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ABSTRACT

This study investicated the flow pattern during boiling of R134a for three
orientations (horizontal, vertical upward and vertical downward) at saturation pressure
of 8 bar in a micro-tube and micro-channel heat sink. The tube and the heat sink
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and long-slug flow. Moreover, the result indicated that heat transfer mechanism
occurring in micro-channel heat sink as a combination of nucleate boiling and

convective boiling.



naRnssuUsEnA

Inednudianiandaldiemunganne1nsdfivinu weasugsa auneTad
uarsa.as.Asy aeas Hldliarudiomde Tidduustisuddamaaonaulianmg uay
Uszaumsalfiundimdn

YoveUNITEANANENTIUNTABUTTBuALTATAs I Tnus i nganTiduuzh
naontutediuzadlufigavinliineninusatuddneadls

YBUBUAM 8137158 BALIN A3839A nA.AT.USlaumd nea we.as.dyyn wasiladnual
n3.Augns aalastuw aalvsod esAs wazaansal sdnsvuan fireglidusnwiuay
Funzuamslumahnimaaes

V9 UAMYUIIBNE1TNNUNBIUAUAYUAITINY (A717.) (Thailand Research
Foundation) uagneuidganivuimalulagnszaoundtinnunmsatnnsz s (KMITL
Research Foundation) 7 lin13auayunis3deid uenaind devevevnaios q lu
We3UURn1s Two-Phase Flow Research Laboratory fantumeluladnszaamndnin
AuMMIANANTETs IngununTnTeaning Sminuums ynaufinostiomded iy
NM3iNIsNAaes

4n1N8A 090U UANTAT KAZUITAIVRITINAT ANATA ATNUTUS wazAnals

] v 6

Asnutus Mrealvinnadla wavaduanualddngliiutmdinaennisdiny

9
o o a

dmiuaaumiuadulaiiinainInerinusatuil Piwivensuliiuiniusen
Fudunsnuaziamds aaenauaze1asdinisnnviuilaUssdvsussanisianuiiay
dngvenUsraunsalnatiLAdIma

5Ty ASnutus



d13U8y
Tive
UNARTDATIIIIY oo eee e eeeeseeseese e s s e eessseseeeseeeesesseseseeeeeeeeeees |
UNAAGDANIVIINGT oo [
N TTHUTEN NP ee e e s ee s e If
BTTUD oo \%
ANTURRTT N oo Vi
BTTUTYTU- o emmeerreeresmmeese s Vi
SV ITHEYA OB oo ee e seseseeree s e X
UTITE L UV Yoo et 1
SRR T T 1
7" 4P 101150 AT o I VT V70 oS . 1
1.1.2 niseiifeadesdmsunisinavasiionl uionauuu a8 .o 2
1.1.3 lalasuwunuadn@dan (Micro-channel heat Sink)...........oooooerveeeecreereeeeen 7
1.1.4 iseiifedesdusumsinasasiionlululasusunuadndss. ... 10
iU iseig. ., ME N [ a0 \ AN Y AN 18
1.3 for et LS. L U0\ Pon Y. . ). AN 18
UNT 2 VAN TUDEAGUATIAI MO o ettt 19
2.1 LTI UNUSELNNUBIYBINIINITIIAR oot seeeee e 19
2.1.1 Wushugudnanslansednd (Hydraulic diameter). ... 19
2.2.2 MSHANUFUNUSUDIAT Confinement NUMDET ... 19
22 WanwrERiviass luledn).. S= (082 ) YO M . 20
29 grsonemerwieeil A\ O.®... Xl &5 ... 21
2.3.1 MTONUNAINUSBULUTIBAR oo res oo ettt eesesseeeeseene 21
2.3.2 715018 AN UL ATUYUUUABATIN oo 22
R N TG A SR AP S 4 A 24
2.5 NAUAWUTLIUR (DIMENSIONIESS).crs vt ieverriessiiesireenessieneseeses e 25
T T T Tat E IS0 T2 L T 28
3.1 9199888ATBINDINITNINIY KAZQUNTANITNARD. oo 28
3.2 YANAGDU (TEST SECHION)....eeuueerrrieirrreiiicceeieiieeeeeeissece s cessssisses e 31
3.1.2 YANATDUVBINDNA ..ooecevvreereresemmneeennenne ereeesssssseesseeesssessssesssee e 31
3.2.2 YANAADUYDILULATUYUMUATATAN ..o 33
UNT1 & HANTISVIAADT UAZNANTIDITAIHANITIRRDT e 36
4.1 NaNTNAABINITINAAIULLAYY (Single-phase FLOW)................ocoeoeeeeeeeeeeeeeee 36

4.1.1 HANISNAABDINT ARADTULLAEIVDIADOAL oo 36



#1508y (si0)

4.1.2 an151aasIn1shaan uzLAe e N ATUIULUABTARIA. ... 39

4.2 HanSNAaRIeINTlnadesanIug (Two-phase Flow).............eevveeeeeverveeeee a4

4.2.1 NANTTNNADIUDIVIDNDU .o 44

4.2.2 wan 150 a09U03 UTATUYUMUATATIN..ooooooooooooeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 59

UNT 5 AFUNBNITIAROY .ot 81
5.1 AFUNANITNARDUAIUYDINONAL orrerrerrerreeereerseresennsesnsncensen 81

5.2 a3Unan15Mnaodlua uYaulATUYULUATAZIN oo 81

5.3 UOLAUBUUEANSUSTUITELUDUIAG ...ooooo oo 82

Ay av vo Aaa ¢
AMARNUIN N Naﬂ']u’Jﬁ]EJV]iﬂiUﬂ'ﬁ@WllW ..................................................................................... 91



VI

A13UA1979
N34T WU
1.1 uana3dedu q MfetostunsIavassiiomumanat. e 8
1.2 wansnuddedu q MfedesiunisinavasiienlulilasuuuuuaBndr. .. ... 16
3.1 a7 UN I TN ARIE AT UTONAN e 28
3.2 uanadoululdlun13naae @MU ATUIUUATATAT oo 31

& 1

3.3 WARIAIAIIUABIALAROUVDUATDINDIA LASHITITADTAN e 31



VI

GURVGTT
SU Wi
1.1 BvBNAYDILTING ) TFUHUSAUTUNAEURUAUENANNE [6] .o 2
1.2 JUuuunslravesasvinaaudu R-290 Tuviewuin 1 mm (1] 3
1.3 sUuuunslvavesansvinauiy R245fa Tuvieausuaauuin 1.1 mm [15]........ 4
1.4 sUuuunslvavesasinauiy R245f Turienownsvuin 1.1 mm [16].......... 4
1.5 suuuumsiavesansieandu R13da luvie 1 mm Afifiamansivaunnsiaiu
L L ettt 5
1.6 M3eANIUTNAUNENGAL U FUOUIAR (1], 10
1.7 sUuuumsinavesansyhanandu HFE-7100 Tulslasusunuadndsdin
Dh = 0.46 mm@Lle® ... D NNN LSl Mg+ eveveemeveemeneeneneneaeaes 11
1.8 gUuuunsivavesasvinaamiy R1234ze(E) Tuvie multi-tube i
Dh = 0.683mm [32)....... T o U =S e BT B Mg M s 12
1.9 sUuuumsnavesansianadu R141b Tululasuvuuuadndaiid
Drge £ mm [33). . @™ Y. Sl e L RN a2 Y. W o ags-- e eeevoeeeoee R R eeeveencne 13
1.10 mstnadounduiinululalASUeuiuaBnBen 361 oo 14
2.1 nszaumsvgTlumsUssnaeUsE A nmnIseeInaLE e uTetaTu. ... ... 24
3.1 WU wazgunsaliltlunsnaaesd S UReNaN . oo 29
3.2 wun e wasgunsalitldlunismesesdmiulalasurunuadndad............ 30
3.3 WNUNWHAAIAIEALDYAYANATDUYBINBNAU oot 32
o) (B T NTOBY Tl 51 et « 2505555552 S Beeestl 11 0 RN 300 N O 32
3.5 WHUNTNLERIA1EAZLBEAYANAFBUVBILLATUYULUATIBI oo 33
3.6 ANUTENBULARAITIEALLBURAVDITATN ... 33
3.7 FNTIN UWATUUIRUDIYBINNNNTIVID it 34
3.8 TWALBUA WAZAMAUINITAATIIDTIUAUTER vt 35
4.1 augandsnuszrinsmufeuiideuliiszuuiuanuounignanemluli
ATV TIUFNATUMBNAL oot 37
4.2 nmsmaunisauseugadevesiolaglinannisnisatumuanueudmiuvie
OOy, SRS 37
4.3 nMaSeuiisunanisnaasanisivaaniusifednunguinisiraiuusiuseuluve
PVt 38
4.4 NMIUTEUNEUNANITNAABINTS IMaanUERg IR UANEUNUSD
GIEUINSKI [59]-eeeeeeeeeeesieeeeea 38
4.5 NMIUTEUIEUNANIINAABIUBIANNLABSAMLEEAN U UNG B N5 InawUY
FIURHU WAZANFUNUSVD BLASIUS [60...rvvvrrrrooeeereeeesoeeeeeeessssssseeeeees s 39

4.6 aunandsusEnittenuieundeuiuanuseungnarewmluly
159U WA AT UL A TUIUEUATATIN oo 40



VI

d13Ugy3U (da)

4.7 mymaunsanuieugaydevevielagldvdnnisnmssumuainuiouvesTan

Y )
AASULUT AT Y UUUATATN oo e 40
4.8 M3iUSeufisunNanIsnasInIsivaga Ui vanduiusvesnsiragnIuLLien

DI T ETIREITOL s ses sttt 43
4.9 NM3UTEUIEUNANITNAABIUBIANNLABSAMLEEAN LUV B NS InawUY

U5 Tnen1suurinued Steinke and Kandlikar [58]. ..o 44
4.10 UuvumslvainuluvionandnsunsIauuITEiU (0°) o a5
4.11 gULLUUmﬂwaﬁwﬂwiaﬂamﬁm%’um’:tlm%uiuumﬁa (T ) 46
4.12 sUuuumsinadinuluienaudmiunislyaasluuuafe (-90%). ..o 46
4.13 msiSeuieusdiuumsiva slug flow fnvludeulunmmeaeafendiu

L T DT R 47
4.14 mySeudiugduuunisiva n.) throat-annular flow way

2.) annular flow TUAATINTS IAATIMANF I et 47
4.15 unuiizluvumsluadmiunisivalunuassdu mslvatulufs uagnisineadly

Wufe...... pdet RN e\ X [ 8 \ o / WNIN o AN 49
4.16 miL‘LJ%'aUL‘ﬁa‘uLLmuﬁg‘ULLU‘UMﬂVIaistNmﬂwaiuumaxé‘fw Aunslwatulu

O R AT b o T ot RS 50

4.17 mswSpuiisuusungliuunisivasendianisivadulufsiumsivaaduwnds.... 51
4.18 BvsnavessUiuunisauazwandauTaudemdudseansnisaemainuiou
zgndmsunmsivialunwiszau nislnadulume wasnisivaadlunuans Tuviesunn

0.5 MM TIHENFATIZIU BL5 KGNSt ses sttt 52
4.19 %iﬁwasuaﬂgﬂLLuumﬂ‘maLLaw\lé’ﬂsﬁmaﬁiaﬁhé’w33§m‘§mimsJmmm%’auﬁm%’u
mslualununsesu mslvatuluds uaznisinaaduuuan luvievunn 0.5 mm......... 54
4.20 dviswavesiirnanslvademdulssansnsmemausovluvievung 0.5 mm
FNENFUIR 610 UAE B15 KG/MZS.oerroeseeeesoeeee sttt et 55
4.21 dutsynevveseuiuandnsunsialununsesu mslvatulununia
warnslvaadluwIRAINGnguaa 815 ke/m2s TUVBULA 0.5 MM 56
4.22 Bvsnavesgunuunisauazwdndularenufuandmsunsivaluuisedu
msladulums uarnsaaduuuIfs TUevN 0.5 MM 57
4.23 Bvdnavesfirnianisiiasernusuandmsuiindnding 610 uaz 815 kg/m?s
TUTIDUUNN 0.5 MMMt ee e eeeee e eeeeeeseeeseeeses s seeeesseeeeesessseeeeesesseeeeseeesenens 58
4.24 719271982989 TATUUVULUATATIATUTANIIANE e 60
4.25 sUnuumsinainulugndaidmunsIiaunseiu (02 oo 61
4.26 FUwvUNSInafinuluBnBerid UM sIatulULUIRS (+90%). 62

4.27 sUsuumsiannulugn@andmiunisinaadlubuing (:90%). .. 63



d13Ugy3U (da)

4.28 Fegammuiivenlasenanunumaiiveidemnisinaiiinainnis
Tnadounduingnduna 300 ke/m2s dWSUNITIAAURLIRAL oo 64
4.29 Bvnaveandndmnuieusomdulszavinisiemanuieulameaadmiunis
Tvaluwwasziu mslratuluwuis waznislvaaduwuiedindndang 200 ke/m?s
TUTATUBUBUATATAN ..o e 65
4.30 Bvdnaveandndmnuieusomdulszavinisiemanuieulameaadmiunis
Tnalununsiu mslnatulunuaie waznnslvaadunuinsiindndana 300 ke/m2s
TUTATUIUMUBBTATAN ..ottt 66
4.31 BvdnavesndndmnufeusorduUszavinisiemanuieuamyaadmiunis
Tnaluswiseiu waznisineaduuwifeiindnduna 450 ke/m?s Tulilasusuwuadndad.. 67
4.32 Bviwavesndndinarordulssavinisiemanuieuaneaadmiunisivaly
wnsgFuRvidndauFeu 0.1 1.59 wag 4.31 kw/m? ulilasuounuadndan. ... 68
4.33 BvswavesindunaremdulsyAvinsnewanudouanzandniunsinaty
Tunnfaindndanufou 0.23 0.63 uay 2.5 kw/m? lulalasurunuadnded. ... 69
4.30 Bvnavesdndinarerduussavinsdemanuieuaneaadmiunisiua

adluninfindndanuden 0.56 1.52 uag 4.9 kW/m?2 Tululasusunuadndss. ... 70
4.35 Byidwavesussliiunisrerdulseanimatomarudouemzndindndung
200 kg/m?s wagangmnuson 0.65 1.6 uag 2.7 kW/m? lululasusuluadnan.......... 72
4.36 Bvinaveusiliiudisrerdlszaninmatiomaudoulamzandindnding
300 kg/m?s wagnangausau 0.2 0.65 way 2.5 kW/m? lululasuyuiuadnden........... 73

4.37 Bvdnaveusiliiunisrerduysyaninmaniemaudouamendindnduna

450 kg/m?s wagwangaiudeu 0.25 wag 1.6 kW/m? Tululasuasunuagn@en....oooo...... 74
4.38 BvdwavessUuuumslva uasWindinasomdussansnsaemanufeudmiy
nslvalununsssu nslratulunuaie waznslweasluwundululasusunuadnded.. 76
4.39 5w%wasuaqgﬂqumﬂ‘maLLazﬁﬁmqmﬂwaﬁiamﬁuﬂizﬁwémimammm%’au

findnduna 200 way 300 ke/m2s TULLTATRYURUABATIO oo 77
4.60 Svswavesdnduiaserusuandmunsinalunnsydu msluetulunuins

AT IAATUUIT oottt ees e 79
4.41 3vdnavesfirnianisinasernusuandindnduna 200 way 300 Ke/M?S v 80

4.42 BvswavesguLuunsvauaziianamsivadeanuduanindndula 200 uag
300 KQ/MNZS oo e 81



~ = 3 o

~.

FIUNNSAYANLTAl

AUNINYEANEal

¥

::4' S a & 2
WUNFIUTBIFATIN, M

D,

'
al

NUNMLNFAYBIYIN19NITENE, m?

e

e

NUNALNFAYBIASU, M2

Bond number

Boiling number

AnduUsEansnIsTAda Chisholm [56]
Confinement number
mmmammgauaﬂ’wwauaqsuaﬂl‘ma, kJ/kg K
wuRuaugnaaneluvie, m
dusiuaudnatslansedn (Hydraulic diameter), m
Froude number

ANMIUSENRUAMESAYIU (Friction factor)
Wangua (Mass flux), Kg/m?s

Graetz number

ANALSILTE9 (Gravitational acceleration), m/s?
ANNGIVBIATY, M
AnduUsEAVSNSENEmANS oY, W/m? °C
nseuabin, A

oualueswesing, ki/ke
Lauﬁa%awaﬂmﬁmaLsiwaqsqwmaau, kJ/kg
uviatluaniugveavalveslug, ki/ke
Lauﬁa%mzLﬂﬁauaaﬁuzmaalwa, kJ/kg
ouvialluanusvesuiaveslua, ki/kg
ArduUsyavs e eueie, W/m °C
AMUYIVBIYID, M

W15M83Y09A3U (Fin parameter)
MIINTIaLTeng, keg/s

Nusselt number

AUENILEUTOUIVBIATU, M

Prandtl number
Sasmsgemanudeuiiveuliunssuy, W
NangANToU (Heat flux), W/m?
RIINTANUANNSOURRNLIEUSIIAS, W/m?



qy
qwss
.

Re,
Re,
Re

Re g

m

= §
5

T

room

5

o
N
=

=

T S S 58N

~

total

ks

X

Wé’ﬂsz?mm%fauﬁgmsum%m%qﬁ, W/m?
RIINTAUANNSoUREUUIEUSHAS, W/m?
Wingrnudeuiinilivesamianisive, W/m?

Reynolds Number
soluantluasdmsunisiviaan uslfgId s uan U voUran
(Liquid Reynolds Number)

soluantluasdmsunisivaan uslfiendmsuantugvoia
(Gas Reynolds Number)

soluanuuuasa S UavRILAa

(Superficial gas Reynolds Number)
SOlUaATILUBSAAS U EUR IR LA

(Superficial liquid Reynolds Number)

Safinneluvie, m

SANNIBUDNYDID, M

gaumnivesvadlvannaihvesyanagey, °C

a

qqumawaﬂvﬁa, 0

gaunQiivias, °C

1%
a

aaunnifuRIneluvie, °C

() Y
£

ammﬁﬁuﬁamauaﬂﬁa, v

)

ANUANAENG NI, V
ANUNINVBITBINNINIThE, m

AMURUIVBIATY, M

Weber number @%3un1sinavaigifond1vsuanusuaamian
Weber number @usunistmaaanuzifeidmsuaaiuzoavan
Weber number @ wsunisivavazifondnsuaniusveauia
Weber number d@wsunisivadanugiiedidvsuaausveauna

ANNNLE
JPUY A ALAUSANY ) U991, M

Adngule (Void fraction)
ATUTEENTAINATONUNANUTDUVDIATU
AUAUILULYDIUDIULA], kg/m’
AUNUILUUTDIUDINAT, kg/m”
mmﬁuaﬂﬁy’mmmawﬂmaau, Pa

AUAUAATILAADINAIILLTY (Accelerational pressure drop), Pa



ks

ks

5k K

=

g

q

Xl

ANUAUAALLDIAINNITAAVUIANUNVDITDINIINT EABTANIUTN

(Contraction pressure drop), Pa
ANUAUAALIDIAINNITANVUIANUNVDITBINIINS IaNI9ean

(Expansion pressure drop), Pa
ANUAUaATILAnINLIIEYANIU (Frictional pressure drop), Pa

AMNAUAATIANYINAIALTS (Accelerational pressure drop), Pa
AMNAUAATIANYINWTILTILES (Gravitational pressure drop), Pa
1 A

ANPUULAYDIDINTA, ke/m-s

ANMINNTAVDIVBIUAT, ke/m-s

WSIRIET (Surface tension), N/m



unii 1
UNUI

1.1 fuazauddny
1.1.1 vienay (Tube)

nsanemauseulagldnislualuuansaniuy (Two-phase flow) lasuaau
auladuegrannlutiaamssed 20 fikuun Tnsanigegadanisaiamainudoulagande
nsdsuaniuzvesvedlna (Phase change process) lag Murshed and Castro [1] lal#
foyaliinsomanadournsiienveniaunsalidduussaninisdemanudouls
11NE9 100 kW/m2K FaduravesAninudeuwls (Latent heat) Tunsyuaunsasuaniug
yosvaslnaiiiuniidiutielunsgadumuiouldinnitnsaemenuieulaglinisina
WUUANULLAET (Single-phase flow)

msthemauieulaserfensivasuaniusvesvesivalagninluussgndly
Tugpanvnssusng « inane 1fivdy gunsailanasurmdeurAEn (compact heat
exchangen g UNTal seU18AINT auvBdlTIHAR LT 1 gaatvnssuntesd 1und ey
1A3 89U UeNMA suumuANgailuenAgiunIemiion 10 udu (Fukano and
Kariyasaki [2], Wongwises et al. [3], Zietlow and Pedersen [4], Mudawar [5]) ﬁ@ﬁgumm
Fesmsfiaiiamngunsaiililunmsaremeuieulnsedensidsuanuzaesvedlvalid
Usgansamanntussnduiiasdesimsnsmssemanudeulnsanfonisdasuaaius
yesvasimannaneifioii usiuswdeyariteldlunisimiszuusioly Chen et al. [6] Ay
wﬁﬂuﬂ’ﬂ%’sﬁﬁwmiﬁﬂmgﬂLLUUﬂﬁlwaﬁumzLﬁamawaﬂm (flow boiling) wuinilevuIn
durugudnansvesiefivuiaidnasdnunrresgunuunisivaddnuaziuasuulasiuainns
Inaluyiofl 1 dur1ugudnanavuinlag (the conventional-diameter tubes) uazn13
Wasuwdasguuuunsinasglilanunsavhuneldlagldunuiinislva (flow regime map) s
viofifiduugugnatsuuialug Savialun1s@nyives Kandlikar [7] wudniflewdusiny
AUINA1IVDMBNTBYBIMINTTIHA (channel) fluwndnasdninavetusaldudafiinace
nsluavesvetlnaazioval LLa%@M%Wﬁ%@QLLiﬂaﬂﬂ’JﬁlzLﬁﬁ’mﬂﬁU‘VlUWliﬂﬂsﬁuﬁﬂuﬁﬂﬂugﬂﬁ
1.1 ludhuwesnisanemanudeuiiu Jice et al. [8] léhnsAnwwavesnsanvuimdusiny
Audnansvesvie (1 2.2 uaz 3.5 mm) lagldansvihanudu R32 nuinluvieswn 3.5 wag 2.2
mm nalamsaemAadouLuy convective boiling agnulutsiindndiatunmuninle
GR wazndndanudeusi Turaefinalnnisaiemanudeunuy nucleate boiling vzwulumag
ffdndmnuieuguarquamlon duandifiuinnudnvarnsiemeuounslusie
UM 3.5 uaz 2.2 mm Nudenadostunalniiinduluiosssua egralsinundowdusiny
Audnarsvewiedivuiaidnas (1 mm) nuindnalnmisaremanudeuifiduvesvounan
(liquid film evaporation) LAATuA28 BntadanuiInAduUsEans nseemAIusou uay
Arwfuanazdannntudoveduunaduiiugudnanadnag fafuntsduunyssnnuesie
egamnnshradsdndunensveanudilanungfnssusenann
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L water * + + Inertia 3 [ R123 - - - Inertia _ ]

f G=200kgims |~ Surface Tension . F G=200kgim’s | T Surface Tension

10° |k 2 Shear 4 __10°F __ 2 Shear .
C U e TMWIT L Graviy 1 | TMWIM™ . _ Gravity ]
> 3 - = - - - Evaporation Momentum I E = - - -Evaporation Momentum 3
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10° 10° 10* 10° 10? 10" 10° 10° 10* 10° 10” 10"

D, (m) D, (m)

JUN 1.1 anSNavewsewing q AduiusivvnaduEuAugna1vie [6]

NMUNUTELANVDIMBNS 8YoIn19NTs Ia ladlunddevaevinuldinasilunig
Fruunuans1afuly @9 Confinerent number (Co) Adunilsluiadonifouldiuedn
wnsvane lag Kew and Cornwell [9] 53u3167 Co > 0.5 uana3 1t unaves Micro-scale
effect FeBvSnavesaBamIvziiunnnIuwsaliug uas Co < 0.5 uansinBvdsnavasussliy
§2928HA1UNNNIILIIAIET fou1 Ong and Thome [10] lavin1sAnwzuwuunsiva uag
ANUMUNBINANYBIA13YINANMLE Y R134a R236fa Lay R245fa Turiovuim 1.03 2.2 uay
3.04 mm dindnudmud ussldugsesiitvsnadenisivastisnndle Co < 0.34 udazll
finasionislvawdle Co > 1 Faldiauain Micro-scale effect azdwansznusanisivaie Co
> 1 &3fn Confinement number ansnsanldanaunisd 2.1 fsduilefivzautiuAnviile
yhanudilanginssunisvauagnalnmsiemanusouiisduluiorunadniiinaes
Micro-scale effect uniegndas Sssndufivsdosliinaminissuundssinnuasvieunfiansan
e

1.1.2 ATefieItasdmiunisivasazimanlurienasvunaidn

1.1.2.1 sUsuunslva

Oliveira et al. [14] lé’ﬁﬁmiﬁﬂmgﬂqumﬂwaﬁLﬁmsﬁﬂuviaﬁﬁmmmﬁumu
Augnata 1 mm lagly R-290 Wuansieuaislitoulondndanudeulurig 5-60 kw/m?
Wandulalugig 240-480 kg/m?s LLazﬁqmmﬁﬁluﬁaaQﬁ 25 °C %qwamimaaqwugmwu
Asluatanun 6 sUkuU baun bubbly flow, plug flow, slug flow, churn flow, wavy uaz
smooth-annular flow ﬁQLLaqugiJﬁ 12 uaﬂmﬂ‘ﬁé’awudﬂgmwumﬂuaﬁ’suimyjé’uﬁuﬁ‘ﬁu
nalnnsanemAEEeuLUY convective boiling Uenandminndmuindvswaveuslil
6298 9dman on15buanuu bubbly flow, plug flow, slug flow wag churn flow Tuvazd
NUINBNSNAveILsIlUNasarlidwananisiuaiuy annular flow



Bubbly/plug
q" [kWm’]  Glkg/m’s)]  Xprsl-]  @ors[-] S Bo10° [-]
5 480 0.03 0.39 1.34 2.993

Flow direction

Plug
q" [kW/m’] G [kg/m’s)] x5 [-] @o15 |- S [- Bo-10° [-]
5 240 0.05 0.511 1.38 6.005
Slug
q" [kW/m’] G [kg/(m’s)]  X,rs [-] @o15 [-] S [ Bo-10° [-]
10 400 0.11 0.65 1.5 7.203
Churn
q" [kW/m'] G [kgm’s)]  Xors[-]  @ersl-] S| Bo-10" [-]
40 320 0.37 0.86 2.35 3.694
Wavy annular
q" [kW/m’l G [kg/(m’s)]  Xors[-]  dors|-l S [ Bo-10* [-]
60 400 0.44 0.88 2.5 4.55

Smooth annular

q" [kW/m’] G lkg/(m’s)]  Xers[-]  aprs |-l S [-] Bo-10* [-]
60 240 0.99 0.99 4.47 7.46

gﬂﬁ 1.2 Uuvumslvavesansiauiu R-290 luvievuia 1 mm [14]

Anfuguuuunisivaluuuad sy Pike-Wilson and Karayiannis [15] 1¢
nsfnwinistuavaziionlasldansviiainuiu R24sfa luvanauns aunuaa way
nesvdosislouiadurinugudnats 1.1 mm lunislvaduluuuiia Fsinuanismaaesly
ﬁaawmaawugmwumﬂwa bubbly flow, slug flow, churn flow tag annular flow #i3
nandlugud 1.3 dmsusuuuunisivaluviensauns uaznouvdssznusuuuumsiva slug
flow, churn flow &g annular flow m”njflu uaﬂﬁ]’mﬂf Mahmoud and Karayiannis [16] &4
1#vinnns@nungunuumsivavesansyinaudu R2a5fa luvionosunsii duuiaidusnu
gudnans 1.1 mm melddeulandndunalugis 100-400 ke/m?s WandauFeuludas 3-25
kKW/m? LLazﬂ’Jmé’umwﬁ’ﬁﬁ 1.85 bar nunIskvakuy bubbly flow, slug flow, churn flow
wag annular flow fsuandluguil 1.4 910307 1.3 wag 1.4 anunsaagulsiniiviesuiniduy
dugudnansfeiuUssnnvesievslidwadodnuaizvesguuuunisiva




AR e Pl 0 o R A

q=2.2094 q=2.2094 q=3.715 q=5.736 kW/m*
X=0.0114 X=0.0114 X.=0.01341 X.=0.0559
Bubbly Slug Churn Annular

U 1.3 gUnuunsinavesansviauniu R245fa Tuvieaunuaavunn 1.1 mm [15]

&

Bubbly Confined Slug Churn Annular
x.= 0.008 x=0.017 x.= 0.054 x.=0.099 x.=0.14

q=1.1 q=2.0 q=3.3 q=4.6 q=6.7 kW/m*

sUfl 1.4 JUnuunsinavesansvivauiu R245fa Tuvienaaunswuin 1.1 mm [16]

dwsumsdnwinavesmsiasuulasiianiansiua Saisom et al. [11] léivi
nsnaaesnslvavaziinnsifionvasansyiianudu R134a luviefifidusinugudnansuuin
1 mm Tnefifananisinaianun 3 fansdaedu tdu n1slnalukuassdu mslwadulu
LuaR e waznisiyaadlununfe wudnnisiasuulasiimnisnislvaszdenasodnvauzved
sUnuuMsla slug flow churn flow Wag throat-annular flow sgraiulddn luvaziiagll
dawasionsluauuy annular flow wag annular-rivulet flow Fanandlugud 1.5



Slug flow \ Throat-annular flow (®)
G =252 kg/m?s o G =252 kg/m’s _
©q"=14-22 kW/m? ] "= 8189 KW/m? ‘
| Fswotian x=0d [ Gpwara | = 8Pan x=04 0 mwara |
flow |  flow |
Throat
— Horizontal flow - Gas core
T e . .

Churn flow (@
G =665 kg/m’s
q"=7.4-8.3 kW/m?

. Py=8ban x=0.15 |

Annular flow
k . G = 665 kg/m?s
] = 27.8 kWi
---------- : P

st = 8 bar, x =05

Gas-liquid

interface

e

i Annular-rivulet flow ©
BN e e kel N\ | 7
1 | qU=47.648.1 KW/m? | I
bl | P =8 bar k=085 F S,
Upward | ... > Downward
flow | L flow

—
: Liquid stream Tube surface

Tube surface

JUN 1.5 sUsuunisinavesansviianudu R134a Tuvie 1 mm Afiieniensivauansieiu
(11]

1.1.2.2 Mmsrewmanuiou uazanuiuan

Sempértegui-Tapia and Ribatski [17] #N¥1A1TA1ELNIAIINS DUVDIATTN
Ansfusinaniindu (R134a R1234ze(E) R1234yf uay R600a) luvieididusiugudnansuiune
1.1 mm nudadussansmstemanudoutrgsdudendndauiou wasdnduatan



dinsntu dadunalanisaemanufounuy convective boiling Wag nucleate boiling
warasvhAudu R600a TAduuszans msanamanudeuiianitarsyhanududy q
wenani Sempértegui-Tapia and Ribatski [18] §4vi1n13Anw1dn§navesgunseves
flufintingin (cross-section area) fagdsmanansznudeguuvunsiva uagnisaneimay
Soulneltansianubu R13da ludesmsnisivanfidusinugudnandlensedn 1 mm wui
e dnufindrfauuurnauuazdnd sutuduiug funalanisaremanudewdunuy
convective boiling Turauefiviefidfuiintdauuuaumasududuiusfunalnnisanem

AINUTDULUU nucleate boiling wagveNdnunntdawuuInauliAduUssandnisanom

¥ '
=] a

anudeudfigelurrmdndanuoust udlurawdndamiouguisdfiiuinidauuy
auvAsuaglirndulsyAnsnisiemaudouiiatian

Oliveira et al. [19] lvins@nwguuvunisiva uazarmsuanvevie iy
Hugugnand 1 mm lagldansiaanudy R290 uag R600 WuiNmuAuanvedansvinalny
B R600a NNaEsANIBY R290 uasniud ursandndeufounylidsmaranis
Wasuuwlasesmiuduan Tuvagfinsfiuduvosidnduiaszdmalinnuduaniangadu
uenanissmuisuuuunslnedinudiulvgifunisinanuy annular flow Tusidesenn
v84 Oliveira et al. [14] lsvihns@nwinsanemauieuvesansyitaandu R290 luviedil
uruaugnats 1 mm nudgdsuunmsivadlvgduiusiunalnnsagimaiuiounuy
convective boiling wazAduUsyans msdemaudeuduiunsdsuwdasmdnduna
wagrldndanudeu Fudunalnnisdiemeiiudenuuy convective boiling ag nucleate
boiling

Saisorn et al. [11] lsvinnsnaassnsivavasiinnisiionvesansviininuiy
R134a Tuviedifidusinugudnatsuuin 1 mm Adiiananisinaunndisiu sudinalnnng
demanudeuluyniianisnisinafiuluy nucleate boiling wazsmuinnisiasundasiia
nanslvadsdsnaemdulseaninamemannufouluyniievnanisiva

Chen and Li [20] ldvinnnsAnuinavesituiansluviedidsmansenusenis
femanusouluvienfiduiugudnansunn 11.07 mm Tagldasiaudu Ra10A nudy
flufifivguszvemedsnaliAduussans mstomanudouaeiu Snisdmuiinalanis
fremmudoutufiu convective boiling uaw nucleate boiling

Yang et al. [21] ¥A15ANYINITANELAINTOU LAZAIUAUAATDIENTYINAINL
B HFO-1234yf way HFC-134a luvawuin & mm nuinArduuszans msdiewmannudou
LAYANAUANTDIEITVINAMIEY R134a 1nna1@1syinAsiu R1234yf uagdaAunuin
A TRvesasladwasomduUsAvinisdemanuieu uazauduan

Li et al. [25] IfAnweusuanaelddvsnavesaunuusdlionieluviofns]
ymdurhugusnas 1.002 mm wudndloauuussiiuafingeduan 1g18u 3. 16¢ ATa
AUARIY a@aﬂummmmwlam Tuvy wiummmmwlaaamwmuam giAnindu
uennifmuavinaresauunsdliudasazaes msﬂﬂma%lamumamquu

Gu et al. [26] AnwBndwavesgunssasiuiividalagldisnssianmas
adlnenans lagldansyinrmdy R13da ludesmensinaifiduriugudnanslansednysy



1704 2 mm WA void fraction luvied B uinddauuasnaudasndian vied
fufnihiauuuamaenliaduUssaninsdemenusouasiian Tuvasiiviefiifiuiind g
A suasilAnduUsyans msanemanudeulndidssiurie i uii nddanuulsnay
uenaniganuimeriffuiivindauuumdsmasiliiduromweuraiegfiuinuueve
Gmmmfiaﬁﬁﬁuﬁwﬁﬁmmemamﬁ?\lémawaqmaaaeﬂiuﬁwénmamaMa

Qi et al. [27] AAMINITANGNAIINSOU LATAIIUAUAATERINNITAIVLUUUDS
Tulasiauluriorwin 2 mm uaz 1 mm wuAmduUssans nsenewmeanuieu wasausy
anfienfsdudleviedvuaduriugudnansanas uenanddamunalnstemanusounuy
convective boiling WinTulunisnaass dmsueudsedu q MAedesiunslvavasiienly
ﬁaﬂaﬂ@ﬁygmwmmlﬁumi’mﬁ 2.1 Fawurnnisfnurdninaveswsddugianiesainnig
Wasuwlasiirmsnslvadmsunisivavasifionluievuindndsddeyalunsinuioser

I1NUTTEN A 829 BINUIINSA NI BN NavoIwTlduatal 9991nng
L‘U?{auLLUaaﬁﬂmﬂmﬂ‘waé’aﬁ%aﬂahmiﬁﬂmﬁaaagj FatilusudTonountnves Saisom
et al. [11] Falgvinisneassnsinavasiinnsifienvasansianuiu R134a luvienaudidl
HUHUANENA9YWIA 1 mm Lﬁaﬁﬂmwamwwaa‘ﬁﬂmamﬂwasﬂ'aguqumﬂ‘wa n1g
demAuTeu Lagauiuan §9a1nnisnaassnudnalnnisaiemanuseulunniia
mamsivafiuiuy nucleate boiling wagdauinaAduusyansnisanemanusoudondldsu
Svdnannussliumiseglefimsivavuniasiiamsnisiva lag Saisorn et al. [11] 85U187
NANTNAABIDNdEAAaBIR UBNSNATaS mini-scale channel Fudurrwesnisiudsuain
Macro-scale 181 Micro-scale wazanms1af 1.1 wuireAdedwlvgiiiendesiunisiva
saziienluvievuindniudtinalnnsiemeudeufidenndasiunisaomenudeuluse
Aldusugudnasvunlvgey Snislunisnnaeuiiernudvsnavesfiananisinalusesu
U89 Micro-scale effect fatioag (drulvgjiinisnaaetlagiidn Confinement number oy
N1 1.8) faufiensiageunanisnnasdluseiures Micro-scale effect MsnARBIATIHS
Igvhnnsfinwguuuunisina msdiewmmnudeu uazgamnuiuanvazifionvedansinaaudy
R134a Iuw'aﬂauﬁ'ﬁLé’umuqu&fﬂmwum 0.5 mm laglidian Confinement number
1710071 1.4 (Co=1.75) Lﬁaﬁ%ﬁﬂmmamimamﬁLﬁmﬁmﬁaszﬁwm Micro-scale effect il
AfisannTy

1.1.3 lalasuyuuuadn@sen (Micro-channel heat sink)

Tutlagtumaluladinstauilusgrenass iliiAautanssulnlg Ty
wnue sluigunsalBidnnsaiindsing q ofiu aunsnlnu gulesrouiames iueud
viousinsgisszuumununsiaulusasudlifih i fugUnsaimardldgnitamnliduua
Anas uazisyAvsnmiinauniniy felafevdnlunisinuediediussansamussgunsal
waduidelulaslnsiwawos d9U3em Electronics manufacturing initiative technology
(NEMD laa1anisintut a.a. 2020 lulastusigaiwesaeluiunundndainusounniis 3.5
MW/m? [12] fauanslugud 1.6 aduFesimeesgrannlunsszueanudoulitugunsal
Bidnnsedndiiisnsinmsudesdndaruounds 3.5 Mw/m? Bnitaafesinwgamgd



vosqunsaiBidnnselindlilaiiiu 85 °C Tunandeaitu [13] ileligunsalmdriuganainny
Iapgneliussansam

Lwﬂiuiaﬁﬁi%’azﬁja@ﬂuﬁ?ﬂ%’igismamm%@u‘lmamﬁ’wé’ﬂmsmaq Radiation,
Free convection, Forced convection-air/liquid Fefluszansamlunisaiemarudeulld
woidosandedrinvesaauiAvesedlva wiitlutlagtuasiiszuuaiomauiousie
Yoanarfifusyansnmlannitenia waissllawsagiomndndanudouiiuinnia 1
Mw/m? 18 [1] fafunnsszunemnufounuvassanuslnganizog1sdanisssuiennuioy
Tnsandunisiasuanuzvesesivasadusideniiviauls Wewinfinisthamaudouwdls
sazasuanuzutaglunsanamaudeuldund

400 - 400
350 1 A HeatFlux 8 L 350
1 O Power [m] [
e 300 ] = L 300 £
9 [ =
= o [ g
% 250 1 - 250 B
= ] - o
TS [ o
- o I E
& 200 1 A - 200 ©
T i £
.-g- 150 o : 150 E
o ] A 1 x
g 1] B A i =
£ 100 A - 100
-g < A :
s ’ A [
501 A - 50
T T T T T 1 T T 1 ]
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

sUT 1.6 MIman1sUsarandanuseunanazldlueunan [1]

aniildnanluiteneunifsiudenuazdelausouresniseiemaig
Souvnzilasuanuzvesveshralaglddesnisinavuindn (mini/micro channel) 3vils
Lﬂ@L“LJUWJ“UE)ﬂ’]i’J?\]EJL‘WEJU’Ilﬂﬁﬂ’ﬁ‘wwuﬁuUUﬂ’]iﬂ’lEJLV]ﬂ’JWiJi@quE)Uﬂim@Laﬂ‘VliE)L!ﬂﬁ
mumaﬂimﬂiuawﬁmwmmwu UBNAINN1SANYINWITETuenauuwadladns@nwl
mmummuuﬁﬂmmsawmmwmauimasléuam%qﬂMsaﬁgmmaawmaqmqmﬂwa 1 %30
1N 1 g4 ilesnnuiniidefnasegrsenfiy ﬁwiﬁaﬂﬂiaiﬁifﬂumimEJmm'm%u
mamumammummmaﬂawﬂ‘mﬂi mmwwlumimm dauannsalunisanewn
GRRFELITER Y wagldansieutiesndn [41] Snvsdamunzunnmstnlusiamnlday
s3dmsunsszeauseuliiululasinswawesuinnit IngludiuvesBsefiieitos
funisivavaizieniululasuyuiuagndanazgnesuieludiudaly



A1519% 1.1 LAANIUINBRU o MAeTesiunsivavazifonluienau

Unsy

Dn

in3de | - Co #15%19u Foulunisnnass WNANISNAADY
firnnenasiva (mm)
- h way AP fidfistuilovunnvieanas
Jige et al. [8] 2017 O/(—) 1-35 | 0.24-0.84 R32 NATDIVUINND - wunalnn1sanelnAusauLuy convection boiling Wag
nucleate boiling
- R600a 1A h Aindnansviaanduduy o
R13da R1234ze(E) R1234yf 3 < ! v ) "
o/(—) 1.1 0.75 - 1.27 B HavesE iAWY | - wunalnn1saNemANSBULUY convection boiling Lay
uay a
nucleate boiling
Sempértegui-Tapia
pertes P 2017 - O way O wunalAwuu convection boiling Lag nucleate
and Ribatski [17], [18] o 3 N
| boiling Tuwaig? A wulamiz nucleate boiling
ooA/(—) 0.8-1.1 0.82 R134a HaUDIYeIenIslva > Lk . . .
- 0 i h fannivlandainuious
- A T h fgeiindndmnusoug
- AP %84 R600a 111131 R290
JULuuNsvg wae L AH
2017 1 1.39-1.45 R600a,R290 ., - Yiandanuseulsdawane AP
AINGUAR ‘ -
. - sUwuunshmadauluglduwuu annular flow
Oliveira et al. [19], . ; TR - >
(141 O/(—) - Uwuunsladlngiduiusiunalnnisaemauiounuy
sunuumsiva wag convection boiling #ALIu plug/bubbly wag plug flow
2018 1 1.45 R290 Y 9 . v ) "
MsMEWANNGaL | - wunalnnnsanemAuSoulUY convection boiling wag
nucleate boiling
. - - wunalnnsanemANsaULUU nucleate boiling
Saisorn et al. [11] 2018 o/t|—) 1 0.87 R134a NaURIiFNIeNIslva o W -
- wsdltugndsdemasio h Tunniienienisiva
- fuRaNvgvIEvewidmald h gelu
Chen and Li [20] 2018 o/(—) 11.07 0.4 R410A navesiuineluvia | - wunalnnnsanawmAnusauLuy convection boiling uay
nucleate boiling
MIanemANsau | - h war AP w83 R13da u1nni1 R1234yf
Yang et al [21] 2018 0/(—) 4 0.2-0.22 R1234yf R134a 5 " o
LAZAUALAR - pouanUAveselnadasie h uaz AP




A19199 1.1 uanWITEdU o Mineadesiunisinavazinenluriona (se)

Unsy

Dn

in3de | - Co #1599 Weaulunisnaass WNANISNAADY
firnnenasiva (mm)
) W , Y - Wanduia grungiaum warAnuAuBiIveITTUUdNAsD
Lei et al. [22] 2018 O/(—) 4 0.16 carbon dioxide N1018NAINUTDU . o .
nalnnsanemaNEBULUY nucleate boiling
. Y - NUNALANITANEMNAIIUSBULUY convection boiling uag
MIEEmAINS U N
iy nucleate boiling
He et al. [23] 2018 Oo/(—) 5-7 0.12-0.16 R32 LAYHNATYDINUNI a2 x4 X
‘ - h fAuTuiisvuInvioanad
agluvie ., % 8 s
- yiefdiasulvien h unniviedeu
] >, - h war AP w83 R1234z¢e(E) @911 R600a
NNFENUMAIINTOU , L, _ B
Yang et al. [24] 2018 O/(—) 6 0.18-0.23 R1234ze(E), R600 = - nunalnnsanemANSaULUY convection boiling uag
LAZAUALAR [ |
nucleate boiling
, Ausuanneld | - deaunuusaliunisglu AP avanadlutinuninlos u
Li et al. [25] 2018 0/(—) 1 0.82 R134a L T gl
dvSnavewssliuen | Ap auiivtulutisnaninlegs
‘ - void fraction Tuie © fidnunniian
Gu et al. [26] 2019 oOA/(—) 2 0.54 R1234ze(E) NAYDIYDINNITIVA , o . :
- vie O iR h gefian
' . nsthewmaudeu | - h ueg AP frfinduilevunvieanas
Qi et al. [27] 2019 o/(—) 1-2 0.35,0.71 Nitrogen 2 / B )
LAZALGUAR - wunalnnsanemANSaULUY convection boiling
[ - dvdwavemanduia AnuBes augll waznunwlodmasie
i 2/ AR LAy 4
Ewim and Meyer [28] | 2019 | o/t |— ) 8.83 0.1 R134a o , AIUAURA
ANV IO 4 . Y
- 1N1591967 +60° uag +90° Wik AP wnan
, ) - NN UsEvesviodmal h
Wang et al. [29] 2019 o/(—) 8 0.3 R410A A1T0NYLNAINUIDU o D Dol , e A
- ussaegidmanen h luvielssuuinnitluveniiniu
Yang and Hrnjak [30] | 2019 0/(—) 6.32 0.4 RA10A wavasiuiinelue | - suuuunisivainuluvienfinturdrendsiuinuluvieSey

* h = rdudseansnisanewmanudau, AP = amnuduan

01
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1.1.4 yuAdefifientasdwiunislnavasionlululasurunuadndard
1.1.4.1 gduuunslva
Al-Zaidi et al. [31] ¥hns@nwinsaemanudeulugsiifindndunasvesans
¥y HFE-7100 TnednderTivaenislvaduuuudmasuiomn 25 Yo udasdesivunn
Wurugudnandlensedn 0.46 mm Fssanisnaasmunsiuaiuy bubbly flow, stug flow,
churn flow 1&g annular flow ﬁ’mam“lugﬂﬁ 1.7
< Flow Direction

Liquid Channel width

(a) Bubbly flow
(near channel inlet)

(b) Slug flow
(near channel middle)

(c) Annular flow
(near channel outlet)

_Liquid Film

o AT YA

Vapou Core

g T 1

(d) Churn flow
(near channel middle)

e ¢ "

S —— i e e

ixture of Liuid and our

Ul 1.7 gunuunislvavesansvivanudu HFE-7100 Tululasusuuuadn@eddisl D, = 0.46
mm [31]
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Li and Hrnjak [32] AnwiAnuduan wazgleuunisinavesasiainuiy

R1234ze(E) Tuvia multi-tube lnsusiazafasiivuiaidusuaugnaid 0.643 mm wuindng
Tnauuu plug/slug flow, transitional flow, wag annular flow ﬁ'\iLLaﬂﬂugﬂﬁ 1.8

Plug/slug flow with a bubble

Plug/slug flow

Mi

Transitional flow with a liquid ring

*|

Transitional flow with rings and waves

L)

Annular flow with liquid film

Annular flow with waves

SPFPPIPIINPEASIDPPIP PRI PR

Ul 1.8 UnuunsInavesansyianudu R1234ze(E) luvie multi-tube #31 D, = 0.643
mm [32]

¥
Y

ﬁ’m%JUmiﬁﬂ‘HﬂgﬂLL‘LJ‘Uﬂ’]ﬂ‘ViﬁI‘L!hJIﬂiLLGZJ‘L!LLuagm%@ﬁﬁﬁmﬂ%ﬂmm%ﬁ@ U
Feng et al. [33] l§vhAnwinavesaunulniindenisinasausionlulilasusuwuadndardiid
nsneilununiwesansyaudy R141b Tnefivemnsnisivasioun 8 ¥ee wazilvuin
uruAugnanslansedn 2 mm wudndsuiuunisinawuy bubbly flow, slug flow, chumn
flow waz annular flow fauandluzuil 1.9 nvsdamudinaiiud uvesidndarmiouas
a'maiﬁgﬂu:uumslﬁaLﬁmmiﬂ’wmﬁﬁaﬁuﬁﬂﬁw wona1nil Fayyadh et al. [34] &lg
nsinensivavasienludndsilagldasianudu R134a ludesnisnisinafiduun
300x700 urn 71A31U Y 6.5 bar WaNT 7@ 50-300 ke/m?s wazWdnd Ar1useu 11.46-
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403.1 kW/m? wuinmstiudusesldndanufeudwaienisiianasenmaludemisnisiva
wazdmuiiinisinadeunduistulululasuruuuainded Fufnainnsvenesvemeuia
Tuiufisrfadeuandduzudl 1.10 udegslsinuauiumuiifinduuinumad uay
meeonaglldrasionyinauiu uazgaungilugndand

150

40

120 130

110
|

nularflow

IFIEAFTE

50 60 70 80 90 100

40
|

&2

30
1 S

T 7
Lo g gl o W

20

10

z(mm) t q =32.80 KW/m’, G =110.5 kg/m’s, x,,,, =0.121.

Flow

3UM 1.9 sUnuunsivavesansviaudy R141b Tululasusuuwadndanid D, = 2 mm
(33]
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Vapour region in inlet
manifold beginning to grow

Slugs begin to
move backwards

24 ms 113 ms 154 ms 187 ms 210 ms

Fig. 8. Sequence of pictures for flow reversal observed at G = 50 kg/m? s, P =6.5 bar and R134a.

Vapour region in inlet Bubbles exhibit back and
manifold generated by forth motion
backward vapour flow

UM 1.10 mslvageaundunnulululasuvunwuadnden [34]

1.1.4.2 MsE18WMANNTOU LazAUALAR

Balasubramanian et al. [35] lasinn1s@nwinisiuavuzifonlululasivuiua
FnderAidaurnvesaanienisiva 300x1200 um Taeflvuinresdndeiuananeiu 2 wuu
wagldinduansienuy mnwimuiiaue wassuiugosnisluadidesninfiussansanlu
nsanemanufeufinngt Snteilduvonnaiung q fintfiwestomiinisivadmanonis
dewmnufeulutimdndmnuieuguiuegnaunn uazaduussansnmsdiemanufouass
naUAsuuasduius fusuuuunsivaiudsuudadly uenanddmuiinisasuuag
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synvunstradulngjazdwmaliiinanuliiadosludemnenisiva sniiunisiuauuy
annular flow

Nascimento et al. [36] lavinnsfinwinisinavauziienlululasusuluadndan
Fifvunvesraenmsing 100x500 um findnduaa 400-1500 ke/m?s wazindndanudou
gefia 1310 kw/m? Tagldansvhnnandu R134a Wuanshaw Ssmuimsiienluromnans
va Wénduaa uazgauniivautivesaisinieu demadensasuulasadulszansnng
demanufou lneflutiadnding wazrgunimadivesasvaubuiiae sgdwali
AduUszavENsmemaLFouiiuunuiATian

Leonardo et al. [37] vnsfinwinisinavagiienludndeififvunnvestos
namslva 123.3x494.2 pm fifidnuaensesa 3 wuu Andnduna 300-1000 ke/m?s waw
WandenuFaugads 3000 kw/m? Iagld R245fa Wuasviau wuinisiienvesasviaay
Futhudsareduuszansnmsmemanuiousasausuanduegan Snvensvenes
gaaesiineondwmaliinniseemanuseuiiliseies wazmnwdmuiinsinatulu
mndsliienausuantiesiian waslimnuiumiuvesnisivaiiosiign

Wang et al. [38] lgvhnisdnuinisivasasiionlululasusuiuadndeii g
YUINVDITBINNTENE 2.005%0.52 mm Tnednisaedivestesnienisiva 5 danig laun
0° +45° +90° -45° wag -90° 7 W&nd 128 100-300 ke/m?s wasNdndA1uTou 25-37.5
kw/m? Tagldansiaanudu HFE-7100 Wua1sviau wanwanuanluiianig +45° Teie
duszAvsnsniemanufeudian waglufianie -a5° wag -90 ° Widrduuszavsnsdiom
Arwowsiiign uenaninuimadesesomnsivadsarednsurresgUuuuns
Tnalugrafiindnduasmeadnmu uag Wang et al. [39] Sildvinisanelaglddeulunis
npaeLfLuianTInTeweInTsnaasnuInAdUsEaVS MsemanuSeullanfiuannty
snviun1saslufienia 0° iesegaien Tnefinasanadaluiianis +90° Wianduuseans
MstemANLTouNNTidn wazdanu dry-out Lﬁmsﬁuﬁmﬂmmwlaﬂwmm 0.6 wena Nt
winndaldazuinnalnnisaewmainuseuwuy nucleate boiling lalwngausanisaneiy
Anusoulululasisunuadnden

Fu et al. [40] laviInn15An®18 S wawes aspect ratio (0.83 0.99 1.65 2.47
4.23 uaz 6.06) lunstnavazionvesansvihaudy HFE-7100 idnduaa 39-90 ke/m?s
Feannsfnwinuinnisiuasunlad aspect ratio Azdanananisivadesaniuy urarlidemg
sonslvadniuziiien wazninwadanuind aspect ratio = 1 dwalifidnduuszansnns
femanudouiiaign dmsuanAdedu q MRedesiunsinavaifenlululasuvuiuadn
Feildgnsrusanlilumsed 1.2

1nnsAnwdsfunuInuidednlngAnviAvatuguuuunisia ans
drewaudeu waranuduan Tudeulefiunndaiuly Wi nUIEIIAteLan1ITNAReY
Aefunsfinwinsivavazdonlululasusuuuadndaififl aspect ratio = 1 funanseny
vosfianenisinany Mdunuiddendsdinihnsinunisinavunieavosasiarunby
R134a Tululasuvunuadndedfil aspect ratio = 1 lefnwigunuunsiva audnuvaiznsg
fnewmaudou uazauiuanlufiamnefiunneiei



A191991 1.2 UaANUITERU 9 Ninendesiunisinavazinenlululasusuluasndd

JUnsv/

Dn

aspect

in3de Q| . Co #1599 Foulunsnnass WNANISNAADY
fifnmnennsiva (mm) ratio
, . - wu liquid film evaporation Tugisndndaniougs
Balasubramanian NITONYLNAINUIOU Cow a N
2013 M/ —) 0.48 5.65 1 water [ - muliiiadesinanguuuunisiva
et al. [35] wazauliaies .
- sUsuumslvadsasion h
Nascimento ! o ), . Y as @ &
AL (36] 2013 m/—) 0.167 4.94 5 R134a nMseewmANNIaY | - h Aaanwdndinataz gl
et al.
: - AR finadionsivawuuassan ULty
Fu et al. [40] 2013 [[l]]/(—)) 0.12 i 0.83-6.06 HFE-7100 NAUBY aspect ratio A
- AR =~ 1 i h gean
, Y “h 1 +65° fifian Tuvaiedi -65° waz -90° deedian
2013 0.825 1.134 0.26 NITNYVAINTOU i B . 4 e . .
- Msdesdinasasunuunis asgsnnAndndulas
Wang et al. [38], [39] mit|— 7 ¢) HFE-7100 uag . | §
- : - h 71 +90° ANgm
2017 0.44 213 : AL N L v e aa e
- nucleate boiling ldlwnzaunenisanawnauieuludede
- bubbly uag slug flow duusiunalnnisaamanusou
| g LUV nucleate boiling
Lee and Mudawar [41] | 2016 M/ —) 1 0.83 1 R134a NAYBILTILLNE 29 o o ee , Y
- annular flow &usiunalnnisanemaNuSauwUL
convection boiling
b - usslduansdamasiasuiuunsivalunulsyau
Kharangate et al. [42] | 2016 M/ 1|—) 3.33 0.24 05 FC-72 NaURsiFn1eNslva ¥, L o o
- NN IALSauEAIHA UM ST AUBEN9NN
- micro drainage dwald h iudu 5-15% waz AP anas
Lin et al. [43] 2017 M/ —) 0.8 1 - HFE-7100 NAYDIYDINNITIE | 5-25%
- wulnadaunduiindndunas
R1233zd (E),
10.8, 0.81, y . N s
Huang et al. [44] 2017 M/—) 0.1 0.69 1 R245fa, Havesa Ay | - R236fa Tir AP s
' R236fa
o . - NdngAnuSoudINanavuInveINBIeINIe
Fayyadh et al. [34] | 2017 m/(—) 0.42 1.96 2.33 R13da wananduIa

- msfiunuimadlidmarionsinnudiy wavgaumal

91



a

3 1

=] awv A A A Yy o = =
19197 1.2 LEANIUIEDU ) Anevesiunsinavusnonlulululaswiuiuagnd e (9®)
o aw - sUNTY/ Dh aspect : 4
N398 4 LY Co #191197U Reulun1svaass NaN15NAaDe
fananisina (mm) ratio
- Bydwavesonmgidui mnuvenuTesiui Wandaudou
suwuunishna N3 Y R L
) ) : N Wanduia uwasAnautivesetlnadmasie h
Li and Hrnjak [32] 2019 M/—) 0.643 1.68 [ R1234ze(E) AYNAINNIOU LAY , N i -
N - wunalnn13aNBmMALSBULUU convection boiling way
ANUAUAR

nucleate boiling

o d - M naweseiudwal h Suwltniintu uwifl AR

Prajapati [45] 2019 M/(—) 0.4-1.3 2.1-6.78 0.8-2 Water NAYDIAUFEIATU ! o
V 11NN 1.6 dewalii h antosas
- wunalnnsanemANNsauLUU nucleate boiling way liquid
Al-Zaidi et al. [31] 2019 mM/—) 0.46 2.03 0.5 HFE-7100 MsEaNEmANSoU film evaporation
- unsluadaunduingu
0.52- s SOy . 4 - .
Al-Bakri and Ricco [46] | 2019 M/—) 13 1.97-4.8 0.59,0.92 R-410A NATDIRUNUAIBUDN | - h LNVULLIWANTUIALNLTY LazUrNlnIausnsIas

* h = ardudseAnsnisanewmanudeu, AP = amnusuan

LT
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1.2 IQUszaen

1. Anwdvdnavesnsiasuudasiimmsnsinadeguuuunisina mssiemany
$OU LazAUAUAATRINITIATzIRAlUYIDNAL

2. Fnwdviwavesnsdsundasiiamanisivadesuuuunisiva msdnemeiny
You wavAnusuanvein1snavaizienlululasusuwuadndeiiill aspect ratio = 1

1.3 YULYN

1. Mstuadunslwavugiinnisifenvesasviiainudu aneldannzndndainy
%@uﬁﬁuﬁﬁmﬁ (constant surface heat flux)

2. T¥ansvihanudu R13da Wuasvieu

3, ‘viaﬂauﬁiﬁi’flumimamﬁﬁuumLé’umu@uéﬂa’mmﬂu 0.5 mm Lagvianauiaiy
819 500 mm

4. lalpsurunuadndsiildlunisnnassdsiuruvestomienislwananun 29 ¥eq
Tnousiazdosdvunadusinuguinaslensedn 0.6 mm 7l aspect ratio = 1 uazusiaztosil
ANETT 40 mm

5. msreivewienay wezlulasusuuuadndet sxfinnsnedalufidniefiunneig
fu 3 Aemsldun nslualunuasesu (00 nmslratulunuing (+90°) waznslvaaslunuis
(-90°)



undi 2
nanN1suaENgYNtNeITa9

2.1 ansﬁmsﬁmunﬂszmmlawiaam\‘imﬂ%a
nMsAnTRIunUIlE TN ITeswanaaneneuiaziaueizlunistwun

Uselnnueseanianisiuaseninaesmnienisiuavuinlalas (Micro-channel) fugean1enng

Tmauuusssumn (Conventional channel) Tngld@awusang o Wudarmun o1y

2.1.1 wurhuaudnanslansedng (Hydraulic diameter)
Mehendale et al. [47] lsnauedslunsduundseinnvesgunsaiuaniuieu
AU (Heat exchangen) tngldidusnuaudnanslansedndlifsil

Hydraulic diameter, Dy, (mm)

Conventional heat exchanger > 6
Compact heat exchanger 1-6
Meso heat exchanger 0.1-1
Micro heat exchanger 0.001 - 0.1

wanani Kandlikar [48] epsldidurrugudnanalansedndlunisviuun
Usznmvesaamansivalinad

Hydraulic diameter, Dy, (mm)

Conventional channels >3
Mini-channels 02-3
Micro-channels 0.01-0.2

2.1.2 M5 AMUEUNUSVRIAT Confinement number
Confinement number 158 Co hANIAIAINUAUNUSTENINILITIAININU
ws9lua29 1ae Co aunsamlaannaunis

Co= (2.1)

i
Dh

[
Y a

#lu Micro-scale 1u dnswavosussdsifunnnitusddudiedadunalilifinnisulsdu
vosadlnaluviefiflvundn fafu Kew and Cornwell [9] 391814 Confinement number
lun1sduwundseinnvesdemienisiug neseyingn Co > 0.5 wand31 Micro-scale effect
daansznusionisiva wenaini Ong and Thome [10] Sanuiusaliugasaziianssonis
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Tnaograunnidie Co < 0.34 unazliinanenisluadio Co > 1 Feldausin Micro-scale
effect azdawansznusenisinailo Co > 1

Cheng and Wu [49] 1al¥ Bond number Tun1sd1uunuseinnuestninienis
va Tng Bond number wanadanuduiusseninauseisinsusdddudas Jsaonndosiv
Confinement number i}

2
pa - EPP)D0 22
o

FINANNITRUIUTELNNVBITBININS aleely Bond number duanunsakudlanasaluil

Bond number

Macro-scale >3
Meso-scale 0.05-3
Micro-scale < 0.05

Ulmann and Brauner [50] lalddayavinuanisnaasdves Triplett et al. [51]
TunsiansnsuUsssianvesdesnenisivalaslden Estvos number d491nWan1s
A4AT123% Ulmann and Brauner [50] Ltuz1i111aA1 EStvos number dunuindifgysionis
Wasuwlasguuuunisiva uazmsmelusesusaliiugas Sddiauainmnan Estvos number
ffAnteendt 0.2 liansainnisina1gyse Micro-scale

¥®N91n1 Harirchian and Garimella [52] & ¢l Widue convective
confinement number 130 Bd* Re, lunssiuunuszsuanvesdamenisivalivail

Bd*’Re,
Macro-channel > 160
Micro-channel < 160

(%

Y] 4
2.2 anwula (Mass flux)
NANTUIANIDOMNIINIST LABLTINIARDNUTANTS IABANNNTOU LA NNAUNITAIN

m
G=— 2.3
y (2.3)

[

ms1nslualdienig (kg/s)

1%

mo A
A, 79 NUNNTNAnY9teInIenIsia (md)

ch
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2.3 N15018MANSDU
2.3.1 NMsagmAlNsauluvianay

2.3.1.1 AduUsEaANSN1saNemAIUSau (Heat transfer coefficient)

AdUUsEAVENSENEIANNToUaNIEYR LavAduUsEANSNITaemAIINToU
WRALANNTOMIAAINANNTIN 2.4 wag 2.5 AuaRy

h(z)=—3 (2.4)
S E e

(2.5)

w,avg N Tf,avg

o 17 4
T

j))} EE

8 WandAuTau (W/m?)
8 gauniiuringluvie (°C)

w, in

T, fie grngiivesvedlva (°C)

2.3.1.2 Wangaudau (Heat flux)

PangAMUSaUlUANNITA 2.4 LA 2.5 aunsanilaannaunisaese iUl

q 2\ q N\ qwss (26)
wDL

=Y

e g P dnsnsangmanusaunteuliunssuu (W)
& o ‘:4' a
G1ss 7D ANUTBUNULAIUINTZUY (W)

D Ao vwaduRuaugnansngluzeasie (m)
L f9 ANugIv0vie (m)

2.3.1.3 gaungiiinurinigluvie

gaungdnuiimeluvieluaunisi 2.4 waz 2.5 anansamlaainaunisi 2.7
1AgRFENANNISUIAMUSDULUY 1 TR HIUNEYIDNIwaINnAINUSDU

in

1

e T,,. A8 aaumgilituiiniguenyie (°C)
g A 8nsINTanemANNSoURenIeUsHIns (W/m?)
kAo Adudszansnisthanudeunesie (W/m °C)
r, way r,, Ao salngluvie wazdainieusnvasvie (m)
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2.3.1.4 gauugiivasvaslva

gumgiivewoslnaluaunisil 2.4 awnsamlsanaunsil 2.8 Tasnsauna
wisy luvasfigumgivesvedlvaluaunisi 2.5 mildangumgiiadsszninmatiiy
N4DONVBIYANAHOU

q"7nDz

T(2)=T,,+ (2.8)

P

Ao gaumnniivesatinaiimiadinvesyanaaey (°C)

Y 9

Sin
¢, Ao ANMINAINTEUTNINIZVDIWRbIE (Ki/kg K)

2.3.1.5 aunwla (Vapour quality)
AN NI 9 @1unsanaleann

XS % (2.9)

o i(z) Ao ewadluagnugyesraivesarsiaudu u sunddle 9 (J/ke)
i, (z) A9 uialunziUasuanugvatansynarudu o dwmidle o (k/ke)
i(z) fAe wialvesansyimanadu a duuddla 9 (ke Feausomleann
dunnsh 2.10 Kol

: "nDz
H2) = q—_+zin (2.10)
m
1o Z A9 ANeT7 u slusle o ve9vie (m)

L P v A o & o v
i, AB LUNaUVRETYINIANUEUNMILU IR IYANAEBY (KI/kg)

2.3.2 msanewanuiaulululasusuuuadadnd

2.3.2.1 AduuszAudnisdiemanudou (Heat transfer coefficient)

AdulsAninisdemanufeulanzyn wasAduusAvinmstemainuion
adglululasuruiuadndsiannsamidanaunisi 2.4 uay 2.5 Wudeafunsveasdusie
naw wazmsmenmgiiveswesafaansavildainannisi 2.8 Idsuiediu uludiuves
lulasusuuuadndiiuazidounndrsiuludumesnmamgamgdiifiuinvedlulasusuuua
gndenagluanunsaldvanmsiuieiiunisnaasslurienauls Jeedld3Isnsuseunue
uoNY9 (Extrapolation) wlalunisAruiaunuy
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2.3.2.2 Wangaaudounnivalulaswsunuagnden
NAnGANNSDUNRIV U TATLILLUA TN ALY luaNN1SA 2.0 way 2.5 @U150%
Taanaunisaesellil

"

_ W+ W) (211)
(W +2nH )

Aa NandauTeungIuvesdnde (W)

Ao AuNIeUeItamanslva (m)

= a
A9 AUNUIVDIATU (M)

s 3=

fB ALEIYBIATU (M)

A9 ANUSZANSNINNISONELNAINNSTOUYDIASU

S X

Ausun1smaAUsEENS ANNIsaNEmALSauYRIRSUTUE U5 LAa1N

[

aun1s 2.12 lnglddeuleildfinsaemanudeuiivanensu (Adiabatic fin tips) [53] #ail

tanh(mH
Rk QY 2.12)
mH
Tog#t m legniienuliei
hP, 013
6 - KT 213
kA,
o P, A9 ANNYIETUTEUNTBIATU (M)
kP9 ArduUsEansSnIsunANTourenTy (W/m °0)
A, F9 WuItdaueIn3u (m)

=
N

Taglunismainandanuseuf fveslulasusunuadadeniulatnin
[ 3 v o o 3 . 1 =
Tudusosednszuiunisinga (teration process) Tun1suszanua @3 Park and Thome
[54] lidnauatunounsinglinuanddusua 2.1 lnenszuiunising1asdugaionn
Usganinmmsaemanuiouvesrsugitiganladmile

2.3.2.3 ﬂqa.l;mw‘la (Vapour quality) |
Aaunlasmueng o ansambalagldaunisi 2.7 wudeaiuiuns
naaesluvionay
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Assume a fin efficiency

" _qg(VVch—i_Wm) qﬂ_IV_mCPAT
qw - ”7011 +277H in ’ Ab
\ 4 \
h — qw
]:vall -1 SAuid
No
\ 2
|2+ ) — (anh(mH) .
kW L mH
Adiabatic fin tip Yes
Determine h

sUN 2.1 nssvaumsihglumsussanamAUssansnmnnsaemaLTeuresnsy

2.4 AUAUAN

mmﬁuaﬂﬁywmmamﬂmaau (Total boiling pressure drop) Qﬂi’@é”mm?m
differential pressure transducer fifinseseniteniadn uasnsoanvesganaaoy tageu
é’uamﬁgwmsuaqﬁmmmaaufuasﬂszﬂauwé’asJ mufuaniieInn1sansuIniuiivestes
nanshafivnaduazrnseanuuuiuiivivla (Contraction and Expansion pressure drop)
AufuaniilasnnAMadeaniu (Frictional pressure drop) AuAuUaALlBI1NALLTS
(Accelerational pressure drop) wazausuanidiesnnussliugs (Gravitational pressure
drop) eaunsaideuluguvesaunisléssdl

AP,

total

=AP, +AP, + AP, + AP, + AP, (2.14)

Tag Collire and Thome [55] 91L@UONITUNIANPINUAUAALTEBIINNNITAAVUIANUAVDIYDS
7119015 aNMILTImaznIeenkuUTuATulalAnsaunisae kUl
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AP =G—2[(c;l -1 +(1—02)}{1+xm (&—1H (2.15)

2p P,
2
APQ=G—O'(1—O') l+x,, L/ (2.16)
P Pg
il o fe Snsdmvesituiivige

p, Ao Anuruwiuvesasianuduludaiusveaal (kg/m?)
p, o ANuvLLuTesansyiaudulugaugeauia (ke/md)
C. fAp Aduussansnisuasa  feauiuleainandunuseyas Chisholm [56]

fawansluannisn 2.17

1
C.= 05
0.639(1-0)"" +1

(2.17)

ANMNUAUAALLDIANNANULEY  hazANUAUARALLDIAINLSILTLEENsaAUIlA I NaLN1SA
2.18 wag 2.19 ANUAIAU

2 2 . W 2
AP =G W30/ g (AT (2.18)
pl-a) pa| | p(l-a) pa|
AP, :gLsine(apg +(1—a)pl) (2.19)

gl g AedrAmnuseilonInussimavadlan (9.8 m/s) uar a feddndule (Void
fraction) Fslusideilalvanduiusass Zivi [57] Tunrsauagel

_ Al
a'= l+u(&J 3 (2.20)
X P

2.5 ngusiaulsl3%A (Dimensionless)

2.5.1 Reynolds number %38 Re flonrudunusvesusudsoifuanunia lne
aunsil 2.21 uay 2.22 waneA Reynolds number dmsunisiwaanueifiendviuanius
Ypanaazuian1uannu Inenin Re < 2000 wansindunisivawuusiuseu (Laminar
flow) wawn Re > 2000 wansindunisinawuutiutau (Turbulent flow)
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GD

Re,, = h (2.21)
H
GD

Re o = h (2.22)
Hy

s A ' a = a
uanNTluN15R1IUIAT Reynolds number vasvasliavgiinnIsiianNan us U Lad
wazhAAEILITAMLAANNAUNITA 2.23 way 2.24 ANUATGY

GD, (1-
o) (2.23)
yes
GD
Re, =~ (2.24)
M,

2.5.2 Weber number %38 We f99n31d1u009u54208M 059N 10909 7a Tng
A1 Weber number @sunistiaaniusiigndinsvaniusvasvaitaswianandluaunisi
3.25 kay 3.26 HIUa10U

2
D
A (2.25)
Y
)
e, =2 (2.26)
PO

YNAINNUAIUITAMIAT Weber number 989999083 ANNSABATN @0 ULVDINAILAY
wAAlAINANNITN 2.27 ay 2.28 AuaIfu

G’D,(1-
We, = RN (2.27)
pPo
2
we, = L0 (2.28)
P.o

2.5.3 Nusselt number 38 Nu Aan1suansiian1n1satgmaiusauluguves
ANNAINUSTEnINNITIANUTouAUNsEIANTaY TneAn Nusselt number laW1z99 Lag
WALANNNTOMIAAINANNTTN 2.29 Uy 2.30 ANNEIRU



27
Nu=—2=" (2.29)

h(z)D,

Nu(z) = (2.30)

[

2.5.4 Prandtl number %58 Pr Aaom$181uU5e MmNl uausuiun1sunALS aus il

Pr="—-2% (2.31)

[

2.5.5 Froude number %38 Fr An8m5181usenINawsuRoaiunsaluun19aad

2
Fr= 9 (2.32)

S
P gD,
2.5.6 Boiling number %38 Bo Aasiudslsnienineitesiundngainusou

B O (2.33)
h./g



unii 3
A5N15AUUNT5IVY

3.1 31932108AVDINITNITVINGU Ltagq‘ljﬂ'iﬂjﬂ'ﬁ%ﬂaaﬂ

SUT 3.1-3.2 uARSUNUNIMNISIaU uazgUnsalildlunisnaass lnsnns
naagsdmiurionau uarlilasusuuuadedetiu Iignandunsineldgunsninimmeans
LazdunsumInARoIvEouuLAIEAITuRSIYANRABY (Test section) Wity Tnsganagey
Isgnsevuuiuliifioiesensaduldau

nslwavesansvhaudulussuvassuduaniy Gear pump) Fwimiitsn
asianduandafuasiaiudu (Receiver thank) Hufanges wazdagan LTy
(Filter/Drier) (i glualingia3sa¥nsnainislua (Coriolis mass flow meter) 99Nt ua159h
anufuaglnaling Preheater il onauaularsiamfuiiganiizvonnard
(Saturate liquid) w3edndemilsfelvidAnunmleuszuna 0-0.1 Tnsazivisladmiunsaag
aougvesasianugnansaliimadn uagnisesnues Preheater iilensaadeuanuy
gosenihauunsuladngyanedey naNEUYANAaURTIAIYIANIERIE AL
dL3esmIuuyuiafl 1 (Condenser unit 1) Wi evhnsmuuuasinuduiisenainya
nagouliilaniusfuveavaionun uazantudluaiirgeiesruuiuii 2 (Condenser
unit 2) lemunaliansyhauuigamaidusa (Saturation temperature) w3oRLAY
us (Saturation pressure) Mufideenis AouaylnandugfuAvarsimiumdudusy
Auantging

DC power supply 5 2§ Sinthilunistieullud Preheater LAEYANAFOU
iomuauanurvesa AN unouii yannaoy uaviiieteundsliiliaonades
fuReulvvesyemazeumudiiy Fadeulalunmsveaeuligauandlilunsad 3.1 uay 3.2
uenanigunsaifldlumsiaiomeildlunsnasesiéviinisaeuiiioy (calibrate) uazgn
nazovnndusgreineutindadsldeu dsarnuaaiaed ouvedad sslloTauas
msfimesin q avgnuandunised 3.3 doyamavaassiildnnieiesiietaiamnazgn
Ausrusalussuudafiudeya (data acquisition system) ifteviluldlunsiiaszsinasiely

a a ~ ° Y
A15199 3.1 wansauluilglunisneassdnsuvianay

vianay

a59ALEuY R134a
Wanguia (kg/m?s) 610 - 815
Wangauiou (kW/m?) 2-26
AUFUBLE (bar) 8

a v

UL (°C) 30




-

PREHEATER _
n* n

i | ] ')‘

N [
|
B =

o o

MASS FLOW METER

=

SERVICE VALVE '

o—/—
MICRO GEAR PUMP ‘

SERVICE VALVE

()| SIGHT GLASS

FILTER %

|

DRIER

RECEIVER TANK

od)

DC POWER SUPPLY 1|

= -
o

od [

DC POWER SUPPLY 2

Py

[TITTITIT]

DATA ACQUISITION SYSTEM

HEATER

Bl

|

TEST SECTION

WATER TANK 2

WATER TANK 1

L1

CONDENSING UNIT 2

L]

L] L]

CONDENSING UNIT 1

"o
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DIFFERENTIAL
PRESSURE
TRANSMITTER

©

JUN 3.1 ununmnisvinu wazaunsalnldlunisnaaesdmsuvienay



Flow rate, Temp eratures and Pressures data signals

Data acquisition system

— i
T 7
Preheater
§ = = = = '-g
L] ® L] L]
Q9 QQ !
/ \
3 / A\
DC power supply 1 DC power supply 2
By-pass line
Coriolis mass flow meter
_ X DSQ ~ Bypassline ﬁzﬁr
I y —
Micro gear pump i 4 4 =
Sight glass - r 4
- gh g § 1 I ,/ . ’]
=] /i x| b« o -2
——o ©) ra . /
Filter 5 Condensing unit 2 Condensing unit 1
Feceiver tank Water tank 2 Water tank 1

JUN 3.2 ununmnisviey wagaunsalnldlummeassdmsululasusuiuagngan
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a ¢

AN519% 3.2 wansdaulenlglunisnnassdnsululaskyukuagnden

Tulasuaunuadnden

sy R134a
Wanguaa (kg/m?s) 200 - 450
Wangausou (KW/m?) 0.1 -86
AuFuBUF (bar) 8
UM iIviad (°C) 30

A91991 3.3 LAAIAIANNABIALATDUYDILATDILDIN LATNITILADITANG 9

W1518LM83 AIAUAAINLARDY
YUIAYBIVDININTS ba + 0.05 mm
gaunnll =7 U2 4=

Wanduna + 5.5 ¢/m?s

AN NLe + 2.5%
AndulszansnseemaLSou + 7.4%

AUAUAA + 12.3%

3.2 yanagau (Test section)
3.2.1 yanadauBLYianNay
swazdunvesyemaaouvesienaslsgnuanduzuil 3.3-3.4 lasyaneaaeuves
vienautfuduvieaunuaafifiduinugudnatsnielu 0.5 mm 812 500 mm uazgniudae
amuLﬁaﬁmﬁumm%’auﬁ%qwﬁaaaﬂmﬂiw‘u TngnaenauevewioldvinnIshns
wesludida (Thermocouple) uagiiulmosinanuduliiniadi uagniseenvesnnaaoy
iotngumgivesansvhanuiu wazanuduanlusyuy uananisaldvinnisingdsines
TuAuiTadishummissing 9 vesieriietagamaiivesiiovio a1 susissing 9 Snsne Tudiuves
vielaflogludruinevesyanaaeviliifiellunstesuuuunisivaiifistulunisvanes lns
nseegUuuunsivaannisvnasstuazgnatedendesdiiinnuatnnes (speed
shutter) 88l 1/15 - 1/1000 Fu1il sluwsiazoulvnismaassazsnsanegudiuau 50 5U
wagitloUszanm 10 Junit weldusznevlufinsansuuuunsiuadiiniy
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.| DIFFERENTIAL PRESSURE
TRANSMITTER

= DIGITAL
) PRESSURE
GAUGE

DIGITAL
PRESSURE
GAUGE

INSULATION DC POWER SUPPLY CONNECTOR ——,

O i

THERMOCOUPLE A

50 mm

80 mm

500 mm STAINLESS STEEL TUBE

TEMPERATURE IN TEMPERATURE OUT

gﬂﬁ 3.3 LLmumWLLammaaz@ammmaawawiaﬂam

Cable tie

Rubber insulator /A v ~~—— Heat shrinkable tube

Themmocouple

1.59 mm

SUN 3.4 FnveYeie

3.2.2 yanagauvadlulasiyunuadngi

JUM 3.5-3.6 uansnindsznavnaniseazidonvaslulasiyuwuadnden ¥4
Usenauluaig 4 diuvanusenauidisieiu lauadiuusnAsuruawnuaa J9ogiuuy waz
Aua19we9Enden vuhidulassaiaraniiiedndiulsenauae o Wiseiu Bnvedsae
E3UANULIITIVBIANAFRURIY diufidesfeunulndaniueiunla wiulndnnsusiunlagn
Annslincuuuvesdadeiiieiansadunasuuuunisivals lngunulndaisueiunlaazgn
Aaninfusuuuresdadanmennviafiwiedestunisivatiuiuseninedesninisiva
\ 4' o8 ad A a . 2 A v a0y A a ¢ = aa N
drufauAedNanisdu (Epoxy resin) Feilninfvieriuduvesdnden Laviilosndiiend
S A ° 1% o 9 ' vy oA e
sguilAn1sdiausoun (Ussina 0.3 W/m.K) wagdsanunsanusioansiaillaiduegen 3

annsauawinlifiuindadlisnde



Stainless steel

Polycabonate sheet

Micro-channel heat sink

Thermocouple hole
Epoxy resin

Stainless steel
Heater hole

a |3

JUN 3.6 MMUTENOULARITIUALLBYAYBIBATAT
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Tuduaavheidudnwesdndad degnatrsninnesunsneiniss CNC Afan
azldn wazwsiudigs Tnedivesnslvaiidudivasuinn 0.6 x 0.6 mm lnedvownanisiva
fanua 29 He9 Insuszaztdesiinimuey 400 mm uazdaunuIresniuegd 0.6 mm i
wansluzud 3.7 fudemesdndadgninizsunaduriuaudnats 150 mm efndsdnnes
LUULYS (cartridge heater) $1uau 2 § Wielrinudeunnsndar Tnsdmmesuuuuvieilely
nMsnaassasnsalimasiniingsanegi 3 kw Jaazgnaruanusualninlag Voltage
regulator wenniuinalivomnsnslnaldininazsrunadusiuaudnans 15 mm e
ymsfasanesluduidalivienun 12 5 lsuvadu 2 ds feoz 2w unaz 3 5 Weldlu
N15UTEIUMIAINIINTEAEAIVDIR NN TINTANDTFHIA U1V BININT AR Y
Fnsussnaruontn feneazdessunmisililuntsiatanesluduilaldgnuanduguil
3.8 uaguonNHluuInamaut wenseenvesdndedldinisfadunesTuduila uas
e s inm iy Wileingumgiivesansvharindy uazamnuduandnge

17.5

354
|
|

1

17.5

44 S

SUN 3.7 8n%an wasauIAveeoan1enisina (wansluriig: mm)
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unii 4
NANISYINADY LAZN1SIATUNANITNAADY

4.1 Nan1sNAaINIsinadaIuLig (Single-phase flow)

Aeuflagsidunisnaaninisivanuvassaniugdnduiazdoninimeaey
gunsninmnaesiildgnindenou Tasnismsraaeutuaslduanisvaassesnisivaaniuy
Wwedluaniugvasvarilliisuiungunisliva wnaenraesiudaazaiuisonniunis
neaesnsivauuuaesantuyld fen1smsraaeudmiunmsinaaniusieaiuagyiinismaaes
waluduvewienan uarludiuveshilasuruuuadndadiail

4.1.1 wamnaaeenIsivagaIuziigIvasviena
U7 4.1 uansnavesnsaunandssussarinsaufeuiidouliunviefuauieud
gnanewlulifuasihmmibu deldnaasdlaglditeulviindndanaunnsistu uaswdnd
aruouliiiidinseunquuaUIIATaINTTIARENaTLA 9InKanITAaeINUIITTUT I
arwioufigadsesnansruuidefiuiinaunistioundndaudougelu fafuddldvannis
N13ANUNMUAIINTBUVRITAR (Thermal resistance concept) Tunisasnaaunislunisiune
menau¥ougndeduandusuil 4.2 Tawsd

1
qloss > E R (T;v,out 1} T;oom) (41ﬂ)
t
quss N 0'5371X(Tw,0ut _Troom) (416U)
e R, 79 A1 Thermal resistance $¥RINNURINEUDNYODINURIITUUDNVDIAUIU

'
aa

T,.. A0 auuiiniivisauuen (°C)

w,out

A a v fe)
Toom A8 DUNALYDY (°C)

diesannsvaaedldvinisnaassnelddeulandndmnudoudiinnsi wazainy
EJ’]’J“UEN‘V]I@ﬁliﬂﬂUH’liV}@a@\ilﬁQﬂﬂOWU’JmM’ILLﬁ%WU’JIWﬁE]@ﬂéJENﬁULg@‘ui“uﬂﬁl‘VIﬁLL‘U‘U
thermally fully developed laminar flow soulunsinaganuziiermdudszansnsaiem
ausousenievedlva waviavie asdansd J9dn Nusselt number Tuanmedinaiiays
ANYINAU 4.36 LLazmamimaaﬂﬁgﬂLLamiugﬂﬁ 4.3 Feanuanisneasaiuladaiinanis
neaesnsinaaniusiieresyaneadeutuaenndosiungul uenainnisvinuneANISEEm
ANuTaufunguuddalavinisiieuiisunanisnaassiuanduiuses Gnielinski [59]
éﬁ’agﬂﬁ 5.4 Fanan1svaasmuidinuaenndesiy Gsaun13n15ues Gnielinski [59] lagn
wansluaunisi 4.2 dil
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(f/8)(Re~1000) Pr

= (4.2)
1+12.7(f/8)" (Pr¥*-1)
dlo [ Tuawns?t 4.3 anunsemlgann
f=(0.79InRe—1.64)" (4.3)
[ Present data
ok R-1342,D=0.5mm ]
8 f ]
E |
5 of .
I
4k Cn |
]
n . s Mass flux (kg/mzs)
B P o B 615824
s e
0 L n 1 1 n 1 n n n n 1 n n n n 1 n n n i 1 n i n n
0 2 4 6 8 10 12
q;, (W)

JUN 4.1 augandenuseminanuseunteulissuuiuanuiounignaremlulviansviaig

\Budwnsuvienay
T T TS T e e e oy
Present data

s} Re134a,D=05mm ]
4 F ]

B

; 3t

w_@
2 -
1 -

™ qloss =0.5371 (Twall,out -T Roam)
0 n I n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n
0 1 2 3 4 5 6
Twall, oul_Tkoom
U 4.2 mamaunsauieugadslagldnannisnisitumuanuseudmivvienay



38

20 T T T T T T T T T T T T T T T T T T T T
I Present data
R-134a, D = 0.5 mm B Re=1533
| Nu=4.36
5 15) i
=S |
=
=
Z
=
» 10F E
w
=
Z
=
g
5F ] b
= - w = = w
0 1 1 L 1 L 1 1 L L L 1 L 1 & L 1 1 1 1 L 1 L 1 1
0.0 0.1 0.2 0.3 0.4 0.5

z (m)

JUN 4.3 nmswSeudisunanisnaaeinsiuaaniusiesiungufnistrasuusiuiseuluyie
naul

L e e e e e s e L e B e e o L

Present data O Experimental data
Gnielinski [59]

R-134a, D = 0.5 mm

80

60

40

Nuselt Number

20

2000 3000 4000 5000 6000 7000
Reynolds Number

U 4.4 nswlSsuifigunanisvaasenisivaaniusiiedfiuanduiusuas Gnielinski [59]

wenanilgaladnisnsivasunanistnaaniugifeilusuvedwnmesauiden
YMUYDIA3T (Darcy’s friction factor) lasthliUSesuifisuiunguinisivauuusiuieu uas
n1stnanuududrulagldandunusves Blasius [60] asuanalusui 4.5 lagaunisng
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ANNNLADSANULAIANIULUUITIULSIUVDIANST wazANALADsANULEsANIULUUT uUIU
994 Blasius [60] @111509191NANNSA 4.5 kA 4.6 AUaIAU 9T

_64

/= (4.4)
Re
f=0316Re™* (4.5)
1
o Experimental data Present data ]
— — —  64/Re R-134a, D=0.5 mm 1

Blasius equation 0.31 6Re "%

=4
o
=
Q
<
=
z O0lf ]
o ]
=
3 B~
=4 4"
= ~ Y [eloXe'e)
~
~
L
-
-
D
~
—
~
0.01 : : : : S——
1000 10000
REYNOLDS NUMBER

UM 4.5 M3 ULTIEURANITNARBIVBIAWNNADT AMEEANIUAUNg B N1 AL Uy
TIUFHU wazanduiusves Blasius [60]

4.1.2 wansnaaaamsiuasausifedvadlulasuvuiuadaden
dv¥unsnaassnisinauvuaniugifoalululasusuuuadadsdduazgn
sudunmsdufeafuiunsmeassuvienan anisauiunimsvdevaugandsnuidou
TAugndsdfundsnudidomliivvedvaldgauansusuil 4.6 uaznisasisaunislunis
yunemmaudougydelfgnuandusud 4.7 Fldaunsnsdsd

Qs =0-17X(T,,, = T,,) (4.6)

w,out room

Tudiuvesmsanamanudoudmsumsinalulilasusuuuadndeidy azld
33nseseaeulngldanduiusvesinidevarsaudilaviinisinenisivalululasuasuwua
gadanunUSeuiiou Ineanugvestemensivalululasuyuwuadndaignaiuiunas
wuaenndestudeuly thermally developing laminar flow é’aﬁf‘uaué’uﬂ’uﬁ‘mﬂmﬁié’
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gnidanyiuinisiSeufisuiuiseg nngldaniie thermally developing laminar flow
WAt lnesieazBenvasanduiugane 4 Nenuuulagnuandlily

v a
AU
4 T
| Present data
R-134a, D, = 0.6 mm
- Mass flux (kg/mzs)
® 300-600
B
s 2T 1
H
o
[
’ °
o
[
° » o
N . .
0 2 4
q;, (W)

a Y] | % a ) o = | Py ° &
JUN 4.6 aupandsnuseninausoundeuiuanuieuignatewildliaviaiiudu
dusulalashyukuagndan

2 T

Present data
R-134a, D, = 0.6 mm

qloss (W)

Gpss = 0-17 (T

wall,out -

T

Rtmm)

T

wall, out-TRoom

sUN 4.7 mamaunisanuieugyidsvesvislagldvannisnisduniunuTeueian
dwiululasusunuagndan
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Hausen [61] tadvauaandunus g lvinuielunsmadnisiuakuy thermal

(%
Y

developing flow wazilgauniiiaanlisil

Y

Nu=3.664 200686z a.7)

1+0.04Gz>?
e Gz eA" Graetz number @9 laanauniseasalui

_RePrD,
L

Gz

e Pr A1 Prandtl number
Sieder and Tate [62] lauausanduiusildviunglunsalniinsinawuy
developing laminar flow lunsaiigaumgiiiauwsuuuaiuvedlvadinauwnnsneiuuinlined

0.14
Nu =1.86Gz2" [”—fJ (4.9)
1,

7
aa a [J

o p, uag 4, Aemauniafivnlinngumiivesvediva uazguuginiuRInLa iy

Y

Lee and Garimella [63] latnausanduniusildvinungdmsuyiedndsulu

aaa ) A v Al o & Y a

nsaindn1slnauuy thermally developing laminar flow nneladeulunandainudaunsi
WargaunINEIA Jsansavinainaunisasstaluil

| pmSst ) gy (4.10)

de 01sa<1 uwag L' <L, oo

C, ==2.757x10"/a’ +3.274 x10 7 /a® = 7.464 x107° [ + 4.476
C, =0.6391

C, =1.604 x10*/a® =2.622 x10 /o + 2.568 x 10>

C, =7.301-13.11a +15.19a° - 6.0% ¢’

' oA . . . o ® A . .
119 L A8 dimensionless axial distance wag L, A® dimensionless thermal entry

length Famléannaunsd 5.12 wag 5.13 fualuil

=L (@.11)

Gz
L,=-1275x10"°/a® +4.709 x10°/a® = 6.902 x10™* /a* w12
4.12

+5.014x107/a® —1.769 x1072 /o +1.845 x10 7% /o +5.691 x 10>
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Dittus and Boelter [58] Iaitausanduiusnlgvinuedmsuvislunsalniinig
luauuu fully developed turbulent flow &saunsamlaanaunisasseluil

Nu =0.023Re"® Pr” (4.13)

Tnefl n =3 dwsunsainvesinaliarudou way » = 4 dwsunsdifiveslvasuauiou

Gnielinski [64] liiaueanduiusildvusdmsurislunsdifinslvawuy
laminar 13 2 nsdl Aevidndanuounsil uavenniiinns duanduaunisi 4.15 wag 4.16
IR

Nu,, = [Nu?” +0.6" +(Nu,,, —0.6) + Nuimﬁ (4.14)

Lﬁa
Nu,, , =4.354
Nu,, , =1.953Gz"

1/2

Nu,, ,=0.924Pr"”(Re D, /L)

Nty = [N, +0.6" +(Nuty, —0.6) + NuimF (4.15)

Lﬁa
Nu,, , =3.66
Nu,, , =1.615Gz"

1/6
Nu (Lj G2
A3\ 14+ 22Pr

Phillips [65] lald@uan1syinuisnsatemauiouluy 3 lagendenisladiunys
A ) i v Y Y ' &
\euTuusisevigndessiuansluaunisdeluil

Nu,, ,
Nuoo,4

Nu, = Nu (4.16)

e Nu, , AefuUsveInslinnuseu 3 A wag Nu,, Aedmuwlsvesnisiiaiuieu 4

A1 @9 Shah and London [28] lauaueisnismiaidandsang 9 1insaun1si 4.18 uay
4.19 muaneu lasdanusasnanlddmsunisivaluvied md sud dnislualuy fully
developed laminar flow lunsainandaiusounsil uargaumiinimm

Nu,, =8235(1-2.0421c +3.0853> —2.4765a° +1.0578a* —0.1861°)  (4.17)

Nu,, =8235(1-1.833¢ +3.767a> —5.814a° +5.361a* —2a°) (4.18)
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913U 4.8 aziuinansmaassnsinaanuzidsalulilasuruuuadadad
aonndoetUanduiusues Sieder and Tate [62] \uegned (psanavduiusues Sieder
and Tate [62] Waunnieldidoula thermally developing laminar flow Tagfiansai11en
mumilnvesedlvarginmaudsuammgungd luvugiinanisvaassliaenndosiy
andaiusdusgnaiulalidn

10000 F————————————————————————————————
i o Experimental Data Horizontal flow
L — — — Sieder and Tate, 1936 Rectangular channel
1000 F Hausen, 1943 D, =0.6 mm J
g Lee and Galimella, 2006 R134a E
— — — Dittus and Boelter,1930 P =8 bar
) — — —  Gnielinski, UWT, 1995
E P Gnielinski, UHF, 1995
g
T; ______ __
3 10¢ ==X 2y =4~ ———— =
z : =By = 4. 9 T ]
1 Q_. ik, ¥ 4 .__.__o __________ e o |
° °
e e e
1000 1200 1400 1600 1800 2000

Reynold number

JUN 4.8 nsilSpuiilsunanisnaaenisivaaniusieafiuanduiusvesnisinaniusiien
PN MNITRN

1an9nil Steinke and Kandlikar [58] §9lauuziinn1snsiagaunanis imagnnuy
a 6 a o ‘:4 a [ a a o Ly
WedluguvesmnneinnudsanulasdiluSsuisuiungsimsivasuususeudmsy
n1stnalugeamnienisivanuvdwma on dewanstuzun 4.9 lagaunismiatudnines
ANMULAANIUBLUUI U VA NS UL 9195 WawuuadsuaIunsamlas il

1425
Re

S (4.4)



44

77— 7 7 T 7 T

—— 14.25/Re
®  Experimental data

friction factor

0 500 1000 1500

2000 2500 3000 3500

Reynold number

JUN 4.9 Mseuifisuran1smaaesvesAwnmas A udeaniuiungegnisivaiuy
J1ULsEU lnen1shugdives Steinke and Kandlikar [58]

4.2 NaN1INAABIVDINIS IMadaRIEaUE (Two-phase flow)
4.2.1 HANITNAABIVBIYIANAY

4.2.1.1 3Uuuvunisiva

giJqumﬁlmaﬁwﬁlumwmaaqmﬂmammsLﬁamiuﬁaﬂamﬁﬁwm 4 sUuuu
nsluaneniu laun slug flow, churn flow, throat-annular flow kag annular flow AsL&ERS
Tuguit 4.10-4.12 TnsswasiBenlunsias suuuunisivalsgnesurelududaludsd

Slug flow Fdnwagiduresniavunalvg i dnwuradonszau lnofivuia
Wuruaugnaveaadlnalfgatvrundusuaudnansve e Fdlunsnnassadaiinuly
wmzmsinatusussiusiniy Turasiiowidodeuntdhidves Saisorn et al. [66] fivhnns
npaadlurioruin 1.75 mm danumshnauuy slug flow dm3unisinadulunuii uay
Saisorn et al. [11] lavihnsunaesdlaganauinvieas1inde 1 mm §sasnunisiuaiuy slug
flow dmsumsinalununiaduiientu dmsumsinawuu chum flow tuariidnuwaznns
iwaﬁé’ﬂwmmaqwgqLLﬁ”aﬁﬁmmﬁuﬂ’ml,ﬁaqmné’mwmﬂwaﬁLﬁmqﬂﬁﬁ?u M lvineufiadl
Snvuzvaslasaineiibiados ddunmeassedsinulfiamenisinalusufaintuy a1ng
7i .13 wuiideulunisnaasddndiesiu slug flow fuwiliufiasiudswdu churn flow
dlefienansivafinsdsustasnnuussiudununis Sse1esdunaveusaesiaiu
usadosvesvaslvaiviiu jauiusfudlonsinaiifamslunuins Seilviveausaliananse
Snwanuaiesvesgunsale LLazLﬁﬂﬂ’]iLﬂ’gngUlUL‘fJ‘Llﬂ’]ﬂ“VIﬁLLU‘U churn flow Iuﬁqm
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og9lsAnunsivanuy throat-annular flow Ssgnisenludnnanedeenfitiu liquid ring
flow [67], slug-annular flow [68] wag ring flow [69] @1TUANBULNNNIEAINYBY throat-
annular flow luwaRafunuin UShaneasnves throat-annular flow fin1siasuudadly
LﬁaLﬁsruﬁ’uﬂflslua‘l,uLLu';szé’fUﬁaLLamT,uguﬁ 4.14n gﬂﬁ 4.14%9 Wa@nINSIMawuy annular
flow finulufiemienisluafiunnsnsiu Tnenisluauuy Annular flow 1 RaLL191ANS
mauuy throat-annular flow leaanmlefanfiuniu nslnaiidnvasdumsinaves
WosuRariusaaununasveYie LLazﬁﬁ‘Nﬁmmmaaé’amauaﬁu%wmwﬁfma Snannslva
WUU annular flow s‘i’awmﬁé’wmzmﬂua%hjﬁmiLUé‘lauLLUmgUé’ﬂwmsLﬁ'aﬁmi
Wasuwasiianisnisiva
NnransnaaesTiulidninfiamsnsinadsasdssaiensivasundasgiuuy
n1slnadinsu slug flow taz churn flow uaagliAsydiananisluawuy throat-annular
flow Wag annular flow ZsagulsindvEnavesusaliiudisdsnsdnasionisinauuy slug flow
waz chumn flow Wieveflvuinidnas u3emA1 Confinemnent number ﬁﬁwqas‘ﬁu uragalsh
A1un131UE sunlasiianianisinasylydswanonisluawuy throat-annular flow way

annular flow

Slllg "‘-tf-?u..;.

Throat-annular B RS-
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Flow direction
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Flow direction
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Churn flow

G = 815 kg/m’s
q" = 4.32 kW/m?

Slug flow

Churn flow

UM 4.13 nsiwSguiigugduuunisiva slug flow Anulwdsulunisneaaunediu
Wadifiemanislyauansieiy

Throat-annular flow Annular flow

-

G =610 kg/m’s
| q" =8.11 kW/m?

G = 815 kg/m?s
q" = 20.7 kW/m?

Throat-annular flow Annular flow

Throat-annular flow Annular flow
(n) ()

UM 4.14 n1swTeuiiisusuuuunisiva n) throat-annular flow wag ¥) annular flow
Tufienenisivafiunnsiaiu
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4.2.1.2 LLNuﬁg‘ULLUUmﬂ%a (Flow regime map)

Ul 4.15 wansunuiisuuvumsivadmiunisivaluiunsedu uagnisivalu
wslagidunsmuansnnuduiussenitaidndianazaunmlefiniseenvesyanaaey
%Qﬂmw:\mmmﬁﬂLmﬁwaqgﬂLLUUmﬂmﬁLﬁ@%ﬂuLwiazfi'auimmimaaa LAZUENINTEN
LLamﬂﬁLﬁuﬁamsﬁwmmaagULLuum'ﬂMaLﬁaﬂmmwiaﬁﬁﬂLﬁMﬂﬁﬂ%u nnTLanlELiU
’jﬂuﬁaaﬂmmwlaﬁfwzwugﬂqumﬂ‘wa slug flow wag churn flow wagluginmuninlegs
wuidunisluanuu annular flow aeniswmuinisvessusuumstnadimsunisivaluiwg
zau JUsuUNIsluaazsimunain slug flow luidu throat-annular flow wag annular flow
donmuamlowfiumniu dmsunisivalukuafssuuuunmsivasgsiauiain churn flow 1
.U annular flow Lﬁ@ﬂ&ﬂ’]Wi@LﬁM@J’]ﬂ%u %aamﬁaudwmﬂumwu throat-annular flow
anifurnsvesnisiudsuntadsening slug flow waz churn flow sdu annular flow nde

AnfumsiUieuiisuiuseninausuiinisinalunuaseduiuunuiinisinaly
wufaiunudn suuumsinalukunssduiuaenedeatuivsuuuumsiyaluiuaiduyn
suuuumsinasnifunislvauuy chum flow fauandlugy 4.16 915U 4.16 wandliidfiuin
slug flow wag churn flow ﬁ?ul,flumammﬂmim?{auuﬂaaﬁﬂmamﬂwa Faansvnaesd
nusinanfdenadesiuiuNani1saaesuey Celata et al. [70] lngwaninlaviinaaesnis
Tavugiienvesansvianudu FC-72 Tuvieaun 0.48 mm (Co=1.67) dwsunisimaluuun
sy anmmeasmudiliny chum flow Tunismaaes 3 Celata et al. [70] @3U31 chum
flow Tu micro tube %ﬂmmﬂugmwumﬂm slug flow unu uaﬂQWﬂﬁaﬂﬂwaﬂﬁiwmaaq
984 Saisorn et al. [66] (Co = 0.5), Saisorn et al. [11] (Co = 0.87) way Oliveira et al. [14]
(Co = 1.22) Samanu churn flow it uluwwasesu Feuansliidiuinilon Confinement
number LﬁmqqsﬁumiLiJ?{amLUaaﬁﬁwwmﬂwa%ﬁ@m%wammﬂmuw slug flow wag
churn flow §ﬂﬁgq€fawudm’1ﬂua1uumﬁaﬁwaiﬁgmwumﬂmﬁLLuaIﬁmiuﬂWiﬁmuﬂL%a%u
dlenmunmleifingstu uenandalddnnusudeuunuiisluounsivasswinnisinaiy
iuLLuaaqLLazm{LmaﬂuLLu’g?ﬁWUd1E‘Uqumﬂmﬁmmaamﬂé’mﬁ’utﬂuasmﬁé’ﬂLLamiu
SU# 4.17
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1400 T T T T T T T T T
Horizontal flow
Circular tube, D = 0.5 mm
R-134a, P = 8 bar
12000 o Slug flow i
v Throat-annular flow
B Annular flow
@ 1000 E
£
B
=)
O 800} e e ) v [ ] [} [} i
600 - ® e v L] L] [ m
400 . . . . . . . . .
0.0 0.1 02 03 04 05 06 07 08 09 1.0
Local vapour quality
(n)
1400 T T T T T T T T T
Vertical upward flow
Circular tube, D = 0.5 mm
1200 L R-134a, P =8 bar 1
A Churn flow
v Throat-annular flow
®  Annular flow
- 1000 [ E
£
B
&
O 800 F A v v v = [ ] [ ] i
600 - Ay L L m ]
400 . . A A A . . A A
0.0 0.1 02 03 04 05 06 07 08 09 1.0
Local vapour quality
()
1400 T T T T T T T T T
Vertical downward flow
Circular tube, D = 0.5 mm
1200 L R-134a, P, =8 bar ]
A Churn flow
v Throat-annular flow
B Annular flow
— 1000 | k
E
)
<
&) 800 | A v v | ] | | | | a J
600 F A v v [ ] [ ] [ | [ | _
400 . . . . . . . . .
0.0 0.1 02 03 04 05 06 07 08 09 1.0

Local vapour quality

(m)

sUN 4.15 uwuiguuuunisluadmsu n) nislvaluwuisedu o) nsluaduluds uay

) N3lraasluluIfg
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1400' LI B B R L B L B R B B L B R B S R BN B L BN B N L B L R B R
Yertical upward flow — — Horizontal flow |
Circular tube, D = 0.5 mm
R-134a, P_ =8 bar
1200 | A Churn flow ]
v Throat-annular flow
B Annular flow
@ 1000 b
£
D)
< / | ]
O 500 | A v / v v T ] ] i
/ !
/ l ]
600 + AV/ [ | r [ ] | | | | 4
/ |
l Throat-annular flow ‘
400 U ST S S TN TN TN T [ T S WU S N W W SN SO [N T T T SN N ST ST S S T ST ST T SN (MUY SN SN ST SN N ST ST S S [T ST ST S

0.0 0.1 02 03 04 05 06 07 08 09 1.0

Local vapour quality

(n)
1400""I""l'"'l""l""l""l""l""l""l""
Vertical downward flow — — Horizonttal flow |
Circular tube, D= 0.5 mm
1200 L R-134a, P_ =8 bar -
A Churn flow 1
v Throat-annular flow
B Annular flow 1
— 1000 [ =
£
g / I _
O 800 | A Lyy /m = [ ] ]
v |
| ]
600 - A v / v [ ] I ] [ ] ] i
/ !
l Throat-annular flow ‘
400 T S ST SN N TN TN TN T [N T S S S N S SO S W N T T TN S N ST S ST S T TN ST ST S [NNY SN S SN SN AN SN S ST T Y SO T Y

0.0 0.1 02 03 04 05 06 07 08 09 1.0

Local vapour quality

()
UM 4.16 mslSsuiisusnuisdiuunsivaseninamsiralusuiseauiu n) n1slvadu

Tukunf waz 2) N1sweadlukuifa
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1400 LA R B R B RS B L B BB B R B R DL L L B BN B LR B R B R
| Vertical downward flow — — Vertical upward flow |
L Circular tube, D = 0.5 mm
r R-134a, P_ = 8 bar
1200 s b
L A Churn flow
v Throat-annular flow
L B Annular flow -
~ 1000 b
g ‘ )
O 300 i A v ’V | I | /I [ ]
: } /
600 L A 77 v / [ ] [ ] ] ] ]
- ’ / 4
400 U ST S T [N T T ST SN [N TN TN T T (NN TN S S SN (N Y 1 1 1 U S [T T ST S AN TN SN T T (N S S S'1
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Local vapour quality
= = = - ] & a o a
E‘U‘VI 4.17 ﬂ’]iL‘UiEJ‘UL‘V]EJ‘ULLN‘LW]E‘ULL‘U‘Uﬂ’ﬁ‘l‘waiz‘ﬁ’l’1\‘1ﬂ?ﬁlﬂﬂa‘lliﬂ,u%ﬂmjﬂ’]ﬂ‘ﬁﬂaﬂluLL‘U’]@Q

4.2.1.3 N13618MANNTOY

U7l 4.18 wansdvnavessuuuunisiva uagdndanuieusomdulssans
nstmmanuseuawizandmsunisivalunusedu msluaduluds uagnisluaasly
wufe luvieawin 0.5 mm Aindndaruseu 815 ke/m?s Inansinuanaauduiudsening
Aduszdvinishemanuieuanzaatuaaunmloame gaiindndaudounansetu
fsannuanisnaaesnuIiAduszAns mansmaufeudiugstuilionmuamle wasdnd
arudoufiduiuty vonaniduandiifuiudondndanudoufiugeduguuuunisivasy
W20 slug flow wse churn flow TUds annular flow %ﬂL‘fJumamﬂé’mwmilﬁaﬂﬁtﬁwfu
vinlgunuunsivainisidsuuasty dasiulddainguuuunisinauuy stug flow wie
churn flow Tienduussavsnisaneimaudousitgn Tuvaziimslvauuy annular flow 19
ﬁhé’uﬂszﬁwémimammm%auqqﬁqm iesnannsinauuy stug flow %3@ churn flow
wLdumstemeuoulnordonsifeataziudsuanugainveavainaiduuiadady
Praduduremaifendsiliinsansmanudeudivesnin luvaedinislnauuy annular
flow #In1sagmanueuanuisislugsildauvesvesvailaenisiiausou vilbaianis
FontuuinniiduddemaliadulssAninisdemerudoufiugtu wasdanudiugi
dndeudeunsiiingsd uwduulduvosdduuszani nsdiomanufouasifinduiiios
Sntlos dudiulddninalamanamanudouluisifaunmleddusenndosiunalnms
fewmAudouLuy nucleate boiling (M3ghemAuseutufundndanudon) luvaed
Tugasiifinaunwloguiudvinavesdndanuiouasaos 4 antosas
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4000 T T T T T T T T T
Flow pattern, q" (kW/m?)
3500 e  Slug flow, 4.73 ]
v Throat-annular flow, 11.39
3000 - m  Annular flow, 19.5 =] ]
O  Annular flow, 24.49
§ 2500 .|:| 1
< -
= 2000 f om ]
% o o v
3 L u v
= 1500 F v ]
¥ V% v
1000 F o o° Horizontal flow ]
[ o® Circular tube, D = 0.5 mm ]
500 L R—134a, Psal = 8 bar 1
' G =815 kg/m’s ]
ol v e el
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Local vapour quality

(n)

4000' L B L B L L B B B B L B L L L
Flow pattern, q" (kW/m?)
P00 A Chum flow, 2.54 1
[ v Throat-annular flow, 8.16
3000 F m Annular flow, 16.59 ]
O  Annular flow, 21.16 o
S 2500 L] 1
NOE r o
= 2000 =8 " ]
< E =} n®
2 1500 | , Vi % 1
i -\ Iy AY
1000 17 Vertical upward flow bl
r Circular tube, D = 0.5 mm
t A Appd >
500 [- 3 R-134a, P, = 8 bar j
s G = 815 kg/m’s
0 . AL . . ). . . L .

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Local vapour quality

()

4000 : R . : e
Flow pattern, q" (kW/mz)
300F A Chum flow, 1.76 1
[ v Throat-annular flow, 6.28
3000 V ®  Annular flow, 10.82 ]
r O  Annular flow, 21.41 o
5 2500 ]
o
“‘E [ o
= 2000 F 5} ]
g [ o o ne
g E -
= 1500 b
[ LA B B
1000 | VvV v Vertical downward flow 4
[ Circular tube, D = 0.5 mm
500 | 2 R-134a, P_ = 8 bar ]
G =815 kg/m’s
0nnnnlnnnnInnnnlnnnnInnn|Innnnlnnnnlnnnnlnnnnlnnnn

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Local vapour quality
(R)
Uil 4.18 Bvdwavessuuuunslvauazwdndarmdouseduussaninisdemanuiou
an1zgad iy ) mslvaluuunsedu o) nislradulufs uar a) mslvaadluuwais Tuvie
WA 0.5 mm Findndanudeu 815 ke/ms
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Ul 4.19 uansdninavessuuuunisiva uasndndinademdulssaninig
shamanudeudmsunsivaluuuasziu mslwatuluie waznislvaaduwuais luvesuna
0.5 mm Tngandeanuduiusvesrduusyansnsaremanudousundndanuseuiidam
Sndunaunnsinetu FsannantsmaaemuImdulsyaninstemauseuasianiud
Fondndenudouiugsty fadunanindnsnnfenfiiud whlisuuuunisinading
Wasuwlasly dwaliigaunfiiivieantosasiuhlimduussansnmsiiemaiuioutian
dugetu Snadmuindlendnduaifiugeluerlidmadomafinduvosrndulsyaninng
anemarueulugandndanufoust lusaediludsdndanudeugadunuiie
Fulsrans mstemanufeuiiuultuiesfintudnies fuwandiduiidvinavomand
wnavglirevdmanerduusyansnsaemanuieuluviorunn 0.5 mm witlatdn feduns
naaesdsausaagulainnalnnisaiemanufeulasdiulngazndunalnnisanemanuiou
LWUU nucleate boiling

wenanisaladnwdnsnavesfidnianislvederduussavs msdemany
Souluvioruin 0.5 mm Tneldnsmudnsruduisseninenduussansmsaemanudou
fundndanufeudauanduguil 4.20 91Ul 4.20 wansliiifuinnisasuuasiianianis
Inasglhidwasionisdsuulawesidudssansmsmemanuieuluyndeulanimaaes
Fawandliiiuindvnaveswssliiugrmionssaossiarlldsmanordulszans n1seew
Aueudnsurievun 0.5 mm (Co = 1.7) niodndenisiinisinaluviosuin 0.5 mm
(Co = 1.7) aglura micro-scale gvauysal
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3000 T T T T T
Horizontal flow
Circular tube, D = 0.5 mm
2500 [ R-134a,P_ =8 bar 1
®  Slug flow
2000 | v Throat-Annular flow —u ]
B Annular flow
o
£ 1500 | 1
g
=
1000 rd 1
500 G=610kg/m’s ]
— — G=815kg/m’s
O I n PR ii n n n n 1 n n n n 1 n L o Y n 1 n n n n
0 5 10 15 20 25 30
q" (kW/m®)
(n)
3000', "“V*'r'*'v""vf'*"'v""v""+
| Vertical upward flow
[ Circular tube, D = 0.5 mm ]
2500 [ R-134a, P_ =8 bar 1
A Churn flow 1
[ v  Throat-annular flow ] ]
2000 F B Annular flow ]
7 D) ]
& [ )
£ 1500 1
i ]
< [ 1
1000 F / 1
500 f G =610 kg/m’s j
[ — — G=815kg/m’s
0 L 1 1 1 1 .
0 5 10 15 20 25 30
q" (kW/m?)
(v)
3000 — = ey
r Vertical downward flow 1
r .
t Circular tube, D = 0.5 mm j
2500 [ R-134a, P_, =8 bar 1
[ A Churn flow ]
2000 v Throat-annular flow P ]
B Annular flow ]
O s} :
£ r ]
= :
= 1000 [ 1
500 F ]
ol —— G=610kg/m’s
— — G=815kg/m’s
0 5 10 15 20 25 30
q" (kW/m?)
(R)

sUN 4.19 dnSwavesguuuunisivawazrdnduiadaaduussdnsnisaiemaiusay
AU N) NSAALULLISEAU ¥) N15bradulufe way A) n1saadluwuida Tuvevuin

0.5 mm
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3000 T T T T T
Circular tube, D = 0.5 mm
R-134a,P_ =8 bar

sat

2500 G = 610 kg/m’s

2000 | o° A
'\;G A | ] A. ]
£ 1500 | a me ]
A By ]
10001 o " g 1

| ]

500 ®  Horizontal
A Vertical upward
B Vertical downward

L n n L
0 5 10 15 20 25 30

q" (kW/m?)
(n)
30007‘y7,‘,,‘H,rr,‘,””xﬁ”‘,”‘,
t Circular tube, D = 0.5 mm
[ R-134a, P =8 bar
2800 1 G =815 ke/m’s
[ °
[ %
2000
—~ [ i °
@) [ A L]
& L L)
E 1500 [ n°
z [ A
<= (]
1000 - 4"
[
[ e
500[ Am ®  Horizontal
[ =m A Vertical upward
[ B Vertical downward
o [ 1 A1 1 1 1
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q" (kW/m’)
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sUN 4.20 BnSwavesienuNsivanefdulsEaNsN1sanemausauluviavuIn 0.5 mm

Y

findnduna n) 610 way v) 815 ke/mds

4.2.1.4 ANUAUAR

m’mm‘”uamwgwmmawmmaauqﬂfwé’asJm%"'m differential pressure
transducer fiinssseninamadn uaznseonvasyanadeuialiosugluluund 2 shie 24
Fadlothdmusznevvesnnufuasiuaunisi 2.14 madsnsmuaninnuduius sening
mnwduanfundndauieusanandusy 4.21 91ngUfl 4.21 wudmnuduaniiieanlddi
Tngjdudunauanduresauduanidesnneudesnuluyniiamsnsiva Seanddy
Fuidvswaveusiliudsiulidsmadonuduandmiunsivalusiesunn 0.5 mm

SUA 4.22 uansdninavessunuunsivauazidndinaiennuduandiviu
nslvalunuisedu mslvadulufs wagnislveadluuuads Tuiewuin 0.5 mm tngld
mnuduitusszninennuduanfundndanuieuidnduaunnd sty annsminuitaany
Fuanazdanfiufudendndanudeu uagndnduadanivged ulunnfianisnisiva
uenanigamuinnisinauuy slug flow wag churn flow ﬁmmﬁuaﬂﬁﬁwﬂ'qm LaznIsiua
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100 T T T T T
Pressure drop
®  Total
80 A  Frictional [} h
@ Accelerational ° A
= A
£ °
< 60 A J
o
[ ]
£ A
£ e Horizontal flow
2 40 |- Circular tube, D=0.5mm 7
£ . R-134a,P_ = 8 bar
2 G =815 kg/m’s
20 b
2 o
ol m-.® o . B 8 . .
0 5 10 15 20 25 30
q" (kW/m®)
(n)
100 T T T T T
Pressure drop
® Total
80+ A  Frictional -
B Accelerational °
o v Gravitational A
(=¥ [ ]
< 60 A ]
o
g 2
o
= Vertical upward flow
Z a0t 2 : ]
@ Circular tube, D = 0.5 mm
C 2 R-134a, P =8 bar
. G =815 kg/m’s
20 b
o
ol m . ™ 2. . LIS &= /
0 5 10 15 20 25 30
q" (kW/m®)
(v)
100 T T T T T
Pressure drop
® Total
80+ A  Frictional ° 4
B Accelerational ° A
= v Gravitational A
~ [ ]
< 60 A ]
o
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£ A
I Vertical downpward flow
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20 b
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0 L. % ®. ™ L ¥ 9 . ! Ly L
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q" (kW/m®)
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UM 4.21 diudsznauvesnnuduandmiu n) n1straluiulseau v) nstraduluwuiia
uay A) Nsivaasiunulfsanduaa 815 kg/m?s Tuvisauin 0.5 mm
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500 T T T T T
Horizontal flow
Circular tube, D = 0.5 mm
R-134a,P_ = 8 bar
400 s 1
®  Slug flow
. v Throat-annular flow
%’ | Annular flow —u
< 300 4
a
o
]
e
Z 200 ]
2
A~
100 + 1
G =610 kg/m’s
— —  G=815kg/m’s
O 1 1 1 1 1
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q" (kW/m?)
(n)
500 T T T T T
Vertical upward flow
Circular tube, D = 0.5 mm
400 | R-134a, P_ = 8 bar ]
A Churn flow
. v Throat-annular flow
£ B Annular flow
< 300 1
o
5 —n
5
o1
Z 200 ]
2
~
100 1
-— ——  G=610kg/m’s
G =815 kg/m’s
0 . . " . .
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(v)
500 e Al T R N A e ey T ——
Vertical downward flow ]
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A Churn flow
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=
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4.22 dSnavessluuumsivawazrdnduiadennuduandnsu n) nsbualuwun
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LUU annular flow aglviAnmnaduangsiiae dadunauninesduszneuvesnisinanuy
annular flow ﬁ'juﬁv\laaL.Lﬁ”asumm‘lwgm?{auﬁagu%nmﬂawvia Tuvuzflveavaadeudiinu
Tldsuna 9 fiRavie Inhlkanufuangeniinisinauuy slug flow wag chumn flow duns
\ndoufivesmaslfanugiunsindeuiivesouan

Tuduvessui 4.23 uansdninavesiiensnisivaseauduanluvievuis
0.5 mm laguansnnuduiusseninmuduaniunandausauluiianinnisiaunnsig
fu Fsnanismeassuitmaasunlasiianianisivaslidamasonud uasluyniie
nansivadauanddifuindvinavesnsliindmionsiaesias lidwmasdodinuiuan
dwsurieruin 0.5 mm (Co = 1.7) Fudumstusulddninnsivaluvievuin 0.5 mm (Co =
1.7) 2¢luraa micro-scale egsauysal
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4.2.2 nan1snaassvaslulasusuluagngen
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Abstract
Flow pattern heat transfer and pressure drop characteristics of non-boiling airwater flow in

vertical downward with a 1 mm based on constant surface heat flux condition were in studied is this
work The test run were done with Gas superficial Reynolds number and Liquid superficial Reynolds
number ranging 205-2350 and 1350-2250, respectively. Different flow pattems were observed and
used to develop the flow regime map. The experimental results indicated that flow patterns have
significant influence on heat transfer coefficient and pressure drop

Keywords: two phase; flow pattern; heat transfer coefficient; pressure drop
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ABSTRACT

Two-phase flow of R-134a with high confinement number
was experimentally carried out in this study. Flow boiling
conditions for different orientations were controlled to take
place in a stainless steel wbe having a diameter of 0.5 mm.
Based on a saturation pressure of 8 bar, a heat flux range of 2-
26 kW/m’, and a mass flux range of 610-815 kg/m’s, a constant
surface heat flux condition was controlled by applied DC power
supply on the test section. The flow behaviors were described
based on flow pattern and pressure drop data while heat transfer
mechanisms were explained by using heat transfer coefficient
data. In this work, nucleate boiling was observed, and the
importance of the change in the flow direction was neglected,
corresponding to the confinement number of around 1.7.

INTRODUCTION

Flow boiling research works have been carried out
extensively over the years. The thermal devices have been
continually down-sized. The micro-technology based two-phase
flow system has been developed to be applied for several
engineering devices, which include heat sink [1], reactor [2],
fuel-cell [3], heat-exchanger [4], and so on. The reduction of
the two-phase flow passage can make a difference to the heat
transfer process. As a consequence of the small passage, the
flow behaviors, which were different from those in conventional

channel, were observed and discussed in the literature [2-4]. In
addition, the differences in the two-phase flow process between
conventional channel and micro-channel were reported in
several investigations [5-9]. The understanding of the process
and parameters possibly dominating two-phase flow pattern,
heat transfer, and pressure drop behaviors in micro-channels is
essential for design and development of micro-thermal systems.
Capillary force or surface lension seems to have significant
influence on micro-channel flow mechanisms. Based on this
concept, Kew and Cornwell [10] proposed criterion
corresponding to threshold value for micro-channel flow. The
criterion was presented as confinement number, Co, which can
be expressed as follow.

C (cr!g(ﬁ, P )}]j (1
o DJ,‘
Regarding this criterion, the micro-channel flow behaviors
become in the spotlight when the confinement number is greater
than 0.5.

The micro-channel flow studies, which explored the effect
of channel orientation on two-phase flow phenomena, were
carried out by different researchers.

The phasechange process in rectangular micro-channels
was conducted by Kandlikar and Balasubramanian [11], and
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Fig. 1. The schematic diagram of the experimental system.

Zhang et al. [12], showing that the good performance was
obtained when the flow was directed in the vertical upward
flow. Wang et al [13] studied the two-phase heat transfer
phenomena. They reported that for rectangular microchanels,
the vertical upward flow gave satisfied result. The study, carried
out by Lee et al [14], indicated that the flow through
rectangular micro-channels oriented in vertical downward flow
provided the high heat transfer coefficient in comparison to the
flow in horizontal arrangement. Instead of vertical orientation,
Leao et al. [15], dealing with rectangular micro-channels,
indicated the horizontal flow, which was able to provide the
high performance.

The survey reflected inconsistencies in the existing data.
The inconsistent results may be attributed to the corner effect
induced in the rectangular micro-channels. To exclude the
corner effect, in this work, flow boiling of R-134a was
performed in horizontal and vertical circular micro-channels,
and the flow as well as heat transfer characteristics were
presented based on the confinement number of around 1.7.

EXPERIMENTAL APPARATUS AND PROCEDURE

The flow boiling process with a saturation pressure of 8 bar
was carried out in this work. The schematic diagram illustrating

Copyright © 2018 ASME
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the apparatus and instruments for the present work is shown in
Fig. 1. The working fluid is R-134a. As shown in the figure, the
subcooled liquid is forced by a gear pump. The refrigerant then
passes respectively through a R-134a rotameter, pre-heater, test
section, condensing units and receiver tank. The test section is
stainless steel tube having a diameter of 0.5 mm, which was
adjustable to place in horizontal and vertical directions. The
outside of the test section was covered by rubber foam
installation. To provide the constant surface heat flux, a DC
power supply (120 A, 15 V) was connected to the test section.
Another DC power supply was attached to the pre-heater which
was used to control the inlet vapour quality before entering the
test section. Transparent tubes having inner diameter of 0.5 mm
were installed to the both ends of the test section, allowing for
flow visualization. In order to capture the images of the flow
pattern, a camera with shutter speed of 1/15 to 1/10,000 s and
adjustable light source were used. T-type thermocouples were
installed at the inlet and outlet of the test section to measure the
fluid temperature. A set of 12 T-type thermocouples were
attached to the test section so that the outer surface
temperatures can be obtained. Once the outer surface
temperatures were measured, the inner wall temperatures were
able to obtain based on the 1D steady state heat conduction
through the tube wall with internal heat generation. Differential
pressure transducer was employed to measure total pressure
drop across the test section. The R-134a rotameter was specially
calibrated in the range of 0.02-0.2 LPM by the manufacturer.
Instrumentation was installed at various positions to monitor the
state of the refrigerant. All the signals, corresponding to
temperature and pressure, were recorded by the data acquisition
system.

DATA REDUCTION

Heat wansfer characteristics are presented in this paper,
based on average heat transfer coefficient, which can be
expressed by

et Nl 2
(T =Thia)

It should be noted that the inner wall temperature can be
obtained based on steady state one-dimensional heat conduction
through the tbe wall with internal heat generation. Heat flux is
applied on the micro-tube by employing the DC power supply.

vy G
g = q Dioss (3)
aDL
Heat transfer rate or ¢ is based on the joule heating method and
the estimation of heat loss or ¢, .. can be feasible by taking

into account the energy balance and thermal resistance concept.

The total pressure drop across the test section, obtained by
the differential pressure transducer, includes frictional
accelerational, and gravitational terms. However, the
gravitational pressure drop was neglected for horizontal
direction. The relevant terms of pressure drop components can
be given by Eqs. (4) and (5).

The accelerational term can be expressed by
AP, =G L+M = L+“_7X)- (4)
ap, U-ap |, % (U-Dp ],

The gravitational term is presented as follow.

AP, = gLsin G(ng - (lfoc)p,) (5)
The void fraction shown in Eqs. (4) and (5) can be
estimated by using Zivi correlation [16] which is given by

21377
» 1 H[I*_XJ[J”_#} ()
X P

By knowing the total pressure drop and the other
components, the frictional pressure drop can be obtained.

RESULT AND DISCUSSION
FLOW PATTERN

In this section, flow patterns during boiling process of R-
134a in a 0.5 mm diameter tube, placed in horizontal and
vertical arrangements, are presented. The visual observations of
the flow entering and leaving the 0.5 mm diameter micro-tube
were performed through the compatible transparent tubes. The
development of a flow pattern in vertical micro-channel may be
contributed by gravitational force in addition to the others such
as surface tension. The flow visualization results, obtained from
the present study covering horizontal flow, vertical upward
flow, and vertical downward flow, indicated five different flow
patterns. The details for each flow pattern can be seen in Fig. 2.

It was also found from the experimental result that throat-
annular flow, annular flow, and annular-rivulet flow were
observed from the three channel orientations. In this work, slug
flow pattern was only observed in horizontal flow, and became
churn flow pattern when the microchannel was adjusted in
vertical alignment, i.e. vertical upward flow, and vertical
downward flow. Slug flow pattern seemed to be sensitive to the
flow direction. Interactions between the buoyancy force and the
flow inertia may cause the distortion of the bubble, and change
the slug flow into churn flow pattern.
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Slug flow: elongated bubbles become lager in length than the channel diameter.

Throat-annular flow: the two consecutive vapour slugs, expanding along the axial direction, tend to penetrate
the liquid bridge and coalesce into a throat-like gas core.

Churn flow: the appearance of disruptive region due to the distortion of the elongated bubble flowing at
sufficiently high flow rate.

Annular-rivulet flow: annular flow is observed alternately with rivulet flow.

Fig. 2. Flow patterns in 0.53 mm diameter channel.

HEAT TRANSFER

The heat transfer results are presented in this section. It was
found that, for all three channel orientations, heat flux had
substantial influence on the heat transfer coefficient. In contrast,
the mass flux had no significant effect on the heal transfer
coefficient. The observed trend complied well with nucleate
boiling phenomena which became dominant over forced
convective contribution. The nucleate boiling governing the
flow in micro-channel was also reported by previous studies
such as Lazarek and black [17], Tran et al. [18], Choi et al.
[19], Saisorn et al. [20], and Basu et al. [21].

Fig. 3 compares the heat transfer coefficients in three
channel orientations. The heat transfer coefficient in a circular
micro-channel seemed to be insensitive to a change in the
channel orientation. The results do not agree with the data based
on rectangular micro-channels. For the rectangular channels,
Lee et al. [14] indicated the vertical downward flow as a
satisfied choice but Zhang et al. [12], and Kandlikar and
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Fig. 3. Heat transfer coefficient for horizontal and vertical

arrangements.
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Balasubramanian [11] obtained the good results during vertical
upward flow. Such inconsistencies in the data for rectangular
channels may be attributed to the corner effect. The present heat
transfer results are based on the confinement number of around
1.7, which is compatible with micro-channel behavior according
to the macro-microscale transition proposed by Ong and Thome
[22].

PRESSURE DROP

Another key parameter important for flow boiling process
is two-phase frictional pressure drop. It can be found from the
results that with increasing mass flux or heat flux, the pressure
drop was increased. The frictional pressure drop data for the
three flow arrangements is presented in Fig. 4. There was no
difference in frictional pressure drop between these three flow
directions. It seemed that liguid-vapour interactions during
vertical flow did not make the chaotic flow strong enough. The
buoyancy and inertia forces in vertical upward flow and vertical
downward flow may cause relatively low level of interactions.
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Fig. 4. Frictional pressure drop for horizontal and vertical
arrangements.

CONCLUSION

This paper reported the effect of channel orientations on
flow boiling behaviors in a 0.5 mm diameter tube. Two-phase
flow and heat transfer characteristics were presented. The
change in flow direction had no significant effect on the flow
phenomena. The conclusions from the present work can be
drawn as follows.

1. Throat-annular flow, annular flow, and annular-rivulet flow
were observed from horizontal and vertical channels. Slug
flow pattern tended to be changed into churn flow pattern as
the channel was placed in the vertical direction.

. The dominance of nucleate boiling was detected for all
channel orientations.

[

3. The channel orientation had no significant influence on
heat transfer coefficient and frictional pressure drop.

NOMENCLATURE
C, = confinement number
D, = hydraulic diameter (m)
h = heat transfer coefficient (WlmzK)
G = mass flux (kg]mls)
2 = gravilational acceleration (m/sz)
5 = channel length (m)

AP, = accelerational pressure drop (Pa)

ace

AF; = gravitational pressure drop (Pa)
q = heat transfer rate (W)

Qoo = heat loss (W)

¢" = heat flux (W/m?)

T s = fluid temperature °C)

T,., = wall temperature (°C)

X = vapour quality

o = void fraction

é = tube angle ()
p, = density of liquid (kg/m’)
P = density of gas (kg/m Y

o = surface tension (N/m)
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Abstract. This study investigated the flow pattern during boiling of R134a for three
orientations (horizontal, vertical upward and vertical downward) at saturation pressure of 8 bar
in a micro tube, The tube is a stainless steel having a diameter of 0.5 mm, with a heated length
of 500 mm. The operating condition for this work consists of mass flux ranging from 610-815
keg/m’s and heat flux ranging from 2-26 kW/m?. The flow pattern can be observed by Teflon
tube at the end of test section. In this study, the result showed that throat-annular flow, annular
flow, and annular-rivulet flow were observed from both horizontal and wvertical channels.
However, slug flow pattern tended to be changed into churn flow pattern as the channel was
placed in the vertical direction. In addition, the comparisons of the experimental results and the
existing flow pattern maps were presented.

1. Introduction

In several decades, the applications in many fields of industry such as biomedical, super computer,
IT industry, military avionics, satellite, electronic, energy field, and robot continually downsize but
still give high performance (1], [2]. As a result, the device has the increased temperature. In order to
remove heat from the devices, the cooling system with two-phase flow method is the feasible solution,
The two-phase flow method, especially flow boiling, uses the sensible heat and latent heat of the
coolant to absorb heat dissipation from the electronic devices which is better than the single-phase
flow methods. Moreover, mini/micro-channel has attracted the most attention for the two-phase flow
methods because the two-phase flow in micro-channel providing more advantages such as decreasing
size, weight, pumping power, refrigerant, economic, and high heat transfer rate (31, All of these
advantages and the remark motivated many researchers to study the two-phase flow in mini/micro
scale channels in different conditions.

Chen et al. 4] investigated the effect of tube diameter on vertical orientation in small tube with
diameter of 1.1-4.26 mm. They founded that the flow patterns in the small tube are different from
those in normal size tube. The differences caused by influence of surface tension become important
factor when the tube diameter decreases. In addition, they reported the model for normal size tube
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giving a poor prediction. The different type of flow pattern in circular microchannel with 1 mm
diameter on horizontal flow was observed by Oliveira et al. (51. They founded six different flow
patterns which consist of bubbly, plug, slug, churn, wavy-annular and smooth-annular flow. The
influence of channel inclination was investigated by Vlachou and Karapantsios [6]. They showed that
the heat transfer at 60° and 90° increased around 10% which compared to the horizontal flow. Yang et
al. (71 conducted experiment with R134a to study heat transfer mechanism in a single micro-channel
with high mass flux. They suggested that churn flow pattern is unsuitable for heat transfer. In addition,
the mass flux has small effect for microchannel heat transfer process in low and high vapor quality.
The research of Balasubramanian et al. (81 was conducted the heat transfer and instabilities in parallel
rectangular microchannel with hydraulic diameter 0.48 mm on horizontal flow. They founded that the
heat transfer coefficient has variation with transition of flow pattern and flow instability is influenced
by flow pattern during boiling. The dominance of flow pattern affects heat transfer mechanism also
observed in the single rectangular and circular channel by many research (91, (10, (11)

From the aforementioned literatures, the transitions of flow pattern are the dominant heat transfer
mechanism and the comparison of the flow pattern between horizontal and vertical direction is sill
lacking. Moreover, in our previous work Saisorn et al. (12) studied the influence of channel
orientations on two-phase flow boiling in | mm diameter. They suggested that the result
corresponding to confinement number of around 0.87, may be compatible with mini-scale channel
behaviour according to the macro-microscale transition. For this study, two-phase flow with reduce
diameter to 0.5 mm was experimentally carried out become on full micro-scale effect. Therefore, the
aim of this work is to investigate flow pattern mechanism on micro tube with inlet diameter 0.5 mm
during boiling of R-134a within horizontal flow and vertical flow and the comparison with the existing
flow pattern maps found in this study.

2. Experimental apparatus and procedure

In order to study the flow pattern during boiling of R134a in a micro tube at saturation pressure
8 bar, the experimental apparatus has been designed as shown in figure 1. The main system consists of
a pre-heater, test section, condenser, and a data acquisition system.

For this system the working fluid is pumped by micro gear pump through filter then passes
a rotameter, a pre-heater and finally enters to the test section. In a part of test section, the rubber
insulation foam is covered around the wall at outside of the tube. The test section is connected by the
DC power supply for provide the constant surface heat flux. For the vapor quality of the working fluid
at inlet of the test section is controlled by preheater with another DC power supply. At the outlet of the
test section, the working fluid condensed in condensing unit number 1, then the refrigerant subcooled
in condensing unit number 2 and came back to the receiver tank. Then the liquid returns to the gear
pump and the cycle begin again.

Sight glasses were installed to the ends of the test section for flow visualization. In this case, the
camera with high shutter speed was used to observe the flow pattern during boiling. To around the
two-phase flow experiment, the system was control to reach steady condition before recording a data.
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Figure 1.Schematic diagram of flow boiling apparatus.

3. Data reduction
In this paper, heat flux (¢") can be determined by

" a Qﬂuid
aDL e8]

where D is the inlet diameter of the tube, L is the heated length of the test section and @, is the
heat transferred by the working fluid, it is defined as

Q fheid Qy'lpu! — O @

where ¢ and @, =~ are the heat supplied by the DC power supply at the test section and the heat

input
loss respectively. The heat loss can be practicable by taking into account the energy balance and
thermal resistance concept for single-phase flow experiment.

The vapor quality at outlet of the test section (x, ) is calculated from energy balance as

%, /a Irs ouder ~ Lr @1 ouder 3
outler =
e @ TS outler

where Jrsaur 13 the enthalpy at the outlet of the test section, iris the saturated liquid enthalpy and i is
the latent heat during phase change.
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4. Result and discussion

4.1. Flow pattern

In this part, flow patterns during boiling process of R134a in a 0.5 mm diameter tube were
identified by picture collected with the high-speed shutter camera. For each condition, 50 pictures
were obtained to guarantee a corresponding pattern analysis. Five different flow patterns were
observed in this work such as slug flow, throat-annular flow, churn flow, annular flow, and annular-
rivulet flow as shown in figure 2.

Slug flow is characterized as a coalescence of bubbles along the flow by each vapour is equal in
length with a diameter similar to the channel diameter. This flow pattern was found in horizontal flow
only for all mass flux and low vapor quality. For vertical flow, slug flow pattern tended to be changed
into churn flow pattern as the channel was placed in the vertical direction. This may be attributed to
the influence of buoyancy force and gravity force in the vertical channel,

Churn flow can be considered as some kind of slug flow having distortion due to high flow rate. It
was observed in vertical flow only for all mass flux at low vapor quality. This may be attributed to the
buoyancy force or gravitational force supporting the increased flow velocity. This is consistent with
the research of Oliveira et al. [51 suggested that this flow pattern can be found commonly in vertical
direction. Moreover, Celata et al. [13] studied flow pattern of flow boiling inside a 0.48 mm tube with

horizontal orientation. They also reported that there was no observed churn flow in their work.

Flow direction

Slug

Throat-annular

Flow direction

Annular

PO, v . o e Tr—

Annular-rivulet

P eitve ik . -
B e e e L R

Churn
Figure 2. All of flow patterns observed during the experiment.

Throat-annular flow pattern governed by the surface tension and is unique in micro-scale channel.
The two consecutive gas slugs coalesce and then change into a throat-like gas core. In vertical flow
direction, the shape of the flow pattern changes at point of coalescence when compared with
horizontal flow direction.

Annular flow is developed form throat-annular flow pattern with high vapor quality. This flow
pattern consists of the gas core flowing in the center of tube with the liquid film flowing around the
tube surface. For Annular-rivulet flow, Saisorn et al. (127 concluded that in annular-rivulet flow,
annular flow is observed alternately with flowing of a rivulet-like liquid stream on the tube surface.
Annular flow pattern can be found at all mass flux and high vapor quality, but annular-rivulet flow
observed only at low mass flux of 600 kg/m?s for vertical flow. Annular flow pattern is well-know that
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it gives the most stable flow during boiling according the result of Balasubramanian et al. (8.
However, both flow patterns have the same shape for all channel orientations.

4.2. Flow regime maps

The graph as showed in figure 3 is the flow pattern map established with relationship between mass
flux and vapour quality of upward flow. The result clearly shows the position of flow pattern on the
map for each condition and the result also reported that flow pattern has developed follow the vapour
quality increase.

In comparison to horizontal flow case, the flow pattern map for horizontal flow is in fair agreement
with transition lines for vertical flows except in the churn flow and throat-annular flow regime. Slug
flow pattern tended to be changed into churn flow pattern as the channel was placed in the vertical
direction. Moreover, there was significant difference in the throat-annular flow results, it may cause
the presence of buoyancy force in the vertical channel tended to sustain the annular flow regime to
higher vapor quality. In comparison between upward and downward flow were no significant
differentiation of flow pattern in this work.

1400 T T T T T
Downward flow
D =0.5mm ID, Pg,; = 8 bar
1200 F B Throat-annular flow E
4  Churn flow
A Annular flow
= 1looo | v Anmular-rivulet flow ]
o
kS
&
€] 800 | ¢ B O A A 'y A E
600 | 4+ 0 =] A A A v ]
400 L s L . \ L L L

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 1.0
Vapour quility

Figure 3. Flow regime map for vertical downward.

4.3. Comparison between the experimental data and the prediction

Figure 4 shows the present data compared with the macro-microscale flow regime map proposed
by Ong and Thome [141. The flow regime map was proposed for prediction of flow pattern during in
0.5-3.04 mm channels and their flow regime map also considered the effect of the gravity, inertia and
surface tension. The transition line of flow pattern was presented as follow in their work (14). IB/CB is
the transition between isolated bubble and coalescing bubble flow and CB/A is the transition between
coalescing bubble and annular flow.

The results of the comparisons showed not well predicted with the present data for all channel
orientations whereas the previous work showed well predicted with the result of Saisorn et al. (12). The
research of Yang et al. (15]. showed similar result for predicted flow pattern in a smooth horizontal
tube with 6 mm diameter. They suggested that Ong and Thome [14; focused the inertia, surface
tension, gravity, and shear force according with CB/A transition whereas the effect of heat flux was
not considered in this case.
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Figure 4. Comparison of the observed flow patterns with the transition lines
by Ong and Thome correlation[14).

5. Conclusion

This study investigated the effect of channel orientations on flow boiling behaviors in a circular
micro-tube having a diameter of 0.5 mm. The change in flow direction was found to affect the flow
pattern. The main conclusions from this work can be given as follows.

s Throat-annular flow, annular flow, and annular-rivulet flow were observed for all tube
orientations in this work. However, slug flow can be only found in horizontal flow whereas
churn flow only exists in vertical flow.

e Buoyancy force or gravitational force seems to have influence on slug, churn, and throat-
annular flow pattern but not affect to annular and annular-rivulet flow pattern in this work.

e The transition line of Ong and Thome [14] provides not well prediction with the present data in
this work.
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