvilAUsavsawmenadeunldtings

A15197 6.1 AaAvresasdluavlAdan srs1dIuRAIUSENaUEBANIU kazAUTENBUNNS
uaLssousALSoY  AsdiRnseAsUUIINansd g wuulineites (discrete  inclined
baffles) meunwﬂmamilwa ) 30°

nsdifl | e/H P/H Nu/Nu, flf TEF
1 0.1 15 2.3482 35346 | 1.5511
2 0.1 2.0 1.9766 30515 | 1.3425
3 0.1 3.0 1.6801 3.0565 | 1.1649
4 0.2 15 27208 9.7733 | 1.2804
5 0.2 2.0 2.4487 83577 | 1.2121
6 0.2 30 2.0814 7.1155 | 1.0888
7 03 15 3.1658 | 22.4663 | 1.1289
8 0.3 2.0 3.0995 | 20.6684 | 1.1364
9 03 3.0 30178 | 19.4281 | 1.1295
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A1997 6.2 ANRAEURWRTIEIwEUTAAY SRTEusIUSENaUEEATY wasRIUsEABUMS
Waussausmmsau nadlfndsniuutensdnuasdnouen wuuIensasy (Z-in-phase) fivh
yufiuiianienisina (a) 30°

sl e/H P/H | Nu/Ny, /1 TEF
1 0.1 L5 31028 | 51771 | 1.8438
2 0.1 2.0 2.6018 | 3.7389 | 1.7025
3 0.1 3.0 20703 | 19795 | 1.5438
4 0.2 1.5 34010 | 139161 | 1.4227
5 0.2 2.0 3.0609 | 123814 | 1.3313
6 0.2 3.0 2.6017 | 9.0459 | 1.2543
7 0.3 L5 3.9573 | 26.2055 | 1.3405
8 0.3 2.0 36526 | 233769 | 1.2853
9 0.3 3.0 31191 | 204234 | 1.1481

A159% 6.3 AwBevsERTdRTETaY SnTdiufiUsEnaudeaniy wassausznauns
WNANSIIULAINTOU NTARARIASULNIINANYETNLYN WUUMNLBBs Y (Z-out-phase)

Mhyuiviiamnnsiya (a) 30°

A5l e/H P/H | Nu/Nu, flr TEF
1 01 10 | 30199 | 9.2268 | 1.4487
2 0.1 15 | 24708 | 61512 | 1.3568
3 0.1 20 | 22237 | 54315 | 1.2729
4 0.2 1.0 | 37411 | 250489 | 1.2865
5 0.2 15 | 3.0609 | 166993 | 1.2049
6 0.2 20 | 27548 | 148577 | 1.1275
7 03 1.0 | 43530 | 47.1700 | 1.2122
8 03 15 | 35616 | 31.4466 | 1.1353
9 0.3 20 | 32873 | 280523 | 1.0886
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5UT 6.16 adaitvesariaBartuausluad nididaeasuu 30° fiszeviind
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1.4 [
" Z-in-phase Z-out-phase discrete

12 ®  o/H=03 O e/H=03 @  erH=03
r B eH=02 B e/H=02 @ e/H=02

\ - ®  e/H=0.1 &  e/H=01 P e/H=01
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Re
1J1n 6.17 mmauwuﬁmaamﬂs“nauLaammunuLamsaﬁ,uaﬂ nsmmmmmumm 30° i}
sgefind 45 mm (P/H=1.5) YUKITIAULAY?
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1.0
I Z-in-phase Z-out-phase discrete
05 ® om0l O em=0.1 & em=0.1
i B oH-02 B e/H=02 @ em=02
® e/H=03 © eH=03 ® e/H=03
0.0....1....|.,..1,...1...,
0 5000 10000 15000 20000 25000
Re

i‘iJ‘Vl 6.18 ANudUWUSYBIRIUTY ﬂa‘uﬂmﬂuammuzmm%auﬁuLam'i&ﬁuaﬁﬂia‘iaﬂé‘fm%u
U 30° fiszeefing 45 mm (P/H=1.5) YURITIAULREY

6.6 ﬂﬂ’iL‘Ui‘c’J‘UWIEIUﬁﬂ‘lS}muﬂiUU’NVWI"ISJSJ 30° AU 45° YUNTINATUALY

IumuuﬂuLUumiL'Ui&mma‘uwa‘mlmnﬂm‘smaaﬂuuw 5 uay 6 LLamﬂ,usUw
6.19 - 6.21 wmmami‘u 3 mm (e/H=0.1) wagssezhng 45 mm (P/H=1.5) LLamasﬂ,u
ﬂswwmmamwuﬁsvwm Ny f uag TEF Ay Re 91n3Uae mulmmmmaaﬂsu way
svagfindiieaty AT 30° 2giian Nu, £ uas TEF TosninATuym 45° raLTin9n
aﬂwmwummumt,l,amluww 4.18 m3uyn 30° AZEi UL TEIAT U 08N INTBIATULL
45° LuaqmnanwmumaamuﬂswLmaum'lwamﬁmvaimJm'm&mmﬂm’lwsuaﬂmumaau
wirfuduuaTuys 30° 9% wilsuutesndvitlden Nu wag £ fendegnintaiugy 45° il
AT UNINATT
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r 30 as°
300 1 @ dis B ds
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i O  out-phase O  out-phase _—
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gﬂ 916.19 mmauwuﬁwauamuamamuLa"ULisﬁuam mumwmuu 20° ffu 45° VUKIaAIU
LAE? mmmqaﬂsu 3 mm (e/H=0.1) navseazAng 45 mm (P/H=1.5)
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0.05 [ @ dis B dis
L ®  in-phase W in-phase
- O  out-phase O  out-phase
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0 5000 10000 15000 20000 25000
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s‘d‘w 6.20 mmauwuﬁ‘uaamﬂsvnamaammuﬂuLamssﬂuam ﬂiumwmuu 30° ffu 45°
YUNTTIAULRE ummqamu 3 mm (e/H=0.1) wayssusAnd 45 mm (P/H=1.5)
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i ® dis B ds
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=l

sUft 6.21 mwdiniuduesiiyssneunisiuaussnusa ouiuausdluan ASUUINTN

30° ffu 45° vuktlaRnuLAe Sanugeesu 3 mm (e/H=0.1) uagszasind 45
mm (P/H=1.5)

6.7 &5

nanisnaaasiudiud 2 nsifiunsaremanuieulagldasuuieneuidesivia
nenisiva 307 TeeeSufiodiieiu 3 dnunshe Lmummmaaqmq"l,mmuaa (discrete
Inclined baffle), AIUINBALINLUVINATINY (Z-in-phase) LasLUUNLEBfY (Z-out-
phase) mﬂwaﬁlﬁt,ﬁaLU%&J‘ULﬁauﬁé’ﬂwmwam%twu ZAn-phase 951%A1 Nu 1nn31ATY
WUUBUTIALgaRSY wasverindiinfufuanddugui 6.16 usien f ASULUU Z-out-phase
ﬂ“umaawﬂwm TEF Vllﬂmaamuaﬂwm"uumm Tnefinudnuay Zin- phase QwiA TEF
wnflgaidlaifisuiiniugeesu uag svavwmeummnu

Tudruvesmausuiiuiiuasuym 45° thuilesanadusm 30° feTuariivuad
g1IUNNINASY 45° ml‘wmm’;umuuaamﬂuwuwmaawLmﬂumuam‘tugﬂw 4.18 ¥
WA Nu, f wag TEF desniiasuyy 45°



U 7

= a . o v v =
ASUUN Buuanuan (zigzag, Z) 4U 60 UUNUIATUAYT

7.1 unun

Tuuni namaamanisveassdud 3 nnsnaassiirdluundi 5 wae 6 1agliin
ASUUNALUUBnUEngY 45° TA1 TEF 3nnAIASUUIRUUBNUSngY 30° asluuniazying
wmaaa‘[mmwmumn 45° Hu 60° Lwamanwm“mimEJmmmsaumwmmsumaamﬂs
{4 lngas@nudnsnavesndugs, sveziing, NM159A719009ATU UaLdNUUZYEIATY
wudefuunisiun TneudensAneiludauieenidu

(1.1)

(1.2)

(1.3)

(1.5)

aduurenednunzdes wuulddeiiias (discrete inclined baffles) fivh
yufuiiemnsmsiue (o) 60° SnuneaugUi 4.16 vurtiduAg e A
FvSnavosanwazversuluzUluUAINg LATNAUDIAINGIATU 3, 6 UAZ
9 mm (e/H = 0.1, 0.2 uag 0.3) syasfing 45, 60 wag 90 mm (P/H = 1.5,
2.0 uag 3.0)

ATUUT9IIENBUEANUN KUYUINIATIRY (Z-in-phase)  TiviauiTudia
y1anisiva (a) 60° é’nwmzmugﬂﬁ 4.17 vunfeguiieandiednudniwa
ypednvaizvesnsulugULuuing1? WAZHAYBIAIINGIATU 3, 6 UAZ 9 mm
(e/H = 0.1, 0.2 wag 0.3) Svuvfng 45, 60 wag 90 mm (P/H = 1.5, 2.0 uag
3.0)

aduuraaednunzdnuen wuultulesiu (Z-out-phase) Avhauiuiie
nanslva (o) 60° é’nwmwmgﬂﬁ 4.17 vuntasuigaiiednudnina
yosdnunzrrIulugULuURINg12 UASKAYBIAINGIATY 3, 6 Uag 9 mm
(e/H = 0.1, 0.2 wag 0.3) sygeAng 30, 45 wag 60 mm (P/H = 1, 1.5 uag
2.0)

naSsuiieudneaeauuisiviayy 60° vundedulfis :ann1sveaes
TusadefHnun s e dnynzvaasuATiAdaUsEnounsLIiaNssaue
mm%’au%aﬁ']mLU%EJULﬁUUﬁ’u

nadsufieudnesazaTuunsiiviiygu 30°, 457 wag 60° vundwiuied
andunsidsufisunailidfumsmnaeduund 5 uag 6 ilenmavonpaiy
aeuly

Famsessinsaemanudoulunatives Nu waznsgayeaudulunadves f
mnuum‘dia‘umwm’imammmmuuavmiamLaammmunwamumau way TEF daudu
mauawmmmwmawummnu Tnefmunanen Re vaamsvinaed Snadaseluil
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7.2 a3uunen1eanuwuzides wuulsideiilos (discrete inclined baffles)

s v =1
UUNUIATULAY D

Tudrutazidunisfnuidednwuzvasnduidsuuliddeiiias (discrete inclined
baffles, DB) fauandlugua 4.16 ddlunsvnasdldvinnisnaassluvatednuny Usznauly
o) AU (e ) 7I9RUA 3 mmaaﬁa 3, 6uaz 9mmie/H = 0.1, 0.2 uaz 0. 3) way
segzRadg (P) m*mum 3 szyda 45, 60 wag 90 mm (P/H = 1.5, 2.0 uas 3. 0) lneagvinnng
mmamaqmsl,ﬂaauﬂ'nuga wavsverfingnansuludnuiesiina? Fansfastinauenans

o v & e a ' - 1% ]
‘vmaaaLwa‘lmmuqumnﬁumimammmsau%mewuﬂi'}wsum Nu, f way TEF

600 T

C ®  eH=03pPH=15 | e/H=0.2,P/H=3

500 ©  eH=03pP/H=2 ©  eH=01,/H=2
r @  e/H=02pP/H=15 &  e/H=0.1,P/H=3

400 ®  e/H=03F/H=3 X Flat plate
L B eH=0.2PH=2

2 300 - O eH=0.1PMH=15 0 00 2

r 090 20u
: 00 5092 g : 2
- o2 00 gg (R %

200 |- o gg%aggg%%
i | $$ g PR 4
- % - QQ
- § & oo

100 |- Eg
[ x X XX x XXX X 26 ¥

X% %X
0 P R I\, & J Aot ooopdh 1 & (J1) { 1 FET

0 5000 10000 15000 20000 25000

Re
sUit 7.1 mwdiusvesariaidavifuiauisdluad nstifnsans UL nyasdes wuulbi
seLiieq (discrete inclined baffles) uurtianuLbiED

7.2.1 a2ugs (e/H = 0.1, 0.2 uaeg 0.3)

wam:mﬂaawaqmumamammqulmamaamuunummqmﬂwa 60° 1AUGS
AL NEe 3 WUU e = 3, 6 wag 9 mm (e/H = 0.1, 0.2 uaz 0.3) Nu anﬂmﬂmimaaulwm
mﬂwa{]uﬂfau LLaquiﬂw 7.1 aangunanlisnae (WiudieAn Nu ummuawummm Re i
Wity annnsien Re ummmﬂwamﬂumumn mmam‘t‘wmsmammmsaumawu 1o
lumumaqmmmﬂsu aaummaamnm Nu mummnnmmmmmuwuaamw NN
seeyied 45 mm (P/H = 1.5) wmmaamu 9 mm (e/H = 0.3) agdlAn Nu mﬂwamsmaqm
mmm’mﬂqwaﬂaq Imwmmm e/H = 0.1, 0.2 wag 0.3 9zilA1 Nu ynATLESsuluL
419-361%, 520-448% Way 590-508% mugnsu TuyieA Re = 4400-20,400 muam’tusﬂw
7.2 LuaamnﬂswawuLﬂumwﬂwuaﬂwawlwamumﬂmﬂwaquﬂumumnawu 239N
‘Imm'smammwmaumqwumu
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Uil 7.2 mwdniudvesdasidiavimdaifuiansdluad nsdfinfansuunaneinyme
1e9 wuulairaiiles (discrete inclined baffles) uuntisiuie,

2.5
L O eH=03pM=15 @  em=02pMH=15 P eH=01,H=15
i ©  e/H=03pP/MH=2 B e/H=0.2,P/H=2 ©  e/H=0.1,/H=2
20 e e/H=0.3,P/H=3 B e/H=0.2P/H=3 ®  e/H=01P/MH=3
: X flat plate
15 F 0 O (4]
r o0 © © o :o::o::::::
“ i e & o e Ce o 00 ang
1.0
: dda g 4
L d Ul W @AUEd dpd
i 7 I 70 nOy BOE OR
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i 8¢ ¢ ¢ 33003330300
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Re
Ui 7.3 muduiusvesissneuduamuiuiausdluad nidifiansniuunerdnuue
WBus wuulaisieiiles (discrete inclined baffles) UuHTIAULAEY

2

Tuduves f firnanamunisiidumasn Re LLaz‘ludfmmaqmmqm%‘uﬁm%w
ANUGN A f %ﬁmqqﬁumuﬁmamﬂugﬂﬁ 7.3 Inefissezfing 45 mm (P/H = 1.5)
AINGIASU 9 mm (e/H = 0.3) siAn FuniigaiFesaanauniugeiianas Tnsfinaugs
e/H = 0.1, 0.2 uag 0.3 9gilan funnndnusiudeuluys 9.2-10.7, 20.5-23.8 uay 47.1-54.7

=
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wihmddu Tugiaan Re = 4400-20,400 fawaaslugufl 7.4 ilesanaIuiigeasBenaninis
d lﬂl o Y a 1 .2 1 k24 7 ]
indeuiivesvedluarliiianansninuiureswedlvauIngsninemadn AUn19eenaNUNY
o o W a < o
waaauBwiilian f fenawnuaunisi 3.2 uandluunii 3

80
: o e/H=0.3 P/H=1.5 ] e/H=0.2,P/H=1.5 > e/H=0.1,P/H=1.5
[ ©  eH=03p/H=2 B e/H=0.2P/H=2 ©  eH=0.1P/H=2
60 - ©  erH=03p/H=3 B e/H=0.2,P/H=3 &  o/H=0.1,/H=3
[ o
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a0 00 o 0 000
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Re
U 7.4 anuduiusvesshsduivszneudeamuiiuiauissluan nsdifinnsniuuneg

Snwneidee wuvliseiilos (discrete inclined baffles) UuNEsAULAL?
J.“.

7.2.2 5303@Rnd (P/H = 1.5, 2.0 uag 3.0)

nannsMaaasenIvuIIdssuulieidevinuiuiianisnsina 60° 8
SEULRAG 3 WUU P = 45, 60 way 90 mm (P/H = 1.5, 2.0 uay 3.0) Nu flgarnnisnaasy
TugaensTwatudu LLam“LugUﬁ 7.1 Mngunslssiuiwaesszeyiind BafiAntiosan
Nu 9gAnunndetu mnnstﬁmmqm‘%u 9 mm (e/H = 0.3) fiszugfing 45 mm (P/H =
1.5) agilAn Nu mﬂﬁqmﬁmaqmmmsazﬁm%ﬁt,ﬁu%u Tneflszegiind £/H = 1.5, 2.0 uag
3.0 9gdidn Nu unnndusudsulugag 590-508%, 546-470% uag 467-402% MUEAU
lusiaeA Re = 4400-20,400 é’l’aLLam‘Lugﬂﬁ 7.2 \ssnesudiusfivhlivesivaiiluaniiu
Annsinauuuiulu v‘h‘lﬁrﬁumidwmmmi’r’au‘lﬁqaﬁ‘ﬁu dleflssesfindduazlivediva
selvalumansuinnadedu fuilvvesinatiudaunn LLaSﬂ’l‘iﬁ’lﬂLVIﬂQWN%@UQQ%‘LAW\&J

ludhuvasdaussnoudeamudiumesssevinddeliszzdu i £ asiidngaiunuds

o

LLaﬂﬂugUﬁ 7.3 Ima‘ﬁmmqm% 9 mm (e/H = 0.3) iszezfiad 45 mm (P/H = 1.5) 2gi]

1
<

AussneuduamusnniigaiSesasnausserindiianas Mszesiind P/H = 1.5, 2.0 uaw
3.0 9zdiAn FunndnusuSeulutag 47.1-54.7, 43.3-66.8 uay 40.8-47.3 wirmmadu luts

v
¢ e =

A1 Re = 4400-20,400 Aauandluguit 7.4 109915 LU LANTINFUILIIIUIULDIVBIATULYDY

mMdlafsuiussesfingnion lussestrmadauiieniu azvilvvesvaneaaonIuwIens
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TnasnnunaniviinuRuanAseuliAgs deualian £ iugeunu
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JU 7.5 awduiudvesiusznaunnsifivanssouyanufeuiuiavsdluadnsdlfinneniv
veranuuzoes wuuliseilia (discrete inclined baffles) UuNTALAE?

7.2.3 A7UsENauaNTIAULNINANNGDY (TEF)

NngUNTIT 7.2 uay 7.4 Wunsvluansnruduiusvesdadan Nu uay f Fasteaos
Anihuneuadud TEF suaumsi 3.50 luunit 3 Seasdudiuansfieuseansannma
anudeu Tngasfunsfafmdanuililumsturedinariugunsalianiudsuniudeuty
Andanuiildinmsuandsunnuieu mﬂgﬂﬁ 7.5 uansliiftudomn TEF fidiAranany
A1 Re Tiindy ﬂ%‘uﬁﬁmmqq 0.3 mm (e/H = 0.1) sseefa® 45 mm (P/H = 1.5) A1 TEF
ganniignfefirnoglutag 1.73-1.45 Tudied Re = 4400-20,400 Fedn TEF wilrngaiign
lorin Re fiAsinfian

7.3 ASUUNINNANBAETALYN LUUINNATINY (Z- in-phase)
Tuduiiaziunsinunddnsaurreriuundnunsdnuen wuunwmstiu (Z-
In-phase) é’mﬂm’lugﬂﬁ 4.17 Fdlunsveansldvhnisnaasduvanednune Ussnaulde
AEN (e) wavun 3 ANGIAB 3, 6 Waz 9 mm (e/H = 0.1, 0.2 uag 0.3) wayszasing (P)
ﬁgwim 3 s¥8ghD 45, 60 uag 90 mm (P/H = 1.5, 2.0 uag 3.0) TAgLyINNISWINAYDINTS
Wasunugs uazsvesfindroniuludnuuzdingtn dsnsflaztiausnanisaasaitely
WiutangAnssumsanemenuieuasuanadunsimass Nu, f uag TEF
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600
i e/H=0.3 e/H=0.2
500 - ® pH=15 ®  PH-15 X Flat plate
- O P/H=2.0 a P/H=2.0
- o - =
a00 P/H=3.0 B PH=30 .
L ° e
: e/H=0.1 . .8 o 2 2 n
2 300 ®  PH=15 Y a ﬁﬁ
I ® 0O g .a 8 9
3 O PH=20 : ® 5 nanm a &) a8
y ® om @R g% 38°
[ & pH30 o @ 8 @ ®
200 il 8% o &9
: § 8 8fcee
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0 5000 10000 15000 20000 25000
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5U# 7.6 Amuduiiusveaavtia@anduausdluan nsafnsnsuUNINSnuRIETIALTEN WUY
TNATINU (Z- in-phase) VUNTIIULRY?
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§ Al S,
6 [ S
L C.)g O o o o ; ;. ® %00,
| um O 00
(w]g] LB | @]
o f ﬁﬁo "t DDDDDDD;;..
S 8 8 8 Qo
Z b
UL St S0ty
L ® boo
- e/H=0.3 e/H=0.2 e/H=0.1
2 [ P/H=1.5 -] P/H=1.5 & P/H=15
i O  PH=20 O  pH=20 & PH=20
i @  pH=30 H  p/H=30 ©  PH=30
O 1 1 1 1 l 1 1 i 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 5000 10000 15000 20000 25000
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U 7.7 anudiniusvasdnsdnuauiadavinuiaussluad nsdifnniniuuisnnednuasdn
UYN WUUIINSITU (Z- in-phase) UURTNAULAYY

7.3.1 a7ugs (e/H = 0.1, 0.2 uag 0.3)
HANTINARABITBIASUUINENBETNLTN wuuMmsaiuhyuiufanenisiva 60°
fimugeaminate 3 wuu e = 3, 6 uaz 9 mm (e/H = 0.1, 0.2 uay 0.3) Nu Aldannns
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maau’l,umaﬂ'ﬁ‘lwaﬂumu LLaﬂﬂuiﬂm 7.6 ngUNTIWTRIAUTA1 Nu ﬁﬁmﬁuaa‘ﬁumu
/1 Re MLty Tudurasmuganiu 8 Baflmnuganne Nu ﬁ]“iJﬂ’]iﬂﬂﬂ’J']ﬂ’ﬂﬂJa\‘iﬂiUVIU’alEJ
A9 Lmummn‘uanwm"m‘uLaaaLmulmaLuaﬂum*ua 721 9nnsifiszesfing 45 mm
(P/H = 1.5) ‘wmmaaﬂs‘u 9 mm (e/H = 0.3) a¢ilAn Nu mrmqmLsaaaammummqwamaa
Iﬂwmmaq e/H = 0.1, 0.2 uag 0.3 9eiA Nu snnadnuruseuluyle 441-380%, 547-
471% wag 627-540% Aua1su Tutasen Re = 4400-20,400 mumﬂusﬂm 7.7

30 T
C e/H=0.3 e/H=0.2 e/H=0.1
)5 - ® PH=15 B PH=15 & PH=15
I O PH=20 O pH=20 O PH=20
B ®  PH=30 B PH=30 ®  PH=30
20 [ X flatplate
I €0 ® © o 00 000 cer o0
15[ 00 O 0 00000000000
i o0 ® © @ 9@ 990 OGP0
10 | BN 5 g
i ®] S B W gum
a (TR
i zf O DUDDDDDDE}E}E
05__ B & BB OEE BEE §@8@
J & 86 & 8 &0 0886806
L SO & & & @@@@@@@@@gg
0.0 [ XX % % X % XX I XM X S KIN .
0 5000 10000 15000 20000 25000
Re

sUft 7.8 mudiudvesiuszneulduamuiuiavisdluad nsdifinfsrsuunansinyuein
LN WUUMATT (Z- in-phase) UUHTufen

Tuduang f efanamIIMsT UL Re LLav"lumumaammmﬂiummw
ANYEN A f auumawuLsuummﬂumulummaw 721 mumuamﬂusﬂm 7.8 ool
SyuAng 45 mm (P/H = 1.5) wmmaqﬂsu 9 mm (e/H = 0.3) Azl fmn‘mamimaam
mummamamaa Imwmmaq o/H = 0.1, 0.2 uay 0.3 agdlan funnniuiuseulud 9.8
12.2, 29.2-33.9 wag 55.0-63.8 Winmwanu TuraeAl Re = 4400-20,400 mLLam‘LusUw 7.9

7.3.2 szgziind (P/H = 1.5, 2.0 uag 3.0)

HanMAABITBIRTUILIENYEEnLen Wwunwsatuinuiufienianisiva 60°
fszeefngd 3 wuU P = 45, 60 was 90 mm (P/H = 1.5, 2.0 uay 3.0) Nu lFannsvaasy
Tugaennslwatutou LLamﬂusﬂ‘ﬁ 7.6 mniﬂﬂi'}wLiwvt,ﬁu'ﬁawa"uaeivszﬁm? Saflantionen
Nu %ummnawumummnumu‘lummaw 722 mnnﬁwmmmmu 9 mm (e/H 0.3)
fissuzfing 45 mm (P/H = 1.5) qgdiA1 Nu mnwamimaammm:ﬁauwmmwmu Tneii
seashng P/H = 1.5, 2.0 wag 3.0 QedlAn Nu uinnaueutseuludag 627-540%, 581-500%
Loy 497-428% mudnéiu Tutasen Re = 4400-20,600 fauansluguil 7.7
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100
i e/H=0.3 e/H=0.2 e/H=0.1
F ® PH=15 B pH=15 ©  PH=15
80 B O  PH=20 O pPH=20 O PH=20
i ©  pH-30 B AH=30 &  PH=30
L e® °
60 « o ® ...oooooooo
< [ .; o o o 000000°° ®
s 0 6 © oo 000 999 ®9
L Y =)
a0 -
L m mEN NEN
. mpmon s oEzanEESAANS
20—— gm B B8 BE EEEEEE BBH
0_..|.|..,.|,...1....|,J.A
0 5000 10000 15000 20000 25000

Re
5UT 7.9 anuduiusvesdnsidiudlseneuidsamuiuiansdluas nsafnginsuuaa
ANWUETNUAN WUUINATIAU (Z- in-phase) VUi uLRER

R

ludwwes fduvasssesiindbelisvavdu A1 fasfingelumusuandusui 7.8

'
<

Tnenwgensu 9 mm (e/H = 0.3) fiszoedind 45 mm (P/H = 1.5) 9uilen f undigaides
AUNAUTT UL ARG Tianaq HsvasRing P/H = 1.5, 2.0 wagz 3.0 9zUAT fuInnIMHUSEY
Tue39 55.0-63.8, 49.0-56.9, wag 42.8-49.7 whmwansu Tutaeen Re = 4400-20,400 &g
LLaﬂaIugﬂﬁ 7.9 Wudeaiuluited 7.2.2

7.3.3 6i2UT2NaUaNTIauLNI9A1NSaU (TEF)

mngﬂmwﬂﬁ 7.7 uas 7.9 Wunsmuanseuduiusvesdndau Nu uas f Swiiaes
Artiiunduaandum TEF Wudtuluidod 7.2:3 9NFUT 7.10 uandliifiudaan TEF 4
fidnanasmue Re RNty ﬂ%‘uﬁﬁmmqa 0.3 mm (e/H = 0.1) Szegind 45 mm (P/H =
1.5) 4@ TEF qqmnﬁqﬂﬁaﬁmaqﬂuﬁm 1.75-1.56 Tu¥9A" Re = 4400-20,400 F3pn TEF

]
o

ziirgafigaiiionn Re andiign
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i 8o o o 290000 604
15 e e g $C 00000
- e g g ggaittencs
[ %9 o ggggggéﬁgﬁ
L © © og 4
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E 10 _—
- e/H=0.3 e/H=0.2 e/H=0.1
I ®  pH=15 H pp=L5 ©  PH-1S
05 O  PH=20 O  pH=20 & PH=20
L @  PH=30 8  PH=30 &  pH=30
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0 5000 10000 15000 20000 25000
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2/
o

3U#1 7.10 mduuvasiUsEnaunsinanssauzALieutuausluaAns SRnmwnu
VNN NANYULINUYN WUUINATINY (Z- in-phase) VuNtesuLien

7.4 AUUI9NIERUAILANLYN WUUATNE B (Z-out-phase)

Tudnilendunsnuiddnuarvesnsuunanadneusdnuen wubesiy (-
out-phase) Fauanslugudl 4.17 Fdumsmeaeslévhnisnaaeddunarsdnuae Ysvneuly
A ANES (@) FHanun 3 mmgaﬁa 3, 6u4ar 9 mmie/H = 0.1, 0.2 uwag 0.3) uay
Sueng (P) avun 3 Svede 20, 45 uag 60 mm (P/H = 1, 1.5 wag 2.0) Tun1sveasy
dauﬁmvLﬁumiwmaaqﬁisavﬁm% 30 mm (P/H = 1) Fdlunismeasanuuinmsafiuasyitlalle
L‘L!EN‘Q’]ﬂ’J’Ys’l’J‘L!EJ’e]G]“ZJENQJ&Jﬂ’iU‘\JJJ’N‘UUﬂU uilunsnaasainnersuLuuE ssfutudiusen
maﬂuuﬂsummqLEJENﬂuwﬂ,ﬁlmunuaqmmiammimmmmuLwammsvmaaalm Tngazyin
msmmamaamimaaummqa uazsrezindransuludnuuzdingn fsnsfiesduavena
mvnasaiteliifiuiangnssunsasimarnuseussuanadunsvues Nu, £ uag TEF

7.4.1 augs (e/H = 0.1, 0.2 uaeg 0.3)

HANTNARBIVBIATUUNINS NwULTALYN LL‘UU?NL?Taqﬁ'uv‘immﬁ'uﬁmwwﬂ’lﬂwa
60° ﬁmmaaaﬁ%ama 3uUU e =3, 6 4ag 9 mm (e/H = 0.1, 0.2 uaz 0.3) Nu ﬁloﬁ’mnm‘s
wmaau”lumamﬂwaﬁumu uanslugu 7.11 NgUNTIMIIaTIiuEeAn Nu umuwuawu
AU Re MLty ‘Lumwaammaamu aqummaqumm Nu a]vummnmnmmaqmw
98N mummmJaﬂwmvmuuamuwlummuaﬂum*’ua 721 nnfiszezfing 30
mm (P/H = 1) mmmamsu 9 mm (e/H = 0.3) 2gilA1 Nu mﬂwamimmmmummaw
anag IﬂEJVIﬂ’J']ﬁJﬁQ e/H = 0.1, 0.2 uaz 0.3 9ziA1 Nu snnnIuduSauluge 358-308%,
443-382% Way 508-438% mudu "mem Re = 4400-20,400 é’QLLam’Luiﬂﬁ 7.12

Tuduves fasiranawmunsifiuduvesdn Re LLa“‘lumuﬂuaqm'maqmuaqmuu
AINNGANN A f '«au:umawuwummmmu’lumma‘w 7.2.1 mmauam‘luiﬂw 7.13 neil
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a = a o o a
segfind 30 mm (P/H = 1) IMUEATU 9 mm (e/H = 0.3) awdlAn £ U NNgALTEIanIN
ANUganas laefinugs e/H = 0.1, 0.2 waz 0.3 el Funndusussuluig 19.4-

22.5, 52.5-61.0 4@y 98.9-114.9 WimUa9u Tur9A1 Re
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JUT 7.14 pnuduiusvesdasdiudivssneudsaniuiuausdluan nidlinfaniuunni
AnWLTINUEN WUUINIEBIAY (Z- out-phase) UUNTIRULAED

7.4.2 sggzind (P/H = 1, 1.5 uag 2.0)
HANIVARBIYEIAT UL Y RLN wuuwmssiuhguiuiavanisiva 60°

<« a ¢

flszeefing 3 WUU P = 30, 45 way 60 mm (P/H = 1, 1.5 uag 2.0) Nu fildannsvaaey
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T A v

Tuianslvatuton uwandugui 7.11 Mingunnisesiuiavesssezing Balrtiosen

wiadaviasfidunndsdutuiontuaiulumded 7.22 mnnsmiianugeeiu 9 mm
(e/H = 0.3) fiszazfing 30 mm (P/H = 1) 9zdid Nu mmﬁ?jmL'%maqmmmzasﬁm%ﬁﬁwﬁu
Tnefissosfing P/H = 1, 1.5 wag 2.0 9gilen Nu annniuswSeulugae 508-438%, 470-
405% uay 402-346% sy Tugisen Re = 4400-20,400 fauandlugud 7.12

Tuduves fdnvesszesfindiadissovdu M f ﬁ)xﬁf-ﬁﬁqaﬁummﬁ’auamiugﬂﬁ 7.13
Tnefiraugensu 9 mm (e/H = 0.3) fissazfing 30 mm (P/H = 1) 9ildn £ unilgaiSosas
WenuszerRndfianas fiszesiing P/H = 1, 1.5 way 2.0 avdlan funniukudeulutag
98.9-114.9, 66.0-76.6, WAz 58.8-68.3 imuaneu TugieAn Re = 4400-20,400 sauanslu
gﬂﬁ 7.14 wWuderivluided 7.2.2

7.4.3 AUsenavaNssausn1sauiaun (TEF)

mﬂgﬂnﬁWﬁ 7.12 way 7.14 Wunsluansmiuduiusvesdndiu Nu wag £ i
dasiiunmuandue TEF Wudsaiuluddedt 7.2.3 9NgUA 7.15 uandiiifiufiedn
TEF fifAnanawmuen Re 7ufintu ﬂ%ﬂﬁﬁmmqa 0.3 mm (e/H = 0.1) SgegRnd 30 mm
(P/H = 1) fisn TEF gannitgafedidnaglutag 1.19-1.00 Tutaard Re = 4400-20,400 Faen
TEF azilngeiignidler Re Trriniign
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0 5000 10000 15000 20000 25000
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U 7.15 amnuduiusvesiiuseneunisiinanssausaudouiviausdluadnsdlinaniu
VIIWANWUSTOUGN WUUINEDIAY (Z- out-phase) UUNTIANULRED

= = o o - o o ) =
7.5 ﬂ'ﬁL‘UiEJ‘UWIEJ‘Uaﬂ‘Umgﬂ'iUU'NVWI']%!N 60 UUNUINIULAY]
wideiidunluuniissfusiuuehyuiunisivavewedva 60° Aneguuriy
v ¢ = v < A LY ¢ o
TWUUIBITNVAZEU Telin1naassdneneAIuTvia 27 dnume lagasaglaaieves
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nduaviadan (Nu/Nu, ) dadausdadsznaudaaniu ( £/ f, ) uazan TEF wandumsned
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7.1-73  ugnauENwEURdnIy wazuanswanswiuSsuieunanisvinassuesasuluuday
Snuazfitiszosfing 45 mm (P/H=1.5) s‘z'ia%LLamaQiuanmmé’uﬁus‘iwiN Nu, f uag
TEF fiu Re ﬁ'ﬂLLamﬂusUﬁ 7.16 - 7.18 mnmswwvLﬁulﬁ'hﬂ%'uﬁﬁmmmﬂ%'u uazssuTAng
Tnasae Nu, f way TEF Iﬂwm‘umaq uarTEEYRindBaAUAT Nu uas f azmamm”lumu
VY93A1 TEF uumumaawmuummaamLLmiuauwmsuu,ﬂ'u Luaamnwa“uaamf wumaamu
mmawmmum‘lum TEF fAwi urszazRndfiuautiodiud Nu s1nnimsiiuvesdn f
m‘l‘wm TEF umawaﬂwmvmnan TummaanﬁWfﬂumu’mmummuwnLwnmwmaﬂu
wmmmaaﬂsu 9 mm sgegiag 45 mm (Z-in- phase e/H= O 3,P/H=1.5) fiA1 Nu mﬂ‘waﬂ
mﬂiﬁw 7.16 Tudruvesdn f ﬂiwmwwmwnmwLaaaﬂumummmmu 9 mm ‘quJu‘Wﬂ‘ZI
45 mm (Z—out—phase e/H=0.3, P/H=1.5) %ummnmwmu’luanwmuau mniﬂm 7.17 &4
L:JEJJJ’]WiJ’ﬁﬁm‘VIﬂ'SWW TEF Iu‘JUVl 7.18 QifiuIn6avesnn £ dawasionn TEF ﬂaaaummnm
TEF %ummmuaumsw 3.50 wlﬂaﬁmalﬂlummawmum daurn TEF mmmnwaﬂﬂa
ﬂi‘U‘U’NLL‘U‘U"‘UﬂLL‘UﬂVI’JNG]i\‘iﬂuuu“/lﬂ’ﬁilﬁdﬁiu 3 mm 5uyARG 45 mm (Z-in-phase,

e/H=0.1, P/H=1.5) Luaqmmﬂumuﬂwmmimammmsauwluaqmmmmmﬁmaammu
mmrmﬂmmﬂssawﬁmwmqmmsauﬂﬂuma\i

A19N7 7.1 AadeveIsnsdIualad@an snsdusiUsyneudunny wagsausenaunis
NNANTIOULANNSBY  NSHIRANIASUUIINEnEuzd g9 wuuldneias (discrete  inclined
baffles) wmuuﬂuwmwmﬂﬁa ) 60°

nsaif e/H P/H Nu/Nu0 ;‘—/_f; %

1 0.1 1.5 3.90277 9.955222 1.589286
2 0.1 2.0 3.047081 9.553222 1.258009
3 0.1 3.0 2.549195 6.928016 1.171431
4 0.2 1.5 4.836745 22.1528 1.508667
5 0.2 2.0 4.375185 19.03889 1.435376
6 0.2 3.0 3.554602 16.12856 1.232468
7 0.3 1.5 5.489122 50.92351 1.297318
8 0.3 2.0 5.079918 46.84844 | 1.234454
9 0.3 3.0 4.344189 44.03703 1.07767
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ﬂ']i"l\Wl 1.2 mLaaamaqamwaaummuamaw amwmumﬂs“ﬂaumaﬂmu LLa“Gl’JUi‘“ﬂE]‘Uﬂ'ﬁ
memiauvmwmau ﬂimﬂﬂ(ﬂ\‘iﬂi‘U‘UWQ’Jﬂx‘iﬁﬂ‘i‘.’:‘mu‘dﬂu‘ﬁﬂ BUUINATINY (Z-in- phase) ‘VI‘VI']

ﬁJﬁJﬂUVIﬂV]NmﬂMa 60
NSl e/H P/H Nu/Nu, 5 TEF
1 0.1 1.5 4.108144 | 11.55403 1.64375
2 0.1 2.0 3.715952 10.40569 1.5025
3 0.1 3.0 3.186494 8.4793 1.34375
4 0.2 1.5 5.09133 31.54305 1.411605
5 0.2 2.0 4.6029 28.06452 1.326871
6 0.2 3.0 3.949557 | 20.60648 1.262012
7 0.3 1.5 5.83905 | 59.39922 1.310987
8 03 2.0 5.4069 52.98762 1.261072
9 0.3 3.0 4.623 46.29303 1.127895

G]']i']x‘iﬁ 7.3 r’hLaﬁammﬁmﬂdamawﬁa@aﬁ 1Ry ﬂaULaaﬂmu Lazsausynauns

quammuummsau ﬂmmmmmummwaﬂwmu%mwm LL‘U‘U'N\‘iLEJ’EJ\‘iﬂU (Z-out- phase)

VlVl']iJﬂJﬂUV]ﬂVI']\iﬂ'ﬁlWﬂ 60
A e/H P/H | Nu/Ny, 5 TEF
1 0.1 L0 | 3327597 | 2091406 | 1.058037
2 0.1 15 | 3009921 | 13.94271 | 1.095526
3 0.1 20 | 258106 | 12.31143 | 0979216
4 02 1O | 4123962 | 5677749 | 0.939952
5 02 15 | 3730421 | 37.85166 | 0.973298
6 0.2 20 | 3199142 | 3367743 | 0.867835
7 03 1.0 | 4729988 | 106.9186 | 0.873023
8 03 L5 | 4377377 | 7127906 | 0.924861
9 0.3 20 | 3.743397 | 63.58514 | 0.821606




98

500
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Tudaudardunistierdildrnmavaasavhmsmaumsnsduiusssning
Nu Wz £ U Re voansuunaiiviug 45° yusdiasuifies uuunamsaiiy (Z-in-phase) 7
Fenuuuildesnduuuuiiiien TEF geflan FBnsviaunisesuglilihded 3.4 luundl 3
AunTanENRUSIAvTATa (Nu)
Auduiusvenavtadan (Nu) dulausdluan (Re) dnandiussesiindniude

o

ATNENYID (P/H) A1NGBIRSU (e/H) Manuaunsandusiusiasall
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e
Nu = 0.27860Re” 7182 p, 0 (— e 1) (— + 1) (7.1)
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NMSMAAed NadiRnksaT Uy 45° vuildnuies wuuanensaiy (Z-n-phase)
8nTEUAINGIRTURBAMNE YD (e/H) 0.1, 0.2 Uay 0.3 8nTNdIUTsEERndaASURDAIINEY
9 (P/H) 1, 2 uaz 3 lneduauivaluyas Re = 4400-20,400 91NASNABDINUINAUNT
fsnanfianueanairdeuaglutie + 5 % fuandlugud 7.22

aun1sandunusAaUsznaudeaniu (H

AnuduiusvesiUszneuldeaniu () dutauisdluad (Re) shsdiunugensu
AaAgwie (e/H) wagdnindiuszasindasunon1Iuaavie (P/H) ANugeUeen3y (e/H) m
AL savduiuslaned

10.102637 p —0.8488399
- e
f =0.349744Re >0’ (— + 1) (— + 1] (7.2)

H H



103

600 i
I //
i +10% s
500 - /
I ./o"/
: X 2
400 /'/
I '.¢ -10%
=t p
48 [ 30./ .'
_‘é 300 i o/
5 | A
L e/
- 9
200
- i/
: ()
100 —_
W4
01111[11111|1|111|||||||[I||||
0 100 200 300 400 500 600

experimental f
Ul 7.23 e uduiusuesaunisanduiusiiuszneudsaniu fulavdadariaannig
VAa8e NIEIRARIASU Z-in-phase s 45° vunasfier e/H = 0.1, 0.2 uas
03, P/IH=1,2uag 3

naunsavduRusyewUsTNa U dsAMUT YN IRl AR ARG BY
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7.8 dgU

wanisvaaadlugind 3 nsiiunmsiemaruieulagliaiuuinuidestuia
mensiva 60° TasaSuilegieiu 3 dnwsie wuuaunadenslidelies (discrete
inclined baffle), ATUINTARINUULASITU (Zin-phase) wazuUUINGEDITU (Zout-
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LLUUﬁuﬁmmqm%’U LLazssazﬁm%MnﬁuﬁqLLamﬂugUﬁ 7.16 wfA" f ASULUY Z-out-phase
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wnfigaideifiouiiniugeniu uasszesindiieniu
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ATUUNN WUUUNLYN (zigzag, Z) yu 45 UUNUIUU-819

8.1 uni

Tuunil ndmdwanisveassdud 4 annsnaaesiruluund 5, 6 Wag 7 e
nsuheuusuuudnuenyy 45° fid TEF snnadieSuunswuudnuens 30° wag 60° ddlu
unilazshnsmeasslaetiudsludiuresniugm 45° iunmesedlnensindeduid
ntiaruansionidnuasmsdiemanuieuinesinasgilstne lngasdnudniwavea
AN, Szeziing LaZNIFIAIVBIAS U ULREDTUUNTIRuLn Tasulanisanwiludud
samlu

(1.1) aFuu1esaneuzdnuen AnAsSUUL-a1931enauny (X) ﬁﬁwquﬁ’uﬁﬂ
mensiva (@) 45° Snwaizauguil 4.20 n) eRnwiBvinavesdnuuses
ASUlugULUUAINE Y WagrarBIAINEInSY 3, 6 Was 9 mm (e/H = 0.1, 0.2
uay 0.3) sresfng 45, 60 wag 90 mm (P/H = 1.5, 2.0 was 3.0)

(1.2) aSuuneIednvasdnuen AnaSuuy-a1snensaty (2)  iviyuiuia
nansiva (@) 45° Snwazauguil 4.20 9) efnwandwavesdnuses
ATULUFULUUAINGTY UAENAYBIAINEIATY 3, 6 Uaz 9 mm (e/H = 0.1, 0.2
uay 0.3) seBefing 45, 60 uay 90 mm (P/H = 1.5, 2.0 uaw 3.0)

(1.3) ATUUI9INENEMEBnuYN ARATULL-d19enduiuLiLnEasiY (XS) 7
vhuufufianinisiva () 45° dnwaeniugud .20 @) efnwdvswa
Y090NYUEaIRTUIUFULUUAINGTT UATHAYRIAITUZIATU 3, 6 WAz 9 mm
(e/H = 0.1, 0.2 wag 0.3) syusRag 45, 60 waz 90 mm (P/H = 1.5, 2.0 way
3.0)

(1.4) A3uv19ednensdnuen Rnasuui-draniiaufunduaaiBesiu (25) #
vhauuienienisiva () 45° Snwazaugudl 4.20 1) tiefnwdvinaves
anwazvaerTulugULUUAING 1Y UALHAYBIANEIATY 3, 6 Wag 9 mm
(e/H = 0.1, 0.2 uag 0.3) Sz8zRng 45, 60 wag 90 mm (P/H = 1.5, 2.0 uay
3.0)

(1.5) As3suiisudnuuzaiuuisiiviagy 45° vurisuy-ane ann1sunaes
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(1.6) mswisuiiisudnunzaiuuieiiviaygue 45° fawuuadaduvy wagaiauy
LAZEq Tuﬁ’ﬁaﬁ%Li’]umuﬂ‘%amﬁwﬂ%wu a5° ufadnuieranluided
6 fupSuyy 45° mifsaesinuluhded wedumaiivum TEF fiilengetign

msilensinstemauioulunataes Nu uagnsgaydornudulunadues f

mnﬁ?uﬁw%'auLﬁa‘umin’wmﬂfam%'auuazn'ﬁqnyﬁammé’uﬁ’wiawﬁfaﬁau way TEF Fadu
Joyafidnnaiihdduieaiy Tasfmuasind Re vasnismaaes Suasareluil



106

8.2 ASUUNNINANBUETNUYN AAATULU-8197919n8URY (X)

1udau§amﬂun'1sﬁnwﬂﬁqé’nwmumaaﬂ%'umwmé’ﬂwmu%ﬂu,szm fauuu X sauanaly
iﬂ‘ﬁ 4.20 m‘lumswmaaqlmmmwﬂaaﬂwmaaﬂwmu Usznauluaig AN (e)
Waun 3 mmmﬂa 3, 6 uay 9 mm (e/H = 0.1, 0.2 uaz 0.3) uagssusing (P) Ve 3
JLULAD 45, 60 uag 90 mm (P/H = 1.5, 2.0 waz 3.0) Ima%mmsmmammmnﬂaEjumm
g9 wazszezAindroniuludnensdeng1n Jenrsiezstiauenanisnaasaieliifiude
ngRnTTUMIAEmANuSeusuanadunsvives Nu, £ uay TEF

8.2.1 Augd (e/H = 0.1, 0.2 uag 0.3)

wamswﬂaawaaﬂsuwmaanwmvﬁnufzm fiauuy X viuiuiiensnisiva 45° 4
mmaqamaua 3UUve =3 6 Uag 9 mmle/H = 0.1, 0.2 wag 0.3) Nu M”menms
wmaaulmmm'ﬂua{]uﬂw LLﬁﬂﬂui‘U‘VI 8.1 mnaﬂnswﬂm%mumm Nu ummuawumu
A Re AfisTy nmsfien Re mmmmﬂwaaaﬂuﬂwmn uwam‘lwﬂ'ﬁnwl,wﬂmmaum
awu Ima’[,umu"uadﬂfnumﬂsu mummaamﬂm Nu 9% ummﬂnmmmmmuwuaamﬁ
ﬁ]'mﬂﬂWVIia‘ﬁfJuWGl?j 45 mm (P/H = 1.5) wmmaqmu 9 mm (e/H = 0.3) 2gHA1 Nu 11N
wamiaqaammummmwaﬂaq Iﬂwmmaq e/H = 0.1, 0.2 uaz 0.3 9iA1 Nu 11nnIn
wsluiseuluee 716-617%, 888-764% uaz 1033-889% mudadiu lutneen Re = 4400-
20,400 muam’tusﬂ‘m 8.2 LuaqmnﬂsuwawvLﬂumwmﬂmmlwawlwamummmﬂwauw
Huthwnnddu %m‘lmmsmammmsaumawumu

Tudruves f'«Juumamaamuﬂmwwﬂuma«m Re LLaJLumumaammamiUEmﬂs*uﬁ
ADNLEALN A fmumawummmuamﬂuiﬂm 8.3 lnafisvegiing 45 mm (P/H = 1.5) @
AINGRATU 9 mm (e/H = 0.3) 9zilAn fmanmLsaaaqmmummgwamm Imawmmqa
e/H = 0.1, 0.2 uaz 0.3 9zdan £ uannaueuSeuluie 11.4- 13.2,309-35.9 uay 58.2-67.6
Wirmuanu Tuaiedn Re = 4400-20,400 mmm‘lusﬂw 8.4 Luaqmnﬂswamvmmwmi
maauw‘uaq‘uaﬂwam’Lmnmwamqmmmusuawaalwammvmwmawn NUNNBANINUHU
naaauTvilyien f umgqmmumiw 3.2 uansluund 3
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8.2.2 euenind (P/H = 1.5, 2.0 uag 3.0)
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Yoer Nu agfidnanndedy mnnawlﬁm'mqaﬂ%'u 9 mm (e/H = 0.3) fiszaziind 45 mm
(P/H = 1.5) asdin Nu wnflgniBesaunauszeyindfiiui lnefiszoviind P/H = 15,
2.0 uag 3.0 A1 Nu wnniunuiSeulutie 1033-889%, 953-821% uaz 814-701%
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villimudunnaseudiFige dewalien £ Uisnamﬁuqaﬂﬁumu
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8.3 ASUUNNIWNANBALINUIN AAATUUL-E19919n59RY (2)

1ua'mua1u|,ﬂum'sﬂnmmanwmmamsvma'manwmwzmmm AALUY Z Aallandly
sUw 4.20 ) Guﬂumsvmaa\ﬂmmmswmaaﬂwmaanwmv Usznaulunag AIE (e)
anun 3 AINEIRE 3, 6 waz 9 mm (e/H = 0.1, 0.2 uay 0.3) uasseeziing (P) vavin 3
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8.4.1 Augs (e/H = 0.1, 0.2 1A 0.3)

1000
e/H=0.3 e/H=0.2
I ® =15 W Pl X Flat plate
800 B O  PH=20 O pH=20
i @  PH=30 B PH=30 oo 8
- o)
600 - e/M=0.1 ° 0; o 2. "
L o
5 i ©  PHe15 °® ;o g% aﬁlﬁ
z 1 o 2 0O | B §
L O PH=20 e o ‘.3 5aﬁ g@%
- "
400 T & eH30 e § p 8 @@g g P
i 8 g @ ° ©®
r $ @@
L &
2
200 - 5 &
0 : 1 1 1 lx¥ Ix 1 xl 1 x lex‘xlx lx lxxl xI xlxIXI 1 1 1
0 5000 10000 15000 20000 25000

Re

27
s

Ui 8.11 Awdiusvenaviadarifuiauisdluad nsdlfindanIuunanadnwmsdnuen
ASUUU-aaenduiutsuaadostu (XS)

14
12 F 3K
B ® o Y ®
L ® o
L 00 o ® e o
10 |- " g 2 O OoOooo..'°0
’ Gl S MEommgga0000
L ]
- 9 0 B8 Bagany -t
- 8 N %@ e @ & & (] f (]
SN AR E T
6 ® & o
i ° 0 90000004,
. _ e/H=0.3 e/H=0.2 e/H=0.1
L ® pH=15 B P15 ©  pH=15
P O  pmH=20 O Am=20 O PH=20
®  pH=30 B pH=30 @  PH=30
O-"'""“"“"""""‘
0 5000 10000 15000 20000 25000
Re

3l 8.12 Amvwidiusresdnsduavimdavifuiansdliuad nsdfndiniuunmdnuas
Fnuan ASuut-aranduiuuaunBesiy (xS)



115

2.5
e/H=0.3 e/H=0.2 e/H=0.1
- X Flat plate ®  PH-15 B =15 ©  PH=15
20 - P/H=2.0 O  pH=20 & PH=20
P/H=3.0 B =30 & pme3p
I ¢ e o , ©0 e0ccecoe,
1.5 | 00 o .
[ © 00 000 0o 0000
“ - be @ ® 99 P00 %09 9o
10 [ 1]
L L
Oo g N mmogy
L ] L
g o 0O opo g 55
By g g 5 B @m
05 P08 BEE
i 8 8 § B 8 888 8
L §€>® & §® @@$$ggggg
0.0 i L XX X X% S T8 5 &) & 3 '8 B R S
0 5000 10000 15000 20000 25000

Re
i 74
L7

JUT 8.13 mmé’i’uﬂ’uﬁ‘%qﬁ’wizﬂauL?mﬂmuﬁ'mamséiuaé NSAAARIATULIII9S NEL
Fuan ASUVU-ENNSUNILSLOLE Dy (XS)

100
5 /=03 e/H=0.2 e/H=0.1
- ®  pH-15 B pp-15 & PH-15
80 2 O pH=20 O  PH=20 O pm=20
70 F ®  pH=30 B AH30 % ppeso
60 |F e eo0 00f®
- eeo o o 00 000
£ 50 F b 0 000 000
AN o 00 O O O O ‘ c 000
- ® & © o0 0006 09
a0 [ o9
:_ E aEE mEnR
: ez omom mEEEEEEEBAC
20 mE B B § O @D BE S EE D0 §88
a3 888 8 8 228283882838
0 L1 Il L 1 | 1 1 ' 1 | s 1 ! 1 { ! I 1 L | : T 1
0 5000 10000 15000 20000 25000

Re
3Ui 8.14 mwdifusvesdnsndiuiussnoudeamuiumaseTuad NSAUARFIAS UL
dnwausdnuon Afuuw-ananduiuusuandety (xs)

KANTINAABIUBIATUUININE N YINUTN AAASULUY XS 45° mmmammmua 3
WUUe = 3, 6 uaz 9 mm(e/H = 0.1, 0.2 war 0.3) Nu mlﬂmﬂmswmaau‘lumamﬂwa
Hutau LLﬂﬂﬂUSU‘VI 8.11 9ngunsliaziiuiion Nu umeuawumum Re fifindu Tu
duresnugnu & aﬁummmmnm Nu Q¥ ummﬂmwmmqqmwuaam'} ety



116
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ALEN AT f mmmawuwummnumu‘lum‘uaw 8.2.1 mmmuamiuiﬂm 8.18 lawil
seygfind 45 mm (P/H = 1.5) ‘Vlﬂ’ﬂilﬁ\‘iﬂi‘u 9 mm (e/H = 0.3) uumfmﬂmgm'saqaam
mmmmaawamad Imawmmm e/H = 0.1, 0.2 uav 0.3 A1 fannndwkuseulugie
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10.8-12.5, 29.2-33.9 uaz 55.0-63.8 wimud1iy TudednRe = 4400-20,400 Hauanaluguil
8.19

8.5.2 seuziiad (P/H = 1.5, 2.0 uae 3.0)

NANTINARABIVRIATUUININANBUETNLYN RRATULUY ZS 45° fissesfing 3 wuu
45,60 waz 90 mm (P/H = 1.5, 2.0 wag 3.0) Nu fildannsvaaeulutienisivadutay
LLamiug‘tJﬁ 8.16 angunTwiisasifufenavesssesiing Seietosan Nu ssildunndadu
wuRefuaTuludedl 8.2.2 ’«J’\ﬂﬂ’iﬂWﬁﬁﬁNQx‘lﬂ%U 9 mm(e/H = 0.3) fissozfing 45
mm (P/H = 1.5) 2gfif1 Nu snnfigaiSesasnmussssfingiiui lneflsvasfing p/H =
1.5, 2.0 uag 3.0 9zdA1 Nu annndueueulugie 1094-942%, 1009-869% uaz 862-
7429% sy lutaeen Re = 4400-20,400 fauansluzud 8.17

Tudwwes faruvesssesindtdissosdu i f%ﬁmqﬁumué)’mamlugﬂﬁ 8.18
Tnefinnugerdu 9 mm (e/H = 0.3) fiszaziing 45 mm (P/H = 1.5) 9gilen £ mnflaniFes
auNAUsEIEARdTianas fissesiing P/H = 1.5, 2.0 uag 3.0 9giien Funniuiusey
Tut4 55.0-63.8, 49.0-56.9, uay 42.8-49.7 wimudeiu Tugaadn Re = 4400-20,400
LLam‘Lugﬂﬁl 8.19 wuiefuluded 8.2.2

4.0 [
35 F
N ’Q 'S
r * o o
L <. L 'S
3.0 | 2 PRVt e aNg (g X
B BBep §oaaiissessad
- 0 | XIS 4
F ®
25 | A 2 éééééégég
- [52] D :7] [T} 20 o gg
i C %0 090
20
A F o ® eH01pmel B o/H=02,//H-1 O eM=03pPH=15
0 F O em=01pm=15 ®  o/H=03P/H=1 B o/H=02p/H=2
05 F om0 pm=2 O e/H=02pH=L5 ®  e/H=03p/H=2
OO . 1 TR W S T U S SR T N SN AN WA S N S T S NN N S S S
0 5000 10000 15000 20000 25000
Re

‘Uﬁ 8.20 ﬂ')"liJﬁiJW‘lJﬁ“UENWJUi”ﬂE]Uﬂ'ﬁLWN&@J’S?QU”ﬂ’J’]&!‘SﬂUﬂULa‘ULSEquaﬂﬂ‘ifLmﬂﬁl\‘lﬂi‘U
UNINANULTALYN ﬂiUUu—ﬁ’NLWﬁJBUﬂULLWLLﬂ?LE!ENﬂ'U (ZS)

8.5.3 fdUsznauaussauznIenIudou (TEF)

’i]']ﬂil]ﬂ'i’]W‘VI 8.17 uaz 8.19 Wunsuansmnuduiusvesdndiu Nu way f Fatra
aaqmummmmmwm TEF L‘uummﬂulummaw 8.23 mnsﬂm 8.20 uandlvliiudieA
TEF meama\immm Re mwmu mummmm 0.3 mm (e/H = 0.1) svashngd 45 mm
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(P/H = 1.5) fieh TEF gaunniigariedimnegluzag 3.37-2.90 Tugaeen Re = 4400-20,400 Farin

TEF qedlingsiigauilonn Re fasifian
= 1 Y ) o o @ 1
8.6 ﬂ']'iL'UﬁEJ‘UL‘VIEJ‘Uaﬂ‘lﬁﬁu&‘ﬂiUU'N‘VWl"lﬂgﬁJ 45 UUNUIUU-819
wideiiuuluuniasiuaivuigaiumslvavesvesiva 45° fneguunis

MuvurestImagey Jalinsnanesdnvazaiuionun 27 dnuay Tngavasurindnyes

dneuaviiaidast (Nu/Nu, ) dndausiuszneuideaniu ( £/1,) uagen TEF wandlunisedi
8.1-8.4 WYNANANWAULIBIATY UasuanwansilSsuiisuranisnnassasnsulunsay
Snuusiitszesing 45 mm (P/H=1.5) 6?5@%LLamaQ"’Lunmﬂmmé’uﬁuéswiw Nu, f uay
TEF fiu Re é’auaaﬂugﬂﬁ 8.21 - 8.23 mnmﬁwmﬁﬂé”hﬂ%ﬁﬁmmqafﬁ‘u uazsTs NG
AnareA Nu, f uag TEF Iﬂﬂﬁﬂ%uéaqq wagsvaYRnTBAUAT NU uaz f %?jaqmm”ludau
Ya4A TEF ﬁuwﬁﬁwgqﬁﬁ%vﬁmmqwﬁLwiszazﬁwﬁmu \flosanuares f AflFngamy
AugawesrsUvliAY TEF fiddn udsvesfindfiuaudiodiud Nu annndinisiiinvesdn f
vinlan TEF ﬁmgqﬁﬁnwmzﬁmﬁn TuduveInsTMesNIIAS UL NAN ¥ Tnwen An
ASULUU XS TifiAnnngeniu 9 mm seegfind 45 mm (XS, e/H=0.3, P/H=1.5) ff1 Nu 1n
Tignenguil 8.21 Tuduwesen £ Afuniensdnunsdnuen Aarduuuy 7 Aifinaugensy 9
mm S2evRed 45 mm (Z, e/H=0.3, P/H=1.5) agiiaunnnitasuludnumyey mngﬂﬁ' 8.22
Fadlownfinrsaniins TeF Tugu 8.23 aziiiudinaveden f dawasies TEF Aodefianunnan
TEF aedlindnpuaunsit 3.50 fildesunelulusadafinmn dauen TEF fflewniiande
ASUUIINENESEALYN AAATULLY X5 Vimmgm?u 3 mm S2EgAng 45 mm (XS,
e/H=0.1, P/H=1.5) L‘f‘immﬂLﬂuﬂ‘%UﬁWﬁwmsdwmmm%auﬁhjqammwimm’lmﬁammu
AunviliAUsyanE awnamnuSoudtiatinngs

A1979% 8.1 ARAgveERTENEUTARaY sasdluiIUsEnaUENAVNY uazsUIENaUNS
WaanIsnuyALTEU NIRRT ATUUINNANYLEBNLEN ASUUL-A1endURY (X) Tivihyu
fufirmnanislva (o) 45°

nsdldl | e/H P/H | Nuy/Ny, /1, TEF
1 0.1 15 | 6667258 | 1230239 | 2.905975
2 0.1 20 | 6000532 | 10.86303 | 2726134
3 0.1 30 | 5100453 | 7.721275 | 2.596491
a 0.2 15 | 8259496 | 3339852 | 2.580589
5 0.2 20 | 7433506 | 29.71538 | 2414775
6 02 3.0 | 6318515 | 21.81863 | 2275169
7 03 15 | 9.610549 | 62.89329 | 2431576
8 03 2.0 8.8705 | 56.10454 | 2.331435
9 0.3 30 | 7574994 | 49.01615 | 2.082622
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A5 8.2 AdLvRBRTIdwANTATaY faTdIusUsEneudenvny wagiiusenauns
Wianssauzawiey nsdifindiriuuinednuasdnuen ASuuu-arenmsaiu (2) gy
Auianianisina (a) a5°

N3¢l e/H P/H Nu/Noy | /S, TEF
1 0.1 15 6.275066 | 1298586 | 2.886647
2 0.1 2.0 564756 | 1146653 | 2519946
3 0.1 3.0 | 4.800426 | 8150235 | 2.400109
i 02 15 7.773643 35254 | 2.38541 -
5 02 2.0 6.996279 | 3136623 | 2232137
6 02 30 | 5946837 | 2303077 | 2.103089
7 03 15 | 9.045223 | 66.38736 | 2247667
8 03 20 | 8348706 | 59.22146 | 2.155099
9 03 30 | 7129406 | 5173927 | 1.925105

A15°9% 8.3 AnRdpvedREaYTaRaY dasidiusUsEnaudunvny wassUsenaunis
WNANTTOUZANTOU NSMAMAIATUUININENHULTNUTN ASUUL-819279NSURLLALAT
Waarty (XS) Mvhauiufienenisiva (a) 45°

nydii e/H P/H | Nu/Nu, £l TEF
1 0.1 10 | 7.451641 | 10.93546 | 3.377905
2 01 15 | 6706477 | 9.656026 | 3.168858
3 0.1 20 | 5700506 | 6863356 | 3.018161
4 02 10 | 9.231201 | 29.68758 | 2.999677
5 02 15 | 8308081 | 2641367 | 2.806935
6 0.2 20 | 7061869 | 19.39430 | 2.644656
7 03 10 | 10.7412 | 5590514 | 2.826464
8 03 15 | 9914088 | 49.8707 | 2.710059
9 03 20 | 846617 | 4356991 | 2.420839
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A1919% 8.4 AadevRwRTIEILaUTAWAY das1dufIUTEne YA wagsiUsenaunns
WHANTIOULAMUSOU  NTARARIASUUNIMINSNBUSTNUTN ASUVL-81TauuLALa?
\aariy (ZS) Mhyuiuiienienisiva (a) 45°

sl e/H P/H Nu/Nu0 f/fo T—EF
1 0.1 1.0 | 7.05945 11.61892 3.136101
2 0.1 1.5 6.353505 10.25953 2.942018
3 0.1 2.0 5.400479 7.292315 2.802109-
4 0.2 1.0 8.745348 31.54305 2.784948
5 0.2 1.5 7.870813 28.06452 2.606003
6 0.2 2.0 6.690192 20.60648 2.455347
7 0.3 1.0 10.17588 59.39922 2.624134
8 0.3 1.5 9.392294 52.98762 2.516062
9 0.3 2.0 8.020582 | 46.29303 2.247546
1000
i X XS Z5
®  o/H=03 ®  e/H=03 A o/H=03
i O  e/H=02 O e/H=0.2 & o/H=02
800 @ e/H=0.1 ®  o/H=01 &  o/H=0.1
i .
I . OO
600 z s 22 ﬁﬁg
3 " =03 12 §§§ 508
= O eH=02 xX '§§ OO§§§
B o/H=0.1 18 oWoony ]
400 |- é égggégémg
wob B ;
0 I T S I R
0 5000 10000 15000 20000 25000

Re
v
L2

= @ v a cw o ¢ oo P a o 0 a
JU 8.21 mnuduiusvevavdadaiiuiavisdluad nsdlfndensuuneiivigu 45° §
SYLAAD 45 mm (P/H=1.5) UURLIUL-a19
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[ @  eMH=01 B eH=01 & eH=01 &  e/H=01
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Re

U7 8.23 avwiduiusvesiiuszneunsituaussausaufoutuansdluadnsdifnaniu
o o (o] a Qs 1
univiag 45° fisvegfind 45 mm (P/H=1.5) vuniisuu-a1a
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8.7 nsilsutiisudnuazaTuuIiygy 45° vunleduiie uasuunis
UU-819

600 [
i ASUUUEN ATULY

500 1 ® XS ©  Zin-phase o2
L &
i & 75 ®  Z-out-phase ° ¢ 4 g g
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U 8.24 mnudiniusvesauimdaviiuiauisdluad nsdifnsniuunadivigm 45° fnwgs
ASU 3 mm (e/H=0.1) UagszazAng 45 mm (P/H=1.5)
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a4
i L4 4 & A4 QQQ rS
I % ¢ o " AAAAAA:$®®®
3 BE g ® o g o0 ¢ o & LYY
L B @8 @gg B g m:z Dgg
00 ¢ ¢
éz— ggo s 3 83383000000
° © ° ee 622222 229
i . &
i ATUVUAN
| rS XS AIUUU
1 R & 75 ©  Zin-phase
- & X © Z-out-phase
i B Z @ dis
o b e e e e
0 5000 10000 15000 20000 25000
Re

JU¥ 8.26 mmauwuﬁ‘uaamﬂivnaumsquamsauvmmsaunmamLiﬁuaﬂﬂimmmmu
UNAvIYY 45° firgenTu 3 mm (e/H=0.1) Wagszeiing 45 mm (P/H=1.5)

Iuaauua.,LﬂumiLﬁiaumauwawlﬂmnmimaaﬂ,uww 5,6, 7 uay 8 uanslugy
71 8.24 - 8.26 LLamaa‘LumemmamwuﬁiumN Nu S uag TEF ffu Re mnaﬂ%mu‘lmm
ANNENATY LazszusRindinedniu ﬂsuwuuu 45° ARAATULL-ANS (X, Z, XS wae ZS) awile
Nu, f wag TEF snnninaSuyy 45° wmmmumumm (DB, Z-in-phase, Z-out-phase) T.ﬂtflu
mum Nu AuLuU XS aeidunnitgn AWFUT 8. 24 wsi1 f ASuuuL Z xdieanniian
Sadurduiiiien TEF mﬂwamﬂaﬂsuuw XS 9INA1STA Nu umaqwammmfummwaﬂiu
nauvBInTUTIRRVLLAYE

8. 8 ﬂ']iﬁ'i'l\'iﬁﬁJﬂ']'iﬁﬁﬁSJWUﬁﬂ'i‘U‘U'lx‘WI‘VI’lﬁJSJ 45 ﬂ'i'U‘U'L! ﬁ'l\i’)']\‘iﬂa‘Uﬂ‘L!LLﬂLLﬂ'J
WBasiu (XS)

Iumm:ﬁ)%‘flumiﬁﬂLmﬁhﬁlﬁmﬂmsmaaqmﬁﬂmsmaunﬁmmﬁuﬁ’uﬁ‘imdw
Nu wag f fAuml Re maamumwmm 45° HRATUUL-A199°9ATULUY XS TLEenuuut
Luaqmmﬂuuwwum TEF awam’tuﬂamsumwmmwu an Wnsviaumsesuelily
vded 3.4 luundi 3 _

dunsandunusSavadar (Nu)

ANNFURUSTRaUTALTaY (NU) Autausgluan (Re) amsﬂa'summaqmumamm
gevie (e/H) amiﬁmusuaz‘wm‘aﬂiumammama (P/H) 3uUenEv89ATU () MANANNTT
avduwudlasd

0.658325

NU=1.114888Re "= Pr®® (e/H+-1)% 80012

0.557402

(P/H+1) (8.1)
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PnaunsEnduiusvesavladanisnunriinismaauAa AL AS Ui Uy
iavdadaviainnisvnass nsdaiuuneiivium 45° aasuluu XS oNIIEIUANUFIATUSD
AIIEYID (e/H) 0.1, 0.2 uag 0.3 omsEusEEEindasuRRNgwie (P/H) 1, 2 uag 3 Tag
fouiraludanansdluad Re = 4400-20,400 9INANSNARDINUINANAITRINE2EIAL1]
AaRLRouDEluT = 5 % fauanslugudl 8.27
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experimental Nu

5U#1 8.27 mmauwuﬁwmammsawamwuﬁLamuawaw AutardaldiaiannA1segaes NSl
RAmsAsy XS 3 45° RARSULNEN e/H = 0.1, 0.2 uae 0.3,P/H=1,2uaz 3

dunsandunusaaUsznsudeanu ()

ANUENRUSUDIRIUTENOULAEAYIY (N fuavLsdluan (Re) 9RT1EIUANGIATY
mammawa (e/H) u,azamwmuiuauwmmumam’ma\ma (P/H) A uannsandunus
Igiorat]

0.098624

10.2299 0.8178

f =0.6446Re (e/H+1) (P/H+1) (8.2)
NAUNTANFUNUSVIFIUSENBULHEANIULIINYINSMAALAB ALAS D 1
Wisuiuaiadaviainnismeass nsdeduuieiivige 45° faeduuusinneiusteiamedtu

HaENUMIETUNIINY (XS) ShdiunugeniusienInugevie (e/H) 0.1, 0.2 waz 0.3
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onduszeiindaiudenugwie (P/H) 1, 2 uae 3 Tneflveuwaludiuausdluad Re =
4400-20,400 mﬂmwmaaqwudwaumsé’qna’nﬁmmﬂmmﬂé‘auagﬂuﬁw +15 9% A9
wanslugui 8.28
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experimental f
5U# 8.28 auduniudvesaunisanduiusmuszneudeaniu dutaviadaniainns
AR NSdfnAATY XS yu 45° faASuUuN-a1d e/H = 0.1, 0.2 uas 0.3, P/H = 1, 2 uas 3

8.9 &3

wansnaaedtudiud 4 Wunsiiumsmemadeulagliaiunmsdnuenily
Weafiufirmianisiva 457 Anasuuu-anlaeaduliegieiu 4 dnvusie ATUUL-E1917
nauY (X), ATUU- a"mfmmqrﬁ'u (2), AUUL-arenduiuuALa oy (XS) LLavﬂ%'wu—
awmuauﬂuummfawaanu (zS) anuadildasuluuuu XS alar Nu uas TEF awamua
Wieufiszosfing AIWIENATU A1 Re LRgniu TasASuuu-a1auuy Z avdien f mﬂwaﬂ e
Lﬂsa‘umauwaﬂwmvmmﬂsumqmwmwnmmLaaanwﬂmamﬂwa 45° RAASUAUU WUU
finAsuncuuLazasaglvie Ny, f uaz TEF mnn’mmuaﬂﬂuiﬂw 8.24 - 8.26
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9.1 unin

Tunuideil JunmsnviBmeasaiieniinmsivaussouzanudouluviadndey
IuureAIaNanUEBuAILS U SRRt UL ISR suive waslaliARnns
waludnwasutay LLazmu'qu%nmﬁuﬁqﬁmsLLaﬂLu?{aumm%au \ieifiuA1eenis
LLaﬂLﬂ?{aumm%au‘ﬁ'%uamﬂugﬂﬁaLLUsLamﬁ’aL%aﬁ (Nu) wazUseansamlunisuaniaouy
anufeuiiazuandduiiuds fusznsunisiiivanssausauiou (TEF) Taglunisnaasa
snduiezdeainismen favseneuideaniu () tieldlunisiuniaman TEF  uadild
anunsoagUld Raeluid

9.2 ASUUNNUUHINATULAEY

9.2.1 ANVULVDIATU

n1snaaesludiuzesrsuuuuRi e iinvasaIuiinsmnassegaes
Snwoigde ludnuaeasuiBosuuhireiios (discrete incline baffles, DB) WALASUUNILUY
Fnuen (zigzag, 2) Teanuamsnaasdievunlisudioutu nafildaiu z avild Ny, f
uaz TEF annndeSuuuu DB (essnlunsieiududnuusdesiuasiilivedivadilua
ruiidnuaiznisivatiuthu ansmyuruthuaiuiinans widednsifuudueiuludnvae
fimmafeafiufiemanisinasniudnvazadugss Bauuieanguieuresuedladiviuaul
ufulursuilBewdagfvildvesluainnisinaludnunsnszunnasuuukunnas uitls
afou deninumgraiviliaiu z Senuaznisdemaraieuiinniasuludnvasuuy
DB

9.2.2 ARUVNUR Z Tifidnunignisaresneiy

msnaaedludurasAIUUIULRIIIUFEITeIATUU NG Z Tdnvaznising
ASUBYABIANBEAD 11 UUATIAY (in-phase) WAz DeY (out-phase) #49nHa
nsveasadlothaniTeuiieutu radldannesduldnmsneaiulusuunsetufuld
A1 Nu uag TEF mnﬂ’jﬂma‘luahummmimaﬂ?mwtg@qﬁ’u%ﬁmfgjam'w idlesnainnis
wndeuiiveswedluadivasiiuaiuludnuns in-phase wiiyuuvasmesniuiinuoglumims
ASIUAABAYALAINILLUIVEfiAANTSInavaswediva inliladinnsuinanisivaainyu
uvanvesey usludnuwaiznsIeRRuLUY out-phase yuunaesRUazagiostuluusiay
uovilivesinafilnarueiuasdeslnamnsenuiuyuuvanvesedu vilfvedlvadinariu
Fodldtdunniudwalien £ vewadlvaiiafunauuy out-phase fiAndiganinuuy
in-phase

9.2.3 ASUUEUR Z Tiyudsmzsineiu (@

nsnaaedludiurasATuusuuRTuGeIveIATuUNgUR Z TyuvesaSuniy
fiememsiva 3 g 30°, 45° waw 60° FsnnantsmassuiietnuIsudisutu ATus
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60° qwdien Nu e £ anniian Tnoedus 45° 9silAn TEF geflgn Afildannnisiispvesnty
fnas s uiuaIvesnivluLkunagey ann1sis i megeulaeivualdaiuiany
nawinffuanugeuesdeanisiva ‘v1ﬂ,wﬂiwuuuLmuﬂﬁ]uuﬂswanmnmummqmslwa
uay ﬂsuwmumwﬂﬁwLﬂuﬂswummmqauamﬂummﬂiuum 60° AaziAsuiiisruauuan
mnwaﬂm‘lmﬂumwmm Nu uag f unfige uARINNSATIAN £ gaviilien TEF AN
nstlvssSuyy 45° Fagien Nu uae f Iuaﬂmwmmuamﬂﬁlmm TEF umaqmam

9.2.4 ATUUNIUAL Z fyuvaswarnneiy (9)

msmaaﬂumuu%Lﬂumsuht-mmUummammmwﬂsuwumumaaummu
30, 45 60° uag 90° mnwawlmmmmm 30 %mﬂuummmauwaﬂuu 9zdA1 Nu way f
annign mnmmummﬂiuwmnmam ufRInNnsATiAN £ gavinlaten TEF fndtlunsdivetnn
yw 90° mum Nu ua f ludndnfivangauilildan TEF umawaﬂ Taeludnuazn1sing
uwaavesndulm 30°, 45° uay 60° anwmumaaﬂiu’l,umummmLmamumuaumsmﬂu
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9.2.6 ASUUNGGUST Z dssriing (P) Ay

msnaaastudanvasniuusuuRIREveInTuUUM Z sresfinduecasy
finasorn Nu, f uay TEF fillsseziing (P) waviun 3 Seezfe 45, 60 wag 90 mm (P/H = 1. 5,
2.0 way 3.0) aansaSeuiisuasuludnuuyaugeniy LLauamym"ﬂsmwummnu"L@ sua
srasRndmIuiiatos Nu uag fsuuumaqmmuﬂuwmmaaﬂiwau NMTTssEE ARy
ﬁwwﬂmummuummamaumﬂ dwmaviivvetlvadesaruusuaiuiivansnsivanatends
AhesuTis LR UTsns s induaarsy Yildsnuarnisivaves vedlvadilva
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A Nu, f uag TEF U370 FeszuzRndaIudisian TEF qaﬁaswsﬁm%ﬁ%ﬁiws 4.5 mm
(P/H=1.5)
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9.3.1 ASUUNefidanBaIzN1T IRy
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z
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AMIUEIATUNIN A1 Nu Uag f %ﬁﬁ'wqqmummqwam‘%uﬁ‘u*mﬂﬂi‘lﬂaﬁﬂﬁé’ﬂ‘wwnﬁlwa
vo4 vaslvaillnaruiinisinafitudau LLazqumumnﬁ'a%‘u Fednuaznisinasangn
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Yeuilgafie 4.5 mm (P/H=15)
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Wda* Nu/Nu, £l 1, TEF

Faus fig Faus 4 A i

ATUUTE Y3 45° UUNTNATULREY
Mednuzides wuulidadlas 2.22 4.86 3.57 32.39 112 2.03
TNANBULTALYN WUVIRATINUY 1.39 6.08 1.98 36.00 1.08 215
nednwgAnuen wuuaBaiu 2.94 6.68 6.70 67.59 1.31 2.02
B NYUTTLTN Lﬂﬁ'auqmm 319 5.27 7.94 22.03 1.49 2.04

ATUUNY 4u 30° vuniieduLAen
MdnwnziBes wuuliseides 1.55 340 2.83 24.14 1.00 1.67
TNENBUSTALYN WUUINATINU 1.91 A5 1.83 28.16 1.06 1.95
nednusAnuen Luunabeiy 2.05 4.68 5.03 50.69 1.01 1.56

ATV 3 60° uuNTaAuLien
edneagBos wuulddeos 2.36 5.90 6.41 54.72 0.99 1.73
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MednuEdnLTn LUUaHoatl 2.39 5.08 11.39 114.90 0.75 1.19

ASUUTeTNUan 3 45° UUNTSEBIATY
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AR UUL-andURuLs LBty (XS) 5.28 11.54 6.35 60.08 2.24 3.63
ARULL-aaTTauAuALaLE B (Z5) 5.00 10.94 6.75 63.83 2.08 3.37
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T P Cp X 10’ v k x10° | ax10° o

K | ke/m?) | (ke | Ns/m®) | (m2/s) | W/mK) | (m”/s)

100 3.25562 1.032 711 2.0 9.34 2.54 0.786
150 2.3364 1.012 103.4 4.426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.59 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 22.3 1225 0.707
300 1.1614 1.007 184.6 15.89 26.3 22.5 0.707
350 0.990 1.009 208.2 20.92 30.0 299 0.700
400 0.8711 1.014 230.1 26.41 338 38.3 0.690
450 | 0.7740 1.021 250.7 32.39 37.3 47.2 0.686
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 4557 439 66.7 0.683
600 0.5804 1.051 3058 52.69 46.9 76.9 0.685
650 0.5356 1.063 3225 60.21 49.7 87.3 0.690
700 0.4975 1.075 338.8 68.10 52.4 98.0 0.695
750 0.4643 1.087 3546 16.37 549 109 0.702
800 0.4354 1‘.099 369.8 84.93 57.3 120 0.709
850 0.4097 1.110 384.3 93.80 59.6 131 0.716
900 0.2868 1121 398.1 102.9 62.0 143 0.720
950 0.3666 1.131 411.3 112.2 64.3 155 0.723
1000 0.3482 1.141 424 .4 121.9 67.7 168 0.726
1100 0.3166 1.159 449.0 141.8 715 195 0.728
1200 0.2902 1.175 473.0 162.9 76.3 224 0.728
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The influence of baffle turbulators on heat transfer augmentation in a rectangular channel has been investi-
gated experimentally and numerically. In the experiment, the baffles are placed in a zigzag shape (Z-shaped
baffle) aligned in series on the isothermal-fluxed top wall, similar to the absorber plate of a solar air heater
channel. The aim at using the Z-baffles is to create co-rotating vortex flows having a significant influence
on the flow turbulence intensity leading to higher heat transfer enhancement in the tested channel. Effects
of the Z-baffle height and pitch spacing length are examined to find the optimum thermal performance for the
Reynolds number from 4400 to 20,400. The Z-baffles inclined to 45° relative to the main flow direction are char-
acterized at three baffle- to channel-height ratios (e/H =0.1,0.2 and 03} and baffle pitch ratios (P/H=1.5, 2 and
3).The experimental results show a significant effect of the presence of the Z-baffle on the heat transfer rate and
friction loss over the smooth channel with no baffle. The Nusseit number, friction factor and thermal perfor-
mance enhancement factor for the in-phase 45° Z-baffles are found to be considerably higher than those for
the out-phase 45° Z-baffle at a similar operating condition. The in-phase 45° Z-baffle with larger e/H provides
higher heat transfer and friction loss than the one with smaller e/H while the shorter pitch length yields the
higher Nu, f and TEF than the larger one. The numerical work is also conducted to investigate the flow friction
and heat transfer behaviors in the channel mounted with the 45° Z-baffles, and the numerical results are

found in good agreement with experimental data.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A high performance heat exchanger is needed in many engineering
applications such as chemical engineering, refrigeration, autemobile
manufacturing and solar air heater to use energy source efficiently lead-
ing to the reduction of size and cost of the heat exchanger. Therefore,
many engineering techniques have been developed for enhancing the
rate of convective heat transfer from the channel surface for decades. Pe-
riodic flow interruption generated by ribs [1], baffles [2-4), grooves (5],
helical or twisted tape [6,7], propeller [8] and winglets [9] is an extensive-
ly used means for augmentation of heat transfer in the heat exchangers.
The rib/baffles increase not only the degree of heat transfer coefficients
by restarting the thermal boundary layer after flow reattachment be-
tween rib/baffles but also the pressure drop due to the deareasing flow
area effects. Therefore, the geometry parameters of rib/baffles in the
channel are among the most importance in the design of channel
heat exchanger. In particular, rib/baffle blockage ratio (e/H), pitch
ratio (PR=P/H) and orientation/arrangement are all parameters
that influence both the heat transfer coefficient and the overall ther-
mal performance.

* ¢ icated by WJ. Minkowycz.
* Corresponding author.
E-mail address: kppongje@kmitLac.th (P. Promvonge).

0735-1933/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.icheatmasstransfer.2012.05.016

Several investigations on the effect of those paraneters of rib/baffle
turbulators on the heat transfer and friction factor for many roughened
surface geometry have been conducted widely. Varun et aL [10] and
Hans et al. [11] carried out the reviews of roughness surface geometry
in solar air heaters. They reported on solar air heaters fitted with differ-
ent roughness geometries and provided details of the concept of artifi-
cial roughness on the flow pattern and also briefly discussed the
roughness geometries. Sahu and Bhagoria [12] reported that the rough-
ened absorber plate yields the maximum thermal efficiency is in the
range of 51-83.5%. Mittal et al. [13] showed that the channel with in-
clined ribs and V-shaped ribs performs better heat transfer rate than
others. Karwa [14] investigated the effect of using rectangular ribs on
heat transfer for various aspect ratio channels with ribs at P/e of 10
and e/D range of 0.0467-0.050 and reported that the heat transfer en-
hancement was 65-90% while friction factor was 2.68-2.94 times the
smooth channel. Varun et al [15] investigated thermal and friction
characteristics by using indined/transverse ribs on the absorber plate
of a solar air heater and found that the best performance is at relative
roughness pitch of P/fe=8.

Momin et al [16] found that the 60° V-shaped ribs provide the
highest Nu and fvalues at about 2.30 and 2.83 times the smooth chan-
nel, respectively. Olsson and Sunden [17,18] conducted measurements
on heat transfer coefficients in a channel with V- and A-shaped ribs
for different rib height, pitch and angle values at Re ranging from 500
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wedge baffles performed better than the chamfer baffles for compar-
Nomendlature ison. Thianpong et al. {26] also found that the staggered triangular rib
2 provides the highest TEF. Chompookham et al. [27] reported that the
gpair :::ég:ﬁsef:: ;r;;:]y of air, lg/kg K combined wedge ribs and winglet vortex generators (WVGs) per-
D hydraulic diameter, m ' forrned much better than the ribs or WVGs alone. Pmmvc_mge etal
N baffle height, m ! [28] numerically studied the heat transfer enhancement in laminar
f friction factor periodic flows through a channel with 45° inc}ined baffles mour}ted
h heat transfer coefficient, W/m?K on one wall They found that the 45° baffle with P/H=0.4 provides
o chaanel helght, m the heat transfer to be 2-3 fold above the 90° baffle. Promvonge et
k thermal conductivity of air, W/mK al. [29] examined thermal behaviors of using ribs and WVGs at vari-
L length of test channel, m ! ous attack angles and found that the compouqd turbulators provide
i air mass flow rate l(g;s higher heat transfer than the ribs or WVGs acting alone.
Nu Nusselt number (f‘lD ) The literature survey cited above indicates that the heat transfer
P pitch length of baffle, m enhancement using the angled or V-shaped ribs/baffles is. based on
24 pressure drop, N, /mz' the generation of secandary flow cell due to angling or. the ribs/baffles
Pr Prandtl numbér leading to a higher heat transfer region near the leading end. Thus, a
Q heat transfer rate, watt much larger region of high heat transfer can be created by splitting
Re Reynolds numb er' (UD/) the long angled rib/baffles to become a zigzag shape to form_ several
T temperature, K ! leading and trailing ends. This leads to the formation of multiple sec-
TEF thermal pe rf‘urman ce enhancement factor ondary flows cells instead of one as in the case of transverse rib/b_afﬂes.
v volumetric flow rate, m3/s In view of above experimental results using air as the test fluid for
U mean velocity, m/s ' 45° Z-baﬂ'lgs placed periodically on the upper channel wall only are
w width of Z-baffle, m presented in turbulent channel flows for Re =4400 to 20,400.
w width of channel, m )
WVGs  winglet vortex generators 2 Egperim@n D) sFrug
The experimental worl was conducted in an open-loop experi-
mental facility as shown in Fig. 1a. The loop consisted of a circular
Greek letters pipe connected a high-pressure blower to a settling tank, and an ori-
« attac}( ang‘le. on-ba]fﬂ e, degree fice flow-meter was placed in this pipeline. A channel including a
p dﬁnsxty (.ﬁ i kg/ m a2 calm section (1.3 m), test section (0.4m) and exit (0.3 m) was
v kinewmatics viscosity, m/s employed after the settling tank. The aluminum tested channel hav-
ing channel height (H) of 30 mm had a length of L=380 mm, with
. 300 mm width and 6 mm thickness (¢} as depicted in Fig. 1b. Each
Subscripts Z-baffle made of a 1.2 mm thick aluminum strip was placed on the
b bulk upper wall with the angle of attack (&) of 45° relative to the main
o §mooth channel flow direction and the width (w) of each Z-shape is equal to the chan-
n Inlet nel height (# =30 mm). Three baffle pitch ratios (P/H=1.5, 2 and 3)
out outler and baffle height ratios (e/H=0.1, 0.2 and 0.3) were introduced. Two
pp pumping power in-phase and out-phase Z-baffle arrangements were used as depicted
S channel surface in Fig. 2. In the former, the baffle arrays were in inline while in the lat-
w wall ter, the baffle arrays were in staggered for each other. The tested
X local channel was heated by an electrical heater plate attached on the

to 15,000. Gao and Sunden [19] examined the heat transfer and flow
characteristics in a rectangular channel of a high aspect ratio with
V-shaped ribs using laser Doppler velocimetry and smoke visualiza-
tion, and reported that A-shapad ribs provides higher heat transfer and
thermal performance than V-shaped ribs. Stiromreun and Promvonge
{20} conducted measturements on heat transfer and fin a channel with
Z-shaped ribs for different rib pitches at Re from 4400 to 20,400. Also,
the effect of multiple 60° V-baffles in a channel on thermat and friction
behaviors was investigated by Promvonge {21}, Tanda (22] reported
that the 90° ribs yielded the poorer thermal performance while the
60" parallel broken ribs or 60° V-shaped broken ribs gave a higher
heat transfer rate than the 45° parallel broken ribs or 45° V-shaped bro-
ken ribs. Lee et al [23] studied the heat/mass transfer in a channel with
60" continuous V-shaped ribs and multiple 45° V-shaped ribs and found
the considerable increase in the heat/mass transfar.

Cho et al. [24] investigated the experiment of thermal characteris-
tics in a rectangular duct with 45° and 90° discrete baffles, and they
found that the most heat/mass transfer performances at about 1.2.
Bhagoria et al. [25] indicated that the Nu and f in a channel with
wedge baffles at e/D ratios of 0.015-0.033 and baffle wedge angles
of 8-15° increased by 2.4 and 5.3 times over smooth duct. The

upper wall to provide a-uniform heat flux boundary condition. The
electrical output power was controlled by a variac transformer to ob-
tain a constant heat flux along the entire length of the test channel.
The outer surface of the tested channel was well insulated to mini-
mize convective heat loss to the surroundings. The inlet and outlet
temperatures of the bulk air were measured at certain points with a
data logger in conjunction with two RTD-type thermocouples, cali-
brated within 0.2 °C deviation by thermostat before being used.
Ten K-type thermocouples were tapped on the upper wall of the
channel to measure the temperature variation along the channel sur-
face to obtain the mean wall temperature.

The inlet bulk air at 28 °C from a 1.5 kW blower was directed
through the orifice meter to the heat transfer test channel. The air-
flow rate was measured by an orifice meter which was calibrated be-
forehand by using both hot-wire and vane-type anemometers.
Manometric fluid was used in inclined/U-tube manometers with spe-
cific gravity of 0.826 to ensure reasonably accurate measurement of
the low pressure drop encountered at low Reynolds numbers. Also,
the pressure drop of the heat transfer test channel was measured
with indined tube and digital manometers at an isothermal condi-
tion. The volumetric airflow rates from the blower were adjusted by
varying motor speed through an inverter. During the experiment,
the bulk air was heated by an adjustable electrical heater plate placed
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on the top wall of the test channel. For each test run, it was necessary
to record the data of temperature, volumetric flow rate and pressure
drop of the bulk air at steady state conditions. The Reynolds number
of the bulk air was varied from 5000 to 25,000. The characteristics
of the flow and the Nusselt number were based on the average of
duct wall temperature and inlet-outlet air temperature.

The uncertainty in the data calculation was based on Ref. [30). The
maximum uncertainties of non-dimensional parameters were 5%,
+5% and + 7% for Reynolds number, Nusselt number and friction fac-
tor, respectively. The uncertainty in the axial velocity measurement
was estimated to be less than + 7%, and about + 5% for pressure
drop, whereas that in wall temperature measurement was about
£0.5%.

3. Data reduction

In the present worl, air used is the test fluid. The steady state heat
transfer rate is assumed to be equat to the heat loss in the test duct:

Qur = Qeony 1)
in which
Quir = 111G, 5 (T, —T)) = Vi—heat losses 2)

The heat supplied by electrical heater plates in the test duct is
found to be 3% to 5% higher than the heat absorbed by the fluid for
thermal equilibrium test due to convection and radiation heat losses
from the test duct to surroundings. Thus, only the heat transfer rate
absorbed by the fluid is taken for internal convective heat transfer co-
efficient calculation. The convection heat transfer from the test duct
can be written by

Qe = hA(i's—Th) 3
where

To=(To+T))/2 )
T, = 2°T,/10 )

where for a constant heat flux, the average surface temperature T,
can be calculated from 10 points of the local surface temperatures,
T, lined equally apart between the inlet and the exit of the test chan-
nel. The average heat transfer coefficient, h, and the average Nusselt
number, Nu are estimated as follows:

b= G, io(To ~T)/A(Ts =Ty ®

Nu = hD/k @
The Reynolds number is given by

Re = UD/v ®
Friction factar, f, can be written as

I~ @ ®

in which U is mean air velocity in the channel. All thermo-physical
properties of air are determined at the overall bulk air temperature
from Eq. (4).

Flg. 2. Test section with in-phase and out-phase Z-baffle arrangements.
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For a constant pumping power,
(v2r), = (va0), (o)

and the relationship between friction and Reynolds number can be
expressed as follows:

3\ _ 3
(rre’), = (rve’), ” an
Rel‘) = Rea(fu/fo)
The thermal performance enhancement factor, TEF, defined as the
ratio of the of an augmented surface, h, to that of a smooth surface, ho,
at an identical pumping power:

_h| _ Nu| _ /Nu\/[fo\'?
e =1 = s = (as) () !

4. Simulation of flow configuration

The flow system is a horizontal rectangular channel with Z-baffles
repeatedly placed on one wall (lower wall for ease of observation in
the present case) as depicted in Fig. 3a. The duct is divided into 3 sec-
tions: entry (0.45 m), test section (0.38 m), and exit (0.09 m). The de-
tail of the full length baffle channel is shown in Fig. 3a whereas a
module of the computational domain due to periodical flow along
the Z-baffle is displayed in Fig. 3b. The grids used in the module are
presented in Fig. 3c.

a

Fig. 3. (a) Duct geometry (b) Computational domain of flow and (c) grid

For the baffled channel model, a uniform air velocity at 300 K
(Pr=0.707) is introduced at the inlet while a pressure outlet condi-
tion is applied at the exit. The physical properties of air have been as-
sumed to remain constant at initial air temperature. Impermeable
boundary and no-slip wall conditions have been implemented over
the channel walls as well as the baffle surface apart from the en-
hanced wall treatment. The upper wall is heated with a constant heat
flux (2.5 kW/m?) while the baffle is assumed at adiabatic wall (high
thermal resistance) conditions. The channel height, H, is 30 mm, and
the axial pitch or spacing between the baffles is set to P/H is 1.5. To in-
vestigate an effect of the baffle height, three height ratios, e/H=0.1,
0.2 and 0.3, including the smooth channel are employed in the current
investigation.

The numerical model for fluid flow and heat transfer in the chan-
nel is developed under the following assumptions: steady, three-
dimensional, turbulent and incompressible flow; constant fluid prop-
erties; and ignored body forces, viscous dissipation and radiation heat
transfer. Based on the above assumptions, the channel flow model is
governed by the Reynolds averaged Navier-Stokes (RANS) equations
with the RNG k-¢ turbulence model and the energy equation. The de-
tails on mathematical modeling and boundary conditions can be
found in Ref. [31]:

5. Results and discussion
5.1. Verification of smooth channel

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

Correlation of Dittus-Boelter,

Nu = 0.023Re” P’ for heating (13)
Correlation of Blasius,
f=0316ReT"* for 3000< Re <20,000 (14)

Fig. 4 shows a comparison of the Nusselt number and friction fac-
tor obtained from the present work with those from correlations of
Egs. (13) and (14). In the figure, the present results agree very well
within + 6% with published correlations.

100 .10
Nug A
80 . gmooth channel % smooth channel 7:08
— Dittus-Bocker correlstion — — Blasius corrclation
60} : -.08
<
= =

= X 4
40 M .04

gt S N R

201 .02

S S SRS S S SR BAVRIRE [V

0 5000 10000 15000 20000 25000
Re

Fg. 4. Verification of Nu and f for smooth channel.
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5.2. Effect of baffle height (e)

The experimental results on heat and flow friction characteristics
in a uniform heat flux channel fitted with 45° Z-shaped baffles of
three heights, e=3, 6 and 9 mm (e/H=0.1, 0.2 and 0.3), are pres-
ented in the form of Nu and f as displayed in Fig. 5. It is found in the
figure that the Nu increases with increasing the e/H, apart from the
Re values. The higher Nu can be seen at the larger e/H. This is because
the larger baffle height causes flow separation and provides better
increase in the turbulence intensity of the flow than the lower one.
For the in-phase baftle array at P/H=1.5, the increases in Nu with
the e/H=0.1, 0.2 and 0.3 are in the range of 430-440%, 530-550%
and 640-670% over the smooth channel, respectively. Furthermore,
the use of Z-baffles with e/H=0.3 gives higher heat transfer than
that with e/H=0.2 and 0.1 around 10% and 30%, respectively.

The effect of the Z-baffles on the isothermal pressure drop across
the tested section is depicted in Fig. 6 which displays the variation
of the pressure drop in terms of fwith Re. In the figure, it is apparent
that the use of the Z-baffle leads to a substantial increase in the fover
the smooth channel. This can be attributed to the flow blockage, higher
surface area and the act caused by the reverse flow due to the presence
of Z-baffles. As expected, the obtained fusing the Z-baffle withe/H= 0.3
is substantially higher than that with smaller e/H values. The mean in-
crease in the f of using the Z-baffle is in a range of 6.5 to 36 times
over the smooth channel. The f value of the Z-baffle at P/H=1.5
and e/H=0.3 is found to be around 2 and 5 times higher than that
with e/H=0.2 and 0.1, respectively. The losses mainly are due to
high viscous losses near the wall, to the extra forces exerted by re-
verse flow and to the high flow blackage from the presence of the
Z-baffles.

5.3. Effect of baffle pitch (P)

The effects of the baffle pitch with three P/H ratios (P/H=1.5, 2
and 3) for using the 45° Z-baffles on heat transfer rate and friction
loss in the form of Nu and f are also depicted in Figs. 5 and 6, respec-
tively. In Fig. 5, it is found that the Nu increases with decreasing the
P/H, apart from Re values. This is because the shorter baffle pitch in-
‘terrupts the development of the boundary layer of the fluid flow
and increases the turbulence intensity of the flow. For the in-
phase Z-baffle at e/t =0.1, the increases of the Nu for P/H=1.5, 2
and 3 are in a range of 430—440%, 310-380% and 310-330% over the
smooth channel, respectively. knportantly, the Z-baffle with e/H=0.1
at P/H=1.5 shows higher heat transfer rate than the one at P/H=2
and 3 around 15% and 30%, respectively.

Furthermore, the f for the Z-baffle at P/H = 1.5 is much higher than
that for the one at smaller P/H values. The f value for the Z-baffle with
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Hg. 6. Variation of f with Re for 45° Z-baffle.

e/H=0.1 at P/HH= 1.5 is, respectively, found to be around 10% and 90%
higher than that of the one at P/H=2 and 3.

5.4. Effect of baffle arrangement

The influence of two different Z-baffle arrangements, in-phase and
out-phase, on the heat transfer rate is also presented in Fig. 5. In the
figure, it is visible that the in-phase Z-baffle provides higher heat
transfer rate than the out-phase one for all Re values. This can be at-
tributed to the larger flow area behind the Z-baffle tip creating the
stronger reverse/recirculation flow from the in-phase array, leading
to better flow mixing between the core and the near-wall The
mean increase in the Nu for using the in-phase Z-baffles is found to
be about 35% over the out-phase one.

The variation of the isothermal fvalue with Re for the two differ-
ent Z-baftle arrays is also depicted in Fig. 6. In the figure, the f value
for the in-phase Z-baffle is found to be considerably higher than
that for the out-phase one at a similar operating condition. The in-
crease in the ffor the Z-baffles with both arrays is much higher than
that for the smooth channel.

5.5. Simulation of Z-baffled channel flow

The predicted Nusselt number (Nu) and friction factor (f} of the
channel fitted with in-phase 45° Z-baffles at P/H=1.5 is validated
by comparison with measurements under similar operating condi-
tions as shown in Fig. 7a and b, respectively. The comparison is
made for the Z-baffles at three e/H ratios (e/H=0.1, 0.2 and 0.3). It
is worth noting that the numerical results are in good agreement
with measurements and found to be slightly under-predicted. The
discrepancies for both the Nu and f values are less than + 20%.

Fig. 8 displays the streamlines and temperature contours in trans-
verse planes for using the in-phase 45° Z-baffles with e/HH=0.2 and
P/H=1.5 at Re=4400. it is seen in the figure that the Z-baftles can
induce co-vortex flows along the test channel, leading to higher tur-
bulence intensity. The velocity vectors and temperature fields in
transverse planes are the most notable characteristics of the effects
of the Z-baffle on the mainstream flow. These effects are main-
streamn flow separation, redrculation/vortex, and secondary flow.
The streamline is visible that co-rotating vortices or longitudinal
vortex flows caused by the Z-baffle appear on the channel. The ap-
pearance of the longitudinal vortex flows can help to increase
higher the heat transfer in the channel because of transporting the
cold fluid from the core to the near wall regimes which effects on
the increasing of the temperature different between the heated
wall and the cold fluid. This characteristic results in significant en-
hancement of the heat transfer rate of the heat exchanger.

152



950 P. Sriromreun et al. / International Communications in Heat and Mass Transfer 39 (2012) 945-952
a s00 observed at the impingement flow areas on the wall behind the
Z-baffle tips. In scrutiny of the Z-baffle with e/H = 0.3 (Fig. 9d), it is
seen that the higher Nuy values appear to be in a larger region than
soor- those of the one with lower e/H. This is because the Z-baffle with
[ e/H=0.3 can induce larger recirculation or vortex flow appearing
400 behind the Z-baffle than the one with lower e/H and the smooth
[ channel as can be seen from the Nuy contour plotted in Fig. 9.
3
= 300 5.6. Performance evaluation
200 The variation of the thermal performance enhancement factor
(TEF) with the Re values for all the 45°Z-baffles is depicted in
100 Fig. 10. The data obtained from the Nu and f measurements are com-
pared at an equal pumping power condition. It is observed that the
" X ) N ) TEFs for the in-phase Z-baffles generally are found to be above unity
“0 5000 10000 15000 20000 25000 and to be much higher than those for employing the out-phase
Re Z-baffles at similar baffle and flow conditions. This indicates that the
use of the in-phase Z-baffles leads to the advantage over that of the
b 3.0 . out-phase ones. The TEF tends to decrease with the increase of Re,
e/H and P/H for all Z-baffles applied. It is worth noting that the TEF
2.5 ° eapS apgifio: of the in-phase Z-baffle at P/H=1.5 is higher than that at higher
o g i P/H and the TEF of the in-phase Z-baffle at ¢/H =0.1 is higher than
20F that at larger e/H. The optimum TEF is around 2.2 for the in-phase
—O = «/H=03, simalation Z-baffle with e/H=0.1 and P/H=1.5 at lower Re values. The present
& 0L sdackiin TEF result is found to be much better than that using the ribs as
~ L5F —#— &/H=0.1, simulation . 4 " S
reported in previous investigations [9,26,27,29).
Correlations for the Nu and f of the in-phase 45° Z-baffles with
Lo Y &' ARBAEIRLY 3T various e/H ratios (0.1, 0.2 and-0.3) and P/H ratios (1.5, 2 and 3) are
‘:TO——*‘O-—’ —O———0 written as follows:
0.sp o A ST Pelald ! )
pooa ol + %0 5 00 o frrnid Nu= 0.290236RE° 669891 Pro.d(e/H . .‘)4 SNLBZ(P/,H + 13—0.47904
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Fig. 7. Variation of (a) Nu and (b) fwith Re for in-phase 45° Z-baffle at £/H=1.5 J SPEXA2IRY (‘e/H s 1) (P/H v ])
for  4400<Re=<20,400 (16)

The local Nusselt number (Nu,) contours based on Re = 4400 for the
Z-baffled wall are for the smooth channel, the in-phase 45° Z-baffles
with e/H=0.1,0.2, and 0.3 are presented in Fig. 9a, b, ¢, and d, respec-
tively. In the figure, it is apparent that the higher Nux value is found
in the vicinity of the Z-baffle elements. The highest Nuy values are

The correlations for Nu and f of the in-phase 45° Z-baffles from
Eqgs. (15) and (16) are valid for the above conditions within 4 10%.

6. Conclusions
Anexperimental and numerical study has been conducted to ex-

amine the heat transfer and flow friction characteristics in a chan-
nel of aspect ratio of 10 fitted with the in-phase and out-phase

Temperature:

300 3025 305 307.5 310 312.5 315 317.5 320

Fig. 8. Streamlines and temperature contours for 45° Z-baffle with e/H = 0.2, P/H = 1.5 at Re =4400.
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¥

nusselt-number: 20 30 40 50 60 70 80 90 100 110 120

Fig. 9. Nu, contours at Re =4400 for (a) smooth channel (b) e/H =0.1. (c) e/H=02and (d) e/H =03 Z-baffles with P/H=1.5.

45° Z-baffles in the turbulent regime from Re = 4400 to 20,400. For
the in-phase Z-baffles, the Nu, fand TEF values are dependent of the
baffle height, pitch and Reynolds number. It is interesting to note
that the Nu tends to increase with increasing the Re and the baffle
height but with decreasing the baffle pitch. The in-phase Z- bafile
performs better than the out-phase one. Also, the presence of the
Z-baffle leads to a substantial increase in friction loss compared
with the smooth channel with no baffle. The TEF of the in-phase
Z-baffles tends to decrease with the increase in Re, baffle height
and pitch values. The in-phase Z-baffle with e/H=0.1, P/H=15
provides the highest TEF at about 2.2 at the lowest Re.
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Abstract—- An experiment is carried out to investigate
the effect of in-phase and out-phase 45° Z-baffles on heat
transfer characteristics in a chanpel. Reynolds numbers
studied ranging from 4400 to 20,400 in the test section. The
rectangular duct has aspect ratio 10 and height, =30 mm.
with the Z-baffle height (¢), &/H = 0.3 and the baffle pitch
(P), P/H=1.5, 2. The baffles were fitted in Z-shape aligned in
series on the whole area of the upper plate. The results of
the Z-baffles show the significant increase in heat transfer
rate and friction loss over the smooth channel. The 45° Z-
baffle in-phase at &/H=3 and P/H=1.5 provides the highest
increase in the heat transfer rate and the best thermal
performance.

Index Terms - channel flow, enhanced heat trapsfer,
baffle, Nusselt number

L. INTRODUCTION

In the past, the development heat exchangers were
used baffles, ribs and fins to expand the surface area for
heat exchanger. Baffles were improved to increase heat
transfer rate, but it was high friction loss. The thermal
performance was low from fluid flow though the heat
exchanger with baffles, ribs or fins. Baffles obstructed
the fluid flow and increase friction loss. Therefore, the
researchers developed characteristics of baffle for
decrease friction loss, whereas heat transfer rate was
high. These types were create turbulence flow, vortex
flow and impinging on heat transfer surface for
increasing thermal performance.

Hwang [1] investigated the experiment of heat transfer
and friction loss in a slit baffles mounted It was found
that slit baffles showed higher thermal performance, heat
transfer (Nusselt number) and friction factor than solid
baffles about 48, 32 and 19% respectively. Taslim and
Lengkong [2] also found that the 45° out-phase baffles
provide higher thermal performance at about 2.2 times of
the smooth channel. Cho et al. [3] investigated the effect
of rectangular duct with 45° and 90° discrete baffles on
thermal characteristics. :

They found -that the most heat/mass transfer
performances about 1.2, Sriromreun and Promvonge [4]
reported on Nusselt number, friction factor and thermal
enhancement by various characteristics of baffle at Z
shape. They demonstrated a 700% improvement in
Nusselts number over the smooth channel. Thermal
enhancement was about 3 for using the Z-baffle with
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0.2H height and 3H pitch at 5000 Reynolds number.

II. EXPERIMENTAL SETUP

The experimental device is shown in Fig. 1 by using
air as fluid flow. Blower was used to blow air through the
test section. Manometer was used to measure the pressure
drop across the orifice and it was converted to the flow
rates. Then air was flowed through the expansion tank
that leads to obtain smooth fluid flow. The fluid flow was
passed though the square duct and it has the same size of
the test section to enable the smooth fluid flow. The
heater was installed on the top wall of the test section to
maintain uniform surface heat flux. 10 thermocouples
were used to measure temperature at the top wall of the
test section and the other 2 thermocouples for inlet and
outlet test section. The manometer was used to measure
pressure drop between inlet and outlet test section.

Z-baffle characteristics are shown in Fig. 2 and 3.
Fig. 2 shows test section characteristics among Z-baffles.

Fig. 3 shows test section side view. The angle of the Z- |

baffles is 45° (a) and the width (w) is equal to the height
of flow field (H = 30 mm.). The baffle pitch ratio (P/H) is
1.5 and 2 and the height of baffles ratio (¢/H) is 0.3. Each
of the baffles was made of 1.2 mm. thick aluminum
sheet. The overall length of the chamnel is 1,500 mm. (L)
with the channel width of 300 mm. (W).

The types of baffle arrangement are shown in Fig. 2.
The row of in-phase baffles are inline by a baffle-to-
baffle but the rows of the out-phase bafiles are shifted by
2 half baffle-to-baffle pitch in the flow direction so that
each row and its neighboring rows are staggered. With
these arrangements, the total areas covered by the baffles
with the same baffle angle on the walls are identical for
all types of baffle height and pitch.

IIL. DATA REDUCTION

Inlet - outlet temperature and pressure drop (4p ) of test

section were obtained from the experiment. They were
used to calculate in another form becaunse they can be
described heat transfer characteristics. Firstly, the friction
factor (f) on the test section with baffles was calculated
from pressure drop.
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Then, the heat transfer coefficient (4) was calculated from
temperatures.

Q=mC,(T,-T,) = ha(T,-T,) ®)

The Nusselt number (Nu) was calculated from the heat
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After that the thermal enhancement factor (TEF) was
calculated from the ratio of heat transfer cocfficient with
baffles (4) and smooth chamnel (h,) or ratio of Nusselt
number [5] at the same pumping power (pp). '
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The variation of isothermal friction factor value with

(3)  Reynold: mumber for two different baffle amrays is also
depicted .n Fig. 6. In the figure, the friction factor value for

the in-phz\se array is found to be considerably higher than

(6) that for th: out-phase array. The increase in friction factor
for using taffles with both arrays is much larger than the
smooth channel. This can be attributed to the dissipation of
dynamic pressure of the fluid due to higher flow blockage

IV. RESULTS AND DISCUSSION

From the data reduction, the results from experiment
were used to plot with Reynolds number (Re).

A. Verification of smooth channel

The aim of this work is to find the heat transfer
characteristics and friction of smooth channel compared
with Dittus-Bolter and Blasius equations {6]. Then the
precision of the test system and experimental devices wete
obtained. The equations of validation are as follows:

Correlation of Dittus-Boelter,

Nu =0.023 Re"* Pr® for heating ©)

Correlation of Blasius,
S =0316Re™* for 3000 < Re <20,000 ®)

The experimental results are shown in Fig. 4. The
discrepancies from correlations of equations (7) and (8) are
less than £6%.

100 10
[
b Nug £,
wor X smooth chaanol #  mmooth chanoel g hotg
——— Ditrus-Baokor correlation  — —  Blasius correlation

-7

Nu

.04

20 -

0.00
Re

Figure 4. Verification of Nusselt number and friction factor for smooth
channel

B. Effect of baffle arrangement

The present results are reported for using two different
baffle arrangements: in-phase and out-phase. Figure 5 and 6
also display the comparison of heat transfer and friction loss
in the channel fitted with in-phase and out-phase baffle
arrays, respectively. It is visible in Fig. 5 that the channel
with the in-phase array provides higher heat transfer rate
than that with the out-phase one for a]l Reynolds numbers.
This can be attributed to the higher flow blockage creating
the stronger reverse/recirculation flow from the in-phase
array, leading to better mixing between the core and the wall
flows. The mean increase in Nusselt number from using the
in-phase baffles is found to be about 37% over the out-phase
one.
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Figure 6. Variation of friction factor with Reynolds number

C. Performance evaluation

The variation of the thermal enhancement factor (7EF)
with the Reynolds number values for all 45°Z-baffle is
depicted in Fig. 7. For all, the data obtained by measured
Nusselt number and friction factor values are compared at
an equal pumping power. It is visible in the figure that the
enhancement factors for the in-phase baffles generally are
found to be above unity and to be much higher than those
for employing the out-phase baffles in the same height and
pitch of baffle. This indicates that the use of the in-phase
baffles leads to the advantage over that of the out-phase
baffle. The enhancement factor tends to decrease with the
rise of Re for all baffles applied. For the out-phase Z-baffle
with ¢/H=0.3 and P/H=2 yields the enhancement factor
below unity only at higher Reynolds number regime. This is
because of the low Nusselts number from using a large
value of the baffle pitch (P/H=2). It is worth noting that the
enhancement factors of the in-phase baffles with P/H=1.5
higher than those with the baffle for all pitches. The
enhancement factor of the in-phase Z-baffle with e/H=0.3
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and P/H=1.5 is found to be the best among all Z-baffles used
and is about 2 at the lowest value of Reynolds number.
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The thermal enhancement factor of the in-phase Z-baffles
tends to decrease with increase the Reynolds number, baffle
pitch. The in-phase 45° Z-baffle at e/H=0.3 and P/H=1.5
shows the highest TEF about 2 at Re=4400.
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V. CONCLUSION

From the experimental data, it can be concluded that the
in-phase Z-baffles can increase heat transfer rate (Nu) and
thermal enhancement factor (ZEF) which are more than that
of out-phase Z-baffles and smooth channel for the turbulent
region at Re=4400 to 20,400. For the in-phase Z-baffles,
Nusselt number and thermal enhancement factor value
depending on arrangement, baffle pitch and Reymolds
number. They are interesting to note that the Nusselt number
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Augmented Heat Transfer in Rectangular Duct with
Angled Z-Shaped Ribs
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Monsak Pimsam, Parkpoom Sriromreun and Pongjet Promvonge*

Abstract — An experiment is _focused on the design of the suitable ribs used for enhancing heat transfer in a rectangular
duct heat exchanger by using wall heat transfer (Nusselt number), friction loss (friction factor) and thermal performance
(thermal enhancement factor) data. The Z-shaped ribs were set on the rectangular duct at 30°, 45° and 6(° and flat rib
was set at 90° reldive to the air flow direction. Reynolds numbers studied ranging from 5000 to 25,000 in the test
section The rectangular duct has aspect ratio, AR = 10 and height, H = 30 mm with the Z-rib height (e), e/H = 8.2 and
the rib pitch (P), P/H = 3. The ribs were fitted in Z-shape (Z-rib) aligned in series on the whole area of the upper plate.
The results of the Z-ribs show the significant increase in heat transfer rate and friction loss over the smooth channel. The

45° Z-rib provides the highest increase in the heat transfer rate and the best thermal performance.

Keywords — channel flow, enhanced heat transfer, rib, angle rib, Nusselt number

1. INTRODUCTION

In the past, the development heat exchangers were used
ribs and fins to expand the surface area for heat
exchanger. Ribs and fins were improved to increase heat
transfer rate, but it was high friction loss. The thermal
performance was low from fluid flow though the heat
exchanger with ribs or fins. Ribs and fins obstructed the
fluid flow and increase friction loss. Therefore, the
researchers developed characteristics of rib and fin for
decrease friction loss, whereas heat transfer rate was
high. These types were create turbulence flow, vortex
flow and impinging on heat transfer surface for
increasing thermal performance.

Hwang [1] investigated the experiment of heat
transfer and friction loss in a slit ribs mounted It was
found that slit ribs showed higher thermal performance,
heat transfer (Nusselt number) and friction factor than
solid ribs about 48, 32 and 19% respectively. Taslim and
Lengkong [2] also found that the 45°.out-phase ribs
provide higher thermal performance at about 2.2 times
of the smooth channel. Cho et al. [3] investigated the
effect of rectangular duct with 45° and 90° discrete ribs
on thermal characteristics. They found that the most
heat/mass transfer performances about 1.2. Sriromreun
and Promvonge [4] reported on Nusselt number, friction
factor and thermal enhancement by  various
characteristics of rib at Z-shaped rib. They demonstrated
a 700% improvement in Nusselts number over the
smooth channel. Thermal enhancement was about 3 for
using the Z-rib with 0.2H height and 3H pitch at 5000
Reynolds number.

*School of Mechanical Engineering, Faculty of Engineering, King
Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

Tel . +662-3264197, fax: +662-3264198
Corresponding author, E-mail: kppongje@kmitl acth

Consequently, this research is focused on the
development of Z-rib for varying angle with 3 values (o
= 30°, 45° and 60°). The trial showed Nusselt number,
friction factor and thermal enhancement behaviors for
airflow through a constant heat flux channel fitted with
Z-ribs. Experimental results are presented in turbulent
channel flows in a range of Reynolds number from S000
—23,000.

2. EXPERIMENTAL SETUP

Z-rib characteristics are shown in Fig. 1 and 2. Fig. 1
shows test section characteristics among Z-ribs while
Fig. 2 depicts the test section side view. The angle of the
Z-tibs is 30°, 45° and 60° (0) and the width (w) is equal
to the height of the channel (H = 30 mm). The rib pitch
ratio (P/H) is 3 and the height of ribs ratio (e/H) is 0.2.
Each of the ribs was made of 1.2 mm thick aluminum
sheet. The channel width of 300 mm (U) and the overall
length of the channel is 1500 mm (L) which included 5
pitches of the test section.

A schematic diagram of the experimental apparatus
is presented in Fig. 3 by using air as fluid flow. Blower
was used to supply air through the test section.
Manometer was used to measure the pressure drop
across the orifice and it was converted to the flow rates.
Then air was flowed through the expansion tank that
leads to obtain smooth fluid flow. The fluid flow was
passed though the square duct and it has the same size of
the test section to enable the smooth fluid flow. The AC
power supply was the source of power for the plate-type
heater, used for heating the upper plate of the test
section only to maintain uniform surface heat flux. 10
thermocouples were used to measure temperature at the
top wall of the test section and the other 2
thermocouples for inlet and outlet test section. The
thermocouples were attached in holes drilled from the
rear face and centered of the wall with the respective
junctions positioned within 2 mm of the inside wall and
axial separation was 40 mm apart.
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Fig. 1. Test section.
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Fig. 3. Schematic diagram of experimental apparatus.

3. DATA REDUCTION

Inlet - outet temperature and pressure drop of test
section were obtained from the experiment. They were
uscd to calculate in another form because they can be
described heat transfer characteristics. Firstly, the heat
transfer  coefficient () was calculated from
temperatures.

Q=mC,(T,,-T,oy) = hA(T,-T,) (1)

The Nusselt number (Mv) was calculated from the
heat transfer cocfficients. It is represented for the

performance of the heat transfer.

hD
Nu=—"2 (2)
Then. the friction factor (71) on the test section
with ribs was calculated from pressure drop.

W =aq8p 3)
pLI?

ap= P 4
/ 20, @
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After that the thermal enhancement factor (0) was
calculated from the ratio of heat transfer coefficient with
ribs () and smooth channel (4,) or ratio of Nusselt
number [5] and friction factor with ribs (f) and smooth
channel (f;) or ratio of friction factor ratio at the same
pumping power

| h _ | Nu
Ry
PP op

~ Nu f -1/3 )
"‘[Nua ][To] ©

4. RESULT AND DISCUSSION

From the data reduction, the results from experiment
were used to plot with Reynolds number (Re).

4.1 Verification of smooth channel

The aim of this work is to find the heat transfer
characteristics and friction of smooth channel compared
with Dittus-Bolter and Blasius equations [6]. Then the
precision of the test system and experimental devices
were obtained. The equations of validation are as
follows:

Correlation of Dittus-Boelter,

Nu=0.023Re"™ Pr™ for heating @

Correlation of Blasius,
S =0.316Re™” for 3000 < Re < 20,000 ®)

Figures 4 and 5 show, respectively, the
comparison of Nusselt number and friction factor
obtained from the present work with those from
correlations of Egs. (7) and (8). In the figures, the
present results reasonably agree well within +6% for
both friction factor correlation of Blasius and Nusselt
number correlation of Dittus-Boelter.

4.2 Effect of attack angle

This section shows the comparison among the results
of Z-ribs with O = 30°, 45° and 60°, flat rib with the
same rib height and pitch ratio, (e/H = 0.2 and P/H = 3)
and smooth channel Figs. 6 and 7 show the heat
transfer (Nusselt number) and friction loss (friction
factor). The Z-ribs 60° are higher heat transfer rate than
that the Z-ribs 45° and 30°, the flat ribs and smooth
channel for all Reynolds numbers as shown in Fig. 6.
The heat transfer rates obtained from the Z-ribs with O
= 60° 45° and 30° are, respectively, around 485%,
465% and 435% over the smooth channel as can be
seen in Fig. 8. It is interesting to note that the Nusselt
number tends to increase with increase the Reynolds
number.
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Effects of the Z-ribs on the pressure loss across the tested
channel are depicted in Fig. 7. The variations of the
pressure drop are presented in friction factor terms with
Reynolds number. It was found that using of the Z-ribs
increased the friction factor values which were higher
than that of the flat ribs and the smooth channel. The
average increases in the friction factor for the Z-ribs with
a. = 60°, 45° and 30° are, respectively, about 9.2, 7.4 and
7.1 times for smooth channel as can be seen in Fig. 9.
However the friction factor increases with the increase of
the rib angle.

4.3 Performance evaluation

This section shows variation of the thermal enhancement
factor with the Reynolds number in Fig, 10. In the figure,

the thermal enhancement factors ‘of all Z-ribs are
higher than the flat nib, due to the low heat transfer rate
from the flat rib. The Z-rib with 45° shows the highest
thermal enhancement factor. It is interesting to note
that the thermal enhancement factor of the Z-rib with
45° is higher than those of the angle in the same rib
pitch distance and rib height. This is because the
Nusselt number at 45° is very high when compare with
the other angle ribs shown in Figs. 6 and 8. The
thermal enhancement factor tends to decrease with the
rise of Reynolds number values. The 45° Z-rib shows
the highest thermal enhancement factor of about 2.55
at Re = 5000 and the average thermal enhancement
factor is around 2.4.
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5. CONCLUSION depending on Reynolds number are 450 - 480% and 165
— 180% higher than the smooth channel and flat rib,
respectively. It is noted that the Nusselt number tends to
increase with increasing Reynolds numbser.

The thermal enhancement factors obtained from the
45° Z-rib are around 150 - 160% over the flat ribs and
225 — 255% over the smooth channel. The thermal
enhancement factor tends to decrease with increasing

5

From the experimental data, it can be concluded that the
45° Z-ribs can increase thermal efficiency (thermal
enhancement factor) which are more than that of smooth
channel, flat rib, 30° and 60° Z-ribs with e/H = 0.2 and
P/H =3 for the turbulent region at Re = 5000 to 23,000.
For the 45° Z-ribs, an average Nusselt number value
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NOMENCLATURE ‘

area, m”

C,  specific heat capacity of air, kl/kgK
D, hydraulic diameter, m

e rib height, m

0 friction factor

h  heat transfer coefficient, W/m?K

H channel height, m

k thermal conductivity of air, W/mK 4
L length of test channel, m 4
m air mass flow rate, kg/s

Nu  Nusselt number (hDy/k)

P pitch of Z- rib, m '
AP pressure drop, N/m? 4
Pr  Prandtl number |
Q heat transfer,Watt

q volumetric flow rate, m*/s

Re  Reynolds number, ( V b )
T temperature, K

U width of channel, m

V' mean velocity, m/s

w width of Z- rib, m

. POwer input, Watt -

Greek letters
O  attack angle of Z- rib, degree
p density of air, kg/m’
0 thermal enhancement factor
8] kinematics viscosity, m*/s
Subscripts
b bulk
o smooth channel
in inlet
out out
PP pumping power
s channel surface
w wall
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Abstract

The work is focused on the design of suitable ribs used for enhancing heat transfer in a channel
heat exchanger. In the experiment, the ribs were fitted in Z-shape aligned in series on the whdole area of
the upper plate. It is expected that the ribs can significantly disturb the bulk flow. The fluid was lifted and
directly impacted to the heat transfer area. In addition, the rotating fluid motion was then appeared which
provided the high efficiency of heat transfer. Therefore, the height and pitch spacing of the ribs were
studied for finding an optimum heat fransfer efficiency of the syslem. The experiments were carried out by
varying airflow rate for Reynolds number ranging fram 5,000 fo 25,000 in the tested channel with a
constant surface heat flux on the upper plate only. The Z-rib was set to 45° relative to the flow direction
with the rib height of 0.2 and 0.3 times of channel height (0.2H and 0.3H respecfively) and the distance
between the ribs are 2 and 3 fimes of the channel height (2H and 3H). For using the rib height and pitch
of 0.2H and 3H, it provided the maximum thermal enhancement factor of about 3.
Keywords: channel flow, enhanced heat transfer, rib, wedge rib, Nusselt number

1. Introduction reduce the pressure drop. However, the efficiency

In order to increase the efficiency of heat
transfer in ducts, researchers have developed
various types of surface characteristics, such as
ribs or fins {1,2] mounted on the heating surface
area fo create turbulence flow of the fluid for the
high rate of heat transfer [3,4]. Nevertheless, the
consequence was pressure drop on a heat
exchanger unit that caused power loss on fluid in
the heat exchanger. Due to this problem, dimple

[5] or roughness [6] surface was developed to

of heal fransfer was simulianeously decreased.

All of the aforementioned surfaces
provide higher Nu number than flat plate channel
for 2-4.5 times. In addition, the combination [7] of
both characteristics fo increase the efficiency of
heat transfer and fo lower the pressure drop
enable the Nu number fo be higher than fiat plate
channel for 5-7.8 times.

In the case of impinging jet on the
surface, the heat transfer will be higher than any

other cases of flow. However, it is very
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complicated to adapt to the heat exchange unit.
The installation of ribs or fins can cause the
impinging flow. Nevertheless, previous works
have never placed an emphasis on this part as
they have generally focused more on rotation of
the fluid. Therefore, this research will primarily
emphasize on the idea of mounting Z shaped rib
to create the rotation of fiuid when the fluid flows
through the rib. The fiuid is lifted and impinged on
to the surface. The ribs are attached on heating
surfaces in rows which are subsequently placed
together to increase the area of fluid impinging
flow in order to rise the efficiency of heat transfer.
2. Experimental setup

in this research, the test is undertaken by
using air as the test fluid flowing through flat plate
that is attached by Z-shaped ribs in row as shown
in Fig. 1.

Fig. 1 shows the typical characteristic of
the rib. The main variables used in the research
were the Z shape which has 45° (c0) and the
width (W) of Z is equal fo the height of the flow
field (H) at 3cm. Pitch distance (P) was adjusted
to the value of 2 and 3 times of channel flow
height. Heights of the rib were changed as the
value was 0.2 and 0.3H and speed of air to flow
in Reynolds number (Re) was ranging from 5,300
10 24,000. The values were adjusted to make the
results of the performance of heat transfer. Fig. 2
shows the experimental device was used as a
Bower to blow air into test section. Flow rate was
confrolled by the inverter. Flow rates from the
Manometer were measured in form of pressure
drop across the orifice and converted o the flow
rates form. Subsequently, the air flows through
the seffling tank for smoothness and the test
section where it is healed by the heater.

Thermocouples were used for measuring surface
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and flow temperatures and also drilling the holes
on the upper wall was made for measuring

pressure drop across the test section.

1
i
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Bouar
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Fig. 2 Schematic diagram of experimental

apparatus

From the experimental apparatus as
depicted in Fig. 2, measurements were conducted
o measure the pressure drop and temperatures
on the wall surfaces and inlet-outlet flows. The
measured data were used {o calculate the heat
transfer efficiency (thermal enhancement factor,
n).

3. Data reduction

The fested results show the pressure
drop and the surface temperatures with the rib
and inlet~ouflet flows. Then, the measurement

was calculated as follows:

W, =qAp M
pLI72

Ap=f )
2D,



The above equation was for finding
friction factor (f) on the test section with ribs. The
equation for finding of heat fransfer coefficient (h)
was in the following.

Q=mC,(L,-T,) = m(T,-5) 3

HDy
k

Then, the evaluation of the efficiency of

Nup = )
heat transfer, from the heat transfer coefficient
with ribs (h) and the heat transfer coefficient in
smooth channel (hy). Allernatively, the calculation
can be done by using Nusselt number with ribs
{Nu) and Nusselt number of smooth channel
{Nu) [8].

i, Rl
hy op Nty op

-3
[ru)s
R o o 08

4. Results and Discussion
4.1 Comparison between data of smooth plate
and previous works.

The present experimental work was to
find a heat exchanger characteristics and the
friction factor of the smooth channel with the
published Dittus-Boelter and Blasius equations in
order to verify the accuracy of systems and
equipment. The equations of validation are as
follows:

Dittus-Boeiter equation,

Mu = 0.023Re®® P (7)
Blasius equation,
f=0316Re™% (8)

The validated results are shown in Fig. 3.
A discrepancy from the two equations is less than

8% which is in an acceptable level.
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Fig. 3 Verificafion of (a) Nusselt number and (b)

friction factor for smooth channel.

4.2 Comparison of Z ribs

This section is to find the characteristics
of the ribs with the best heat transfer performance
from the frial. The characteristics of the ribs from
all frials are shown in Table 1. The test results
are shown in Figs. 4-8. The rib height of 0.3H
gives the best heat transfer rate (Nu). The less
pitch length (2H) provides higher heat transfer as
well. The rib with 0.3H height and 2H pitch length
(0.3H — 2H) vields the highest Nu values. At Re
of about 24,000, Nu is found to be some 450, as
shown in Fig. 4. When compared to the smooth
plate channel, Nu obtained by the ribs is higher
than 700%, as shown in Fig. 6.
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Table 1 characteristics of Z shaped rib

Angle (°) | High (h) | Pitch (P) Name
45 0.3H 3H . 0.3H-3H
45 0.3H 2H 0.3H - 2H
45 0.2H 3H 0.2H - 3H
45 0.2H 24 02H-2H
500

High- Pitch o
0+ o 02H.24 %
+ 02H.3H v At
v oM. 23’ .Asoo
300 A 03H-3H 4 A3o°
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Fig. 4 Variation of Nusselt number with Reynolds

number for various ribs

The friction faclor (f) is in line with Nu.
The increase in rib height and the decrease in
pitch length lead to the rise in friction factor
values. The rib height and pitch of 0.3H-2H
features the highest value of approximately 0.8,
as shown in Fig. 5, more than 20 times of the
smooth channel as seen in Fig. 7. When the two
variables accounted for the heat fansfer
performance (1), one can see that the rib height
of 0.2H and pitch length of 3H provides higher 1
than that of the smooth channel by about 300%

at lower Re, as shown in Fig. 8.

High-Pach

raso
§
4

»4
[ 2 )

VY VyeVVyuy
A abdantan,,,

e
> 4a

. ® 999000500000
~ - -
24 WL A A X 2T PP

00

0 5000 10000 15000 20000 25000
Re

Fig. § Variation of friction factor with Reynolds

number for various ribs.

rano
¥
#

v ¥ ¥ ,vVeyyVVyvryvy
8 8 4646088585588
* w LIL 2.2 1 B TP

o
* O» a

0 5000 10000 15000 20000 25000
Re

Fig. 6 Variation of Nusselt number réﬁo, Nu/Nug

with Reynolds number.

30

High -Pitch
25 © oz-2H
® 02H.3H
v 03H-24 =
20 A 03H-3H eyve®? trd
, v Yy L.stcsass
¥ 4o a4
15 3 4
- o o o 000009000000
« w R T ETROCRIegus
5
0
0 5000 10000 15000 20000 25000

Re
Fig. 7 Variation of friction factor ratio, tf, with

Reynolds number.



b Comarence on
s Suslaaanio gevabion

.
9 ¢
2
teozd
High- Pitch

02H.2H
02H.3H
0.3H - 2K
03H-3H

n
rP4RO

0 5000 10000 15500 20000 25000
Re

Fig. 8 Variation of thermal enhancement factor

with Reynolds number.

5. Conclusions

Experimental work has been conducted
to investigate heat fransfer and friction
characteristics in a channel of height, H by using
the Z rib with an angle of 45°, rib height of 0.2H
and 0.3H and rib pitches of 2H and 3H. it is
found that the rib helps fo considerably increase
the heat transfer rate in turbulent channel flows.
The Z-rib with 0.3H height and 2H pitch yields
higher Nu than the smooth channel by about
700%. However, its friction factor (f) was higher
than the smooth channel around 20 times. The
maximum enhancement factor was found to be
about 3 for using the rib with 0.2H height and 3H
pitch at low Re values.
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7. Nomenclature

A = area, m2
C, = specific heat capacity of air, kJkgK
D, = hydraulic diameter, m.

= friction factor
= heat transfer coefficient, WlmzK

= thermal conductivity of air, W/mK

L = length of test channel, m.
m = air mass flow rate, kg/s
Nu = Nusselt number (hD,/k)
AP = pressure drop, N/m’

Q@ = heat fransfer,Watt

q = volumetric fiow rate, mls
T = {emperature, K

7V = mean velocity, m/s

= power input, Watt

Greek symbols

density of air, kg/m’

p =
7 = thermal enhancement factor
Subscripts
= smooth channel
b = bulk
i = inlet
o = outlet
s = channel surface
w = wall
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