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Abstract

Project Code : TRG5780105

Project Title : Flow pattern, pressure drop and heat transfer characteristics of non-

boiling gas-liquid flow in micro-channels

Investigator : Asst.Prof.Dr.Sira Saisorn
King Mongkut’s Institute of Technology Ladkrabang

Prince of Chumphon Campus

E-mail Address : sira.sa@kmitl.ac.th

Project Period : 2 years

Abstract:

An experimental Investigation of non-boiling air-water flow in circular and
rectangular micro-channels is conducted in this work to study flow visualization, heat
transfer, and pressure drop characteristics. The gas—liquid mixture from a y-shaped
mixing chamber is forced to pass through a plenum inlet and enter 21 parallel
rectangular micro-channels 40 mm long in the direction of flow. Each channel has a
width and a depth of 0.45 and 0.41 mm, respectively. Flow patterns are observed and
recorded by flow visualization system composing mainly of a precise stereozoom
microscope mounted together with a camera. Five different flow orientations—horizontal
flow, 45° inclination upward flow, 45° inclination downward flow, vertical upward flow,
and vertical downward flow—are carried out under identical operating conditions. The
experiments are also performed by using two different inlet sections under the same
flow conditions. The experimental results indicate that slug flow yields higher heat
transfer enhancement in comparison to gas core flow. The experimental results also
show that slug flow taking place in vertical upward flow gives the highest heat transfer

performance in comparison to other flow orientations.

Keywords : two-phase flow, micro-channel, flow pattern, pressure drop
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ANNEIOU lagASUTELNEAINUTWNNWIZHINTAINIINIT A LARSTAI9 T AT WA U



WiNNU 0.54 AafLNaT QﬂﬁﬂiﬁﬁmumaaLwimaaum (Copper block) &IUAN LIV
widnaduadaziinsiansidutasen liinalddnsunsfaasdaiaasuuuurs (Cartridge
A Qs 1 o L ¥ v v § k%
heater) G9au1TaUTUANIRT MW laaudasns Tusaenaruunvaslulasusuwunada
a 6 v 1 a 2 o a 6
Fadazgnisznudroununaadinla (Cover plate) T9vinunanlndansuaiua
Vo L= L= L= H =) J o =
(Polycarbonate, PC) ldfunsuasinaansmzaasns maniiadulululasusniua &nsu
. Vv v  ad o A& A o
uwrlinaduasazgniadudisaminetIagiainanuiunandlouii G1o (G10 epoxy
glass laminates) lapudulans awin uranauasuazuriunaadnlaazgniaddionu

Tagltuae

Mounting holes
Metal plate

Holes for thermocouples
Cover plate

Insulator
Micro-channels

Hole for cartridge heater
Copper block

Metal plate

Insulator

gﬂﬁ 3 TuEINEN 9 VoITANARaL

wasluatidashio K 1w 14 Lf;?fngﬂaa@Liﬂ"lﬂ‘lw,wimaol,lmvﬁ 2 M1 F%
8z 7 L@ @ nsuszazinsvaamnesluatidandazi§uasnant 16 Sa8LNATANNAINEND
paslulasumwunanas 4.3 Sadwasanuianefiasainnuanusniveslulasussus
Immaﬂuﬁ'ﬂlﬂaumuuqm:aQﬁ'mnﬂﬂ?uﬁwaa"l,uimmmma 2.8 JafLNAT &NV
qm%nﬂﬁﬁ"[ﬁmﬂmﬁ'@ﬁaﬂmaﬂuﬂ”ﬂl,fla“ﬁﬁ@ K h9 14 @‘hLmuw:Qﬂﬁwﬂﬁumi
ﬁﬁmmmqmmq]ﬁﬁfuﬁa"uaﬂaﬂmmmma%aﬁa;jﬁg\mm 6 dunikd lasltiimsdseanm
AWANTINLLULTILHY (Linear extrapolation) %ammﬁwadqm%gﬁﬁumﬁa 6 FURIIT
ﬁ]zgﬂﬁﬁmlf*ﬁlumsﬁﬁmmmﬂ"]é’uﬂszﬁﬂﬁ%smﬂmmm%"aum?iﬂ wananni g38n3

[
a 2

@@@GLﬂaﬂNﬂuﬂLﬂﬂ"ﬁﬁ@ T 5ﬂﬁ‘hmu 2 Lt%/uvl’iﬁ@iﬁLL%ﬂdﬂﬁdLﬁﬂLLﬂtV]"I\‘]aaﬂ"lla\‘]"ljﬂYl@ﬁmJ
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A v PN ° o o =< A A o, ~
walglumsingunnfizasansinu lasmesluatidannidu nabaaasiiatadagn
anlgluniInasadlaninnssaunaunduai1idnawnazsinuiltlunmasas Liva
AMNDNABIUAZANNILTa T VBINANIINA DS

° [V o o A a & °

ARITUNIRINARN BV aINT branAadnlwlulasurwuwar u1savinlalasnis
VOINT BN UNAIRANLR T,@alﬂ'ovl,@i”ﬁmiﬁ@@T@ﬂﬁaagamiﬂﬁm@a%IaLLuusgumﬂwm
(Stereozoom microscope) a7 bilWeNazdsinaoaziduavaszduuuNTIMaLuUen e
ﬁm%“umﬂﬁuﬂuﬁﬂmwmadgﬂLLuumivlmmminﬁw"L@"T@sjmﬂii”ﬂa”adthﬂmw
ATANINGY (34 Fujiflm  FinePix S7000 aalataiaas 1/15-1/10,000 3u1dl) drunn

1 £ £ 6 d' c.i 1= = 1
Huaudlndaaindasansaiienasfivneaziduavasgdunumsinaudazuuy u
' ' ' @ . @ A
§Ius097a Idasainsvasndasgansia (Light source) azlfidunasalw LED 49
RUNINUTUANMNE T LaudaINIT La ngﬂ@@1@T\i"l,ﬂuﬁﬂmaﬁ@ﬁmﬂﬁ'uﬁaaﬁlﬂums
RINARNHZVAINIT AR

Aa o nql' ) =Y 1 d'! ni =2 a

wannluuldehazyinnaaasn1sinalufianiaans uiNaNacAnwIHaTaIN
NIMT MANA GO NITENUNANNTOWLAZANARAALED FITWITEHEITNIIANBINAV DI
EﬂLLUuﬂﬂi"l%alu"l,wiﬂiLL%uLLuaﬁﬁ@iamirhUmmm?auuazmm@”ua@Sﬂéﬁﬂ Tagazvin
ninaaadlasldranaseuniniseanuuuansmuenisidivedlalasusuuua (inlet
section) fiuanedanw 2 Juvy lasuuuuinanduganaseunlddiunansznireiny
mmﬂvl,mLﬂTﬁgijuImwﬁmmaImmd é’aLLamaiugﬂﬁ an svuvufisasaziduranasauf

[ ' ) ' . A o ' {
IWdunausznitiinuemalnanin Foamed plastic polymer Gaiiluiagwyn daufiaz

"lml,‘*ﬁ'];jvlwiml,lfml,l,ua @”@melugﬂﬁ 4%

Micro-channels '
Inlet section

105

B e
unit : mm r‘\ ) \ O ®)
= TG

21.5

ol o 40 o O

97.75

(n)

Two-phase flow
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Inlet section with a piece of foamed plastic polymer

Micro-channels

unit : mm

)
105

97.75

(v)

1

Two-phase flow

sUN 4 ununmusassluuurastanaseuniiansuznadhaslulausuuua (Inlet
section) 2 Juvufiuandenu (n) madhaaslulasuruunanlifinnifiaas Foamed

plastic polymer (%) MU a9 L lASUTULUANIN1IAaAd Foamed plastic polymer

o a 6 di =1 o cio >3 A o a = o n‘f
m‘muqﬂﬂsmuaxmiaaum@mmﬂmjﬁogﬂmmlﬂumsmaaamwﬂa:Lammma"lﬂu

. tugeinsraswaduuuiIavia (Peristalic pump) 1%@%ﬁﬁ§'UﬂWi@@ajwyﬁ’1aﬂﬂn”a
mumlmamﬂ@aaa muamimﬂﬂ 5 T,mﬂmmmﬂsuamwmﬂﬂamaam"l@mmaomi
mmmm@umaaﬂmu@u fa ﬁ]”lﬂa@li’m’]ﬂ%ﬂﬂﬂdﬂ’i}dmw’] fsultlunIIneand was
"lumumulmaoﬂmamaﬂwaammmﬂ msl,%“lum@msﬂm‘ﬂauaaanﬂsnsmmam
ﬂuﬁ'waamm I@ﬂﬁé’ﬂﬂﬁﬁwmmaaﬂmﬁ@ﬁ Ao ﬂngmwmjaammiwquu
ANNAY (Roller) ldnafisnsuaddlan udanaiervaamailiinfaunldanugnnds laod
sopdilavezagiidn danwianyuanndsllises 9raanaifiazaansainfaniiain

A o A A T Y = = Q QI aa

fgwmvlﬂmam;wm"l,@”l@U"Lmaaamaﬂuaﬂ@Lawaﬂmﬂmmmsliaiﬂu
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sﬂ"n 5 ﬂmﬂmwaammuum@m
2. dusawiaindassaania (Air  Compressor) zﬂs:nauﬁmﬁm%é’nq 2 ®
fa ‘ﬁ“’aﬂwau (Air compressor) WazBdLAuaY (Air tank) & mTDUuanaziniaAlunnses
o madgranases lava1nieaz fmwauﬂumiﬂﬂmsvl,mmuaﬂmmwau (Mixing
chamber) ﬂaumwvlmmmammaaa mmuﬂuamlﬂumsmaaam sy

angu (Piston air compressor) @dLLamlugﬂ‘Yl 6

gﬂﬁ 6 UuaunianIasanainea

3. ME9A3nan (Electronic balance) 1%&ww§ufaﬁwwﬁnmaaﬁwﬁ1maanmnﬁ;@
namovlutszuz i laimsmnuely e fesiwiamsasnsinaidaniavesing
VIMamu‘g@maaulmwiaxl,ﬁ"auvlmmsmaaa Tasanssfilelun1snanasfianunsnds
m{mﬁfﬂvl,éfqdq@ 410 n3u §ANUaLBUAVDINITTS 0.001 NI LLazﬁﬁ’Wﬂ’J’mLL&iuﬂ’]aQﬁ

Qo L dl
+0.001 N3 @GLL&@GI%E‘H‘Y} 7
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a = & '
Eﬂ'ﬂ 8 FALADILUULLN

3. SawaasuuuuTis (Cartridge heater) 1#lunslwarusounnurianasuasdarin
wihiduundsmifinnnusanadszuy (Heat source) lagdaiaasilddmsunmasas
ﬁﬁmmmﬁumuquﬁﬂma 30 fadwas dauen 55 Saswas Sussanlvwi 220 Thad
uazdsaslnwa 250 3a6 @”&melugﬂﬁi s laglumnasassuduinezdasdsudn
Aaslunltldarnitanlafideosnis astmwazdesdinisdadataasidnniulsasinmn
nyzugasaaldmusalsuamar Wi le Tagezldlalan (Diode) lunsudaslnvi

NIZLRRAULTUNTLLRATI @”ﬁLLa@alugﬂﬁ 9

Transformer AC/DC

>)
7

| |

~ ) % a &
E‘JJYI 9 WNWAWLEAINITGHD99T INWwasdaLaas
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mmmumwuammwiaaaﬁ]svl,wwwmﬁmmﬂugﬂﬁ 9 #N1saNAzUTUAN
AadlwwrvasdaraasialasnitudsuaiusiawinwianvdautasTWwWnuulsudn
w59au NN 1e (Variable  voltage  transformer) WAA¥INNNTIAAINTTLR INNWLATAD
usiawinWINanasandaiaaslaoltiafiianasuuufsnas  lagdlninad WWIEINITD
ﬁﬂmmvl,ﬁmﬂwaﬂmmaa@hnszl,l,avlwmﬁ'umLm@"uvl,wwm%a P=Iv lagazrinnisysuen
ussaw v nnaiaudas i lizes gauninazldenmas inwanundesns

5. T3a14Laa3 (Rotameter) 13lun137a LAZAILANEATINT InavaIa MAniaufl

U 1 g a 6 3 = A 1 = a
azndhgranasey laslummaesasiazldlimfinaininue 3 41 Gudazarazdzaives
MI7Iad18aTMTInaNuaANeE19nY Ao 5-50,  100-1000 UAT 200-2500 ANLIAT
irudwasdawdl asuaaslugdi 10 WaAuaziBualunsiauazaiuguannisna
PYRIDINE ﬁm‘}'ﬂimﬁmaﬁw’ia:@i"m:ﬁ@hﬂ'amuajuﬂ’wagjﬁ +4% VIANANFLNG
6 o ~ o A o

6. qﬂﬂimﬂﬁuquﬂ‘)’mﬂ% (Pressure regulator) wmﬂlumsmuqumwwu
qoqmaoa’mwﬁﬂaulﬁmmi’qu@mmao"l,@i" adasnuwlilwiAaainuFonieny

- o o 4 4, & o
pUnInidsgfiltlunimanes dauaaslugdf 11 lasenangnasunainduauazdas

1 o g 1 { U 1 & g ot

Inaruguninidnitiannazidngranaass Gilun1inesasiyananedaIunnsesiu
ﬂ'am@‘i'ugaqul.@wlmﬁu 4115

U7 10 Tyondiaas
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A & o
gﬂ“n 11 qﬂﬂsmmuqummmu

a % >
E‘]J‘Yl 12 NIIAAINUAL

7. \NAIAAINNAY (Pressure gauge) MluATIAANNAULIaManannaz lna Ly
nauruilasn s inarkugUnIninay (Mixing chamber) lasluminaaasitazldinaia
% qq/’ £ cé 1 > % > 1 ;::' 1 > A
AMNAUNIANA 3 A7 TILARTAIDTIAITUAMNA LA LUWTIINUANEIINY A 0-0.1, 0—1
ey 0-6 U3 @”&LLam’Lugﬂﬁ 12 laatnanIaITuaIuah e lTa9 0-0.1 u13az e
a ' ' A A A [ [ \ & o
auamlumsmummﬂﬂq@ T meNinaNToITUANNAL LA LT 0-6 113z lvaNw
au’é‘mlumid']umﬁaﬂﬁq@ f1IUTaA233239 w5l naNaaNuaw fa azdad bald
'S'ﬂmmﬁ'uﬁgaLﬁuﬂhLmﬁ'@]mﬁu@TmT’;ﬁfummsmaa%’u"l@ﬁwm:%ﬁﬂﬁmfﬂLﬁ@mm
Rewnele @”dﬁfuluﬂﬂsmaaﬁdmiauﬁamﬂmﬁwmmaﬁsaa%’ummé’u‘lﬁgaﬁqm
now mn'j’lmmmm”uaglj'sl,uﬁ’mﬁmaﬁsaa%'umm@”uvl,@maam'j'lmu'ﬁné'm@i’lvl,@? Alw
ni 6 ni a s v Y 1 di v =
W Asw U da2182289N3NTAITUANNAK LA D NI 1IN IR AN LA bl NNT
AUAINIANIN ﬁm%’umaﬁ'@mm@”uu,@iazé'nxﬁ@hmmu,;iu,{hagjﬁ +0.025% VaIALAY

RLNA
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8. UL U IWAINABAIDNIIUEAILTATIANINNAY (Pressure transducer)
H’lumﬁ@mmﬁumawaawauaaaamuzi:mdwﬁﬁﬁummﬂﬁauﬁazvlmmiﬂgj"lﬂm
A { o v A ' ) o ¥4
wrwuuadadad lasidugunisinvimihiudasdranuamdudygramliniga:
1 aa 1 dlu 2 = 1 a a s

LEAIHAHIUIBUFAINALLLATAER Lasda1neulaazdniiaiduladuany (mA) luns
¥ v Aa (% %) (% = i o o % ' {
NAa0IRIEITNITUFAUTAITIAAINAY 2 07 TILANEAIDTITUAIINA L6 LTIIN
1 a A 6 o ni o > % a [
LANGNINY AB 0-2.5 WAL 0—4 U137 muamlugﬂﬂ 13 RIMIUNITIININWRAILTAIIA
ANAWAAITLRaN TR R A FUNUAIANNARNNITWEAILTATAI T ITU Le tNa lailw
Lﬁﬁmﬁmﬁﬂmﬂﬁuqﬂﬂirﬁlfﬁulﬁmﬁ'ﬁlumrﬁmaamm”@mm@?’u FRTUNITUFAILTAT

i'ﬂmm@w”umia:@?’m:ﬁmmmu,sjus'i']agjﬁ +0.025% VAIALANRLNG

3UN 13 MulsdygraenuaurIanNusaITa Iaa NN

9. gunyninax (Mixing chamber) Y lunskauiiua maddroiuniaud
alwainglulasusuunadodad laslunisnasasazldgunsalnanzdaanng (Y-shaped
mixer) adugadlugln 14 thalin1InaninsaIm IiunIressiiaiinnusuioy

° (% A o & & A o A Y ) o o o
a’miumsmaﬂ‘l"ﬁqﬂmmwauﬂmim anMuUUNLaInum I Inatdawnay L
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U7 14 qﬂmﬂiwau

v Q

10. wnasludihia (Thermocouple) ilugunsatingmnpiinldwannaifouutas

A A o A o o “ o A A o v o
panndniaanuiauwduusaafonliwn lasvhunnnlanzdiihndusiians 2 61 a4
uwaaslugi 15 laslummesasitazldinesludiiida 2 vila (Type) Ao vila K uazile

o Q = =3 A a IQ v 1 1 { Y
T dwiumeiludtidarfia K Sudusfianfeuldniuetsuninaisuniga azldia
qmmnﬂﬁﬁ@mmua@iw G]maclLwioﬂadLLmLLazqanﬁmaammﬂﬁauﬁaz"lﬂamuqﬂmrﬁ
W uynizfinesluathdardio T azldiagunpiivasmshunmadiuazmisanyas

a a 6 o o ni A % [ 1 a % d'l f
lulasuruunadaded dwivaunafiienltinaslualidadriianuiiasantisvesnis
wWisuudasgunpiifianuuandienu lasiawizadndigungiizesansyinauiifizns

{ 1= { 1 1= § % 1 ] 1 1 = a Q(
pasmaisuudasgunpiinuauuazdvasgunniinldzdinaatanndeddudszdng
1 v K o ni v U o a di A [ a
mitdomanuian Jsdudunezdesldinesludlidaziia T iasnddwnringmngil
uauniuazldrfiuiugindunasludidasiia K lasmasluathdanniduwldtiunis
a 1 a ldl ) o ot ot 1 v =l
soufisuuduaddnaunazinanldlunimanss Sunsuinesluatidaudaziduazian

mmu&iuz‘hagﬁ +0.3 K

U 15 wesluduila

11. naaudad nWuwuudsuaussaulwnwnle (vVariable voltage transformer %38

. { { o a ki Qs s s & o a ¥
Variac) LﬂuqﬂnstﬁﬁL'iJﬁUummvl,w%hmzLLaaaumnsmuLLse@uv\mLflummvl,wm
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> Q Q A Q > ] v v ¥ =3
NYUFFAUANTEALLIIa WA lagadarnann1TadLiman W Tagraaudasnwinia
¥ % ™ ¥ U Qs v v v l& = 1
HauTnUsurwansiawlWwA lnusasinwA ldanudasnis ma:gnlﬂumsﬂsum

el vasdaiaasiildauianlandadniy @TﬂLLamlugﬂﬁ 16

U7 16 nuandasIWwnuudsuausaw bW e

12. daddiaasuuuflnea (Digital mulimeter) ldlunmsiadinszualWwiuazen
U INNINanaTaNEaLaas LNaINIAIWIIBRIAITNRI W TaITaLaas @”&melugﬂ

A
n 17

A v aa [ 4 aa
3‘]_]“(] 17 URQULADILLUAIADN

13. dafivih (Water tank) Idd@miuiAuinalslunisnaaas asuaasluglf 1s
I@Iﬂﬁ’lﬁ]’lﬂt'TGLﬁuﬁ’lﬁlzgﬂ@@ﬂ@lﬂﬂll@(ﬂ'ﬂ"]tl‘lladma’sLLUU%@MQL"lﬁgi?;@l‘l’]@lﬂ@d F1MILUN
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ﬁﬁuﬁlﬁiunﬁsw@aaaa:ﬁbaLﬂuﬁnnﬁﬂAﬁaﬂaaﬁﬁnﬁsLﬁﬂm:ﬂ§ﬁﬂﬂq@éﬁgnﬂiuﬁaquiﬂi
LU AR
| A oA . \ AaA A ' \

14. iaunsniaviadg (Polyurethane tubing) tuviafiianubantuuaznudanis
') ' A oA A A9 o A & Y ) ' A
NANIauVaIRIILAN bad u%aﬂﬂaﬂﬂLaanmuagnUﬂawuL%uwzaumaoﬂ131ﬁ¢n$I@ﬂwamum
ﬁﬁ’]&h%’]ﬂiWﬁg%Lﬂ% (Polyurethane, PU) §a1u@lg911 (Working pressure) agjﬁ 120
Uaudsdaaia (psi) niatszunm 8 1§ uaziianueuszida (Burst pressure) atif
400 Uauddaanyefia wisdszunm 27 113 asuaaslugdi 19 laslunisnanssazldvie
wﬁ@ﬁluﬂﬂi&nﬁﬂaaﬂiﬁﬁqﬂuﬁhﬂﬂua:aﬁnﬁﬂﬁﬂuqﬂﬁhdaudﬁaqmaoqwﬂ@aaaI@ﬂazﬁ
madendenuguniniuaziaiasleiarfiadsglaslidadariounuesg dnsunisden
riafianlglumimasessazdastesivanuanldlifasniianudugiganszuuaann

AN Lo

P ' A A
El]ﬂ 19 ﬂﬂﬂqdﬂiﬂﬂﬂwg
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15. 1a3a9iiataasen (Inclinometer) lFdwiLinasmuasguwnizanagay IWa
Usufiememslnsvssensrhauldldauiowlafidasny @TﬂLLamlugﬂﬁ 20

16. Lﬂ%ﬂdf@]LLﬂziﬁLﬁﬂfﬂHa (Data logger) Lﬂuqﬂﬂirﬁm"ﬁ‘[uﬂ’]ﬁ@@héﬁytyﬁm
ThaE199 13U gunnd ANNTUENNNE  awan udu udriudinerfisalaalu
wihpanuimeludnasssnntranailaiwualy lasaansniauaziudindndig g
warwagslalunaisanuuazaunsnrawladeiiiasasoa 24 alus lasgisunsn
wWaswlildwssawanuuaasdlaands uanmnﬁtﬂ'&ﬁ%ﬁwaLLaﬂowaLﬁaQﬂﬁWLLam
wwr lifwasanilaiinssauastiviudin'ly wazssmaunsniavdanunouiitaa sk

~ @ <

& ~ & o v o @ a v o o
wWa3In USB I@EJE]:SJ‘IIEW\ILL’J‘J&’]‘HT.UW]Lﬂ‘]JLL@:LL&@NNamaﬁamﬂuuuﬂﬂvﬁ a’lﬁ‘iuluﬂ’l‘i

]
ad e

;f % <3 @ A 1 % % %
nanasftazld Data logger lumiiivdufindrdoyavasgunninialannmailuathia
uwirthelautayanlaldinauiuaas dsuaaslugif 21

Lﬂl nﬂ. o L d =S v
E‘]_I‘Y] 21 msam@ua:uuﬂﬂmaga
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17. naasansIataaa3lanuuguuey (Stereozoom microscope)  MEEIMIL
Fanaanwaaasnsinamfedulnlulosusuuna @”&Ll,amlugﬂﬁ 22 lasaudlnaan
(Eyepiece %38 Ocular lens) ffaevene 10 ¥ Lauﬂﬂﬁ’f@lq (Objective lens) i
A189U818 0.66—4  LYin Lm:ﬁ’lé'wmﬂmnuag’szmw 6.6-40 V1N DI IWTLFUAN
ﬂ§@d§ﬂﬂﬁﬂﬁ°ﬁﬁ@]ﬁﬁ]uﬂ%ﬂ’]?‘lLﬁﬁauﬁ"lﬁ% 3 36 linaudho—u

18. 7o lWdasxinsvaIndasganssan (Light source) lEdwiulwauainglu
P FINASNHIAZVDINT LS HAUNSB99aNnTIALl sawdlwnifuiuinnn lagas
andalifudindasganssan dwiugalndesainazdeznavlddioganaaaln LED
Famnnn wiannugdniniaaugu (Dimmer) Gesansndsuanuainslamudainis a9
LLa@ﬂugﬂﬁ' 23 lasgaiduasnaaa W LED fa lianuainelddautnannn uwdlaisanald
\Nannuauuiranasay

YK-B144T
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d' 1 ] U 6
Eﬂ"n 23 °1;@"l1/\|aa\1m'1\1°11aaﬂaaofgammu

v 1 = Q (- % { a j

19. NRBITNUAN (Camera) MELWAUTUANAMWANBUVBINT MaNLAadwln
lasusuuuanioldiianlun1inaasdd1d g laon1Ta1a A WHIBLABE INAAT1VBINT DY

6 -.‘.i d' 1= =) d' a J o > £ 1 c.i
fgamsﬂmwam:mmmauaﬂ@maagmmumﬂmmﬂmu FMTUNKDITUA WA LT L1k
minaaastidundesqmunwgsin Fujifim FinePix S7000 dianulitaiaad (Shutter
speed) 1/15—1/10,000 AW N

20. UrINaduad (Copper block) 3:iIATUITLNANNTBUIWIALANDLNFNULUFA
YDILVINAILAY 18z LT Iwb T wranaga U&IRIUNITNANAILAZITHNEIWHIN tulas

A a ¢ . . = A o ' A =
WIULHATASTIA (Micro-channel heat sink) G9azlans et IusaInions MawUURRRLY
YUIALANNINIAIVWIBARIIWIY 21 ToI LGRS TAINAINNIIIATNAANIIVAINIT LA
LAY 40 UARLNAST ﬁmm@mmn%aLLa:mwgawhﬁ'u 0.45 Laz 0.41 UaaLuaT
ANNRIAU 1agATUTZUNEAIMNTOWANWIZTHINTAINIINIT A LARET I TAITURU
WINNU 0.54 UaRLNAT @ﬁLLﬁ(ﬂﬂ%Eﬂﬁ 24 FIRTUAWINHVAILYIINILAIIZTNITLANSL T 1
) v 4 a Qq; [ & o v 4 v v 1 [
Fata1 Nl Tl unIAaAITaLaaTLULLYY F99iNrInN A AINNTawLALYIINaILAd Lag

wWisuleanuuwnasiilaainuseusadssuy (Heat source)

0.54 mm 0.45 mm

R

0.41 mm

t

37 24 LYINAILAILAZUUIAV DI LU LA TUT LI

4. HANIINARADY
4.1 nM3branuvazlauidn
4.1.1 3Uuwumslea
mylwauuvaslaindnvassin-anmea mﬂluﬁaﬁﬁﬁumuguﬁﬂmwm@ 0.53

fadwas meldzransluadng g mmmgﬂﬁﬁmaﬁaLﬁuuwunﬂﬁgﬂuuumﬂm 3UN
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25 LLamLqugﬁgﬂu,uums"lmaﬁl,ﬁ@mﬂmsvlmaluﬁﬂmaﬁmnehaﬁ'u fa MIlraluiu

L AUWRZNIT AR LA

1{:' 3 T T T T T 11T T T T T T TTT T T T T T TTT T T "I'II:
r Present dat:
| | resentdata _ O 0 AARA (Churn flow)
Yertical upward flow o 0 OAMMAA & A
1 1 0.53 mm [D 6 o aBaAAA A ABA
Fo  Shg flow
I = o 0 ABARA A AAA
- @ Throat-annular flow o o
— L i u]
] & Chumn flow Slug fm?}&a & & aaa
E o1 4% Annular flow % ool 'l'h.. ) | 'I'Flu }
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4.2 Mm3lnanvulaur@n
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4.2.1.1 NMSHWIYAIANAVIFTBATILRAY (Average Nusselt number)

Hausen (1943) latniauaanaunusdanIu L lun1svinm o dad e uiaisariiads
’Lumfﬁmmmﬂﬁauumwm%‘muﬁagji‘lmiwﬁ’]é’dw‘”@ummdmm%”au fnsudanlan
VAULYAUVUUANTNUAIAINATNUUIUNUUIZANNUUILTUTBUI (Axially  and

circumferentially uniform wall temperature) AILRAIANNFNNNTGD LT

0.0668Gz

NU,,, =3.66+ —————
1+0.04Gz

dl =) 1 A a £ s 1 dv
lauf Gz @éa @1 Graetz number smgﬂumw"lm’mawmmma"l,ﬂu
D
Gz =[T"j RePr (6)

\a D, fia waiduruaudna1slaasadin (Hydraulic diameter), L fia a31us1ana
wunuUad lulATUTULLE WAz Pr fia dalauwsuafia (Prandtl number)

Sieder and Tate (1936) lavtanesnaunusansulslunsimseaiaania
wariladslunsdluasniswanuunuiTounaglugamaawaun  (Developing  laminar
flow) dwivlunsdiigumnInuinugunndvesvasinaiionuuandrnuduatiounn
2 o a £y a A A ' A
FedndunazdasfinisRasannazasnsiddsuudasaranuniiavesves lwaaiunis
Lﬂﬁﬁmmawaaqmwgﬁ IR leaNaNNTae lH

RePrD, (1, )
Nuave:1.86[—hj (—”] (7)
L Hy
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T,@mqmauﬂ'&ﬁ‘mmmmsnmvlﬂ”h Ulfq AN VDI 29 lMandnua (Bulk mean fluid

v n:i L% Aa A a
temperature) 8nuiu 4, M lalaslfgmnnInuia
Lee and Garimella (2006) laiianasnauwusawsulslunsvinmadraiiauia
¢ A a a A \ o o o o
waviladlunydivasmslnanuunueufiegludismsawauwinisaiuian (Thermally
developing laminar flow) nMeluriafndsy fnsuTanlaNve U vALLUNANTANNTDWN
WHHIAINAUUIIUNUUAZ D AN TNUAIAINATUUIILTUTALI (Axially uniform wall heat

flux and circumferentially uniform wall temperature) AILFAIANENNNTHE LU

Nuave :++C4
C, (L))" +C,

il 01<a <1.0 uaz L' <L, lawfl

C,=-2757x10"°/a® +3.274x107% | a® —7.464x107° | o + 4.476

C, =6.391x10""

C, =1604x10"/a® —2.622x107° / o +2.568 %107

C, =7.301-1.311x10cx +1.519 x10a* —6.094¢°

L da anwpniaauwiunuadlulasusuunalugdoasdiudyl36& (Dimensionless

. . A =3 v Qs 1 ¥
axial distance) Tigniienulimuaumieidald

L' = L (9)
Re D, Pr

* . . A v et Rt Q 1 g
wae Ly, A® Dimensionless thermal entry length TITNNNIAM AN FUNBDAIA D bk

i =—1.275x10"°/a® +4.709x10° / ® —6.902x10™* / a* +5.014x107° / &*

(10)
~1.769x107% / a® +1.845x107* / ¢ +5.691x10°

{o o fo samsuanue s uTadrianagay (Channel aspect ratio) lagidudasngin
FEWIIANUENITBERR s uE VIR darie Alnay DsazdeanluiAin 1

Dittus and Boelter (1930) lasiniawaanaunus s1nsultlunmsviwmeaiiauia
wariadslunsdivasnmsivaunudulundnswanwdad (Fully developed turbulent
flow) meluriafisoy lauisonanauwuiiin Dittus—Boelter equation AILAAIANY

RuNY6ia 11T

Nu,,, =0.023Re* Pr" (11)
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Tagn n = 0.4 gwtulunsdwaimstianusaunuvadivanmelura usz n = 0.3
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fusulunstivasnsTuanuTawanvad lrnangluria SedmiumInaaasiazld n =
0.4
- . v o @ o o o ° @ @ &
Gnielinski  (1995) lasiauaanaNnwsensulglumIsviu o e ubaisay)
~ ~a a ' A A
waslunsdivasmsinanuunuisoy lasudseanidu 2 Seulufveuiwa (Boundary
condition) Aia @EANNANKAIAIN (Uniform wall temperature, UWT) uazWansanuiaud

WUA2AIN (Uniform heat flux, UHF) laslunsdivasgmnndnudinii (UWT) snansnm

) > @ 6 e d‘”
leanansunuiadsia lud

3 1/3

Nuave,T = {N aveT 1 +0 7 +[NuaveT 2 O 7] + NuaveT 3} (12)
Tagil

Nu aveTl =3.66

NU,.r , =1.615(RePrD, /L)

2 1/6
Nu | —% | (RePrD,/L)"?
ave,T,3 (1+22 Prj ( h )1

2
A

FnsulunIdiua INanTaNUTUNNUAIAIN (UHF) 8181709 banInauwnsadde b

I\Iuave,H = {N aveH 1 +0. 63 + [NuaveH 2 -0. 6]3 + N aveH 3}1/3 (13)
oo
NU,. i, = 4.354
NU,.. . » =1.953(RePrD, / L)"

NU,,. 1 5 =0.924Pr*(Re D, / L)'

v

138997N T WANINARBIHANITTIULNAINNTIUNIWHTEIVD IV D b LA TUT LA LI
A A ~ \ o ~ A < ' A & A o e
anAnuAnIud 3 du innziinsdaasudulniasuauadifiguantdduaninany
Taw M uunpadlulasuswing 39188130 18naNuTanlwAaNI9aINaT? AIthNIT
uwgenearvriaanlaglTanaunusasaasnavanneldilawluvasnisivanusan
uuy 3 du lasarduagmawiud ludnlinnda (Correction factor) Tannitiaualay

Phillips (1987) aauaaiauaunyae b

Nu%,3
Nuw’ A

Nu

ave,3 ave
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§WIU Nu, , usz Nu,, lugunisf (5.10) a13130n1 ldangnauNuIve9 Shah and
London (1978) aauaad Liluaun1sn (5.11) uaz (5.12) @ Na1au lag Shah and London
Vo o @ € o >3 o 1 [ % 6 d' =)

(1978) lavnauaanaunwsansuldlumvinwedralaavaoariiafslunsdvesnis

a AaA @ = A . A A
TrauuuuS NI IR ILENDN (Fully developed laminar flow) muluriefniasy
o [ A A = 6 2 A dql/ a A a dql’ a
fniuidenlanvevauuunandanuiouniuiiasanuuwiunuuaza unn IWuds
AINATUULWILTUTOLI (Axially uniform wall heat flux and circumferentially uniform wall
temperature) laglunstaainsiianusaniuy 4 6w (Four-sided heating) R85O

lananauwusasselUit
Nu, , = 8.235(1— 2.0421 +3.0853% — 2.4765¢° +1.0578a* —0.1861a°) (15)

fnsulunsdivasnsliainusauuuy 3 @%  (Three-sided heating) #1313 9aN

anaunuteadallil
Nu, , =8.235(1-1.833¢ +3.767a* —5.814a° +5.361a* —2.0a°) (16)

gﬂﬁ' 32 uaeIMaSouAguANUFanaRaInuTRIsANa TR aA DT o
nnmnaaasnulanmainwslagldanaunut GaazRnindeaariaarians
Aldanninasssinnusannaasnwduodrednvdnilaannisiiuwslagaies
a%é’ww”uﬁém%’uﬁﬂmﬂ@h@ﬁLamﬁamaﬁmﬁzlmﬂléfﬁma:maamﬂ%mmmmﬁwﬁagj
Tugreinaswamnisausan (Thermally developing laminar flow) 4ldun snguWus
989 Hausen (1943), RRENNWEUBY Sieder and Tate (1936), FRFANWUTVEI Lee and
Garimella (2006) WasRWANNUTVEI Gnielinski (1995) I@Uﬁ@hmmﬂmmﬂﬁauﬁwgsfﬁ
1288 (Mean absolute error, MAE) gaq@agﬁﬂizmm 20% luvmefanauwuises Dittus
and Boelter (1930) Golddmsurnumedaaavismaiiaasmeldanizosnsvauuy
Uuthu aswuirdensliseansasnuwogamnlataszniisaasvimaariiaionle
InnIInasaInuani laannisiiuie I@ﬂﬁ@hmmﬂmmﬂﬁaué’uysfﬁmﬁﬂagll'ﬁ
vz 28% waNANHEINLINATIAITT T8 87 ld NN INaaaIda
FOAARBINUERANRUSVEI Gnielinski  (1995) WS ITMIBAIGIAVIRITAT 08
gwnsudanlufuouauuunangauTauii w1097 (UHF) snnninanduwnivas
Gnielinski  (1995) NlFdwsuruwpasautmrariadodnsuiowlufveuwauyy

a a

A& A = Y o A A a X
qmﬁﬁuwum'}ﬂ\‘]ﬂ (UWT) Gﬁdﬂﬁa(ﬂﬂaa\‘iﬂ‘]_lLdauvlmﬂm(ﬂmuluﬂﬁi“n@aad
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4.2.1.2 MIMWILAIANIDRABATILANIZYA (Local Nusselt number)

Shah and London (1978) lasiniauesnaunusansulslunsyiwadaiaana
Lmaﬁmwn:q@iuﬂsfﬁmaamsvl,vmLLummL%'muﬁagjlu"ﬁmﬁ’]ﬁaw”@ummamﬁu%"au
(Thermally developing laminar flow) meluviedmndsy lasudsaaniu 2 Soulafi
YULUA ﬁm%’m‘éauvl,mﬁmaumeLmuwé’ﬂ%ﬂ'sm{auﬁv’ﬁ”uﬁamﬁmwLLmmemzqmﬁgﬁ

dq’ a dl v v R o e dq’
WRHIAINATULEWILRUIDL mmmm%mnwauwummavl,ﬂu

Nu,,, =3.04+0.0244/z" +0.448/ o —0.0000269/(z")*

(17)
+0.02/ & —0.000678/(z" )

¥
a

e 0.25<a<1.0 uax 0.05<z*<0.2 dml,fiauvlmﬁmaummmuqmﬂgwﬁuﬁamﬁmu

LWILNBULAZATNLWILERIAUIY F1NNIDWT LGNIRFNNUTAIea bl h
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Lee and Garimella (2006) lotiniauagnaunusdaniultlunvinmadiaiavig
maﬁmww:q@iuﬂsrﬁmaomsvl,'vmLLumwL?UuﬁagJJ"LmiNﬁwé’ow”wmmomw%’au
(Thermally developing laminar flow) mﬂmia?imﬁlﬂu a%m%’uL‘ﬁau"lmﬁmaummmumi"nsﬁ
ﬂ'smﬁ”auﬁﬁuﬁ’maﬁmmm'aLmuua:qmﬁgﬁﬁuﬁamﬁmuLLmLﬁmama (Axially

uniform wall heat flux and circumferentially uniform wall temperature) AILFAIAUTUNTT
CRYSILT

Nu, = + +C,
C(z7)2+C,

il 01<a<1.0 uaz 2" <L, lawdl

C,=-3.122x10"/a® +2.435x107% /a* +2.143x107" / ¢ + 7.325

C,=6.412x10"

C,=1589x10"/a* —2.603x107°/ o +2.444x107*

C, =7.148-1.328x10c +1.515x10c* —5.936c°
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"L@i”gnﬁmuvl,’j”mmumw”wiavl,ﬂf':

.2
ReD, Pr

uaz Ly, A® Dimensionless thermal entry length
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A =3 wa A = % [ =1 ] > %] 6 ci % dl % U
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WaI lUENNNTA (14)
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MIRalwuwIT=aU (Horizontal flow) ms"lm*’ﬁ?uﬁsgmﬁm 45° (45° inclination upward
flow) mﬂmaaﬁ&gmﬁm 45° (45° inclination downward flow) m3lnaduluuwda
(Vertical upward flow) uazm3lnaasluuuias (Vertical downward flow) @T@melugﬂﬁ
34
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M7 IMaLUL Gas core flow azfianwmeidunmsinaninasuizawalngiionis
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ANIDU (Heat transfer enhancement ratio, Nugp/Nuy) %ﬂgﬂﬁﬂﬂ&li’]l,ﬁué'mswmumaa@h
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A two-phase air-water flow experiment was carried out to obtain flow pattern, void fraction, and pres-
sure drop data from a vertical micro-channel, which was a fused silica tube with a diameter of 0.53 mm
and a length of 320 mm. The adiabatic two-phase flow behaviors during vertical upward direction were
experimentally investigated, and consequently, a buoyancy effect can be detected in this work. A flow
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the horizontal channel. The flow visualization results also indicate that the flow pattern map for vertical
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Keywords:
Micro-channel
Flow pattern
Pressure drop

in higher pressure drop when compared with the horizontal channel.
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1. Introduction

In past years, the microtechnology dealing with two-phase flow
has been rapidly developed for many engineering applications,
such as micro-channel heat sinks [1] microreactors [2], micro fuel
cells [3], and micro heat exchangers [4]. The understanding of the
trends and parameters dominating two-phase flow behaviors in
micro-channels is essential for optimum design and process con-
trol of miniature systems. In micro-channels, capillary force is
likely to play an important role for two-phase flow mechanisms,
resulting in flow phenomenon which is significantly different from
that observed in ordinary-sized channels. The discrepancies
between micro-scale and macro-scale flows were reported in the
literature [5-11]. The studies of adiabatic two-phase gas-liquid
flow in micro-channels have mainly reported on horizontal flow.
Triplett et al. [12,13] studied adiabatic two-phase air-water flow
characteristics in micro-channels with hydraulic diameters rang-
ing from 1.1 to 1.5 mm. Bubbly flow, slug flow, churn flow, slug-
annular flow, and annular flow were observed. The void fraction
and pressure drop data in the relevant flow regimes were also pre-

* Corresponding author. Tel.: +66 2 470 9115; fax: +66 2 470 9111.
E-mail address: somchai.won@kmutt.ac.th (S. Wongwises).
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0894-1777/© 2015 Elsevier Inc. All rights reserved.

sented. Serizawa et al. [14] found that the surface wettability had a
significant effect on the flow patterns in micro-tubes. They also
indicated that air-water flow and steam-water flow gave similar
flow patterns. Choi et al. [3] reported that the surface wettability
was found to have an influence on flow pattern and pressure drop
in rectangular micro-channels as well. In addition to surface
wettability, the operating pressure was also important for gas-lig-
uid two-phase flow in micro-channels, as discussed in Zhao et al.
[15].

Chung and Kawaji [16] performed an experiment for two-phase
flow characteristics in micro-tubes with diameters ranging from 50
to 526 pum to examine a scaling effect on flow pattern, void frac-
tion, and pressure drop. They indicated that as channel diameter
decreased, the flow pattern became unstable, and void fraction
tended to increase nonlinearly with increasing volumetric quality.
Based on the same apparatus and test section used by Chung and
Kawaji [16], Kawaji et al. [2] reported the significant effect of the
two-phase mixing method on flow pattern, void fraction, and pres-
sure drop. Milan et al. [17] also reported the effect of mixing
method on flow pattern for ordinary-sized channels. Chung et al.
[18] investigated the effects of channel geometry on two-phase
flow characteristics in micro-channels. They reported that the flow
in a square channel gave void fraction and pressure drop data
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Nomenclature

AR aspect ratio

Bo Bond number

C C parameter

Ca capillary number

Cc contraction coefficient

Co confinement number

D diameter (m)

Dy hydraulic diameter (m)

dPg/dz  frictional pressure gradient (Pa/m)
Eo E6tvoés number

G mass flux (kg/m? s)

g gravitational acceleration (m/s?)
j superficial velocity (m/s)

L length (m)

MAE mean absolute error, MAE = %ZQV (% X 100)
Re Reynolds number

AP pressure drop (Pa)
We Weber number
X mass quality

Greek symbols
o void fraction
B volumetric quality

x Martinelli parameter

€ liquid holdup

¢ contact angle (deg)

P? two-phase frictional multiplier

Y ratio of the cross-sectional flow area in the larger chan-
nel to that in the smaller channel

U dynamic viscosity (N s/m?)

o density (kg/m3)

4 surface tension (N/m)

Subscripts

a acceleration

C contraction

cr critical

exp experiment

f friction

G gas phase

GS superficial gas

g gravitation

L liquid phase

LS superficial liquid

similar to those in a circular channel. It was noted that their data
for the square channel were compared with those for the circular
channel reported by Kawahara et al. [19]. Hwang et al. [20] studied
the two-phase flow characteristics in a converging or diverging
rectangular micro-channel. They reported stratified flow and other
peculiar flow patterns in their work. Chai et al. [4] also conducted a
flow visualization study for two-phase flow in micro-channels with
variable cross sections. They observed the developments of differ-
ent flow patterns along the flow direction. For a circular channel,
Zeguai et al. [21] studied the flow pattern evolution along the flow
direction. The flow pattern map near the mixing zone and that near
the test section outlet were significantly different due to stress
changes.

English and Kandlikar [22] carried out a study on the effect of
surfactants on the two-phase pressure drop of air-water flow in
a 1 mm square channel. Based on their data, they proposed a pres-
sure drop correlation by considering flow condition and hydraulic
diameter. Kawahara et al. [23] investigated the effects of liquid
properties, i.e., surface tension and viscosity, on two-phase flow
characteristics in a micro-channel. Flow pattern, void fraction,
and pressure drop results were also presented for different mixing
methods. In addition, Saisorn et al. [24] reported the effects of the
mixing methods on flow pattern and heat transfer characteristics
of an air-water mixture in micro-channels.

The studies previously mentioned mainly investigated the
micro-scale flow in horizontal channels. The effects of different
parameters have been reported in several publications. Only a small
number of publications, such as Kandlikar and Balasubramanian
[25], Zhang [26], Wang et al. [27], and Saisorn et al. [28] gave infor-
mation dealing with the gravitational aspect, but their results were
reported based on flow boiling in micro-channels. The information
corresponding to gravitational effect on micro-scale flow is still
lacking for the adiabatic two-phase gas-liquid flow condition. The
adiabatic two-phase gas-liquid flow in micro-channels generally
deals with a small Bond number, and the gravitational effect is fre-
quently expected to be negligibly small. Only nondimensional num-
bers, however, may not be sufficient to reflect all two-phase flow

mechanisms. Systematic investigations should be conducted to
examine such effects on adiabatic two-phase flow in micro-
channels. In this connection, the objective of this work was to
explore the two-phase air-water flow phenomena in a vertical
upward flow micro-channel. Flow pattern, void fraction, and pres-
sure drop data for vertical upward flow in a 0.53 mm diameter chan-
nel were obtained based on the same apparatus and procedure
carried out in horizontal flow by Saisorn and Wongwises [29-31].
The comparisons between vertical upward flow and horizontal flow
results are also presented in this work.

2. Experimental apparatus and procedure

The present study was investigated by using the experimental
apparatus of Saisorn and Wongwises [29-31] including the water
flow loop, airflow supply, and measuring instruments. Fig. 1 shows
a schematic diagram of the experimental apparatus. Air and the
water-filled tank were combined and operated as a pneumatic
pump, which can provide a constant flow rate through the test sec-
tion. The mixing section, as shown in Fig. 2, was used to allow the
air-water mixture to flow upward. The mixture flowed freely from
the channel outlet. The airflow rates were measured by four
rotameters within the ranges of 5-50 sccm and 0.05-0.5, 0.2-2.0,
and 1-10 SCFH. For liquid flow rate measurements, an electronic
balance (320 + 0.001 g) was used to measure the weight of the lig-
uid flowing freely from the outlet over time. The test section used
in this work was a fused silica tube with an inner diameter of
0.53 mm and length of 320 mm. The single-phase and two-phase
pressure drops across the test section were determined by 2 pres-
sure transducers installed at the channel inlet. The low-range pres-
sure transducer was calibrated from 0 to 250 kPa with a +0.5 kPa
accuracy, and the high range one was calibrated from 0 to
1000 kPa with a +2 kPa accuracy. T-Type thermocouples were used
to measure fluid temperatures. The degree of uncertainty of the
temperature measurements was 0.1 °C.

The detailed formation of each flow pattern was registered by a
precise stereozoom microscope with a continuous zoom ranging
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Fig. 1. Schematic diagram of experimental apparatus.

between 0.7x and 3.0x, including 20x eyepieces mounted
together with a camera system having shutter speeds of 1/15 -
1/10,000 s and a frame rate of 30 frames per second. According
to the above system, a magnified image of up to 60 times can be
obtained. In this study, however, the magnification was adjusted
so that the appropriate view field (L/D = 10) was obtained. The
region near the channel outlet was always selected as the viewing
window available for the captured image. An adjustable light
source consisting of a 150 W halogen lamp and dimmer was used
to provide illumination for the flow visualization. The lighting con-
dition could be refined by placing the frosted glass between the
light source and the test section.

The single-phase flow experiments were the first to be per-
formed. Following this, the two-phase flow experiments were con-
ducted at various gas and liquid flow rates. In this work, the gas
flow rate was increased by small increments, while the liquid flow
rate was Kkept constant at a preselected value. The system was
allowed to approach steady conditions before the fluid flow rates,
flow patterns, and pressure drops were recorded. Visual observa-
tion shows that different flow patterns may occur with gas-liquid
cocurrent flow in a vertical micro-channel. The main systems com-
posed of stereozoom microscope and camera were located normal

to the test section to facilitate the flow visualization. The light
source was aligned opposite to the stereozoom microscope. The
image analysis was carried out to estimate the void fraction based
on the scale provided by micrometer.

3. Results and discussion

In this section, the two-phase flow patterns and flow regime
maps are presented first. The void fraction data are subsequently
presented, and the corresponding pressure drop results come last.

3.1. Flow patterns and flow regime maps

Visual observation shows that different flow patterns may occur
with gas-liquid cocurrent flow in a vertical micro-channel. For ver-
tical upward flow, the effects of surface tension, gravitational
forces, inertia, and viscous shear forces on two-phase flow mecha-
nisms can result in the formation of a specific flow pattern. The
observations were carried out using a visualization system. The
superficial velocities of gas and liquid varied from 0.375 to
21.187 m/s and 0.004 to 2.436 m/s, respectively. By keeping the
water flow rate constant at a preselected value and increasing
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Fig. 2. Schematic diagram of mixing chamber.

the air flow rate by small increments, typical photographs were
obtained from the viewing window located downstream of the test
section, as shown in Fig. 3. The descriptions of each flow pattern
are summarized as follows.

1. Slug flow: The slug flow occurs at low gas flow rate and is char-
acterized by elongated bubbles that are larger in length than the
channel diameter.

Slug flow

1
i !
| !
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! 1
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1 mm
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Gas core|
Flow
e ]
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Churn flow i
1
jos=8.318 m/s |
:
1

jis = 0.387 m/s

2. Throat-annular flow: This flow pattern has never been
observed in ordinary-sized channels. Moreover, it has been
called by various names, such as liquid ring flow [14], slug-an-
nular flow [16], and ring flow [32]. The development of the
throat-annular flow is based on the two consecutive gas slugs
expanding along the axial direction, which tend to penetrate
the liquid bridge and form the throat-like gas core.

3. Churn flow: In the region of high liquid flow rates, a sufficiently
high gas flow rate can lead to the appearance of churn flow,
which is characterized by a disruptive region developed due
to the distortion of the elongated bubbles.

4. Annular flow: The annular flow corresponds to a gas core sur-
rounded by smooth continuous liquid film adjacent to the tube
wall.

5. Annular-rivulet flow: This flow pattern pertains to the alternat-
ing appearance of annular flow and rivulet flow. Note that the
rivulet flow, first reported by Barajas and Panton [33] is charac-
terized by the flowing of a river-like water stream on the tube
wall and looks similar to the special stratified flow discussed
in Choi et al. [3].

The present results show that the flow patterns observed during
vertical upward flow are similar to those in a horizontal tube in an
experiment carried out in our previous work [29] with some
exceptions. Firstly, the channel orientation can affect the shape
of the interfacial surface in the slug flow pattern, as described in
the following. The bullet-shaped gas slugs were observed in the
horizontal flow, whereas the non-bullet-shaped gas slugs were
found in the vertical upward flow. A concurrence of the flow inertia
and the buoyancy force in the vertical upward flow can cause both
ends of the gas slug to appear contortive. The difference in the
appearance of the slug flow in horizontal flow and vertical upward
flow channels is illustrated in Fig. 4. Secondly, with the same flow
conditions, the annular flow was only observed in the vertical
upward flow channel. In the region of high gas flow rates, the tran-
sition from throat-annular flow to stable annular flow without the
interface fluctuation was observed during vertical upward flow. In

Annular-rivulet flow
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Fig. 3. Photographs of flow patterns.
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Fig. 4. Photographs of slug flow pattern.

this work, the formation of the annular flow may be mainly attrib-
uted to the fact that for vertical upward flow, the buoyancy and
inertia forces play a role in strengthening the gas phase in the mix-
ing chamber, causing the liquid phase that is limited to enter the
main channel as a smooth liquid film surrounding the gas phase
with high kinetic energy.

The flow pattern data for both vertical upward flow and hori-
zontal flow are also presented in Fig. 5, which is the flow regime
map established with the coordinates of superficial liquid and
gas velocities. The solid lines presented with the flow pattern
names in the figure represent the boundaries of the flow patterns
and transitions from one flow pattern to another. As depicted in
the figure, the annular flow pattern is not observed in the horizon-
tal channel even at high gas velocities, and the flow pattern map
for vertical upward flow is not completely compatible with transi-
tion lines corresponding to horizontal flow. The results shown in
Fig. 5 indicate that the gravitation taking place in vertical upward
flow becomes important to some extent. In this study, the throat-
annular flow, considered a unique flow pattern in micro-scale flow,
was observed. Meanwhile, gravitational effects on the flow phe-
nomena were detected in this work, although a small Bond number
was obtained (Bo =0.039). It seems that for adiabatic two-phase
air-water flow, macro-to-micro-scale transition may take place

10
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Fig. 5. Flow regime map.

in this channel size. Due to these complicated phenomena, it is
not easy to understand flow behaviors dealing with flow pattern
and pressure drop by just focusing on the experimental data. The
experimental data should be compared with the existing predic-
tion methods. Such comparisons may be helpful to illustrate possi-
ble parameters resulting in this complicated flow.

3.2. Comparison with existing flow regime predictions

It is found from the literature [34,35] that the flow patterns can
influence the two-phase pressure drop, system stability, and
two-phase heat transfer processes. The ability to predict the type
of flow is therefore necessary in the micro-scale flow. The follow-
ing show the comparisons of the present flow pattern data with
prediction methods based on adiabatic two-phase gas-liquid flow
in small channels.

3.2.1. Flow regime map by Akbar et al. [36]

The flow regime map developed by Akbar et al. [36] was based
on the two-phase flow of an air-water mixture in circular and
near-circular channels with hydraulic diameters of less than
1 mm. Their flow regime predictions were expressed in terms of
gas and liquid superficial Weber numbers as follows.

Surface-tension-dominated zone including bubbly flow, plug
flow, and slug flow:

Wegs < 0.11Wel$"®  for Weys < 3.0 (1)

Wegs < 1.0 for Weis > 3.0 (2)
Annular flow zone:

Wegs > 11.0Wel*  for Weys < 3.0 3)
Dispersed flow zone, such as churn flow:

Wegs > 1.0 for Weis > 3.0 (4)

Transition zone representing transition from slug flow to annu-
lar flow:

0.11Wel?" < Wegs < 11.0Wels"*  for Wes < 3.0 (5)

Fig. 6 shows the comparison of the present data with the Weber
number flow pattern map by Akbar et al. [36]. Their
inertia-dominated zone including annular flow and dispersed flow
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Fig. 6. Comparison of the observed flow patterns with the transition lines by Akbar
et al. [36].

is not compatible with the present results. Nevertheless, their
surface-tension-dominated zone and transition zone are in fair
agreement with the slug flow regime and throat-annular flow
regime, respectively, obtained from the present study.

3.2.2. Flow regime map by Wang et al. [37]

Wang et al. [37] proposed correlations incorporating fluid
property and wetting condition of the channel for predicting
two-phase gas-liquid flow regimes covering slug flow, slug-annu-
lar flow (or throat-annular flow for our present work), annular
flow, and parallel stratified flow in micro-channels. It should be
noted that their parallel stratified flow was formed due to the
instability of the gas-liquid interface of the annular flow during
the increase of gas flow rate, not gravity. In the present work,
similar instability was also observed in the annular-rivulet flow.

The flow regime map developed by Wang et al. [37] was
proposed in terms of capillary number and Reynolds numbers.
The corresponding transition lines were proposed as follows.

Slug flow/slug-annular flow was presented by:

_ 4 ¢ Regs) *7°
Ca=40x10 <1800n> (E) (6)

Slug-annular flow/annular flow was expressed as:

- ) Recs 121
Ca=86x10 <18007I> <E> (7)

Annular flow/parallel stratified flow was given by:

_ 2f ¢ Regs\ '
Ca=23x10 (Wn> <E> (8)

Referring to Eqs. (6)-(8), ¢ represents the contact angle of fluid
on the solid surface (deg.), Ca is a capillary number, and Regs and
Res are, respectively, gas and liquid superficial Reynolds numbers.

The present results are compared with the transition lines of
Wang et al. [37], as illustrated in Fig. 7. The consistency with their
prediction is insufficient, although their flow patterns are similar
to the ones in the present work. Their transition lines seem to be
shifted to the left side in the present flow regime map. The dis-
agreement may be mainly due to the corner effect in their rectan-
gular micro-channels.

3.2.3. Flow regime map by Ullmann and Brauner [38]
The mechanistic models were developed by Ullmann and
Brauner [38] to predict the flow patterns in small channels. In their

T T
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Fig. 7. Comparison of the observed flow patterns with the transition lines by Wang
et al. [37].

mechanistic models, the non-dimensional E6tvos number (Eo) was
found to play an important role in adiabatic two-phase flow char-
acteristics. Referring to Ong and Thome [6], an E6tvés number of
about 0.2 was reported as the threshold value for micro-scale flow.
The E6tvos number is related to the Bond number, Bo, by:

Bo _ (p, — pc)gD’?
Eo = 5= 30 9)
The bubble-to-slug transition and the slug-to-annular transition
proposed by Ullmann and Brauner [38] are compared with the pre-
sent data.
For the bubble-to-slug transition, Ullmann and Brauner [38]
proposed the liquid superficial velocity given by:

(1 — Oter)jcs

e (10)

jLS =

where ¢ is surface tension, g is gravitational acceleration, D is diam-
eter, p. and p¢ are, respectively, liquid and gas densities, and o,
represents the critical void fraction corresponding to this transition.
The void fraction value of 0.15 was used in their model.

For the slug-to-annular transition, the gas superficial velocity at
this transition can be determined by Ullmann and Brauner [38] as
seen in the following equation:

. 1—é 1-éx .
Jos =2 ( . )K—Scr >Z—2+2}]Ls (11)

where ¢, is an average liquid holdup at this transition, g is liquid
viscosity, and yg is gas viscosity. To maintain the annular flow, the
average liquid holdup of 0.4 was proposed by Ullmann and Brauner
[38].

Fig. 8 displays the transition lines by Ullmann and Brauner [38]
along with the present data. The comparisons show that slug flow
and churn flow obtained from the present work are located in the
vicinity of their slug flow regime. Their annular flow regime covers
our annular flow and annular-rivulet flow patterns. It should be
noted from the figure that the throat-annular flow regime, which
is developed based on the two consecutive gas slugs expanding
along the axial direction to form the throat-like gas core, appears
around their slug-to-annular transition line.

According to the comparisons, the mechanistic models pro-
posed by Ullmann and Brauner [38] seem to agree with the present
data (Eotvos number of around 0.005).
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3.3. Void fraction

Void fraction is a parameter that is important for two-phase
flow analysis. Although the void fraction can be calculated by using
available prediction methods, it was found from such literature as
Xing et al. [39] that the selection of the different void fraction cor-
relations had significant influence on estimating pressure gradi-
ents. However, the void fraction can also be obtained based on
experiments, and there are different conventional methods that
have been used by previous researchers. The conventional method,
such as a constant electric current method generally used to mea-
sure void fraction in ordinary-sized channels, was carried out by
Kariyasaki et al. [40] to obtain void fractions in channels with 3 dif-
ferent diameters of 1, 2.4, and 4.9 mm. For a quick-closing valve
technique, Wongwises and Pipathattakul [41] measured void frac-
tion in an inclined narrow annular channel with a hydraulic diam-
eter of 4.5 mm. As the channel diameter decreases to less than
1 mm, however, it may be convenient to estimate void fraction
by image analysis.

In the present work, the volumetric void fraction was the aver-
age value estimated from about 50 to 70 photographed images. The
image analysis was considered by assuming symmetrical volumes,
covering spherical and ellipsoidal segments as well as cylinders,
formed by gas-liquid interface. In addition, the effect of the curva-
ture radius of the tube, which was first introduced by Kawahara
et al. [19] was taken into account for the estimation. The void frac-
tion was determined based on the micrometer scale with an accu-
racy of +0.05 mm, which corresponds to an uncertainty of about
+13%. The experimental void fraction data are presented in Fig. 9.
It should be noted that the volumetric quality is the ratio of the
gas volumetric flow rate to the total volumetric flow rate. As
shown in Fig. 9, the void fractions for horizontal flow, as well as
vertical upward flow, were found to have a linear relationship with
the volumetric quality. The horizontal flow data correlate well with
the homogeneous flow model (« = B), but for vertical upward flow,
the void fraction tends to be less than the volumetric quality
(o¢=0.56p). In comparison to the horizontal flow, the lower void
fraction during the vertical upward orientation may be mainly
due to the buoyancy enhancing slip between the two phases.

3.4. Pressure drop components

Prior to obtaining data for the frictional pressure drop, mea-
surements of the total pressure drop were taken under various dif-
ferent conditions. In this work, the total pressure drop of a

1.0

T T

O  Present data: vertical upward flow, D = 0.53 mm ID L
A Saisorn and Wongwises [29]: horizontal flow, D = 0.53 mm ID 4
0.8 q
3 a=p B g DEE
s 06 q
=]
8 \ O o o
g a o
=} A u}
o
2 oaf Ao e 1
> A o
u]
o
A
02 o q
A
=g
0.0 L L L L
0.0 0.2 0.4 0.6 0.8 1.0

Volumetric quality, B

Fig. 9. Void fraction data.

two-phase flow in a vertical channel was composed of frictional
pressure drop, gravitational pressure drop, accelerational pressure
drop, and pressure drop due to sudden contraction and is
expressed by the following balance equation:

APeyp = APs + APg + AP, + AP, (12)
where AP; and AP, stand, respectively, for gravitational pressure
drop and accelerational pressure drop, which can be evaluated by

the following 2 expressions:

APz = gLsin 0[op. + (1 — o) p,] (13)

2 2 2 2
AP, = G? X_+M _ X__,_u (14)
ope  (1-o)p, outlet L 2PG 1-o)p, inlet
As suggested by Kandlikar et al. [42] the pressure drop due to
sudden contraction, AP, can be obtained by:

R )[R0

The contraction coefficient, C,, is given by:

C.= L

- v 16
0.639{1 —}—,]%+1 e

where G is mass velocity, « is void fraction, L is channel length, 0 is
angle, x is mass quality, and 7y represents the ratio of the
cross-sectional flow area in the larger channel to that in the smaller
channel.

The frictional pressure drop, AP, can be obtained through the
above equations. Based on the present flow conditions, it is found
that the accelerational pressure drop and the pressure drop due to
sudden contraction possess values of less than 6% of the total pres-
sure drop, which is negligibly small. In general, as expected, the
frictional pressure drop dominates the other three components.
However, as illustrated in Fig. 10, the frictional pressure drop
and gravitational pressure drop values are comparable for low flow
rates, especially in the slug flow regime. The average values of
51.6% and 48.1% of the total pressure drop correspond to the fric-
tional component and the gravitational component, respectively.
The important role of gravitation effect on slug flow can also be
seen in Fig. 4.
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Fig. 10. Pressure drop components.

3.5. Frictional pressure drop

In this section, the frictional pressure drop data are presented.
The frictional pressure drop was obtained by subtracting the grav-
itational term, accelerational term, and a sudden contraction term
from the total pressure drop. It was found from the experiments
that the churn flow causes the frictional pressure drop to be higher
than that corresponding to the other flow regimes, as illustrated in
Fig. 11. Such high pressure drop for churn flow is mainly due to the
disruptive region and unstable liquid film near the tube wall. The
frictional pressure drop data for vertical and horizontal flow are
also presented in Fig. 12, showing that vertical upward flow can
result in a higher pressure drop in comparison to horizontal flow.
The reason behind this result may be explained as follows. Accord-
ing to Fig. 9, the vertical upward orientation can cause flow with a
high slip ratio, and thus the level of interaction between the two
phases is increased, which results in increased pressure drop. Based
on the Lockhart-Martinelli correlation (¢? = 1+ C/y + 1/y2), the C
parameter describes the level of interaction corresponding to
momentum coupling between the two phases. Fig. 13 shows the
data of C parameter for different flow regimes during vertical
upward flow. The figure illustrates that churn flow gives the highest
value, which means that the level of the two-phase interaction is
high in the churn flow regime. Similar results were also found in
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Fig. 14. C parameter for different orientations.

horizontal flow. In addition, the vertical upward flow can result in
a higher value of C parameter when compared with the case of hor-
izontal flow arrangement, as presented in Fig. 14.

As mentioned above, the C parameter indicates the two-phase
flow condition and can be calculated using existing correlations.
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For instance, the C parameter proposed by Chisholm [43] ranges
from 5 to 20 depending on the flow condition of the gas and liquid
in macro-scale channels. For adiabatic two-phase gas-liquid flow
in micro-scale channels, the existing correlations were developed
by including different effects.

Mishima and Hibiki [44] proposed a correlation for the value of
the C parameter as a function of the channel diameter, which is
given by:

C=21(1 - e31%n) (17)

English and Kandlikar [22] proposed a correlation that was
modified based on the Mishima and Hibiki correlation [44]. For
laminar-laminar two-phase flow, the value of the C parameter
can be expressed as:

C=5(1—e319n) (18)

Kawahara et al. [23] developed a correlation accounting for lig-
uid properties and two-phase mixing method as follows:

C = bBo"*Re[P*Wed (19)

The constant b in Eq. (19) is 0.55 for the flow with a reducer at
the channel inlet and 1.38 for the flow without the reducer.

The flow-pattern-based correlations were recently developed
by Choi and Kim [45]. Three flow regimes were included in the cor-
relations, as presented in the following equations.

Bubble regime including bubbly flow, slug bubble flow, and
elongated bubble flow:

C =21(1 — e 1612/%)(0.0012G + 1.473) (20)

Transition regime, which is a transition between elongated bub-
ble flow and ring flow:

C =21(1 — e 112/%)(0.0008G + 0.95) (21)

Liquid ring regime (or throat-annular flow for the present
work):

C =21(1 — e"'612/%)[(0.658AR + 0.13)G + 0.0016AR
+0.0003] (22)

where AR is the aspect ratio and Co denotes the confinement
number.

Venkatesan et al. [46] proposed correlations based on flow pat-
terns including bubbly flow, dispersed bubbly flow, slug flow, and
slug-annular flow (or throat-annular flow for the present work).

For all flow regimes except slug-annular regime:
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Mishima and Hibiki [44]
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(dP./dz), ., (MPa/m)

Fig. 15. Comparison of the experimental data with prediction by Mishima and
Hibiki [44].

c=1 (23)
For slug-annular regime with Bo > 1:
5 (Regs\*°
C = 4we?!} <E> (24)
For slug-annular regime with Bo < 1:
5 (Regs\
C =2We? (E) (25)

Once the C parameter is obtained, the frictional pressure drop of
gas-liquid two-phase flow can be calculated based on Lockhart and
Martinelli [47]:

(%) -4 (%), (26)

where (dPg/dz); is the single-phase liquid pressure gradient and ¢?
represents the two-phase frictional multiplier, which is expressed
by:
c 1
2
=1+ 7 + 7z (27)
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English and Kandlikar [22]
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Fig. 16. Comparison of the experimental data with prediction by English and
Kandlikar [22].
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Fig. 17. Comparison of the experimental data with prediction by Kawahara et al.
[23].
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Fig. 18. Comparison of the experimental data with prediction by Choi and Kim [45].
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Fig. 19. Comparison of the experimental data with prediction by Venkatesan et al.
[46].

The Martinelli parameter, , is defined as:
05
_ |:(dPF/dZ)L:| (28)
(dPr/dz),

where (dPg/dz)s is the single-phase gas pressure gradient.
Comparisons between the present results and the predictions
are presented in Figs. 15-19. The pressure drop prediction meth-
ods were assessed for different flow patterns, as shown in Table 1,
in which the mean absolute errors (MAE) standing for the predic-
tive accuracy of the corresponding correlations are indicated. For
the flow-pattern-based correlations developed by Choi and Kim
[45], Egs. (20) and (21) were considered for the present slug flow

and churn flow, respectively, and Eq. (22) was used for the present
data including throat-annular flow, annular flow, and annular-
rivulet flow. For the flow-pattern-based correlations developed
by Venkatesan et al. [46], Eq. (23) was used for the present data
associated with slug flow, churn flow, annular flow, and annular-
rivulet flow, while Eq. (25) was used for the present throat-annular
flow data. The comparisons show that the method of Venkatesan
et al. [46] works best because it can fairly predict the data of up
to 3 flow regimes, including throat-annular flow, annular flow,
and annular-rivulet flow. The second most accurate correlation is
that of Kawahara et al. [23] who considered the mixing method
in their prediction, followed by the method of English and Kand-
likar [22]. The methods developed by Kawahara et al. [23] and Eng-
lish and Kandlikar [22] can fairly predict the data for annular flow
and annular-rivulet flow. Mishima and Hibiki’s correlation yields
fair prediction for the present annular flow data. Although the
flow-pattern-based correlations proposed by Choi and Kim [45]
were developed based on rectangular micro-channels, their predic-
tions were found in good agreement with the present churn flow
data, which implicitly indicates that the pressure drop during the
churn flow may not be affected by the corner effect in a rectangular
cross section. It should be noted from the comparisons that the
above correlations fail to accurately predict the pressure drop for
slug flow regime. This may be mainly attributed to the important
role of the gravitation effect on two-phase mechanisms during slug
flow, as seen in Figs. 4 and 10. Regarding the comparisons, it seems
that the channel orientation, in addition to flow pattern and mixing
method, may be needed for developing the prediction method for
adiabatic two-phase gas-liquid flow in micro-channels.

4. Conclusions

The experimental investigation was performed in this study to
obtain adiabatic two-phase air-water flow data, including flow
pattern, void fraction, and pressure drop, in a vertical upward flow
channel. A fused silica channel, 320 mm long, with a diameter of
0.53 mm was used as a test section. The conclusions from the pre-
sent study can be given as follows.

1. The flow visualization results show five different flow patterns:
slug flow, throat-annular flow, churn flow, annular flow, and
annular-rivulet flow. Vertical upward flow and horizontal flow
give similar results with some exceptions.

2. The void fractions are determined based on image analysis. The
void fraction tends to increase linearly with increasing volu-
metric quality. The vertical upward flow yields lower void frac-
tion in comparison to the horizontal flow.

3. The experimental results indicate that high pressure drop
region takes place in the churn flow regime. Besides, the vertical
upward flow gives pressure drop higher than that for the hori-
zontal flow.

4. The buoyancy effect due to channel orientation is detected in
this work.

Table 1

Comparison of the pressure drop prediction with the present pressure drop data for different flow patterns.
References MAE (%)

Slug flow Throat-annular flow Churn flow Annular flow Annular-rivulet flow Average

Mishima and Hibiki [44] 81.26 76.58 39.30 22.85 65.27 57.05
English and Kandlikar [22] 43.10 43.33 64.34 23.10 16.70 38.11
Kawahara et al. [23] 55.93 41.08 46.78 18.99 18.88 36.33
Choi and Kim [45] >100 >100 23.90 64.26 >100 >100
Venkatesan et al. [46] 43.18 36.31 62.06 20.86 21.06 36.69
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