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ABSTRACT

The aim of this research is to study flow and heat transfer
characteristics on the surface of impinging jet with installing an expansion pipe drilled
entrainment holes and the sleeve pipe at the nozzle exit. In the investigation, the
internal diameter of main pipe nozzle was d=17.2 mm. In the case of expansion pipe
installation with drilling entrainment holes, the internal diameter and the length of
expansion pipe were D=4d and L=2d, respectively. The number of entrainment holes
was 4, 6 and 8. The jet-to-plate distance was H=4d, 6d and 8d. The jet Reynolds
number was fixed at Re=20,000. In the case of sleeve pipe installation, the internal
diameter and the length of expansion pipe were varied in the rage of D=2d, 3.3d, 4d,
6d, 8d and L=2d, 4d, 6d, respectively. The jet-to-plate distance were varied at H=4d,
6d, 8d, 10d and 12d. The jet Reynolds number was also varied at Re=10,000, 15,000,
20,000, 25,000 and 30,000. In addition, the impinging jet from conventional pipe
(without installing an expansion pipe drilled entrainment holes and the sleeve pipe)
was also investigated to compare the results with the both cases. The flow
characteristics of impinging jet were investigated using computational fluid dynamics
(ANSYS version 13.0, Fluent). The heat transfer characteristics on the impinged
surface were studied by measuring temperature distributions using infrared camera. In
addition, the velocity distributions of jet were investigated by using hot-wire
anemometry.

The results show that, in the case of impinging jet from expansion
pipe installation with 4 entrainment holes and without entrainment hole, the heat
transfer characteristics were quite similar to the case of conventional pipe. The
increasing of number of entrainment holes as 6 and 8 holes wasn’t effect on
enhancement heat transfer on the impinged surface. The flow characteristics of
impinging jet from pipe with expansion pipe installation drilled entrainment holes
was found that at jet-to-plate distance H=4d, the entrainment of ambient air mixing
with the jet flow within expansion pipe was increased. However, the increase of jet-

to-plate distance, H=6d and 8d, it was found that the spent air returned into the
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expansion pipe and then mixed with the jet flow.

For the case of installing the sleeve pipe, the inner diameter of sleeve
pipe D=2d, 3.3d and 4d at jet-to-plate distance H=4d and 6d, it was found that the
entrainment of surrounding air into the sleeve pipe was increased. It cases to
increase axial jet velocity and heat transfer rate on the impingement surface.
However, the increase of jet-to-plate distance H=8d, 10d and 12d, a part of spent air
returned into the expansion pipe. It cases to decrease axial jet velocity and heat
transfer rate on the impingement surface. Particularly, at the inner diameter and the
length of sleeve pipe D=4d and L=2d, respectively, and the jet-to-plate distance
H=4d, the average Nusselt number on the impingement surface was the largest by
getting to be higher 25.42% than the case of conventional pipe.

The comparison of the both cases was found that the average Nusselt
number of the impinging jet from sleeve pipe installation was higher than the case
the expansion pipe installation because the sleeve pipe installation at jet exit can
more enhance the entrainment of surrounding fluid into the jet flow within sleeve

pipe. It cases to increase axial jet velocity
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ﬁﬂuauﬁagamaaﬂawmﬁaﬁﬁwum

Yawgariduues (Nusselt number)
fﬁﬂ%aﬁiﬁuua%ﬁQQﬂa8QWﬂﬂﬂiWﬁﬂ?ﬂmgauuUUﬁﬁiuﬂﬁa
Tadavidiuesedeuuiiuineemaruden
AINUAUADA (Static pressure)

WWauAtLUes (Prandtl number)
HNIINITAAAINLTDUIINUNAITIY (Power supply)
9RTINTAYFIAUTOUIINAITNIAIILTDULAENITUKTIE
BRIINTFYLFIAIIUTOUIINNTNIAIUTDULUUTITUYA
9RIINTANAYANUTOUIINATUHTIEAIU T
SrUEAULLISATvowialdn (Radius)

\sgatiuiues (Rayleigh number)

59 uantiuiues (Reynolds number)
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dyanwalAnga ()
S fo svezanUinmseenieneneutihdindsiuiave
T; fio gampifiuinmaseniiy
T, Ao auuiingluiewmaaes
T Ao guugllanizgauuiuindemenufoudifimssendndanuion
Ton  PB vaqﬁlawwz@muuﬁﬂﬂadwawwnwu%auﬂiﬂﬁﬂ15éwaWéh%ﬂuwu
Sou
. D qquﬁhaﬁauuﬁﬁﬁaﬁﬁnwadwaWéh%wawm%au
Tu fo svsuaudiutau (Turbulence intensity)
U U, #eo dwilsznevvesmuisieds
U, Ao AuEudeu (Shear velocity)
\Y; o wssrulnihdiTnanurimeuasiive
V, o mnudaiiingu a vaileq
V, Ao AUEI9INIAIINUINMISERNYIDLEN
Vj k) ﬂa11n%ua§8ﬁﬂuéﬂawqﬂﬂﬂquaaﬂmaaﬁaL%w
V o anuduade o dumidles
\A fo anudifidsuulas o nailas
Vins o anusmessnidsaeade
W, AD  AUNINVDILNUALAULAE
XY.Z @e fifnveswnusnedalunisnaaes (Coordinates)
y Ao srEEientuTanis
y" Ao FuUsliNRvesssezvinatudanida (Dimensionless wall distance)
dryanwalfage
a AD  AINITUNIANSEU (Thermal diffusivity)
B o duUszansnisvenefimunuseudaiung
c AD  AINTITUNSIEANTEU (Emissivity)
v A9 AIANNREAALLLLEAN (Kinematic viscosity)
p Ao ANUUUILULLYBIDINA (Density)
o fo  ensiivesaRmiuwazluatuuy (Stefan and boltzmann)
oy Ao easfienuiutureswmawrituiuesdnsundsnuaatiuliu
c, Ao masirnuduthureunauiiuuesamiusasinmsaansany
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mmwﬁmé’mgsaﬁmaqmmﬁ (Dynamic viscosity)
aunsaumianuutulou (Turbulent viscosity)
AULAUROUUUNTIY (Wall shear stress)
9M3INNERIFLRNTE (specific dissipation rate)

NISNIAUTOULUUSTINYIA (Natural convection)
ANUENIANYZLaNIE (Characteristic length) Yo
A1vBITaLA o LIalae

W39 Uet)

w&aruaatiudau (Turbulent Kinetic Energy)
gegAvIaNInNan (Maximum)
NsgeyLdeuuwsuanuGE (Heat loss)
Asnidsaeaads (Root mean squared)
AUAU (Pressure)

AMEaNAleaU (Surrounding)

WhuaLmULaa (Stainless foil)

arutiudau (Turbulent)

1381 (Time)

M1t (Wall)

wilsdin1sanenangauseu (Wall heat flux)
wilsladnisanendngainusou (Wall no heat flux)
AULAULROU (Shear stress)
9R3INTEAALANTY (specific dissipation rate)
538U (infinity)

Aadevestoya

AUsl3aR (Dimensionless)

danmadsuudas i nanlag YosUaya (Fluctuation)
§nsmsiasundas (Rate)

(19)

e

kg/m.s
ke/m.s
N/m”
1/s



(20)
FIENTHANUNANUWLALUTEYUIVINTT

(1) #as1wN1sUsEYUIYINT (Conference paper)
algns uidymes, dnes wmgd, Mans naaglnaa uaz ven dunadn 2557
Snwagmislvauaznsmewanudeuvuiiuivesdnsruainvevenenindaiiinigaies
willenhonia naUssginmaeietienduuwisUssmelne el 10, 4-6 Squieu
2557, 1. A@IUANUASUNT FIWIAEIVAT

(2) unAUIYBINTT Journal paper)
Kaewchoothong, N., Wae-hayee, M., Vessakosol, P., Niyomvas B. and
Nuntadusit, C., (2014), “Flow and Heat Transfer Characteristics of Impinging Jet from
Expansion Pipe Nozzle with Air Entrainment Holes”, Advanced Materials Research,
Vol. 932-931, pp. 1213-1217. (The 5th KKU International Engineering Conference 2014
(KKU-IENC 2014), March 27-29, Khon Kaen, Thailand)

(3) AnSUns (Patent)
algns uidmes, dinens waived war vgn dunade, szuulvanueuvse
ssuneASeuLULRade S nvetlnasnidauuuviodaUaen, avstasive (Thai patent),
(Masduae)



1. umin
1.1 avanduun
N a a ! 1% & ad = o ! o
NIINNUITZENTAINAITON8INAINTDULTUIDUUINANTavI8UTENEA
wdsnuld Ineanizlunszuiunisiiinisuanidsunnusoudiunfeiteas wu n1slinig
§9U (Heating) n1358U18ALTU (Cooling)  MISVINLALASULNURY (Drying  surface) 4
nszurunsaulngazldndnnisarsmannuieunuuniswianuieu agelsiniu n1siiy
ANNEsatuNsanemauseutudRued fuiuniindudaiuvesiva dnunfwindma
sonsanewmanuSeulaiudy Wy nsinfagaszueruSeuvetgUnsaididnnsedng
NT¥UIUAITERAIMNTTUREITRsAUNSuAduTeu diulugdinTes
wanwdsuaufewduesdusznay Wi anamnssuundy wnssawanilisunuieuasgnld
dmSunisiivamgivesiniufiu dwiuddsuaniizvesleesnunanuenaulinidu
Yaunad kazdwSunisangungiivesindiunieing luiiusudediuiu anamnssude
gnamnssuduledunsnei wazdue Aldindemanidsuauioudmsuiinonumngl an
gaunQil MsevyuIguAuTeuINvestranduinldlul fveRfe a1unsaiuNITEI8IAIY
Fou nsdauauSoulan
lagyalumnseenisiiugnsnisniaudow auisavinlaaesishe 35013
WiniuwaniUasuauiou ilalaemsiiindiuiandudaiuvetiva wu n1sfinasu (Fin)
L a a v Y a " & aaday o4 oA & A v
vuiiuikanasuauiou dwandusun 1 uwisgalsiany FBUiTedeRe dudesian
s 1 P 9 aa g | a & a =
gunsaifivunalug wazddmdnuin mnnsandunisivalugemislafaziinnisagyde
anuauluszuu Wesndasuazidudidiunisiva ilideaiiuidwesdunioinanly

v =
seuulAuINTuY

Liquid flow

Plate fin

JUT 1 uanin1sinATu (Fin) asuuiuruaniudeuninuseu [1]
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FBswuaduUsgansnisniauieu lunsaiivedlvaluaiuinuianegis
full anunila (Viscosity) vasluaaziinavilimianisivdsunlasninuisiednsmeiiiodae
USUNINAAUNURIAZTAULEIAT LaLTSILULINI9INTiLRN AN ve el naa LA
AUAIAU AUDIUSURTAMUS@END  aziSenduNinisiudsunuainnuiitin “du
YOULA” (Boundary layer) fauandlugudl 2 mewsiianglutuveunvedrasziniiugy
° = ° v o a a v T a = )
A1 WunavintintglutursuniniswaniUasuadinusaulatid wWssuiaiounielutu
YUl JuaUIUAILSIU TINSIRLANFUUSEANSAISWIAINS DU ausainlalaenisan
ANMUNUIVBITUVBULYA Tasn1suiiuauslinuvesina wiadralsAniy ann1sida iy
ANSveediasziianaldeniaiuuife daaiuridwestunseneanliduseuy  vinla
ALY NN

Nominal Limit of V =099V, ~ V..

VOO Transition Boundary Layer
- . p—
Region (short) N\
| Turbulent L o)
— |y
SALLSS IILLLITY, I ILITS .
)r Wall

Leading Edge

Viscous  Buffer Graph of Velocity u

Point Sublayer  Zone against distance y from

X surface at point x

o & & o
E‘U‘VI 2 LEATUTRULIANIS IAAUUNURD

ASHLELUSEANTNNSNIALS U @111509NLADNIDAD N1SYINa18TUVBULIRM

£
= 1

Antuserinsveslnaduiuiy Mmenisingunsalasieenudulin (Turbulator) 19w N3
AnRanguvesiiu (Pin) N15AnRINGNYeIRTU (Rib) vuiuiuanildsuauiou dwuandlugy

=b.

] =

] 2 ada A o 1 £ 1 v X a v

1 3 FoUuBNaTaMNSRsIMIBmANTauTEnIadlaiuiuialg WWeswinnisivg
iAnnsvianyuIulonugunsalaseanuduliu vinlituveuwanisivagnyinate ue
agalsfinnu FBasnandnludesiiladinsgademnuiuiiniu
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(n) @519pnuduruseiy (Pin)

Stream-wise

Y direction

Vertical Rib

Heat transfer

direction surface

> N

Horizontal

base-plate

S T . Span-wise
Air flow X
direction

(@) a&9mnututaugeasu (Rib)

5UN 3 uansinwaznisinarugunsalasiemnudulau (Turbulator)



mﬂ%ﬁwmaqwavjwuﬁuﬁa (Impinging jet) 1Judnisuilsitldvedlvaain
¥idn (Nozzle) fifinnuiirganinvesivaluudinuseuy luam%uuuﬁuﬁaLLamU?ﬂlaumm
Youlnonss danandusuil 4 3dsnannlagninldedrsunsvarsluningnaivnssy
desnifuiEdlisannisdemarudouuuiuinfgs Tasonsuinuidnrlaeese
wnzdnsuldlunsruiunmsidesnislimnudouniesrueanudeuiuusiaiiuuituig
Snvadafigauduieliidnsinisdemanuiouginiisiug Wesushnmslvavesedluai
Ty Seaunsarrsdszndandenuvosduniennanld dalasiadrsvoninilnase
Aadnwmurn1sdisnaufouvuiuinduedimin dmfulassairsvoningssy
Usznausesasoluil

USIaULANDasE (Free jet region) Ao é’waﬂwaﬁﬁmmL%m'qaaﬂmﬂﬁaﬁmj
voslnadiegseus nefiudnaununansweainaziinnuiigean warauiivesinazanas
agesailotlunannusaivewmiignin lassadwenindassanusouvsoandu 3 diu
fio Ushalniuduanes (Potential core zone) WuusnadiinEueenainidn Jaus
voadinasiifeunintuauifiuinnisesnvesidn viwndiinisesnainiidn leaan
wsanilniiinanaasisesnnuidiseninadntuvesivaiivgadaegseuy vilsusnadi
Yosusnalnmudsanosveuindvuainas uarvedlwausuuseus) Wngnaalviiaus,
ity uthdaveudndivensfinirstuniusserivasainuinnisesn vinaiiinns
Wasuwdasenusilunthdndnanuinalnmudsaresauissnuivedmangaisediu
fiSen “mwwuwaq%ulﬁau (Shear layer)” Sesanuinmseeniiin mﬁwuwaa%’ju
Beuanifinty waruinalnnuivanesezanas diuiidesie vhanisinardaiaund
(Developing  zone) Jurrsiivsnalnmudvanesnualy fnnsiUasuuaweininud
neludndn lngausinielugiinazrse g anas wazviin1sveneiveamindninly
wnUSAT AALLUsUSIY (Turbulent intensity) Tiunuwatin ediAnfisanniulugad
wazduiianude vinamslwawmundusiud (Fully developed zone) uudnmseain
Uinanslvaidsimundvesdnindifimavasundasanudinegludiinedaanysalud
warluvinadluuusiuressiinziananieesninaniauniy

U3andvristu (Impingement region) fle U3miliinaerisruiiuiilasnss
AoudvsruiiufitnrniveainigBuanas uardianududugusiisumisagudnais
voudvijsvu viouinamyails (Stagnation point) vuituin wdsnduineglnauunili
gnYusOUUI MY ail msﬂ,uu‘%nmﬁ%tﬁmmmLi'qsuawaﬂwaiaw%nmuqmﬁwumﬁq
losannsdsuiiemenisivavesdvneiuiundainnisu

UShandvmids (Wall jet region) Ao nsluaseus uiamenils vus
MaNTINav Tusdnadanudvenivvedlvaszisuanas uasduveuwn (boundary
layer) nMsiviauuntlsazAoye) vacy



Jet flow
1
/]
\IR
N
N ! [/
N Y
N | D
N | [
Potential core N ! A Free jet region
" ! I
Ambient air I' ‘\ ! ,/ \ Ambient air
,'I b \\ Stagnation point_ ===~
1 ==
N L. \ =
— 7 | N — 7 -
Wall jet region Impingement region Wall jet region

U 4 uansiEmstemanufeunuiuiidodnsy

{]awumumqmmmﬂsiummummﬂaqmsmmmmmmiamamﬂm
arufouraainisruiiui 1wy nsssueanudoulugUnsniiinvsednd mssruisnia
Souluitavesiedossudufameslul uaznszurumsdalans 1wy fuandugud 5 1 0u
nsszvrsanieunieluluiaiaisssudufamesludlagldidnwseu minaunsoudiu
ANNAINIsaNIsEEmANTeuTeLiIntaLad srausaandnsnisivaveuinle vinli
annsousendandsnuildluduvieinauld uenand  Swavilvinslvianufeuvidonis
szvreaTmouuuiuAnAnTINGITY  annanwenIzuIung waranuunasUnsallidn
a¢ mndin1swaunlrgunsalanuaiuseuiiuse@nsningearaiunsadigannuyunisly
wasulangan

n1smuaunsivaifiodfiuanuaiunsalunisdismanuieuseuiniy
Tagvhldudals 2 35 Busnfe msmuaunsinauuunszdu (Active control) WunsauAy
nstnalagodendinuainaeusniunismvaunsivavenin - wu nsldailnasng
wasudsdumnsedu Suandusui 6 videenaazldinsedu (Actuator) wuusineg T
vhamuedeulmaiunisivavendvlnduuuoduld Wy nsvuresndr maedeuiives
angu egslsfionn  qunsainnsedeulmvesgunsaidril ifeidede sudusesiinng
thyssnuiia wazdidedriaduanumuniu liawnsaldanuiiannzenmgiadld wu 1w
ey iy dudSiaesie msmugumsinawuulifidnsgdu (Passive control) 1unns
muaunslvauuuliondondanuanmeuen liflduiindeuln wiegligunsaiurseeisi
AnsaiterUAsunUasdnunznisinavesvediva wu nslduiudsluoleiiunislvansuoy
PaUILNUYBEN dauansluguil 7 vionsTHdniTunmseesnuuuniidalsinay (Non-
circular jet) fifedAe lifigunsalmuauidudou s1angn ansaldauldielugnamnssy



Leading edge  Suction side
Film cooling
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Dimpled

surface
Stator-rotor

seal
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R —— O
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7277772227777 Exposed wall

—

nozzle

JUN 6 Lanesinag 1IN IAIuANNIS lMakuuNIERU (Active control) [3]

Inner rod__|
N

Guide

vanes Jet pipe

Guide vanes

Impingement surface

JUN 7 uansieganisauaunisrawuulaidinisnseau (Passive control) (4]



1.2 "UmMuUnANNiedes

Ashforth-Frost uasansz [5] ladnwlassasansivaveadvainimdaiuy
@806 (Impinging slot jet) ﬁﬂamuﬁuﬁa ﬁmamﬁlugﬂﬁ 8 Tnevmsineusuade uas
syiunmdutau (Turbulence intensity, Tu) MuLLALALYBLEN wagnihdavesdn 7
Re=20,000 NNFANY LT MImemANuFeuvuiuitIzaonadasiuAmE) wagmw
Huthuveadniiield nanfelunsdiiszerarnuinmeeenueaindsiiufiafiinyey H=08
(o B Aomuntuveshidauuuadon) Suluszesiidulniudeanesvoaivsruiiui
wuin Hszduanututiugaiidnrasuuunieades waziiausingnisainisaiomain
ﬁ”auqaqﬂé’uﬁuﬁam (Secondary  peak) Ustaauniannuuwuiiafiveadn (wall  jet) fiszes
/B=7.5 FuAnanniaivdsuannisinauuurudsudunsivauuudutiuuuiiuin Tunsd
fisvozanunniseenueadviviiuinfidveru H=0.28  Hussesiivinnilniiudeanes
voadvuuaas vilvssduartutiuludiingdu uasdsudunsivauuutiuaudeud
naesruiiugia mimammm%fau%qaq@ﬁﬁwLmu'ﬁ@usjﬂmqﬁL%]‘Vlw'ﬁﬁuuwhﬁ?u GRNTRL
wifsmaniaiveandn liAeusnngnsaimstiemaradougeansusiuiaes

B
Confinement Plate ! Jet Exit
T

Potential Core

Stagnation Region x, U

Impingement Plate

UM 8 uandlassasnweninuuvadionildlunisvnassves Ashforth-Frost uazmme [5]

Gao uavany [6] IdAnyIdnwarnsmemaudouuuRuiaidvysy 7
Re=23,000 Inafnmaunuiu (tabs) anumasnfiurnmneeenEnanuLuy Gﬁ’mamﬂugﬂﬁ 9 lng
usiazuuuuAnasuTis iUty 6, 10, uag 16 uiu mwdy Tunmeassldususzes
nnyssenindsiuiindiineulviogluag H=2d-10d Taef d Aevuiavesduriy
gudnansvasialdn uenainil 1HUsusrerurasUmsuniutufeiiuiadulureaelin
(Protruding distance, P) Tregluts P=0.060-0.15d dmiuss wazsvazeszarinausiuiy

AMVUALANYINOU HANITNAABDINUIN NISHAGILEUNUINAYINIADASINITANEMAINUS DUUY
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BuresUaeusunuianuiaiuluvedvlunsdifisses P=0.15d lhdnsnsaemainuiouas
nifseey P=0.1d
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5UN 9 uansyanaaesaAnnin1sAndauHuAY (tabs) [6]

Colucci wag Viskanta [7] la@nwnavesanwazd1nn1eesnvasiannilng

Aon1saewmAuTauuNUEINANNagy Asdluadtiuuesedlugia 10,000<Re<50,000
@ = dy A A& 1 1 =

WAL ITEEINUINNIRENVAINDINURITLANNITUTUYIE 0.25<H/d<6.0  las@Anwinaved

anwazesIaLUUvaUAN (FUN10(N) uazeaiilawuuvauNu (FUN 10(%)) :nMsAnsmud
A ¢ = & a da ! 4‘ A v 1 & aa
M5z8¥NUINNN908NYRUINTINURNIINIYY Hid (T8 d Aewdusiurudnasveteasila)

Snwaglinnisesnvesesiilavsiinanenisiiemanuieuvuiiuinegiann lnsfeasia
LUUYRULUIEIRTIM e emeeuigenineeTiauuureuay Taslanzfiriseluadiu
W84 Re>30,000 wonaniisenud fsverarniinmssenvesindsiuiiivvissu (H/d)
i U‘%Lamﬁﬁmizhwmm%’augqqmuﬁuﬂaLﬁmsﬁuaaw%nm Imu%nmmmﬁwﬁuﬁqm
ﬂuéﬂmaﬁlﬁmjwu (r/d=0) LLaw'%nmﬁaaaLﬁmsﬁumuum%ﬂﬁﬁa@uﬂm 1<r/d<2 19310
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Computer and

Z ‘7
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5UN 10 Uansdnuaienn wagyannaeeued Colucc Uag Viskanta [7]

Ashforth-Frost wag Jambunathan [8] lAANEINANTENUINNANWULYD

v a

AR N15INAUSUNIS AV INNTRelATIAs19N15 a0 ANDATY WAYNITANUNAINY
% d’{j a d' 3 ] ::4' ¥ A Y A = 1
FouvuNuiNANWIvY 91 Re=22,500  Tunsneaedlddenldada 2 nsdife nsdiwuull
ARFINLNATUAIRA (JUN 11(D)) haznIULUUNAAMINLIAIUTIERA  (FUN 11(R)) 91ANaN1T
NAABINUIN NSARRINTIRuIAninavi TRuSulnwiudsanaso1InIkuullRnf N
FUMAAUTZUI 20% WayluUNIMNANWINITANEWAIUSDUVDWANUUNURINUI NISAAGA
NIAIUIAAYIN LD RSINISANEMANNS BUVUNURIanaY Wiatheunuwuulidnseadiniu

v A = & A & o w a [ A £y
NINA “ZNL‘Uu&lﬁﬁ]’]ﬂﬂ’ﬁ‘lﬂL?\]'VlQﬂﬁ]']ﬂﬂ‘UiL’]mﬂﬂﬂ%ﬁ%ﬁﬂﬁ]’m%ﬂﬂ“ﬁumu\‘i
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Impingement surface

(M) wuUlURRRINTIAIUIIRR

Impingement surface

(1) WUURARINTIN1UIIRN

Ul 11 wansdnwazsihdndlflunismaasswes Ashforth-Frost wag Jambunathan [8]



10

Goppert waranz [9] Mdnwinisinasuuliaadiveainainiaafifdnuaue
\Juvievenentida (Expansion pipe) 7 Re=25,000 é’QLLamﬂugﬂﬁ 12 Famslnavesinayd
anwazvyusausnuangluviodiuee agnidenindu  Processing  jet  Lfinan
Usingnisel Coanda  @adnazwenenilvadindunids uaziilefinisegseu Tudruveie
veovilrinadeunnyuindsimluvesiediuvenslum lunsmaasslaldsiiamus
wuuaIniou (Hot-wire velocity probe) dwsuinaruidande seduanuduln uas
Arwivasnisivanudt fanwanarguiwesiada fuadednuaznisiva lnsanizaud
voudn uenandl IHiansdemanufeuiuinfowieudisuiunsdvoninuuuviond 4
Twauuusiasiies wuin Processing jet Tlanunsaufiunsanemanudouuuiuialg oseni
mMsanfueIafiegseu snniAuly ilelieuiuidnuuusieund uazenaiinananuives
mslnaveadniinnuietesiiuly vilvddliaansaasumieuluiivanzasils

T TN Inlet flow
dl
Swirl —__
7 {
A
Reattachment
point \’ Recirculation
h [ NN Internal
d, f ﬂl ' precession
| Jet External

precession

P v a o [y 1% . . [y 0o @
JUN 12 uanan@admiuaing Processing jet wagdnuyaien1slvaIurasdiin
Tuviedruvenevinga [9]

Zhou wazay [10] lineaedlagliguiavesindanaieiuves  Goppert
wazanz Aauansluguil 13(n) lngldfnvmavesunanisesn d;=35 mm, 1.75 mm uay
0.8 mm (pefi dy/d;=10 way h/d,=20) Fsflvuradnasninnsdives Goppert wavmz [9]
wonanil ldvnasafiunsdiiiusuausandy 4 3 Uslazgiluwn d;=0.8 mm sanandly
gﬂﬁ 13(¥) ANHANSANYINUTN ﬁisazmﬂmﬂmﬂaaﬂL%wﬁaﬁuﬁaﬁﬁmﬁwu H/di=25 i
Annsaemeaadeugan lusasiinisanunnvemnatn d, ldaansatiefinnisiiem
arufouldidedisuiudnuuuvieund
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(n) ()

JUN 13 uansdnuaziandmiuasna Processing jet wuumadn 1§ uag 4 5 [10]

MD. Limaye uawane [11] IdAnuwnieafusasuiiuiifieAnunig
f1emAUSaUUUIIRY ﬁQLLamﬂugﬂﬁ 14 laeii2naasluume WU Gibbings (gﬂﬁ 14(n))
naaesilstluasiuiues Re=112,400, 144,400, 174,000, 199,000 Wwag 232,000 WAZWUU
Smith and Wang (Ul 14(w) naaesiisdluadifiues Re=108,000, 140,000, 171,000,
206,000 W@y 228,400 I@Bﬁ’ﬁmﬂzﬁaaﬂLL‘U‘UfILﬁuﬂhuﬂu%jﬂmﬂm&i]’]ﬂ‘VlN’e]EJﬂLVi’]ﬁJuﬁa
d=508  mm lunsmeassilaiinisindnsarnanuiusulutsasdennuduussennie
(Po/P.) WINAU 2.36, 3.04, 3.72, 4.4 uag 5.08 a1y fiszozannUinmseeniinaeiuiiog
Wy H/d=1, 2, 3, 4, 6, 8, 10, 12 uay 15 ﬁuﬂwﬁwuﬁﬁwLLﬁiuaLLmuLaaUN wavinin
AENadUNTIIA (Infrared Camera) INNTVAGDINUIT FIAALUU Gibbings nozzle i
srprarntinmsenindsiufiadidmisu Hd<d alisnsnstemanuieudniihin
WUU Smith and Wang nozzle usilunsndusudiszezanninmaseniindsiiufiafiinm
ULty H/d>6 FaBauuu Smith and Wang nozzle azldsnsinisanemnaudeudiania
¥A8ALUU Gibbings nozzle Tneamsausiuadadariadetameauawihaauuy Smith and
Wang nozzle 3g11nnnaauluu Gibbings nozzle Usenney 40% ?jqwzﬂ@;uﬂimué“mwéau
AL (Py/P..) nafe BeliAdnsndiuanuiugeazdamasienisiemauiougmieding
syurgausoulan
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12
8 - 10 -+
/ ) f//
4 B 4(—6 5 o
€ T [ E C g —
> — R A d
N N g T
e T
-8 T > 10 \_‘L
12 15
0 5 w15 20 25 30 35 40 45 0 5 10 15 20 25
X-mm X-Coordinate
(n) WAALuUU Gibbings (¥) ¥AALUU Smith and Wang

oC Impingement plate
o Needle valves

Orifice plate Air filter

[ ] IR Camera Nozzle
LKI alig

Traverse system

( E3—

Pressure

Manometer regulator
Air filter

Cdl?] Air compressor
1

— Air receiver

(A) gAnAaes M.D. Limaye uagmuy

sUN 14 Lansinvzvesindnuazyanaae M.D. Limaye Uavaug [11]

Martin uag Buchlin [12] léAnwdnuugnistiomaudouuuiuiafidvs
w1 lnefinsusuugmsaunnniesnvewinldndunuudu (Lobe) 3 uas 4 uan Aawandlugy
7l 15 Befiauannnstuiisansing nameaesfinisusussegiivinmsoondnieiuiafiin
WU H/d = 1, 3, 4, 5, 6, Wag 12 AUaay 7 Re=15,000 Tunsnmaesnuin fiszezainuin
ysoonidndsiuindiivsanu Hd<1 nsUfusmssinniseenvesiadmuuuuiv 3
wan Tanuansnsalumseemanufeuifiniinsduuuiu 4 uan uafiszezanntinnseon
Aviaiuiafidvrisnu H/d>7 msUiulsmssinmsesnvesviednidunuuiu 4 uan gl
ANaInsalumMsiema L FeuiiAninsdikuuIu 3 uan
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v @

Heated plate Nozzle lobes exit plane

IR Camera ] Stagnation chamber
‘ Nozzle jet

: /‘

i y Honeycomb Pressure
Processor regulator

Air supply

Heated plate detail

5UN 15 uansdnuazvaandaninisusulssuinniesnuuuiu (Lobes)
LAEYANAFBY Martin wag Buchlin [12]

nmsfuairnuidedreduiierdunnsléiinnavuiifinnguduugsdan
mseentdn lunmsssueanufounielvimudounuin snsnistemenuieuluuiind
Svmsrurudsuinamuuniafveainiugedy deodteutuinuuvliiuugedivn
MseenLin (Wwuviend) 1Wosannsududgaiiuinmsesniinagdieifiunssanseninees
Tnafieonanniivuazvedivaseus ¥ Milidniseduanudutau (Turbulence  intensity)
waznsnszareanuiludningaiedisuiudnuulsil sulssivinmesenidn §3dededl
wAEAefiazidnissuiiinnsuiulsinnsesnidn Tnsfndaevenenddindiingg
Wrgmierthenma uasiindaaenviomienionien Ss1ametielinisiiemanudou
Uu‘ﬁuﬁaqq warasianety iesandniamdenhonadiusanfussrinegdndiysoen
mﬂﬁaamLLawmimﬁasﬂmmammﬁﬂL?jmmm%u dssavilidannaniauazarmiuludia
iy
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1.3 Usslowiiitldsu

(1) lémsuiamansenuvesdudsiifinadongiingsunisiva dnvagnis
dewmanufeuvuiuifiivrary uaglduuamdumaiiunsiemanufouuuiiuin

(2) annsahdeyaildlusenuuussuuszunenimdou szuulvinnuieudiil
UszAnsnmgsld Tnenisifinanuanunsadioimanuiou wazanuaiLanevean1sanem
ArwouuLui 1wy Mssruisnnufeusilanglulssnugaamn gy nssrueauieu
vadluiaudamaslul nsszuisanudoulugadianvsetind nseenuuuidanauansiad
vidooonuuuisnfiusEansammnsiningdgs usy

2. 9QUILAIALATUIUIAYDNUITY
2.1 InqUseaeAraauivY
Lﬁaﬁﬂmma%agﬂﬁ'wviaﬁusnwﬂ’]ﬁmﬁﬁﬂmngmﬁmﬁ’]mmﬂ (Expansion
pipe) uavUaonviemileniionne (Sleeve  pipe) fiflionislva uaznsanemanuiouuy
i vy
2.2 YULIAYRIUITY
(1) Anwinsluavoadvainvienaunsruisainduiuia nsdifidnnsiulse
Unnnsesntinuuuvieveenihdniinisianmideniiennia wagnsdiinisuiuugain
ymasenidnuuuinsaaaniewienienna Weutudneuwuuiound
(2) Anwnsluavendniiansdluadduiues Re=20,000 AU
wuusieverntifaniinsiaggmiendiennia wazAnwidnssluadduvesvoanin
Re=10,000, 15,000, 20,000, 25,000 a 30,000 dwiuidnmisrunuufindaaonviowuieai

21N1¢

(3) Anwdnuaignising wagnsdemeaudeuvuiuinfiinwe Taeld
TUsunsuwIMmanaransvesvadlia ANSYS version 13.0 (Fluent)

(@) @Fnwinnslvalagnisianisnszatsannanis waznisnszareauiulou
A28 Hot-wire anemometer

(5) Anwdnuuznisdemenufeuvuiuifidnselagldndosdunlsn
(Infrared camera)
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3. JunauNTIAY
3.1 wuuaaslunismaaes
3.1.1 uwuinassinysvunuUviaveevthdaiisinisanzsmilenieine
gﬂﬁ 16(n)  waAMILUUTIADIUBAIVYITUIINTIBUNG LLangﬁ 16(0) weng
wuUansreuinissuanredniiiadaievereniidafiinisiarrgimieniieinia
(Expansion  pipe) lunsnaaesasivunrwinvesiodnasd d=17.2 mm dmdurievene
wihdadunuunidanauliamnsoiedeufinnuuuiunu Y wag Z Sadafuvieldvuuuund
(Conventional pipe) fvunadusmgudnaranielu D=4d AN L=2d LazruIngiiane
0.5d

Nozzle pipe

Impingement surface

(n) vialdnuuunid (Conventional pipe)

H .

— L=2d — S 7

Y Nozzle pipe 0.58d é
0.5d g o 2
S 4

_d 4 4

AR A - 4 L pad) o 7

5 [ B BN g

y, BNEE

: 2

/‘ e

1254  Airentrainment pipe  Expansion pipe Ié
Impingement surface é

(v) vieveeninfnniin1siategvilendneinie (Expansion pipe)

JUN 16 uanauuudnaeewinlananviend (n) wazanainvievenentiicm
niinsiegntleaiiennie (v)
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L=6d

‘Ummﬁuﬁ’m@uéﬂa’m (d=17.2 mm) Air entrainment holes L=4d

sUN 17 uansiovenentdafiinisiansmilenionnia muyuamige

3.1.2 quai’ﬂaawmL*fjvw!'wul,wuaﬂﬁ”’waanviamfimﬁqmmﬂ

5Ufl 18 uanswuuSRewenvrsrunidnuuuindaonviowieani
9117 (Sleeve  pipe) Wiowminiemadunuunihdanay annsaindeuiinuuuInny Y
ey Z %ﬂgﬂ%’ﬂ%ﬁaEqummwjﬁJmiJLmeu (2D Transverse controller) lun1svaaasazUsu
yuaLdusugudnangluveslasnyie D=2d, 3.3d, 4d, 6d wag 8d UazUiumINLIIVDN
Uaanvie L=2d, 4d way 6d suainu é’ummﬁugﬂﬁ 19 warhuUSeuisuiunsaiviodn
wuuUnd Tnefmunfitaunudedaniieutusunsdiivvievenemhdniidnisionzgmilen
91mA fauandlugud 16

§ H
f L S
| ! i
~—— :__-> _“_i—_?
R (_j__ __________ Y ____EL,——?
Jl'_'_'_'_'_‘_f‘:_'_"_' o=/ -D- T h

\
(Y
Vo
Vo
Vo
VL
EEEEE
o
U
v Vv
'
'
I
'
-
! 1
! 1
v v

Nozzle pipe

Sleeve pipe

AN A A

Impingement surface

UM 18 uanuuudnaeswesinnvieifnssUasnviemieaieinia
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V

D=2d
y

~— L=6d

YUIALFUEIUANENA d=17.2 mm

Uasnne (Sleeve pipe)

] ' <@ a | 1
E‘U‘VI 19 LEANINBLINLUUUNA LLﬁ%LLUUUﬁ@ﬂVI@mWN‘UU’]ﬂ@’N"]

3.2 fuusildlunsmaaes
Tumsanuiiseildsmunszuusnu (Coordinate system) WARRIN AILAA
Tuguil 20 Avuslviqaridaegiivinmseenvesieldnuuudn fauandlugudl 20(n) uas
(@) Tnelunu Z ffiendlumumslvasendn uasunu X woe v eglufiemassainduns

Ivauain

-

ozzle pipe /

Expansion pipe

(n) Wnvieveemidaninisiaegwileaineinie (Expansion pipe)

.......................

Nozzle pipe /

Sleeve pipe

(@) WnuuuinUasnyie (Sleeve pipe)

JUN 20 wansszuuiineanildlunisnaaes
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= = @ ' i A e Y
M1597 1 uanesgazdenvesminUsingg nldlunismaaes iiefnwanuue
nslvauaznisaemanudouveuinmsruniessentindniilinisniegmieatieinie
uazlUUAnfeUaenvie

= = v = P~
A19199 1 uansswazidenvesiillswatouleldlunisnaass

WVITEIINTIRveenTAnNTin591e 3wleaineIna (Expansion pipe)

Fgazun Reuly
undurugudnatinigluvesviedn (d) 17.2 mm
gaumngiiviv (T) 27°C
ynaduRugugnansluretievenevtdia (0)  4d
iwzmﬂﬂmmqaaﬂL%wﬁqﬁuﬂ’aﬁﬁwmw (H) 4d, 6d waz 8d
ANUEIViRvENTIEn (L) 2d
ﬁ?ﬂmugﬁmmwﬁmﬁwmmﬁ (N) 4, 6 waz 8
yuAduEUgUInasIesgiiae (dy) 0.5d
Ansdluadiiues (Re) 20,000

Wyasuwuufndslasnviamieaiieinie (Sleeve pipe)

s1eazdun Roulay
adusugudnatineluvewioldv (d) 17.2 mm
gamnfiin (T) 27°C
AU uaugnanngluveslasniie (D) 2d, 3.3d, 4d, 6d waz 8d
5zazmﬂmﬂmqaaﬂL%Mﬁﬂﬁuﬂaﬁﬁwﬁwu (H) 4d, 6d, 8d, 10d Wag 12d
AMNENMVRIUannye (L) 2d, 4d way 6d

(%
& a

ﬁzazmmhﬂ‘mwaﬂsuaﬂﬂaaﬂviaﬁﬂwumvﬂﬂsuu (S) 2d, 4d way 6d
Asaluantuues (Re) 10,000, 15,000, 20,000, 25,000
wag 30,000

3.3 ANSANEINITANENAINUSDUVDILINUUNUE
3.3.1 gunsallunisnegaas
~ ~l o ) ' 9 L a o
JUN 21 uanaganaaesildlunsfnudnuuensaignanuseuuunuELi
Wvonanay dmsuseazidunvesgunsaliildlunisvaaedinad
(1) Tuanes (Blower)  Jugunsaliilddwivasransinaluszuulagld
vawwasldruuin 750 W iudhtuluinvedluanes waslddunesines (nverter) Usu
AnuLssevveamasiiialilagnsinisluanunlanivus
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(2) 903¥la (Orifice)  Duaunsainldindnsnisivavesenia ashnsall
sgnivienlennialuadiy uagdieeialdniulauazinsenaaudy evilvaudu
anad (Pressure drop) LALAZADLNDADAILTAAINUALNNINTILAZNIDDNVOIHUDDIWE
Tngldunuaiiwasuuudes (Inclined manometer) MussguLduveumainausiu

(3) %‘mma%uazmmuquqmﬁgﬁ (Heater and temperature controller)
[ s alg v a o Y A vy f & v Y % &
Jugunsalildmivaugamgiiveadnivad lunisnaaeddgamesifudilvanuiou a1ntu
nsaupudnnesieynnIuanaamnd lunisnaassgumgivesinazaiuaulinlndifes
fugamailluviesmaasuiniu 2740.2°C

() viodn (Nozzle pipe) vhannviemaniivwiadurnugudnananeluwiniu
17.2 mm wazANENYIBNInLA 400 mm Fellaueniieesweviliandanislanmun
fildq (Fully developed flow)

(5) WilsiAnwsuu (Jet impingement wall) Tun1snaaesazldusiuaimua

Aa [ & a da 1 1 =2 v = o
ALUUUNTIEAIUVUN 0.03 mm  Duiuiianiannau lngusuanuaazgnilnseuiaiy
1 a dl %4 1 2 4 1 £ %4 1
WHUNAEANMU 15 mm AAenins1aunn 242 x 242 mm” Hnanawdu Inglduviavauns
gaunuamuaalINtgetn uazuviasaisaegdaidiutivesgunsaldtenssuali
Wadnglniinszuanseluadiuuvanesuadludaunuainuiad 9inAu5ouTUNIN
WNUALAULAE

(6) YAPIUANNISLAABUN (2D Transverse system) tJugunsaldmsududn
Uaanyie (Sleeve pipe) BaunSOARBUNILLUILAY Y Uag Z AuiinveIn1Tvaaes 69
wanalugun 22

o Ternperature Thermocouple Mvable impingement plate
controller |
Power supply
<7H4>
N d| N
Ve ) TR -1 >
~ Nozzle IR camera
Heater chamber \esh plate Vauuim 9 = 17.2 mm
Youum @ = 55 mm Expansion pipe & Sleeve pipe
N
N Screw
Orifice Black paint
\ )
| [—ee .
1L Bl Acrylic
SUS304 foil

Copper bus bar

+

Manometer

Blower

al N = 1 13 [ 1 & a
EU‘VI 21 LLﬁG]\‘iGQWVIﬂﬁ@\‘iﬂi“mUﬂqiﬁﬂU’]ﬂqiﬂqEJLVIﬂ’J’]iJﬁEJuSUENL"\]VIWQGUUUUW‘L!N']
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Movable impingement plate
s —

Sleeve pipe
Power suppl
Fixe+d 4 \<—L—><—S PPy
A r
-~ ~
ffffff —}-{of{-t pL
f IR camera
Nozzle pipe H
Top
Left $ Right d = Nozzle diameter
Bottom

H = Jet-to-plate distance

Liiill ﬂ—t
|
| |

Transverse controller

= = 4' - I a ]
g‘lJ‘VI 22 LLﬁG]\‘iGQGWl(ﬂaENV]I‘%IUﬂWiﬂ?UﬂMﬂWﬁLﬂﬁ@UW‘U@ﬂL’i]V]LL‘U‘UG]WUﬁEJﬂVIEJ

(7) gunsnidnenseualiin (Power supply) LHugunsaiianslvinszuanse
(00) TituusuamuaaiieliAnndndarmiouiu lnsaunsadionszualifiligen 30 A
wazssaulniiasan 10 v

(8) ndpstuinAMwuUBUNTIIA (Infrared camera) Ju Testo 882 @136
Tufinanuazidenveanin 640 x 480 finia Fivetanngilunisia -20°C fs 100°C
ANURANAIALUNTTUNIN £2%

3.3.2 3/N15NARBY

Tumsveaedldluanesdmiugrenmaudrdeiulusesiilaiioindnsinig
Iva fwandlugufl 21 Tummeassdnsinislvaveserniagnauaslaedunesinesdidedy
luaues Mé’wWﬂﬁ?ummmzmuﬁmm*urquqmmﬁmmmmﬁﬁamﬁy’a%mLm%l,ﬁamuqm
saumglivesenielaenaulnsames gumgiveninvzmunulilndifesivaamaliveseinia
lngsauwiiu 27+0.2°C udddslvasiewiiuriedsatnialuduinga wazenidlnasenuinig
vievdnvisussanniuniiafifnal ifumii

dusuasdluaniuuss (Re) Nlglun1snaasefulaanaunisaaluil

Vid
Re =PV (1)
u
eV, f9  Anuseduiuiny1eeanvaaviain, m/s
= | 3
p o AD ANUNUILUUIBIDINIA, kg/m
poofie Anuniladuysalvesenia, keg/me s
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lun1sneaeagldaumgion1Aroudnyiniu 2740.2°C WaguNuRINg

NANTAIUSBUAITLNDTTUIEAIUSDU LAYNITIIENANTAITUS DUV ULHUALAULAAFINTE
Awiadleannauns (3) naINTANWLNLRI92ANN1352 U8 N D LTU UL LA LLEE

nINUuTalsEULLNgan 1A (Steady state) MMNUUTUANAINAUTIN UUHUALAY
ameNaeadunsn (nfrared camera) UazfinaenvoyaaIRBNNIMBSINBAILINMIA
dudsgaAnsnismanueusaly lunsingungiinnszarguuiuialaviinisin 2 nydlde

ANaa ' v & o 1 aay i ' v & o
ATUNUNITAINENINYAIMUTOUUUUNUALAULAE LLa%ﬂiﬁu‘Vllllllﬂ']ﬁQ']EJW@ﬂ‘Uﬂ'J']@JiE]u‘Uu

LRUALAULAE

Tagn

[y

LUsEANSN1TNIAMUSaU (h) auisarwinlaannanudunussasalul

qj _ c.1input _qlossed
- T Twh _Twnh

wnh

h=

2
- (2)

wh

1Y

Fe9nNsiinanTau (G, awnsadualdananuduiusaweluil

. v
qinputzx (3)
& X A g a a v 2
A A9 WufvesiuRLanUdguAImseu, m
=) d' 1 Y v 1
| A9 nszualwihnuunszuanssnaelatuisuam s, A
v Ao wsenulWihidinannuwrianeansidnaaey, Volt

d1mSUNMIAUINNTEYIEEAUTEUAUNS IV BIUH UALALLAE 1AENTITH

ANMUSDULUUSISUYP haENITHNSIAANNSDUY aunsarwiulaanAuduRusseralul

qlossed = CIconvection + qradiation (4)

S

Wﬁﬂsgﬂ?’m%’augwLﬂEJ‘VlLﬁ@’ﬁ]']ﬂﬂ”liW’lﬂ’Q’]JJ%@ULLUUﬁTﬁJGUWa

o

qconvection =h L’ (Twh - Ts) (5)

h, = (5.1)



Wst : Lst

L, = st s (5.2)
COIW2) + (L]
Aadadiuues dwsunsaluiuSsuundunuaia
1/4
Nu, =068+ COfRaL (5.3)
[1+(0.492/Pr)”"™®]
dle
(T ~T)(Ly)
Ra,_ — gB ( wh S)( CI) (54)
Vo

wandaudougadeiinanmsunssdaiuiou

qradiation =oce (Tvch _Ts4) (6)

Ata@aituussuuiuiafidvinansuiunaldnenuduiusawelull
Nu=— ()

AvaEdavdLLUaSAsUUNURIA WMl INAINLFURUSAIma LU

— hd
Nu = ? (8)
o)
. =4 4 =
H_qinput_og'(-rwh _Ts)_hL'(Twh _Ts) ©)
Twh —Twnh
el d Ao wvwaduriuaudnansngluveioldn, m
=1 1 1 v 1 1 o 2
g AD  ANAINULSALSUNa9Ye9kaN WU 9.81 m/s
= 'Y o & v a 2
h, Ao dudsz@ndnismimuiounuusssuan®, W/m - C

o a £

1% ::4' X a da 1 20
amﬂiza‘mamiwmmmamaaauuwumwwawu, W/m '« C

< ¥

duUsz@ndn15UIAIUS

©

auvaseINANgnAll 26°C, W/m."C

©

AIANEIENBAIZLANTY (Characteristic length) U8IWWR7
AHENIVDILNUALAULAE VAU 0.242 m

=3
3 D2 Db Db IDb
© ©

©

ATaLgan TN TNaEIAINNITNIAINTOURUUSTTUYIA
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pr A8 @1 Prandtl number

Ra, #fe 1 Rayleigh number

T, Ao aaumgimeluvisameaes, °C

Ton A qm%qﬁuuﬁuﬂamawlmm%@uﬁﬁﬂﬁf\iwﬁ/\lé’ﬂ%mm%’au, °C
T,.,, 70 qmuqﬁuuﬁuﬁadwmmm%fauﬁhiﬁmiﬁhEJWé’ﬂsﬁm'm%fau, °C
T, @0 qamgﬁLa%ﬁ"auuﬁuﬁ’gﬁﬁmﬁh8Wé’ﬂez?mm%fau, °C

dusunsunssdausou (T, +273.15) , K

el

A9 aaumgilinduuuituiinliinisdrendndainusey, °C
dusunsunssdausou (T, +273.15) , K

W, Ao AuAIN9eliuanulad i 0.242 m

o Ao Anisunsauieu (Thermal diffusivity), W/msC

B flo  duuszAvinisvenedimuanudeudaiings

c fo AduUsEAvSnswissdnnudou

- flo  AAsTives Stefan boltzman Wiy 5.670373x10° W/m’K’
fo Aauniinideaat] (Kinematic viscosity), m /s

3.3.3 MaruanAdulssAnsnsnianudeuuuiiuia

dnfumansznedulsyaninismanufeutuiiuia aunsavildlaenis
toyaiildanmstufingumnifldanndesdunsnse (nfrared camera) davhnsifiudeya
pruvniludsiiindndaudou uaglifindndaufouuuiiuiuiuanuiagesnaay 10 n
wdwhnnngiidemiadadiiuoiiudunoudwiolud

(1) Anuenlrldnmdilsnnnndosdumsisa (nfrared  camera)  wagsins
wladldnnlngldlusunsuvesndesdumsian Testo (IR Soft) Wudeyanisisiuavaamall

(2) dlvlddayansiuargamgiiviinisinseilagldlusunsy MATLAB

(3) Bondoyalivdoiamnzdruiifesnsnuuuidaveaun fauandluzud
23

'3
a a

(@) Isi’fsﬁa;ﬂamﬁﬂszmaqmwg:ﬁuuﬁuaa AUIIANENUSEENTNITNIAINL
Souvuiuialagaunisii (2) wazfameniadadtinuesiinszanetraituia udwhns
Annzilaeldannsi (7) Ssegamansiesziaiadadtuues fuandluguil 23@)

(5) dmsunsmentiadadiiuesiade (Average Nusselt number) A131LL7

aflvoudvlugag 0<r/d<a Tneldaunisi (8)
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T, (0
4 T
1
i 1
1
2 - |
1
- i 310
e 1
£ o - e
i ! 29.0
2 |
' 27.0
1 |
-4 — T T 25.0
-4 -2 0 2 4
X/d X/d

(n) UAidenndeBuns s (v) sUnsnsyedadaditiuiues

JUN 23 LanIfog9NanIIMIAINIINTE eI laTadt U TULNURI TNy
mulusunsy MATLAB

3.4 M3ian1snszaneanusuazaudulouy
3.4.1 571882199AVDIYANARDY
U 24
@ 3 a gj LYY) @ v . . [
ANU5IVEUAN neRinnaidnausuwuuaiInseu (Hot-wire velocity probe) fanandlugy
#1 25 818 Dantec dynamics Ju 55801 HvuAduHIUANENaIIvRIRINTaY 5 um kaze
1.25 mm T93tun15iaAusasaws 0.05 m/s - 500 m/s dAudgeatunisin 400 kHz

wanaganaaesnldlunisinanusl efnwanvaznisnszae

serthiugaeuANaluTARU UM UMIsNTSIAABUR 2 WU (2D Transverse system) Al
Tusuil 26 Taeviinmnuifuuuaindeu (Hot-wire  velocity  probe) azdefuiaiasia
mmﬁ’samwuqquﬁmﬁ (MiniConstant temperature anemometer, MiniCTA) S
Dantec dynamic §u 54730 Lileudasdyanalnihildanninanuiuvuainieu (Hot-
wire velocity probe) 1uA11357 LLﬁz%;ﬂﬁ%gﬂLﬁUﬁ’;ﬁﬁ’sLﬁ‘i_l“i’fau”a (Data acquisition
system, DAQ) ?jﬁa National instrument measurement i;u NI 9215 with BNC uwag
ausluwsazynvzgniuiinasreuiiames

) ) Constant Data
Hot-wire velocity probe
———"| Temperature [—| Acquisition [
a ﬁ \/, ————— - Anemometer System
=y -
Nozzle pipe |
PP Controller

—
\:I Jet chamber

2D Transverse system

JUN 24 uansgunsainildlunisinnisnszatennua
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Probe cable

2D Transverse

UM 26 uansynnIuAudRluiRUTuAWIIaNSIAGaUN 2 wnu (2D Transverse system)

3.4.2 NSERULIEUAMNLSVR I IAANUS NI UUAINS U

Tun1sldratnarnmdranuuuaindeuiiotanisnszansvesnrusngy
Indusesgeufisunnuiauiuiiinanusiauwuuainsounsuldau Inefiaunsaia
AIAL5IaY Pitot static tube m'aL‘*ﬁwﬁ’umuaﬁma%ﬁm%’ui’mwamamméﬁ’u uagAuIaudue
arusufieldlunisaeuiiou Fsminanuiduuuaindeu (Hot-wire velocity probe) was
gunsalineanusiay Pitot static tube mmmﬂwmuEJmea”LaﬂmJmimaaumaammm
d09wiln waziunliiiiafe nssnalweslinnisesniin mmwummqmmLsﬂumimag
Tuts 0 - 40 m/s wazemmgiiveadn 27°C  Fudutilflummeass lnevhinanuis
wuuanseudnduuesnunuussiulndia (CTA voltage, E) ﬁaLLamalugUﬁ 27 LAPINA
MMIADUIBUTENINAUSIVD0EN wazsarulnii
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4.0 14
F il 12 + .
T_—,’\ 35 e ® ° E2 — A+B(V)O.55 ...
O oo ® | o ]
< 30f Lo | 10 oot
w o ® .
- o ® 8 .o . 1
& o5t . W .
g (] * 6 o . il
e
B L ] V B L ]
Yoas ] ol e A=2.0338 ]
B=1.2647
1.0 : : w w 0 L s ‘ ‘ ‘
0 10 20 30 40 0 P 4 6 8
Velocity, V (m/s) \/0:55

JUN 27 wanangeuduiusseninanusiveadinwazusaiuliih
ynnsaeuiisuirinenuiiaunuuainseu

HaNSERUBUANULIS D TAAIS I UUAInSeU (Hot-wire  velocity
probe) agl@aunsvinuisauifi

E? =2.0338+1.2647(V)"*>° (10)

3.4.3 350157Aa849

dufumsianisnszaneanuivenin  iviniseuauaamgliveainli
ATl 27°C wazAnsEludtuues (Re) Asfivindu 20,000 Amuaiuvusinn1snszane
mnmEveadn Tasinaudiandounuuuinny v ogluris -25<Y/d<2.5 fiszozaing
nUInmseenvieldn  H=2d uay  4d fauandluguil 28 uazaauLAL Z  azimug
99BNy (YZ-axis) assUinvnsesnveainieund (Conventional pipe) Inevinisin
ogluts 0<7/d<8 dauanslugud 29 lumsiedeuiivesiiinauiinuuainieu (Hot-wire
probe) T a1 fuvisingg fiFesnisinagldynnuauseluifuumuniinisiadoud 2 unu
(2D-Transverse  system) uagluniaifivdeyaderouiinmefiualdmuiluniaivioya
(Sample of frequency) 1 kHz wazsiegnslunisiiutoya (Number of samples) winfiu
10,000 LLé’aﬁWSﬁauuasuaqmiﬂizmammL%ﬁloﬁ’mﬁmiwwﬁﬁaa%msﬂmaa%ﬁaﬂ'ﬁlma

o Ly < a A | [ — PN o
ANNTUAULIANARYNUINNIIBDNVDINBLAN (VJ-) nlrlunsneassAiuie

INaUNHIRalUl
N
\/ _ i:lvi

i= N (11)



Aoluil

aunisealuil

Tne

Nozzle pipe

27

dmsuanuiiindsunlas a naileg (V) Awiaainaunisneluil
V/ =V, -V, (12)

dmsumuswessnmasdenads (V. ) AMuinainaunisneluil

(13)

o [V Y] 1 < . . o 1 Qg‘,
A nSURI1d@1WAMSY (Normalized velocity) Aruananaunisaeludl

. . Vi
Normalized velocity = — (14)
V ex
dmSuseauaudulau (Turbulence intensity, Tu) ATUIUIINANNTT
Vv
Tu=-—18 (15)
Vi

awmsunassuaadautiuliu (Turbulence kinetic energy, k) AN

— 11— — — —
k==VV. ==|\V?+V2+V2]|=2V? (16)
2 i Vi 2( X y z) 2 j

8 3IUTBYATEIANIS IR

2 A a X
Q3] AIULITINENATVU 8 naﬂm, m/s

Hot-wire anemometer

Sleeve pipe  Measurement from this line

JUN 28 LanIAIUIIANIINTEANEAIILTIVOUINATUWLILAY Y
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Fixe\:ﬂ Hot-wire anemometer
D7 v |
R I 4 —_—
77/ >
Nozzle pipe

Sleeve pipe  Measurement from this line

a ° @ 3 &
E‘U‘VI 29 LAAINILLNRUIINNTITATLANYAINULIIVDILANATULLUILAU Z

4. nM1591809N15 IaRleIsAUIUNIINaAIaasYR A
4.1 gUN1IAIVANNIT LA
nginssunisluavesvedluaaiuisaeduielameauniswan 3 aunishe
Aun13NYNIIa (Continuity Equation) aun1slutuusy (Momentum Equation) wagaung
WS99 (Energy Equation) s‘z’fﬂLﬂuammmw@umﬂuaqumﬁ 3 15 waztdunislvauuudn
#lafl# (Incompressible flow) aumsmugunisinalumssiuan dwelud

a1N13n NI (Continuity Equation)

o, _

—1=0 17
> (17)

aun13luLugin (Momentum Equation)

ou. 0 ouU. oU. — oP
u i v -2 (18)
Puax, x| |k, ax, )P

A1N19NA19U (Energy Equation)

or o |, odT =
c,U, = K——pc,V.T (19)
Poe OX; ax[ OX; Pe }
Taei c, fo AugALTEUT RIS, K)/keK

U, U, Ao A1UUTENIUVDIANULSREAY, m/s
-

o))

0 Qmmﬁmaaﬁumlwa, °C
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4.2 wuushaasanatiutau

dufunisinawvuiudinazannsaesuienginssuveanisinaldlaeld
wuusassmuduthy danmidsedadlauuusiassanaiiutausiin Shear stress transport
k-@ model (SST k-@ model) Wauilag Menter’s [13] lastouuudnass 2 vila
naunauddeiusTrinsnsassnudutiuluy ke model dwsunisduannisiuai
Uatulnaannmids (Outer layer) wazn15eraesruduiueu k-o model dwsuns
Funmnslnadiuiinndudani (nner layen) fauandluzuil 30 Fsmsduidsunuudians
awnsavilalagld Blending function Ufuwdsuaiasiivesnuudiass UenIINIuULSaes
WUU SST k-© model avin15USuuger Eddy viscosity Inen1sUaduen Turbulent shear
stress  IVRYBULUS miﬂ%’uﬂgqﬁﬁﬂﬁmiﬁﬂmsmﬂwaﬁ:ﬁ Adverse  pressure gradient,
Airfoils ae Transonic shock-waves lﬁasﬁu [14]

aunsndsuautulau (Turbulence kinetic energy, k)

a(pk) opvk)  avi . 0 u, | ok
+ = —Bkpo+—I|| p+—+ |—
a ax ax PR Mo Jax | W

] ] ]

ANNNTONIINTAATUAILANIE (Specific dissipation rate, ®)

alpV, Vi
8(pw)+ ( Joa): arwav Bt + d B oo
ot OX; v, o OX OX; G, ) OX;
1 ok ow
+2p(1-F)o,, = ——
PA-F)ow, ————— (21)

dun13 Blending function, F,

(22)

4
vk 500v | 4po, ,k

®2
Boy’ yo

F, = tanhy min| max| — , >
Ckay

WD

1 ok ow
CD, =max|2pc , ———107"°
ko ( p ®2 (D@Xi axi j (221)
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dunisaunidanuututau (Turbulent viscosity)

u, =min| PK 3PK 1 031 (23)
o SF,

@1n19 Blending function, F,

2k 500v
Boy yo

F, = tanh| max (24)

dw3U Blending function, Fy dAwiniu 1 Mveutudaniuaziiadng 0 Lile
$1990NIINVOUVBITUTARY (Free stream)

Tnerndudseansveuuuiiassaiusmundusad
- fuuszavisvesuusansiulududena (Inner layer)
=1176, 6, =2, 0.=0.5532, $=0.075 uaz p’ =0.09
- FulsvAnse U aoIsuLenduTaR (Outer layer)
o.=1 0,,=1168, a=0.4403, 3 =0.0828 waz B =0.09

Toedt 1, Ao Avmiduideudings (Wall shear stress), N/m’
s, Ao muduthuvesunauvithivesdmiundanuaatidutu
s, foanuduthuveswwawitinuesdmiudasnisaaisianis
v, Ao AnumilalwauAns@n (Kinematic eddy viscosity), m’/s

CD,, A9 nauwsuuluwineg (Cross-diffusion)

4.3 nslvaudatudanils

mslnalunguitindeiiiuvesudanfsrdfosiliiilaseaiafiunndianin
Asinatiutaunuudasy sruudndslsaasalaianldidetislunisinszifioniainy
Wenlowowadildainnismaass dmsunisinaveseslnaiivevdautsazusznoulusie
Whamdng 2 Uinafe vsnasuly (nner layen) Fafissazuszana 109% &9 20% et
mmum%mﬂa Avesnnududeuiouarasi waslidnfuanududeuiings T, Pty
ﬁuuaam 3 $ufe Linear sub-layer dsmnmilaiisninandnsonisiva ﬁvuwaaq Buffer layer
emnmile wazauiutuiinswasenslvelusssuiouwhiy uavduiiawde Log-law
auduthuiusinmswdniidmaromundudeudmiuuinaduuen Outer layer) vae
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Law of the wake \Juusindinisinalésudvinavesrnuiosvesnisivadiundn wasdu
daszethdvsunuminvevedlva duandlusui 30

dunssudslafvessrervinetuiafia (Dimensionless wall distance, %)
annsamunildainauduig feluid

V
y+ - L (25)
A%
k)
V.= |tw (26)
p

A3L53L58R (Dimensionless velocity) a@unsaAuInlaaInAUEURUS

V= v (27)
V

T

Tnefl V Am A3L57 (Velocity), m/s
\Y/ fa A5 udeu (Shear velocity), m/s

v { o 2
T AD AULAUBUNHUIY (Wall shear stress), N/m

y AD STYLUININYUTANTS, m

V/V=2.5In(Vyy/v)+5.45

o
Ak

inner layer

V/ Vi =Vy/v
outer layer

Fully turbulent region

or log-law region

Viscous Buffer layer or Upper limit depends
sublayer | blending region on Reynolds number
y*=5 y" =60 In(Vy/v)

JUN 30 wanin13nsEAeANISINUTIAlNANTS [15]
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4.4 N13E519UUUTIRY
aATedlHlusunsu ANSYS Version 13.0 (Fluent) Tnsa$rauuusiaes 3 f
Thndeutunmsveaass wuudrassnisluawdseeniu 2 wuude
(1) wuudrassnislvavesievenewihdaiinisianzgmilonienne fuans
Tusuil 31 ansulimadszneuie 3 diufe dwusnidudruiiduviodn Jvuiadusiou
gudnananafivindu 17.2 mm  vievenenthdafiiinisanggmienionna dvuadusin

Y

¢ .:4' | Y o aa N ° .:4' |
@u%]ﬂa']ﬂﬂﬁ'ﬂ D=4d ﬂ'J']llEJ']'J‘U@\‘W]@?JEJ']EJWU'W]@V]Mﬂ']sm']gzlﬁﬂua'lu’]a']ﬂ']ﬂ AIN L=2d @

a

fapafudnvesginzifleminihenmea fvuaduriugudnatawiniy 0.5d dnaugiiane
4 uay 83 dnfvdrianududuresuinuidnssuiuia Sauaniiaxen vty
14dx14d LLasisstmmhﬂwNaaﬂviaL%wﬁqﬁuﬁaﬁlﬁww'wu H=4d, 6d waz 8d m1ua6U

(2) wuudrasansinavewielinsjsvunuuinUasnvio fauanslugui 32 91
sU wuudaesUsznause 2 daufe dauusniduduiiduedn Svumduiugudnananad
Wiy 17.2 mm suadusugudnasvesUasnyie 7l D=2d, 3.3d, 4d, 6d uaz 8d Inwil
AueNYeIasnie 7l L=2d, 4d uaz 6d mudiy dnfideaduduvesunauiidni
fiuf fuwaniiaxen wiiu 14dx14d LLazizazmnmﬂmqaamﬁaL%mﬁqﬁuﬁ'sﬁﬁmvﬁwu
H=4d, 6d, 8d, 10d ag 12d aua6u

=T

5d H

l4d —
i s ) . Slgeve pipe
Airientrainment holes % | Nozzle pipe
Sléeve pipe Y
el Constant heat flux - T V

JUN 31 wanduuudnaeeuiviivuLuuievenentdnninisanzgmieieinie
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7
’
v
5d H 7
v
7d L S ;
’
v
Y 2 d=17.2 mm
v
14d — R,
= D \
i 2 i | \ Sleeve pipe
b T A g
i Air entrainment % Nozzle pipe
I A Sleeve pipe
Nozzle pipe PIP Y
Constant heat flux -~ K T %

JUN 32 LaAUUTIa0auIMIITURUUARAIUaeNviBmilyatienia

4.5 M3E9N3A
3 (Mesh) Aldlunvudiaesaziidnvaslugnuiadfivaesiiui dnvas
n3nvesuuUassinjsruluuiovenihdaniinnanieniheinia fuandugui 33
wagzLdnsjsruuuuinUasnyie fauanslugud 3¢ Tngusnamsanansaintinmisesnyied
fufnfidvvjany wegituiRsruiimuesdengs Sauinadnandeanismiuasdenly
nsfungs Winainneenvenin wasiufiionseuisnumenia (Mesh) WWutu « da
AruazidengenUaneisansdng aruasdentrananilevisnuinanmeoeneaiv
wagiuiadlinrisny lutuneunisaseniad Iifuuniiufiivesuvudiaesiieadrateuls
youlaillunsia
dusunsivavinalndiufiaflinisuiinnudsunlasenuiifilvasen
NnvieLdnegenesiuiy Jsusnaisnandesnisanuusiugngs Jainisimundr y' = 5 [16]
Tngldnnudiusluaunisil 24 duauinalndfudauil (Near-wal) fidvvasu Tngms
fnundnadueInin (Mesh) Vinntsudanilsasalul
- dunuumiifesnisutania (Number of divisions) Wiy 200
- 9ndIuNsuUenia (Bias factor) Wi 10



34

Bottom-view

14d 3D-view =

Velocity inlet

E\‘ zoom-in
\
FI 1\ near wall mesh

~

Bias Factor
Pressure

outlet

Number of divisions

No slip wall,

Constant heat flux

3UN 33 wansseazidenvaananeluresiuuiiasinisiiavesdinywy
wuuvievgnenthdafiinsiangsmileniennia

Bottom-view

14d 3D-view =

E . Velocity inlet
\ zoom-in

\
\
\
Fz 1 % near wall mesh

Bias Factor
Pressure

outlet

Number of Divisions

No slip constant

heat flux wall

5UN 34 u,ami'masLﬁamﬁumﬂ%mmsﬂummLLUUﬁwaaamﬂwamaaL%]‘iju
wUURRRIUanNvatelinenna
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4.6 msfvuaRouluyauLyn
dusunishassnslivavesinilvassruiuiuuulnasdoides Ténei
mslwadunuuliivasuutasnuna (Steady flow) lLifinrsannaainnsaiemaiiuseu
wazldAnnisgaideanueu Tnedvunligunalifdiasd liAnnavesainuiseliunag
dmsuluwavesnudulaulduuusiass Shear Stress Transport k- (SST) model Tng
Uinasilsiiinvaruimundusuulifiniggulaa (No slip condition)
91n3U7 35 wanansfmuadeulvveuivnresnisiva deuvsesnidu 3
WShamdng e Usaifl 1 Velocity inlet (Bidw) Ae Mulafidmuslidumadivesms
s nerivundnwazvesmadiluguvesauniivesnisiva @il 2 Wall Fvna) Ao Wufa
fitwualiduntsesnisive daluiifisnunazegludruvesniianiaiin vievereutigin
fifimawmienionia uazituifnd Smisuiiindndauiounsl vinad 3 Pressure
outlet (Bung) Ao Mulafiruualifuniseanvesnmsiva et wuadnuuzvsmseanty
sULUUTRIAAUTINIsenTesNslva

Pressure outlet
Constant heat

flux wall

No slip

Y <
’/I condition
z# wx
U3l 1: Velocity inle B Expansion pipe

& Sleeve pipe wall
Nozzle pipe wall

JUN 35 uansnsivunReulvreulrnvensiaeinisiva

nsmruateulrvenilvesnsiua AuAUNIeen LLﬁZﬂ?WNL%’JIﬁﬁ’]%U@

Reulvveuluanissen

(1) Avuamsnivesivaiiuinnisesnvesinysvunuuvieunduwindunis
NAABITIY Aauanslugui 36 71 Re=20,000

(2) AmuegamginauneendnTELULiaUnRwindu 27°C (300 K)

(3) MNUALAAIINAUNINBBNTBINTIT AW AUANUALUTTEINIA (AUAY
iAWY 0 Pa)

(4) fwungamgiimeessniviniu 26°C (299 K) Fawihfunisnnasdaia
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WauluvauLUnYD NN YU
(1) Avualinidsbiinisloaniar@oui (No slip condition)
(2) MyuanangAuTou (Heat flux) VUNTIWIYUYINAUNITVAG0IT3S

20 | T T T T | T T T T | T T T T | T T T T |
18150806844, o Smulation |

L 5888838 ® Experiment |

wn [ o) 4
e 16 090 i
g 4 Velocity outl s A
g F L elocity outlet S 6 1
o l1l4r e -
= L e°0o |
L ® o Q|

12 ®
10 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

0 2 4 6 8

Z/d

UM 36 uansnslSeuiieunnnudiveadviarunuinnieenivvieunfise ninainsmeaes
fun1sdnaeINsivananaransvesiva (Mssuenavu H=8d)

4.7 I5n13AUIN
dmsuisnsAua lanmunsanesiuduluu SIMPLE  (Semi-Implicit
Method for Pressure-Linked Equation) lngsiuazidenves Spatial discretization lulsiay
aumsfildlumssmnaimuanuned 2 lefvuadeulalunmeausssnanaiiaining
Aemann (Residuals) Wiy 1x10° [16]

A9 2 LARIAISAINUATIZAZLEEATDIRULY Spatial discretization [17]

Data Scheme
Gradient Least squares cell based
Pressure Second order upwind
Momentum Second order upwind
Turbulent kinetic energy, k Second order upwind
Specific dissipation rate, ® Second order upwind

Energy Second order upwind
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5. HanN1IAABLLazaAUIIINE

dmsuindenanisnaassuazeiunenaazuuseonidu 2 daunany fie dau
wsnidlurnansnunlunsdhinsjasuuvuvievenonihdaiiinsanzgnidoniennia uazdu
ﬁaauflumamiﬁnmL%ﬁnvjww,l,wamé]u’waam/iamﬁ'mﬁwmmﬁ

SUT 37 wanamasuiisunisnsseiadadtuuesuuiuind Sney
furiidedug Adeulvszszantinmeeenvoadndsiufiaeru H/d=6 sdluadifuues
Re=23,000 nAuRIUgUEnatsvesvioldn d=17.2 mm FdndiAsafuivanuidedus Tne
AMTINUT SNYUENIINTEMETATaATNLUDTINALALNAUIWIT8Y8S Lytle, Webb [18],
Gao [6] wazenAdeves Gulati [19] AldlFusuamuiaauns (Stainless foil) iunifsiinms
¥ INN1INARDINUTT N3nszanevadadiuvesidnunsiiaenadosiu udeeg1alsiniu
NUITeves Lee [20], Baughn way Shimuzu [21] lidnwaznsnszaetadadduessi
nin1snAaes (Present  results)  Lipsanfiufafiivsaruldlduku Liquid  crystal
thermography Tun15vaaes Laze139Ana1nANKUT (Thickness) maqﬁuﬂaﬁlﬁmvﬂwu
Faflaudfrenisthanudeu wardulseavsnsmaudeu (Heat transfer coefficient)

250 T T T T T T T
[ o Lytleand Webb [21] ]
F O Gao etal [6] 4
200 [ o Leeetal [23] ]
[ % Gulatietal [22] ]
A Baughn and Shimizu [24] .
5 150 [ ® Present results ]
L & N
= 2 ]
100 0 %.gw =
i DJ.D 4 (<] ]
r o 8. [N ® [=) -
[ R ]
50 P e .
r &9 ]
0 i TR T T L1 T T T ]
-6 -4 -2 0 2 4 6

X/d

JUN 37 wanan1silSeuiiieunisnsgnnetadadtiuiueSuniuRa TN UL UIAUENaNg
Violdniuauwidedus (Mleuly H/d=6, neNA, Re=23,000)

5.1 nsaifinwdnisrunuurievenentdaninisizgmiieatienia
5.1.1 dnwazn1snszatedmdadduiuasuunuiafiannasu
JUT 38 uansdnuaiznsnIzevetiadaduuiuinMianysrunsdszezain
Uinnseanindeiiuin?iinnasu H=4d, H=6d waz H=8d lnenmsiudadadiuiuasiian
FUTUANINANINIITY wazdzAoYs anaanuwsal dusunsdvesinainvieuns 7
2 % & oa A& = a Aa 1 o oa ¢
3282MNUINNNDDNLINOINUNINANIIYY H=4d (§UN 38(a)) 98UINHUIIUNNATUALTAR-
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thnvefguanogansiumviaie Uiugudnanaiiinyary uazeguialutig -2<x/d<2 3
Huusingnsaiffntulaeily dmunsdiissozaminmssenidndsiufinfidvrssuey
Tuthsiin (221 Tunsdlveadnanvievenemhdniidinsianzgimiloniveseiniauuy 4 5 (U
7l 38(9) axusnguUInMNTaaSadiuveigignegaosiumiaduAeiudniound u
Tunsdlvaadnannvievenentingn (gih'?i 38(d), 38()) waz 38(m)) azluusnguiiuaiagan
Tfuluesgeagndndiuiass (Secondary  peak) TnsAriaidadituiuasgeanazusinguim
Augnaafinwsvu (Stagnation point) ilesiagaiien Tuvaeiiszozainuinmmasonidnds

Y 9
¥
A a

P i a X v a suw = v Y} =
WUNQV]LQVW\NGUULWNGUU H=6d Wag 8d ﬂqiﬂigfﬂqﬂuaLeﬁaG]‘LlllLU@?NaﬂnglﬂaLﬂﬂﬁﬂ‘Uﬂim

[ [l 1 a
L%VIWQ‘UULLUU‘VIE)UﬂM
H=4d H=6d H=8d
4 T T
— i (a) i (b) i ()
S| 24 ; - ! !
ks ; : :
2o e e
= ' ! :
S| 21 i E . :
-4 T 7 i T T T 1 T ""q T é 1 'ﬂ Nu
4 ; (d) ; (e) E ® 160
? 27 i T E 7 E
E . ] ; ] - 140
HELE . _______ B . ________ B ‘ ________ 120
k= ; ] : i :
B | e s 100
_A | é L T i T T I : T 80
] T ® T A
2 ; - : . i 60
= g | g | B
<] ! ] i 20
] i i : i 0
'2 T T ! T T - ) I LI |} T T L
| . | R B
a 1 | 1 |
8 0_ ................. [N DA SRR I —— N
S 1 :. ’ ] :' Expansion pipe
o | 24 : . : 1 ; !
'2#'| T i T 'q T i T 'F' T i T
F o @l P j
2 : 1 | 1 |
8 1 : ; 1 :
E DR S IR e IR ®
[oe] 1 i
| ] | ] |
-4 L T i T "4 T i T - T i T
-4 2 0 2 4-4 2 0 2 44 2 0 2 4
X/d X/d X/d

JUN 38 uanvinuyEnNIINIEeTeIAaATNUOSULTURR AV Y
(MReuly L=2d, Anene, Re=20,000)
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5.1.2 AnwaEN19NI2eTARARTNUDSUNNURINIUYAAUINaIa NN
v
- Y U A o I3 & a a0 ¢ =
SUN 39 uansinuaizn1InTEedadadiinuesuuiiuiiiniugagudnansi
Wnnewy Ndeularnuevenivianvieseienindaninisiaisgmilenieinia L=2d uag
¢ =% & a da ! o w !
S2821NUINN1BDNIANTINURIMANYYY H=4d, 6d Wag 8d mudWU lagnIMTIUNUIT
Wnanvieveentidafidnisiaigguiientionnia dnsuuinsdaiunsaliadadadiy
3 ! [ ! a a A & ' 1 1 = '
wesgeninananvieund lagamizusnananny eglutis -2<x/d<2 Tunsdlszevnsvy
H=4d (5U7 39(n)) Neulwvisvenentdanldinisianesmieniieiniea wagnsalvisveny
wihdaninsianggmieniheiniawuy 4 § adaladduuesigaaudnaisiiinnivugs
N1 2.60% Uag 6.68% auaiu Waliieufuidnmswunuurieund desingnisalfiangin
Winannanuiutuniintuvesdnanvevssentindaniinswieionnia nounasuiuig
fiAnainindnvieund
dniuszeranUInneen INiaiuRIMANNITY H=6d (37 39(2)) 1A
nvieveenidawuulifinisnnggwiieniieinia uagnsdiiinanveverentindaniinis
Wiggmileaiieiniauuu 8 § WAdadadduivesusiiugagudnalsiivnssuginidn
9.01% uag 5.98% Wlaifisuiuldniasuiuurieund diunsdlifiszazainiinnisesnings

¥
A a

TRV H=8d (U7 39(R)) vannvisvenevtidaninisanzgwileaineiniAwuy 4
5 WAladadduuesusiagagudnasiiinniuganit 2.01% wWeweuiudnnaguwuy
viound uinsdidus anladadiuiuesusnagagudnaaiiniasuanIinasuwuuve
Un#

180 ! ! 180
Conventional
160 (ﬂ) H:4d o Without hole 160 (eu) H:6d
—+— 4 holes
—— 6 holes
140 140
2 120t 12120
100 100 -
80 80
6o | ** 6o 7 |
4 2 [0] 2 4
X/d
180
160 Conventional pipe Expansion pipe
140 +
5 120 +
=z
100 +
80
60 L &

x/d
JUN 39 wanidnuarn1INTzeTadadtuuoSULNURININILIAALEINA1TLIN YU
(1An81n7A, Re=20,000)
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v < ° a & & a
5.1.3 1 dUnN19AN5IAINNTINA09EN BN T INAYD AINNIBUINUE?
- v < . <

SUN 40 Uanadun1eAu (Streamlines) YBUANINAUUTEUIU Y-Z AT
na1anIINNanIsINaemamansvediva nsdlvieveenidaiaiuenvie L=2d uay
o/ 1 s ! & o ' Y o A 1
wurugugnansnely D=4d AnFUNUN Wnnlrasenainveverentidanliinisanegs
wilgahenimaziionniaseue) Wi naunigluioveentdainTuLa Uiy
viudl dauanslugud 40(a), 40(d) waz 40(g) Feazumnsinsannvievenenidniiiinisiangg
wilgnieniekuy 4 § (3U7 40(b), 40(e) uaz 40(h)) AziIn1569 (Entrainment) V81@1NA
VS viove1evtda n i NaN ULy Tneflinshserniadiuinaniuidn
anadlloszaza1nUINNNeenNINEINURI AN WRLTY dusurievenentifniinisang
SAtlenheNALUU 8 § (JUT 40(0), 40(f) waz 40() 1N1ATEUY EVVIRUTAMUNET way
Auniivesievenentfinazgnaudiurauiuidnagluievenenindaiuduuinninie

Y
'
v A

\fisuAunsdlannvievenevihdaiiinisanggmienienniauuy 4 5 Ateulvszezainiin
ysgeniniaiuiafiiney (H) Wiy deudvwseuiiuii msfsenianieusnidanuay
fudnmasdumadivenudutiungludvioussuiuia Teinadeuinmugudnatsiiinms
yuildnsnsaemeuieugsnideiSsuiisuiuidnanvieund finnsanlseanddadas
Huveuinamudnansiiinreuiintu fuandugui 38

= Velocity
(m/s)
18.3

15.7
13.1
10.5

1
0

i
i
I
|
Y/id

JUN 40 uanudunnenusaveniniaruiuranmsTaesdneaznsive
(19M181N7, Re=20,000)
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< < < o LY
5.1.4 15$219ANUTAIN TULLILAUANINNTTINRR AN BT YA
JUT 41 uansdneaen1snszatenuiluiuiunudn (Z-axis) Ndeule
2 =% & a da ! o w !
5288 NUINN1eNIANIIUENTANNYY H=4d, 6d Az 8d MuUE1AU lagnInsIuNUd
ANYALN1INITZINLAMUSIVBAIT UL UUTIBY enAnNTinss gndeineinimas

[
=

ASIUSINUINNINDBNAY WaLAZADE Y ANAINNNTEELINUINNNBRNIINASTIUEI ANy
(H) inAu (U7 41(n), 41 (v) uae 41(A) dmsuszerainUinniseendniaiuiminywy

[ 1 1

H=dd (U7 41(n)) WU dnwaien13nsza1eauslusuinnuin nsalidnwaguwuum

q
U ]

yeremthdnfiinisinzsmienienna fdnvaznisnszaeanuisilndidssiunsdiinms
yuuuuieund lurmefideulvszeranuinmeeendnrsruiiuifintudu H=6d uae 8d
(3UA 41(v) waz 41(m) wui nsdldnrjsruuvuviovsenthdaiinisianesimienieine
Tan1snszaeanuilubuinnuindinindefsuiunsdidnviswunuuvieund dadu
avnivinlidnuaznsnszetadadiuvesuuiuiaty fdnvarliwwndsannsdiin
WITUUUUYIRUNR

20 20 ;
(1) H=4d () H=6d
n 15 Conventional 1 wsl
S || —%— Without hole e
= —{3— 4 holes N
€ —a— 8hol 1£M0
V] oles O
L e
L5t 1951
0 L L L 0 L I L
0 1 2 3 4 0 15 3 55 6
Z/d Z/d
20 T : "
(M) H=8d - g
H o
w5 [ Nozzle pipe L —i S &
~ o
£ \ Y 3
210 % = 7 i
0 > lh:
9 = D :a_
9] . g
> 5 p g
' ) i
Expansion pipe H
0 ‘ ' i
0 2 4 6 8 Impingement surface F

Z/d

JUT 41 uanenszaneanusudvluwwinnuivainnsiassdnvanisiva
(1\3m81n"#, Re=20,000)

5.1.5 N13N5EAANNFUVUATIIANNITUIINMITIRasanBazn1sIva
A (Y [y v A & 1 A A

JUN 42 Uansdneaen1INIEAeMNNANUURTS AU (X/d=0) NRouly
2 =% & a da ! o w !
52889 NUINN9BNIANIIUENTNAMNNYY H=4d, 6d uar 8d Mmua1AU lagn1nsIunud
ANYAIZNIINITZINYANAUVURTIVDAINNITULULTIREIenidnTIdn1slae g nile U
9INAGINIIVIAUNINTINONIEIN wazazAyY anawukwIsAlvawdIndinTy (JUA 42(n),
42(%) wae 42(A) dnTuTTEEIINUINYNIEBNANTIUEITANNITY H=4d (5N 42(n)) wudn
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nsnszneAnuRuUURTsLETary nsdldnjsrunuuieveenihdnfifinisianggmieni
0mA fdnwaznisnszatsanudulndidsaiunsdidnvsvunvurieund Tuvnsiiteuls
izEJ:ﬁfmmhmwwaam%wﬂwuﬁuﬁ’sL‘ﬂ'uﬁutﬂu H=6d Way 8d (gﬂ‘ﬁ 42(v) wag 42(m) WU
nsdldvsjsvunuuvievsnevthdaiiiinnsanzgmioniennia lidnsnszateanufuuuns
Admjsvudnindlodisuiunsdiinwsvunuueund dududnanvenileivilidnuaugnns
nszetadatuvesuuiuia Sdnuurliunndeannsdidvrssunuurieund

T T T
200 () H=4d Conventional |{ 200 (v) H=6d
—— Without hole
Lol —0— 4holes Ssof
T —A— 8holes -
g A\ g
2100 1 2100 f
n wv
¢ d
a a
50 198 of
0 0
2 1 2 2 0 2
Y/d Y/d
2001 (@) H=8d ] Pressure from 4 M
R 1
this line Ao "E
S
// 1
=l
1 0O
r
2 b
1
E 1
1
-4 T 4— T T
-4 2 0o 2 4
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a

JUN 42 LanInNszaN8ANURUUURTSTIANIeIUAINN1sTIaesan N3 bia
(13m81n"#, Re=20,000)

5.2 nsdiAneINsruwuLRansUasnviamileainainia
5.2.1 aNWaLNINILANUUHTAAUUUDTULNURITL AN IvU

9
3

gﬂﬁ 43, 44 uay 45 LansdnvaENNINsEsvesTadan U ULN AT
sy Adeulvszeranntinnisesntaenviedeiiufinfiinseru S=2d, 4d ua 6d
prudrfulagninsiunuin Ardadadduivesiageuiinugaguinarsiiinysoy
(Stagnation  pointidaresq anasnuuuriaiivesin dwiuusdeulvvesdnuuufing
Uaenvie filteuly S=2d (H=4d, L=2d) (§Ufl 43()) azUsnguinadilidadadtuues
g9an (Peak) 9 2 UTnAAD UTnAARUENansTl Iy svuLaziseanaINLRFUEnaInY
WUASAS -2<r/d<2 e?fuﬂuﬂﬂﬂgmmiﬁﬁﬂﬂ’jw “Secondary peak heat trasfer” [21], [23]
wlimmsnseneladadiuvedganinflediouiuinvaruuuuviound dmdunsdvoadn
WeruLuUieUnd Mdeuludisze zfmﬂUWﬂwﬂaaaﬂL%mﬁqﬁuﬁaqu H=4d, 6d, 8d, 10d uag
12d puddu lszﬂﬂgmnwummuamamumwaiaqamaumw 2 (Secondary peak) 1o

ﬂWUﬁL"UaWUlIL‘U@iﬁﬂﬂ@‘\]uﬂiqﬂa‘wﬁL'Jm?\]ﬂﬂuﬁlﬂaﬂ‘l/lL%WWQ%HLWSQR}@L@S’JLWWUU
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1% '
= =4

JUT 43 Tiszezaniinnisesntasnviefsiuiafiavssu S=2d (H=4d, 6d

< 1

uay 8d) wWudn ﬁﬁlauvl,miwsmﬂmﬂmqaaﬂL%wﬁﬂﬁuﬁaﬁwwwwu H=4d (L=2d) nsalidu
Wiugudnatelaeniie D=2d, 3.3d, 4d uway 6d (gﬂﬁ 43(d), 43(g), 43() wag 43(m))
mudiy Wendadadtuuesgsnindnvisunuuviound vinalugs -3</d<3 Jeazidiulel
Taulasanzuinagaaudnatsiidnwsny Tusnefinsdssozaminmsesnidvisiufiad
Wniavu H=6d (L=4d) AdadadiuvesvesdnuuuinUasnvieanitdnanvieuniung
nsdl 1w nsdlidusinugudnansuasnyio D=ad (U7 43(K) drwiideuluszazainuinnisoon
Gveituinidmisru H=8d (L=6d) mInszaevesiiadadiuued nadidurihugudnais
Uaanvie D=2d, 3.3d way 4d (gﬂﬁ a3(f), 43(1) wag 43(0) auddau Treladadiduuesgs
nindnvisrunuuvieund aziulddaaueglugie -1.5</d<15 Fernsnszanedaidasii
wosuuiuiafigaudunanndsruuuuinUasnie fmamisathemeadiusaudu
Sudvandu Seruduindutu deadeomstomanudouiigatu feazndndeluluummg
msfinwdnvarnisivavesin

gﬂﬁ a4 ‘ﬁ%zEJzfmmhm/maaﬂﬂaaﬂviaﬁqﬁuﬂ’sﬁtﬁwquuu S=4d (H=6d, 8d

< 1

uay 10d) wun ﬁL'ﬁlaulsuiszzmmmﬂmqaaﬂL%wﬁﬂﬁummwwwu H=6d (L=2d) nsalieu
siugudnansUasnyie D=2d, 3.3d, wag 4d (3UT 44(d), 44(g) waz 44()) mudsy TS
nszedadadiuiuesgenidnvsvunuuvieundfioglutas -2.5</d<2.5 Tuvaiiiteuly
sgpranUInnaseniivisiuiiafidnmsnu H=8d (L=4d) WFurugudnatsuasnsie D=2d
uaz 4d (3U7 ad(e) uay 44(k) Wandadadiuesgsnindensouiisuiuidnjsvunuurio
Unf daueulvszeranuinnisesniindsiiufiadiinisnu H=10d (L=6d) Envissuuuuiin
Uaonvie TiAladadiuuesindifsadiuiimmsyuiuuriaund

Uil a5 ﬁizsjzmﬂmﬂmqaaﬂUaaﬂﬁaﬁﬂﬁuﬁaﬁL%m’ﬂ%u S=6d (H=8d,
10d uay 12d) wuin ﬁL'ﬁlaulsuiwzmﬂmﬂmqa@m%wﬁaﬁuﬁaﬁL%ww'wu H=8d (L=2d) n3
uruaudnataUaenyie D=2d, 3.3d, uag 4d (gih'?i 45(d), 45(g) wag 45()) MuaIAU
Amsnszedadaiiiuefginininrsuiuuiound Geuasiiulddaauuinugagudnan
fudnvesu ogflutng -2</d<2 luruefideulvssozanuinnisoonidvisiufiaidvasy
H=10d (L=4d) nsdhdusiruaudnarsasnyie D=3.3d (U7l 45(h) aglvaiiadaniiuesgs
nuflewFeuiisuiudniuuuuiound dmideulvszerainiinniseoniivieiuiaiiy
wawu H=12d (L=6d) nsdlidusitugudnaraasnyio D=2d, 3.3d waz 8d (3U#l 45(f), 45()
waz 45(n) auadiu Wendadadiuuesaininannssuiuurieund ssulddnauuiion
Tugas -1<r/d<1

Tnonmsammui Adeulvssezanuinnisesntasnviedsiuiafidnasy
(S) Wurugudnanaaenyie (D) uazarmeniasniie (L) Snadeifadadiueiiigadu
desnidvsrunuuiindalasnyio anmsafvorniadianwanfugninuniu deald
AmusIvesdnimiingsnindmsruuuuieund afrennuiutiunieludasnyie lrinns
demauonuuiuinfiugedu Tnsewizdideulassazanuinmesenues inieiiufiad
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5.2.2 dnwaznsnszaetadadiuuefuuiufisiugagudnansiiines
Y

gﬂﬁ 46, 47, Lay 48 ARSI vAIYNNINTEeTATas LU UL URN Y
augnasiiivsssy Adoulvssaganuinmeeendaonsiefeiiuinfiivnasy s=2d, ad
WAy 6d MUY lgnIMTINnUdn dnvaizn1Inseedaldadduiuesidigianusiinga
gudnansiitinsjsry uavanasmuuuifeiveadn luvaeiiszezaniinnessnvesinis
fuiafidvvisvu () wazaueavaentie (L) sty dwalidinisnszaetadasiduues
anas wieehslsfiniy mstiuturestadadiuiuedaiuiians (Secondary peak) Aatud
Houlvszeranuinnssenveadviviiufinfidvvssu H=ad (AnmenUasnvie L=2d) iites
nsdlien Bsdmansznedadadtinueigatu Wunaunandvsruiuuindaaonved
mamidyrhenmeadiuwatuduinanntu fildausudnduiu

gﬂﬁ 46 ﬂiiﬁﬁﬁaulﬁmEJzmmhm/lN@@ﬂﬂa@ﬂviaﬁaﬁuﬁ’;ﬁL%w‘w:wu S=2d
(H=4d, 6d wag 8d) MNNaN1sAnNYIVUIAAIINEIUasNYIe L=2d (gﬂﬁ as(n) wuin lu
U'%Lamagmquéﬂmﬂﬁlﬁwﬂwu (Stagnation point) nTdltdURUANENa1IUaBNYi® D=2d, 3.3d,
4d uay 6d ansalviAiadadtiiuesgenii 3.08%, 3.18%, 13.07% wag 6.37% A1Ua16U
defisuduidnvjsrunuuvieund Tuvasiinsdidusinugudnansasnyie D=8d Tiaiaidad
fhvesgeanindnjsunuuriesundnios dmiuruiaanuenivasnyie L=4d (§Ufl 46(v))
wuin Tuusnagaqudnatsiidnsjesy nsdldusinugudnatsasnvie D=2d uag D=ad 1%
Afadasiiuuesganin 1.70% wag 5.56% awandu Weifisuduidnsjssunuuvieund dau
nstlduRuAugnaaUaenyie D=2d, 3.3d waz 6d Aal@adtuvesinalfesiudnmegy
wuUvieUnd uaziilerinannuevasnyie L=6d (gﬂﬁ 46(m)) WU 1uu’%nmﬁgmauéﬂmaﬁﬁw
viawu nsdifidusugudnatsUaonyie D=2d uay 4d annsalvidadadduiuesgenin
2.70% wag 3.73% muddu Weifleuiuiinsjsunuuvieund Tuvasfinsdidusiugudnans
Uaanyie D=3.3d, 6d uay 8d rrtiadadtuuefanindmjsuuuuviound

sUft 47 nsdlideuluszazantinmssentaenviefiaiuinfiivwsey S=ad
(H=6d, 8d way 10d) MNwan1sAn¥ITUIAAINEIIUABNYD L=2d (gﬂﬁ a47(n) wui lu
Uinagaquinansiiiinsjsru nsdldurinugudnaisuasnsie D=2d, 3.3d wag 4d annsaly
Adfadadtuueigandt 21.42%, 13.31% way 13.15% mudsy eiisufuidvmjsvunuy
vieUnd Wleifiuszezanuenivasnyie L=4d waz 6d (gﬂﬁ 47(%) uag 47(A) wui luusinm
aAudnasfiivwsey nediduriugudnanaaonyie D=ad ity asnsalirdadadiiy
1e3genin 3.01% uaz 8.52% auddu Wewfisuiuiinsjsvunuuvieund Tuvaefinsdlidu
H1uAudnataUasnyie D=2d, 3.3d, 6d uaz 8d la,imanimbaLﬁmmﬁa@aﬁﬁmuaﬂﬁgmdﬂ
WvYsuwuUvioUnd
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fdeuluszey S=4d (§vonad, Re=20,000)
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sUfl a8 nsdlfideuluszazantinmssentaenviefiaiuin iy S=6d
(H=8d, 10d uaz 12d) INWANSANYIVLIAAINEIUABNYIE L=2d (gﬂﬁ as(n)) wuin Tu
Unagaquinansiiinsisry nsdidusiugudnatsasnvie D=2d, 3.3d uay 4d awnsali
Alfadadtduiueigandt 4.78%, 1.61% uax 0.58% muadu Welflsurulinjsunuusie
Uni TuvaugiinsdhidurinugudnatsUasnyie D=6d uay 8d Teliadasiuuesliuansng
NNdvvsrLLUUYisUnd wililevinsifinszgaueasnvie L=dd (Uil 48(x)) wu Tu
U3nagaaudnasiiinsjeny nsdiduriugudnarsesinuuuinuasnsie D=3.3d, 4d uaz
6d Wrdagadtuiuesaindt 11.25%, 2.31% uag 1.96% auafu LﬁaLﬁUUﬁUL%WQwu
wuusieUnd dmsuiiteulvanuenivasnviediandu L=6d (Ul 48(@) nuin Tuudiuge
gudnansiivsjevu nsdliduriuguénansasnyie D=2d, 3.3d, 4d, 6d uag 8d lAaidad
Wuasgend 10.48%, 16.37%, 5.14%, 0.18% waz 8.61% AudsU Lﬁal,ﬁwﬁ’uﬁwg'wu
wuuvieUnd Famaifisduvesafadadiuuefiunantannisviisiheniaveainuuy
fnUaenvieisiu tsasiesduthumelulaoniie wasfiunnuiiiniiady
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"eulvsvey S=6d (Anene, Re=20,000)
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5.2.3 anwazn13nEanedadadiuuasiafs uunuR NNy
Tunismardaadiuivesindevuiuinfinnisy lavinismaigamgd
\WAeTINTEABUUNURIIUYI 0<r/d<1 uag 0<r/d<d
= I v oa & v s d‘ L a da 1 1 v
JUN 49 uandndadaniuuesiafevuiuiinidnvsyulugieiall 0<r/d<1
A 2

[

way 0<r/d<4 NIaulvszezannuinnisesndasnviafany

a I

NANLANWIBU S=2d (H=4d, 6d
uay 8d) nuan1sAnvINUT iessezaintinnisoandvieiuiaiivrissu (H) Hudy
wltfuvasafaidadiuiuesiadsaranas Telnnmsndulddain Wnsrunuuings
Uaenviefinsdliduriugudnats D=4d (3Ufl 49(n) uay 49(@) anansaliadadasduues
wAsvuNuRmILSEd (/d) gandnanWeruLUUTiBUng uazdnesunuuRneUasnyio

NIRLDUS

4 —
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6. #3UNaN15IY
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Abstract

The aim of this research is to study the flow and heat transfer characteristics on jet impinged wall from
expansion pipe nozzle. The experimental parameters were given the inner diameter of expansion pipe in ranging of
D=4d, the distance from jet outlet to expansion pipe outlet L=2d (d is inner diameter of pipe nozzle), number of air
entrainment holes N=4, 6 and 8, and the jet-to-plate distance H=2d, 4d and 6d. The Reynolds number of conventional
jet was fixed at Re=20,000. The mass flow rate of jet from expansion pipe nozzle with air entrainment holes was
fixed for all conditions, and it was equaled to the mass flow rate of conventional jet. The heat transfer characteristic

was studied by using infrared camera. The flow characteristic of jet was studied by using commercial program CFD.
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The results show that the jet from expansion pipe nozzle with air entrainment holes can entrain the environmental air

to the jet higher than the conventional jet. This affects the increasing of heat transfer rate in impinged region.

Keywords: Impinging jet, Expansion pipe nozzle, Heat transfer enhancement, Flow characteristic, Air entrainment
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Abstract

Flow and heat transfer characteristics of impinging jet from expansion pipe were experimentally
and numerically investigated. The expansion pipe nozzle was drilled on expansion wall for
increasing an entrainment of ambient air into a jet flow. The diameter of round pipe nozzle was
d=17.2 mm and the diameter of expansion pipe was fixed at D=68.8 mm (=4d). The number of air
entrainment holes was varied at 4, 6 and 8 holes, and the expansion pipe length was examined at L=
2d, 4d and 6d. In this study, the expansion pipe exit-to-plate distance was fixed at H=2d and the
Reynolds number of jet was studied at Re=20,000. Temperature distribution on the impinged
surface was acquired by using an infrared camera. The numerical simulation was carried out to
reveal the flow field. The results show that the ambient air enters through the holes and
subsequently blocked the entrainment of ambient air into the jet flow. It causes to enhance the heat
transfer particularly at stagnation point higher than the case of conventional pipe: 4.68% for 4 holes
at L=2d, 6.4% and 6.28% for 4 holes and without holes at L=4d and 5.48% for 8 holes at L=6d.

Introduction

The characteristics of jets such as entrainment, mixing and spreading are closely related to the
heat transfer characteristics of impinging jets on surface. For circular jet, large-scale axisymmetric
and streamwise vortices are important factors to entrain ambient fluid into the jet flow. There are
many passive control methods to enhance the entrainment, mixing and spreading in jet such as
addition tabs and modification at the jet outlet [1, 2], generation of swirling and processing jet flow
(3, 4].

Another simple method for jet flow control is using extending nozzle outlet. Usually, the
expansion pipe is used for enhancing of jet mixing or combustion in industrial applications. It is
also possible to employ for impinging jet. The main concept for heat transfer enhancement has been
discussed in previous studies with increasing turbulent intensity in the jet flow [5]. So, it is possible
to apply the expansion pipe for promoting the heat transfer on impinged surface.

The objective of this study is to investigate flow and heat transfer characteristics of an impinging
jet from expansion pipe. In addition, the expansion pipe was drilled with air entrainment holes in
order to increase the flow rate and turbulent intensity of jet flow. The effect of number of air
entrainment holes and the expansion pipe length were experimentally and numerically investigated.

Experimental Setup and Method

Experimental Model and Parameters. The experimental model of impinging jet with
expansion pipe is shown in Fig. 1(a). The jet was discharged from pipe nozzle and then impinged
normal to the wall. The expansion pipe was assembled at the end of pipe nozzle. The origin of the
Cartesian coordinates was located at the centre of jet outlet. The Z-axis is on the axial of jet, and X-,
Y-axis are on the horizontal and vertical axis as show in Fig. 1(a).

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 101.109.247.87-27/04/14,15:59:02)
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Fig. 1 Experimental model and air entrainment hole geometries

In order to study the effects of air entrainment holes, the expansion pipe plate was drilled for
case of 4, 6 and 8 holes with the diameter of 8.6 mm, and the locations of the holes were evenly
distributed at r=D/4 as shown in Fig. 1(b). The inner diameter of round pipe and the inner diameter
of expansion pipe were d=17.2 mm and D=68.8 mm (=4d), respectively. The jet-to-plate distance
was fixed at H=2d; the expansion pipe length was varied at L=2d, 4d and 6d. The impinging jet
from conventional pipe (without expansion pipe) was also studied to compare the results with the
case of mounted expansion pipe. The comparison of flow and heat transfer characteristics was
based on the constant jet mass flow rate corresponding to Re=20,000.

Th ] Movable impingement plate
SCR Temperature ermocoupie * >
controller |
Power
§ —H— supply
> \ l rt ~N
e ) e L S R pL=
f A
/ Nozzle Expansion pipe , IR camera
Heater chamb {
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d = Nozzle diameter
H = Jet-to-plate distance
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O | | — | -

<<

i 7 . Copper bus bar Screw

H i Acrylic

Blower
Manometer

Fig. 2 Diagram of experimental setup

Experimental Setup. The diagram of experimental setup is shown in Fig. 2. Air was supplied by
a blower through a calibrated orifice for measuring flow rate. The flow rate was adjusted by
changing rotating speed of blower with inverter. Jet air temperature was controlled by a temperature
controller and a power controller at 27°C + 0.2°C. The nozzle was made of steel pipe with inner
diameter of d=17.2 mm and length of 83d. This pipe length was ensured the fully developed flow at
nozzle exit. The jet impinged surface was made of stainless foil with sizing 240 mm % 240 mm and
0.03 mm in thickness. This stainless foil was tightly stretched between two copper bus bars. The
stainless foil was sprayed with dark black color for measurement temperature with infrared camera.
The emissivity on measured surface is 0.95.

Data Reduction. The air jet with constant temperature discharging from the pipe nozzle
impinged normal to the heated surface for cooling. The wall temperature on the impingement
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surface was measured by using the infrared camera and, the heat transfer coefficient was
subsequently evaluated.
The local Nusselt number was calculated from:

Nuzﬂ,

k (1)

where, d is the inner diameter of the pipe nozzle and & is a thermal conductivity of the air jet. The
heat transfer coefficient, 4, can be calculated from

h _ qinput - ql()s‘sed

Tw_Taw

9

)

where, Qiossea is the heat transfer losses from free convection and radiation [6], T\, and T, are the
wall temperature with heat flux and the adiabatic wall temperature without heat flux, respectively.
The heat flux can be evaluate from

1w

C]input - »
A
3)

where, [ is the electric current, " and A4 are the voltage and the area of heat transfer wall.

Numerical Simulation

Flow characteristics of the impinging jet with expansion pipe were studied by commercial
software (ANSYS ver.13.0, Fluent). The numerical model was same to the experimental model in
geometries, dimensions, and flow boundary conditions. Computations were conducted by solving
Reynolds averaged continuity and Navier-stokes equations. SST k- @ turbulence model has been
adopted in solving turbulent flow. The non-uniform grid system was finely generated for regions
near the jet exit and the impingement surface. The number of generated grid was varied to achieve
an accurate solution with low computation cost. Solutions were considered to be convergent when
the normalized residual of all algebraic equations is less than the prescribed value of 1x107 [7].

Results and Discussion

Flow characteristics. Streamlines on Y-Z plane passing center of nozzle from CFD results are
shown in Fig. 3. It should be noticed that the outlet of expansion pipe was fixed at Z/d=0 for every
cases. The streamlines for the case of without hole (Fig. 3(a) and (d)) show that the ambient air
entrains into the expansion pipe. For the case of expansion pipe with air entrainment holes (Fig.
3(b), (c), (e) and (1)), the ambient air entrains into expansion pipe by two parts: first one through the
air entrainment holes and second one entering from the expansion pipe outlet. It can be attributed
that the expansion pipe with holes can increase the entrainment of ambient air and subsequently
increases the turbulent intensity in jet flow.

In addition, some circulation flows appear inside the expansion pipe; their sizes becomes larger
when the expansion pipe length is longer as shown for case of L=6d. However, for the case of
expansion pipe with 4 holes at L=2d as shown in Fig. 3(b), the circulation flows are disappeared
due to entering of ambient air through the air entrainment holes block the ambient air which flow
from expansion pipe outlet. For expansion pipe with 8 holes as shown in Fig. 3(c), however, the
circulation flows are divided to smaller circulation flows when comparing to the case of expansion
pipe without holes (Fig. 3(a)).
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Fig. 3 Streamlines of jet and ambient air on Y-Z plane at centre of nozzle (CFD results,
Re=20,000)

Heat transfer characteristics. Nusselt number contours and local Nusselt umber distributions
on the impingement surface are shown in Fig. 4. Nusselt number is also compared with those from
the previous work for case of conventional pipe nozzle [8] as shown in Fig. 4(p). The Nusselt
number distributions are highest at stagnation point and decreases gradually along radial direction.
For all case of expansion pipe, the secondary peak is disappeared except for expansion pipe with 4
holes at L=2d as shown in Fig. 4(d). For case of short expansion pipe L=2d, the number of air
entrainment holes shows strong effect on Nusselt number distribution in impingement region and
wall region. But, the effect of holes number becomes small for case of long expansion pipe L=4d
and 6d.

The Nusselt number at stagnation point for some cases of the expansion pipe is higher than the
case of conventional pipe: 4.68% for 4 holes at L=2d, 6.4% and 6.28% for 4 holes and without hole
at L=4d and 5.48% for 8 holes at L=6d. This can be attributed that the increase of turbulent
intensity of jet flows causes to increase heat transfer near stagnation point. However, when consider
at area around impingement regions, the Nusselt number distributions for all cases of expansion
pipe are lower than the case of conventional pipe.

Conclusions

The main results of this study can be concluded as follow:

1. For the case of expansion pipe with hole, the ambient air entrains into the jet flow through the
holes and the expansion pipe outlet. It can be attributed that the turbulent intensity of jet increases
before impingement.

2. Some of the expansion pipe cases can increase Nusselt number near stagnation point which
higher than the case of conventional pipe: 4.68% for 4 holes at L=2d, 6.4% and 6.28% for 4 holes
and without hole at L=4d, and 5.48% for 8 holes at L=6d.
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