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ABSTRACT

Thermal energy management has importance for electronic devices. These
have continuously produced overheated while it is operated. In the present, the
application of liquid jet impingement is widely utilized. This technique has a high
cooling rate in the impingement region and can eliminate heat rapidly. Therefore, this
research has an idea using two- phase flow which is air mixed with water jet for heat
transfer enhancement for cooling the surface.

This objective of the research is to study the flow and heat transfer
characteristics of impinging two-phase jet flow which has mixed between water and
air. This research can be divided into two parts; the first part focused on flow
characteristics in the pipe nozzle and jet flow, which affected to the heat transfer on
the impingement surface. This study used the pipe nozzle which has an inner diameter
(D) of about 9.5 mm. Reynolds number of water (Rew) was fixed at 24,000. The effect
of volumetric fraction was investigated at B =0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7,
respectively. Furthermore, the nozzle to impingement plate distances was studied at
L = 2D, 4D, 6D, 8D, and 10D. The second part focused on the effect of bubble size on
heat transfer characteristics of impinging jet for water jet mixing with air microbubble.
The air microbubble was generated by compressing air and dissolving in the water
pressure tank and then decompressed suddenly. The Reynolds number of water (Re,,)
was fixed at 16,000, and the gage pressure in the pressure tank was varied at 3, 4, 5,
and 6 bars. The nozzle to impingement surface distance was investigated at L = 1D,
2D, 4D, and 8D.

For the study of flow characteristics of the air-water jet, the high-speed
camera was applied to record the flow in the pipe nozzle and the jet flow before
impingement. For the study the heat transfer characteristics on the impingement
surface, the thermal infrared camera was used to record the temperature distribution,
and the Nusselt number on the impingement surface was then calculated. The
microbubble was recorded with a digital microscope camera, and image processing

method was then used to evaluate the bubble size.
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For two-phase flow characteristics in the pipe nozzle with increase the flow
rate of air, it was found that the water flow rate at Reynolds number of water between
Rey =8,400 to 21,400 showed two types of flow patterns: the air bubble like a bullet
shape or slug flow, and the group of air bubbles characterized with turbulence or
churn flow. Moreover, the case of water flow rate between Re,, = 24,000 and 26,700
showed three types of flow patterns: water flows with small bubbles or bubbly flow,
slug flow and churn flow when increasing air flow rate. These results led to selection
for one case of water flow rate at Re,, = 24,000, which covering all types of flow
patterns for studying the effect of air flow rate on heat transfer characteristics of an
impinging jet.

For the flow characteristic of the impinging jet at volumetric fraction B =0.1,
it found that the air bubbles that were impinging on the surface were similar to bubbly
flow in the pipe nozzle. For volumetric fraction at f =0.2 and 0.3, it found that the
behavior of the bubble that near the exit nozzle was slug flow, and when this bubble
was interacted by shearing with the surrounding water and break down to some small
bubbles. For volumetric fraction at B =0.4 and 0.5, it found that the behavior of the
bubbles that were near the exit nozzle was a cloud of the bubble or churn flow, and
then it was sheared by the surrounding water and broken down to some small
bubbles. For volumetric fraction at B =0.6 and 0.7, it found that the small bubbles
appeared near the exit nozzle and extended to the impingement surface. This resulted
in the impingement surface mostly covered by the gas phase. However, the behavior
does not observe for the case of L=10D.

For the study of heat transfer of impinging jet at all jet impingement
distance, the air bubbles in impinging jet had affected significantly on heat transfer
enhancement when compared to the case of a water jet. This is due to the bubbles
increasing the turbulent intensity in water jet and disturbing the thermal boundary
layer overall the impingement surface. Particularly, the case of volumetric fraction B
=0.3 and impingement distance L=4D gives the highest average Nusselt number on
the surface. It can enhance heat transfer about 47% when compared case of impinging
water jet. However, when volumetric fraction increased, it may also decrease the heat
transfer of the impinging jet when compared with impinging water jet. Because the
quantity of air increased in the jet flow will generate the air film on the impingement

surface.
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For heat transfer characteristics of the impinging jet of water with
microbubble, it was found that when increasing the pressure to 3, 4, 5, and 6 bars,
the average diameter of microbubble was decreased to 117, 105, 98, and 97 microns,
respectively. However, the water mixed with microbubbles cannot contribute to
enhancing heat transfer on the surface. This may due to the microbubble cannot
increase the turbulence intensity and disturb to the thermal boundary layer on the

surface for this research.
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Mnsideiudilassarsnsinavesdnvesinarisvumluansaudaoenls 3
d2u (1) Free jet region (2) Impingement region wag (3) Wall jet region Fudulaseadie
fugiudmiuiinvoslnansvy Hadidvve dlvararuaunsoutseanldnarssy Tnsusay
sunuvagilassaienisivaveadvmsvuiiunnsneiu Gedemavinlimnuannsalunisanem
aruSeuvuiufifivedlvainseruiinnuusndaduiugie Tnemludnuuelasadans
Inavesdviuegfuriavesvainisoonanidadtusiinvesnauinnilassouresiiin
Faannsanvaviandnveadnsvuld 2 vla 1HuA (Ensvunuy Free-surface uas
Submerged

(1) ¥n3jsvuLUY Free-surface Ao svuuldniifiviavedlvaliniivjseanainsiia
furiavedlvavinalassouiianiusiiunndraiu Tasinluudsinnureamaignldiduves
lnadnuazuiaduusnalagsouveuin lnglassadianislvave uinnaguwuy Free-
surface fauandlugui 2.5 Fslusindarusivesvesivaiilndfutnmisesnvesindnly
Prausniirnuiiigeaniigaquinarsvesidninuazdosqanasmuuniad iesandvina
uLsaidousznineveslnadufafuluvesiide deuniilevesivayseonainiaing
anmwindendiegluaniuzuia Weldslvidanunsveadnvesinadinmsimunnislvaauysal
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sunauianduaninwinday Tnavinlilusindanusivesvesnaninduegiusnsnaves

Y
I
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fuflufia (Stagnation region) fxavinlilusludanuivesvesinaiingndsduliadoud
guufuiiufa Sedeliintureuwnnisiua (Boundary layer region) wazilovadlvaiin
\ndeuTiuuiiuinee Aelminnisimuinsinaiuvauysal Imaiﬂﬂﬂ/\léﬂ'mm%’ﬂziLﬂﬁauLLUaa
(Similarity region) 1ilefsganilsnnnmiivedluaiinaziidranasmiusses ety
dewnananudsamuszrinweddadniuituia Fwesdlnaludiindudassfuvosina
FfieUznefuituin vilvounirveslvaiidudasygnudndulnseynavesinaliniindoud
éf'gammﬁaﬁqm’h AelAnmduthulunsivalugast (Turbulent region)
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JUN 2.5 AMMaruLUY Free-surface [4]

(2) LVWsrUUUY Submerged Ae syuuLinifiudaveslnaliniinseanainiinde
furdnvedinaviinalaeseulianiusiiedrtu wu veunamseniailuvedvainuazves
nauinnlnssoudniig Tnslassadunisivavesdvrasuuuy Submerged Fauandlugud
2.6 Falusliidenanivesvedlvadilndriuinmesnvesidslutisusniinuigegaiian
Audnansvesiidadvuazaes anainnuuusal Hlosandnnansadoussninsvadivaiu
Aadnuluresiidaueafuiudnwssuuuy Free-surface souniflovedluarjsoanain
vhanganminndentiegluaniuzifeniu fnaviliiAansidoutuszninseyniavedinaiin
uaroumavatiiauinnlnesouiivgails iatuiiGondt Shear layer Savilauniavedlva
fingaiegnudnduliiadeuiinunszuanisivaveadn dwalidnvarnisinavesdnind
ranistunusEszinUInIIeanuesiadn uasiionisluadinnsiaunes 1auysal
ud Tuslidanuisivesvedlnavsiidnuuzadioszienin nadfefiannusgeanin
AunanskazAey q anasnuuuIunudaiiin sulidiaaiidurouian Shear layer foun
devaslvaiinsadteng fufiuia fuavhliluslidanmsivesvasiuaiing ndaduls
\Reufituuiuiiuim SeneliAndturauiunmslva
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U 2.6 Wvvisvunuy Submerged [4]

diawSeuiiisulassadansivaveaivivssuia 2 4da fie wuu Free-surface wa
! Y a ! v I i =3 A v
WUU Submerged ABUTNIIANKANARAUAILANTT IATRLINYtnaTteanINIEn Y
= =3 =i = & a g & v
qufanistuaveninvesluanlvaiseulyuuiuiy el Kneer wazaney [5] lauaninis
WisuisungAnssunisluanasnisaiswanuiouresinveslvansuus 2 siia dwansly
d‘ ° [y a [ 1 = & a1 v a I Y a
JUN 2.7 dmTunsdlveadvvisyuluyu Submerged Fevadlvialaniinieenanniidanalviia
nsdeutusznineyniavesinaliiazeyniavedivaingadsusnalaeseu vilmindu
yasmsideuru (shear layer) Fanmelutuiinelminaududiulunisivavesduin Jeads
nsbnadliuduesumunguianuliviueuves Kelvin-Helmholtz wilunsdivaadnnavy
WUU Free-surface @wasasluaindinsesnainiidnaslivifiseduvedvafiogusiim
Tausou lnsanvazvesaivaziiviaiuniounnisonainiuniungeiauliviuouyes
Rayleigh-Taylor Fs¥usgiuszaenafioaniiieainiidn auinveuin wazisdluadiuiues
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Submerged jet l—D——> Free-surface jet

exit velocity profile
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Rayleigh-Taylor
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_________________________

nozzle-to-plate distance H

I wall jet region 1 hydraulic jump!

s
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imposed heat flux or imposed temperature
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Faildnamunuy Freesurface dufinusngnisaivesnisinavuiiuinfidvsssudaZonds
Hydraulic jump nanfeiiearuiivesvesivalugisings (Critical speed) Sarangasn
nhAruiveswesinalutisiunienouddasings (nitial speed) dagniagraliian
Us1ngni13ad Hydraulic jump [6] %qa}mmﬂai’mﬁ’m%ww'wmwu Submerged #ilaiiAn
Usngnsalil

SowFeuidisulusindarunsiveadnuedvars 2 via lnsnuifoes Rohlfs
waza [7] Iflausluslidanniivesnisivaveadvmswu duandluzui 2.8 Taglunsdl
YOUINIVULUY Free-surface Gsamnsanvanisivasenidu 2 929 lédun daanslvaids
WawwaznITaimuIanysalndd aeiulddinusaununaveuivazaoy 9 anainiy
sroyneiiinnntu wivinusouwnunatsoadvazgnisdifianmiagetu esnlild
Sudvdnavesoynavesivaivgaisuiinlaeseu dslunsdlveninjsvunuy Submerged
visnsivaiifinnuasiiaueviensluauuusubeu (U v fude) uasuuumsilua (U
iuwan) amnsawuinsivaseniiu 3 939 laud Fasnislvauuu Potential core, ¥3smslva
MdaimuLaznistraimuanysaiudl lnglugisnisiuawuy Potential core agUsng
sULUU Potential core Idognadudn Fdluuinuiamuniweninvedlvargiianii
Ao iniivinneen Sniedadinisdislumuiuuazinaveninszninwesiua
Tngsou vhlsidnuvasosduindes q viueenidossesmefifiuaniu uasilensluariam
ogsauysaiudn azdiuldimnusweninvesinassidiosnilutisiiiisesnainidaly
fuvaiiorfunuuunsaiiin Wesnwavesrumilsveseslvauinalnesey
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(1) sgagviaaInUinniseanvaainieiufiafiviaru (Nozzle to impingement
plate distance) fordushuusddnifinadensiemanuieuveainswy fuanduzud
2.9 Tag H Reszazsinaainuinyeeenvesinieiiufiafivaru uay D Ae suinvedin o
Tngldlunuidenifsadestuidmiswulasdiulng fhagesueidudszeginsainiin

1%
=

nueenveddnisiuiiiswuisuivrwinveadn (H/D) 3ngUasiiulddng H/D wirdu 6

wliimduuszansnismaudougegn esnilunsuuiuiouazaratiuiiudigs
dmsunsdifiszosvanniinmasenvesdvisiufinfieudsseeeiiunnde H/D wihtu 8
ssfianduuszaninismanudeuanas iosainszezmeiunnidunalifanisgayde
Tuusuuiiuin wagnsdifiszesvisaniinmeeenveadvisiufinfiesuiissovinadiven
fio H/D Wiy 0.5 uag 2 aslimdulsyandnsmeanuieuanastuiy Wesnvesvadin
ponanudndunslvailiavysaiuasdaudututios dlunsdiaswuidulszaninig
wASousuiuans (Secondary peak) Liosnnludisiivaslnarsruiiuiudvaiouiy
fuAndunisinauuusuideu dedeuasiaundndunisinauuiutuiiliia el
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JUN 2.9 ANuALTUSTEnIeAdYTEENSN1IINANNTEURINE NN INRLITATIVRI N ING
YUANTZELNNINUINNN0DNVBAINATHURITAINSYUAAGNS 9 [8]
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(2) 8as1nsiraroadn 1ng Naphon wag Wongwises [9] lanai1innisiiusns
n1stuaveainlunisldiinisvuiiassuisainudounnsiasdiannseting fnavinlian
gamnlindsreunsasdidnvseiindasnu Awandlugui 2.10

20

Channel width = 1.00 mm
Nozzle diameter = 1.00 mm

16  —e— Jet nanofluids impingement cooling system/
—a— Jet liquid impingement cooling system
14 |} —¢— Conventional liquid cooling system

18

12r

10

8}

Nusselt number

6

4+

2"

o : . : : ; . .
0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022
Mass flow rate (kg/s)

JUN 2.10 Anuduiussevinavesiadariduiuesuazdnsnisivavesveslva [9]

(3) vilavesvadlva nsveslnamsinduilflunis@nwsmunmsmemenmdeu
alrndasnisiomanuieudiunndsty esanAmnnhaadeuvessinansdildlunns
spvrgaadeudiavinety TnglutegtuldfomAdelunsiiudnisihnuieuesveslva
Tnonsiinoyniauilunigluth dwalidiunruauiselunmssismarudouldgetude
duuganansiiiui [9-15] fuandlusud 211 wansnuduiussenintediade dadan
fuvesfusdluadtuues szduldinsdiliiinvesinaululunsszuisnnufoudmiu
fuuludnfadariiuuesiadogeandnistdiinvedivadiuilugn q dndudures
asagangaymauiluluih winmaduoymauilumeluiildlumsszuisauounuudn
yarunud eymauluaziinnsnnazneuuinafaiinrsey Wunaliaaanuansolu
nsanemanuFeuas [15] dauansluguil 2.12
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UM 2.11 uansanuduiusseninandedadanduuesiuisdluantduues g
WiguWeuAdutuvesa saraeayn1Auluna1eng 9 [13]

(n) urwraunouldvativauily
JUR 2.12 ununssuildivvesivaulu [15]

@) naslgvaglrauilu

2.6 NMslauuUdasanIULsTUIvBLNaLazLAE (Two-phase flow)

13

TaeN2lUn15 i MakUUaIanIUEsENINVIMaINULAE dadududaulunis

N15041 1119991nANLLAIAIYDIAN UL I UTENI19NTTIUE DNNISNUULYRIYDINITIUAT

waneng Inaviliusingnisallunisluaszninawesivamigssaniusduansraguiu Tu

nuAdgdlnglsinsanvensuasiruaguuuudnvauznisivaniunisininaiensaly

LuIRtkazLUINeY Fednvazn1savieiiuanaeiy Lunailiguuuudnuaenisivad
ANLLANFLAY HaunandvEnaveusiliua
(1) Mslvawuuassanuzvewiensilukuife azlisduvunisivaninuauuing

MukLTAilvie o INdnSnaveseludwinsyyausEAuANasiingY Lag Thome

[16] lananiinnstuanuvassaniusNvelnailfeanialunatudinsurion salukuIfg @11150

wusleilu 5 gUuuu dauandlugui 2.13
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(1.1) Bubbly flow fidnwanisinadunesernavuindnnszaeadnaue
meluvie lutheianusauiurunvemosenials uivunvemlasenmagesiosnitvun
uRuALINa1aveIie

(1.2) Slug or Plug flow Ainann1ssausiiuveseseiniavuiadn vilila
ylpsonmafisalngjeduinunaiswisuasidnwazadierinszau

(1.3) Churn flow 4in91n Slug bubble fivualng Buwandresnaintu su
dlosnnnusadousswinsietenianseviiuresnaineluvie FudunaliAanslauuy
quuisalinei

(1.8) Annular flow Wudnvazveaunarnaiduduilduisumuseunifaie
vinnununawievegluanusifadudnlauazasiventhvunmdnnszneaiianeia
anuzAa

(1.5) Wispy annular flow S8nvarveanarlnadudufiduamusountave
vinamnunasvisayegluaniugufadudiulug wWuReatu Annular flow usazdneaii
uRvUIaanTINdtudunguiou

Bubble Slug or Chumn Annular
Flow Plug Flow Flow Flow
liquid I vapor)

JUN 2.13 dnvagmsivawuugesanuzvavienssluwuifg [16]

(2) M5IaRUUABIANUEYBIVIBNTILULUIUDY %ﬁgmwumﬂwaﬁlﬁaumm
aunundaiivio suiilosunnandniwavesusadiugrenssyinlufiamisssainfunisiva Tag
Thome [17] lananiinaisluanuvassaaiuzdinsuviansaluwuiueu ansnsawualady 6
sUuuU fanandlugui 2.14

(2.1) Bubbly flow fdnsugnislnaduneseinisauiadnlvasgaeulunis
duuwwes viewlasnvlesonmaiimumuuiutiesnitvewnaiisaesity

(2.2) Plug flow L1Aina1nN155auAAUYeINBse nIAvUInLan vinliAndu
Waqa'm'mﬁﬁsuumslmgl,mwn%{u
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(2.3) Stratified Flow fidnwazvsavaiuazufanenduiiu lneiwageguuiay
vouviaDgiuas Tenduiavosedlatisaesazauey

(2.4) Wavy flow fidnuzvosnainazuiawsntuiy lngufiadzaguuiay
vosmaIzagua Fesindudavesedlaassasduniy

(2.5) Slug flow Andlorduusnaidudassninduvewiauazvaanaily
Wavy flow Wingstuaugenpauisdsinuuuaie

(2.6) Annular flow LHudnunzresvarlvaldutufidinunusoundoie Tay
AUNLITT LTS YosDnvaaIRIuA1IaEMLINTITULY LareaTiarenttaIUDaT
\ndouiinszneeglunfadandeuiiegusnaununaniveie

(a) Bubbly Flow (d) Wavy Flow
0 O $ 0
o e )"
0O
(b) Plug Flow (e) Slug Flow
| \
(c) Stratified Flow () Annular Flow

(O liquid, O vapor)

JUN 2.14 dnwaiznisivauuuaesanugvasviensiluiuiuey [17]

2.7 Fulsddiitinadenginssunisivauuudasaaugssninsvaaviaduazufia

Pnideiiiium asdiuldidninaveusdliudeinadonginssunisivanuy
assanuzneluvie desniadedifldruinrdousuiuiviliAnngAnssunisinaluguuuy
fg 9 ilosnmslvauuuaesanuziistuanmsnausswiesafilurewnaiuazuia
Jafesdinsmunuituusvesiaaesantuy tolldsuuuunisivaiidosnislunisfinu laed
fuusiAeates fail

(1) dndruseninednsnnishiadalsuinsuesiaiusnsinisinadalsuns s
(Volumetric flow fraction) fig dndiuvesdnsinislnadausunsveuianonasinueIsns)
nslvaldeiesuiatazveanan fauandluaunisi 2.1

Q,

B - QV+Q|
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Taeil Q, Ao dnsIN1TIvaTIUSURsURINAE (L/min)

Q, Ao dnsNsnaidaUsunsvesvewmal (L/min)

(2) DRIINTVBLTINALAALAZYDINAT AD DNTINITIAALTILIAYDILAARDINT
nslvadeulanusEnIiaLazveual faduriiusuananuwivisennudentulunis
TvaluuansanIuy Awandluaunisn 2.2

m

X = —V- (2.2
mv+m|

[y

Tae M, Ae s sivaideasnavesuda (kg/s)

M, fe dnsnsivalenavoseual (kg/s)

(3) ANULEITBITELMAILAYAIISIVRILTE N13AIVANAIUSITRLA AT
A iaiivausnduiinasenginssulunislvauuvaesaniue ewinUsunauia
vIaUSinavesvevaIliuran vl iinadaguiuunslva daanslugun 2.15

4
10 =

3 Annular
10 =

Bubbly Flow with
Developing Structure

0-1 1 1 1 1 J o
1 10 10 103 104 105

Ry (g5 m) (E liquid O vapor)

UM 2.15 ANUENTUSTEI 19 SIRITeaIAINAZ AL TIas e
neAnssuNIs AL ULaesanusneluvie [18]

lne? p, Ao ANUBUILULYOILAE (kg/m?)
= 1 3
p, AB AUMUIMUUYDIVBIMAT (kg/m”)
j, A9 AnuiiRavewianieluvio (m/s)

j, Ao anudiivesweamainisluvie (m/s)
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2.8. NIATIVABULBNEAT
2.8.1 Snstnsiiigafunsuszgndléauinvasivansou
Quon wag Tanzer [19] l@usAnStnsifeafiunseeniuuszUUEInvsvaIYsvy
flflunssruismnuierulugunsaldidnmseding fauandlugud 2.16 Tngszuugnesnuuuls
fvanerdnietidulfvewnaninsuiuialaenss slfiAansdaanusousiuu
INULUHITTUIsANLTouLaz i vualive uvaLinieenusaziLindanusifigs ilean
Fureuanslvavuiiuin Failugnafumiuannsalunisiemenuiou

NI NNNE NN NSNS N
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e
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|
=

16" 48
\4/“34 l Liauio

. OUTLET
4

JUN 2.16 szuuszuieeudeulugunsaldidnnsetindlagldidnvemanriavu [19]

Bezama W@z Natarajan [20] 1@ue@n3unsiieaiun1seeniuuszsuulinuemad
waruildlunisszuiernuseulugunsaldidnnselind Awandlugui 2.17 Feiudnaldd
[y . . Y] =3 v Y] v a <
yunseauluasou (Microjet) lnesinangnesnuuulviivareiiuazgninseaduund (Jet
array) LBANTAAILTDUAIUAUUULKITEUNANNS DU

JUN 2.17 szuuszueenudeulugunsaldiannselindlagldwuinsyauluaseu [20]
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Nakajima wagane [21] lauednsingiieaiunisesnuuussuulinveavainsy
dmsumsszuieadeulugunsaiansisinhuessyuunesiomes duandusui 2.18 Tne
szuvgnosnuuuliinaneiivlumsssuiemnuieu Ssfudnmienazdefulivesnas
yuiuinvesanshsidentionie deveamasvuuuasisiathneliiinnisidenuy
i éﬁ’ummﬂugﬂﬁ 2.19 Lﬁaamﬂmm%fauﬁﬂamﬂéaaaaﬂmmﬂqﬂﬂsai Favlosennimaz
trglunsmanufeuuuiiui;
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Joshi uae Dede [22] taupdviBTimsiAsIfun1seeNUUUTEUL Y I MAIIYUUY
uaszUIeANufeudidnnsednd duanduguil 2.20 Feiimsdsduliveanalvalinvomis
yildsnendaaznszaeeenaugiivudassileangaumniuuung mﬂﬁwuaﬂmazgﬂﬁ’aﬁu
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2.8.2 nuidsiiAsatasiunsinwnisaemainuiouraswaseniAvnzUsnzuky

Hufin

Donoghue wazauy [23] laAnwinalnnisaismalnusaulasnginssunis
\wdoufivewlasenavazlzny fuitufusudou Tueuideldhmmessdaeldndesdy
snsalunisfandndainufourosieserniasuzUsneiuiuagldndasninuigaly
nsfnungAnTIINsIAdeuTivesasenia TnerleserneielnslnasenannusueeIaii
wu1a 1 mm Wgngiuituindouiifiszesvisseninusiuoodfladl 30 mm fuandlugud
2.22

IR Camera

L

L

Trigger

| Air gap IR glass
A

"
[ . \ / I |
: Ia+++++¢+'{ g
L 1B

N 3 Orifice
. e LED

Ll

Foil

‘Water

Cameras

Injection
system

gﬂif’i 2.22 WNUNNYANARDY [23]
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97349 A9 929NBIDINAUENZAUNURY BI9NB991NIANTEABUDBNINNNURILALLI1UENE AU
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flufindnads uartrmlesernaadeudiFeuiuiui Fauandlugudl 2.23 Gerrausnitaan
100-110 ms Imhaﬁwgﬂmmmmzﬂzmﬁ’uﬁuﬁa%ﬁgﬂﬁmmu Tngazdnisiniungsanu
TugUv TR Lﬁaﬂzmzﬁuﬁuﬁ’mé’amua3gﬂﬂaﬂ‘da'asjLLazLéﬁ’wajﬂiaaﬁaaaﬁnm 110-140
ms Tudhsiinesornimaznszneusoninfiufiuasidenefuiuianass vnzdnesenis
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wlasennieziadeuieufuiiui devmatesnmsfnunisdiemarudounuin Tudieun
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funBnafinsdamdndnsmenufeuiistunarasiinun fignlutaausn fuandlugud
2.24 Lﬁmmﬂwq@mimmimﬁauﬁﬁuaqmqmmﬂﬁﬂﬁlﬁmmmaﬂLﬂ?iwwé’wuswﬁqﬁuﬂa
yhlgaungiiuuiiuiausuiouiidanas duandugui 2.25



CaN

=p.

[mm]

[mm]

[mm]

5-4-3-2-1 01 23 45

[mm]

2.25 gu

0 ms 10 ms 20 ms

21

L1

80 ms 90 ms 100ms 110 ms

30 ms

40ms S0ms 60ms 70 ms 5 0 5 130ms 140ms 150 ms

Ul 2.23

S-4-3-2-1 0123 45§

5-4-3-2-1 0 1 2

100 ms

% 4508
124 ms

WeANIIUNSIARBUNvIatoINIANAaTle [23]

‘ [kW/m’]
e 2 . 180

160

$4-3-2-1 0123 45 $4-32<=} 0 F 2234 7§ S4-3-2-1 01 2 ¥y &-%
106 ms 112 ms 118 ms

54-3-2-1 01 23 45

130 ms 136 ms 142 ms

5-4-3-2-1 012345

JUT 2.24 vidngnsmianuseuuuiuianaaila (23]

100 ms

5-4-3-2-1 0 1 23 45

"

124 ms
v

Ts4-3-2-1 0123 45 5-4-3-2-1 012345 5-4-3-2-1 0123 45 08
106 ms 112 ms 118 ms

5-4-3-2-1 0123 435 54-3-2-1 012345 54-3-2-1 0123435

130 ms 136 ms 142 ms

a Il a = U a lﬂy a ! d’
QNUUWUNUIU?‘]’]?V]@@ENLV]EJ‘UﬂUQW%QMUUWUN’JF]E]UW]?V]@@@QV]L’]a’ﬂ,ﬂ (23]
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siex1 Donoghue wazaniz [24] ldAnwifududenalnnisaremanusoudmsu
WesenARTidnwaraNInsYE UL Ui ?iqé’nwmssuaqsqwmaawzmeé’qgﬂﬁ 12 lnw
nsafraesliidnuazaunasieunsUsne fuiiuivinldlnennsansornaseninaunyee
Sfafuituiindeu Fdlunisnnasddfiszozsing 20 mm anmsAnwmuitvese eV
Uzmﬁuﬂa%ﬁwaﬂwaﬁagju‘%nmauﬂaqmmmsﬁwmu,azda”[,ﬁl,ﬁmmimmuiauLé’usamq
yoswose A FsvaslvaiignduazaelviiAnnisvauiu 3ondn Dark fluid fauanslugud

2.26

SONNNNNNNANNN

/8

JUN 2.26 UsINeIRINALAENMTAGRUTvBwRIlaUSINTaUNlDIDINA [24]

Tugaai2an 0-20 ms ndnninesermaleneiuia nut vaslvadignissou
wosernauaznoliiAnnsuyuinaglifnadoniniiuauanansolunisiemanuiou
dosnvedlnafigniadrundelifadurouimnaudouiivuniu vlkamandnsma
YoutlepnnfiudiaseueteInia uazgafiamandnisnininiougsiignieusnmd
wosornaUznzfuiiuialaenssdsziiatuiudusoursuindnsougaguinaisves
NoI01N"# Im&m%nm@uéﬂmw@N‘V\Iaqmmmmzﬂwzﬁ’uﬁ’mmﬁm dimple é’mamﬁugﬂﬁ
2.27 way 2.28

S [mm]

S, [mm]

5UN 2.27 Widndn1smianuseuiiiaan 10 ms winaniinesa1niauneinui [24]
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180 T T T T

160
140
120
100

[kW/m?]

80
60

qUUl]\r

40
20

0

-20
-6 -4 -2 0 2 4 6

JUN 2.28 vidndnismianudeulutiaian 0-20 ms nananiivlesoinialenenuiRy [24]

Tug9381 20-40 ms ¥anNANANBIDINAULNENURY NUINBIBINATNIAN 23
ms ANIINEABUEBNAINTURY VeslrauTiiuseuligniwasnelitinnsvyuIuildiu
Faglunisiinainuauisalunisargimanuiou lneazusingilugusiaasuniuseuyn

AugnasvamlasIna fakandlugui 2.29 uay 2.30

q kW]

10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

JUN 2.29 Widndnismianudeuiiiaan 30 ms winanineseIniAUneinui [24]

[kW/m?]

qconv

[

glh?i 2.30 #an

160 T T

140 -

120 F

100 -

80
60
40
20

0

20 ms
22 ms
24 ms
26 ms
28 ms
30 ms
32 ms
34 ms

-20
-6

FN1SNIANUSDULUYINIAET 20-40 ms NanINNNNBIINAULNENURT [24]
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2.8.3 MddsfiAeadasfiunsinuinisdiemanuieuvaainvssudstnay

SuAURINA

Choo K. wag Kim S.J. [25] lafinwinisaiewmainuseulazamudnuaen1sinaves
Svvssudetnausaniueiniauuy Free-surface Tnedidoulafiddsduhad (fixed
pumping power condition) %’ELLamL*ﬂumﬁﬂé’ﬂ%mﬁﬂgﬁﬁﬁmaﬁwﬁm (P*oump) 1.0x10'" B4
2.8x10"” Inefidndiusenineensnsivadelunsvesoniaiudnsinisivaigausinn g
(§) ogflutas 0 i 0.9 ludruvesvuiavierdnmaseniivunn 4 mm wwuivzngHusiulany
Haudiniia 600 (NICONEL alloy 600) ¥u19A1MMUI 0.04 mm AIUNTIE 8 mm UagA1y
817 120 mm Feazgnineliinszuanssanuuasinelal eviliusiuuznziou Tasaziinng
AnsameludUida ¥lin E S1u9u 14§ aauienivesusiuzne Wleinenmgiiusazynues
wiuUyng agdnsdiuessrepvinsseiadnduuiuivgvedevuiaiin (H/0) Tauviriy 7
Feynvinauansfaguil 2.31

l , Heated surface
Impingement plate

[ 4 ]

I l

AN AN
Insulation| material
Pool

]
]
=

Flow out

|
1
\ o—

Bus bar  Thermocouples

g‘l.lﬁ 2.31 U@nannnaes [25]

PNNANMIANYIMUIIENYr ULUUNSIaluve tnedldndiusenindnsinisiva
BsUdunasvesenmatusnsinisivaidsuiunassiueglugie 0.1 s 0.3 Feasiidnwazdy
wesornadadeuarlideienatoufinaonveanailuie seunluzas 0.4 81 0.5 fdnwase
nslvanuusiinsequ dsnngluieeseinimaziigusisuvuiinsyau waglugis 05 fe 0.9
wiidnuurnslvauuuisnunsygy Swoamarnglnafutuiidinumuseunte 39
Uinunarsieazegluanuzvesufadudinlvg fuansduzui 2,32 uagguuuunisinad
Jenefiuiniodndiuszninsdannislnadalinasvesematusasnisinadaiung
ausnafu dauaasluguil 2.33 Tudrvesnisiemanufounuin Avesliadasituiuesi
Stagnation point flFgsgn WedaduszninsnsnsinaiBsUiinnsveserniafusasing
Ivaldsusinnssanian 0.2 fs 0.3 fawansluguil 2.34 seunileutsiswosdadiuszning
fannslvadeUsimsvesenmatudnsmsivadiunssniiinadonisaiemaudou
zusldl 3 929 A Frausndl g =0.1 nuinduszavsamlunsiiemanugandt 30% sy
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fumsldasihnuiifuveavaiiissegnauies dasiiaes g eglutas 0.1 fs 0.3 nuine
yostfaudavituuo$il Stagnation point iindugantudasd esaniiwesenimnsuniu
Udnaiifiveng Sethelunsiiuanuaiunsalunisiemeinuieu wazdisiianw p o
Tugae 0.4 f¢ 0.9 nuszansamlunissrueauiouanas iesanuIunaveavaily
nslvadirdoyas

£=01 =02 p=03 p=04 B=05 p=06 p=07 L=08 =09

JUN 2.32 dnvaiznisivanegluvielledadiuseninednsnisivalelsuinsvesenniaiy
gnTn1slvaldasunsTinsaniu [25]

g p=0s6 p=07 p=038 £=09

UM 2.33 dnvaiznisivanUeneiiuiidedadiuseningnsnisinaldaliunnsveseinie
fudnssivalausuns sausneiu [25]
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500
450 i
400 i
350 —

300—- . : 4 \!\\i

|
# +«
iy

o
.
i
18
/

as0] =

a \
&\
. <\
1 - = N
& |
200 —/ 8|
4 N “"
— W

150 - \y
"]

Nu

100 N

50 ——r——7——
0.0 0.2 0.4 0.6 0.8 1.0

5
5UN 2.34 Anuduiusseninada@aiiluiuesi Stagnation point AUdREIUTENINERTINT
Tva@9Us IR 5URI01NANUSRSINTS MardeUSuIns I [25]

Trainer wazAny [26] IARNWINANTENUTDILIIRIRIVDINTS Ak uuaasaaIugly
viefidinarenstismauieureadnsvudieiinausiuiueInAuuy Free-surface Tng
A154Y 2-butanol inududu 0, 1.5, 2.67 waz 4.52 TnaUsuns iioanusfeiivewes
Ivauuvassaniuy Lﬁumalﬁml,asunmai‘gq%u diesmnsiauriuediluafivsuenienin
dosuazusafaiivesvesiva Tavdnadenisinanuuassanius lnessuzuaseninudndiu
wruissy (H/d) Wiy 7 Fassluadiuueivenitoglugs 7,500 §9 15,000 uazisdluad
Huvesvesenieeglugig 0 fia 5,900 Tngazilginsansameluduida via K auuuien
mamciuﬂzmzﬁgnﬁﬂﬁ%’au vﬁ"mmmiugﬂﬁ 2.35

Heater Film
Teflon Plate
Bus Bar
DC Power

Drain Line Drain

31117; 2.35 4ANAaD3 [26]

A +— [nconel foil
4— Kapton tape

<+— Thermocouples
< Kapton tape
<= Double sided tape

<« Teflon Plate

IINNISANHINANTENUTBILTIFR v Inauvvassaaugluviefdnasonis
A18ANNFDUVBAIVIVITUNANNDI91N A WUIINTAALSIFRIvasuadlva vinlia1 Weber
number aasﬁu %Q"LaiﬁmaﬁiamidwLvm’m%fauuuﬁuﬁ';ﬁuau%wﬁw'wu é’aLLam‘LusUﬁ' 2.36
LLaJLumiﬂﬂmmimsmmmiausuauwwwumamxlmmﬂm w1m maqamaauamamm
LUE]iVH]G] Stagnation (/D vinfu 0) Lay mm /D Wirfu 5 fldfiuiy 2.6 uaz 1.8 win
pudwu Weudunsldanymuwuuraddvaaauziiien muamiugﬂm 2.37
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240

n
&
o

Re, = 0 (Liquid Only) Re, =230
2001 Re, (Shape) Working Fluid (Interior) 200
—_ [ 7500 [ Water Only Zas
O 1601 @ 10000 [J Water + 2-butanol 0 160 -—r—yv
g A 12500 g 6 -
120 ‘ 120 ° o—=8
— 15,000 V—E—a"V -~
= v ¥ 4 ~ -— O Re(Shape)
= 80 l—;’—d)—ﬂ = 8 0 750
= - Werking Fhuid (Interior) 2 10,000
Z 40 Z 40 W Water Only 12,500
0 ol O Waeter+2uand P 15,000
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
We, We,
240 240 =
Re, =510 Rey = 1,150
200 200 ¥
- % o= v
v 160 A v v 160 A hd
" ° & 8 " @ __ T &
Q 120 —o O Q 120 o 8—=o
= - - NI . Re, (Shape) N - 0 o Re, (Shape)
~ 80 0 7500 ~ 80 O 7500
- Working Fluid (Intesior) ‘ 10,000 = Working Fluid (Interior) . 10,000
Z 404 B Water Only A n2so Z 40 W Water Only A 12500
o [ Water + 2-outancl Y 15,000 6 [ Water + 2-butanol ' 15,000
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
We, We

L

5UN 2.36 Anuduiussenineevesladaridinuesi /D=5 fiuA1 Weber number [26]

600

Reg
500 =D
—e— 230
oo A 510
; v— 1150
300 & % —&— 2600
3 : NN \:\‘\ —<— 5900
200 ESSNT
\\-\.\_i\i \""“—\3? g
100 ._"\""kl—l—a;
0 T T T T 1
2 3 4 5
/D
Re_ = 15,000

JUN 2.37 anuduiussevnihalad@aiidiueanusiiunieing q Msdluadtiiueivedenie
ffnsinary [26]

Friedrich wazaaz [27] la@nwiaauduiussynineaivesdaidanduuesd
Stagnation point WazwLIAUDY Hydraulic jump él"m%’uL%mw:wuéhaﬁmauémﬁ’ummﬁ
WU Free-surface Tnefiidoulaisnsinisinavoninnedl (fixed water flow rate condition)
Fasisluadduiueiuetiniu 3,030 3,463 3,896 uaz 4,329 Tngszozsinsssninadniu
wHUnag (H/d) Wiy 1 waelidadiuseninegnsinsivaldelsunnsveseinaiudnsinis
Inagausuinssan (B) aglugae 0 83 0.9 Tudrwvesvuinviedvnisesnivuin 5.86 mm
wrlufivznz Junsuaunuad fuuinaausnu 0.0508 mm AUN31T 12,5 mm kazAI1y
g1 192.8 mm %"’Q%Qﬂf\hEJ"LWﬂisLLamqmﬂLma'qaiw"l,w devliurulznzdou Tneasziinng
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a

Ansamoludida via K S99 5§ suwwiemvessulsmsite nrestadavidinues
i Stagnation point LagA1vesdaLdasiduluesianizganuuuafail 91nnsAnyInyud
AuduTuSsEinsanvestadaritiuuesil Stagnation point Audadiuseninednsinisiva
WeUSuimsvesenAfusasInslual@usuinssiy aunsauvsesntadu 3 929 laun
FIausnil p ag/luy39 0 89 0.5 wuiAwesTaLdavituiuedd Stagnation point ANy
wuuiBadunss osndnuaznisivalutaedasiidnvaznsimawuunesenna dewiuen
dndruseninegnnsinaldsliunsvesenniaiusasinsivadsusuinssaudunayinli
Frururesomaiiutuny Tasfiaesdl g oglurag 05 89 0.8 wuiiAvesaaiUo T
Stagnation point AT ULUUEFIMULTBa Feludaeienduraeivadaiiuuedd
Stagnation point fld1geaauazdiafianui g eglugas 0.8 fs 0.9 nuirAwesaidavity
\Uasl Stagnation point fftana iesannisinaiivsunsvesernieunniuly Sedemals
anmuanansalumsiemaniouas fauanslugud 2.38

280+
1 —=—Re, =3,030
2601 _e—Re, = 3463
2404 +Rew= 3,896
1 —v—Re, =4.329
220

2004

tag

=" 1804
Z <4
160 e
104 g Y I 4+ L
1204—— ; - g ;_% e
|

1004+—————F——————+—1——1————

5UN 2.38 Anuduiusseninada@aiiduiuesi Stagnation point UdREIUTENINNERTINT
Tra@9Us 9 5UR991NANUSRSINTS MardeUSuIns s [27]

Glaspell AW. uazanz [28] lafinmnadieivanuiounasnavesgnnanans
mammwmumammam’smummmwu Free-surface i5zogaineseninainfuusiuysvy
(H/d) 7 0.02 fi4 0.51 waziidadruszninednmsinadaliinsveseimeafiudnsinisiua
FaUFumssau (p) aglugas 0.3 81 0.8 ludiuveswunavieldnmsesniivuin 5.86 mm wiu
fiugnziunsiuoraiiiden fvuiamnumn 0.0508 mm AmATE 25 mm wagANNENI 110
mm Faaggninglrinszuansanunasdnglil evhliuiulgngou Tnsasdinsfindaune
Tuduida vila K 1m0y 1§ vinainaswesuiulsneiiiofnavesdadasiduiuesi
Stagnation point uagiinisinmuduiivengiuindouueiives duwandluzu 2.39 uay
2.40 AuawY
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Flow In Heated Surface

I I Impingement Plate
| Com—

Insulation
Material

Thermocouple

¥ '
A a A

5UN 2.39 YanaaeinsingungiuuiuRInUsny (28]

Flow in ”
~ Pressure orifice

+ Impingement plate

UM 2.40 YannaensinanuiuuuiuiINUsy (28]

Flow out

Y '
a = IS

PMNHANSANYIMUIAYesTadaTitiUesT Stagnation point Az nTule
anszEzissTnadnAuuiaivsmzuazaunaves Hydraulic jump azdauduiusiua
Ausuasaniudy lnadloansserinsseninainfuiuiafiveny asnuitauinves
Hydraulic jump ﬁ]8ﬁmmmﬁimﬁuuazﬁwmmmﬁuﬁ Stagnation point sefiAnfindu
ity fuandduguil 2.41 nitsdndiussrinedannisluadalinaseseimatugninis
TnadeUSumssandiiuiu fnavliuaves Hydrautic jump lnaTuwuiu Fauanslugud

242

(n) H/d=0.02 (9) H/d=0.51
35U 2.41 vu1Aves Hydraulic jump ¥ (n) H/d=0.02 uag (¥) H/d=0.51 [28]



30

14 —=— =03
J —e— (=05
12 Bp=0.7
—¥— (=038
10 .""”l‘ﬂ—v—a—ﬂk S v v
4 ..‘.\
\
| L 1
8 .
o .
[a g R
T e
i\-\:_.
4 La _ - — @ —
| B -— a L ]
2 -
0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Hid
JUN 2.42 Anuduiussenineuunnues Hydraulic jump fussegiiessningdntuiuiy
Ugng NEAEIUIENINNTRIINTINaTaUSNMSV991N AN USRNTINS WaLRIUS LR SSINAAT

#14 ° [28]

PMANENINUMILNUATE Ik unannsaagUliimuAdelasdnlngandudn
vodlnavjsruilduthmansiufuenauuy Free-surface widilsifinisnuiinvesinarjany
fifuiwansaufuonauuy Submerged Tneiluudninvesinarissusinsdaiu duavh
Tilassadanmslvauaznisdiemenufousaiu Snvisfimnanisinauuuansaniugseming
ihfuemaluiednlnedningsidnvasndouiimununiamiowasuiinuusdugas
vodlan widlifinmsAnudnuazmsivanuunitudeindouiiduusdiusmedan &
fravhlidnunsvoinisinavesinaniiuivernidluiednuandraiy Tunsnuilagdi
Tngjmslvavesdndunisinawuuinanduiuonia dmavemginsslumsivaneliiie
vlosormelusziuiutuenaniuzegndaiaulunszuaduin widslifins@nwinsinaves
Aviifunslrawuuiwausuturesoniassduluasou uagnisfinwilasnsianisdiem
arwiouvoadvvesivarisvulasdiilug AakaneludUilaniusduviising 4 vuituim
yu Jenadnifldazduadmuniaanzaalunuiad nglunnuduaiudmesenmaaei
naiadeudivhiiuin Tefesiisnmsiamsdiamenudeulasldndesdnannauieu g
ihlugnadwsvasrsuviaanzgaiiazBeaviaaiiuiy
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UNN3

YANARDILATUUNIUNITIAY

Tuunil 3 egnamfeneazidealumaililunismaass aldiaasinisesuie
TeazduaganaaotLariunousiie 1 lumside ddlumavanesvesnslvauuuaesaniugdi
Tluszuuidnvesinavssuazuindu 2 dwundn fo drwiiviasdunisivavesima
safuema dddunsmnassaznudnuarmsinawuuassanuzduiilennaindviswaves
ALz iveshiilnaswaniuludmesiodnuazumreanainiin
ynsgenviaLindsiiufiaivisry dehlugnindennsdiiaseunqunginsaulunislnauuuaes
ang dieldlunsnwinagiiensidnvarnisivaveuinviwuluvieivuazvaresnain
U’mmqaam/iaL%mﬁqﬁuﬁaﬁvﬁwuﬁwﬂé’aamamwmwm%aqa (High-speed camera) 7]
dndwadonisaaimanuiouvesinnsrulagldndesaraninainudou (nfrared thermal
imaging camera) wavdrufiaesazifunisinavesimausiuiunosorniaszaulunsou
(Microbubble) #slumsnnassazAnudvinavesunvemasenailfluszuuidnvedla
shendesdneninganssmiuuuAdnea (Microscope digital camera) fiflsion1saneinaany
Souvosdinsrulpsldndesaranimanuiouuiu

3.1 Tunavasdnvaslnanivu

Tuguil 3.1 uandluaiinvesivasjsru Tagvieldn (Pipe nozzle) Wuianozadan
lalae D Ao vunaduRugudnarsuluvewialiviiawindu 9.5 mm Favasluadn (Fluid
jet) axgndsduliivsnaninuinnssanvasiaiinguesinauinalasseuiifu daudu
FEUULNNITURUY submerged wdntuvesinainaglnalznefuituio (Impingement
surface) lae L Ao 5:8zﬁwizwj’mmﬂmqaaﬂﬁumL%mﬁaﬁuﬂaﬁviwu

Fluid jet

‘Water

~

Pipe nozzle

UM 3.1 Tuwaivvedlvansu
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3.2 91UALIDYAVBIYANARDY

dwiuneazBunvosyannassazesuisisdiunaasuiildlunisinunginssy
nslvauagnsdemanufouseinrswy Jeieinszuuyanaassazgnuisesniiu 2 diu
wan mugﬂLLUUﬂWia%f'mmﬂwaLLuuaaaamumdefw waze1na loun Yanaaesdmiu
mslvauuuaesaausiiiuinausiuiuenia uasyavanesdmiunsivauuuaesaniugi
Huthuasmesormeasedulueseu

3.2.1 yanagauillilunismaaas (Test section)

Acrylic box
Copper

bus bars
QOutflow h 4 Outflow
= . Stainless foil for

j impinging jet area
/

o | =)
= 2|y M ' !
t \ sticker | | |
i L area i 100

Stainles mm
Stainless 41 f]nil g N Glass plate . !
steel stud rersi t
Pipe .~~~ |!Di| Fluid jet Aeriel
nozzle (o)
=100 mm |

Brass Acrylic plate
adapter
Fluid jet impingement side

Rubber gasket
t Inflow

5UN 3.2 unulsdhunaaey

Tusuit 3.2 wansyamaaeuiduudnuililunisnymginssunisivanielusie
Avuazrurooniiminseenveadviviiuivssulunsdveamslvauuuassaniug iy
ihrausufuema msfnyinisiavuavesaseinialunsdvesnisivauuuaosaniugd
Guthmauraseniaszduluasou sludanisfinsinisdiemanudeurea iy &
wanslugui 3.2 Jewesluarinazlvaringyanaasuriuviondn (Pipe nozzle) Aflvuiaidu
iugudnarsuluveaioldiviidnindu D=9.5 mm wazvuinANEIVeVIBENTAWINAY
1000 mm wielsiveslvaliniinsiannnislnasgisanysal (Fully developed flow) Ingwas
Inasgsoonanviodvguinuduspifignosnuuuidugnazanladivuneunii, A
17UazANFITANMIAY 300 mm, 300 mm kA 300 mm MNEIRU Fagunsaiiasie
yieanieq (Brass adapter) shwithildaviodvlwanudnfudsussat domvaslvaiinags
UgnzdriuiiuindSusiuaumuad (SUS304) ﬁgﬂ%aﬁammwamm (Copper bus bar) 14
apedna fuunaenumun 0.03 mm wasiudifvesinainjsrudinuinnuniuageuem
WU 100 mm wag 100 mm A1UE1AU USLIMAIUUNYRILNUALAULAadulaniy
annuandouiiiuenia Tnsuiuaunuiaaduiazgniadeuedidiu uagasiindes
(Acrylic box) dewsouusuausuiaa e 3ldlunmsdnwinisaemanuouvesinvedlvas
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yulagnstenmanufeuuuiiufauanuaad sl Mntudessiuihlugnszanlafivgstu
egluszduifisriuienisoanildfadislive 4 Fuvesinszan Falsdulinlvasenuiiw
dfieldlunsmuisudussuudely Taevhlussduanudnuesiinindaeniseanvase
L%mﬁaﬁuﬁaﬁ"j’]ﬁmasiawqaﬂiiumﬂmmaqLﬁmﬁLﬂuﬂfﬂmauﬁmﬁummﬂ WN1INNUATEAU
AuENTVRAiT 190 mm iefiansaunsavemginssunisivaiifinadonisaiemaufou
yoadvjsvy dwmumnuduignuinumieenveiniiduieaiu

3.2.2 yanaassamsunisivasuuaasaauziiiduiinausiuivainie

Thermocouple

_____________ Ed
Ve -: Acrvlic box ,!-\ Temperature control
: : Thermocouple | I N cireuit
1 1 Drain
1 1 roi )
h ¢ / > to reservoir tank e
Data |‘ |‘ F‘
] logger § § Test ., 1 1 — . H
- section —\ Water ﬂt““' : Refrigeration
o - -8 AL, rotameter system
il [® N " :
> s T Pipe il !
PC [l el - - ! nozzle 5 !
1

Air
regulator

1
Thermocouple: :
| l l I
1
1
1

Two phase

mixer

Air flow

Temperature
control tank I

Centrifugal pump Reservoir tank

a v ] o P - ! [y
E‘IJ‘VI 3.3 LLNUNQﬁWW@ﬁ@QﬂWﬂi‘UﬂW{LMaLL"U‘UﬂENﬁO’m%‘VILUUU’]NﬂﬂJi’JNﬂUE}’]ﬂ’]ﬁ

Tugud 3.3 uansunuisyanaassdmiunisinanuvaesantusfifutmansui
011 Tneiduduanifiegluduit (Reservoir tank) dsazgnenuaulnsnisangnmgiluds
mnﬁ?uwgﬂ%uﬁw (Centrifugal pump) gjm%’wsjﬁamugmqmmgﬁ (Temperature control
tank) Seaefimunugamgiiveniiliiaed douniaglnariulsminedin feimihilunis
fndnsnslnaideuTunsesh lurusdoiuemargniudetuaudigyadnauiu
wazdUsuanudy Mntuornmasyinadiglsmiivesornmadieriuiniflunsindng
nslvalisUSunsvesenmea seuntuarenaarlnadngvionuy3 (Venturi tube) ileaina
vadlyauuuansanugsEIeiuazemA lneguuuudnenrnslrauuudesanuzaziuog
auifireseniakarauiimesiilvasnaniiuiu Swuinveseiuyinlddvunn
et 1inch uagniadivesanma 0.5 inch dauandluguil 3.4 Telunismaaesagdl
nsingamgiivesinnarenmaneunismauiivioriuyidomeluduilasin PT-100 (+0.05
°C) finsimungamgimativesideumsnand 28.0+0.1 °C gauugiimiadiveseinia
founsnaudl 25.0+0.2 °C wargumgiionnianielurosiidniviidy 250+ 1.0 °C 99ntu
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voslnailuimauonasglvadindyanaaausely dmsuganaasdumdeildlunisdne
wgAnssunIstravreudInsrusIsuIRansIuiveniAntsluiold LAz vzaana1nUIn

N198ONVDUINFHNUAITIWITY wazn15ANYINITENEWAMNTOUULILR T AN YUAILL
HENTINAUDINA

e

sUTl 3.4 vioruy3 (Venturi tube)

3.2.3 Yannassdmiunisivanuudssaatusiiilulinaunaseiniaszaulunsou
(Microbubble)

Thermocouple v ||Temperature control
! - > circuit
L]

. Multi-st
Drain Refrigeration L stage

to reservoir tank I. system I Cen;ri.fm:.llfnl
 — —
——_ Water flow :
rotameter |
v
! It
1
1
Vale rrer= [¥
[ X X ] =
ERE Cooling
coil
R £ £
Reservoir
Temperature tank
control tank T I

JUN 3.5 unudaygavaaesdniunisivauuugesanugiiduinnaueseniasyiulunsou

Tusuil 35 LLamLmuﬁqsqﬂmaméim%’umﬂuaLLuuamamuzﬁLﬁwf’mau
ylpsornaszulunsou ddluganaassannsautdlassaiisliiiu 2 dundn Ao druusnidy
dufadsvednediduinaurlasenmassduluasounazdiufiaondudiufivhoednadifu
dnaueseniasyiuluasoulUlfludunaaou Tngluduusniduduainihitoglufe
(Reservoir tank) Qﬂ%uﬁﬁ (Multi-stage centrifugal pump) qushuviamumﬁﬁﬁ’mﬂﬂﬁa%ﬁa
nsluauuuassaniug Turasfertuoinimazgniudeduaudduadnarutuagnd
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Uuaudy anduenmeyvadglamivesor madievhmihilunsiadasinislnaids
U3mnsvesennia uaziingviouyiduiieatu vilfiAenisivauuuassaaugseminei
wazenel esnvedlvaaslnaitigianudi (Pressure tank) fauandluzuil 3.6 Ganthily
nsadanasemaseiuluasou Insldvdnninfiunnusulifussuulufanuduiiussath
fnausmfuenaanvienuys dwalidmsazansresenndluidanfistu feelian
ylpsomanTvunadnnszaedinneludsanudu lummeassazimuaaudusglugig
3-6 bar [29-32] FsArn1saratsveseInialutifimnudusing 4 Wegamnivesiuviiy 25
°C [33] azuandlunsndl 3.1 nduihiinauiunesenasedulunsouaginasenainds
arwiudglamiinefinfiotasnnnslvadaiunsvesh demnasndgdninilevinlilu
fadalufenesenmaszdulunsou uavdruiaaiudurmirfinaulufmenaseiniaseiu
lunseuitogludsi (Reservoir tank) axgnausslnsnisangumniluds mntuargniui
(Centrifugal pump) guit1dfaaiunugumngil (Temperature control tank) %ﬂ%ﬁﬂ’w@u
guvgiveniiliae deumiraglvainulsninesin feihuihdlunsadnsinisivaiis
U3unsreatin 9ntureslnaarlnadrguanaasusiold dusuganaasduiiteilily
nsAnwnsinvuinveanesornaiililudnjssufetnauuiunesenmaseduluaseu
uagnIAnwINIsTBmALSeuuuiuiveninsrudetnansiufunesenAse iy
lumsou

gﬂﬁ 3.6 09AUAU (Pressure tank)

A1919% 3.1 AIN198ZAN8VBI9INALULNTIAIIUALAIY 9

AUAY (atm) 21NAaza19un (g/kg)

1 0.023
0.045
0.068
0.091
0.114
0.136

N U AWN




36

3.3 mafnwmgAnssumsivavesdusrudasinansufvenmanieluvielinuasvas
sanannuseanvaainieiuiafiyey
3.3.1 51882199AYANARDY

Tuguil 3.7 uansusunmyavaaeudniunsAnuIngAnssunsinavoa vy
Fethnausufuenmanigluveinuasrnresnaniuinmseenvenivisiiuininie Tae
Tuns@nwmginssulunsluaszudsesndu 2 @ laun drussnldunislnanieluvieldn
Juvinaneuivesivalinazvsoonaininda Faazlinmsdenimsendesdionimanuii
a4 (High-speed camera: Photron FASTCAM Mini UX100) Lﬁaﬁﬂmgmwumsiwauaz
ldnagnsvesnisuuaguanginssunisivauuvassaniue wazdmiaeadunisiva vase
ponanUInyseenveudvisiuiniivsru fendesdieamaiudags iednvingfnssa
nslvanuuaesaniugssniainansmfuenafioonanvielinuasidrauiiui 3
thlugnadwsnisesunenainssulumsivaditiuadenisdemanuieuveadnyjsmy

" y® Ly

High-speed ' -~
AN

camera

r
)
, / :
1 - (i
1 . -
* Light source
L]
7 High-speed "‘— i
camera N i
. @ ——— -» i
= /i
PC & i
Light source

Inflow

JUN 3.7 ununmyavadeudmsunisfinenginssunisinavesanesumetinaus v
anAangluvialivuarizeanaINUINN 19BN VO LANTINURITIVY

3.3.2 IBN1INAADY

Tumsnvmginssunisivaneluviodn asfinsaueulsnfiwesiuas lsa
fmeformeiieususnsnsivadeUSinasveniuarerniafidisng 4 neuftarlnadiun
N LYoy Fedvdnavesmnuiniuazanuiieniafilvannauuiinadenginssu
nslauvuaesaauzneluviodn TneSuduimundnsinmsivaifaiinasvesiiia 3, 4,
5,6, 7,8, 9 uay 10 L/min visldnfvuiadudiugudnaiavindu 9.5 mm waziivuali
grunpimativesihdeumanaufivienuyiidwiniy 28+0.1 °C aunsndiuammAss
TuasinuedvesnhiidnsimsivadaUsunasvesiima 9 1§ deunfvundadiusening
9n1NT AU NIRsTeuAaNUSRIINITIRateUSNIRITINIAAY 0.1, 0.2, 0.3, 0.4, 0.5,
0.6 WAy 0.7 JeanunsafwinmAsnsnisinadalsuinsvesenieldfiasing q Tunsdd
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9n 3113 aLTUSIIR ST IAIMES Taanns1ei 3.2 wanadeulvildlunisfnenginssy
Tunsiwanigluviolin

m5197 3.2 Boulaildlunsfinwmginssulunisiwanieluvierdin

YasUs AAUAAIGILUT
Soluantuluasyealn (Re,) 8,000 94 26,700
ANAIUTTNIN99RIINS AT aUSuInSURI1NARY 0.1990.7

gnsINsiadsUsuinssan (B)

YWIAVDIVTBLIN (L) 9.5 mm
gaungivesneudveniuys 28+0.1 °C
gaungivetonAnaulvionuy3 25+0.2 °C

dusunislvanvvassaniugseninshuazenidngluiodn asRasundnds
Ye9a5IRvesnelurialdn (Superfacial water velocity) WarAMuLSIRIVDIINA
& . . . Y o Ya o a
neluvialdn (Superfacial air velocity) Wuduusilgfiansalunisuuaiimgnssulunig
TnavesimaueniAneluvioldn

AusIRvestinnneluvieldn (Superfacial water velocity) @unsafiuiale
ANEFUNITN (3.1)

. Q,
Jw A

(3.1)

jet

Ao 9m51N1suadslsuinsvestn (L/min)

1%

w

Y @ 1

ne? Q
A, Ao Nuivihdnvesielan (m?)

@& a | < . . . o ¥
AUV 1N1AN18TUTBLAN (Superfacial air velocity) @ssamiulula
NAUNSN (3.2)

;:,C)'

Ja = (3.2)

>
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Tae?l Q, Ao 8rsIN1sVaRIUsUIATVRIBINTA (L/min)
A

o P Nufinthdnvesvierdn (m?)

Tunis@nwimginssunisinavesiinsjsvy azidendnwrannsdifinsoungy
wofnssumsinauvuassanuznegluednuniian dslunisfnwedsdlfiingdidnse
TuadaLuesuestniiayingu 24,000 Adad1useninednnislnaidsUsuinsveaudaiu
MM InalaUSunssauwindu 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 Wag 0.7 AUAINU LaLITELhiIg
mmhmmqaaﬂsuaqﬁaﬁwﬁaﬁuﬁaﬁvﬁwuﬁmwhﬁ’u 2D, 4D, 6D, 8D wag 10D AUENU B
M151991 3.3 LLamL'ﬁaulsuﬁiﬂumiﬁﬂquaﬂsﬁmmﬂ‘wamaaL%Mq%uﬁaaﬁwaméwﬁu
9INF

a15199 3.3 Reulaiildlunisfinwinginssumsivaveuivivssusisimausiuivainie

d‘ U o U o
PaRAILUT ANUUAAIRILUS
& o 1 ’Oj
soluantuluasyaaln (Re,) 24.000
{PAIUTENINONTING WaLTIUSURSURIRNARU 0.0 89 0.7

RTINS IMALTUSURSTIN (B)

YIAVDIVLIN (D) 9.5 mm
33881/1'1%]’1ﬂ‘IJ’]ﬂ‘VI’NEJEJﬂﬂJ’eN‘ViEJL%Wﬁﬂﬁuﬂ?ﬁ%jwu(L) 2D, 4D, 6D, 8D uay 10D
paungiivestihieudionuy’ 28+0.1 °C
9V HYeIINANBUYIBLIUYS 25+0.2 °C

3.4 madnwimsfasuavesiasemaildluinrssudeinaumasonassdy
lupsau
3.4.1 518828AYANARDY

Tuguil 3.8 uansununmyaMAgeudmSuNSANKINTTavuIAvesHiese ALy
Tudymjsrudethnaunesenmeasedulunsou deufiivvedluaiifuimaumosoinimaglna
dwviewin axliviedinduresermefadsogiou Seeslvauinléaslnadiwion andulnaly
fagaanduneserniadiniunisinvuianese1nie (Test section of bubbles sizes
observation) wedinsdenmnesenielutinmifeniesganssemiiinea (Microscope
digital camera: H1000X 5.0 Mega Pixel) siif1deny 1,000 i Imaamﬁu’aagju%l,’smé’muu
YBIYARNIUNBIDINA GiammmvlfmaL%‘V]%lmaaaﬂmﬂﬂqmﬁﬂ%’wlaammm%ﬁﬁqﬁ%ﬁa
nyudsuldlussuusialy
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Top view for test section of //
“+_ bubbles sizes observation

R -7 Microscope
digital camera
]
2 Drain
@ to reservoir tank
PC

Test section of bubbles sizes

observation t

Inflow

JUN 3.8 ununmyavadeudmsunsfnensinvuinveslesenienldludnnsrusiaei
wauvlaseInAsAulunsou

3.4.2 J3MINAEDY

TunsiavwiaveaasernedildlunisdemauieuvesiSnmssudetmas
wesenmasziulunsou azfimsmunulsnfmefiuarlsmiinesorniadeudveiiuys
dieasamsivauvuassaniug lasdmunedasnsivadeiinasvesinf 20 L/min way
Amualisnsnisivaideuiiasveserniad 1 L/min deudeveslnauuvassaniuglva
igdsmnuiuaziinismuauanuduneludeiian 3, 4, 5 uaz 6 bar ileasanisinaiidu
ihwauwesemasziuluasou neazinsmuaulsmivefidmsuiagnsnislvaids
USmsvesihmauresernaszivluasoulunsinaneluradvilsdluadifivesveni
Wiy 16,000 Fsieuiveslunaayinaidivieidn sxilvesinadriunislnadryadndu
wosonia Tngisusudnenmiendosqanssaiadnoaluuinayadniunesenmeluuday
nsdfreuduilfludianudunansiisiy efnwinavesunaneseInaiiianinaain
Amnufuildneludsdmivaimosernaszduluasou lngaziinnsarenmdimau 100
U dmSuausuildnieludad 3, 4, 5 waz 6 bar sudeu %ﬂLLﬁaz'gU%LLamWaammﬂ
§1uu 20-50 Mo andutamilauidiasisidrsmadanisitasiziain (Image
Processing Method) é’QLLaqugﬂﬁ' 3.9 LﬁamsuumLﬁuﬂhu@juéﬂmwaqmqmmmwias
yosnameny dwmiuleuleililunsfnumnisiavuiavesiesemanlludvyssusieg
thaaurlasonmszivluaseu wandlumedi 3.4
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ased 3.4 Seulaiildlunis@nwnisiavunevesasonnadldludvsuieimey

NosonAsEeuluATaU
Yoswls AMAUAARILUS
9M51N5 AALTIUS UM SURIUN 20 L/min

Aldlunisuaunvieriugs

IMIINT MALTIUS LR SVRIDINA 1 L/min
AllunsnaunvierIuys

Anuaulgludinueu 3,4, 5 uaz 6 bar
oluantuluasyealn (Re,) 16,000
QungiiveIlINeuNNIeaNINYIBLIN 28+0.1 °C

TUIRDDIVIDS
(lalmsims)
113.6821
1203378
151.8844
149.087
151.7458
146.6673

129.4388
14537
111.8153
80.5162

151.607

° (‘:3/ dmuvles
1
©
(o] Y a 2
o’ Image o.raz 3
o °O o Processing ® O - ¢
method (0] 2
o a1 6
o © G O 8
9
10
11
o o 12
awdiseld AT ANUARIHG 13

JUN 3.9 MegrmsmuiumruiarateManIsnsIiaTeiHulusLnTy MATLAB

3.5 MIANYINTALMANNTOUTDLINHIBY

Tudeilldudnsianisanemanuseuuuiuianinveslranwu augluuy
nsasanislrawuudesaniugsevidkazenadu 2 nsdl laun nisluawuuaesaniugi

Judwausauivenna wagnslvasuuaesanugiiluinaureseinasgivlunsou Jayn

a

NAADUNLY I UNISANEINITONENAINUSBULALITNISNAARINaNwaTauiY 3999na1n

a a v Y dy
asueTeazidunluideil
3.5.1 518a218AYANARDY

TuUN 3.10 KARILHUANYAVAABUAMSUNISANYINITANBNAIINTOUVD AN
[<3 d' ! v £ [ ' = = v !
yu IngvasivalinidonssanainidnasidnUsnsAuuiuauauas (SUS304) ignaemisuns

1 9 =~ & dd I3 1
neIuns (Copper bus bar) M19@83913 HvwinAunul 0.03 mm wagiuiinvadlnaldnyiy
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TYUINAIUNTINLAZAIINEIWNITU 100 mm Lag 100 mm #1ud1au Lagaziin1saie
nszualririuuianesunadeiriesdigliinssuanss (DC power supply) titevilsfituin
uHusanuaatouty vinudniuresiufiwanueadagan e dexiidusimeauargn
wdousedfdnu iflelilunistenmnisnsziegunaduuiiuiiinveslwarsude
NABIAIUAINAINIOU (Infrared camera: Optris Pl Series Pl640)

Infrared
camera DC power supply

Fm——mm———————a gy
Ik
]

\.“
Copper
bus bar

Copper
@ bus bar

t Inflow

o ° [ = 1 1% =3 1
E‘U'VI 3.10 LNUNTNYANAFBUAINIUNTTIANYINITNIULNAINUITDUVBUININTU

3.5.2 301599989
nsnaaeIn1siansaismaiufonvuiuinfiinedlvariaru ludiuvesnis
AuANSnsINsivatenin amsamuauldinnsuiulamiwe fiuaslsmiiwesennie
Tngaedinsinguunivesiuwarermaneuwdanuyiivhmiilumsainenisinanuuaes
anuz deaziimsmuaugamailinsineunisuay msmuausasInisivaveadniifuysi
Aendoaded
sluadiuuedvesh (Re,) annsafuisdldanaunisd (3.3)

_ pWVWD
Re, = —/—— (3.3)
Uy

ne? p,, A AUBUILULYBIUN (kg/m?)
- < = S A &
Vv, A9 AUEIRAT0UIUINTINNENTBIAN (M/s)

D e vwndurugudnaneluveiodn (m)
u, Ao duUsEdnsAnunlinveidl (kg/m.s)
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ANEIUTENINDNTINT MALTIUSUINTVIBINIANUBRNTING baLTIUSUINS U
(B) awsaAuulaanaunisi (3.4)
_ Q,
B= —2— (3.4)
Q.+tQ,

Tae?l Q, Ao 8n3IN15IWALTNUTUINTVBIINTA (L/min)
Q,, 9 dnsnsluallisusunsuaaun (L/min)

AUl UAIT UYL ULAAULAFTIenS Al NANAeLAToI e I WAN NS L AR S
TkALHuanuLaa ynlmiananganusouuLiuli J9UsuamanganusauMinduaiunse

AMulAAINANNISN (3.5)

>|Z
[
)

q input

a9 1 A9 NIzwabnii (A)
V A9 anusedngluin (v)
o X r v o da N AP
A fg fudluniswandsuanuseuusniiinvesanssuiiui (m?)

Tnsusiuuanuaaiuiiduiatuiinvedvanssuaziinisuanidasuauioudu
sewinsveslnafuiufindou lurasiderfuuinadnduasdudatvanimnndeuiiy
o1 lngluuiunanuaaiiiouaziinisgydendndauieusuieanainnismiaiy
YounuUsTIIALarnTuRSadautou dsanunsadunaldainannisi (3.6) way (3.7)

AINAAU
qconv = hc(-T-w_-T-surr) (3.6)
qrad = SG(TCV 'T:urr) (3 '7)

a £ o

a7 h, A9 A1ENUTEANENITNIAIILTOULUUSTIUTIA(W/mMZ.K)
a 1

AdLUTEAVENSWS A NS
8 A1ANYBY Stefan-Boltzmann (W/m”K?)
T, Ao gaumgiwdeuuiiuinannuuaeinsinendndanuiou (°C)

o [
o)

9 gaunilindevesaniAlagseu (°C)
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AetuiuRkanuaaniinisUandassndndainuiouans aunsadruinlaain
#un13¥ (3.8)

qnet = qinput_ qconv_ qrad (3.8)

10e9 Q. AR WENFANUTRURlALALLALA WA (W/m?)

Uoony AR NMIGAUFENENDAIUTOULRAEAILNITNIAMUTDULUUTTTUYA
(W/m?)
U AB MIgeydendndainusouademenisunssdnuseu (W/m?)

Tumm’mmwrmmwmEJammu‘uuwumwLﬁmmaﬂluawwﬂmma ¥nItl lneasd
N13078AINTIUIU 500 AN mmumwWummLf\mwwusummmamaﬂan%mwmau (T )

Fadunisaunily ﬁyu“wmﬂwmﬂezmmaauuazmwwummLﬁmwwwmﬂmmimamﬂsn
aufeu (T,,) udunisauufliiuindu Adiabatic wall Tngluniazainazuanan
Qmmﬁu&iazﬁ;muﬁ}uﬁa fefiuiifithaniinseidaunn 57.5 mm x 57.5 mm (1 pixel = 0.5
mm) shlsuadnsuaanianszaeguunifivanan 115 x 115 9a deannimuadwsusazam
sgthuunsdunalaeldlusunsy MATLAB iilevinnnsiadsgamgiiluusazga 915U
117w 500 U Swmadwsannefildazuanadumduussaninimnanusouaisuuiiuiia
Avvisrunasifadartuuefiadevuiuiansafuumlfnaunisi (3.9) wae (3.10)
AUAIAY

H = _q+ (39)

(TuTau)

[ 4 a

Tned qnet Ao Wandmusouans (W/m?)

q
&

o 7o gumalindsuuituindiinssuaeiimsdnendndanudeu (°0)

—|

T, A0 qmmﬁLaaauuwuﬂfmLﬁmwwusumzimmsmsﬂé’ﬂsﬁmmsau (°O

= _ hD
Nu= — (3.10)
Ky
Tagfl h fo Adudszavsnsmanufouadsuuiuiafiinsa (W/m2K)
D fo auaduruaudnaavemioln (m)
k, fio AduszAninisthanudouresin (W/mK)
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3.5.3 RouleildlumsAnwnisdemanudoureainyssudasinauiauiuainie
Tunsfnwinisaiemeaufoureninvsudethnausaniueinia aiing
mumlsmiwosiuaslsmfinesornmadeudivenuyiitoaisnisivauuuassaniug
Tnetmunlissluadtuuesvesid 24,000 viesasnisluadaiinsveniri 9 L/min 7
gaumgivnadvionuy3fl 28 0.1 °C Felldndruszninednnsinaaiinasveseinie
fudnsnisinaldeuiunssaud 0.0 s 0.7 vildlasnisusudasnisivadaininsves
01 oumgiimadvionuni 25+ 0.2 °C munandunisned 3.5 uazszogieanniin
yseenveaindsitufiafivevy shldlasnndouusiursuliviainnsesnveseini
s¥8¥ 2D, 4D, 6D, 8D uay 10D aud iy Fslunisnad 3.6 uansdoulvildlunisdnuinng
fewaudonvanivesudeinausutueinie

AN 3.5 AN9RSINTT IMaTaUS LIRS IwALA19RSINTS AT eUS NS aNN AN b LU
NSHALNUSINYIBLINYS

ANAIUTTNINONTINS MATaUSLIRSURY  ORSINSalRIlSUIeS  9RsINTivaltelSuns

DINANUENIINITIALTIUSHIRTT, B 20911, QW (L/min) Y899INA, Qa (L/min)
0.0 9 0
0.1 9 1
0.2 9 2.25
0.3 9 3.86
0.4 9 6
0.5 9 9
0.6 9 13.5
0.7 9 21

= - P = 1 % & v H ] )
$19199 3.6 L\?EJUI“UVIIﬂUﬂ’]ﬁﬂﬂHWﬂ’]iOWUL‘Vlﬂ’J’]lliEJuGUENLﬁWW!\‘i“UHWJ‘EJU’]NﬁﬂJi’JﬂJﬂ‘U@WﬂWﬂ

FoRUs AAUAAIGILUT
wsoluantuluasyaaln (Re,) 24,000
APAIUTEIINONTINTT AL TIUSUIMSYRIDINAU 0.0 89 0.7

on51n1slradsUsunssau (B)

YWIAVDIVIBLIN (D) 9.5 mm
izazmqmﬂmﬂmqaamawiaL%%ﬁaﬁuﬁaﬁwqw (L) 2D, 4D, 6D, 8D uaz 10D
gungiivesinoudwionuys 28+0.1 °C
QMM HYBIBINANBUIBLIUYS 254 0.2 °C

QUNNLVDIVUTNARDY 25+0.5 °C

Y
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3.5.4 FouleildlumsAnunisdemanudouseadnjsrudasinaunaseinia
szavlunsau
Tunsfinnmsmemarudoutesdmismudethuauesenmassduluaseu 2
finsnvaulanfiwosiuaglsmimesornmansudirienuyifieadrsnislranuuaes
anuz Inedmuslisnsnisinadaimasmeniil 20 Lmin uazfmualisammsivaids
Uunsvesenmiail 1 L/min denilovesivanuvassaniuglnaiingdannufuaziinig
muAuemFuAgludsien 3, 4, 5 uay 6 bar dieasamsvaiiduinaurlesenmesze
lupseu deunazdinismuaulsadwmesindmiuiadnnislvaideliuasvenina
slasornimszduluaseulunsivanelure iniissluadtuuesvosiinfiu 16,000 ne
Qmuqﬁmmﬁﬂdauﬁwlwaaaﬂmm/iaL%‘wﬁﬂ'ﬁ 28 1 0.1 °C UarszeenI9aINUINNIeenes
L%wﬁaﬁuﬁaﬁvﬁwu ﬁwlvﬁmmwsﬁauuﬂuvﬁwulﬁmamﬂmqaaﬂsuawiatﬁwﬁsws 1D, 2D,
4D uag 8D awddiu Felupsnad 3.7 uansdouleildlunis@nuinsanaimannudeuses
vsjssudneinausiuturesoniasedulunson

= P = = ! 1% 2 v H ] Y
$19199N 3.7 LQE]UVL“UWISFLUﬂ'ﬁﬁﬂHWﬂ’]iﬂ’]ﬁlLV]ﬂ']’]ﬂJiE]‘Ll“UENL*’\]VW!QGUNW’JEIUWNﬂﬂJi’nJﬂU

Waspnaseauluasau
Yoy AUUAAIAILYT
gns M svalaliunsveninldlunisnauivieriuys 20 L/min
995115 MaLdaUsunsvate N ALY lunSHELAviD 1 L/min
LIUNS
U
AMUAUN LB UNIAINUAY 3, 4,5 bag 6 bar
woluantuluasyaan (Rey) 16,000
YUIAYBINBLEN (D) 9.5 mm
F2EENAINUINNNBONVDIVIDIINE SRS (L) 1D, 2D, 4D way 8D
samniivenineussnainvieldn 28+ 0.1 °C

QNI IVUENARDY 2505 °C
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Tuuniazuvademeenidu 2 drumdn Wud dauiivisasdunisivanuuass
anuziifunausufueinmadasznouluderantsinymginssunisivasea s
é";&JﬁwmauifmﬁummﬁmﬂuﬁaL%mLLazmmzaaﬂmﬂmﬂmqaaﬂmmL%wﬁqﬁuﬁaﬁw'wu uay
KamsAnwINMITemaNSeuTesinsruieiwanutuena douluduiidesazdy
nslwauvuassanugiiduinansiufunesenasedvluasou desznouludona
nsAnnmstarunvesesonaiililudvrsudeinaunlasenmasedulunsou uasua
nsfnmnstemeuSouenintudethraurlesenasedulunou

4.1 mslvauvusesanusfiiuthwausauiuainia
4.1.1 Namiﬁnquanﬁunﬁ‘lwaﬂlaelﬁwvﬁwuﬁaaﬁwNaui"mﬁ’ummﬂmaiuvia

1

Tudruillfesursfmansdnwmginssunisivavesdnraruseinausiuty
o1manelusierdn deldndesdraninainuiags (Hish-speed camera) Tunistiufinamn
Uinunelureindeufiazrsonainve dslinstuuaaisdluadiuuesvenilutag
8,400 4 26,700 dMFUFRAIUTENINNENTINTINATIUTUINTVBIDINARUTNITINT ALY
U3massawdl 0.1 89 0.7 luudazansdluadifiuesvosh wazinistmungumgivesii
wazemianoulnaitivionuyin 28 + 0.1 °C way 25+ 0.2 °C Awad

Tuguit 4.1 flagudt 4.8 maFnssunslvaneluviednlunsaliisdluadiuiuesves
¥lutag 8,400 §9 26,700 (M3esnInsIvaldeUSunsvestilutia 3 89 10 L/min) idndu
spyhesrnslvadaliinnsvesenmaiusnsnsivaldeuTnnssmd 0.1 s 0.7 Tuusiay
Avpussluadtuuesveni anduldimansdiisdluadtuesveni Wedndiusewing
SnsimslvadaUiasuesonatudasnisivadaiinessudinty fuavilidu o
arnalunisivanieluviain

definrsuisdluadifuiuofvetilugag 8,400 8 21,400 wardadruszndng
8n5IMsaldaUTnsvesenAiuansINTsvaldauTuinssinegluyie 0.1 fs 0.4 wuddl
sUsuuMsauwuy Slug flow laeguiavesasomaivuawifuidurugudnaswesvie
A Yanesuuuvesesenaidnuaziundieguseiinszay uazildndiuseningdng
n13lralgalunnsveseniaiusnsin1sinadausuinssiuegludig 0.5 fs 0.7 wuindl
suLuunslviauuy Churn flow Imagﬂﬁﬁwaamqaflmﬂﬁé’ﬂwmzL‘T;Jué"lmqmmﬂﬁsmLLazﬁ
YA Rudusinugudnanswewieldn dausnaaevesioseinmeziidnuazuanesnain
dmlesermafienn ilkAanesiTvuiadnundiiadeufiniudnoserniaiion desniile
fasanstluadduuoivostnlutag 24,000 89 26 700 Adndruszninednsnsivalds
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USunsvesermaiudnsinisivaideusunnssaneglugae 0.1 wudidgduuumsivawuu
Bubbly flow lngjusiaveaneseinialidnvuziduzluuudounay JULUUARULUUNSTD
sUnuufeulisus1e Aflnnetosninduriugudnaisesiolinnszaresineluvields
dmfuiidndruszninednnisivadsiinnsvesematusasnisinaideininss g
Tt 0.2 uay 0.3 wuirdiguuuumslyauuy Slug flow wagitdndiuszminedmsnisivaids
USumsvesomaiudnsinisivalelsunssineglug 0.4 uay 0.7 wuindiguuuunisive
Uy Churn flow

B 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Jy (m/s) | 0705 | 0.705 | 0.705 | 0.705 | 0.705 | 0.705 | 0.705

ja (m/s) 0.079 | O0.177 | 0.303 | 0.472 | 0.707 | 1.061 | 1.650

Ca
S
’
—

v

2 o
ANNEIY-

8,400

AUULUDSYRIUNTIAN

Rew=
e
-

Tua

ananenelaviat

i

UM 4.1 ngAnssunsivanielurialinnsdifsdluadiuiuesvesidanyiniu 8,400 (Wie

i ]

9051N75 MaaUsuInsvesingU 3 L/min)

B 0.1 0.2 0.3 0.4 0.5 0.6 0.7
jl (m/s) 0941 | 0.941 | 0941 | 0941 | 0.941 | 0.941

ja (m/s) 0.105 | 0.236 | 0.404 | 0.629 | 0.943 | 1.415

1 e .Ov
‘og _g < ! n ‘ P
i .| |o
Jo 1 , 3
E IS
g 2 5
(@]
ey
= 8
== %
D X C f”!\
(S ICN y
€ & i ;
= <
(o Y
& D - o ﬁ

JUN 4.2 ngAnssunisivanielurislinnsdifsdluadiuuesvoniidaniiiu 10,700 (13e
951115 MaRIUS RSV INAY 4 L/min)
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p 0.1 0.2 0.3 0.4 0.5 0.6 0.7

j, (mss) | 1176 | 1176 | 1176 | 1.176 1176 | 1.176
ja (m/s) 0.131 0.295 0.505 0.786 1.768 2.750
- _ <3 ea ﬁ
G g b e -3
= 13
2 g o

2 @ <

2 2 =

[ 0} N.{.

-

& i

JUN 4.3 woRnssunsivanegluviednnsdifsdluadiuuesvenhdawiniu 13,400 (e

9051N75 MaaUsuInsvesintu 5 L/min)

B 0.1 0.2 0.3 0.4 0.5 0.6 0.7
j, (m/s) | 1611 | 1411 | 1411 | 1611 | 1411 | 1411 | 1611
Jo (m/s) | 0.157 | 0354 | 0.606 1.415 | 2.122

o S » X B

n: S
= 1R o - o
ez g | | e e -
28 35|E |
s 32 & T
_é § : ~
£~ 2%

UM 4.4 ngRnssunisivanielurislinnsdifsdluadiuuesvenidaniiiu 16,000 (13e
gnsn1sivaaUsunns ety 6 L/min)
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B 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Jy (m/s) | 1.646 1.646 1.646
Ja (m/s) | 0.183 1.650 3.851
‘oml . or‘;
- oS
TS 13
“é ao% 8 g
£ 25|
L .
2 o I} -
E 3 0 Zo
2 =
s b | !

Vs § Sress

JUN 4.5 noRnssunisivanigluvierdnnsdn

woluantuiuasyaanianviniu 18,700 (58
905175 MalaUsuInsvesiNtU 7 L/min)

B 0.1 0.2 0.3 0.4 0.5 0.6 0.7
j, (m/s) | 1.881 | 1.881 | 1.881 | 1.881 | 1.881 | 1.881 | 1.881
Jo (m/s) | 0.210 2829 | 4.401
5. |
'U§ I-IS ‘Q
2 8 5
26§

S 2z 4 el
53 = B
2
= X g
E — ;.\
O e A

UM 4.6 ngAnssunisivanielurislinnsdifsdluadiuuesvenidaniinu 21,400 (13e

DMIINTIVATIUSUIRSYRIULMNAY 8 L/min)
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jW (m/s) 2.116 2116 | 2.116 | 2.116 | 2.116 | 2.116

Ja (m/s) | 0.236 0.909 | 1.415 4.951
3 = F]

B 55

= <« o i

1= = o2 g

ué a°§ 8 %

£ 2 2| &

o tr \0

= e _—

2 2 = By

[y =3 )]

s 3 | &

ey G ' .

g = %5 "

g = & s
L a b G
o 3 !

JUN 4.7 woRnssunsivanegluviednnsdifsdluadiuuesvenidawiniu 24,000 (e
951075 MaLTUSUMSVRIU I 9 L/min)

p 0.1 0.2 0.3 04 | 05 0.6 0.7
j, (m/s) | 2351 | 2351 | 2351 | 2351 | 2351 | 2351
Ja (m/s) 1.010 | 1572
o . ¢ 142
g %
1= a‘.
1!$ aog o v,"
E ﬁ G)g - F 1 a0 Q.
2 T |&E | = E
G : o
g = 7 A v 1258
c = 4 ‘% %
\ '.:;:! Coiers) ..'L

UM 4.8 ngAnssunisivanielurislinnsdifsdluadiuuesvonidaniiiu 26,700 (13e
dnsnstraalsuinsvesiwiriu 10 L/min)
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Tuguil 4.9 wansauduiussErise i veniuasauiinvese el
maaiawqaﬂiimmﬂ‘maLmuaaqamuzmsﬂuﬁaﬂaLﬁw %qﬁgmwumﬂmauw Bubbly flow,
Slug flow waz Churn flow mudilsinanly Tasannaansiasgiguuuumsinageiiulei
nsflfisnnsinadsUimnameshildunuiensilianumiivesihieaedu nad
nsnsialeUsunnsvesenmaiisudnteslunisasisnisiuauuvassaniugaznoliin
sUkuuMsbnaluy Bubbly flow LLazLﬁaLﬁué’mﬂmﬂwaL%Q‘U‘%mmmaammﬂqﬁuazwu
sUiuuMslvia Slug flow wag Churn flow AuadyU sazunnsnafunsdiidnmnisivaids
Usinasveniniiantosnsemsyliruiiivesiils msiudnsnsinadaliunns
vesonailUlunisaienisivawuvassaniue dnaglinuguuuvunisivauuu Bubbly
flow wilneanilngjaznuguuuunsinanuy slug flow waziilefiusnsnisinaiBaiunng

Y9491NAFITUITNUNTIATUFULUY Churn flow

26

7 ]

247 ° ! o el s o o
— / ]
n 22 4 /7
€ e , o ole o o o
= - 1
2 PAVIE P '
g * ™ e o o o o
- E 1
% 18
> !..“
T 16 . ° . o,o e o
©
= /
E 14 [ ® [ ] .I [ ] [ ] [ ]
@ /
£ 12
= . ™ e e; 0 o o
3 ’
3
@ 107 ’/ Bubbl sl Ch

L] [ ] e/ o o [ ®  Bubbly flow ubbly ug urn
08 - / ° S|Ug flow flow flow flow
[ ] L] L} [ ) / ® [} ® Churn flow
06 : : s : : -
0.05 0.1 0.2 05 1 2 5 10

Superfacial air velocity (m/s)
JUN 4.9 puduiusseninemnuiiiaveaiuazanuiiiivetonaiinanengfinssy
nsluanuvassanuzneluvievioldn

MnransAnwmginssunsivaneluiednwui nsdifisdluadduuesveni
fAindy 24,000 Adadusenindnsnisivaldsliasvesenmatudnsinisinaid
USumssaueglugae f=0.1 83 0.7 wuguiuun1sinawuy Bubbly flow, Slug flow way
churn flow Fadunsdifinseunquagfnssunisivaommn Jadendnvmginssdlunislva
uaznstnemenufeueadvvsnilunsdiil
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4.1.2 wansAnwmginssunisinaveainyssudasinausauiuanavuzeanain
Unneeenvasivisiufiafiney
ludruilldosureiamamsfinumginssumslnavoadnrarudistmanauiy
pINAvMrEnIINUINNIsEBNYesL Indiiuiaiary Feldndeadneninaraniigs (High-
speed camera) lunistfufinnmudnunisuinnisesnvesvioiinaufeiuiafineu Tng
Snsnsteninaesndosesl 6400 nmdeTunfl aimsimunassluadduiuesvening
24,000 dwsudndiusenindnsnsivaldauinnsveseniaiudnsinisivadielsuin s
fi B =0.1 @ 0.7 Gnsimungamaivesiuazenmadeulvadwionuy3i 2810.1 °C uay
2510.2 °C puawiu wagsyeeiayulAningu L=2D, 4D, 6D, 8D wag 10D Mmua1siu
(1) Wisuiisuravesmaiiudadiusznintednansinaidaliunsvosenniaiy
Sarnslvadeimasudisssswsudendu
Tuguit 4.10 feguit .13 uansginssumslvavesnijsmudotnausan iy
anmalunsaifisdluadthiuesveniien Re,=24,000 ﬁiwsm%uﬁmmﬁu L=2D, 4D, 6D
waz 8D muaiu Inedidndiuseninegnsnisivaldelsuinsvesenniaiudnsinislnaid
U311as5907 0.1 713 0.7 fnan t=0, 75, uag 150 ms MuaIfu aInnsAnwInuIndnuae
vosasemAivasenImnvseeniedviviiuiafiviesy annsouddld 4 suuu 1dud
sULuufings p=0.1 nuindnwuzveseserniaiivuindesnindusiiu
AUENaYBYIBEN anunsanusUkuureInetondluLuuiounay AUkl waziaugusis
Judiou MndunasennmmaziadouiidmsuiuiuiuanedeufiruBsuiuiiuisely
gULLUUﬁaaﬂ B =0.2 ua 0.3 nuidnvazvesHeseMAvIzLAdoulndUIN
yseenvemieLinildnvaradeinsray wazidleindsuiieanainvielingan muindoud
duilasseu aninnndeususgniislesoineafiadouiioon anveldniaziuii
Tngsou vhlsimesenmaiianisuaniatu Swiesnaziedeuidivjssudniuiuiouasnndoud
udsuiuiuisiely
sUlUUTa B =0.4 uag 0.5 nuindnunzvewlaseniailoindeuiioanain
viodnasinmsnuituiungufoundioguiaudia antuasiadouiidmauiuiuiouay
Annmsusndafunlasenmaruniiinas SeenszaneihiufuasedouiisuiFeutuiiuin
soll
wargULUUT B =0.6 uay 0.7 nuirdnuaizvemlasoineiilvasenainvielin
wfnmsruiiudunguioundisuifiawazindoudidwesuiuituii dmiulunsdi
speevjar L=2D uay 4D usiiszugyjsvu L=6D uay 8D sznunguieumlesainiandegu
Fasaumnnnimistou Wesmnmafiussessuiiuin slfAenafiussezmaedoud
veswesaInIa Fsusngliiiudnuuzvesnguiouvemlasoinimnnnimiafoulunszua
nslvavesdnin lneruududenguiouiilovsne fuitufingnszaesdudunguious
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v
v A

wnuledsuiisiussuiuiuiinyeauduemiodn dnvsnisivaaindinnisesnvesve

@ = A a A a ! v oA
LQWﬂQWUNQWWQGUUIUﬂsmu aﬂwmgsﬂ@\iwaﬂaqﬂqﬂﬂgﬂaumqﬂm@Lu@ﬁma@@ﬂ'ﬁl‘Via

B=0.1

B=0.2

=03

B=0.4

B=0.5

B=0.6

B=0.7

T 11 T
2 -1 -1

I
2

1 2 3 -3 1

0 0 0
/D /D /D

JUN 4.10 woRnssunsinavesdnnssumetnausuivannalunsdinsdluadtuuesves
Wnilen Re,=24,000 NsgezvisyuilAnyiniu L=2D



B=0.1

B=0.2

54

B=0.3

B=0.4

B=0.5

B=0.6

/)]

B=0.7

JUN 4.11 wgfnssunisaveadnssuieinansiniuenalunsaisdluaniuuesves

Wnilen Re,=24,000 NsgezvisyuilAnyiniu L=4D
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/D /D /D

= a & ¥ H ! 9 A s o 3
JUN 4.12 wgfinssunisivavesdnnssumetnausiuivennalunsainsdluantuuesves
Unilen Re,=24,000 Asgaevisyuilanyiniu L=6D
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3 2 1 0 1 2 3 3 2 -1 0 1 2 3 3 2 1 0 1 2 3
/D /D /D

JUN 4.12 nginssunmsiraveadnnsyumetnausiuivenalunsdisdluadiuuesves
WnilAn Re,=24,000 Nsgagnavuilanyiniu L=6D (so)
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2

JUN 4.13 nginssunisinaveadnnsyumetnausiuivenalunsdnsdluadiuuesves
UnilAn Re,=24,000 Nszggnavuilaviniu L=8D
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= a & % S ] o o s o ¢
UM 4.13 woinssunisivaveadnnsrumetinausiuiveinmalunsinsdluaniuueives
WnilAn Re,,=24,000 Nisgensvuilawviiu L=8D (si)
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lugufl 4.14 uansnginssumsivaveadvrissusetwausnfvonidlunsd
Aiseluastaluesuosingen Re,=24.000 ﬁiwzm%uﬁmwhﬁ’u L=10D lneddndiusening
Snsnslvadalsunasresenniatusnsnisivadal3unassud B =0.1 &1 0.7 Tughaa
0, 75, kag 150 ms AuaInu

MAMsAnvImuIdnuvazvealaseniadiluasenainiinmiseenvielings
fufnfivjsru annsoudsld 3 sUuuu ldun susuuiinds B =0.1 wuhdnuasresmasennia
flvwntesninduriuaudnalsveiodn ausanugluuuessneseinidlusuuiounay
fouwuu wazfouldzuing Mndurlasonimsiadoufidivssusuiuiuasndouiisuey
fuituRaseld gULLUUViam B =0.2 ua¥ 0.3 WuIdnwaivemlateInAvazAdauilndUn
yseenvemieLinildnuaradieiinzau uaziiloindeufioonainvielinganimiandend
Fuihlaeseu aninnindeutussnialosonmafiadouiioonainvioiinuaziiudion
Tnesou viliesormaiansuandaiu Setesnaziadeuidinnssudfuiufuasindoud
suSsuRUituRadely LLazgﬂLLwﬁam B =0.4,0.5, 0.6 hay 0.7 WUIANYULUDINDIDINA
ileirdeudianannvierinaviinnssusiudunguiousdeguiiia S uauvanefouan
svegisanUInTeeeniisumtening 4 Ssavesnaiussezeurinlingdnssud a1nty
maﬂiwaﬁLﬁqLﬂ?ﬂlauﬁaaﬂmﬂvialﬁmzw'qL%ﬂ%uﬁuﬂ&juﬁaumqmmﬂmé'}ﬁ inliAnNIswen
fvhnszsuanslvaresdidn nthesdmsruiuiuiuas nasuuuiuiodely
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d' a I3 1 ¥ sg 1 [ 4:4::1' 6 o [
3U# 4.14 ngAinssunisivaveadnissumetinausiuduoimealunsaifisdluadtiuuesves
WnilAn Re,,=24,000 NszggnavuilAiiu L=10D
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JUN 4.14 ng@nssunmisinaveadnnsyumetnausiuivenalunsdisdluadiuuesves
WnilAn Re,,=24,000 Nzeynavuilawvifiu L=10D (#o)
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(2) Wisuifsunavesnmaiiinszszwsvuiidndrusenindnsnisivadaiinng
Y940 IMATUEnIINITIATUSIR IR
Tun1seSunenavesmaiiuszezsruiir dnduseninednsnisinaldeuiinns

YosomatusnsIsvaleTinassaiediu avenmedndunsdliisdadaiuseninedng
mslnadasinasresenatusasnsnaldausinnssaud B =0.1, 0.4 uaz 0.7 Aua1su
iiglideyafemnuunnsswesmaiiussezwsvuiddengAnssulunisivavesdnvjarudae
thuausmfueinie

Tuguil 4.15 uanswansiieuifisunginssunisivavesdnsssudothna
frufvenalunsdifissluadifuuesvesindie Re,=24,000 Adaduseninagnanisiva
BeUiinnsvesomafiudnsnsivaidsuiainassand B =0.1 luszesjswuil L=2D, 4D, 6D,
8D uaz 10D pud iy nuirdnwazveslasomeluusazszozysruiigussiiliunnsieiu
Tnednwazvemiesemaziidnvazdufoufifiumnadnninduiugudnaiswosiadn fai
Iananaludnesiu

Tuzuil 4.16 uansnansiieuifiounginssunisivavesdnsssudothna
frufvenalunsdifissluadiuuesvesindie Re,=24,000 Adaduseninagnanisiva
BeUinnsvesemafudnsnsivaiBsuiainassandl B =0.4 luszesjswuil L=2D, 4D, 6D,
8D uay 10D Auddy wuiesemafiadeuiieenainvielinaziianissudiudungy
foundeudislndfuuinmeeen Fmesermeanguioudasidmsuiuiodeld Fsagnuly
syeyjavudl L=2D uag 4D LLﬁLﬁ@i%S%ﬂﬂ%ULﬁM@Q%ﬂ Tunsdlfl L=6D, 8D uay 10D Wy
vosomafiiadeuiioananvieldinagiianisufiadofuiauiy Weiedeuiludnszes
nauasemeafauigSuuandfurasuuadn esmniansdeutusswiioseinia
waztuinnlnesey Sunadoufidinsmetuiiuinfidnsu

Tuguil 4.17 uansnansiieuifiounginssunisivavesdnsssudethna
smfvomelunsafissluadduuesunstingen Re,=24,000 Adnaruszninadniinigla
FeUSunnsvesennmatusasnisinadalsunssaud B =07 Tuiwiju‘ﬁ L=2D, 4D, 6D,
8D uay 10D AUy wuiesemafideuiieenainvielinaziianssusiudungy
fourdeiiinlndfuuinmeeen Faesonmanguioutiandvssuiuisely Tnednwe
ve3d101nmazAouinadeLilonnn daznuluszozyasvuil L=2D, 4D, 6D uay 8D uiile
svogsjavuiingsdu Tunsdldl L=10D wuirveseniaiieglndfuiuiaazunndaiu
ylpsomavuiaidn esanszeavuiias nguieurlesormaszldnaniiedeudilduiundi
fisvornanuiich natlunsdeutuseringuieunssenmauasinunulneseuazainnis
FoviliAanosomAvaEndILaLIN
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t=0 ms t=75 ms t=150 ms

L=2D

L=4D

L=6D

L=10D

-3

r/D

i‘U‘VI 4.15 quﬂiimﬂﬂﬂﬂﬁ%@ﬂL’“WIWQ‘U“IJWJEJu’WNﬂiJi’JﬂJﬂUEJ’Wﬂ']ﬂIUﬂiEUVILiEﬁu&@u&lL‘U@i‘U@ﬂ

ihilen Re,,=24,000 fidndausynindnsnislradsumsvesormatusasnisivaids
UBanmssauii f=0.1
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L=2D

L=4D

=6D

=8D

L=10D

3

o a 3 1 Y H ] Y] aa = ¢
sUN 4.16 quﬂiimﬂqﬁl‘ma%@\‘]L'“UVl'V\!\‘]GU'UW']EJqua@Ji'JﬂJﬂanﬂ']ﬂIUﬂimﬂLiEﬁua@u&lL‘U@isﬂaﬂ

Y
113A1 Re,,=24,000 NERAIUTENINNDNIINT MaTUSUINSV901NANUBATING LAALT
UTUIns5un p=0.4



65

t=0 ms t=75 ms t=150 ms

L=2D

L=4D

=6D

=8D

L=10D

2 3 -3 - - 3 -3 - -
/D /D /D

JUN 4.17 wgfnssunisaveadnssuietiransiniueonalunsainsdluadiuuesves

113A1 Re,,=24,000 NERAIUTENINNDNIINT MaTUSUINTV901NANUBATING LALT
UTUIns5990 B =0.7
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4.1.3 wansAnenssemanuieuvasinsrudsinansauiueinme

Tudnilfosuisfaanisinunisdemanudoureninjsuieinansui
91n1a aldndesdreninaiiudou (nfrared thermal imaging camera) lunisdufinain
fufnfidvveslnansvu fefinsmunanssluadiuueivesinf 24,000 dmiudnday
sz s adUsuinsreseniatusasinsivalausunnssud p=0.0 51 0.7 &
nsfvunguvgivenituazerniadeulnaidivieuyif 2840.1 °C uay 25%0.2 °C
MINEIRU wazsEezeyuiiAAU L=2D, 4D, 6D, 8D uag 10D a1udnu lngazesuiely
nsdifiszeyavuRAag o

(1) n3diiiszovmsvy L=2D

Tugudl 4.18 uansnisnszaredadarifuue fuuiuifidnauiiedluadi
WosiA1 Re,=24,000 ﬁizmw'wu L=2D Inefidndiuseninedmnsnnis imadeusunnsves
amafuSnTINITadasuasTnd B =0.0 8¢ 0.7 wuinileRinrsarnaresnsiindnay
seuiadnsmsivadainmsvesonmafusnsnisinaialiinnssy nsdian B ddveg
Tugae p=0.1830.7 ﬁﬂ'wmﬁﬂizmaﬁm%aﬁﬁfmua%wﬁuﬁaqamfwLﬁal,ﬁauﬁumzﬁ B =0.0
Taglunsdld p =0.2 fAmsnszaredadaridiuuesguanileisuiunsdldu dmsuiiszons
v L=2D fadlofiansunnisnssaedadaiduivefianizgauuiiluuaduiugudnans
Tusiumia v/D=0 Tuguil 4.19 uazmsnszaedaiariduiuesiadonumums /D 1 9
Tugas 0<1/D <3 dwulugudt 4.20 aglvirunlthusufediu

Tngnavesnsindadiuszninedasnisivadalinasueseinaiusnsing
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Inefisveenievy L=2D nudtanuisautsrisdneaensaiemausaula 2 439
oA 9297nila fie 0.0 < B 0.2 \Jugrsiiaadavduvesiofouvuiuiiivgduwasd
1 a 1 dy a < 4 =3 v dy a %
Arasgan B =0.2 TugrliusuiuveaneseinimaziduneuruialanvasUsneiuiubg fe
wansluguil 4.39 (v) BeesINIATUIAENAINNTATUNIUTUVOULUAALTBUULNUR L ¥
TiAnNSNAMNEINTalUNIANToU d115U7AT B =0.1 uag 0.2 @msaliuUszansnim
Tumsaewausouls 31.1% way 46.7% Wewlsuiunsidianvesivaiiduun sesneaed
= @ 1 A W a 6 & 4 a dy a 1 1 P
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WA B dnanenisiinusinaeinalunseuanisinaresdian wagidleidnveslnaindoud
Ugnguiuia azneliinnsunaquameUsunaeInIaTIuIuiInuEiiugg denelmianisan
AaIsatunsaemaNsey wilunsaldnuimdadanduuesinde uuiuiageindd
nstaianvesivaiiduiy swileswnannisldiinvesuaimansiuivoinianeliinnis
Wusyauanudutiulunssuanisinavesdiin dwsuiian p=0.3, 0.4, 0.5, 0.6 uag 0.7
ansatiulszansnnlunisansmanudouls 39.5%, 38.7%, 37.8%, 27.4% way 24.5%
AudaU Wersuiunistadnvesivaimduii
lnefiszagnagy L=4D nudaunsawusysdnuasnsatewmanuiould 2 9
oun Yaeiinds fe 0.0 < B <0.3 HudriidiadantduuesinfouvuiuRiiug@uwasdl
Argeand B =0.3 lugrsilusunauvesaseiniaasduiouvundnvasUensAuiuig 7
wansluguil 4.39 (v) Fanese N IATUIAENAINNTATUNIUTUVDUIUAALSBUULAURALE i
TmAnnsifinaNansaluniauseu wiinlunsaiial B =0.3 axidnwaziuneseinie
AdneURIIRvMsUznziuiuRy dewaliaoiuzeinialagdiulngaznelininnisunaqu

ﬁuﬁﬂummwﬁwu wdantuazianisuandudunesoinevundnlnaSouuui Rl 3
Juvsunaemedimnzaulunisifivszaumududiulumslvavesnszuadndn dmdui
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46.9% audsu Wadleutunslidnvesivadiiuh eundasdiaes fie 0.3< B <0.7 1u
FraiAfadariduiuesaasuuuiiuitanatedisoiies Inenisifiudn B fuasonisuiiy
USunaenialunsruanisinavesdndv wazifleinvesnalndouiivensfuiiuia 9z
AelfAnnIsUnAquineUIINAmINMATIuIINUUIURL SeneliAnnisannuaiusa
nstewarmdou Sdlunsdfien B =04 uag 05 nuhmtaiBaituuesiadeuuiiuingag
nmstdnvedluaiidui Tnvanunsafiudszansamlunisaremanudeuld 21.03%
way 18.2% mwddu suiieaunannisldiinvesinatinauiiuiuennansliiinnisidiy
sesumututulunszuanisinavesdndn uslunsdifien B =0.6 waz 0.7 wuiAaidasi
thivedeasuuiuintosninniinsldinvesduwaifui Tnsazanuszansawlunisaiowm
AuSauas 0.97% was 3.2% auasu ewinUsinaenalunssuaddniiusunaenia
Aouteas Sefiuindldmisruazgnunequinsaniurenalaedaulvg) fuandusuil 4.39
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129 1w 929iinils o 0.0 < B <0.1 iudsiiddadasiifuuesiadsuvuiiuiafiugedy
wavilrngsgad p=0.1 TugreiiuSinamesosenimsdufourunadnvasUsnefuituia
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Tneanglunsdi B =0.4 nuidnvazremesonidlnduinnisesnvesriodn asiinnis
swfudunguiouresoniardieguiaie duileindoufidimssutuiuindessasnail
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taidarinuesiadedigaininsldiinvesvafiiu leaunsadfiuuszavsnmluns
femanufeuld 38.3% wiiwedlvalinivsruazegluaniurenialasdinlng usszeu
authuthulunssuanisivavesduindoudnegs Seelumafivanuansalunisaiom
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4.2 nslwanuvassanusidutiaausufunasenniaszauluasey
4.2.1 wansAnsmsinvuinvesiesemaildludnsrudsnaunasennie

seaulunsau

ludauillfesureinanisinmmstavunvesosoiniafildludvsssudae
wauvesemasziulunsou dldndesganssmiAinea (Microscope digital camera) lunns
fuiinnmuinaiyadniuneseinia Tnsuuad1dasnisinadsuiuasvosiiii 20
L/min waziuualiensinisinadalSuinsvesenniadl 1 L/min filnadiawauuiinume
UN3 mﬂﬁ?wuaqlwaquaaaamuﬁwdwﬁwLLazmmﬂ%l‘waL%ﬁg{'é’qmmoﬁ’u lngagd N1
pruauAEFuneludefian 3,4, 5 uwag 6 bar GedinstmunanssTuadiuuesvosiif
Re.=16,000 L.Lazﬁmumqmmﬁmamfwdauﬁ%ﬂqaaﬂmﬂmﬁmﬁ 28+ 0.1 °C

Iugﬂ‘ﬁ' 4.40 LaNIF0819NINENENDIDINATIAIANLTLT 3, 4, 5 LAz 6 bar 94
mwdwﬁiﬁ%gﬂﬁﬂﬂszmamamu Image processing Lﬁaizqmmmé’umuquéﬂmwaq
We901nALAREND ?fwiamiugﬂﬁ 4.41 LANINITHINKIITIUIUAIUDTINUVUIN VD
WosemafianAusun1sluds (n) Ausud 3 bar, (1) ANFUR 4 bar, () ANRUT 5
bar, uay (1) ANUSUR 6 bar MUEEU FaavnuruavemeIEINIARILE 40 §1 300 luAseu
dwsunsdldanusudi 3 bar wurdwuneseInanuinegluyie 115 fa 120 luasou
nsdildmmiuil 4 bar wuhdnnusesermawuinneglutis 99 A 102 luaseu nsdlild
AT 5 bar wuirdwuneseInanuiIneglugie 93 fs 98 luaseu waznsafldnIy
fuil 6 bar wuhdwunesenAnunnaglugie 79 fe 82 luaseu Wil uaunesenne
HmuaRtuenLasraTny Sudufesndruisvosesonmalagiaas %ﬂugﬂﬁl 4.42
LanIAILRdgveIneseIntafiaaudunteludedl 3,4, 5 uas 6 bar WUIIVUIAVDS
WeosenAdsil 117, 105, 98 waz 97 lupseu audwu azdiuldinmsiivanusuildly
faanusu dawavinlilasennieiivuindnas

ANUAUNGluaeA 3 bar | Anuaunleluded 4 bar | Anuaunlgludsi 5 bar ANUAUTLELUEN 6 bar
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4.2.2 XANMIANINTABVANNTDUVDAINNIBUM B UNENTINAUNBIBINATEAY

lupsau

Tuduilldesurefmanisfinuinisaiemanudouvednnwuieinausauiu
Wosemiaszaulunseau Feldndesdrunimaiiuseu (nfrared camera) Tun1stuiinain
dy a 4 & 1 o 1 (% a a sg a .
fufManvedduansvy lnemnuada19nn1sivaldalsuinseesing 20 L/min wag
Mrualien 115 aldaUsunsveseIniafl 1 L/min Aluaidiuinauusiavaiiuys
nduveslvaluvgssanuzsnIdwarenmazlvaligiiniuiy lngaziinisaiuay
AUAUAEIUDINAT 3, 4,5 way 6 bar IUN1TAIAUAAILTITUAAUULUBDSVDIUN
Re.=16,000 wazfvungamgivesiinounsziieenainviodni 2810.1 °C dwiuszey
¥ayudlAwiriu L=1D, 2D, 4D uag 8D AUy

Tugun 4.43 faguil 4.46 uanInsnszaetadartiuoTULIURI T AN
dluantiuiuasveauliAn Re,=16,000 Aisveenavu L=1D, 2D, 4D wag 8D ANd1AU
o o ad & < H < & 5 v v a
dmsunsainidnveslvaludy wasiinvesnanluinauiuneseiniassaulunsouiniinis
AIuANANAUNldn1eTudelian 3, 4, 5 way 6 bar LANIITWINAVDINITANAIUAUNLY
aeludipnudufinasionisaiewanusouveaivnisu wudnsaininveslnaduinagly
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Juhrauvlesoiniaszauluaseu Wewineseniaszauluaseuiivuinnaiuinazduee
v a6 = o & a Y ' Y v ot
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Tveslvamduhnaunasoiniasyauluaseu Anusunieludiiaiaig g wuinnisnsyane
Tagaviduuesuuiuiilnalfesiu Wesminuweratissunneseniassauluaseuliaiunse
MgsunInturoulnAuTauuuiuiale vinlvinisldesennaserulunseuiluasiudu
nszuan1shavesdnin aglianisaramaudoulndfesiulunnnsdl Jddugun 4.47 8
r-:ll LY a 6 o s 1% 1 & o 1

JUN 4.50 uansnsnseanedalaiiuuesianizyaluwuiduriugudnatdludumus Y/D=0
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Water with microbubbles jet
(Pressure tank = 3 bar)

Water with microbubbles jet
(Pressure tank = 4 bar)
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(Pressure tank = 5 bar)
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600
—— Pure water jet
550 4 ©o| —— Water mixed with microbubbles jet at pressure tank = 3 bar
Water mixed with microbubbles jet at pressure tank = 4 bar
500 4 —— Water mixed with microbubbles jet at pressure tank = 5 bar
450 —— Water mixed with microbubbles jet at pressure tank = 6 bar
400

Local Nusselt number

r/D
JUN 4.47 nMsnszneda@ailuesianizantuluiduiugudnanslusiunia Y/D=0

dmsuisdluaniuuesvetilel Re,,=16,000 N5ve¥jayy L=1D

600

—— Pure water jet

—— Water mixed with microbubbles jet at pressure tank = 3 bar
Water mixed with microbubbles jet at pressure tank = 4 bar

500 -l \Water mixed with microbubbles jet at pressure tank = 5 bar

——— Water mixed with microbubbles jet at pressure tank = 6 bar

550 ~

450 ~

400 ~

350 4

300 4
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250 +
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150 49
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600
—— Pure water jet
550 4 —— Water mixed with microbubbles jet at pressure tank = 3 bar
——— Water mixed with microbubbles jet at pressure tank = 4 bar
500 + —— Water mixed with microbubbles jet at pressure tank = 5 bar
450 —— Water mixed with microbubbles jet at pressure tank = 6 bar
400 A
350 + -

Local Nusselt number

D
5UN 4.49 n1snsynetadaviduivesianizanluwuidudugudnanslusiums Y/D=0

dmsusdluantuuesvesilian Re,=16,000 Nszagnavu L=4D
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—— Pure water jet

—— Water mixed with microbubbles jet at pressure tank = 3 bar
Water mixed with microbubbles jet at pressure tank = 4 bar

500 —— Water mixed with microbubbles jet at pressure tank = 5 bar

—— Water mixed with microbubbles jet at pressure tank = 6 bar

550 +

450 ~

400 ~

350 ~

300 A

Local Nusselt number
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100
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—m— Microbubbles mixed water at Pressure tank = 3 bar
Microbubbles mixed water at Pressure tank = 4 bar

—8— Microbubbles mixed water at Pressure tank =5 bar

—8— Microbubbles mixed water at Pressure tank = 6 bar
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3.5

400
—&— Pure water
—m— Microbubbles mixed water at Pressure tank = 3 bar
350 - Microbubbles mixed water at Pressure tank = 4 bar
—a— Microbubbles mixed water at Pressure tank = 5 bar
= —@— Microbubbles mixed water at Pressure tank = 6 bar
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100

—&— Pure water

—&— Microbubbles mixed water at Pressure tank = 3 bar
Microbubbles mixed water at Pressure tank = 4 bar

—&— Microbubbles mixed water at Pressure tank = 5 bar

—®— Microbubbles mixed water at Pressure tank = 6 bar
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—&— Microbubbles mixed water at Pressure tank = 5 bar

—®&— Microbubbles mixed water at Pressure tank = 6 bar
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h D
Nulocal = I(ILaI (n5)

film,local

ﬁwmmmamamﬂ’ammﬁﬂmﬂqmmﬁﬁiﬂﬁu‘%LamﬁuaaLLduLLamwaa (Thimiocat)
Imaqmwgﬁﬁ'@m (0,0) Uuﬁuﬂwﬁwuﬁﬁmﬂﬁﬁwﬂé’ﬂsﬁmmgau (Tocat ) BANIINAY 29.38 °C
LLazqmmﬁﬁ'@m (0,0) Uu‘ﬁuﬁaw:wuﬁlu'ﬁms‘LﬁﬁwWé’nsﬁmm%@u (o) AU 28.99
°C

T _ Toioca F Tawiocal _ 29.38+28.99

filmjlocal — =29.185 °C
’ 2 2

Wamsenanaidivesennafigamgil Thim= 29.185 °C agle
k =0.6163 W/m-°C

film,local

ANa@uN1sA (n4) azle

qnet = hIocal (Tw,local -Taw,local)
et _ 6428.34

- =16,482.92 W/m?.°C
) 29.38-29.99

hlocal i (Tw,local -T

aw,local

NauN15A (n5) azle

o _ (16,482.92)(0.0095)

Frfutfadariifuuesiiyn 0,0 fe Nu,, = (06163) = 254.077
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nsAIanANaliniusuvemaansaINNTinn1saemaNiouvaaInKerulaenis
T¥ndesananmarnuiou (Infrared thermal imaging camera)

Tumsiamsdemanuieuveadnmswy nadnialdfornsnszaedadaiiues
Tuudazgauuiiufia Heiisnsiithunguadwsilld oratianuearndousuiiesnnain
gunsalivihminilunmeaes wu mytasvezveniedviagldnesideadues msindam
nslvalsUinnsvesonieuasthlnglflsniines neingamgiveserniawazirdemes
Tuduidasiin PT-100 uaznsinnmsnszaegangilagldndoseninenuiou Wudu las
FnnsdunainueaaedoutesaTaidarituues Ansdluadiuuesvenit uazdn
Fnduszninedninislvaldsliuinsveserniatusninnisinalislunnssy deuans
eandunded

Uncertainties of Nusselt number by using infrared thermal imaging camera

method

Table 1 Uncertainties of measured parameters

No. Parameters Symbol Instrument Uncertainty
1 Stainless surface area
Width W Linear scale * 1.00 mm
Length L Linear scale * 1.00 mm
2 Diameter of pipe jet Linear scale +0.01 mm
3 Distribution of - Infrared thermal +0.02 °C
temperature on surface imaging camera
4  Temperature - PT-100 thermocouple £ 0.05 °C
measurement
5  Water flow rate QW Water flow meter +0.03 LPM
(Z-5008¢)
6  Air flow rate Qa Air flow meter +0.025 LPM
(k-1012)
7 Electrical current | DC power supply *01A
8 Voltage V' Digital voltmeter +0.005 V




To find the Nusselt number (Nu)

® Area of stainless surface

(o ay
) )

—=0.01414 or 1.414%
A

oW
w

oL
L

1
100

1

OA _ 1
100

A

® Input heat flux (qinpUt)

A

oV

\Y

6qinput

qinput _(

ol
I

8qinput —_ 01

J

0.005

111

0.5

0.5

OA

A

T

qinput:X
B 2
+
)l

q input

1.546

T +(o.01414)2}0.5

54,
it _ 001470 or 1.470%

q input

® Heat loss from radiation (qrad)
. —4 —4
(0 :GS(T w-T surr)
8qrad

so ', (B

STw STsurr

q rad o €

(%) o

0.01 0.01

TW -T_surr

Kl

0.02

5.67 0.95

84w = 0.01088 or 1.088%
clrad

|

29.5175 25

(e T



® Characteristics length (L)
_ Ax(WxL)
¢ 2W+2L
BA | (8W)' (8LY
A w L

0.5

r 2 2—0.5
oA L) 1L

A “|\100) "\100
OA _ 0.01414 or 1.414%
A

® Rayleigh number (Ra, )
™ T 3
Mpr
mn

LRa'— = _(ngz +(8Bj2 + &
Ra, g B Tw

Ra =

2 _
0T surr
+| —
Tsurr

2
3L,
+
J ( LC

02

L - 0.0149 or 1.49%

SRaLz_(%j (mj (o.
Ra, |\981) \25) (295175

® Nusselt number of natural convection ( NUL)

Nu, =0.54x(Ra, )**

05

ONu, _ |( 6Ra,
Nu, Ra,

® Heat transfer coefficient of natural

Nu, -k
hCOﬂVEC L
8hconvec = 8Nl'1L + 8I"C ’
hconvec LC
8 gomec (0.01 197 + 0.00001
Negruec 0.02633

2
} = 0.0149 or 1.49%

convection ( hcom,ec)

0.5

()

112

(®5)

0.5
oPr )
Pr

0.001

]2 +(Oé‘;5j2 +(0.01414)’ +(

1.593

;

+(0.0002
0.7069

il



oh
— — 0.020545 or 2.0545%

convec

® Heat loss from convection (Ugynec)

113

qconvec =h convec (TW 'Tsurr) (28)
2 _ 2 o 5705

chonvec — 81'lconvec STW 6Tsurr

= +| — +| —

q convec h convec TW Tsurr

Mesmes = | (0,020545)" +£ 0.02 ) +(O'O5j

qconvec 29.5175 25

L 0.020653

- =0. or 2.0653%

qconvec

® Heat transfer coefficient (h)
qi u _q _q vev
h: np t_ rad conve (7]9)

TW '-T_aw

05

[/« 2 V2 . 2 — 2 ;=
@ = S'qi"PUt + ( 6'qrad ] + ( Sflconvec J + ( SIW j + ( S_TaW
h q input q rad q convec TW TﬁW
oh _1 (0.01470) +(0.01088)" +(0.020653)" + - -0
h 29.5175
oh

" = 0.027603 or 2.7603%

® Nusselt number ( Nu)

GEGE

w

oNu_| (8h

h

3D
D

5k,
k

J

0.01

w

0.001

|
I

0.02
29.0007

Il

(¥10)

05

Nu=—
2
{(0.027603)2 +( j +[
9.5
ONu

k
— — =0.027671 or 2.7671%
Nu

0.616

T



To find the Reynolds number of water (Re,)

® Average velocity of water jet in flow in pipe (v,,)

v, =
A

vy _

jet

a,) 1D

|

Q. _4Q,

B nD?

0.5

ov,,
V_ = 0.0035 or 0.35%

w

[

0.5
o.osj2 J{o.mjz
9 9.5

® Reynolds number of water (Re,,)

Rew = pWVWD
Hy
B 2 2
SRe,, (Bpwj +(6VWJ +(
Rew pW VW
6Re,, _ I
Re,,
oRe,,
Re = 0.012288 or 1.2288%

w

To find the volumetric fraction ()

® Volumetric fraction (B)

B:

B

b _
B
B _
B
B

- Qa.
Q. +Qu,

2]
Q.

0.025 or 2.5%

. [8'_(.261}2 0.5
Q,
(0.33 )Z +(o.(izs

T

oD
D

)

Oty
Hw

]2 05

2 2
( 0.6 j+(o.0035)2+(_0'01) +(
997.009 9.5

10

855

T
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STUDY OF FLOW AND HEAT TRANSFER CHARACTERISTICS OF AIR BUBBLES
WITH WATER IMPINGING JET
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Abstract

This research investigated the effect of air bubbles with water impinging
jet on heat transfer enhancement. The Reynolds number of water is fixed at
2.4x10%, the volumetric fraction is also determined at 0.0 and 0.1, and the
nozzle to impingement plate distances are 2D, 4D, 6D, 8D and 10D,
respectively. The flow visualization of impinging jet flow to study bubble
behavior is taken by high speed camera and heat transfer on impingement
plate is also inspected by an infrared thermal imaging camera. The result
shows that at the volumetric fraction of 0.1 for nozzle to impingement plate
distances is 2D, 4D, 6D, 8D and 10D, respectively, the flow visualization
has a bubby flow and it affects to increase average Nusselt number on
impingement plate which are 27.27%, 1.98%, 24.37%, 3.84% and 8.10%,
respectively, when compared for water jet.
Keywords: Air bubbles, Water impinging jet, Heat transfer enhancement
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Abstract

This research investigated the effect of adding air flow mixed with water jet flow for heat transfer
enhancement of water impinging jet on flat plate. Before the air flow is mixed with the water flow to produce
two-phase flow in the jet stream, the water flow rate is fixed at 9 L/min or presented in term Reynold number
of water (Rey,) is 24,000, the air flow rate is varied or presented in term volumetric fraction ( £) from 0.0 to 0.7,
the nozzle to impingement plate distances at 8D, and diameter of jet is D=9.5 mm. The flow visualization of
impinging jet to study air mixed water jet behavior is taken by high-speed camera and heat transfer on
impingement plate is also inspected by an infrared thermal imaging camera. The result shows that the
volumetric fraction at 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 have an effect to increase the average Nusselt number that
is 3.77%, 8.81%, 9.53%, 40.42%, 36.88% and 8.08%, respectively, when compared with water jet case. Although
the increase of volumetric fraction affects to enhance heat transfer, the volumetric fraction at 0.7 has an effect
to decrease the average Nusselt number that is 11.90%, when compared with water jet case.

Keywords: Two-phase flow, Water impinging jet, Heat transfer
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measurement was studied using an infrared thermal imaging camera. The flow
behavior of bubbly jet was observed by a high-speed camera. The result showed that
the heat transfer of the bubbly jet for all cases were higher than the water jet case.
The average Nusselt number on surface was continuously increased for increasing
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1. Introduction

Jet impingement is widely used in cooling system about thermal equipment or industrial process
that operate high temperature because it has high cooling capability in impingement region [1] and
it is a rapid cooling system [2]. For example, it has been used for microelectronic components that
are operated on extreme temperature condition [3-5], and quenching of steel plates during the
manufacturing process that needs to control temperature on materials [6-8]. In the field of electronic
cooling, air impinging has been contributed to high heat flux device. Umair et al., [9] studied the
effect of pulsating impinging jet on pin fin surface for heat transfer enhancement. They proposed the
correlation for predicting heat transfer from pin fin surface to pulsing jet. Siddique et al., [10] also
investigated for air impinging jet with consideration to the effect of wall thickness. The uniformity of
Nusselt number distribution was studied for different wall target thickness. It was found that
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impinging air jet cooling becomes more uniform when increasing the target thickness. Due to the
development of high heat flux in electronic devices, several researchers have investigated the heat
transfer of impinging jet with liquid phase because it can enhance heat transfer rates larger than air
or gas phase.

Liquid jet impingement is continuously investigated for heat transfer process due to the high
performance of cooling. Commonly, the liquid impinging jet can be divided into 2 types: Free-surface
jet and submerged jet as shown in Figure 1 which have a different flow structure. The free-surface
impinging jet develops from free jet region to decaying jet region which has no effect shearing
between jet flow and surrounding fluid. It causes the velocity of jet flow has almost uniform along a
radial direction. The submerged impinging jet develops from free jet region to decaying jet region
which has the shearing effect between jet flow and surrounding fluid. It appears shear layer around
the jet flow. Therefore, the fluid around the jet flow is accelerated by momentum transfer to
surrounding affects to increase mass flow in the jet [11]. Both types of jet flow have impingement
region and wall jet region characteristics when its impact on the surface. The free-surface impinging
jet is revealed about a phenomenon that is called hydraulic jump, which cannot be found for the
submerged impinging. In the past, many researchers have observed for heat transfer characteristics
of liquid jet impingement. The important parameters consist of nozzle-to-impingement surface
distance (L), Reynolds number (Re), and Prandtl number (Pr). Lv et al., [12] studied heat transfer
characteristics of free-surface impinging jet that the effect on impingement distance (L/D) varied
from 2 to 5 and Reynolds number in range of 8,000-13,000. The result showed that the maximum
heat transfer coefficient was found at L/D = 4. Nakharintr et al., [13] studied the effect of jet diameter
on heat transfer characteristics for impinging jet in a mini-channel heat sink. They showed that the
average Nusselt number decreased as the jet diameter decreased because the smaller jet diameter
had a smaller stagnation region, which was an important area to high cooling rate on the
impingement surface. Sun et al.,, [14] studied the convection heat transfer rate for submerged
impinging jet. The Reynolds number of water jet was varied from 5,000 to 36,000, and jet
impingement distance was also varied from 1 to 20 of jet diameter. The result showed that the
Nusselt number at stagnation point increased when the Reynolds number of water jet increased.
Womac et al.,, [15] developed the correlation equations for heat transfer of free-surface and
submerged liquid impinging jet. Water and fluorocarbon liquid (FC-77) were used for working fluids
in both of impinging jet system. They showed that the average Nusselt number on surface for
fluorocarbon liquid jet was higher than the water jet.

[ “ / Nozzle
Free jet <‘

Hydraulic jum
Decaying jet Hlu Y Jump

Free jet <‘

Decaying jet

Shear layer

_________________________

Nozzle to plate distances
Nozzle to plate distances

. Stagnation zone . T
Wall-jet Wall-jet .
Wall-jet Stagnation zone Wall-jet
(a) Free-surface jet (b) Submerged jet

Fig. 1. Structure of jet impingement
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Improvement of jet impingement cooling system is still important for high heat flux application.
Two-phase jet impingement has been investigated recently to enhance heat transfer on the surface
which is improved than single-phase jet impingement. For example, nanofluid is widely used for
working fluid in impinging jet system. It is a mixture that is between the solid-phase and the liquid-
phase and it contributes to increasing the thermal conductivity of jet flow. Naphon et al., [16]
investigated the heat transfer of impinging jet for TiO, nanofluids in micro-channel heat sink. The
result showed that the convective heat transfer increased by 18.56% at 0.015% of volume
concentration nanofluid. It could decrease the average temperature of micro-channel heat sink that
was by 3.00% for 0.4% of nanofluids concentration when compared with single-phase liquid jet
impingement [17]. Barewar et al., [18] studied the heat transfer characteristics of impinging jet for
ZnO-water nanofluid. Reynolds number of jet was varied from 2,192 to 9,241 and the impingement
distance was varied from 2 to 7.5 of jet diameter. The concentration of nanofluid was also varied
0.02%, 0.04%, 0.06%, and 0.10% by volume. The experimental result showed that the maximum value
of heat transfer coefficient increased by 51%, 41.7%, 32.9%, and 14.1% for the concentration at
0.02%, 0.04%, 0.06%, and 0.10%, respectively. Sun et al., [19] studied the effect of cooling
performance of Cu-water nanofluid jet impingement, the volume concentration nanofluid was varied
between from 0.1% to 0.5%. The result showed that the convective heat transfer increased by using
Cu-water nanofluids jet for all the volume concentration. Lv et al., [20] studied the heat transfer
characteristics of nanofluids impinging jet by using Al,O3-water. The experimental result showed that
the convective heat transfer of Al,Os-water nanofluids jet increased by 1.17 to 1.64 times of using
water jet for the volume concentration nanofluid was varied between 0.5% to 2%. Although the
application of nanofluids contributes to enhancing heat transfer significantly. The main problem may
produce the deposition of nanoparticles on impingement plate, which leads to a decrease in heat
transfer rate [19].

Instead of applying nanofluid, few researchers have investigated the effect of adding air bubbles
into water jet impingement for heat transfer enhancement. Because the jet flow is disturbed by the
bubbles that lead to increase turbulence intensity on the impinging jet and some bubbles can disturb
the thermal boundary layer on the impingement surface. Choo and Kim [21] studied the effect of
adding air bubbles on heat transfer and flow characteristics of free-surface jet impingement for fixed
pumping power condition. The volumetric fraction of air was varied from 0< f# <0.9. The results
showed that the maximum value of Nusselt number was found for volumetric fraction at around £ =
0.2-0.3 which the flow in pipe nozzle was bubbly flow regime. Trainer et al., [22] studied the heat
transfer characteristic of air assistant water for free-surface jet impingement. The Reynolds number
of water was between 7,500<Re <15,000 and Reynolds number of air was between 0<Res<5,900.
The results showed that the local Nusselt number at stagnation point increased 2.6 times when
compared with the liquid phase only. Friedrich et al., [23] studied the effect of volumetric fraction
increment for heat transfer characteristics of air assistant water jet impingement. The results showed
that volumetric fraction in range of § = 0.1-0.8 can increase Nusselt number at stagnation point. But
the Nusselt number decrease around 8 = 0.8-0.9 due to the jet flow is largely in the phase of air.
Kneer et al., [24] compared the heat transfer rate for submerged and free-surface impinging jets. The
result showed that the heat transfer coefficient for submerged jet was higher than the case of free-
surface jet. However, the study was limited to a water impinging jet with no air addition.

The purpose of study is to investigate the effect of adding air on flow and heat transfer
characteristics of submerged impinging jet. The Reynolds number of water (Re() was fixed at 2.4x10*
and the impingement distance was also fixed at L = 2D. The volumetric fraction of air was varied at
= 0.0-0.7. The heat transfer on cooling surface was evaluated using a thermal infrared camera. The
flow structure of bubbly jet was also recorded with a high-speed camera.
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2. Methodology
2.1 Experimental Setup

The experimental model for submerged impinging jet is shown in Figure 2. The jet flow which
ejected from the pipe nozzle impinged to the flat surface that had constant heat flux for cooling. The
pipe nozzle has an inner diameter at D = 9.5 mm and 1,000 mm for length that was ensured fully
developed flow at nozzle exit. In this experiment, the distance between nozzle to impingement
surface was fixed at L = 2D.

Fluid jet

Water

Pipe nozzle
Fig. 2. Impinging jet model for experiment

The diagram of experiment setup is shown in Figure 3. The water was pumped from the reservoir
tank by centrifugal pump. And then the water flowed through the temperature control tank to
control the water temperature. In the meantime, the air was supplied by air compressor. The flow of
water and air were controlled with rotameters. A venturi tube was used as a two-phase mixer
between air and water. The temperature of air and water were measured by thermocouples before
entering the venturi tube. And then the air mixed water jet flow through the pipe nozzle to the test
section. The overflow from test section was connected to the reservoir tank. The water in reservoir
tank was cooled with cool water flow via cooling coil. The water temperature including room
temperature were also monitored through thermocouples. The temperatures via thermocouples
were recorded with data logger during the experiment.
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Fig. 3. Schematic diagram of experiment setup
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Figure 4 shows the detail of test section. The test section consists of water tank, pipe nozzle, and
impingement plate. The water tank was made of the clear glass plate for sidewall and acrylic plate
for the bottom wall. The size of the tank is 30 cm x 30 cm and 30 cm for height. There are 4 overflow
outlets on each sidewall. The pipe nozzle was made of clear acrylic pipe and inserted from the bottom
wall of the tank and fixed with a nozzle adapter. The impingement surface was made of stainless foil
SUS304 (100 mm x 100 mm and 0.03 mm in thickness) attached on the acrylic plate window with two
copper bus bars as shown in Figure 4. Acrylic box was set on the backside of impingement plate for
temperature measurement on the rear side of stainless foil using a thermal infrared camera.

Acrylic box

Copper
bus bars
Outflow b 4 Outflow
= ' Stainless foil for

Y impinging jet area
/
A il 5 —=
k= b 3M / 1
f \ sticker | i |
i L area 1
Stainls 100
Stainless _4-1 a;:iless i Glass plate L i ! mm
steel stud e E T
Pipe ~|!Di| Fluid jet el 3
nozzle
* —+{100 mm|+—

| | \
Brass = = Acrylic plate
adapter

Rubber gasket

Fluid jet impingement side

t Inflow

Fig. 4. Detail of test section
2.2 Experimental Conditions and Parameters
Experimental parameters are shown in Table 1. The temperature of water flow rate was

controlled at 28+0.1 °C, before it was mixed with the air flow rate. The room temperature was
controlled at 2540.5 °C. The temperature of air flow was same as water.

Table 1

Experimental parameters

Parameters and symbol Values
Reynolds number of water, ReL 2.4x10%
Volumetric fraction, 8 0.0< f <0.7
Diameter of jet, D 9.5mm
Nozzle to impingement plate distance, L 2D

In this study, the flow rate of water jet was fixed at 9 LPM which is corresponded to Reynolds
number at 2.4x10% The Reynolds number is calculated from Eq. (1).

Re, = 272 (1)

UL

where, y; is the dynamic viscosity of water. p; is density of water. V' is the average velocity for water
jet. The flow rate of air was varied and correspond to the volumetric fraction as shown in Table 2.
And it is calculated from Eq. (2).
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Qg
— %G 2
B QLtQ¢ (2)
where the water flow rate, Q; was taken as 9 LPM and the air flow rate, Q; were taken as 0 to 21
LPM. Volumetric fraction was varied from 0.0 to 0.7 by increments of 0.1. This parameter was
important for two-phase flow that affect to flow regime of jet flow.

Table 2

The volumetric fraction of jet flow

B Q, (LPM) Qc (LPM)
0.0 9 0
0.1 9 1
0.2 9 2.25
0.3 9 3.86
0.4 9 6
0.5 9 9
0.6 9 135
0.7 9 21

2.3 Flow Visualization and Heat Transfer Measurement
Experimental setup for flow visualization is shown in Figure 5. the pipe nozzle and water tank wall

were made of a clear material. The high-speed camera was used to record the water-air flow in pipe
nozzle and water-air jet flow from nozzle to impingement plate.

Outflow ¥ Qutflow
= =)

High-speed w - |\'J1 5 i 'ﬂ'|
camera t
Fom-mm——-- - L
1 / . —
1 \Di
1 —
1
| Light source
[ ] | |

| ‘

High-speed Q“-
N\

camera

/

=

Light source Ll

Inflow

Fig. 5. Experimental setup for flow visualization

Experimental setup for heat transfer measurement is shown in Figure 6. The infrared thermal
imaging camera was used to measured temperature distribution on the rear side of the stainless foil.
The measured surface was painted with black spray had emissivity at 0.95. The stainless foil was then
heated by constant heat flux condition with electrical current from DC power supply via the copper
bus bars. The heat was generated by resistance of stainless foil with Joule effect. The digital power
meter was used to measure voltage drop and current through the copper bus bars.
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Fig. 6. Experimental setup for study of heat transfer measurement

For heat transfer calculation, input heat flux to stainless surface was

. v
Qinput = " (3)

The heat loss due to radiation and natural convection from rear side of the stainless foil to
surrounding were

Qraa = O-S(T\;; - Ts%zr) (4)
deconv = hC(TW - Tsur) (5)

And the net heat flux from the impingement surface to the jet flow was

Anet = Yinput — 9rad — 9conv

(6)
The heat transfer coefficient was calculated with

_ _ dmet
(Tw_Taw)

(7)

where I, V and A were current, voltage of electric power and area of heat transfer surface,
respectively. o was the Stefan-Boltzmann constant (5.67 x108 W/m2K*). £ was the emissivity of black
surface (0.95). T,, was the time average temperature on a surface with heat flux and T,,, was the
time average temperature on a surface without heat flux. These values were averaged from 500
images taken from the infrared camera every 1 image/second. This is due to the impingement of
bubbles in water jet flow affect to change of the temperature on the surface. Ty, was the average
room temperature during the experiment which was recorded by the data logger and h, was the
heat transfer coefficient for natural convection for heated horizontal plate.
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Finally, the Nusselt number was calculated from
Nu=— (8)

where k was the conductivity of the water.

3. Results
3.1 The Flow Visualization for In Pipe Nozzle and Impinging Jet

Figure 7 shows the flow visualization results in the middle part of pipe nozzle at different
volumetric fractions. The high-speed camera was used to capture at 6400 fps. However, the
instantaneous flow pattern was shown in Figure 7. The air bubbles increase according to the increase
of the volumetric fractions. The results of flow patterns in pipe were divided into 3 cases. For case of
[ =0.1, it was in bubbly flow regime which having some small air bubbles distributed in flow pipe.
For case of 0.2< B <0.3, it was slug flow regime that the small air bubbles merge to larger a bubble
and the shape of air bubble like the bullet shape. For case of 0.4< 8 <0.7, it was in annular flow
regime that the slug bubbles merge together and the middle area of pipe was mostly covered by gas
phase. the liquid phase with small air bubbles was on the pipe wall.

5

j" %
‘.- h ‘.; jx

B =01 B =02 B =03 B =04 B =05 B =06
Fig. 7. Flow visualization in pipe nozzle at different volumetric fractions

Figure 8 shows the flow visualization of impinging jet for different volumetric fractions. Each case
shows the instantaneous flow at 3 timings: t, t+75 ms and t+150 ms. Results of flow patterns of
impinging jet can be divided into 4 patterns. For case of f = 0.1, the jet flow was similar to the bubbly
regime in pipe nozzle and impinged on the impingement surface.

For case of § = 0.2 and 0.3, the bubble in jet flow was like bullet shape. The air bubble interacted
with the surrounding of water and the cloud of bubbles changed to mushroom shape. This cloud of
bubbles impinged on the surface cover a large area in impingement region. This can promote the
heat transfer than case of § = 0.1.

For case of § = 0.4 and 0.5, the bubble cloud appears near the pipe nozzle and moved to impinge
on the surface. The mushroom shape of the bubble cloud becomes larger with the increase of
volumetric fraction. The cloud of bubble covers a large area on impingement surface. This trend is
the same for case of f = 0.6 and 0.7. However, the bubble cloud expands from the nozzle exit to the
impingement surface.
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Fig. 8. Flow visualization of impinging jet at different volumetric fractions
3.2 Heat Transfer Characteristics

Figure 9 shows the contour of time-average Nusselt number distribution. The volumetric fractions
were varied from 0.0 to 0.7 at nozzle to impingement plate distances of L = 2D and Reynolds number
of water of Re. = 2.4x10% For case of 8 = 0.0, the local Nusselt number is lowest when compared to
the other cases. When adding the airflow into the water jet flow, the local Nusselt number in
impingement region and wall jet region increase significantly. Particularly, the case of f = 0.2 gives
the maximum Nusselt number in impingement region. This is due to the mushroom shape of cloud
bubbles impinged on the surface. And the air bubbles disturb the thermal boundary on impingement
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surface. However, the Nusselt number tends to decrease when the increase of volumetric fraction is
more than 0.2. This is due to the large cloud bubbles impact the surface.

Nusselt number

250 300 350

r/D ‘ r/D ' . r/D . . r/D

Fig. 9. Contour of time-average Nusselt number distribution at different volumetric fractions for L =
2D and Re. = 24,000

Figure 10 shows local Nusselt number distribution along r-axis at different volumetric fractions.
The Nusselt number becomes maximum at the r/D = 0 and decreases gradually as going far from the
downstream. It is cleared that the air bubbles can promote the heat transfer overall the impingement
surface. The volumetric fraction has an effect on the heat transfer enhancement. The volumetric
fraction, 8 = 0.2 gives the maximum Nusselt number.

To compare the heat transfer enhancement, the average Nusselt number in area of -3D<r<3D
was compared between impinging bubbly jet (Nu) and impinging jet for case of 8 = 0.0 (Nu,) as
average Nusselt number ratio (Nu/Nu,) shown in Table 3. It was found that case of 8 = 0.2 gives the
maximum heat transfer enhancement about 33%. The other cases of volumetric fraction give the
heat transfer enhancement in range of 15%-28%.
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Fig. 10. Local Nusselt number distribution along r-axis at different
volumetric fractions

Table 3
Average Nusselt number ratio between bubbly jet and
water jet (§ = 0.0)

Volumetric fraction, 8 Nu/Nu,
0.1 1.24
0.2 1.33
0.3 1.28
0.4 1.27
0.5 1.25
0.6 1.19
0.7 1.15

4. Conclusions

In the present, this research for the heat transfer enhancement and flow visualization of bubbly

jet impingement were investigated under fixed Reynolds number of water (Re. = 2.4x10%) and nozzle
to impingement plate distance (L = 2D), the volumetric fraction was varied from 0.0 to 0.7. It can be
summarized as follow:

Heat transfer enhancement by adding air into water impinging jet for all volumetric fractions
are higher than a case of pure water impinging jet.

For f = 0.1 to 0.2, it was found that the average Nusselt number is continuously increased
and volumetric fraction at f = 0.2 gives the maximum average Nusselt number about 33%.
The jet flow pattern forms the cloud bubble with a mushroom shape that is interacted with
the surrounding water. It presents proper air quantity that occurs to disturb the thermal
boundary layer on the impingement surface and increases turbulence intensity on jet flow.
For f =0.2 to 0.7, it was found that the average Nusselt number is continuously decreased.
The jet flow pattern is also found that the cloud bubble with mushroom shape that rapidly
expanded when the volumetric fraction increases. It leads to the cloud of bubble covers a
large region on the impingement surface which decreases the heat transfer.
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