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ABSTRACT

The aim of this research is to study flow and heat transfer
characteristics of impinging jet from an annular pipe and a radial pipe. In the
experiment, the inner diameter of nozzle pipe was D=28.6 mm, and a rod having
diameter of d=12.7 mm was inserted into the center of nozzle pipe. For generating a
radial jet, a solid cone with divergent angle of @ :300, 60° and 90° was mounted at
center of jet outlet. In addition, a conventional pipe (A pipe without inserting rod)
was studied for comparing the results. A jet-to-plate distance was varied in the rage
of H=2D,, 4D,, 6D, and 8D, where D, is hydraulic diameter (D,=D-d). For the
comparison of results, the flow rate of jet for every cases was the same by
respecting Reynolds number of conventional jet at Re=20,000. The heat transfer
patterns on the impingement surface was measured by using used infrared camera to
capture temperature distributions on the surface, and the pressure distributions on
the impingement surface was measured by using pressure sensor. For the study of
flow characteristics of the impinging jet, an air jet were investigated by using
Computational Fluid Dynamics (ANSYS ver.13, Fluent), and a water jet was visualized
by using Lacer Induced Fluorescence. The results showed that at the jet-to-plate
distance of H=2D,, the area of high heat transfer of radial jet with & =90" was larger
than the other cases, and its heat transfer rate was the highest. In addition, for the
case of radial jet with & =60° and the jet-to-plate distance of H=4D,, it was found
that the air which was under the solid cone leaked from impingement region. It cases

to decrease heat transfer at that area.
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LasuvveLasIEearAoi Ut vesiisnenseualiin Wednelvinssuansilwariiu

a 1

wrimauadlU A finauiounseaeTiiuiwiuanuag anuuldinay
HuURPINTITUIEANTOU Wesruuldngan1tzass Iwin1stuiinAnsnseaeaumngll
vuiuiuRuanuaanuassiuiiniasulagldndosdunsisansiaduaiiuiou (Thermal

infrared camera)



Movable impingement plate

| right !

‘ Power supply
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7 ~ N
FEEDYT = T
N\ Infrared camer, 4
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k foil

5UT 3 MgavuantlsdmTumMTinAduUsEanSn1snIANUTEUUUITURY

dusudnsinisiinaiussuludkuaiauiaga au1sasiulIulaain
ANMUFUNUSAIT
\Y}

qinput = 7 (1)

it 1 Aenseualnliihfisneldfuwsiuamuiaa v Aeusssuliiiinnaseuunuainuas was
A Fo WuTlvesiufingemenudeu (wiuamuaa)
MnuaseAuLAdsEAvEImATIeuanzgauuiiui () Téainaunis
h= C.1input_qrad - qnat
TW _Taw

Wil g, =T -T2) uwar g, =h(T,-T,) fo Wdndnsgederufeuiivinainnisun

(2)

$IEUAZNITNIAIUTOURUUTITU VI AVUNTIATUVAIV DAL ULAE T, ABOMUNNNVDY
1 P @ 1 P = YN 4 ¥ & a 1 aa Y 4
wHuawmuaaiiolnuluvaenldiindndninusow, 7, AegamiiveuHuamuaaninand
ANNTEU wag T, AvaamniusseniAlagsey
ANAT AT UUNURIAWINIAINANUFUNUS

Nu:h&
K



lag?l h AeduUsyansMINIANSouRaINIA k AeduUTEAVENTUIANTEUTDIDINA
= a a s ' ad 4 v oo Y A 1 v =gy
waz D, felalasdalaiimesilosanviennuuuiinunntdauwazdnsinistnanvintu 3914
Dy=15.9 mm (MerdnuuuaswnwlumsiSeuiisumtadaniues
3.4 NSANYINIINTLINYAIUAUUUNURINANTSTY
- = [ v X a d !

JUN 4 uansyanaaamldlunisinnisnszaneAuiuuNNuRI MMy
Wefnwidnvauznislnavsneiuinresdnainiowuusiee) Inentdsiilinnasuinainudy
AEASANTIUN 15 mm ATINANUNUNZIEMTUAAAY adaptor VnAInneundesiliiiae
AURIYRINITANLAVYIYY wazie1eg tap TauduruIaduNIuANENans 0.5 mm UL
NeuNded iefnfuuges i (pressure transducer) anUN s ANTssuUsENOU
WiulAzmuAuNIsiRaudLIaLUY 1unu (1D Transverse table) AsU lneia3asinainy
AudzAalnULAIasrui e sianUasdgradlwinfilaanniaIosinaarusu (pressure
transducer) {uAanui wasdoyarnuduluusasgnazgniuiinasneniiumes

dwiuisnisianisnszaevesanuduresiniav lnefmunfiuns
N133AN19N32A18ANAY N58811991NUINNI988N H=2D), 4Dy, 6D, wae 8D, luns
wasunlUdwhunisisenisezinldganiuaudaludfiusudunuinisinaoun Tudiuves
n1sususzegnavu azUiulagnisidewdi-sanudiinnisdaliuiu Tunisiiudeyadie

a X % = 2 v ) 1

mouamestuagldmudlunisiiudaya (sample of frequency) 20 Hz uazddag1slunis
wWiudaya (Number of samples) iU 400 wagazt1UoyaT8ININTLANYAUAUN AL
Anziiieadunslasasniinsivaveniviivy

Pressure transducer

- SRS

1nn1eaantan

o
Y

UM 4 gunsaiildlunsianisnszanevesnuiuiifnsauundaiidney



3.5 n39NaeN1sianIeIsAUIANIINaIasYadlva

TuenAdedldiusunsa ANSYS Ver.13 (Fluent) Tunssiaeanisivazes
ey Tnsuuusiaesililuanideiifudaes 3 7 (30) faguil 5 uandlunaiildlunig
asensiva lngdraeddunalivilouiunmaaeaswnuszns 3nsulamalsznaudie
2 dfie druusnidudniiduriodn (Nozzle pipe) ﬁmmmé’umu@uéﬂmﬂmﬁwhﬁ’u Dh=
15.9 mm ﬁm%’uLﬁwﬁlmaiuLLua%’ﬂﬁﬂzaﬂLwiwsqmwﬁmm 6 =30°, 607, 90° @1 15 mm
dauﬁaamﬂudwmaw%Lfsmﬁlﬁww'wuﬁuﬁa (Impingement  surface) fllduH1uAUGNAT4
WINAU 35D, LLazsxEszﬂmﬂmqaaﬂviaLﬁwﬁqﬁuﬁaﬁﬁw@wu H=2D,, 4D;, 6D, ag 8Dy,

WW G)§ ——————>

5UN 5 Tuwanldlunisdnassnisiva

A al ° P Y] ] fad  a A v a

nsanldlunuuiassaeiidnuazidugnuianamasuiui USInnTInang
mﬂmﬂmqaaﬂviaﬁqﬁuﬁaﬁL%WﬁwuuasﬁuﬁﬂwﬁwuﬁmmasLﬁamqﬂ FIUSLIUAINATD
ABIn13AINazLBEAlUNITAILINGS LazUTAUINNI9eDNYBLANKATNUTR NIyl
anwagnsaludu FellmuazldunaaINUanesaednl Lagauaziden azanaulonis
mmﬁL:]fmhﬂmqaaﬂﬁumL%vumzﬁuﬁ’;ﬁﬁmﬁwu Tudumauni1sas1ansat azARUANUR

o d‘ v d‘ i o % d'

YOUUUINR0 iveaiaReulrveuwsldlunisiwinduandlusun 6

dwsuisniswa ladmuadanesfiuduuwuy SIMPLE (Semi-Implicit
Method for Pressure-Linked Equation) lag s18ax18uaue9 Spatial discretization Tullsiay

N o o Id . o a

aunsulglunsawiuimuaduiuy Second order upwind laginuameululunisngn

{1 a . [ -5
UszanananainuRana1n (Residuals) winfiu 1x10



Velocity inlet

wall
Pressure outlet

Constant heat flux wall
UM 6 msfmuaReulyveulwnveinisiva

a o ¢

3.6 NMsAnwanwUzNslaveaa IR T evied
° [y = [ < Y A ¢ d =
dmsunisfinwdnwaunsivaveuinindingUssasdiie iWSsuiisy
lassadanisluavaninnsguainiodnuuunieg taslunisnedensdluantuiues
< @ < % o o o o o % v v
Re=4,000 &udutremnuiivosdntifianunsodunnanuazlassaininisivavasinle
Faau Tnadun (Water tank) Aldlunis@nwiviannszanumladielianunsadunanisivg
Yol gurdvuinaunig 80 cm 817 200 cm uargs 80 cm lunismeaesinvzgn
ArdsInduiul Jet water tank) awia 120 das Ingldtuin (Water pump) wuumeslas
wasnuRglnai g UTudnsIn1siua (Main valve) wazgunsalindnsinisiuavuin
0.37-3.78 Ansmeundl ldwiewnun (et chamber) ifionszatgtniidnuliiini1uin
alauenasniiuntfavienaufiazlnasenainidn (Nozzle pipe) lnevioldn (D) AlGH
yuelugninsafildAnwiineinia 2 win weldausadunndnvazmslnaladaiau Tng
Vionliinyvied3d dgun 7 duiinnmlngldndesidneadnlen 30 wisuseiui



Pipe

Drain plpeEz Bypass valve :l:l

Flow meter

i

Hl Main valve

il

Laser sheet Nozzle pipe

” E Z i:D

Il

Support
Test section Transparent water tank Fluorescent water tank

JUN 7 uansyanaasildlunis@nudnuaenisivaniedBaaiend (LIF)

YAN3een

L 3

‘it." !"

--?

'4 :',

8

P

naoIA9Inea 1" : *Y

UNANANTLT DA

5U# 8 gunsainldlunsfnumanvaugmsivadmeisigeiend (LIF)

dnsumsinundnuuzmsivaveainihdasyeTBideiminands Ui
8lneluionaua1s Rhodamine B (CogHs CIN,O5) aﬂuﬁﬂﬁ’l (Fluorescent water tank) Faans
Rhodamine B fianautfidowuas ndsntudadniidarsdouasadivluilaioglugiy
(Transparent water tank) uazlduasawosdesinsinunsinanswesdiniteglassaiienis
Inaveudn Jsyaerineuaiwes (Argon laser) Mldlunismaassuuin 500 mw dudniile
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NTENUAULAILALYDTLLAANITIS DILEIUUII@NTaN A LN P og 19U wasld ndas
fInaalflatuinNINaNwIEN15 ANt F99za1uTaNaLulATIas19nN15laveaLin
TaaenataLau
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4. HaN1SNNAILATINUTI8NE
4.1 NM5aEWMANUTOUUUNURITANWIYY
TwUeanu 1é’ﬁ1ﬂwsmamLﬁaLﬁaué’mwmsdwmmm%auuuﬁuﬂ’;ﬁL

varuAunuAdeluedn 5UR 9 uanamssuiisumsnseaedadaduwesuudiuii

6 o

1 U a v d' d' d' @
WaruiuuITedue 1/1anulﬁuswzmﬂmﬂmqaaﬂmmLammwumwwu H/d=6 58luanily
U835 Re=23,000 vuAdurIUALINaIURYIBIN d=17.2 mm Fdlndifesiuiuauidedun
TAgNINSINNUIN dnwarAIsnsEIetadantuiuastnalAssiuauldelusin Inaenizua

INNITNAFBIVDY Lytle Lae Webb [11], Gao wazane [12] LALIUIILVBY Gulati [13]

<
N
&

N

250 T T [ T T T T [ T T T T [ T T T T [ T T T T T T T T T T T T T T T T T
I o Lytle and Webb[11] 1
[ O Gaoetal [12] ]
200 0 Leeetal [14] 7
F % Gulatietal [13] 8 x E
L A Baughn and Shimizu [15] fH.A kﬁ g
150 I o present results oL 73
2 [ ofg
i N =
i o) 8"’ o)
100 O o (23 O
r m] @F A A a‘ﬂ 0 E
L 6% .0 ®oqave g 1
L Oge ® ® 0q0 ]
o o @ © 5 Seg
F °® & [ LX) 1
50 - = 5 ® o 4 S il
: A S @ A :
0 kx vl by e e b e b e b by F
6 4 -2 0 2 4 6

JUT 1 wansnisiieuifieunisnsyanedadadiuus suuiuiiiivnsunuwuigudnay
Violdiniunuidedus MReuly H/d=6, \nen1A, Re=23,000)

U7 10 Ifuansnisnszansvestadadiuuefuuiuiafiinsseulu 5
n3dife innvieUsnd Linanvienswu Wnanvieilyalunundailvigm 6 wiiiu 30, 60
uaz 90 03A Tunsalvendnvieusnd Tadadiuivesiisye gy H=2D;, (3 U7l 10(a)) 9
mmaﬂ‘wmLmum@ﬂuaﬂmamssuu masﬂmmmuaﬂmwmw LazADY anAININTEELT
mqaammLmeﬂmwawwaamﬂuuﬂ Fiutugednade (Secondary peak) Dugtiaumu
TERIRIOR X/Dp=3 L%ULﬂﬂﬁﬂUﬂUquJ%V\N%u H=4D,, (g‘U‘m 10(f)) anwaEN1SNTLINY
vostfadadiiuesasiisuuuuiimiloutuudasiindadadiinues Anifiszesevu H=20,
(gﬂ‘ﬁ 10(2)) WaziFuanaIBNTiszozyjavy H=6D, uay 8D, (gﬂﬁ 10() uaz (p) aglaiusing
mﬁal,%aﬁﬁfmLU@%Lﬂmﬁuqqﬁﬂﬂ% (Secondary peak) uonanigamuinusnadiiaadas
thnuefgaziivinaiuauas

Tunsdlvoaimaumu Aszezsjarusingn H=2D, (3U7 10(b)) N15n52a18
vestadadiuuesiadiduniinaisiedn Jadunainannisaennarnieluseldv
AvisldiRanssudneulvanuiuia Uinadinsdemenufeugaduisumuny
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aﬂwmusuammmwal,w LllaquJ wwuintudu H- 4Dy, (U 10(g))UiL’Jm‘V]3JE]GI§’]ﬂ’13
demanufeusiiiunsisnarwiodnivwiadnas esmndnianssudanntuiey
waruiuiouagidessogaruiiindu H=6D, way 8D, Arfadadiuueigiqnazanas
ALEIRNY LLGiﬂ"]QQEjW]%Lﬁﬂ‘?}’uﬁﬂﬂﬂugﬂaﬂﬂLL‘LJ’J‘V]'E]L%‘VI

| Conventional jet| | Annular jet | [Radial jet 6=30°| [Radial jet 6=60°] Radial jet 6=90°

H=2D,

150
140
130

4D,

120
110
100

70
60
0
d

E‘U‘VI 2 mﬁﬂixmmaauaL%amumuasuuwummwwwu (RGZZO,OOO,TJ:27 C)

H

6D,

H=

a1
o

8D,
N

H=

_64202466420246—642 24664202466420246
XIDy, XDy,

° [y < o a A 1 1w a & & 4
mmmwlwaiuumam NITYTNITU H=2Dy, muamamuuwaimqm

aﬂ‘lﬂmuL‘LJ‘L!’NLLM’JULLﬁu‘VWﬂﬂ‘uEJﬂa’NLLU’JVIE’JLQVIVLEJELGUG]’]LLMHQﬂ’]u&L‘UﬁmuNLU@iﬁﬂﬁﬂ IWEJ‘W‘N
mamumau%mmummym 0 cI/IL‘I/\llI“U‘L! LLG]W‘IJ‘VIF;]UEJ?]@’]Q’NLL‘VI'J‘IJ‘VIJJFHHﬁL"’ZIﬁUBJLUEJiGI'm’J'TLI

=D D

D

yadfistutuity vllunsduesy 0=00 asm Aufhaumuuazaifadadiuiuesasdia
wnfign uazganasniunud el findy Wosraesvuiudu H=aD, fiyy 0=30 o
AladatuuegegnIzanas wadiuTngdnuazItmiu uivzlidlndifesiugagudnans
waziileszaynsvuiisndu H=6D, uaz 8D, gaqunansazdaniadasdtuiuoigean usay
ANAIAUTL YU TIL LT dmsunsalyy 0=60" ﬁszazw’wu H=4D;, N15NT218FAIVD
Afadadiiuuesarliauinas lnefidnuvaziduiumuiimeluisdin wazidleszogyiavy
sy H=6D, uaz 8D, aAudnansazdavadadiuiuesgean LA AZanaININTE UL
st Tunsdl g 0=90" Wesvezsjesuifisndu H=aD, Anfadadiuueiasanidnuasdu
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WWuiUsIngey uiliAranas waziiloszesnsvuiiadu H=6D, uaz 8D, ATaFadivy
WwoSranawNIzEeTi s Tuagan

dmuiindilnalunniaiingdlyy 0=60° uay H=4D, mudlFuandugui
106)  dunuidnuasuinadivadadiuuesdags (290 lidursumu a1nnsia
AvadasiuuesTiUasunas 90 t, 89t 6o t Aevarfivieiuliund nuidnvaznns
nszaevesmaatiuiuesliiudsuutasmunatmuiliuanddusui 11 Feagldedue
Usngmsaifludrudnuaznislvadely

6420 2 4 66-420024664-2024664-202146
X/D, X/D, X/D,, X/D,
a v a o & X a 4« | A A U aa o
5UN 3 MInsenevesiadadiuuasuuiuiananssunsdldnitlvaluwunsalinygg 0=60
waysyey H=4D, lnuldsuliasniuan

a o a & o s X a 4 1 r-:ll
E“LJ‘V] 12 LENINTITINTZINYUBIUADAAUNLUBIUUNUNINLINNITU 9

A s 1

Autanewy H=2D,, nsdlveainainvieusnfazlmgegaiignaudnalsuuiviodvissun

9 Y
L% a L% s

130 wazlsuanaULWISATILNATY Inensvey 1/D,=3 Adadatuuesiaziiagegndnaiy
(Secondary peak) Lazisuanasdnasaiiosrevvinamuuwusaiiiiudy Tuvasnnsdveain
nviewnI waziinanvielnaluwuidedl azdidgegn 2 duniaisdaesgagudnan
Inensdvesiniumugngegaresiadadiuvesinatulndiugaaudnansiign daluidudn
Inaluwuasalvingu 0=30, 60 uay 90 oeen mudwu tneidninalunuisadivingy 6=90
a7 xliAndadadingandimnnsd JedadadduirasanainininvieusnAvssann 30
\Wesidus Miseyavy H=4D, WnvisUsnAdsnsliadadatuivesgeannigagudnans Tuvase
MNselduq TA1gean 2 AuniistnawegaaugnaIuguay uinsalvednlraluwuisadiyy
0=90 aer HATadatiniuesiign lneidnainviorswnuaziiigansesanluidnainie
Tvalunundediyy 0=30 931 LAVINYIBIWINIY ke INaINYDlualuludsaliyn 0=60 a3en
°o w o ! P S IS ] ! a A1 vooa o
HIUR MU Lmaiwzwwummumu H=6D}, Lag 8D, NTUVBILANIINNDOUINAISUAUALTAUL
3 < [ ! [ ! v
wesasan sesmannluidnainviedswniu wasiananvielualunwisatiyy 0=30, 60 uag 90
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a3 muawiu dmsulunsalidnainvielualuwwiiaiiyy 0=90 s Aladatuuesiiszey
Waruiuaiina1niaranawuszesienindudusgwn

200
180 |
160 -
140 |
120 |

100 - f
80/
60 | 27

40 |

(@ H=2D, (b) H=4D,

Nu

200
180

160 - | = Radial jet0 =60°
Radial jeto =30°
140 1 1 ——  Annular jet

120 Conventional jet
100 H
80 1
60 Z
40 |

c) H=6D =
(c) h |(d)H=8D, — Radial jeto =90°

Nu

84 6 4 -2 0 2 4 6 88 6 4 2 0 2 4 6 8
r/Dh r/Dp

JUT 4 msnszanevesial@adduiuasuuiuilaiivayy (Y/D,=0, Re=20,000, T=27°C)

JUN 13 wansladaiuvesinfouuiuianinyesunfndadsluyas

Ushe 0S1/D,S1, 0S1/D,=2, 0=1/D, <3 way 0=r/D, <4 lnedadanuuiuesiademineil
a r-:ll a o a Y 1o a £ 2/ a
gaumpiindgluvsnaundnnuliuniluaunisi (2) ssldrmdulszansnismanuiounde
(h) ntuihadulssansnsmanudoundseh) lunuluaunisi (1) wldendadaiy
wesiady MnFuwnllivesladadiuiuesindeanainunsiiiaduredsyerainiinnieeen
Wndeiuiafiaveu (H) Wefiansanudnn 0S1/D,S1 uar 0S1/D,S2 fiszaza1niin
2 =% & a 44 ' = v a o s =3 '

NDDNLANOINUNINANIITU H=2D;, (3UN 13 (2) thaz (b)) UATaUNLUDILAaEYDANIINND
wnuimganininilralusnieiidesniadadiuuesusumudnaisioldnnsdiin
Pvaluwuisaifien duinnuaveinshiansansrefivinnieeenidn Weiarsanusiiu
0S1/D, <4 Aisrg1nU1nnneenAniaiuf ianwewy H=20, (U7 13 (d) nuindadatiy
\wesladeveadnnnvienaluwuasedivnnsdififigandndnainanviensuiu
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140 4(a) 0<r<1D, 4(b) 0<r<2D,
o T———— | |
100 A 7\?2 ]
S
|Z 80 1 ] ‘\\‘
60 ]
40 1 ]
20 T T T T T T T T
—0— Radial jeto =90"
140 - {(d) 0<r<4D, —— Radial jeto =60°
] ] —=— Radial jeto =30°
120 —+— Annular jet
100 4 ] —e— Conventional jet]
>
Z 80 1 J
60 4 ]
40 1 4
20 T T T T T T T T
2 4 6 8 2 4 6 8
H/Dp H/Dp

U7 5 dadadiuuesiadeuuiiuiaiiviawy (Re=20,000, T=27°C)

4.2 N5ANBINIINTZINYANUAUUUNURITIIVIT 99U

v
S a da

E‘Uﬁ 14 ULEAINANISNILINLANUAUNLAIINA1TNAGDIVUNURITLINN VU

9
1%

fiduvtla X/D,, f1eq Thsdluadiuiuediviiiy 20,000 wudnsdlszogyiauiuiia H=20, Ha
v TuiugIaaves innvissniiatuiidunisgaquinasresialinduintudfioqe
A duanuduresdnaniiotswnuiaranieluuaeiifnnnudugaaatu 2 fumds
Fainvisnngaaudnarsviordnesnlulusiumiis x/D, Tnefisumisszezsinanngudnansi
Anarmdugsaaistulunsdiinanvelnalusunsadvham 0=90° 60°, 30° uazidnanyio
FUINIUALEAY

nsdifiszoyrjaruiiuin H=4D, (5U9 14(b)) Wuidnwarnsnszaeay
fupdnefunsaifiteuly H=2D, (U 14(a)) usreufugeaaiitanas warAIAIwAY

g
aananauiioszeyavuiingulu H=6D, waz 8D,



140

120 4

100 A

Pressure (Pa)

20 A

-20

140

120 A

100 A

Pressure (Pa)

20 4

-20

80 A

60 -

40 A

80 -

60 A

40 A

= b) H=4D
(a) H=2D, xgs% |(b) h o
X % £ %
x X x X
X x B x X
X x m x X
2 I e
i 8= i ¢
'.
l"* k*.
l,lx;’;% om by
i i m
e s & ¥ RN Y] BRI (YN ]
() H= 6Dh (H= 8Dh e Annular jet
*  Radial jet¢ =309
a0
g‘%( % Radial jet 0 =60
X% Z% " Radial jet 6 =90°
X pa: *  Conventional
IELEX.] LERRY

0 -8 -6 -4 -2 0 2 4 6 8

10

15

JUN 6 N13N5918ANUAUUUNURINEIVVRBUNFIWLIAUENA1YIBEY (HAIINNTNARBY,
Y/Dp=0, Re=20,000, Tj:27OC)

SUN 15 uamanani13nszaneauduuuiuianidniasuilaainiiaes
anvaensinanAnsgluaatuuuasiviady 20,000 MMNFUNUIENYULNITNTEINEAIUAY
adngfunsadinlanmsinaunlauanddusua 14 uenanddanuin nadnuarnisnszang

AURUERINIflaenAdosiuNIINTTeTaTad TN SULNURIAINLLIALENA 1LY

munlanandlugun 12
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Y]

U

Pressure (Pa)

Pressure (Pa)

100

80 -

60 -

40

20 A

-20

(@) H=2D,

X
P % o org
Kb”’
o 2
»0 Q <

2

g

% %x

X X x x
% 5%
° o,

j
f

B3 %

28
Xx

xx X X X X

(b) H=4D,

100

80 -

60 -

40 -

20 -

-20

(c)H=6D,

3

g
¢ 5rre .,,:3..
o
o e DHOPVE

;

(d) H - 8Dh © Annular

4 Radial jet 30
Radial jet 60
°

ﬁ X Radial jet 90

JUN 7 N13N52918ANUAUULNURINEVHITUNAWILIAUENa1YIBLEN (HAaINNTT1884

X/D,

8

X/D,,

dnwauznislva, /D=0, Re=20,000, T;=27"C)

16

SUT 16 LARIN19NTEINYVBIAIUAIUUUNTTNTIUININNITNAGD LT UAY

o [ = & o [ d' = 1A
NAYINNITINADINWLNT VA NIV INT I luwuiSAl 0=60 75vey H=4D, FINUIN
ATNALALIAULERIINAYINITIABINS AT AUL LN

140

120
100
80 1
60 -

L

L

Pressure (Pa)

® Radial jetd =60
CFD Radial jet& = 60

-20 :

T

T

T

T T T

-10 -8 6 4 -2 0 2 4 6 8 10

X/D,

1 8 N1INTTAYVBIAMUAUVVUNTIVWIYUIINNTNARRUNBUAUNAIINNNTIIRBIAN YUY
mslwa(nsdlveadniilvaluwusiafiB=60 fiszez H=4Dh)
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4.3 n1sAnwaneazn1sinavaainfinssuinuialaeisn1sdnasnig
waransvaslvia
JUN 17 WAPISNYAUZNT AU INAAAINNANITINADIBNBAENNT
InansdiivlvaainvieusnAissezainidinnisesnidinfesiui i MavnwssunH=20, (3U
17(a)) L%‘mﬁl‘waaaﬂmﬂ‘viaL%wasﬂq%uﬁuﬁ’aﬁuﬁﬁﬂﬁﬁm%Lamﬁﬁm%aﬁﬂmLuaéqwé’qmﬂ
Wayuniaaziinnisiasuwlainisinaanuuusiuissuiusuuiuduvilbiadadaddy
s X a ] a < < ' ~
LUDIgIUUBNATI(Secondary  peak) UhId H/D, =3 AIULIIVDIANANAINNNTL YL NN
WLTUIINLUININAIIYIDLEN Wiesyeeyeyuaau H24D (5UN 17(), (k) uag (K) WWnioan
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Abstract. Flow and heat transfer characteristics of impinging jet from annular pipe
were experimentally and numerically investigated. To generate annular jet, the round
rod with 12.7 mm in diameter was inserted at center of pipe nozzle which has
equivalent inner diameter (Dg) of 28.6 mm. The jet-to-plate distance (H) in the range
of 2Dg, 4Dg, 6Dg and 8D was examined. The jet Reynolds number of conventional
pipe was fixed at Re=20,000 based on velocity at center of jet, and the mass flow
rate of both conventional and annular jets was the same. Temperature distribution
on the impinged surface was obtained by using an infrared camera. The numerical
simulation was carried out to visualize the flow behavior. The results show that the
heat transfer of annular jet is higher than that the conventional pipe at low jet-to-
plate distance (H=2Dg); however, the ones of annular and conventional jet are

comparable when jet-to-plate distance becomes higher than H=6Dg.

Introduction

Jet impingement is widely used in various industrial applications due to offering
high heat transfer rate on impingement surface. The applications include tempering
of glass, drying of paper, chemical vapour deposition, cooling turbine blade and
electronic component. There are several methods for enhancing heat transfer rate
on impingement surface such as the modification of orifice configuration [1], addition
of mesh screens [2] and generation of pulsating jet [3]. Generally, an overall heat
transfer rate on the impingement surface from applying these techniques as

mentioned above is higher when compare to the case of conventional jet at some
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particular conditions. When consider local heat transfer distribution on the surface,
however, heat transfer peak was placed at stagnation point similarly to the case of
conventional one. Occasionally, the uniformity of high heat transfer region on
impingement surface for particular thermal applications is demanded; then, an
annular impinging jet is applied.

Recently, an annular jet from a long straight pipe was applied on combustion
flame jet [4]. It is rare for applying this technology on an impingement cooling jet. A
few study of annular jet from long straight pipe is particularly concerned just for heat
transfer characteristics under low jet-to-plate distance H<2D [5], but flow
characteristics and effect of higher jet-to-plate distance, H>2D, isn’t reported. Then,
flow characteristics of annular jet from pipe nozzle should be concerned.

The objective of this study is to investigate flow and heat transfer characteristics
of an impinging jet from annular pipe. The jet-to-plate distance in the range of H=2D
to 8D was examined. The comparison of results between conventional and annular
pipe was based on the same of nozzle diameter and mass flow rate. The
temperature distribution on the impingement surface was measured using an IR
camera, and flow characteristics of impinging jet were simulated by using
Computational Fluid Dynamic software.

Experimental Setup and Method

Experimental Model and Parameters. The experimental model of impinging jet
from conventional pipe and annular pipe is shown in Fig.1(a) and (b), respectively. Air
with fully developed flow was discharged at nozzle outlet and perpendicularly
impinged on a target surface. An origin of the Cartesian coordinates was located at
center of nozzle on the impingement surface. The X- and Y-axes are normal to axial
jet streamwise coordinate, and Z-axis is on the axial of jet. In order to compare both
conventional jet and annular jet results, both nozzle diameters and mass flow rate
were the same.

In order to generate an annular jet, the round rod of brass with 12.7 mm in
diameter was inserted at center of pipe nozzle. The length of round rod is enough to
maintain fully developed flow. Equivalent diameter of round pipe nozzle (Dg) was
28.6 mm. The jet-to-plate was varied in the range of H=2Dg, 4Dg, 6D¢ and 8Dg. The jet
Reynolds number of conventional pipe was fixed at Re=20,000 based on velocity at
center of jet, and mass flow rate of both jet from conventional and annular pipe was

the same.
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Fig.1 Model of impinging jet and schematic of experimental setup

Experimental Setup. The experimental setup layout is shown in Fig.1(c). Air is
supplied by a blower through a calibrated orifice for measuring flow rate. The flow
rate is controlled by adjusting rotating speed of blower with inverter. Jet air
temperature is controlled by a temperature controller and a power controller at 27

+ 0.2% °C. The nozzle is a steel pipe with inner diameter of 17.2 mm and length to

diameter ratio of 83. This pipe length ensures fully developed flow over the
Reynolds number range investigated. The jet impingement surface was made of
stainless steel foil with 240 mm x 240 mm and 0.03 mm in thickness. The stainless
steel foil was tightly stretched between two copper bus bars on the plastic plate as
shown in Fig.1(c). The rear side of jet impinged surface was painted with dark black
color which having emissivity at 0.95.

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

The local Nusselt number was calculated from:
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(1)

where, D¢ is the equivalent outer diameter of the pipe nozzle and k is a thermal

conductivity of the air jet. The heat transfer coefficient, h, can be calculated from

h= Qinput ~ Alossed

TW - Taw
2)

Cossed is the heat transfer losses from free convection and radiation [6], T,

where,
and T,, are the wall temperature without heat flux and the wall temperature with

heat flux, respectively. The heat flux can be evaluated from

. v
qinput = K

(3)

where, | is the electric current, V and A are the voltage and the area of the stainless

steel foil.

Numerical Simulation

Flow characteristics of the impinging jet were visualized by using computational
fluid dynamics software (ANSYS, ver.13.0). The numerical model was identical to the
experimental model in its geometries, dimensions, and boundary conditions.
Computations were conducted by solving Reynolds Averaged continuity and Navier-
stokes equations with SST turbulence model. The non-uniform grid system was finely
generated for regions near the impingement surface and pipe nozzle. Solutions were
considered to be convergent when the normalized residual of all algebraic equations

is less than the prescribed value of 110" [6].

Results and Discussions

Local Nusselt number distributions on the impingement surface from experimental
result are shown in Fig. 2. Marked black circle at center of each figure indicates the
layout of nozzle outlet. When compare Nusselt number distributions between
conventional and annular jet at the same jet-to-plate distance, it was found that the

areas of high Nusselt number (Nu>200) for the case of annular jet are larger than the
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case of conventional one except for H=8Dg. Both Nusselt number distributions of
conventional and annular jet for case of H=8D¢ are almost similar.

The distributions of local Nusselt number on impinged surface along centerline
passing stagnation point for H=2Dg, 4D¢ and 6D¢ are shown in Fig.3. Almost all of
Nusselt number distributions for the case of annular jet are higher than the case of
conventional one throughout impingement region and wall jet region for all jet-to-
plate distances except for H=2D¢. For case of H=2D¢ (Fig.3(a)), the Nusselt number at
stagnation point and region r>2D¢ for the case of annular jet is lower than the case of
conventional one. The lower Nusselt number at stagnation point for annular jet can
be referred that the low velocity impinges at this point as shown in Fig.d(a), and the
one at r=>2D¢ is attributed lower turbulence intensity at this region (referring from
higher turbulent intensity at this region affecting secondary heat transfer peak for
conventional jet at H=2D [7]).

For the case of H=2D¢ as shown in Fig.3(a), Nusselt number peak of annular jet is
significantly high at r~0.8Dg. This peak of Nusselt number corresponds to the peaks of
Y-component velocity as shown in Fig.4(a). When jet-to-plate distance becomes
higher, H=4D¢ and 6D, as shown in Fig.3(b) and (c), the peak value of annular jet
become lower. Especially for the case of H=6D¢ (Fig.3(c)), the peak values of both

conventional and annular jet are comparable.
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Fig. 2 Local Nusselt number distributions on impingement surface (Experimental
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Fig. 4 (a): Distribution of Y-component velocity on centerline of impingement region
above from the surface of 1 mm, and (b), (c): streamlines of jet on ZX plane passing
center of nozzle (CFD results, Re=20,000).

The Y-component velocity as shown in Fig.d (a) represents the velocity in the
direction normal to the impinged surface. The positive velocity of the downstream
jet indicates that the jet impinges on the wall. The negative velocity occurred near
r/Dg=0 indicates that the jet flows away from the impingement wall. It can be
illustrated that the circulation flows appear at nozzle center above the wall as
shown particularly in Fig.2 (b).
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Streamlines on ZX plane at center of nozzle at H=2D¢ and 6D¢ are shown in Fig.d4
(b) and (c). For the case of H=2D¢ (Fig.4 (b)) the jet was separated from effect of
inserted cylindrical rod and impinged directly on the wall. It causes to appear Y-
component velocity two places as shown in Fig.4 (a), consequently, affecting on the
highest Nusselt number peaks as shown in Fig.3 (a). At H=6D as shown in Fig.4(c), the
annular jet was combined before impingement. From this effect, the Nusselt number
characteristics are similar to the case of conventional one.

Average Nusselt Number was calculated from averaging local temperature in
considered region 0<r<1Dg, 0<r<2D¢ and 0<r<3Dg as shown in Fig.5. Almost of all
average values were decreased when the averaged areas become larger. The average
values of annular jet are higher than the case of conventional jet throughout jet-to-
plate distances except at H=8Dg. The average value for annular jet at H=2D¢ and
0<r<1Dg is the highest. This is from the Nusselt number peaks as shown in Fig.4 (a).
For case of average Nusselt number in region 0<r<3Dg as shown in Fig.5(c), the
average values are higher than conventional jet about 12.2%, 20%, 13.5% for case of
H=2D¢, 4D and 6D, respectively.
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Fig. 5 Average Nusselt number (Experimental results, Re=20,000, T;=27°C)

Conclusions

The main finding of this investigation is that the heat transfer on the surface with
annular impinging jet is higher than that the conventional jet throughout jet-to-plate
distances except at large jet-to-plate distance H=8D¢. Especially at H=2Dg, the Nusselt
number peak is significantly high at r~0.8D because the high jet velocity impinges on
the wall.
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FLOW AND HEAT TRANSFER CHARACTERISTICS OF RADIAL IMPINGING JET
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(9) Abstract

The aim of this research is to study flow and heat transfer characteristics of
impinging jet from annular pipe and radial pipe. In the experiment, the inner diameter
of nozzle pipe was D=28.6 mm, and a rod having diameter of d=12.7 mm was
inserted into the centre of nozzle pipe. For generating a radial jet, a solid cone with
divergent angle of 0=30°, 60° and 90° was mounted at center of jet outlet. In
addition, a jet-to-plate distance at H=2D,, 4D,, 6D,, and 8D,, was varied where Dy is
hydraulic diameter (D,=D-d). For the comparison of results, the flow rate of jet for every
cases was the same by respecting Reynolds number of annular jet at Re=20,000. The
heat transfer pattern on the impingement surface was measured by using used
infrared camera to capture temperature distributions on the surface, and the flow
characteristics of jet were investigated by using Computational Fluid Dynamics
(ANSYS ver.13, Fluent). The results showed that at the jet-to-plate distance H=2D,,
the area of high heat transfer of radial jet with & =90° was the largest.

Keywords : Impinging jet, Annular jet, Radial jet, Heat transfer, Flow simulation
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(a) ABSTRACT

In this study, flow and heat transfer
characteristics of radial impinging jet were investigated.
The effect of jet outlet geometry and nozzle-to-impinged
surface distance were studied. The experiment was
conducted an annular and radial pipe nozzle with inner
diameter and outer diameter at d=12.7 mm, D=28.6 mm.
The jet-to-plate distance at H = 2Dy, 4 Dy, 6 Dy, and 8 Dy, (D,
is hydraulic diameter of radial jet nozzle) and outlet angle of
radial jet at ©=45°, 60° and 75° were examined. To
compare the results, jet mass flow rate was fixed at jet
Reynolds number of 20,000. The heat transfer
characteristics were measured by using infrared camera.
The numerical simulation was employed to predict flow
field using commercial software (ANSYS ver. 13.0,
Fluent). It is found that the heat transfer rate on target
surface of radial jet at low jet-to-plate distance is higher
than the case of annular.

INTRODUCTION

Jet impingement is widely used in various industrial
applications due to offering high heat transfer rate on
impingement surface. The applications include tempering
of glass, drying of paper, chemical vapour deposition,
cooling turbine blade and electronic component. There are
several methods for enhancing heat transfer rate on
impingement surface such as the modification of orifice
configuration [1], addition of mesh screens [2] and
generation of pulsating jet [3]. Generally, an overall heat
transfer rate on the impingement surface from applying
these techniques as mentioned above is higher when
compare to the case of conventional jet at some particular
conditions. When consider local heat transfer distribution
on the surface, however, heat transfer peak was placed at
stagnation point similarly to the case of conventional one.
Occasionally, the uniformity of high heat transfer region
on impingement surface for particular thermal
applications is demanded; then, an annular impinging jet
is applied.

Recently, an annular jet from a long straight pipe was
applied on combustion flame jet [4]. It is rare for applying
this technology on an impingement cooling jet. A few
study of annular jet from long straight pipe is particularly
concerned just for heat transfer characteristics under low
jet-to-plate distance H<2D [5], but flow characteristics
and effect of higher jet-to-plate distance, H>2D, isn’t
reported. Then, flow characteristics of annular jet from
pipe nozzle should be concerned.

The objective of this study is to investigate flow and
heat transfer characteristics of an impinging jet from
radial jet. The jet-to-plate distance and angle of outlet of
radial jet were examined. The comparison of results
between radial jet and annular jet was based on the same
of nozzle diameter and mass flow rate. The temperature
distribution on the impingement surface was measured
using an IR camera, and flow characteristics of impinging

jet were simulated by using Computational Fluid Dynamic
software.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental model displaying the jet from
annular nozzle and radial nozzle is shown in Figure 1.(a)
and (b), respectively. Air with fully developed flow was
discharged at nozzle outlet and perpendicularly impinged on
a target surface. An origin of the Cartesian coordinates was
located at center of nozzle on the impingement surface.
The X- and Y-axes are normal to axial jet streamwise
coordinate, and Z-axis is on the axial of jet. For all nozzles
have the same area of jet outlet and fixed the jet Reynolds
number at 20,000 for comparison.

d=12.7 mm
////:\\ /'/ /—%\\
./ D=286 mm \ﬁ/‘
N Ny

|

Impingingment plate  Impingingment plate

(a) Annular nozzle (b) radial nozzle

Figure 1. Experimental model of imping jet

In order to generate an annular jet, the round rod of
stainless steel with 12.7 mm in diameter was inserted at
center of pipe nozzle. The length of round rod is enough
to maintain fully developed flow. Hydraulic diameter of
round pipe nozzle (Dy) was 28.6 mm. The jet-to-plate was
varied in the range of H=2Dy, 4 Dy, 6 D, and 8 Dy. The
angle of radial nozzle outlet was varied ©=45°, 60° and
75°. The mass flow rate of jet for all cases was fixed at jet
Reynolds number of annular pipe of 20,000 based on
velocity at center of jet.

Experimental Setup.

A schematic of the experimental apparatus is shown in
Figure 2. Air is supplied by a blower through a calibrated
orifice for measuring flow rate. The flow rate is controlled
by adjusting rotating speed of blower with inverter. Jet air
temperature is controlled by a temperature controller and a
power controller at 27 + 0.2% °C. The nozzle is a steel
pipe with inner diameter of 28.6 mm and length to
diameter ratio of 83. This pipe length ensures fully
developed flow over the Reynolds number range
investigated. The jet impingement surface was made of



stainless steel foil with 240 mm x 240 mm and 0.03 mm
in thickness. The stainless steel foil was tightly stretched
between two copper bus bars on the plastic plate as shown
in Figure 2. The rear side of jet impinged surface was
painted with dark black color which having emissivity at
0.95.

Thermocoupld Temperaturel |
controller
s g e eC[I]:I]F ——
"1 Nozzle

Heater chamber

Mesh plate

H = Jet-to-plate distance

[— X uI]] —
O i u
Acryli " N

. Blower
Copper bils bUS304 foi

Manometer
Figure 2. schematic of experimental set up

Heat transfer measurement

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

The local Nusselt number was calculated from:

_ hp,
k (L)

Nu

Where, Dy, is the hydrolic diameter of the pipe nozzle and
k is a thermal conductivity of the air jet. The heat transfer
coefficient, h, can be calculated from

_ Uinput — Yrad — Ynat

Twh _ij 2)

h

where g, =ce(T4-T2) and g, =h(T, -T,) are the
heat loss transferred to the environment by radiation and
convection, respectively. The 1 and T, are Temperature

of the stainless plate with have heat flux and not have heat
flux, the ois a Stefan-Boltzman constant, the ¢ is a
emissive coefficient of coefficient of captured side; Ts is
the surrounding temperature; and h. is the natural heat
transfer coefficient calculated from natural convective
heat transfer from the heat transfer surface to the
surrounding.

The heat flux can be evaluated from

\Y

qinput =
A )

D = Nozzle diameter Orific T
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where, | is the electric current, V and A are the voltage
and the area of the stainless steel foil.

Numerical simulation

Velocity inlet

Pressure outlet

V\T/all

(a) layout of Numerical model

Impingement surface

(b) 3-D Numerical model
Figure 3. Numerical model

Flow characteristics of the impinging jet were
visualized by using computational fluid dynamics
software (ANSYS, ver.13.0). The numerical model was
identical to the experimental model in its geometries,
dimensions, and boundary conditions as shown in Figure
3. Computations were conducted by solving Reynolds
Averaged continuity and Navier-stokes equations with
SST turbulence model. The non-uniform grid system was
finely generated for regions near the impingement surface
and pipe nozzle as shown in Figure 4. Solutions were
considered to be convergent when the normalized residual
of all algebraic equations is less than the prescribed value
of 1x10™ [6].



/ Velocity inlet

Impingement surface
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Figure 4. Generated grids
(b)
(c) RESULTS AND DISCUSSIONS
Flow characteristics

The velocity contours from numerical simulation are
shown in Figure 5. The results between the case of annular
pipe (left side) and radial pipe with ©=45° (right side) are
compared.

For the case of annular pipe at low jet-to-plate
distance, H=2Dy,, as shown in Figure 5(e), the jet after
discharging from pipe impinges immediately on target
surface. The velocity contours are very low at the center
of pipe due to effect of inserted rod. At higher jet-to-plate
distance, H=4D,, as shown in Figure 5(c), the annular jet
combine at the jet core before impingement. Especially at
H=6Dy, as shown in Figure 5.(a), the jet flow completely
combine at the jet core before impingement.

For the case of radial pipe at low jet-to-plate, H=2Dy,
as shown in Figure 5.(f), the radial jet impinges obliquely
on target surface. The low area of velocity contours at the
center of pipe is lager that the case of annular jet at the
same jet-to-plate distance. When jet-to-plate distance
becomes lager, H=4D,, and 6Dy, as shown in Fig.5(d) and
(b), the impingement of jet on target surface becomes
weaker.

Velocity
(m/s)

I 15.6
N M 1404

12.48

y/Dy,

10.92

9.36

7.8
6.24

4.68
3.12
I 1.56

—] 0

Figure 5. Velocity Contour of jet Plane at center of nozzle,
Y/Dy=0 (CFD result, Re=20,000)
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Nusselt number distributions

Local Nusselt number distributions on the
impingement surface from experimental result are shown
in Figure 4. Marked black circle at center of each figure
indicates the layout of nozzle outlet. For the case of
annular impinging jet at lower jet-to-plate distance,
H=2D;, and 4d, as shown in Figure 4.(a) and (b), the
Nusselt number distributions are low at the center of pipe
due to effect of rod. However, at higher jet-to-plate
distance, H=6d and 8d, the Nusselt number distributions at
the center of pipe become higher because annular jet at the
jet core combine before impingement as earlier
discussion.

For the case of radial jet at H=2D,, the areas of low
Nusselt number distributions are larger than the case of
annular one. The low area of Nusselt number distributions
is smaller when angle outlet is larger. This can be
explained that the stagnation region of jet with small
outlet angle (6=45° is more fare from center of pipe.
However, it can be enhance heat transfer on target surface
by getting larger area of high Nusselt number (Nu>130).
The area of high Nusselt number of radial jet becomes
smaller when outlet angle is lager.

At H>4D,, the Nusselt number distributions of radial
jet seem to be lower comparing to the case of annular jet
at the same jet-to-plate distance. This is due to radial jet
impinge weakly on target surface at higher jet-to-plate
distance, H>4D, as previously discussed in flow
characteristics.

[ H=2D, | [H=4D, | [H=6D, [h=8D,]

150
140

| Annular |

130

120

110
100

[Radial 70°| [ Radial60° | [ Radial45° |
D .

"6 420 2 4664202 4664-2002466-4-20246
XID, XID, XID,

Figure 6. Local Nusselt number distributions on
impingement surface (Experimental results, Re=20,000,
T=27°C)

The distributions of local Nusselt number on
impinged surface along centerline passing stagnation point
for H=2Dy, 4Dy,6 Dy, and 8Dy, are shown in Fig.7. At low
jet-to-plate distance, H=2Dy, as shown in Figure 7.(a), the
peak of Nusselt number for the all cases of radial jet is



higher than the case of annular jet. When jet-to-plate
distance become lager larger, H>4Dy, the peak of Nusselt
number for the case of annular jet seem to be higher than
the case of radial jet at the same jet-to-plate distance.
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(@) H=2D, (b) H=4D,
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Figure 7. Local Nusselt number distributions of on the
impinged surface passing the centerline of pipe nozzle
(Experimental results, Re=20,000, T;=27°C)

CONCLUSIONS

In this study, the flow and heat transfer characteristics
of radial jet are investigated comparing to the case of
annular jet. The results show that, at low jet-to-plate
distance, the impingement region of radial jet is lager that
the case of annular one. It case on enhancement heat
transfer rate of radial jet when compare to the case of
annular one. However, at higher jet jet-to-plate distance,
the radial jet impinges on target surface weakly. The heat
transfer rate of radial jet for all case becomes lower than
the case of annular jet. The effects of outlet angle show
that the heat transfer of radial jet with ©=45° at H=2D,, is
the highest. However, at H>6Dy, the heat transfer rate
decreases rapidly.

NOMENCLATURE

A area of heater surface (m?)
Dy hydrolic diameter of the jet (mm)
H jet-to-plate distance (mm)
h local heat transfer coefficient  (W/m* K)
I current (Ampere)
k jet thermal conductivity (W/m K)
Nu local Nusselt number )
dc conduction heat flux (W/m?)
dr radiation heat flux (W/m?)
Ree  jet Reynolds number )
T jet temperature (OC)

Tw wall temperature (OC)
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