(1)

NN SENENAMUSBUUUNURIVBINGUIVIV sUlneRana
Uasnviawilgiranie

Heat Transfer Enhancement on an Impingement Surface of Impinging Jet Array

by Mounting Air-Induced Duct

naeeYe) Lol
Kirttayoth Yeranee

"31/|mﬁwuéﬁvﬂudfmwﬁwaqmsﬁnmmwé’ngmﬂ%mﬁqm
Jeanssumansuinvadin srv13udaanssaesedna
UANINPIRYFAIVAIUATUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Mechanical Engineering
Prince of Songkla University
2562
AuBVS YR I dEEIvATUASUNS



2)

Yo Ingtinug AsiuNsEemANFauLLIUETaINguAnirulaefnfslaanyie
wilgniene

AR WLNaAeYe] Lol

8191391 IAINTIUATING

¢ a a ¢ @

219158NUIN ¥ I tnusvan AMZNITUNTTHDY

............................................................................................................. U3g51uNITUNT

(95.8n9135 wanzd) ({Pemans1a138 as.258 Feasngny)

.............................................................. N3IUNS

o - a . (P5.39N01S wIned)
219159NUS ¥ INYINUSIIY

ANFINNIT

(F@®5197158 M5. Yu Rao)

(Heans1anse ns.ven Tungdn)

Tadiningds uninerdeasvaiuniuns eydAlviiuinednusatull Wud
nilaveINsAny aumanansUTyYIAINTSUmEnTUITMIN 81913 IMNTINATRING

(A1En3139158 AT.A59ANA ANgeana)
AMUATUTIRINYNRY



(3)

Yo3UT0eI NaWITelNINMIAnYIdevesinAnyies wazlduansmnuveunmuAraTIaI
YILNTOUA?

(95.97915 wIved)
219158NUS N Inendnus

(Wengneve) wind)
UnfAnw



(4)

Frmd1vesusesin nanddeillinedudrunilslunmseudfvsyaluszaulaunou wazlildgn
Tlunstuveeylfvsyy tuvnell

(Wengmemss] 131%)
Unfinw



(5)

HoIneniinus naiumsdemanufeuuiiuinvesndguivrsnlaefndaUaen
viewdeniena
KlUeu WeNgAeYe] 1519
8191391 Imnssuesesna
Un1shn 2561
UNANED

‘Luﬂﬁ]ﬁ]ﬁ’uﬁmsﬁﬂm‘i%ﬂﬁmqG]Lﬁal,ﬁummmmmmimammm%’au‘uu
wumsuauwwwu (Impinging jet) $1u3defountiladl nsfadaiemileaniienniai
N1909NTYDIINNUI ?ﬁ’]M’limI’JElL‘Wllﬂ’]imﬁlLVIﬂ’J’]ﬂJiE)UUUWHN’JVILT\WIWQ“UUVL@ ualadnwn
laNENTEENE LA (Single impinging jet) Wity ﬁmﬂivaqmmmmawmammaﬂwmv
suaamslwauaumsmammwmauuuwummmﬂammemmmmummmmﬂ Imﬂamw
Iwasenainviefiinslvanuuiamndind (Ful ly developed flow) wwummﬂuuwumw
Fosnsszutsanuieu nguvieldingndniSesuuunaings (Inline) Aiflvuia 5 uad x 5 Aodu
Gurhugudnanavieiniivun d=17.2 mm lasfivaneviedndinsfadeiemienieinia

FawUsildlunismeaesUszneudie (1) Auens (L) vesiewdeniiennie L/d=2,
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ABSTRACT

Recently, jet impingement has been studied by many researchers
especially focusing on heat enhancement on an impingement surface. In previous
work, mounting an expansion pipe or an air-induced duct at nozzle exit can enhance
heat transfer on the target surface. However, a single impinging jet was only focused.
Therefore, the purpose of this research is to investigate the effects of mounting air-
induced ducts on flow and heat transfer characteristics of impinging jet array. Jets
discharging from pipe nozzle with fully developed flow impinged normally on the
target surface for cooling. Pipe nozzles having d=17.2 mm of diameter were arranged
in 5 rows x 5 columns with an in-line configuration, and air-induced ducts were
mounted at the end of each nozzle.

The parameters studied were varied including: (1) the length of air-induced duct
(L) at L/d=2, 4, 6 and (2) the inner diameter of an air-induced duct (D) at D/d=2, 4, 6,
(3) the jet-to-plate distance (H) at H/d=2, 4, 6, 8, (4) the jet-to-jet distance (S) at S/d=4,
6, 8, and (5) Reynolds number of the jets at Re=10,000, 20,000, 30,000 and 40,000. The
conventional impinging jets were also performed with the same mass flow rate for
benchmarking. The temperature distributions on the impingement surface were
measured by using an infrared camera for evaluating heat transfer coefficient. Flow
characteristics were simulated using computational fluid dynamics (CFD) with V*-f
turbulence model.

Results showed that the ambient air was induced into the air-induced duct. An
entrainment of induced air became greater when the duct was longer, and the
entrainment area was expanded when the diameter of the duct was enlarged. This
influenced on a heat transfer enhancement of impinging jets with mounting air-induced
duct which was greater than the case of conventional impinging jets, especially at the
condition of the narrow jet-to-jet distance and the large jet-to-plate distance. Finally,
the heat transfer correlation of the impinging jet array mounting air-induced duct was
performed under the parameter studied.
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wazMsUSuLAsian [17-20] Yadedid dgiiesiunsinasuudutuvesinde s
msdsvesasinafiegsouq umaniunislvavesdn (Flow entrainment)
nshndaviorenefiunnnssntierin (Expansion pipe) WuAsn1suisiianunse
dueuiutiulunsivaveadn [21-24) Taedhluuds FBdaggmirluldluniaifiunis
wauuazn1snsratefvaadnua lnililunisdund vesimlulssaugaamnss
23] nenanillafinisussandnisfindaiovens vieiSenin “dewdenitennia (Air-
induced duct)” ﬁﬂmmqaam%mﬁvﬁwuﬁuﬁa [25] wlerfiuautulndunisivaves
A ?jqdamaﬁwiﬁﬂflidwmmm%’auuuﬁuﬁaﬁL%ijwugjq%u walgdinsfnwaniziin
quqummm (Single impinging jet) VN1

a

Tunsdlfifesnisiemanuouvuiuinfidvinunte asdesldnguiinmy
(An array of impinging jets) Tuaided %Uixs;ﬂﬁmsaméfwial,wﬁmﬁ’]mﬂmﬁﬂflﬂ
N1908NU0UINNTAMTUNFUANHITUNURT Lngazfnwinares Auend (L) wazuuln

% 1 & 1 dl o 1 @ = dy a 1
LEUNTUANENATS (D) U99V18LRUEIUDINA T2881NUA1NBLINDINURNI (H) T388113



321194 (S) wazAsdluadtinues (Re) Nlnasion1sarenaAuFauULNURIveINGY
ATy

1.2 nénmanaluvaadnvjsvy
1.2.1 danwazmsluakaznisdiemanuiouvaiInyIsuLUUiafe)
Svissudovesivadinueenainidauddsdulilvavuiiuia feiininiuld
othandlugeanvnssuduaudou Wesndnmatemanufeunuiuiaillisasnig
dnewanuiougs luednlaiinis@nwfsdnyarvesnisivatasnisatewmeanuiouves
AerunIuIuniiaannissy [1-3] lassa¥isveaidnrsvunuurielisd (Single
impinging jet) lﬁLLﬂ@ﬂﬂugﬂﬁ 1

YUIAVBILAN
Bnsuiinisway

/ Ausndlagseu

1
bop—

Potential core zone

. Shear layer

- L. . 1 Uinadfianusiuivanas
Ustave g inilnauuns

N - (Developing zone)
" - Boundary layer

} Nufa ANy

Uiy

JUT 1 Tnseadnaveaiviasuwuuiawien [26]

anwaznslvavesdnsruluuodedansautsesndu 3 Usnfe
1. Uihaweudndasy [Wuvsnandnisulvasenainiis ddnvuslaseaing
Aareiulassasaveuindasy (Free jet) Tausynaunie USIUMdnSuoana1nian
(Potential core zone), USLIUMlULUUANANAY (Developing zone) kag USLIUALIN
a < 1 L3 gj dy d? 5 !
Wasuwdasnuiiegeanysal (Fully developed zone) MUagUUYNUITZHE T¥WIN
ANt
a A a2 1 = . . < 1 A [l £ 1 [ 1
2. USLauilavafawu 3o Stagnation region {JuduAVNWITUATY NowdnN
FUNT AMULTIvBAINEanaIuaziin S wTuAUINF U Raauina v IN Ty
wasanuuiInazlauunilsiignuuseu Stagnation point n1eluusIllazinAILs
199984I1as0U Stagnation point UUNTY tBsa1nn1siUABURANIINTSIvave9Lan
NYUAUNSIINNITVY
a 2 @ = . . < .
3. UShivoudnilvauunis #5e Wall jet region tWun1sivaseus) Stagnation
region ULNTIMEIINN1IIITY Tuusnaiausivesinveslrasuanaiwazturouiwn
nsluauunils (Boundary layer) 9gAngquuntiu



Baughn way Shimizu [27] lénaaeaieafunisaremanudeuveainwuua
Fenfirjseaninainiiidanuusie (Pipe nozzle) uasrsrumsanniuukuszutu Tunns
npassladnuiiefunansenuvesszazanUaneviedngdiuin (H) lnefanisnszans
vesAfalBatuiues (Nusselt number) figasiiaq auunusasivondn () Fs5ui 2
wansEInInsTanevesAtadatiesfisrezanUateviodndeituia (H/d) #n9e) Fien
soluantiauues (Reynolds number) vaadnwindu 23,750 nuinsiisyezanlaleve
ndefiufi H/d=2 danmsdemanuieuageaniiunii (/d=0) uazazAsyanas
Wit 1/d=1.5 ns1nsenemaudeuszAss iindnadiauisiumds /d=2 el
Secondary peak heat transfer Mé’amﬂﬁ?ué’mwmimammm%@uavamaqashwiaLﬁaa
mummmmmimm Secondary peak LAna1nn157 Potential core Guaw\mwwuwum
MERINTUS Ny LﬂaaumﬂmﬂumwmwLsaulﬂamﬂwaLL‘UUfJu‘Uau MlAon T
Astemanudouiuiudntdes ‘mamfﬂLﬂmmﬂmmLiwaamﬂmauuwumiu
Stagnation region lsnsnseemanudeuiivdulugisen r/d=1-2 uaznuiinis
dewanudougegaeglutag 4<H/d<s sgndlsfimunisdiemaruiouiuegivasd
Tuasiiiuesuazsuisnmsesnvesinauiniauslag [17-20)

(Nu)

s

& oo a

fwiamdn [& g

o

vy

a

Avagatlues

30 A B i

10 7 |

N
o]

10
r/d

a | %] a Y] 14 d’l’ a < v a < Al
U 2 nMsnsyangvesatadatiniuesuuiuiivesdnaununsaivesinwuuied
SYUYIEMINUINTINURIR199 (Re=23,750) [27]

TneUnfuddafevdnuesnisdemanufeuveainiivissuuuiiufinussneudae
(1)Immué’mau%mﬁvjwuﬁuﬁa way (2) mnuthuhuveadnneuniswsvy ndated
wumsisesasnsivaasnsadislusudiveainldlagdie uinddosldndsauly
nstuduneluanesfiuniu fafuiinidevareauldatiuAnuiBnsifiunisdewm
amdeusnenisiiuaututiuveaindeunisvsvu Tnslawizeg1adeisnisuuy
Passive Tlaisndudosldndanuiislunsduduvieluanes faaziiaualiluite
fnly



1.2.2 wavasnsuiunAsiadnvaain

INNSANYIENWULNTIaTeLINNUINAITATEINEAUSET (Velocity profile)
wazseiuAMudutau (Turbulence intensity profile) vas1iniuagiugusnsvastan
yseenyesidn dmiuldnmsruiifiuinnisesnuuulinas (Non-circular nozzles)
19U Slot jet [28-32], Rosette nozzles [33] %30 #adaluu Elongated orifice [34] 1a
ulszendldlugaannnssunisniuaiuiou widvldunsvaisuastisuwiniuida
wuunax (Circular nozzles) fadulunuddoiiseld dondnundnvasmslnauaznis
fewanudouveninuuunan Tnefidauuunauiifeuldlaeily anwnsauusls 3
LUUAe (1) iauuurie (Pipe nozzles) (2) Hdauuusydiandn (Bell-shaped nozzles)
uaz (3) WaaLuueeIWla (Orifice) e?falé’fLLamgﬂiﬁwaqmimzmammL%aLLazizé’{U
Asdutnlugud 3

Velocity profile

Turbulence intensity

profile

Unnigeandn

(N) MAAWUUNE  (9) Fadawuusesien  (A) Hdauuueasila

a < [y y 1 [ v a |
UM 3 Mansganeanuiagszauanudutiuidnvewinannauuuunieg 6]

nsghAnuuuYie (Pipe nozzle) Aawandlusy 3(n) vasluagnnuesnanyieedi
finuiviidani msnszaevesnusnivinnwesndziidnvauznilouiunisnszang
anuswesatlualuvie diuszauanududiuroudigeuineeuvewinldn dmsu
AALUUTZIIAI (Bell-shaped nozzle) sauanslugy 3(v) vedlvagnaneeniainiiia
Ao o 1% o aa a L & v oo o o I
nildnuwaeadesedaniinswWisuiiuinidavesiianewanluasenainiinmiseen

)}

Faiinarlvinisnszanevesmnu$narsesuautulunuIn e nAsuTsaLLEL D

anvadiszauaududiuen lunsali@auuuesiila (Orifice) dauanslugy 3(m) vo9

)

lma%gﬂﬁmaaﬂmﬂgﬁmﬁm}ﬂwmmuwasmmzﬁuﬁu AUSIivINTIeenin
U3adlNauaulivazaInIIu3nAnIINaIaLay waziivvesivaiimuduiduluudin
Tndunnmseen Winsingnsal Vena contracta iilasannyilsuiinindnueaing
AN nivuInanas iw’ﬁ’um’mf]uﬂauﬁmﬂwaaﬂﬁﬁmaui’quqLLaz
athiavadlodisuiumdauuurie

seduauduhuidianuddyedanndedneuznisinauaznisaiemnaing
Fouvaainnivy FelatinsAnwegreanninelucuisonount [1-2, 25, 25, 35-36]
nMsUiuAudN YL TaEa Zuckerman uay Lior [26] ldagunansenudifisos
wUT6A199) LU anuiiivinmnsesniaia (Velocity profile at nozzle exit) s¥AUAIY
Juthu (nitial turbulence) usideuvoaindasy (Free jet shearing force) WAz
s (Pressure drop) lusngnedi 1



AN 1 HaveIN1SUSUW AU USNWLIIAN

Snwaiganusif | seduenududiu usadeuves AUy

Uinnsesn fivnnsoen \indasy an

Wwuuvie ARENIILUER 6N 1 a9
wousedleed | Geusuuasiiee 1 Ununansiege |
wuueeiila | Seuseiuliunans 1 a9 a9

ﬁmawqmu%%’aﬁlﬁmaaqmiLﬁmzé’ummﬁuﬂawmL%ww'ww:ﬁaLﬁumi
femaugouuuituiaey nsinuavaumasy (Triangular tabs) [8, 9] %38 AnA
918 (Mesh screen) [10, 11] iv1nn1seenidn n1saenluiniimie (Multichannel)
[12] viSouwnumyuAs (Twist tapes) [13-16] Tuvieidn

Gao wayAey (8] ammjmaaLmuammﬁsﬂwiaﬁmLLUUﬂamﬁﬁé’ﬂwmzmﬂua
WUURRUIAILAD (Fully developed flow) ﬁauamiugﬂﬁ 4 szu¥a1nUanavioldni
Nufuau wuinsaemAuANEe LRI LT (LocaL Nusselt number) 1igiaInA37
ASELINUNRDY 25% Aoy Lee wavAme M’ﬁﬂwmaimsi%’mﬁﬂ SPIV
(Stereoscopic Particle Image Velocimetry) ‘W‘U’Jﬁ‘”EJ‘”'i‘“m’NLLﬂUﬂ’mmaaumaaﬁJ’m
wnAensfiunsrauvesiniuoinialasseu Tnedniin1sdnincavauasuegi
wnzay seRuAuduliuveninasiintustann dmadenisiiunisaiemaany
Zouuuitui f\ﬂﬂﬂ’]iﬁﬂw’lﬁ’%iﬁﬁuiﬂa’lmﬁiﬂ&li@‘uﬁgﬂLMﬁEJ’JﬂWL%’]ZﬂNﬁ&JﬁUﬁWL%‘I/l
vdnagaeLiusziueutiutunounsrsrueainld

(n) 6 Wau (¥) 10 Loy (@) 16 khau
a a A P =
UM 4 MsfauauaLmagLYIUINNIIeaNTBIaLINNaY [8]

Zhou tag Lee [11] An¥1dn1walzn15a18MANNTOUYDI00TWALUY Sharp-
edged MRamUeliiurnmiesn wausIngitnsinatietaesiivauiuliuresiv
AouN1sIiTY dwalinisaewmanuiouvuiuiagady sg1dlsiniunsindanitiei

2 Aa ! 2 = & a ! [J 1% ! 1%
N9 NANNNTE UL ITENINNANTINUEININAT 4 (H/d>4) azvilvinisanemaindiou
vuiuRaanas Jauansbiiuinszduenuiuliuveaingndifnmedededugde wu

i % = & a & s | A ] % = & a v v
SrUEnINAINRINUED Felunsdiinuinfsserseninadnianuiamigu 4 (H/d=4) v
nsenemauTeuvuiuinlaaEndandlugui 5
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130

120

110

100

50

20

eC o<

—e— G, =0.00
6,=025
6, = 0.60
6,=0.T1
G, =083

H/d

A v a Y s ! @ = A a
E‘U‘Vl 5 AMUAAUNLUDINTSULTEUINANAINUNILE
(Os) 699 [11]

=1
SNIY

[y

UATUNAUILLU

LYYDINVY

Nuntadusit Wazme [15] ﬁﬂmmﬂuamau%wmumﬂ (Swirling impinging

jet) Nilszozszninundniaiuiy H/d=4 Tngvinsaenurunyuais (Twisted tape) Tu

' 3 = =i a ! ' [ =i a
violdnnaulasAnwNsrorTnvesuHUNyUAIL (y/W) e dananslugun 6 wmaila
TLC Ignldlunisfnwinisnszatevesgaumgll dmSudnvaugmisivaldldinaiia Dye
injection wag Oil film Anwidnwarnisivaduanunulsyanaaslilugui 7

() vioWAnTiaoaunUiuA

a

Un

(b) wHumUAINTEEE ALY

6 TuaANYIANNITULUUNYUAIIUEY Nuntadusit wazansy [15]



YY)

[ ] Twisted tape
Stainless sheet
Manometer Plastic plate

Digital

I \ " "~ camera
chamber 11 l e T
- Orifice plate  Inverter Pipe nozzle : !
| — |
~— |
o | Temperature ||| TT=-< TLC sheet |
| SCRA  controller s 5 :
i - S |
Heater| — T T i

| |

| |

AIR FLOW i Power supply ,:

X Py

Personal computer
Blower
(n) ﬁgmwmaaqmimzmaqmmm
Digital camera
Dyel ! Dye 2
Drrain tube
h 4

Transparent water bath

- Digital camera

-

i 1 -
=
P i
Mozzle tupe  Mainwvalve

ﬁ
I
@--
\ Flow meter Bypass valve

Top view

Chamber |
Yy
W ater purmp

(1) YAnnaenily Dye injection TunsAinwanwaznislna

JUT 7 gavinaeafild@ny i aneruluunyuAI9ues Nuntadusit wagansy [15]



dmiudnuagnisnsyaneveninuuumunuUUdasy (Free swirling jet)
wandlilusud 8 Tnele Swirling number (Sw) diudu manszaeveaivagninedy
mmumimammwmauuuwumwLamwwuwmmmqqqm‘luﬂsmw‘lﬁu Sw iy 0.4
Fauanaadatuiuesiaaelilugui 9

Wwuuung

0 E 0
Y/d v/d v/d v/d
U7 8 nsiUSeulilsudnuagn1snszaeeuini Swirling number 139 [15]

160
- O Svuuuind g
Sw=0
140 Sw=0.4 7
- L Sw=0.62 i
G Sw=0.78
& 120 Sw=0.94 -
i
P L p
= 100p a A .
= \4
d
< 80 o) i
3; | <> |
60 7
40 1 1 L 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Sw
JUT 9 Waatiuuesinfeuuiiuiiveadnmueiadl Swirling number #i199 [15]

uana Nt Nuntadusit uazane [16] Wdnwdelunsduvunduiniidnios
WUULDT (in-line configuration) Y19 3 a7 x 3 Aedul TneAnwiissezrasewinaudn
(S/d) winfiu 2, 4, 6 wag 8 syuzannUansvioldnisiiuin uas Swirling number Al
H/d=4 uag Sw=0.4 aUa6U maﬂsﬂﬂg'j'}‘ﬁizazmﬂﬂmavialﬁmﬁqﬁuﬁa H/d=4 {013
domaruouuuiuingegadauandluzuil 10 dwdunsdiiszersinsseniiainuay
(5/d=2) Funaldiadadatiuiuofiadosznitansdiinunddudnnyuaisiniig
waneafunn luwngiingdszozvnaseninadnning (5/d=8) Taruumndneiutios
Mnnsiidsuendssvesshassvihaininaesanndenistemarudouuuiui 9ld
Ynauenansznuvauivinguliluimdedaly



100
- @ Swund
G L . ,
= [ O B Fvvyuniad
& 80 [ m o = Sw=0.4
= ¢
=
G
®® 60 I
k= =

40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 4 6 8

S/d
JUT 10 MmswSeuilsutiadatiuiuosveadnunfuaziinmyunil (Sw=0.4) Nszezr
FEWINUANENY [16]

1.2.3 Taseadanisiviavaalnyasunuungy

Ingundidnviaideadinazgnihluldlunsdiinuiuanivasuanudoudiviiim

=l

Pievsoluge uilupsainiuiuanUasuanudeuiiusnani sxleuldnguuesiv

3 (Multiple impinging jet) unuLAVYiDLFE? iielFnsanemaudouuuiuianieiu
fiAngauazainiaue wilunsdlveadnngy seovvinsseninain Uet-tojet distance) uas
sUuUuNSB89eadn (Nozzle configuration) azidusudsddyfitinasenndnuay
msmemenufauuLiue

Tunsdifiszezrieseninainuavdauansdugusl 11(n) Suidnazgnsuniy
(interference) 91nLinsaudsnouaruiiufiavihli Potential core fluuraduas us
seduamuiiuthuanfivgeludoieuifisusunsdiiniadon Tumanssiudunns
sumuNinseuinsezanasednndmiunsdinsreseninadnnsfauandusud
11(0) Feidnuagadetuiniedon widedmiwuiuinasienisrutureainilna
vunils (Wall jet) damaliiAnszduanuiiuugeduluuinuseniediin [36] i
Iavundsmdsannwuiuazlvasenmuuuivie uwidmsunsdlveanguidnuuuessila 1y

v Y < o Y a o =3 YY) cl'
lvavundarnuuudunailiinnssuniuadvmandsandusui 11(a)

'
=]

JUT 12 uansdnuaiznguiinveahdauuunagi devldlugaavnssusmuniy

2 o

Tou nfudnniidnwauziidauuusiieg gnesniuunuieldlusuivainnaeiguy
Orifice nozzles finllunisnaaduisiuaiusouiiesninduuiafiuay [37] du Slot

jet Ussgnaldlusnuifivuanitsazednaifiesiu nisvaeidunisliaiuieuuy

'
a =

AufffesnsAualausIty Msuasduliumanrsonszanmules (Tempering

A 4

glass) ¥30N150ULNINTEAY [28-32] d193U Pipe nozzles Heuldlugnamnssuns

o v v

QUL N15IAUSDU 139 WILT991115 Lileannladlruninazliivesnnauaus
LazU1uun [38-39]
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o large —
distance

distance

I,\ s /,I

WUUYI® Spent out

Interferences
Wall

interaction

N |
i« Narrow
i
|
|
|
|
|
|
|
|

o y

Huaidnjan iy

(N) T28ETENINNANLAU () $28LIETNINAINAT
— L

Large distance

IR LERIG]

(@) 5288 TENINNINNINE MU VDS A
JUT 11 dnwauznsivavesngudviavu (Multiple impinging jet) [36]

(n) Orifice nozzle (@) Slot nozzle

(5000

(m) Pipe nozzle

ddu
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dSuULUUNE 8 Te RN dendaseauuuLnInge (In-line) WazLUUL?
a8y (Staggered) [3-7, 16, 17, 20, 40] 6‘?}0 Wae-hayee hazatuy [40] IV RRRERRR
é’ﬂwmzmﬂwaLLazmsa'wmmm%@mmnq’mﬁwmﬂaa'%?\laﬁﬁmﬁmﬁmu:u*uu,mma
LAZLUULAIAAU WUIINITIALTLILUULDINTIANANTENUINN Crossflow UpenI1nIg
FaBoauuunuuumady dauanduguil 13

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X0 XD

(A) In-line arrangement (v) Staggered arrangement
g‘d*ﬁ 13 N15N5LUVBIATATUUDSUUNURIVOIINIINAITNAADIVDY Wae-hayee
wazAMy [40] Ing (N) N1SIALSUILUULIINTI WAL (V) NITIABLILUULIIETU

TunsdnseanuunaInge dunnlain Crossflow agluraniuusInsEnINain
Turazfinsdnizoauuuunadu Crossflow sglvarudvainvanitegdnludsnaliing
framanuseudivatsnisnisiva (Downstream) anasagneun fanansiadaiuiues
wagluuuILm (Spanwise) lﬂu'gﬂﬁ 14

— Inline, Re=13,400 — Inline, Re=7,500 ~——| Inline, Re=5,000
-== Staggered, Re=13,400 ----- Staggered, Re= 7,500 Staggered, Re=5,000

=i
(93]
o

=5
P2
[

-y - -

=

Spanwise average Nusselt number
o)
(]

40 > "y A - —

O -------------------------------------------------

0 2 4 6 8 10 12 14 18 18 20
XID

d' = v a U 6 d' d' o 1 v a 1 1 Y a
SUN 14 Mmaseuliadatiuuesiafsluwnunifimunieigasieg serinensdnites
LUUKDD WAZNISIALSLaLUULTIUNY [40]
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ogslsfimunmslinguiniiivhdauuuviessnsoansansenuain Crossflow 1t
dosniituiinuninsdnguidviuvesiftaduandusuil 15 lunsdlinuuueeiila
(g‘d‘ﬁ 15(n)) Crossflow fﬂsﬁmmwLLiﬂsﬁuﬁUawmﬂaaﬂmaq%ﬂau (Downstream) &4wa
Tinsdemaudeuanasenann luvagiinisldnguidvuuurie (5Uf 15@) Crossflow
wnemtumiefiufiuayinaonaindesan Sauinslénduinuuusielsiannsaldly
uiiidesdndumaaziminlfidu nmavdedueiesudufameslul udtigty
naudnkuuYieldlinisuseendldegnaniiwdilugaamnssuenms e nszay uaz

Solar collectors

o o .
MIRALUUDDINE

JU I N e

P
&

a &g
NWURININNIYY

(n) nauLINLUVDRSTA

PO LI

[« ‘\ :
/> LD > =

\ Crossfl owlwaaaﬂ

A wwwu

L a da
WURNINLIN

() ﬂfd'mﬁmuwm

U7 15 Hansenuan Crossflow siongaidviuuy (n) ee3ila (v) vies

1.3 NSANEIANWAZNTS IRALAZNNSAIBNANNTDUAIEITITIAILAY

Zuckerman wag Lior [26] laasuigigedanlunisfinudamisiuivmsuy
Tnsuugihitunadildlunisiiuin (CFD model) avsidnuagmiioudulumatilivaass
934 (Experimental model) waznafildainnisduamsiunuisufisuiunisinass
23418 Turbulence model AfexlHlunsiasgidymiudniauliun ke, ko,
Shear Stress Transport (SST), Normal Velocity Relaxation (v*-f), Direct Numerical
Simulation (DNS) ua¢ Large Eddy Simulation (LES) &sléiuansnisiueusiisuninenns
Tun1sAuns (Computational cost) AnutiuglunIsvinusladatiuiues way A
wiiuglun1sviune Secondary peak 1lunnsnadi 2

og1lsfmu Tana VVof uaz SST iluitfenlflunsiinsesitgmenuinsjey
unfign iesanilanuuustlunsiungdnvaenisivaaznisaismainuieuuy
‘ﬁuﬂmauﬁwqq Snvananildlunsiuiadlduiuannidn luvae?t DNS waz LES 4nan
Tunsdnmeiuuan dafnldlunmsirseidmiunsdidiosnisanuusiuggenn
Wiy



Turbulence
model

Computational
cost

Impinging jet
transfer coefficient

M151991 2 wanen15U3eu Turbulence model singq Nldlun1suAtamaudnnsu
Ability to predict

secondary peak

k-€ *
* % %k K . A *
i B AoY: YAINUAATA ,
ANUIEULSD P L
WA 15-60%
k- © * %k * * % * %
Auasitaliy | Urunate: Sanueann U1unans: 819l
na19 WMABU 10-30% ANUIHAUIIAN LA
Realizable k-€ * % * *
* &k k . C e o
way k-g . B Yunas: daUAane | we: 8198A1UIURN
P ANUIEULSD d,- .
variations au¢ tAaBU 15-30% UNAUUS
* % %k * % *
SST, hybrid . o - * %
AU | Uunans: dANNAane
method u Y1uUnana
ARAR WA 25-40%
* %k
* % %k L y * % % K
Vf i . f: AANAAIAPADY .
AN A
2-30%
DNS/LES time- * * % % % * %k &k
variant models ANUIUTIUIN funn funn

[doydnwa K Aesedudes uasdydnual % Kk K X Fafunn]
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. P 1 [ <@ 1 a a [ aa
Behnia wazAny [41] 1mﬁﬂmmimammwmammLf\mwwuuumwwmma

WWeAnauduUIsuseninluma VV-f AU k-€ 1AT8luantiiiuesnieg wuanluea vVf
annsavwealadatuuesianizyalalnalfesiunanisnaassasaiasdluas Wy
wWesi1e Auandluzun 16 Tuvaeinisiuwinmeluee k- danuianaingsnn

350

@ Re,=23,000
o Re,=50,000
x Re,=70,000
— V2F

Nu

150 4
100 |

50

JUN 16 MaUSeuiisuran1snaaeRsaiunsAameling vof [41]

2 3 4
D
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AU Sunden wazany [42] laviinsiuTeudisunsyiuienisangmauiou
Uuﬁuﬁ’maqL%qusuul,wumgumﬁ’;eﬂmma k-€, SST k-€, RSM waz V2 dmiuidnmeuu
LUUMLUANIZT VDI LAV WIUTOUEIUSIUSOULEY Fadnadon1sAuIninIsaemAIL
Louvuituinunn eehslsinumuinluea VAf gnansavungnisenemauSeudia sy
MIVLANES (Sw=0.89) ldlsiugninluinadus dauandlusud 17

180

160

140

(Nu)

120

s

ANUAAUNLUDT

100

Y

80

v a

60

40

N
o

o
orrrm

o

AN

~

~

LI L L LI S N LN LN L LB LB LB |

=

1 1 1 1

Exp. Result, Re=20,000
Exp. Result, Re=40,000
SST, Re=20,000
SST, Re=40,000
RSM, Re=20,000
RSM, Re=40,000
RNG, Re=20,000
RNG, Re=40,000
V2F, Re=20,000
V2F, Re=40,000

|
0.05

seagluwulsad (Wes)

U7 17 nslSeunfisuadadaiuuesveniniifissAunismaueigs (Sw=0.89)

SYWINNITNAADIAZITUNEMEIBTM A lunanuTuaum1ee [42]

1.4 UMDYV

nsinszauaudutlunslnavesdnnesy 38nsullsfanisfinvievesi
UINN90DNUBIAIRN FIFIULINALANBUANIZATUINAAUUUND Zheng Lazaelg [21] v

N15ANNBYLIENTINTEUDNLUUUNA (Non-bevelled) hazhuuuauLded (Bevelled) 7

Uanenneendndavwnduriugudnanaveaiovenaliu 3 Winvewwaviodn dauans

Tuguhn 18 lumsfnwanvaznisinavesinagldvatia Hot-wire anemometry luns

YnANL52

Non-bevelled collar
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S
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=—> Flow

D

0 X

Circular
nozzle

(n)

7
=
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nozzle

L —

)

7199818 UUUNRA (V) %

U 18 Tumavieveneiidnunlag

z
L,
Bevelled collar

@
4 0
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N\
e,

G N
R
[ —
L,
DUYNYUUUUDULDYS

Zheng wagany [21]
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Tunsfinunil Zheng uazany (211 lévhnsusuruinyandes (Angle of collar)
7l 0°, 20°, 40° uAEANENVBIIBUNY 71 L/d=0, 1, 2, 3, 3.5 NANTNAABINUINANME)
voninaziniansznegaumununmpuararemiiinty wivneenuiiveninae
anasnuadiu fauandluzuil 19

5 5 5
e L/d=0.0 e L/d=1.0 8 L/d=20
o L/d=1.0 o Ud=20 o L/d=3.0 1
® L/d=2.0 m L/d=3.0 ®  L/d=35 ¢
44 o Ld=30 44 o0 Ld=35 ﬁ 4 4
* L/d=35 .
1 H
[s]
3 s ] 3 s 3
© a o ©
N N 2 N $ ¢
21 2 o 2{ o
Sg sn i e s
[ ] n
gfe*’ ’ s g
1] 11 14"
0 T T 0 T T 0 T T
5 10 15 20 5 10 15 20 5 10 15 20
X/d X/d X/d
(n) vieveeuuUN® (%) YIav8N8VaULDES 20° (P) Ii8v8BVBULDET 40°

a ] & . 2
SUT 19 ANUKANGN9T8INTITNTEIEANMTT (Velocity spread) WazUUIAAILEIT
anaa (Velocity decay) vesdnfidnvisvengvuinmng [21]

foun Zheng wazamz [22] livinn1sufuwnsgusnmesievenailuwuuguda v
Y] a i % & N v =i ] o = v vy
war A dawanslugun 20 wudanusuinasisnvanisivaiiuandiaiuly galade
a3UINTUTULAIDUETY NITHIUTUIAYTEAINEIVDWIBVEALIHANTENUADE N WY
< ! < Ve = < a
nslrareaan 9g1elsiau Zheng uagaue [21-22] laAnwanignsalreainuuudass
Wity

D=15mm

Smooth trough

Circular nozzle A-notched collar

(n) viovenefizusanesniugud A

\ L,=138mm e L
U

D=15mm

T

Jetmp

Smooth peak

Circular nozzle V-notched collar

(%) vievenendzusemseenidugus v

JUT 20 luman1suSuuseriaveneiuy A wag V 989 Zheng havanly [22]
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Kaewchoothong uagAny [24] MAaBalanzgviovenefidiua1svemieilednw
diFuresnistemanudouvuiiuieaninysey Taeldndesdunsnsaianmanszais
vosguvgivuiuiafiinssy uas@nudnsaznisinalagld cFD Fsluaadinnsusy
ATILEEWDUNY duszarsEvUaevieveeiui (W/d=2) Ansdluadiues
Wiy 20,000 Fauanslugud 21

WIEsivieveny
Viovee fuf ANy

lslianeg 45 63 83
J <6 ¥
(v) IugREAlmeaes

U 21 TumanisuSuusavievengves Kaewchoothong uazany [24]

naUsINgINsAaviereneynuuutisiunsdemaueuuuiuialFind
nsdldnilsildRnriovens ntadiugiiansfanntutieduenialeseuignaaidun
TuvievensuaskanfugnSnmdnanniy vilsiszduanudutiuvesdninnounisvisu
Fiugetu fean Nuntadusit waganiz (25 ldvhnisdeseanfnuinisifiunisaemeiny
Youvoudnsrusmenisinvievensuuunaladeviemnisiiiennia (A-augmented
duct) lnguSurunadusiugudnansvievens (D) ¥u1AANNEIMEVENY (L) ULagTzey
sgwiainieiuia (H) fuandluguil 22

E H

|

21N# r>_I_i
-t |

|

-
pen
| [
naLtan
/‘\/

TR IGIY R

7OMNEIUNDINA

JUN 22 Tuwaviemilenihoniandnyilag Nuntadusit uaganse [25]
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Fanan1svaasswuinsaiiemieniernativuiaduiiuguinalaszning

2<D/d<d warAue17 L/d=2 fin1saiemanufouvuiuingeniinsdueninund

iesanemiagngaiunluviemisnieimanaudusudninudn wazidesinnng

Wivuitsuiunsdivesdnuniinuininsdemeradoufisanniianda 25.42% lunsdld

Wdusitugudnans D/d=4 uag Armeviemilonieinia L/d=2 issogszninainia
fiuitn H/d=a Fauandluguil 23

220 H=4d, L=2d — Conventional
—o— D=2d
S I —— D=3.3d
= 180 — D=4d
3la) —- D=6d
@ —
= I
,=% 140
=
(G -
©
%100 | 1
pa
-< ]
60 ¥ 1 1 1 1 1 .
-4 -2 0 2 4

v/d
JUT 23 maSeuiisuandalatiuuesaunusatuuiuiminiivnyunsdidneuy

UnAuagiinfidaviewileatiennavuinmnge [25]

oglsfinunsAnundnuvarnsirauazmsmemeanudeureninijsuiifne
venednnulunsduvudnviodsn uidmsunisuszgndldanudnnswuiediuuinidn
feulduuvunsdueinguin esanilinisdremanufouduvinainhenis 4
Kirttayoth wazamz [43] nsAnwnidesiuidneaznisinauaznisaiemannudou
yeanduLinsvuiinviowieathennia Tnenduindadsauunn fszezseninain
(5/d) 6 waz 8 TnewausngImsAnviewientenadeinnsaemauieuuy
fufnlfAninsdidvilaildfavemieniena egrdlsinu suaduriugusnas ()
wazarme (L) vesiamieniionadilaléfinsmaasstunguidn dedumsfinuly
nsdlmanifsdanuiaulaoges
1.5 Inquszas
(1) lefnwdnuagnisivauaznalniidaslunafiunisdeaufeunuiiuiag
Gnsruwuungalunsdififadamomienionie
(2) lodnunilafedfinadonsfiunistsmanuieuveainuiiniave
wilsniennie 19y Kaves AL (L) wazruiaidurugudnans (D) vesvieivileni
01T szevnUaerierinieiuiy (H) svezvisseninadn () wazanstluadiuues
(Re)
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2.1 Tumaiildlunsdinen
Tunailldlunisfinwuandusud 24 Svlnaoonanidaidusuurerjssud
anuuituififeanssrutsnudon nduelindifivuin 5 una x 5 Aedund gninides
LUULAIANTY (Inline) Imwim%wﬁmmmuﬁmwaﬁﬁﬂﬁlﬁmmﬂmLLUUﬁwmﬁaLLé’a
(Fully developed flow) ‘mﬂmswaqumimmmqwamummmmﬁ mmmmmmmaa
’iu‘UUWﬂ@Q’]ﬂLS@J‘VIG]’Nﬂa’NUUWUN’J‘WLT\]‘I/I‘W\‘I“UU Taefunu Z eglununietusierin
WAL X Lazlhnu Y wmmwmmmwmLmusumwwiuumuauuazLmemummU

v

7i9Ldn
R 2] ] f v viewmidenh
L/dI INA
Hd| -

RN A\) < \H/lg <>

Wuﬁamwwwu
(n) nauAnfiRadviewmieniienie

CONORK 2
@
. y l | UShauddnm
. . Snuauenisanemn
NS

(¥) MIIAFeerIRN
U 24 Tuwavesnguidnisunindsasnvewileatiieinie

S/d

duriuaugnaan1gluveyiodn (d) fawn 17.2 mm 813 300 mm ALE17
(L) wazvuraduRugudnalaniegly (D) vosiandertiiennia Anualidaniifu
L/d=2, 4, 6 war D/d=2, 4, 6 AU Srezandanevioindeiuiia (H) wavszesing
senIdn (S) fvuedi H/d=2, 4, 6, 8 way S/d=4, 6, 8 AuddU AnsEluadiTuLUDS
fatundi Re=10,000, 20,000, 30,000 WAz 40,000 ueNINLIFNARsNIENGILENIINYE
Wan @ldldRndviomientdiennie) wWeldlunisiuieudiou faudsanegiildlunis
naaedldagulilunsed 3
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M13199 3 S18AZBYAYBIAIFILUTAN VBIYANAGDS

S18azLdun fanls

ueLduruAugna1anglurewinda (d) d=17.2 mm
ANETITE et (L) L/d=2, 4 uag 6
yundurugudnasaeluresiamieahenie (D) D/d=2, 4 uaz 6
svazanUaneviesindeiuia (H) H/d=2, 4, 6 waz 8
SUETENININ (S) S/d=4, 6 uag 8
ALsdluaniulues (Re) Re=10,000, 20,000, 30,000, 40,000

2.2 YANARDY

ununnvosyanaassluandlusui 25 Usznoueluaeslddmiugaeinie
wirdsinilugesiftaioTndnsinsiva anifueinmasrlnariuiesaunugung i
AndaynBainoiuazaoulvsaaed uarlvadifestneniafifivuialnajfioswodiviili
Snnslavesinusiasriaiiu venanildfadsmangliswau 3 dulufesineinia
iielvgumgivesdnnszarvainaue lunsmeassdninnisivaveseinianuguleg
Funeiwosietuluanes dwmiugumaliivlatmuelineifl 27+0.2 °C ddlndiAssiu
gaumgiisies (uaneislaitiu 0.2 °0) dwiuvietinsihannmdnfiflvunadusiugudnans
d=17.2 mm uazfiAnue1 300 mm shlsinslvaiivieniseenvemerdnduuuunisiva
fimudanga (fully developed flow) iewnigatherniafinssl3ivatsvesierin

drwsuiiuianianwsruaansaUsusundsiielilass sranUanevieldndsiuRaniud
ABaN"3

4

a '3 '3 , ¥ o o |
Buesmad YAMINBNTENALIT . NURINLANI 99U
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— 1 UnREITY
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@ —" WA
D\\v
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YAFIURY YAFIUAN nemuen
Fomos gaunail t o1
weslufida BYASEA / LaRuaauns
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JUT 25 UHUANYBINSAARIYANAGDS
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2.3 MIAUIUAIEUUSZENTNISENNAUSDUUUNUE?

Tumsfumnedulszaninsdemanudouuuiiuis fAuiafidnsssuihan
WiiuoARAN (820 x 820 mm? wag AN 15 mm) mudlduandlugud 26 inssnan
vosusiuozasanlianzsamasuifvunn 280 x 280 mm’ lnelnsilanieusuauslaa
fiflvunn 300 x 300 mm? AWML 0.03 mm gnTsliiGeunazis Inogndalivheuss
aasunsstuinmsvugnuiudnedssu iielddmsu

7199AT 2 WG NURILNUA LA

TPRUNNTNIUNABINNENINAIINTBU (Thermal camera) IngimuaaIduUsEANSNISUH
98 emissivity Winfiu 0.95 dmsuniInseanevetgungIULRITILAVHIYLAE TR INNg
AUNTIVBIURUARAULAE LTBINUHUALAWAATANNUINN AeluIzielngun) I

NTLANYUULNUFLAULAANG 2 A1

) ln

uslAiniu [6, 18, 34, 40, 44]

LWRITIENAIY

| |

NURI U TR

(Power supply)
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mmmanaaﬂmﬂmamwwuwum’;maumaﬁumEmemau TngAnualinang
ﬂ’)’]lli’GJUﬂﬂ'Vl amwﬂmuwuw’mwawmmlmmﬂﬂaaqmamwmmsau dmsuan
amﬂizammmiaummmmmmimmﬂ

h = (Qinput - C.Iloss,r - C.Iloss,c)/(Tw - Taw) (1)

110 G, =0e(T,' —T)) Ao ANUTaUTgLAUEAWINGONNNTUHTIE, W/m®

Gose = Nowe Ty —T,) 70 A1F0uTigUEsIdosanMIINANToY, W/m?

T 9 nEANSDY, °C

T, R Qmwgﬁﬁuﬁaﬁlﬁﬁw indausou, °C
T, Ao gaumngiviay, °C

o 0] ﬁﬂm‘ﬁl%m Stefan-Boltzmann

£ Ao AduUsyansmsveinsunSidaudou

A L

h Ao duUsEaNsNIsaNemANNSauTRIURdbua, W/m?K

loss,c

NANGANUSDUN T ULANTULNUALAULAAAIUINDN

Qinput =1V/A (2)
Wle I Ao Ansewalniiansanelu, A
Y, AB ANAIIUFANIANSVBILIINDILAY, Volt
A AB NUNVRINURINIYY, m?

AUINANTAATILUS LA ARA sVl RB AT SULR AN AILIRIRIN

Nu = hd /k (3)
Nu = hd/k @)

Ao vunaduruaudnaneluve eIy, mm
= U a Q‘ o %
i duUsEaNENISUNIAIINSoURRINTA, W/m-K

ol ] o

A9 N15LRAYVRIFUUSLANTNITAOWNAULSDUTBIVRI LA
o o add 2
AIUAINANAALVDIQUNITINURT, W/m?K
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2.4 M3dnaainsivalagldlusunsunauiniines

Tusudsed ldsassdnuvaznislnavenindre3s Computational Fluid
Dynamic (CFD) Tagldlusunsu ANSYS, Fluent, Ver.15.0 Tuwmadildlunissiassnisiva
fdunuu 3 77 muinandluguil 27 Feimunvuiainduildluniseass 91ngu
Tunagnuussenidu 3 $u fuusnusznaudevioimioundusiugudvinans (d)=17.2
mm 672 200 mm Fuitdendudruvesiamiiinienia lsfvuslsimumisgudnans
Safuviordn dmsuduaradudiuvesennmeafiegsevinamsesnvesviomieitheinie
wariuiafliinavu Tunisdmunaninveuion (Boundary conditions) léuans
eaziBoaluguil 27 uazasned 4

Velocity inlet

Symmetry Symmetry

1 <
NaLkan

VoLdngn

200 4. Wall

Symmetry

Symmetry el N viewdgahene
O\) " .

WURHIMANIHaYU

g‘th’?i 27 Tumauazvounfiaiesslusunsy ANSYS, Fluent

A5199 4 NMSAUAFAINVOULATIEIUAISATLI

ANTNVBULUR AINUA

-Anudmadviendn (asfinasaviinda) Velocity inlet 91 27.21 m/s
-NUIPUTNS 4 AU Symmetry
wifainuu YeUvieldn wazveuviamieatienne Wall

U7 28 uanan1sasandn Snuairgunssvesndadiulngidunuudivaey Tuus
avUinaldimunauianiauandietu Tasamzuinuidvlndvasuiuin Swsiiie
MansUAuLYAIYeIAIEIIN VinadInanIzReaimunvuianialiaziBun
dmsuiudsitldsmunauaziBeaesniatuusnaniiuindidniey agfiarsanan
y* Aiflenuszana 1 3dlduans y+ﬁﬂszmamuLé’uﬁmmu@uéﬂaﬂqﬁalﬁwuuﬁuﬁaﬁL%w
waruluguit 20 Tuemidfedididensiuiuniad 2,982,080 elements Tunssiuan 3n

9 Y
i

Madnuwaizn1snszatgvesladatiiued (Nu) dedaidatuiuasgegn (Nuy,) asLdusn
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shuguinaviodnuuiufinflinrsuuieudisunaseniunamnges (Experimental
results) WAy M13$raesnsiva (CFD results) i H/d=6 uag Re=30,000 wanslilugud
30

TumsAwin luwavesnisinawuuutuldidenlduuy VAf ifesandian
wiughgelunsiunenadniulgmveadniwy [26, 41-42] Inglifinavosusdliuas
(Gravity force) n1slvatfunuums@d@a (Steady flow) n1stuanvulidndale
(Incompressible flow) wagldsziiouitnisAruiainuy SIMPLE Tun1suAaunis
Pressure-Velocity coupling kaglaszidaunisArulaiuy PRESTO Tun1sAiuaa
Pressure discretization lagld Second Order Upwind Tun1sA1uauan discretization

AU dmSUAIANNHANAINYDINITAUINATIZATEMMUALATAIEINTY 1x107

JUT 28 uansdnuaizued Mesh aglunaznieuen

YiaLdnnsanans

/ \

.
— — 1,863,800 elements
—— 2,143,370 elements

4 P ————— )} 2,422,940 elements
= = = 2 982,080 elements

12 i , - ' , — 3,541,220 elements
LN\ / 1 ON -~
10 r/ V7N 7/ \
; 8
6
4
2
0
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

X/
A + d’ Y @ 1 & | [ dy a A& 1
EUV] 29y mﬂszmamuLaummmquaﬂmwaﬁmuuwumwLamwwu
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- (a) S/d=4 I

—=—EXxp. Results
===CFD Results

3 4

1.0

0.6

Nu/Num

04

(b) S/d=6 I

0.0

1.2

1.0

08

06

Nu/Num

04 1

0.2 f

00 bo——

UM 30 dnwagnnsnsvevesiadatinues (Nu) detad@atiuuaigean (Nuy) asidusa

HugUgNasviBlInuLiuEIIEIVwuUSsUisuNasEninensMnaes (Experimental

results) wag N1531889N15Wa (CFD resutts)ﬁ H/d=6 uag Re=30,000
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a a 4
UNN 3 WALLATNITIATICH

3.1 ANBAENTIAAYDLAN
3.1.1 LIANBSVBIAUST
Ul 31 wag 32 uananAmesvesAIIIVLITTIY Z-X Adaiugudnarsie
Andidumis Y/d=0 1 H/d=8 uag Re=30,000 idudivdsuvunaidnlundazsunang
Funiivesiod wasdudvdsunualuguansiiuml siewmdeathenna lnswui
vondudimdsuiifivualvgiuegiuanueniuasiduitugunansvesviomient
810A

(n) ngudnUn@d S/d=a (¥) ninunifl 5/d=8
|

7 8
(A) NFuLAINARUABNIUIA (1) nguLANAnUasnIwIn
L/d=4, D/d=2 7 5/d=4 L/d=4, D/d=2 71 5/d=8

c{' s s o Y 1 X G4 | & oo 1
E‘U‘Vl 31 LLK‘WIQL’JﬂL@@i“ﬂ@flﬂﬁﬂllLi'WIi%‘U’]UG]ﬂN’]u@JUEJﬂa'NVIE)L"UVWIG]’]LLWUQ Y/d=0

A nSUNTRSEELI9TENINWEINNAY S/d=4 way 8, H/d=8 (Haa1nn1s3nasanislua
f8 CFD 91 Re=30,000)

lunsflvesnguidnainviewan isvez S/d=4 uay 8 duandluzun 31(n) uae

31(v) WUIANWIBBNINNYIBLAZHANTUDINALAETOUNDUIIYUUUNUED drrFunsdin
1 ! [ a I o = ! [

TLYEUNIENIUANUAY S/d=4 (UM 31(n)) NUIANINILYNTUNIUDEININANANIAY

amAfeglaesou Bnvisdmuininiiluauuiuiy (Wall jet) iian1svuiuegnagunss ¥
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yilfAnnsaemauougeuinusenitain uindianusivenindiununaisgn
sunuINeINIATeUtne Fuinlinisdremanuieuanasluvdnaiiingsey Jeas
uansinafilunsaifisosvineseinadnning s/d=8 fauansluguil 31) ngudnazlsiiin
nMssunmunIevudatuuasiu uasddnvazimieutuidniuuvieder Wunavinlinig
dowanuouninaiiinaruiiigs lnsdnvurnisivaildinisdnuuugaly
mifereunthil [3-7]

lunsdivesnguidviidnsmemienioniafuandugy 31(a) wag 31(2) wui
n3sunuveainingsounazenasoutsiinatesas iiesienistiestuainvie
wilnihone dasiulddalunsdfissezvinsseniadnuaudagui 31() dnsuerniead
mmmmﬂﬂiumwwamm Giilmavuiiuio ‘Vi’ﬁ\i"\]’1ﬂ‘WQ“U'LJT\]uNﬂ?WNiULLiGNWHIUﬂim
vowdniindaviomieniionia ilvinsaiewmaudouvuiuiaiugedu (Feazedune
mimammwmau‘lum%a@lﬂ)ImaLawuamam‘lummmuavmasmamammu
(S/d=4) [6]

=
|
St

I I B B ey e T 1
4 32 - X4l 2 3 44 3 2 -

JUT 32 uananAwmeinuineglutig -4<x/d<d dmiunsainsreeriaseninuam
Wiy S/d=8, H/d=8 (na3nn1531aeasvase CFD 1 Re=30,000)

JUT 32 uanenAwmesnnusveenguinlugi -4<X/d<d dmiunsdinszezvng
| < [ a = 1 =3 | 1 1 =3 aAa 3 I

FENIINAINYINAY S/d=8 laglIeuingunguiinuuuviaildiuasnguidnifncevio
willgatheiniavunane dnsunsavesnguiniiianwiewiieieiniaduy (L/d=2)
sauanalugun 32(u) dmiuteuly D/d=2 uar JUT 32(A) dwiuteuly D/d=6 nAwmes
AuvenIndanvauzadeiunsdivesnguiinanviewal duddviamienieinia
zdlvuinlvg@u Weviewmileniionialiniug1unTu e1nAazgnaaiiiunluvie
wilgnhomaAundu Feanuisadanalaainauinvedianesauisaidvuingniuin
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1

Jussuandluzudl 320 uar 32(2) Weviewdenionaivuaduriuaugnandlngjiu
pmafleglngsouazgnisdunluviemiisrthenianiy Sudulddalunsduonin
Andaviowierthanmarunn D/d=6 (U7 32(2))

lunsdiveadninseviamientinernauun L/d=6, D/d=2 (UMt 32(9) 91neifd
agjimmauwgﬂ@mL%’ﬁmasmmmLLazmamﬁUéwﬁMdﬂwm Fednuinazliignsumuanidv
waronafieglagsou dwarilimsiemanufeuvuiuinfiugsluuTnuidyer
Tusnziinsdvoninfadsiamienieniamun L/d=6, D/d=6 (gﬂﬁ 32(3)) mmm‘/‘igﬂ
aariuludninazgananifivsud silviemaigngadianluviemieniieinis
vndusruiiuilaenss Sadunaliuinmseugidvrssuiimssomanuiougs 3
svasuensaewmausauluitednly

3.1.2 NAYBIAUYIVBWIBWHE D INA
=i I3 g 2 = s
JUN 33(n) uanaluslndvesnnuiiinisesnveudn uassun 33() uansduslg
M3nsEaNgvesANUinUUILRI TN Faduvesiniiegnsanardugag 0sx/ds2 7
FPYLUNTENINNAN S/d=6 uarszeranUatevioldniaiiuly H/d=8 lneviaeagy Nsves
X/d<0.5 fausinuedddnndn uagissey 0.5<X/d<2 Aousnmvetonielagsauiign
andunluvismieaiieinie

ULaguan
Bvmidn USnamewiienihenie
100
Y e v —Conventional
Ul in -- Lid=2 (n)
O 2 80 1 —L/d=4
ANWaEANLLET s
2 6.0
- 2
(%3
§ 4.0
20 |
I
0.0
0.0
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o 9 250
ANWUSAIUAU
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. 150 |
"EE o

50

0

EuALEIn

Pressure (Pa)

0.0 0.5 1.0 15 20
X/

JUN 33 uandlusluaves (n) ALV AINTUINNIDNTVDWIBLEN (V) N1INTLANUDI
AMUAUULIUR AULUIAUINa1aRin (Haannsinasnisiuasie CFD 7
Re=30,000, S/d=6, H/d=6, D/d=4)
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mﬂiﬂ m’mL%’;ﬁmaLG?I’Wiamf‘imﬁwmmﬁLﬁmaﬁulﬁammmwawiamfimﬁ’l
oneiiuy Luaamﬂmmmummﬂumammmm&mamaiﬁmmm (Suction force)
unninsalveiemisiiienaitiuuindy Fsardwalaonsiievuinvesdninudnd
wwuwuﬂa mmaamLﬂ@ﬂ,mmﬂmimzmsJGuaqmwmuuuwuﬁ’mLﬂquu’lugﬂw 33(%)
wansliifuegadaauinnsifivanuenvewiomisiiieinie svdmalininusives
pmafignaadnanluiamionionmiugatu UssduiléfiniseiuiedisasBenlu
[45]

3.1.3 waﬂjawmﬂLé'usi'm@usj‘nmwawiamﬁmﬁﬂmmﬂ
q‘ ¢ & o YN ¢ I\ @ Ao '
gﬂ‘m 34 LEAILIALRBIVDIAIULIIVITEUIUAANTUAULNANVIBLINTIA AL Y/d=0
o [ d::l' 1 1 @ 1 [ 1 @ = d’{J a
ANMTUNTUNTZHLUIITENNIUININY S/d=8 LarszezaNNUatgnalannInuxd H/d=6
AULav 1 hanIdausSIIUNI99NYRLAN 1Ay 2 ABUSIUANINNANANANAUDINA
lngsou wazay 3 Aeusiinveniniirauunlafivuiumdwina i nwasuiuia

Z4HIE
7 8

g ﬁ 34 LLﬁmL’JﬂLGlEJiﬂTIiJLi’JUHi“u’m /-X cI/l Y/d=0 mﬁ/ﬁUﬂim“U’eNﬂmJLﬁWImﬂVI@L‘LJ@’]LL@‘”
qmﬁm“‘ mmwamummmmmumLaumu@uaﬂmqmq“] (wammmimaaqmﬂwama
CFD 91 Re=30,000, H/d=6, L/d=4)

° [y S ! Y N o v

dwiunsalvesnguianidansiewmieniomavuin D/d=2, 4 uag 6 faandly
JUT 34(1), (A) waz (1) aud1du wudtenniafieglaesaugnaadiutiud ninudnuinau

! IS ' <3 | ' a [ 14 s < '
ni1nsaveenguinainvieiddn (U 34(n) lnedaunalaainnaimeiainusiluve
wilgatheniadiaue1iuiniu eniafeglaeseuazauiuainndneniiun s
£ ' L ' = o = [ (% =

yadusuaugnaveisvilerdenialivuiadnan (0/d=2) dsandlugun 34()
Wavnadurugudnatuiudy (0/d=4) sawandlugui 34(n) enafieglagsauazgn

aadnnfivinaunTukasnauiudnInnananeliinanutdudiuasddunewdnmy
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fiufia dwdunsdfiviemienhenaiiduinuaudnansiuajan (0/d=6) luguil 34()
wuiemafieglagseuazgnaaituniiviinasnniigaideIouiisuiunsddug il
pmefigngadinUsEustuiiuifeuInAnmM kAt L Eman dliusnnmesyn
fidvjssuduantredu

mé’qmm%wﬂwuﬁuuﬁa Snilnavuituinasifianissutusduinnisivaiu
(Circulation flow) sewinsgdvmdn lunsdifinduidniifndaiomiethoinimuialg
wumNguLsvesnslvaiuazanas Lilssnviewienhormmimiitesiuly Wy
pavtlsivuiavesnmsdemarsouninduseun gaiidenseu uilumsndufumsini
viewdenheniaiiiduiuguinatsvunalugdawalinisaiemanudeuvuuinm
aAudnanaiidvvsvu (Stagnation point) fiAdnas

Ustua
WBvndn USnuvawmilenthenne

——Conventional jet (n)
L - - - D/d=2
40 \ —— Dld=4

—D/d=6

Wunldindnweay
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o
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mmﬁmazwﬁwu
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anututu
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o
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Uagudn
Evndn Ushuvewllentinenia
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/
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N
o
T

=
o
T

0.0 | 1 | 1 |

0.0 05 10 15 2.0 25 30
X

'g‘dﬁ 35 wansdnuaizYed (n) A () ndenuvesanudutau (Turbulent Kinetic
Energy) Y8d1iv fifmsiuAudnatsveadn (waannnsdraesmsiuase CFD 7
Re=30,000, S/d=8, H/d=6, L/d=4)
gﬂﬁ 35 wansdnuaizves (1) AuEIweadn uaz (@) ndsuvesnuiuliy
(Turbulent Kinetic Energy) wau4dn #iinanisnarsvesnisesniin (v/d=0) Tngluts
X/d<0.5 ﬂaummmqmwwaﬂ LL@“’IL!“U’N 0.5<X/d<3 ﬁanL’Jm‘U@Q@’lmﬂIW&Ji@U%ﬂﬂ
mmmuﬂwamummmmﬂ fviowdlenieinavun D/d=2 a“umnm%aammﬂmﬂ
@mmmagiuma 0.5<X/d<1 dmTunsdl D/d=4 agfluys 0.5<X/d<2 uag n3dl D/d=6

9g/luy9 0.5<X/d<3
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ﬂifﬁﬁﬂejmL%wﬁamﬁqﬁamﬁ'mﬁﬂmmﬁwudw dnwazvesmuiuTiiudiennia
gnaaianiiangaininguinanviewan wagnuinnuiionnagngansdl D/d=2
fanudigean uiusnganglurisuay (0.5<x/d<2) wiriy Wodushugudnatsves
siewmilnhermadivuinniiedu anuiwinuiiemagngaiivunanas osnuse
arluviewierthemaanasmuduinuguénasvememisnioniafifivunniieiu
winduinuemafieglnesevargnaaiivuinniietu Tasasiilddnlunsdusainiian
viewilgnhemavuelnajan D/d=6

dmdundsnuvasauthuudauandluzuil 35() wuimnutuulunsdues
ﬂa':uL%%ﬁ@ﬂ&?ﬂﬁamﬁmﬁﬁmmﬁé’ammﬂdmdmL%‘mmnviaL‘Ua'w uAnIInsAndavio
mummmmﬁwmmmLaumuﬂuaﬂmﬂwmam (D/d=6) lailadnalingsauvesniny
Huthureadnidigedu Fmuihmsisdaiomisiihenimuianais (0/d=a) wiliin
fndanuvasnnuiiutiugefian Wunalinisdemanudeuuuiiuiafidgeaelunsdi

Uszihuillaiin1503U189819a2 98 I UUNAUAIUAIANUIN . 1150 [46]

3.2 fnwznatemanuiauuuiuia
Snwagnisdewanufouvuiiuiadmiunguiniifadaemieaineiniald
yhmsfnuisnun 144 n3dl feilneldagusuusildlumsfinulilumsed 3 Gawans
maaﬂmaﬁauiwqj%ﬁﬂLa‘uaLawwzﬂﬁaﬁﬁmﬁsﬂuaﬁﬁmua% (Re) WU 30,000 1iosa1n
navnmsiadeiewionienmdlunsdlil Sanuwdaninsaliiansdluadiuuedsug
SUl 36 uansmaFouifsunaiilinnauideitunuidedug Adoulvszering
sewhad $/d=6 wavsreranUaeviedvieiuin H/d=6 weibunmsBusuarugnies
vowmantsnaesiildanemided

1000

----- Martin H [3]

= Huber M et al [5]
= =SanJYetal [7]
——Present work
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U7 | 36 aL%aﬁmLua%mﬁsﬁﬁ'wLisﬁuaﬁﬁmwa%ﬁm6] INKANITNAADIVONIUIFIBUAY

1%

A

U YU VILQ@UI‘U?J“ “"Vi’]ﬂi“‘WJNL’i]“I/I S/d=6 Wag i“EJ“”‘mﬂ‘Ua'WEJVI@LRWIO\‘iﬁua’J
H/d=6



31

3.2.1 N19N328VIUATATNUDTUUNURI NN WYY

al

miﬂizmmaaﬁm%aﬁmLuaiuuﬁuﬂmL%m’wuﬁm%’umﬁﬁiwzﬁmzij
3 5/d=a leuansl3lugud 37 dwmsunsdl s/d=6 Tuguil 38 wazdwmiunsdl s/d=8 lu
U7l 39 Tagudazsuiiduanasdduundnmnefsiumiiiiuerin uaziduanay
yunlngifeduvisvesiemisathoinia fevuaduiugudnars (0) unnsafily
wsingn el

fadatuuefanmnsonualdiiu 3 ¥ lnstasusnAeusnaiiidadatuue g
171 120 (Nu>120) wansdsuinaiidnssuvuiiuialasnss 91efiaesfoudinudi
Adfadatusysuiunats Fagseming 80 A 120 (80<Nu<120) uansu3iinsous
Enwsru wazthefiamAeuinaiifidadatuiuesiingt 80 (Nu<8o) uansiauiia
sgniadniiinnisyuiutasusnafiinlvavuiiuia (Wall jet) WileszuIBBNaIN

a dl 1
USILIUNWITY

ngudnvieunf naudniaviaimileniiotnie

H“S/d—ll S/d—4‘ﬂ S/d=a i S/d=4
_____ d S ] e

| i | IL ™| b/d=2

: H f P H f

[ naudvviound | [ =2 |

=4

H/d

=6

H/d

=8

H/d

JUT 37 uanen1snssanevesiadatiuiuesdniunsaifsveeraseninuin S/d=4, sses
NUALVBINAINURY H/d=4, 6, 8, YumdURuAUENaVBIIBmTE 181N
D/d=2 (#aa1nnN157Aaseil Re=30,000)

a

sUN 37 LaANIN15NILA18VITadatuLUasSA NS UNTANT Lo LU195EUINUAN

Y
] L7 S

S/d=4 dwiunsdlvesnguiinainvieilauanslilugui 37(n), (a), (@) Inenuinusind
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ffadatueigauarusnanidadatuueisefuuiunarsdesy anas 1iloszezain
Uanevteindsiuiiufinty Saamsnaaesiiisnvasniioutvemisedug [4-7]
dwsunsdlveainfinesaiemiioniennia fszezainvateviordnieiiuia
LRgINU Wudw‘%nmﬁﬁﬁa@aﬁmLU@%@QLLaw‘%LmﬁﬁﬁaL?ﬁaﬁmLuaémuﬂmaﬁmmmﬂ*ﬁw
Jumuauevememieriioinia uasnudiflvuianigalunsdiivenien
91MPElAINE71Y L/d=6 71 H/d=8 (g‘th?i 37(a1) HAvEIATMENEM B EEIEINAT
aonndosiudnyaznsnavewinauinenanluideriiiuan nanismnaosdsdinisiu
d’]miamﬁgmamﬁmﬁwmmﬁﬁﬁLé’umu@uéﬂmwumﬁﬂ (D/d=2) HIwann1ITUNIUIIN
Bnuazonmaseudndld Tnsaniziilefnaslunsditssosinssyninadnuay (S/d=4) uas
szezanUaeviodndsiiufiai (H/d=0) VinafiitadaliivesiazlivamngTuds
wanslugudl 37(v) ilesannmsUgnziuegnsguussweadndinavuimdsannnsvy

- a ' a | o
ﬂf‘llll,f\]"l/ma‘ﬂﬂm ﬂamﬁwmﬂwal,ﬁﬁﬂ?u']ﬂqﬂ']ﬂ

H‘ S/d=6 S/d=6 ‘ﬂ S/d=6 Tif— S/d=6
L T_’ d R —1 : <—d

Yid

160

D/d=2
Y/d

140

1120

- 100

D/d=4
Yid

6 -4 -

. Xfd X/d X Xfd
I v A Y s o o/ S a 1 1 =3
’glh/] 38 WLAANNITNTLINYVDIUALAUNLUBDIANNIUNTUNTLYLHNTENINUAN S/d=6 Way

3588%’]ﬂﬂﬁ’]ﬂ'1/i@lﬁ‘l’l§<‘lﬁua’] H/d=8 (wamﬂmimamﬁ Re=30,000)

sUfl 38 uananisnszansvesiadatuivesdmiunsdifiszoeineseninady
S/d=6 wagszaranUagvieiindeiuiin H/d=8 dmsunsdinguiiniidadsiowmieai
oAU naiidadatuefguasuinaiitadaiuueiuiunats fvuianiis
nirnsdinguiivandear lunsdfinguiiniifadaiemieioiniasuiadukiu

¢ oA ~ ° a =4 o g Y a Aa v a
@Juaﬂa’]\‘] D/d=2 WUMLLBNBLNUYIUIDINTIALAIINYIININTU f\]%V]’ﬂ“VTUﬁL'JﬁN‘V]ﬂJUﬁL‘Ua
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Huvedguaruinaifdadatuuesuunaionan ety e duinuiitada
thivesganirsgalunsdiviemieioinmeaiaueni L/d=6 fuandluguil 38) 3
Hunalaeasannmsfinsatemientheniafifieuenuniu vlinsdemanudon
vuftuiendniutu [05) uenanidmudn nadiifadmemisnioiniafinruem
L/d=2 wagdlunadusinugudnans D/d=4 (§Uf 38(9)) Uinaiidadalinuesuunans
fyuanfatusgraiulddn Faasnuldlunsdiszosvinssenitaineglurasiiunans
(S/d=6)

1 < 1 a
NGUINEUNG ﬂamwmwamummmmﬂ

o

.

- ¢ 5/d=8 5/d=8 S/d=8 il S/d=8
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B N S T 97 -
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Xid h X X/
JUT 39 uanen1snszanevesiadatuiuesdmiunsainssoznaseninuin S/d=8 uax

5202NUANUNBARNIINURT H/d=8 (Na31NN15NAaBIN Re=30,000)
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U 39 uwananisnszanevesdadatuivesdmiunsdfiszosineseninady
5/d=8 wagszararnUaevieiindsiiuia H/d=8 N13nsEALvIladatiuiuaTveINgy
Svvssulunsdifisnuasadetuineien Weminssesissenitadniivhatunn
lsiiAnnssuniunazUsng fuseninsdninvdndieglndids fedilduansdnuaznns
Inarounthilluzud 31()

dmsunsdliiszey S/d=8 Fsmanuifivdnaiidadatuuesgauarusiind
ftadatinue i unawesnguidviifadeiemieniionnia fvunnandinguin
nviewan nvlamnuenmenisnhemaiiiuiu Sisdmarliuinuiidadady
wedguazuinafiitadaiuivesurunandvunnidusuiofuiunsdisses

S/d=4 uay S/d=6 winiulefnnmiamignieniandvuiadurugudnativaan
D/d=6 ¢iaguin 39(%) () uag () WuusunlvadatuuesgawazUiunarsiivuin
IndiRssiunsdiveanguianainviewan (U7 39(n) Awdiiviemienienieaziiauin
= = = Y & a & = ° Aoy
g1ivian L/d=6 (JUN 39(x) Fauandlviiiiuinnisindwiomeitieiniandidusu

Augnavwnlngfanlidmatonsiiunsaemaiueuuuiiugn

3.2.2 WslWdvasadatiuuasiidasuinatsuazsenineviodn
TUslwdvesiadaiuuesidariiuisnarsiodn (v/d=0) LLamﬂugﬂﬁ 40 way
FANUTEWINNDLAN (Y/d=2 d MU S/d=4, Y/d=3 d1m5u S/d=6 uay Y/d=4 S/d=8
RIGRIZT) LLamiugﬂﬁ 41 Lﬁu?%m?ismﬁasgjﬁmuuiuLwiazgﬂLLamG‘hLmuwaamL%mﬁ

=

USunuszayineseninadn (S) Tasnldudigageanvesiadatuesnuluuiia
Quéﬂmaﬁﬁquw LLazQﬂﬁwqmmﬁaL%aﬁmuﬁwuiuﬁnmwmL%vm%aiam
Uinaidnsvy

dnsuluslnduasiadatuvesiiganuianalsiodn (v/d=0) mﬂgﬂﬁ 40(n)
93U S/d=4, 40(%) §mSU S/d=6 wuag 40(A) EMSU S/d=8 wuuwuIltuvETaty
woslidgeluileviomienhoneianusinniu waewuhiidgeaelunsdiideuly
L/d=6 waz D/d=2 Fsdenndestunanisanassnisina safinuinernieluaidine
mﬁmﬁwmmﬁﬁmmL%Qqsﬁmﬁaviamﬁ'mﬁwmmﬂﬁmmmaLﬁ'm%u falanalineu
wﬁﬂugﬂﬁ 33

ﬁm%“uiﬂ{lmlémmﬁm%aﬁmLuai‘ﬁéf@mu3wdwial,?mmmﬁLLa@qiugﬂﬁ 41 wWu
Iadatiivesvoniniifaiuiewmieiieinia fegsndinsdvoninanvieds
lanzfidoulysyegrnaszninadn s/d=4 (gﬂﬁ 41(n)) dmfunisanaavieiniioniia
pmefiitouluszasisssriadniiniatu S/d=6 uag 8 (3UA 41(v) uay 41(m)) wui
fnateusemsiiniuresiadadiuuoifimumisiangn Tnoanizededed douls
S/d=8 (gUil a1(r) wu1 Tadatuvesveniniifadiaminionaianfoumiif
nsdlveainanviewan Fliiuinnsinadsiewmienionnainasonisdiemeniy
Youvuiuintesdmiunsdifitsroyiesewinadnnig (S/d=8)
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Wunlginnenseate . [ M (n) S/d=4
ﬂ'ﬁt%aﬁmua% 200 o - Conventional jet O
— — -U/d=2, Did=2
& 180 ——— L/d=4, D/d=2
O OJO g0t —— L/d=6, D/d=2
2 140
§ 120
o o O %100 t
Z g |
60
40 : \
4 3 2 -1 0 1 2 3 4
X/d
220 D D (V) S/d=6
200 F Conventional jet
180 | = = |/d=2, D/d=2
T 160 M L/d=2, D/d=4
S —— L/d=6, D/d=2
= 140 | 2
= L/d=6, D/d=4 /
o 120 k V/
2
= 100 |
80 |
60 |
40 .
-6 -4 2 0 2 4 6
X/d
220 o (n) S/d=8 m
200 Conventional jet
= = | /d=2, D/d=2
180 L/d=2, D/d=6
T 160 —— L/d=6, D/d=2
£ /d=6, D/d=6 4
2 140 L/d=6, D/d= i
3 120
2
= 100
80
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40 .
8 6 4 2 0 2 4 6 8

X/d
SUT 40 LanIn1snTeaevesadatiuuasitiuninataviadn (v/d=0) Iag (n) S/d=4

Y

() S/d=6 way (A) S/d=8 ﬁiwzmﬂﬂmaﬁalﬁwﬁaﬁuﬁa H/d=8 (Namﬂmimaaqﬁ
Re=30,000)
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(n) S/d=4 [I

jj —
[]

Conventional jet
r = = -L/d=2, D/d=2
- —— L/d=4, D/d=2
L — L/d=6, D/d=2

M (V) S/d=6 [
| S

200
180
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Conventional jet
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-6 6
X/d
[ B (p) 5/d=8
220 a L D
200 |
180 | Conventional jet
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X/d
JUT 41 wanan1snszanevestadatiiuesidanuszninedn (n) S/d=4 91 Y/d=2

a

() S/d=6 7 Y/d=3 wag () S/d=8 7 Y/d=a fszararnuanevielinaeiuin H/d=8 (Na97n
A15NPaB9N Re=30,000)

3.2.3 Ya@atuuadinasuuituin
Tadatuwediedsldanmsmuamuaunisd @) Tuusnafifmuadusunis
AN Ae N3l S/d=4 agluae -4<X/d,Y/d<d, n3al S/d=6 agluya -6<X/d,Y/d<6
wagnsal S/d=8 agluyie -8<X/d,Y/d<8 muadu
nuan1snaasdd teidenesuisnaiiisulysdluadiuiued Re=30,000
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dmsutawaduivesindeniaeuly Re=30,000 munlauandlugun 42, 43 uaz
44 Tpedunnnuindadatuvesindelunsdinguinifissaiamieniheinieliags
ninsflvesngudnuuuyiolUa nUN 42 (S/d=4) nuiiadatuivesiadeiiniu

'
a

ANUANUYINL ALV UV MBLTEUDINA neTikeuluseey L/d=6 (H/d=8, D/d=2)

a

Tagatuvesiedegeininsdiivainviewadia 19.4%
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1. Introduction

Jet impingement is applied to heat and cool rapidly the target surface due to high heat and mass
transfer rates at the stagnation region. This technique is thus used widely in thermal engineering
industrial processes, such as the tempering of glass process, the annealing of metal, the drying of
textiles, and the cooling of gas turbine vanes. In the case of a single jet, many researchers have found
that the characteristics or the rate of heat transfer on a target surface depend on mass flow rates, a
jet-to-plate distance and nozzle shapes. Generally, the maximum heat transfer is found at the end of
the potential core in the range of 2 to 6 times of nozzle diameter from jet outlet [1-8].

In the case of multiple impinging jet, however, the interference of adjacent jets before impinging
on the surface and the jet fountain after impinging are also affected to its heat transfer. The
interference of adjacent jets is particularly stronger when the jet-to-plate distance is higher and the
jet-to-jet spacing is narrower. In contrast, the jet fountain from the collision of wall jets is stronger
when the jet-to-plate distance becomes shorter and the jet-to-jet spacing becomes larger [1 and 9-
12].

* Corresponding author.
E-mail address: wmakatar@eng.psu.ac.th (Makatar Wae-hayee)
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For all cases of impinging jet, there are two principal factors governing heat transfer rate of
impinging jets: (1) momentum of jet impinging on the wall, and (2) turbulent intensity of jet before
impinging. Momentum of jets could be greater by increasing the power of pump or blower, while the
method to increase turbulent intensity could be classified depending on external power requirement
into two methods: active and passive methods. Active method uses external source to increase mass
flow rate, which also enhance momentum of jet, but passive method requires no external power.
Passive methods are thus studied intensely by many researchers, such as attaching of triangular tabs
[13] or mesh screen [14] at the nozzle outlets; inserting swirling tape [15-19] in to the nozzle; or
modifying the nozzle geometry [7,8,20].

Mounting expansion pipe or air-induced duct at jet exits is one of the methods that enhance
turbulent intensity since this would induce ambient fluid into jet flow, resulting in higher heat transfer
on the surface [21-24]. An array of impinging jet mounting air-induced duct at the end of jet exit have
been conducted by K. Yeranee et al., [25]. They proved that this method could enhance heat transfer
on the impingement surface. In addition, the simulation of jet flow has been demonstrated that for
the case of mounting air-induced duct, ambient air was entrained into the jet flow greater than the
case of conventional jet. The diameter of air-induced duct is envisioned to be one of parameters,
which influence a heat transfer rate on the surface. Ambient air could be more entered the duct
depending on a suction force due to the effect of diameter of the air-induced duct, and flow
circulation after impingement can be blocked when the diameter of air-induced duct is larger. The
diameter of air-induced duct is thus interesting to be further explored.

According to these evidences, the purpose of this study is to investigate the effect of the air-
induced duct diameter on flow and heat transfer characteristics of the multiple jet, experimentally
and numerically. Moreover, a jet-to-plate distance (H) were also examined to compare which
condition having high heat transfer rate on the impingement surface.

2. Methodology
2.1 Experimental Model and Parameters

The experimental model of multiple impinging jet mounting air-induced duct is shown in Figure
1. Jet discharging from nozzle pipes, which impinged perpendicularly on the impingement surface,
were arranged 5 rows x 5 columns with inline configuration. Air-induced ducts were mounted at the
end of each nozzle outlet. A three-dimensional Cartesian coordinate system were located at the
center of impinging surface. The axis line Z indicated along the axial of the jet; axis line X and Y were
on the impingement surface normal to the jet.

Jet inlet - Plenum flange Analysis space

\ / [ o X' (o] < [
B - ] @ o

P @ [ = {2
d
D (<] (o] (=] (o)
Pipe nozzle : :

A|r induced duct \ l

Impingement plate ~S

X
Fig. 1. Experimental model of multiple impinging jet mounting air-induced duct

248



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 50
Volume 51, Issue 2 (2018) 247-258

The pipe nozzles have the inner diameter of 17.2 mm and the length of 200 mm, which was long
enough to ensure that the fluid was fully developed flow. The inner diameter of air-induced was
varied at D/d = 2, 4 and 6, and the length of the duct was fixed at 4 times of nozzle diameter (4d). A
jet-to-jet spacing was fixed at S=8d, and Reynolds number was also kept constant at 30,000. The
details of the experimental parameters were summarized in Table 1.

Table 1

The summery of the experimental parameters
Parameters Variable

The inner diameter of air-induced duct D/d=2,4and 6
Jet-to-plate distance H/d=6and 8
Jet-to-jet spacing S/d=8
Reynolds number Re = 30,000

2.2 Experimental Apparatus

The diagram of the experimental apparatus is depicted in Figure 2. The air was accelerated
passing orifice flow meter by blower, and entered a heater chamber, which equipped with heater.
The air then passed though pressure chamber, which was attached with 3 layers of mesh screen to
ensure that the temperature and the velocity of the air were uniform before reaching each nozzle
pipe. The temperature of jet was set at 27.0°C by a power controller and a temperature controller,
and the jet velocity was controlled at Re=30,000 by adjusting inverter.

Hex socket Matt black spraying
head cap screw
~
Acrylic plate Thin foil, SUS304 Temperature
Copper bus bar Controller | |
Thermocouple probe Power
Analysis space / 1 Controller
<«
o o o o o
. o Infrared X I -
)1» camera / 4
o -0 o [ Pressure chamber
o o \ z <«
Heater
©@ ® @ @ © Power «—
Supply ] Chamber Orlﬁce flow meter
Adjustable Impingement plate Pipe nozzle Mesh Screens d H
Measured side of |

L ) Air-induced duct
impingement plate Manometer —>!

Fig. 2. Diagram of the experimental apparatus

The impingement plate can move in Z-axis direction to adjust the required jet-to-plate distance.
The plate was made of acrylic plate, which was opened a rectangular hollow at its center. A very thin
stainless-steel foil (0.03 mm in thickness) that was used for measuring the temperature on analysis
space, which was stretched tightly on the rectangular hollow of the acrylic plate by two copper bus
bars.

A power supply unit was used to applied direct current power to the copper bus bar for heating
up the stainless-steel foil. Due to very thin of the foil thickness which can be treated the temperature
on both sides being the same, the temperature distributions were captured on the opposite side to
impingement surface using an infrared camera (FLIR, T420) [5, 8, 9 and 25]. The measured side was
sprayed with matt black having emissivity of 0.95.
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2.3 Heat Transfer Measurement

The model of heat transfer measurement is to heat the measured surface, then the surface is
cooled by impinging jet with lower temperature. The local heat transfer coefficient, h, was calculated
from Equation 1.

h = deotal (1)
w1

where the total heat flux, q;otq:, is heat dissipation from applying direct current which has been
elaborated in our previous study [24-25]. T, is the wall temperature with heat flux and Tj is the wall
temperature without heat flux.

The local Nusselt number, Nu, and the average Nusselt number, Nu, were evaluated using
Equation 2 and Equation 3, respectively.

hd
Nu —7 (2)
N = hd
Nu = P (3)

where the inner diameter of the pipe nozzle, d, the thermal conductivity of the jet, k and the average
heat transfer coefficient from averaging wall temperature, h.

3. Numerical Study
3.1 Numerical Model and Boundary Conditions

For demonstrating the flow patterns, the numerical study was computed using, CFD, ANSYS
FLUENT (version 15.0). The numerical model and boundary conditions are shown in Figure 3. The
dimensions of the numerical model were created with the same to experimental model one.

Velocity inlet

Symmetry

Symmetry

Pipe length Pipe nozzle
0f200 mm
~ Symmetr)
H/d=6
D/d=2,4, 6

Symmetry o1 g2
. ’ Air-induced duct

a

WaU
Impingement surface

Fig. 3. Numerical model and boundary conditions
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The numerical model could be divided in three section. The first section was the main pipe
nozzles, having diameter of 17.2 mm and length of 200 mm. The second section represented the air-
induced ducts, which have the length of 4 times of nozzle diameter, and the diameter of the duct (D)
were varied at D/d=2, 4 and 6. The third section was concerned an impingement surface, so jet-to-
plate distances (H) were fixed at H/d=6. The boundary conditions consisted of velocity inlet, wall and
symmetry that were summarized the details of numerical model in Table 2.

Table 2

The details of boundary conditions

Selected surfaces As define

Nozzles inlet Velocity inlet, 27.21 m/s
Front and Side surface Symmetry

Top, Bottom, nozzle pipe

surface and the duct Wall

surface

3.2 Grid System and Validation

The grid distribution of the numerical model is represented in Figure 4. In this model, the
rectangular grid was generated mainly, and the triangular grid was created properly to fill in circle
region, such as nozzle pipe zones and air-induced duct regions. For the zone near impingement
surface that had very high velocity gradient, the grids were finely controlled. To achieve an accurate
solution, the number of grid was modified until the dimensionless wall distances being approximately
1 (y*=1) [26]. y* was calculated from Equation 4.

yt =22 (4)

v

where shear velocity, u;, the distance to the nearest wall, y; and the kinematic viscosity of air, v.

The influences of grid quantities on y*distributions on the impingement surface of middle jet
(Y/d=0, X/d=0) in the range of -2.0<X/d<2.0 are represented in Figure 5(a). The number of grids
making the y*=1 had two sets, including 2,982,080 and 3,541,220 cells. Therefore, the grid at
2,982,080 elements was selected for applying in numerical simulation in this work due to lower
computational cost.

Pipe nozzle

Air-induced
duct

Top surtace

- - Impingement
surface

Fig. 4. Grid system overview for the numerical model
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In order to validate simulation results, the jet velocity profiles at pipe outlet (-2.0<X/d<2.0) of
middle jet (Y/d=0, X/d=0) from simulation and experiment results at H/d=6 were compared as shown
in Figure 5 (b). The numerical results agreed with the experimental data. However, there was small
discrepancy at the edge of nozzle pipe.

Middle jet | —— 1,863,800 elements

— 2,143,370 elements

14 } ----------- 2,422,940 elements

L === 2,982,080 elements

12 F — 3,541,220 elements
0 =~ PN 40

[9%)
(=}
PN
T T

O Experimental results

Velocity (m/s)
8

—_
(=}
T

——Numerical results

(=]
(=)

2.0 -1.0 0.0 1.0 2.0 -0.50 -0.25 0.00 0.25 0.50
X/d X/d
(a) y* distributions on the impingement surface (b) The comparison of jet velocity profiles

Fig. 5. The effects of grid dependency and CFD result validation for middle jet (Y/d=0, X/d=0) at H/d=6
3.3 Numerical Method

Computations were performed to solve Reynolds averaged continuity and Navier-Stokes
equations under considering boundary conditions. The normal-velocity relaxation (v-f turbulence
model) was applied to revel the flow characteristics since the numerical results were proved that
agreed very well with experiments [27, 28]. It was highly recommended for solving the impinging
problem with moderate computational cost by [29]. The SIMPLE scheme was selected to handle with
pressure-velocity coupling, and the PRESTO algorithm was used to carry out the pressure
discretization [30, 31]. The Second Order Upwind scheme was applied to deal with the rest of the
spatial discretization. The iterative solution was insured to be converged when the residual of all the
variables were less than 107,

4, Results and Discussions
4.1 Flow Patterns

Velocity vectors on Z-X plane passing the middle pipe nozzle (Y/d=0) are shown in Figure 6. The
circle marks shown in each figure represents the air entrainment at nozzle outlet for no. 1, the jet
flow mixing with ambient air for no. 2, and stands for the area of accumulated jet after impingement
for no. 3. In the case of conventional jet (Figure 6(a)), ambient air was induced initially by main jet
flow at the nozzle outlet (Circle mark 1) and was mixed continuously with the main jet (Circle mark
2), causing velocity spread and decay. Wall jet interacted with each other after impingement at
interval jet, which causing circulation flow turned back to the main jet flow (Circle mark 3).

In the latter cases with air-induced duct at D/d=2, 4 and 6 (Figure 6(b), (c) and (d)), the ambient
air which was induced into the main jet is greater than the case of conventional jet (Figure 6(a)). It
could be observed by the vectors in the duct being longer. Only for the case of D/d=2 (Figure 6(b)),
the surrounding air was not further mixed with the main jet flow due to shielding by the duct. When
the duct diameter was expanded at D/d=4 (Figure 6(c)), the entrainment air was more induced into
the duct and then mixed with the main jet, so it caused to increase turbulence intensity of jet before
impingement which will be discussed. For the biggest diameter of air-induced duct (D/d=6, Figure
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10(d)), the duct was thus found to be able to induce ambient air being more than the others. The
excessive entrainment air, which was not mixed with the jet flow, can impinge directly on the
impingement surface, causing the stagnation area of jet being larger. In addition, with the largest
diameter of air-induced duct (D/d=6, Figure 10(d)), flow characteristics of jet are similar to the case
of conventional jet.

8
_‘ _ ' @ U (a) Conventional j.ct L ] i , @ o (b)D/d=2

~ 4 d At \ J \ { IR o
RANSANNERSS SR IR =
) ) A S S S S S .

(d)D/d=6

(c)D/d=4

6
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Fig. 6. Velocity vectors on Z-X plane, passing middle jets at Y/d=0, S/d=8, H/d=6 (CFD results, Re=30,000)
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After the jet impinging on the surface, the circulation flow (No. 3 circle mark) became smaller
when air-induced duct diameter was larger. Consequently, the circulation flow disappeared
completely at the case of D/d=6 (Figure 6(d)) due to blocking by the duct.

From these phenomena, it was expected that heat transfer region had larger area when the duct
was more expanded, but heat transfer at stagnation point was lesser when the duct diameter got too
large.

TKE profiles in all cases of mounting air-induced duct were also found to be higher than the case
of conventional jet. However, the larger duct did not lead to a high TKE as occurred in the velocity
profile case, and the highest TKE was found in the case of D/d=4. The high TKE of induced air affects
to strong turbulent intensity of jet that would affect to high heat transfer on the surface of impinging
jet, which was mentioned in ‘Introduction’. Therefore, the highest heat transfer could be found in
the cases of D/d=4.

Figure 7 represents the velocity profiles (Figure 7(a)) and turbulence kinetic energy, TKE, profiles
(Figure 7(b)) along X/d direction at middle jet outlet (Y/d=0, X/d=0). The region at X/d<0.5 was for
main jet flow, and the section in range of 0.5<X/d<3 was for the area where ambient air entering the
air-induced duct.

For all cases of mounting air-induced duct (D/d=2, 4 and 6), the velocity profiles in the duct region,
0.5<X/d<1 for D/d=2, 0.5<X/d<2 for D/d=4 and 0.5<X/d<3 for D/d=6, were higher than the case of
conventional jet. The highest velocity profile was found in the case of the smallest air-induced duct,
D/d=2, yet it was just only in small range, 0.5<X/d<1. The velocity profiles tended to decrease when
the duct was more expanded due to low suction force from diameter effect. However, the area where
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ambient air entering the duct was larger, which was observed to be the largest in the case of D/d=6.
It can be noticed that the volume of air was more induced when the diameter of the duct was
enlarged.

Pipe nozzle

region Air-induced duct region
5.0 T
H Conventional jet (a)
1 .. ----D/d=2
_ 40 F =7 D/d=4
é E Vo[ eeeee D/d=6
E30 :
> L
= N
820 |
§ =¥
| B -
Lo | / - / _____ 7‘?
\v\, Ve d D/d=2 Did=4 Did=6 %
0.0 L L
- R_ 5.0 T
) i (b)
Frolr‘n this 40 b E
me '3
~ { D=2 D/d=4 D/d=6
() / \\> % 3.0 E. \ \ \
d20F %
= | L S
% eecssssccscscen
1.0 + RSP
0.0 . .
0 1 2 3
X/d

Fig. 7. (a) Velocity and (b) Turbulence Kinetic Energy profiles
along Z-X direction at middle jet outlet 0<X/d<3 (CFD
results, S/d=8, H/d=6, Re=30,000)

4.2 Nusselt Number Contour

The Nusselt number contours on the impingement surface at Re=30,000 are shown in Figure 8.
The small circles in the figures indicated the pipe nozzle location, its location depending on the jet-
to-jet spacing (S), and the bigger ones represented air-induced duct, which were concentric with each
pipe nozzles, the size depending on its diameter. Nusselt number contours could be divided into three
regions namely: (1) an area of high Nusselt number (Nu>120) representing the stagnation region
where a jet impinged directly to the surface, (2) an area of medium Nusselt number (90<Nu<120)
showing the region around the stagnation zone, and (3) an area of low Nusselt number (Nu<90)
indicating the jet interval region where spent jet vent out. Generally, the area of high and medium
Nusselt number became smaller when the jet-to-plate distance (H) is higher. This result has been
found similarly to many works [5, 9 and 24].

At a jet-to-plate distance H/d=6, the area of high Nusselt number was larger when diameter of
air-induced duct was expanded, which agreed with flow characteristics in previous section, and the
largest area of high Nusselt number was observed in the case of D/d=4 (Figure 8(c)). This could be
explained that an entrainment air in the duct mixed with the jet flow, which enhance the turbulence
intensity before impingement as earlier discussed in flow characteristics, resulting in high Nusselt
number at stagnation region. When the diameter of the duct was too large, D/d=6 (Figure 8(d)), the
area of high Nusselt number at stagnation region became smaller than the other cases. However, the
areas of medium and low Nusselt number were comparable to the other cases.
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For the cases of H/d=8, the area of high Nusselt number in the case of conventional jet was
smaller than those cases of jet mounting air-induced duct. The results were similar to the cases of
H/d=6 which area of high Nusselt number at stagnation region of jet with mounting air-induced duct
(D/d=2 and 4, Figure 8 (f) and (g)) is larger than the case of conventional jet (Figure 8 (e)), but the
area of high Nusselt number in the case of D/d=2 and 4 (Figure 8(f) and (g)) was comparable. It could
be clarified that the diameter was more effective when apply to the case of short jet-to-plate distance
(H/d=6).
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Fig. 8. Nusselt number contour on the impingement surface, Re=30,000 (Experimental results)
4.3 Local Nusselt Number

Figure 9 shows the distributions of local Nusselt number along the center of nozzles (Y/d=0). The
rectangular symbols above the Figure represent the nozzle locations. For all cases, the peak of Nusselt
number was found at the jet positions or impingement regions (X/d=-8, 0 and 8), and the trough of
Nusselt number was observed at the jet interval (X/d=-4 and 4).

In the case of H/d=6 (Figure 9(a)), the peak of Nusselt number at stagnation point became higher
when the duct was expanded, except for the case of D/d=6. The Nusselt number at jet interval was,
however, comparable to all cases. For the cases of H/d=8 (Figure 9(b)), the peak of Nusselt number
in the case of jet with air-induced duct was found to be higher than the case of conventional jet. For
all cases of mounting the duct, the peak of Nusselt number and the trough of Nusselt number were
similar. This show that the effect of mounting air-induced duct on an increase of Nusselt number in
area of stagnation zone is greater that the area of jet interval.

4.4 Average Nusselt Number
Figure 10 represents the average Nusselt number on the impingement plate that was calculated
using Equation 3 over the analysis space. The average Nusselt number for all cases of H/d=6 was

generally higher than those of H/d=8 even though all cases of H/d=8 were mounted with air-induced
duct.
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As a result, the highest average Nusselt number was found remarkably in the case of jet mounting
air-induced duct for shorter jet-to-plate distance (H/d=6) at D/d=4. Hence, it was cleare that a larger
duct diameter can yield better heat transfer — up to limit (D/d=4), and this shows a 10.59% increase
as compared to the case of conventional jet. For H/d=8, the average Nusselt number was also
observed to be the highest at D/d=4, representing a 4.66% higher than the case of jet without duct.
In short, the effect of mounting air-induced duct on heat transfer enhancement of impinging jets at
H/d=6 is more effective than that at H/d=8.
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5. Conclusions

In this study, the effects of air-induced duct diameter on flow and heat transfer characteristics of
impinging jets have been explored experimentally and numerically. The jet-to-plate distance was also
investigated to seek the influence on heat transfer enhancement under assigned condition.
Remarkable results can be summarized as followed:

1. Jets mounting air-induced duct could induce ambient air entraining into the jet flow greater
than the case of conventional jet. At moderate duct diameter (D/d=4), a Turbulent Kinetic Energy
(TKE) of entrainment air entering the duct was found to be higher than other cases.

2. Average Nusselt number of jet with mounting air-induced duct at D/d=4 was the highest. This
coincided with the highest TKE of entrainment air entering the duct at D/d=4.

3. For short jet-to-plate distance (H/d=6), average Nusselt number was found to be higher than
that of the larger jet-to-plate distance throughout air-induced duct diameters. Therefore, the effect
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of mounting air-induced duct on heat transfer enhancement of impinging jets at H/d=6 is more
effective than that at H/d=8.
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Abstract

The aim of this research is to study flow and heat transfer
characteristics of array of impinging jets associating air-augmented ducts.
The investigation model was jets discharging from pipe nozzle having an
inner diameter of d=17.2 mm and a length of 200 mm. Nozzle arrangement
were inline configuration having 3 rows x 3 columns. A jet-to-jet distance
(S) was S=6d, and a jet-to-plate distance (H) was H=6d. The inner diameter
(D) and the length (L) of the air-augmented ducts were D=4d and L=4d,
respectively. The Reynolds number was fixed at Re=30,000. In addition,
the impinging jets without mounting the air-augmented ducts were also
investigated for benchmarking with the case of mounting the air-
augmented ducts. In the study, a Computational Fluid Dynamic (CFD)
using ANSYS, Fluent (V.13) was adopted. The results showed that the
flow entrainment for the case of jets mounting the air-augmented ducts is
larger than those without mounting the air-augmented ducts.

Keywords: Heat transfer enhancement, Impinging jets, Air-Induced Duct,
Expansion pipe.
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Abstract. Impinging jet is widely employed in thermal industrial applications due to having
high heat transfer coefficient in impingement region. One method to increase heat transfer on
an impingement surface is to increase turbulence intensity in jet flow. The mounting of an air-
induced duct at nozzle outlet is a passive method to increase entrainment air resulting on
increasing turbulence intensity. The aim of this research is to study flow and heat transfer
characteristics of array of impinging jets mounting air-induced ducts. The investigation model
was jets discharging from pipe nozzle having an inner diameter of d=17.2 mm and a length of
200 mm. Nozzle arrangement were inline configuration having 5 rows x 5 columns. A jet-to-jet
distance (S) was S=6d, 8d and a jet-to-plate distance (H) was H=6d. The inner diameter (D)
and the length (L) of the air-induced ducts were D=4d and L=4d, respectively. The Reynolds
number was fixed at Re=20,000. In addition, the impinging jets without mounting the air-
induced ducts were also investigated for benchmarking with the case of mounting the air-
induced ducts. In the study, a thin foil technique was used to measure heat transfer on the
impingement surface, and a computational fluid dynamic (CFD) using ANSYS, Fluent
(V.15.0) was also adopted. The results showed that the effect of mounting air-induced duct can
enhance entrainment air into the jet flow resulting on increasing of heat transfer of impinging
jets on target surface, and the effects of mounting air-induced duct on increasing heat transfer
in case of larger jet-to-jet distance (S/d=8) was more effective than that of smaller jet-to-jet
distance (S/d=6).

1. Introduction
This century, efforts have been made to produce more efficient thermal equipment by employing
various methods of heat transfer enhancement. Heat transfer enhancement techniques can be separated
into two categories: passive and active methods. Passive method requires no external power while
active method requires external power to activate fluid flow which causes to enhance heat transfer.
Heat transfer on a surface is principle transferring of thermal energy between fluid and solid
surface. More commonly, an impinging jet is used in thermal engineering application or thermal
industrial processes due to having high heat transfer coefficient in impingement region. Previous
works have been extensively studied on flow and heat transfer characteristics of impinging jet. Heat
transfer rate on an impinged surface is governed by momentum of jet impinges on a target surface and
a turbulence intensity of jet just before impingement. Generally, after jet discharging from nozzle, the
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spreading jet results in the reducing of axial velocity and the increasing of turbulence intensity in a jet
flow. The optimal matching between axial velocity and turbulence intensity can be found at the end of
potential core occurring in the rage of 5 to 8 time of nozzle diameter from jet outlet, depending on
nozzle shape and jet Reynolds number. Subsequently, the maximum heat transfer at stagnation region
is gained [1-5].

Many researchers have devoted to enhance heat transfer on an impingement surface by increasing
turbulence intensity of jet flow such as attaching mesh screens [6] or triangular tape [7] at the jet outlet
and inserting twisted tape [8-11] or guide vane into nozzles [12, 13]. So, an important factor to
enhance turbulence intensity of jet flow is to increase entrainment of ambient fluid.

An expanding of jet outlet is a simple method to increase the entrainment of ambient fluid into the
jet flow [14-19]. Generally, this method is adopted to increase the mixing and spreading of jet in
combustion of industrial applications [20, 21]. However, it is rare to adopt for enhancing heat transfer
on impingement region. Keawchoothong et al. [22, 23] studied a single impinging jet associated with
short pipe called “air-induced duct” to increase heat transfer on impingement surface. They illustrated
an ambient air was increasingly sucked through air-induced duct for enhancing turbulence intensity
into a jet flow. These results can be confirmed that the heat transfer on an impingement surface
increased due to using of air-induced duct. However, the applying of air-induced duct in an array of
impinging jets is yet to study, and it is very interesting to adopt for heat transferring in large surface.

The aim of this research is to experimentally and numerically investigate flow and heat transfer
characteristics of an impinging jet array mounting air-induced ducts. The results will be compared to
the case of conventional impinging jet under the same of mass flow rate.

2. Experimental setup and method

2.1. Experimental model and parameters

The experimental model of impinging jet from nozzle with air-induced ducts is shown in Figure 1. The
jets discharged from nozzle pipes and perpendicularly impinged on a target surface. The air-induced
ducts were assembled at the end of pipe nozzle. Both centerlines of pipe nozzles and air-induced ducts
were concentric. Nozzle arrangements were inline configuration having 5 rows x 5 columns. An
origin of the Cartesian coordinates was located at the center of the jet exit. The Z-axis was on the axial
of jet; X-axis and Y-axis were normal to the axial of jet in horizontal and vertical direction,
respectively. The details of experimental parameters are summarized in Table 1.

[1Nozzle pipe
S 1 S : S
d —> } [« !
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(a) Pipe nozzle with air-induced duct
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(b) Nozzle pipe arrangement
Figure 1. Experimental models of impinging jet array



72

CFDRI2017 IOP Publishing
TIOP Conf. Series: Materials Science and Engineering 243 (2017) 012001 doi:10.1088/1757-899X/243/1/012001

Table 1. The details of experimental parameters

Descriptions Variables
Inner diameter of pipe nozzle (d) d=17.2 mm
The length of air-induced duct (L) L=4d

The inner diameter of air-induced duct (D) D=4d

The jet-to-plate distance (H) H=6d

The jet-to-jet distance (S) S=6d, 8d
Reynolds number (Re) Re=20,000

2.2. Experimental setup

The diagram of experimental setup is shown in Figure 2. The blower accelerated the air which flow
through the orifice flow meter and temperature controlled chamber equipped with 12-kW heater. The
temperature of air jet was controlled by a temperature controller and a power controller at 27 C. The
flow rate of air jet was controlled by adjusting rotating speed of blower with an inverter. The turbulent
jet discharging from round pipe with inner diameter of d=17.2 mm and length = 200 mm impinges on
the wall. The pipe length was long enough to ensure the flow being fully developed flow at pipe exit.
Air-induced ducts were assembled at pipe nozzle outlet. Three layers of mesh plate were mounted in

jet chamber to uniform the jet temperature at pipe exit. The pipe nozzle and impingement wall were
movable to adjust required positions.

Mesh Screens

Movable Impingement Plate
M\‘ Pipe NOZzIeS

] —t
:Dz
~N
:Dz IR supply
\ 4~ Camera ]
7
ﬁlgx _‘_I“
Temperature Air-Induced ducts ‘\“\‘
| Power Controller l— Controller Y
Thermocouple &

Screw

Flat Black

o S

!
\ e .
Orifice Copper bus bar SUS 304 foil
T Flow meter
Heater Chamber Manometer

Figure 2. The diagram of experimental setup

2.3. Data reduction
The impingement plate was made of plastic plate (830 mm x 8§30 mm and 15 mm in thickness) and
was opened with rectangular hollow on the center. A stainless steel foil with 300 mm x 300 mm and
0.03 mm in thickness was used to be impingement surface. It was tightly stretched between two
copper bus bars over the rectangular hollow.

The temperature distributions on the impingement surface were measured from the rear side of
impingement surface using an infrared camera. The temperatures on both impingement side and
measurement side can be considered being the same since the stainless foil was sufficiently thin.
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The air jet discharging from the pipe nozzle impinged on the heated surface with constant heat flux
for cooling. The wall temperature on the impingement surface was measured by using the infrared
camera, and the local heat transfer coefficient can be subsequently evaluated from

h= qinput - qloss,r - qloss,c

1
Tw _Taw ( )

where (s, = o&(T =T and Gge ¢ = Nioes e (T, — T,) were the heat losses to the environment

by radiation and natural convection from the rear side of jet impingement surface, respectively; T, was
the local wall temperature; T,, was the local adiabatic wall temperature (without heat flux); o was the
Stefan-Boltzman constant; & was the emissive coefficient of captured side; T, was the surrounding

temperature; and hy_ .. was the heat transfer coefficient calculated from natural convective heat transfer

loss,c
from the vertical surface to the surrounding.
The input heat flux was calculated from

qinput = IV / A (2)

where / was the electrical current from supplier unit, /" and 4 were the voltage across the bus bars and
the area of the stainless steel foil, respectively.
The local Nusselt number was calculated from

Nu =hd / k 3)

where d was the inner diameter of the pipe nozzle and k£ was a thermal conductivity of the air jet.
The average Nusselt number on impingement surface can be calculated from

Nu=hd/k (4)

where h was the average heat transfer coefficient calculated from wall average temperature.
3. Numerical Simulation

3.1. Computational model and boundary conditions

ANSYS FLUENT (version 15.0) was adopted in the numerical simulation. The computational model
divided in three sections and boundary types are shown in Figure 3. The first section was included the
main pipe nozzles diameter (d) =17.2 mm, and length is 200 mm. The air-induced ducts were
assembled at the end of main pipe nozzle in the second section. The length (L), inner diameter (D) of
air-induced duct and the jet-to-plate distance (H) were fixed at L=4d, D=4d and H=6d, respectively.
An impingement surface of impinging jet was included in the third section. The jet-to-jet distance (S)
was varied at S=6d and 8d. The details of boundary conditions were summarized in Table 2.

Table 2. The details of boundary conditions

Boundary condition Define
Constant velocity inlet 2721 ms" (Re=20,000)
Front and side surface Symmetry

Top and bottom surfaces Wall
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o
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Impingement surface Air-Induced duct

(a) Computational model (b) Boundary types

Figure 3. Computational model and boundary types

3.2. Grid generation and grid dependency
The rectangular grid was mainly applied in this numerical model. The grids in region having high
velocity gradient as near impingement surface were finely controlled. The generating grid on Z-X
plane at center of nozzle is shown in Figure 4. The number of generated grid was varied to achieve an
accurate solution by considering the dimensionless wall distances (") of the first node less than 1,
calculated from

yr =L 5)

\'

where 3" was the distance of the first node to the wall, u, was shear velocity, y; is the distance to the
nearest wall and v is the kinematic viscosity of air.

The effects of grid dependency on y* distribution on the target surface passing jet centerline are
shown in Figure 5. In this model, the number of grids at 5,495,941 elements was selected to numerical
simulation.

Figure 4. Generated rectangular grid for the numerical model
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3.3. Calculation method and algorithm

Computations were conducted by solving Reynolds averaged continuity and Navier-Stokes equations
under existing boundary conditions. The SST k- turbulence model was selected for applying in this
simulation. Since, this turbulence model has been adopted in solving many numerical simulations of
jet impingement problems [24]. It excellently predicted the solutions of jet impingement problems
with moderate computation cost. The SIMPLE algorithm was used with second order upwind
scheme for all spatial discretization. The convergence of iterative solution was insured when the
residual of all the variables was less than the specified values. The specified value was 1x10~ for
continuity and momentum equations.

4. Results and discussion
4.1. Flow characteristics

20.8 15.6 10.4 5.2 0
T e —
S/d=8
RN
R L

Wil

\
\

ST
: rﬁ\\\ll)

Conventional jet

| Jet with air-induced duct |

Xid X/d
Figure 6. The streamlines of jet and ambient air on Z-X plane at center of nozzle (CFD results,
Re=20,000)

The streamlines on Z-X plane passing the center of nozzle are shown in Figure 6. For the case of
conventional jet at S/d=6 as shown in Figure 6(a), the ambient air was entrained and mixed in the jet
flow, and the wall jet turned around becoming circulation flows above impingement surface. The size
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of these circulation flow became larger when jet-to-jet distance was larger (S/d=8) as shown in Figure
6(b). For the case of jet with air-induced ducts at S/d=6 as shown in Figure 6(c), the ambient air turned
into the air-induced ducts. This entrainment of ambient air into the jet flow was more than the case of
conventional jets. In addition, for the case of S/d=6 as shown in Figure 6(c), circulation flows occurred
between air-induced ducts. These circulation flows seem that they blocked the entrainment of ambient
air into the wall jet flow. When jet-to-jet distance become larger (S/d=8) as shown in Figure 6(d), the
size of these circulation flows became smaller and the ambient air was entrained into wall jet flow that
is similar with that case of conventional jet (Figure 6(b)).

From this flow study, it can be illustrated that the effect of mounting air-induced duct can enhance
the entrainment of ambient air into the jet flow more that the case of jet without mounting air-induced
duct (Conventional jets). For jet mounting air-induced duct at lager jet-to-jet distance (S/d=8), the
ambient air entrained into the wall jet flow more than the case of smaller jet-to-jet distance (S/d=6). It
would case to increase the heat transfer on the surface that would be discussed.

4.2. Heat transfer characteristics

The contours of Nusselt number distributions on the impingement surface are shown in Figure 7(a)-
7(d). Small circle marks were identified the locations of nozzles, and the larger ones were identified
the locations of air-induced duct. For all cases, Nusselt numbers were high in stagnation regions and
were low in areas of interval jets. Generally, Nusselt number distributions for the case of S/d=6 were
higher than the case of S/d=8. This is from the effect of interference of adjacent jets for the case of
smaller jet-to-jet distance resulting on increasing turbulence intensity of jet before impingement as
mentioned in previous work [25]. For the case of jet with air-induced duct for both S/d=6 and 8, areas
of high Nusselt number around impingement regions were larger than those for conventional jets. This
can be attributed that the mounting of air-induced duct can increase the entrainment of ambient air into
the jet flow resulting on increasing of turbulence and heat transfer

Conventional jet, Y/d=0 = = Jet with air-induced duct, Y/d=0
—— Conventional jet, Y/d=3 - == Jet with air-induced duct, Y/d=3

140
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Figure 7. (Left) Nusselt number contours on the impingement surface and (Right) local Nusselt
number distributions along X/d axis at jet center and interval jets (Experimental results, Re=20,000)

Nusselt number distributions along X/d are shown in Figure 7(¢) and 7(f). The peak of Nusselts
number for every nozzle took place at the stagnation points and gradually decreased along radial
direction. For S/d=6 as shown in Figure 7(e), the Nusselt number distributions of jet with air-induced
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duct were almost similar when compare with the case of conventional jet whereas for the case S/d=8,
the Nusselt number distributions of jet with air-induced duct were higher than those of conventional
jets.

Average Nusselt numbers calculated using equation (4) by averaging temperature in area of -
6<Y/d<6 and -6<X/d<6 for S/d=6 and in area of -8<Y/d<8 and -8<X/d<8 for S/d=8 are shown in
Figure 8. Generally, the average Nusselt numbers for all cases of S/d=6 were higher than those of
S/d=8. The average values for the cases of jet with air-induced duct were higher than those of the
conventional jets: 1.12% for S/d=6 and 5.41% for S/d=8. It can be noticed that the effect of mounting
air-induced duct on increasing of heat transfer in case of larger jet-to-jet distance (S/d=8) was more
effective than that of smaller jet-to-jet distance (S/d=6).

65

60
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50 O Conventional Jet

Nu

45 ] m Jet with air-induced duct

40

35

30

S/d=6 S/d=8

igure 8. Average Nusselt number on the 1mpingement
surface (Experimental results, Re=20,000)

5. Conclusions
In this paper, flow and heat transfer characteristics of impinging jet array mounting air-induced duct
were studied experimentally and numerically. The results can be concluded as follow:

e The effect of mounting air-induced duct can enhance entrainment air into the jet flow
resulting on increasing of heat transfer of impinging jets on target surface, especially in area
of around stagnation regions.

e The effects of mounting air-induced duct on increasing heat transfer in case of larger jet-to-
jet distance (S/d=8) was more effective than that of smaller jet-to-jet distance (S/d=6).
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Research highlights

* Comparison of flow and heat transfer of an impinging jet array using orifice nozzle and pipe
nozzle were discussed.

* The peak of the average Nusselt number of impinging jets using pipe nozzle occurred at a jet-
to-plate distance of H/d = 4. This is contrast to the case of using orifice nozzle which the peak of
the average Nusselt number decreased monotonically when a jet-to-plate distance (H) became
larger.

* The heat transfer correlation of impingement heat transfer using pipe nozzle was formulated
based on that the peak of the average Nusselt number occurred at H/d = 4. This has not been
found in previous studies.
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Abstract

The objective of this research is to investigate the heat transfer of an impinging jet array
under a fully developed flow. 5 x 5 jets discharged from pipe nozzles with a diameter of
d=17.2 mm and a length of 300 mm were evenly spaced in an in-line arrangement. The
effects of the jet-to-jet spacing (S) and the jet-to-plate distance (H) were varied at S/d =
4,6, 8and H/d =2, 4, 6, 8. The jet Reynolds numbers were varied at Re = 10,000,
20,000, 30,000 and 40,000. The temperature distributions on the impingement surface
were measured using an infrared camera and were then calculated to evaluate the
Nusselt numbers. The results showed that the highest average Nusselt number was
found at H/d = 4 for all jet-to-jet spacings (5/d). A heat transfer correlation was
performed based on the peak of the average Nusselt number occurring at H/d = 4. This
was in contrast to the case of impinging jet array discharged from orifice nozzles, in

which the average heat transfer decreased monotonically with jet-to-plate distance (H).

Keywords: Impinging jets; Jet impingement array; Heat transfer correlation; Thermal-

Fluid;
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1. Introduction
An impinging jet is fluid discharge from a nozzle impinging directly on a target surface.
Generally, it is applied for heating or cooling the surface. It is widely used in rapid
cooling and heating processes, such as electronic chip cooling, instant food heating,
steel and glass quenching, textile drying, paper processing, and especially in the cooling
of gas-turbine components. This technique produces high heat and mass transfer rates;
however it entails high energy consumption, particularly from the pressure drop across

jet nozzles.

Heat transfer on an impingement surface is governed by two important factors. Firstly,
the axial velocity of a jet which impinges directly on a target surface. Its magnitude
decrease with distance from jet outlet in the flow direction. Secondly, turbulence
intensity in the jet flow, which tends to decrease with distance from the jet outlet in flow
direction. This is from the spreading effect when the jet mixes with the surrouding fluid.
A higher mixing rate is obtained by decreasing the axial velocity and increasing the jet
turbulence intensity. Therefore, the maximum heat transfer is found at the optimum jet-
to-plate distance where high jet axial velocity and high turbulence intencity are

appropriately matched.

In prior work, researchers have extensively studied the flow and heat transfer
characteristics of jet impingements. The characteristics and the rate of heat transfer at
the target surface of impinging jet depend on flow patterns that relate direcly to nozzle
shape [1-3]. Most studies have focussed on a single impinging jet [3-7], the effect of
turbulence in jet impingement flows [8-11], and the effect of crossflow with multiple

impinging jets [12-15].

An array of multiple impinging jets is generally applied on a large suface, to meet the
requirements on heat transfer rate and uniformity of that heat transfer. A variety of
nozzle shapes have been designed to suit different applications [16], as shown in Fig. 1.
For example, orifice nozzles are used for gas-turbine blade and combustor wall cooling
because of the small space in cooling passages [12,14]; slot jets are designed in wide
and long moving plates, so they are used in applications such as drying, cooling or
quenching of textile, paper, metal plate or glass [17-20]; and pipe nozzles are mostly

utilized in drying, heating or freezing in food processing machines such as freezer or
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dryer [21,22].

The shape of a nozzle has a profound effect on the initial velocity and turbulence
profiles of the jets dicharged. Jets discharging from non-circular nozzles such as slot
nozzles [17-20], rosette nozzles [4] or elliptical nozzles [11] applied in thermal
applications are not as wide as from circular nozzles. In this work, the flow and heat
transfer from circular nozzles is in the focus. Sketches of the mean velocity and

turbulence intensity profiles for two round nozzles are depicted in Fig. 2.

A fully developed flow jet is characterized by a long pipe nozzle (Fig. 2 (a)). The high
turbulence intensity near the edge of the jet arises from wall-friction in the pipe. A
sharp-edged orifice (Fig. 2 (b)) produces a velocity that is higher at the edges than at the
center of the jet. The cross-section of the jet velocity is smaller than the orifice cross-
section due to the vena contracta effect. The turbulence intensity profile also shows

peaks near the jet edges because of the effects of sharp edges of the orifice.

For an array of impinging jets, several nozzle-distribution arrangements have been
suggested in the literature, including both in-line and staggered arrangements [12,13,23-
28]. Wae-hayee et. al [28] conducted an experimental and numerical investigation to the
flow in a confined space between the impingement surface and the orifice plate of an
impinging jet array, using both in-line and staggered arrangements. The results showed
that the negative effects of crossflow on jet impingement in the staggered arrangement

were stronger than those of the in-line arrangement. Schematic outlines of the flow

characteristics of crossflow with in-line and staggered arrangements are shown in Fig. 3.

As can be seen, the crossflow passed through channels between the rows of jets in the
case of the in-line arrangement, whereas in the case of staggered arrangement the
crossflow from a column of upstream impinging jets has a strong impact on the
downstream impinging jets, decreasing heat transfer due to the strong deflection of the

downstream impinging jets.

However, the negative crossflow effects mentioned above can be minimized using pipe
nozzles since they have a larger spacing than orifice nozzles, as shown in Fig. 4.
Crossflow, which has been defined as an accumulation of spent jets, meanders through

an array of pipe nozzles (Fig. 4 (a)), while it has a strong impact on the downstream jets
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in the case of orifice nozzles (Fig. 4 (b)). Even though pipe nozzles are unsuitable for
use in applications where there are limitations on weight and space, such as gas-turbine
blades or combustor wall cooling, they can be applied in thermal equipment where there
is no restriction on size or weight, such as in food dryers and freezers, solar collectors,

or equipment for cooling paper or textiles.

The flow and heat transfer from air impinging jet arrays dicharging from orifice nozzles
have been widely and intensively investigated [7,10,12-14,24-30]. The heat transfer
correlations of jet impingement arrays have been mostly determined using orifice
nozzles, as sumarized in Table 1 [1,12,24,25]. The study of heat transfer in impinging
jets from pipe nozzles and their correlations have been established mostly for a single
impinging jet [1-3] and rarely for the case of an array of pipe nozzles [1,23]. As
mentioned above, the effects of crossflow on an impingement array from pipe nozzles
are lesser than those with orifice nozzles. Hence, it would be interesting to determine
correlations for heat transfer with impinging jets from pipe nozzles under fully
developed flow. In addition, the predictions of average heat transfer for an array of pipe
nozzles using the correlations from prior work [1,23] are inadequate, as will be
demonstrated in the results and discussion section.

The aim of this research was to investigate the heat transfer of an impinging jet array
from pipe nozzles. The nozzle arrangement considered was the in-line configuration,
and the jet-to-jet spacing (S), jet-to-plate distance (/) and jet Reynolds number (Re)
were varied. The heat transfer correlation of the impinging jet array from pipe nozzles

under a fully developed flow was determined.

2. Experimental setup and method
2.1 Experimental model and parameters
The experimental model adopted was an impinging jet array discharged from pipe
nozzles arranged in 5 rows x 5 columns with an in-line arrangement, impinging the wall
perpendicularly as shown in Fig. 5. The origin of the Cartesian coordinates was located
on the impingement wall at the center of the central jet. The Z-axis is the axial jet
direction, while the X-axis and Y-axis are orthogonal to this. The heat transfer
measurements covered the area of the 9-middle jets, as shown in Fig. 5(b). The jet

located at the center was fully included, while the other jets were cut by the boundary
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contributing a half or a quarter of a jet to this area.

The inner diameter and the length of the round pipe nozzles was d = 17.2 mm and 300
mm, respectively. The jet-to-plate distance (H), and the jet-to-jet spacing (S) were H/d =
2,4,6,8and S/d =4, 6, 8. The jet Reynolds number based on average jet velocity was
varied in the range of Re = 10,000, 20,000, 30,000 and 40,000. The details of the

experimental parameters are summarized in Table 2.

2.2 Experimental setup

A schematic diagram of the experimental setup is shown in Fig. 6. The ambient air was
sucked by a 5-HP blower and was blown through a temperature-controlled chamber
equipped with a 6-kW heater and an orifice flow meter before entering a pressure
chamber. The pressure chamber had four sections, a cross-section of 750 x 750 mm?
and a total length of 1,850 mm. Its size was sufficient to provide uniform velocity of jets
at each pipe nozzle. Mesh screens were assembled between each section of the pressure
chamber to achieve uniform velocity and temperature of the jets. The air temperature
detected in the pressure chamber was applied to control the jet temperature at 27.0 °C
using a temperature and a power controller. The jet flow rate was varied as required by
the Reynolds number by controlling the rotation speed of the blower using an inverter.
The impingement surface could be moved in Z-axis direction to allow the jet-to-plate

distance to be adjusted as required.

The details of the heat transfer measurement plate are shown in Fig. 7. The
impingement plate was made of an acrylic plate, with 15-mm thickness with an area of
830 x 830 mm?. A rectangular hollow was drilled at the center of the plate. The heat
transfer surface was made of stainless steel foil (SUS304), 300-mm width, 300-mm
length and 0.03-mm thickness. The stainless steel foil was tightly stretched between two
copper bus bars covering the rectangular hollow in the acrylic plate. Direct electrical
current from a power supply unit was supplied to the stainless steel foil via the copper
bus bar electrodes. The boundary condition of uniform heat flux was achieved on the
impingement surface by observing uniformity of temperature distribution on the surface
after applying the electrical current without jet impingement. The temperature
distribution on the opposite side of the impingement surface was measured using an

infrared camera (FLIR, T420). The measured surface of the impingement plate was
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sprayed with matt black paint having an emissivity of 0.95. With a sufficient thickness
of foil, the temperature distributions on both the impingement surface and the

measurement surface can be treated as being the same [7,13,25,28,30].

2.3 Heat transfer measurement

The heat transfer measurement model was a heated wall under constant heat flux which

was cooled by impinging jets at a lower temperature. The heat flux, §;npy:, dissipating on

the wall was calculated from:

éh'nput =1V/A (1)

where, [ and V are the direct current and voltage of the electrical power and A is the area

of the stainless-steel foil. The net heat flux, q., was calculated from:

4c = éh‘nput — Grad — Gnat ()

where the heat loss to the environment by radiation, q,.4, was calculated from:

Qraa = O_S(Tv?/h - TS4) 3)

and the natural convection from the measured surface, g,4;, was calculated from:

Qnat = hc(Twh - Ts) 4)

The heat transfer coefficient, 4, was calculated from:

p=—de (5)

Twh_ij

where o is the Stefan-Boltzmann constant, € is the emissivity of the measured surface,
T,y 1s the wall temperature with heat flux when cooled by the jet, T, ; is the wall
temperature without heat flux when impinged on by the jet, T is the surrounding

temperature, and 4. is the natural heat transfer coefficient calculated from the natural
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convective heat transfer from the heat transfer surface to the surroundings.

Regarding natural convection, the natural heat transfer coefficient, /., was evaluated
from vertical plate on the rear side of jet impingement, and was obtained from an

empirical equation [31].

The local Nusselt number, Nu, was calculated from:

Nu="2 (6)

where d is the inner diameter of the pipe nozzle and k is the thermal conductivity of the

air jet.

Based on heat transfer evaluation, the heat loss to the environment by radiation and
natural convection contributed to the net heat flux by 18% and 13%, respectively. The
uncertainty of the Nusselt number was in the range from 3.37% to 5.28% using the
calculation method suggested by Kline and Mcclintock [32]. This uncertainty range is

similar to that in previous studies of jet impingement [7, 30].

3. Results and discussion
3.1 Nusselt number contours
The contours of the Nusselt number on the impinged surface are shown in Fig. 8. The
black circles in the figures represent the locations of the pipe nozzles that depend on the
jet-to-jet spacing (S). Generally, areas of high Nusselt number (Nu>100) were clearly
observed in the impingement regions of each jet, while areas of low Nusselt number
(Nu<100) were found elsewhere. The high Nusselt number areas are larger when the jet-
to-jet spacing becomes larger due to a lesser confinement effect by the surrounding jets.
Regarding effect of the jet-to-plate distance, it was found that the high Nusselt number
area was the largest with H/d = 4, for all jet-to-jet spacings. This is the optimal
condition corresponding to high axial jet velocity and high turbulence intensity at this

jet-to-plate distance [33, 34].

Local Nusselt number distributions along the X-axis passing through the center line of

the middle jet (Y/d = 0) from the experimental results are shown in Fig. 9. It was found
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that the peak of the Nusselt number was where the center of the jet impinged, which is
called “stagnation point”, and the low Nusselt numbers occurred between the jets.
However, this was not so for the cases of S/d =4 and H/d =2 (Fig. 9 (a)) and S/d = 4
and H/d = 4 (Fig. 9 (d)) where the Nusselt numbers also peaked between the jets (X/d =
2 and -2) (marked as A and B in Fig. 9 (a) and Fig. 9 (d)). This is due to the collision of
flows on the wall with a narrow jet-to-jet distance. These wall-jet collisions cause the
Nusselt numbers to be smaller when the jet-to-plate distance is higher, and the Reynolds

number becomes lower (Compare areas marked A and B).

When the jet-to-jet spacing becomes larger, at S/d = 6 and 8, the wall-jet collision has
no effect on the increase in the Nusselt number. However, secondary peaks were found
and are marked as C, D, E and F. Generally, secondary peaks of heat transfer are clearly
found in single impinging jet heat transfer due to the acceleration of the wall jet and
high turbulence intensity in that region [1, 29, 30, 33, 34]. In this array of impinging
jets, secondary peaks of heat transfer were found at S/d = 6 and H/d = 4. In particular,
they were clearly observed when the jet-to-jet spacing was large (S/d = 8) since the flow
and heat transfer behaviors of the impinging jet array at a larger jet-to-jet spacing is

similar to a single impinging jet.

3.2 Average Nusselt number

The average Nusselt number was calculated based on the average wall temperature and
the average heat transfer coefficient in the analysis area (See Fig. 5 (b)). The analysis
area on the impingement surface was -4<X/d<4, -4<Y/d<4 for S/d = 4, -6=X/d<6, -
6<Y/d<6 for S/d = 6 and -8<X/d<8, -8<Y/d<8 for S/d = 8. The average Nusselt numbers
plotted versus jet-to-plate distance are shown in Fig. 10. It can be seen that the peak of
the average values always occurs at H/d = 4, and the highest peaks are clear at

comparatively large Reynolds numbers.

The correlation that was determined from this experiment as shown in Eq. (7), and the
heat transfer correlations from prior studies [1,23,24], are plotted in Fig. 10. It was
found that the trends of the average Nusselt number from previous studies decrease
monotonically with jet-to-plate distance [1,23,24]. This is in contrast to the findings of
this study, in which the highest average Nusselt number occurred at H/d = 4. This can be

explained by the behavior of impingement flow in a confined space with orifices [24] or
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with short pipe nozzles [1], having crossflows with negative effects [28]. At higher jet-
to-plate distances, the downstream jet is reflected more by collision with the
accumulated air from the former jets. Hence, the heat transfer is low when the jet-to-
plate distance is large. This is different for the case with long pipe nozzles that can

minimize the effect of crossflow, as previously discussed in the ‘Introduction’ section.

In addition (Fig. 10), the correlation of impingement heat transfer of a jet array using a
long pipe nozzle, which was reported by Gardon and Cobonpue [23], shows that the
average Nusselt number decreased monotonically with jet-to-plate distance. This
discrepancy in the heat transfer prediction seems to be quite large when compared to the
findings of the present work, especially with regard to the short jet-to-plate distance
(H/d = 2). However, the discrepancy is reasonably attributable to the limitations of the
instruments used and the correlation-regression tool used in the work conducted 56

years ago.

According to the correlation which was formulated from this experiment, the constant
coefficient associated in every term of Eq. (7) can be explained as follow:

1) The first term (0.150Re%72) : the average Nusselt number increases with the
Reynolds number;

2) The second term ((S/d)~**7) : the average Nusselt number decreases with jet-to-
jet spacing;

3) The third term ((H/d)"*°®) and fourth term (exp[—0.145 (H/d)]) : the average
Nusselt number increases with jet-to-plate distance, but becomes lower again at H/d > 4
due to the fourth term.

The novel finding in this work relating to the heat transfer correlation is the
combination of the third and the fourth terms, which produced a peak in the average
Nusselt numbers at H/d = 4. This has not been found in previous studies [1, 12, 23, 24,
29, 30].

Nu = 0.150Re®672(5/d)™**%" (H /d)**°® exp[—0.145 (H/d)] (7)

A comparison of the average Nusselt numbers between the correlations based on Eq. (7)
and the experimental values, is shown in Fig. 11. It is apparent that the majority of the
predicted values were within £10% deviation from the experimental results. However,
there were some cases with above 10% deviation. It was noted that the correlations
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developed from Eq. (8) were able to predict the average Nusselt numbers with
reasonable precision within the range of parameters studied.

4. Conclusions
In this study, the heat transfer on a surface impinged by an array of in-line jets,
discharged from pipe nozzles under a fully developed flow, was investigated
experimentally. The jet-to-jet spacing (S), the jet-to-plate distance (H) and the Reynolds

numbers (Re) were varied. The main results can be summarized as follows:

1. The heat transfer correlation on impingement surface was determined under

2<H/d<8, 4<5/d<8 and 10,000<Re<40,000.

2. The peak of the average Nusselt number occurred at H/d = 4 over all jet-to-jet
spacings (S/d). The heat transfer correlation had a peak of the average Nusselt number
at H/d = 4. This is in contrast to the case with orifice nozzles, in which the average heat

transfer decreases monotonically with jet-to-plate distance (H).

3. A secondary peak of the local Nusselt number was clearly found with a large jet-to-jet
spacing (S/d > 6) combined with a short jet-to-plate distance (H/d < 4) and a high
Reynolds number (Re > 30,000).

NOMENCLATURE
A Heated surface area, m?
B Width of slot nozzle, m
d Inner diameter of round pipe nozzle, m
H Jet-to-plate distance, m
h Heat transfer coefficient, W/m? K
h. Natural convective heat transfer coefficient, W/m? K
1 Electric current, A
k Thermal conductivity of air jet, W/m K
Ly Slot Nozzle spacing, m
Nu Nusselt number
Nu Average Nusselt number
Pr Prandtl number
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Qinput Heat flux, W/m?

dc Net convection heat flux, W/m?

Grad Heat loss to the environment by radiation, W/m?

nat Natural convection from captured side, W/m?

S Jet-to-jet spacing, m

Sy Jet-to-jet spacing in X-axis, m

S, Jet-to-jet spacing in Y-axis, m

T Surrounding temperature, °C

Twn Wall temperature with heat flux when cooled by the jet, °C

Tyj Wall temperature without heat flux when impinged on by the jet, °C
Ucrossflow Crossflow velocity, m/s

Ujet Jet velocity, m/s

Up Shear velocity, m/s

% Electrical voltage, V

XY, Z Cartesian coordinates

Greek symbols

v Kinematic viscosity of air, m?/s

€ Emissivity coefficient

o Stefan-Boltzmann constant, W/m?K*

€ The ratio of the narrowest cross section of the jet to the geometric orifice

exit cross section
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Figure captions
Fig. 1. Different shapes of jet nozzles: (a) Orifice nozzles, (b) Slot nozzles and
(c) Pipe nozzles.
Fig. 2. Velocity and turbulence intensity profiles of jets dicharged from a circular pipe
and an orifice nozzle: (a) Pipe nozzle and (b) Orifice nozzle.
Fig. 3. Schematic outlines of crossflow characteristics with two typical jet
arrangements: (a) in-line arrangement and (b) staggered arrangement [28].
Fig. 4. Array of impinging jets with crosstflow effect: (a) Pipe nozzles and (b) Orifice
nozzels.
Fig. 5. Experimental model of impinging jet array: (a) Impinging jets from pipe nozzles
and (b) Nozzle arrangement.
Fig. 6. Diagram of experimental setup.
Fig. 7. The details of heat transfer measurement at plate.
Fig. 8. Contours of Nusselt number on impinged surface for Re = 30,000.
Fig. 9. Local Nusselt number distributions along X-axis passing through centerline of
middle jet, Y/d = 0.
Fig. 10. Average Nusselt number versus a jet-to-plate distance.
Fig. 11. Correlation of model with experimental data.

Table captions
Table 1. Heat transfer correlations for an array of impinging jets.
Table 2. The details of experimental parameters.
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Fig. 1. Different shapes of jet nozzles: (a) Orifice nozzles, (b) Slot nozzles and
(c) Pipe nozzles.
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Fig. 2. Velocity and turbulence intensity profiles of jets dicharged from a circular pipe
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r = Radial axis

u = velocity in axial jet

and an orifice nozzle: (a) Pipe nozzle and (b) Orifice nozzle.
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Fig. 3. Schematic outlines of crossflow characteristics with two typical jet

arrangements: (a) in-line arrangement and (b) staggered arrangement [28].
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Fig. 4. Array of impinging jets with crossflow effect: (a) Pipe nozzles and (b) Orifice

nozzels.
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1  Table 1. Heat transfer correlations for an array of impinging jets.

S«/d, Sy/d and

Nozzle geometry H/d Re Correlations of average Nu Ref.
arrangement
Nu
proaz) = (K)(G)(F)
6 0.05
Array of round K = 1.,.( H/d )
pipe nozzles  0-004=f<0.04 0.6/\/f
2 __@/pa-22Jp
f= 51(_5) 1+ 0.2[(H/d) - 6]/F
for inline 2-12  2,000-100,000 F = 0.5Re2/3 [1]
Nu
f= (E)Z (—Pr0-42> = (K)(H)\Jef
. 243 \S
Arra?]/OtoZ(l)erlflce for staggered b 1-22/¢f (Re)z/ 3
1+ 0.2,/ef[(H/d)/Ve - 6] \We
e=the ratio of the narrowest cross section of the
jet to the geometric orifice exit cross section
Nu
n
5<S/d<15 =4 R@M{l _B [(E) <Ucrossflow)] }PT1/3
for inline d Ujer
5<S,/d<10 A= C(S,/d)™
- — n
Sha_lrp edged for staggered 13 2,500-70,000 M =C(S,/d)"™ [12]
orifice nozzle B=C(H/d)"
4§S¥/d§8 for Inline Staggered
inline and C n, n n, C n_ n n,
staggered A 1180 -0.94 -0.642 0.169 1.870 -0.771-0.999 -0.257
M 0.612 0.059 0.032 -0.022 0.571 0.028 0.092 0.039
B 0.437 -0.095 -0.219 0.275 1.030 -0.243 -0.307 0.059
n_0.092 -0.005 0.599 1.040 0.442 0.098 -0.003 0.304
Array of round  2.4<S,/d<32 — 0.933Re%%?®
pipes for inline 4-128 4,000-60,000 Nu = (S/d)0375(H d)0625 [23]
Array of orifice 0.285Re%71 py0-33
associated with oM (1= 0256 3,400-20,500 M= [24]
spent air hole (H/d)*123(S/d)*
— exp{a, (H/d)*}
2<S/d<6 Nu=Re% —— =~ "~ —
for hexagonal (§/d)*+(H/d)*s
Sharp-edged and Configuration Inline Hexagonal Hexagonal
Contoured Sid=4 3-10  5,000-20,000 shape sharp sharp_contoured  195)
o - a, 0.58 0.64 0.67
orifice nozzle for inline a, 368 323 319
(only sharp-edged a; -3.00 -1.64 -1.14
nozzle) a, n.a. 0.33 0.29
as 0.51 0.79 0.90
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6  Fig. 5. Experimental model of impinging jet array: (a) Impinging jets from pipe nozzles
7 and (b) Nozzle arrangement.
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9
10 Table 2. The details of experimental parameters.
Parameters Variable
Inner diameter of nozzle, d 17.2 mm
Jet-to-plate distance, H/d 2,4,6and 8
Jet-to-jet spacing, S/d 4,6 and 8
Reynolds number, Re 10,000, 20,000, 30,000 and 40,000.
11

12



103

et
oot
S -
g
; : Movable
Power Temperature Thermocouple Replaceable flange 3
controller controller
11—
‘ —
\LE“D_/  —
Blower @QJ @Q}‘ @ K ) \ 71—
Heaters / /  —
Orifice ——
flow meter .
Pipe nozzles
Mesh scre{7 Impingement plate

Fig. 6. Diagram of experimental setup.

Impingement side

|

Measurement side

Power supply

by

IR camera

Fig. 7. Fig.7. The details of heat transfer measurement at plate.



Sld=6

104

-2 2

0
X/d

Fig. 8. Contours of Nusselt number on impinged surface for Re = 30,000.

Nozzle positions Nozzle positions Nozzle positions

l/i\ll/i \ll/i

300 ¢ 300 300
[ (a) S/d=4,H/d=2 (b) S/d=6, H/d=2 (c) S/d=8, H/d=2

—— Re=40,000|
----Re=30,000

Re=20,000
rrrrrrrrrr Re=10,000

Fig. 9. Local Nusselt number distributions along X-axis passing through centerline of

middle jet, Y/d = 0.



Average Nusselt number

N
o

60

40

20

(b)Sid=6

Average Nusselt number
=
o o
o o
v v

60 f

20

105

@sid=4

Re=10,000 (Experiment)
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Abstract

The purpose of this research is to investigate experimentally the effect of impinging jet array
mounting air-augmented duct on heat transfer enhancement. The straight pipes having the inner
diameter of 17.2 mm and the length of 200 mm, were arrayed in 5 x 5 nozzles with in-line
configuration. The length of air-augmented duct (L) was varied at L/d=2, 4, 6 as well as the
diameter of the duct (D) that was studied at D/d=2, 4, 6. The jet-to-surface distance (H) was tested
at H/d = 4, 6, 8; likewise, the jet-to-jet spacing (S) was arranged at S/d=4, 6, 8. Reynolds number
(Re) of the jets were also regulated from 10,000 to 40,000. The conventional impinging jets were
also examined for benchmarking with the case of jets using air-augmented duct. The results indicate
that heat transfer rates on the target surface became higher when the duct was elongated, and greater
spread when the duct was expanded. These effects were more markedly on the enhancement for the
cases of narrow jet-to-jet spacing (S/d =4) and high jet-to-surface distance (H/d=8).

Keywords: Heat transfer enhancement; Impinging jets; Multiple jets; Air-augmented duct.

1. Introduction

There is no denying that nowadays the reduction of energy used in thermal industrial is one of the
important issues that are concerned by many entrepreneurs. For example, petroleum cost grows up
gradually, or the regulation of toxic gases emission becomes increasingly imposed by the associated
group and government. As the expenditures that spent to solve these problems are relatively high,
hence, one of the effective ways is to enhance heat transfer for the current system.

In the process that requires rapid cooling or heating such as cooling of electronic chip, gas turbine
blade or solar collector, quenching of glass or steel, and processing of food, impinging jet
technique, which is the method of thermal energy transfer exchanging between fluid and solid
surface, is widely applied [1-4]. This provides strong heat and mass transfer rates, especially at the
stagnation point where the jet impinges directly. It, however, has several drawbacks [5], and high
energy consumption is one of its negative results. To overcome these, flow and heat transfer
characteristics have been thus extensively investigated by the researchers for nearly a half-decade
[6, 7.

In the case of a single impinging jet, the crucial parameters involving mass flow rates, nozzle
shapes and jet-to-surface distances have been reported that highly effect to flow and heat transfer
characteristics of the jet [7, 8]. For array impinging jet, which is generally applied in a large surface,
jet-to-jet spacings and effects of crossflow are the additional parameters [9-16]. Mostly, the study of
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heat transfer enhancement on the target surface is focused on orifice nozzles due to their advantages
such as small space and high free jet shearing force [3, 5, 17-20]. For slot nozzles, also, they are
interesting owing to the uniformity of velocity and temperature when impinged upon a moving
surface [21-23]. However, in case of pipe or finger nozzles, particularly for the multiple jets, the
investigations on heat transfer enhancement are not much selected.

Pipe nozzles could be applied to reduce the negative effects of crossflow, which are mainly used in
the processing of food for freezing or drying [4, 25] due to no restriction on space and weight. For a
single impinging jet, there are several studies on its characteristics [25, 26] and heat transfer
enhancement such as inserting of twisted tape or multichannel in pipe [27, 28]. Nonetheless, a high-
pressure drop is greatly produced, which requires higher power for supplying to a blower, and it
was useful only at low jet-to-surface distance [29].

Mounting an expansion pipe or an air-augmented duct is another method to enhance heat transfer on
the surface. Ambient air entrainment is induced into the duct, which mixes to jet flow, increasing in
turbulent intensity before impingement [30, 31]. This method is widely utilized in the combustion
of industrial applications to accelerate the mixing and spreading of flame jets [32]. The geometry of
the air-augmented duct has been investigated experimentally and numerically to explore optimizing
heat transfer rate on the surface by [33], but the heat transfer enhancement for multiple jets is rarely
found.

Recently, the study of impinging jet array associated air-augmented duct was confirmed that this
method could enhance heat transfer on the surface [34]. Besides, the experimental and numerical
investigations on the length and diameter of the duct were examined preliminarily. The air
entrainment was higher induced when applying longer duct [35], and it was more spread before
impingement when using larger duct [36]. Hence, the comprehensive investigation on impinging jet
array mounting air-augmented duct is considerably interesting to be further studied as it could be
utilized to enhance heat transfer in the thermal industry.

2. Experimental apparatus and method

2.1 Model and Parameters

Fig. 1 depicts the model of array impinging jet mounted air-augmented duct and its considered
parameters. Jets discharging from straight pipe nozzles impinged perpendicularly on target surface.
At the end of each pipe nozzle, the ducts were associated with the same centerlines. The nozzles
were arrayed in 5 rows x 5 columns with in-line distribution. The origin of Cartesian coordinates
was placed on the surface with the same position of middle jet centerline. The X and Y directions
were located vertically to the jet, and the Z direction was defined along the axle of the jet.

The length and the inner diameter of the nozzles were /=200 mm and d=17.2 mm, respectively. The
length of the duct (L) was studied at L/d=2, 4, 6; also, the diameter of the duct (D) was performed at
D/d=2, 4, 6. The jet-to-surface distance (H) was investigated at H/d = 4, 6, 8. Likewise, the jet-to-jet
spacing (S) was varied at S/d=4, 6, 8. Furthermore, Reynolds number (Re) of the jets were
determined from 10,000 to 40,000. The details of the experimental parameters were briefly shown
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in Table 1.

Analysis area

Jet inlet % ~ Plenum flange l

Nozzle pipe
Air-induced duct

S— Impinged surface ~

Tol”
liu

Fig. 1 Overview of the experimental model

Table 2-1 Details of experimental parameters

No. Parameters Symbol Variables
1 Inner diameter of pipe nozzle d 17.2 mm
2 Length of pipe nozzle I 200 mm
3 Length of air-augmented duct L L/d=2,4,6
4 Inner diameter of air-augmented duct D D/d=2,4,6
5  Jet-to-surface distance H H/d=4,6,8
6  Jet-to-jet spacing S Sid=4,6,8
7 Reynolds number Re 10,000 - 40,000

2.2 Experimental rig

Fig. 2 shows the diagram of the experimental rig. Ambient air was drawn into the system by a
centrifugal blower, which connected with an inverter, then passed through an inclined manometer.
The air was blown continuously reaching to the heater chamber, installing 12-kW heaters to control
the temperature of jet exist at 27 °C. The flow rate of the jet was regulated by inverter as required
Reynolds number. Between the jet tunnel was attached with three fine mesh screens to assure that
the flow and temperature of jet were uniformly reached at each nozzle outlets. The straight pipe
having enough length was designed to ensure a fully developed flow at the nozzle exits. The air-
augmented duct was then mounted at the end of each nozzle. The impinged surface can be moved in
the Z-direction to achieve the required jet-to-surface distance.
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Fig.2-2 Diagram of the experimental rig

2.3 Heat transfer measurement

The impinged plate fabricated from a rectangular acrylic plate has a space of 830 mm X 8§30 mm
and thickness of 15 mm. It was then drilled a square hollow through at its center, having an area of
280 mm x 280 mm. The impinged surface made of a stainless-steel foil was tightly stretched
between copper bus bars on the hollow of the acrylic plate. The thickness of the stainless-steel foil
was very thin (0.03-mm thickness) to confirm that both sides of the surfaces have the same
temperatures [14, 33-36]. The measured side, which was another side of the impinged surface, was
coated by matt black spray, having emissivity of 0.95. An infrared camera connected with personal
computer was installed at the measured side to capture the dissipating temperature on the surface
[33-36].

For heat transfer measurement, electrical current from power supply applied to the copper bus bars
to heat up the impinged surface. The surface was then cooled by impinging jet with lower
temperature. The local heat transfer coefficient (/) was thus calculated from following equation;

. (1)

Twh_ij

where ¢ is the total heat flux, which has been explained clearly in previous study [33-36], T,,,; is

the wall temperature without heat flux, and T, is the wall temperature with heat flux when the jets
with designed temperature impinged on the surface.
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Then, the local Nusselt number (Nu), and the average Nusselt number (Nu) were evaluated using
Eq. 2 and Eq. 3, respectively.

hd
Nu = = (2)
—  Rd
Nu === 3)

where d is the inner diameter of the nozzle, k is the thermal conductivity of the air jet, and h is the
average heat transfer coefficient averaging from wall temperature.

For heat transfer evaluation, the uncertainty of the Nusselt number was also the same range that has
been applied in previous work [33-36].

3. Results and discussions

3.1 Heat transfer measurement verification

To validate the results from the measurement, average Nusselt numbers with Reynolds numbers at
the condition of H/d=6, S/d=6 was plotted to compare with early studies [7, 15, 16], and thus the
results from this experiment agreed well with the others as illustrated in Fig. 3.

1000 T
- - -H. Martin [7]
----- M. Huberet al [15]
2 —J.Y. San et al [16] ]
% 100 } —o—Present work .-
zZ =
e e
a oA
=] T
> e
o .-
& 10 |
S
<4
1
1000 10000 100000

Reynolds number
Fig. 3 Comparison of average Nusselt numbers with early work at the case of H/d=6, S/d=6

3.2 Heat transfer characteristics

As the trend of the comparison was not different, Reynolds number at 30,000 was then selected to
present the Nusselt number results. Fig. 4, 5 and 6 represent the Nusselt number contours for the
cases of S/d=4, S/d=6 and S/d=8, respectively. The circle lines on each figure are pointed out the
locations of the nozzles and air-augmented ducts which were arrayed according to the jet-to-jet
spacing. The small circles indicated the nozzles, and the larger ones demonstrated the duct. For all
cases, the Nusselt number contours could be categorized into three regions. Firstly, the region of
high Nusselt number (Nu>120) showed the area where jets directly impinged on the surface.
Secondly, the region of medium Nusselt number (80<Nu<120) displayed the area around the
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stagnation point. Finally, the region of low Nusselt number (Nu<80) presented the jet intervals
where the jet accumulated and later meandered through the pipe nozzles.

Fig. 4 represents the Nusselt number contours at S/d=4 for only the cases of D/d=2, and each row
shows the cases of H/d. The region of high and medium Nusselt number were larger when the duct
was elongated. Moreover, at the case of L/d=2, H/d=4 (Fig. 4(b)), the region of low Nusselt number
was completely disappeared since between wall jets after impingement have a strong interaction.
Generally, however, when the jet-to-jet spacing was wider, the region of medium and low Nusselt
number were larger [13].

Conventional ' Air-augmented duct

r Sld=4 ;I: Sld=4 1 S/d=4 Sld=4

[ ' d H f d
T oo
- 1 | E | IlH ois=2[f]

4
1 3 Ld=2 : P
®
Nu

T{' - 180 160 140 l%O lqO 80 60 40
2> [ |
flgopmoOmGzoP-@ EP @
T
FlzoP®=A42 0 P) @) (P @ (P&
S| >
T

Fig. 4 Nusselt number contours on the impinged surface at S/d=4, Re=30,000

Fig. 5 shows Nusselt number contours for the cases of S/d=6 at H/d=8. In the case of conventional
jet, the region of high and medium Nusselt number were smaller than all cases of using air-
augmented duct, and thus it was found that the region of low Nusselt number was the largest as
presented in Fig. 10(a).

In the cases of D/d=2 as shown in Fig. 5 (b), (c) and (d), the region of high and medium Nusselt
number were significantly large when the duct was longer, which could be clearly observed the
largest in the case of D/d=2, L/d=6 as presented in Fig. 5(d). This result, which enhanced heat
transfer on the surface, was from an effect of mounting longer duct. For the case of D/d=4, L/d=2 as
demonstrated in Fig. 5(e); nonetheless, the region of medium Nusselt number was remarkably the
largest. This result was from the interaction of air entrainment between jet before impinging on the
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surface which occurred in the case of short length and large diameter of the duct, arranged in proper
jet-to-jet spacing [35, 36].

Fig. 6 presents Nusselt number contour at the cases of S/d=8, H/d=8. For the case of conventional
jet as shown in Fig. 6(a), the region of high and medium Nusselt number were also smaller than all
cases of mounting air-augmented duct, which were shown in Fig. 6 (b) to Fig. 6 (j); besides, the
region of high and medium Nusselt number were larger with longer duct. However, at the cases of
D/d=6 which were demonstrated in Fig. 6 (h), (i) and (j), Nusselt number contours were similar to
the case of conventional jet, except only at the stagnation point. This indicates that larger duct was
less influence on heat transfer rate on the surface when mounting too large duct (D/d=6) though the
length of the duct was the longest (L/d=6).

(o2}
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Fig. 5 Nusselt number contours on the impinged surface at S/d=6, H/d=8
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Fig. 6 Nusselt number contours on the impinged surface at S/d=8, H/d=8

Fig. 7 shows Nusselt number distributions passing the middle jet at Y/d=0 and Fig. 8 presents the
distributions at jet interval at Y/d=2, Y/d=3 and Y/d=4 for the cases of S/d=4, S/d=6 and S/d=8,
respectively. In each figure, the pipe nozzle symbols are located, which depend on required jet-to-
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jet spacing. Generally, the peaks of Nusselt number on the surface were found at the point where
the jet directly impinged, and the troughs was observed around the stagnation point or jet interval
[13-16, 33-36].

In Fig. 7, the Nusselt number distributions for the cases of S/d=4, S/d=6 and S/d=8 are presented at
Fig. 7(a), Fig. 7(b) and Fig. 7(c), respectively. For all cases of mounting air-augmented duct, the
peaks of Nusselt number were higher when using longer duct, found the highest in the case of
L/d=6, D/d=2.

The interference between jet was significantly strong when the jets have a narrow spacing.
Therefore, using of the duct in the cases of small jet-to-jet spacing could reduce this negative effect,
resulting in high heat transfer on the surface, especially at impinging point as shown in Fig. 7(a).
However, when the duct was expanded, the peak of Nusselt number at impinging point was
gradually decreased though the jets were mounted the same length of the duct as illustrated in Fig.
7(b) and Fig. 7(c). This effect, hence, implies that the length of the duct was better effective on heat
transfer at impinging region than the diameter of the duct.
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In Fig. 8, the Nusselt number distributions for the cases of S/d=4, S/d=6 and S/d=8 are presented at
Fig. 8(a), Fig. 8(b) and Fig. 8(c), respectively. The distributions in the case of S/d=4 were also found
the highest occurring at L/d=6, D/d=2, which correspond to the distributions passing the middle jets
(Fig. 7(a)). For the case of S/d=6, nevertheless, the distributions were found the highest at L/d=2,
D/d=4 since the interaction of air entrainment before impinging on the surface was greatly strong
when the jets were arrayed in proper spacing.

For all cases of S/d=8, the distributions were moderately comparable, which could be safely deduced
that the largest spacing (S/d=8), the duct has an insignificant effect on heat transfer on the surface.
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3.3 Average Nusselt number

The average Nusselt number was analysed on impinged region in the area of -4<X/d, Y/d<4 for
S/d=4, -6<X/d, Y/d<6 for S/d=6, -8<X/d, Y/d<8 for S/d=8. Mostly, the average values for the cases
of jet with air-augmented duct are higher than those of the conventional jets.

The average Nusselt number at Reynolds number 30,000 for S/d=4, 6 and 8 are illustrated in Fig. 9,
10 and 11, respectively. In the case of S/d=4 as shown in Fig. 9, the average Nusselt number for all
cases of impinging jets with air-augmented ducts were higher than the case of conventional jets. At
H/d=6 and 8, the average values were increased when the duct length was longer.

For the case of S/d=6 as represented in Fig. 10, the longer air-augmented duct did not always lead to
higher Nusselt number on the surface as the average Nusselt number in the case of L/d=4, D/d=4
was lower than the case of L/d=2, D/d=4. This was due to the cause of long duct blocking up the
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circulation flow to mix with the jet flow [35, 36]. Therefore, in each case of H/d, the average
Nusselt number was the highest in the case of L/d=4, D/d=2, and it was more effective at H/d=8.
This shows a 35.8% increase to the case of conventional jet.

In the cases of largest jet-to-jet spacing in this study, S/d=8 as presented in Fig. 11, the average
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Nusselt number was approximately comparable to the case of conventional jet. This confirms that in
the case of large spacing, the air-augmented duct was a small effect on heat transfer.
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Fig. 9 The average Nusselt number on the surface at S/d=4 and D/d=2
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3.4 Heat Transfer Correlation
The correlation equation which was performed from present experiment for all 144 cases, is shown
in Eq. (4). The average Nusselt number between the experimental data and the predicted Nusselt
number using Eq. (4) were plotted to compare as shown in Fig. 12. The error of the predicted
Nusselt number was approximately £10% under deviation lines. The correlation equation was valid
for 10,000 < Re < 40,000, 4 <S/d, H/d<8and 2 <L/d, D/d <6.
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Fig.12 Average Nusselt number from prediction versus average Nusselt number from experiment,

(Experimental results)
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5. Conclusions

The effect of array impinging jet mounting air-augmented duct have been experimentally
investigated in this study. Mostly, mounting air-augmented duct enhanced the entrainment of
ambient air into the jet flow greater than those of the conventional jets, resulting in higher heat
transfer rate on the surface, especially for the case of narrow jet-to-jet spacing (S/d<6) and high jet-
to-surface distance (H/d>6). Notable results could be summarized as follow:

1. At the cases of S/d=4, using of air-augmented duct reduced the interaction between jet, and the
interference of ambient air, which greatly enhanced heat transfer at impinging point. However, heat
transfer around the stagnation point were decreased when mounting the duct at L/d=6 due to
blocking of circulation flow that could mix with main jet flow before impinging on the surface.

2. In the cases of S/d=6, mounting the duct at short length (L/d=2) and moderate diameter (D/d=4)
resulted in high heat transfer around the region where jet impinged directly. However, due to
mixing of air entrainment before impinging on the surface, the average Nusselt number in the case
of jet with air-augmented was thus outstandingly high when used the duct at moderate length
(L/d=4) with the smallest diameter (D/d=2) that was found increase — up to 35.8% respecting
conventional case.

3. For the cases of S/d=8, the characteristics of jet in this range behave closely the same as a single
impinging jet due to low interactions between wall jet after impingement. Besides, for the case of
jet with the duct, heat transfer was not much increased, comparing to the case of S/d=4 or S/d=6.
Furthermore, using at D/d=6, heat transfer was closely comparable to the conventional jet though
the duct was used at the longest length (L/d=6).

4. A heat transfer correlation of impinging jets with mounting air-augmented duct was constructed
under parameter studied: 10,000<Re<40,000, 4<S/d, H/d<8 and 4<L/d, D/d< 8. The error of the
predicted Nusselt number from the equation was approximately +10% respecting experimental
results.

NOMENCLATURE
Inner diameter of pipe nozzle, m
Inner diameter of air-augmented duct, m
Jet-to-surface distance, m
Heat transfer coefficient, W/m? K
Natural convective heat transfer coefficient, W/m?> K

SECES

[

Average heat transfer coefficient, W/m? K
Thermal conductivity of air jet, W/m K
Length of the pipe nozzle, m

o~~~ XSS

Length of air-augmented duct, m

=
<

Nusselt number
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Nu Average Nusselt number
dc Net convection heat flux, W/m?
S Jet-to-jet spacing, m
Twh Wall temperature with heat flux when cooled by the jet, °C
Tyj Wall temperature without heat flux when impinged on by the jet, °C
XY, Z Cartesian coordinates
Greek symbols
€ Emissivity coefficient
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