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ABSTRACT

The aim of this research is to enhance the heat transfer rate on the
impingement surface by using impinging jets combined with vortex generator wings. In
this research, the effects of the angle between attacking angles of the vortex generator
wings was investigated at different attacking angles, defined as the major axis of
elongated orifice and the cross-flow direction. The attacking angle at 9=30°, 45° and 60°
were studied. In this study, the jet-to-plate distance was fixed at H=2D. The orifice
diameter (D) was 13.2 mm. The studies were separated into three parts. In the first part,
the wing vortex flow was mounted on the surface of the heat transfer. The velocity of
cross-flow was varied at V.=2.14 m/s (Re.=6,600), V.=3 m/s (Re.=9,300) and V=5 m/s
15,500 (Re,=15,500). In the second part, a row of 4 of impinging jets impinge on inner
surface of wind tunnel under the effect of a simulated cross-flow. The Reynolds number of
jet was fixed at Re=13,400. Velocity ratios (jet velocity/cross-flow velocity) were varied at
VR=3, 5 and 7. In the third part, array of impingement jet with 4x6 jets with inline
arrangement configurations was studied. The jet-to-jet distance was fixed at S=3D. The
Reynolds number of jet was also varied at Re=5,000, 7,500, 10,000, 13,400, 15,000 and
20,000. The local temperature distribution on the impingement surface was measured
using Thermochromic Liquid Crystal sheet (TLCs), and the local heat transfer coefficient
was evaluated using image processing method. The numerical simulation was employed
to understand the behavior of fluid flow.

For the case of mounting wing vortex generators on heat transfer surface,
it was found that the vortex occurred can entrain the cross-flow velocity into impingement
with on surface heat exchangers. Result in area where the impingement of the cross-flow
and surface heat transfers increases. For the high cross-flow velocity (V=5 m/s), the
average Nusselt number is high. It found that, when installing the wing vortex generates

attacking angles 9=30°, 45° and 60° to the percentage increase in the overall average
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Nusselt number on surface higher than 58.39%, 64.10% and 53.10% respectively
compared to the without the mounted vortex generator wings on the surface.

For the case of mounted wing vortex generators on surface of the jet
impingement, It was found that for the low cross-flow (VR=7) the installation wing vortex
generators serves to block the cross-flow in upstream caused by impinged jet. It was
found that for the high cross-flow velocity (VR=3) the installation wing vortex generators
can entrain the cross-flow the mix with jet flow before the impingement the surface. For
the high cross-flow velocity (VR=3), the overall average Nusselt number was increased on
impingement surface. It is found that when installing the wing generated attacking angles
6=30°, 45° and 60° to the percentage enhancement in the surface higher than 28.58%,
32.49% and 35.73%, respectively when compared to the without the mounted vortex
generator wings on the surface.

For the case of mounting wing vortex generators on surface with array of
impinging jets, It was found that installation the wing vortex generators serves to block the
cross-flow-flow caused to jets impinged on the surface strongly. It was also found that the
flow downstream jet impingement flow front wing vortex generates resulted in heat
transfer rate increases. For the installation of the wing generates attacking angles 8=30°,
45° and 60° to the percentage enhancement in the surface higher than 7.17%, 12.91% and

6.61%, respectively on the without the mounted vortex generator wings on the surface.
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1 _ F
360 {90 arctan( @H For G>B
H= 9)
1 F
_ L For G<B
360 {90 arctan(\/ngrlSO} <
F:—ZR—G—B For G=B
G-B For G=B
F=R or &=
|— R+(§+B (10)

Szl—[m} (1)

luiit R fAa AnuduvasedlIznauFuAITIIa NN
G Ao AnuNYIIdIznaumILIT840 NN
B fa mﬁmﬁmadaaﬁﬂixﬂauﬁﬁ%ﬁmaag@mw
H D LFAIALAATYDIRANIN
S fa LLam@hﬂ'ﬁﬁ'mﬁﬁme@mw

I fa LLammmmﬁ@mmadwﬁmaafﬂq@mw

NEUNITA (9), (10) uaz (11) AUt RpeI09dlsznoUd RGB luudas
nwaannudaadutayad Hsl lasldlusunsy MATLAB @”ummﬁlugﬂﬁ 24 Tugdusas
HANIFALLALL 5 dumikiuuurisineslulasinaninnsasanlonaaadass hasanuruit
fuwalngSuiSnuivnmsseudio 5 5w fe USIMATINAITBIAUAT LS
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T=60.146H°-35.224H +8.5288H+27.16 27°C<T<33°C (0.00sH<0.58) (12)
T=91158H"-209333H +180380H"-69093H+9953.9 33°C<T<39°C (0.58<H<0.65) (13)
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4.5 NMIAANU L AN A NNITNIANN TR URARAIGILINABANITILATIZWAWN

msmaudszaninismianutaunianmadiuiuesuninauani o
amusan sunsnrldlagnsinmwanein ldanmaaswudssduesunwnailalasia
snsansaaaunarzinnlegldldsunsundoulusanuad MATLAB ianmwanens
usasFvasurmnaslulasindniansananiionlunsndausaunsfidnits Tagnaln
nwdasuaasFlutagunnil 28°C s 40°C lnaalndmwdevasurwnailulasiiniade
ﬂ'%aéi'aﬁﬁaaﬂ']ﬁl,mw:ﬁm]”wgﬂﬂmﬂm MATLAB sianmwanglwindainanianizusiim
#89N13LATIZH KA IWEBRITNINNTLENBIAUTENaUBITEULR RGB Wa¥INN1HLAY
Toyamduszuui HIS unudLaad Hue °uaaLL@iazﬁ;@mwLﬁa%ﬁagamim:ﬁnﬂqmﬁqﬁ
mauwia:ammwiml%aumsﬁ (12) uag (13) l%imﬁamsm:mqu%n“ﬁuuﬁ”uﬁ’sﬁwmm
wandszansniswianusanlasldauniin (3) wazdiuwrmrndtaSadiuiuain

a o a

[ ¢ D =
NIZINUTNINUBHI Y]’]ﬂ?i’JLﬂT]zﬁI@ilI“ﬁﬁ?Jﬂ’]iﬂ (4)

4.6 NIAIVFADUNITANYNAMNIDULBNWA
NNIAITIARALNITONUNANUTABLUBANWAIN LT IBN1INARDI fTaraulay
a = % a 6 o ci o 1l 6 dv a d' I3 1l [ Aa o ci 1 6
mMaSpuisuimdadiundun e gudna I UUNUEI IIINWITUALNUITE AALTE
luadiuiuaiongg dauansluzUf 26 nnanIaTageunutmdadiuiuainldan

NINARBINANUFAAARDINLINUILVDI Lee WAz Lee [19]

300
[ —— Correlation of Lee and Lee [26]
® This experimental

200

100 [ ]

Stagnation point Nusselt number

0 . 1 . 1 . 1 . 1 .
5000 10000 15000 20000 25000 30000

Reynolds number

311 26 MmaSsuiisuimSadiund1unigaaudnaauuN I IEINKITY [19]
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5. N1391ADINIT IHANIYISANMIUNINAAFATVDI L HA

ANIFUIWNINAANFEAITVD bAR (Computational Fluid Dynamics, CFD)
A % a U &~ 6 & ad nin 1 [
fa MslTtaaunaaaslunsuilyrmnenamanizading Saduisnieuedraniiewing
fMIURNeanLUL 3aIn3 waznnisandududasdnsiisinudnngnisoivainisbng
dll Anldl l di = % = 3 ad
a9 DI TN AN TOTILAATZHZLIAMASI LU TzNN B B N UNUNNIANBIa 2835 N3
NASDY INWILRITINARANITINRDINIT IRAAIDITANUIANINRFRATVI LARLN AN 1N
Q =) 1 v { =) &J
aNwmeM3 malkazadunalnngmasintigmanusauiiadt

5.1 §AN1IAIVANMST LKA

waAnsIumI mazasvadinamunsnetunglameasunsnan 3 aums fie

FUNNIANNGBLIE (Continuity Equation) aunswiss-aland (Navier-Stokes Equations)

WRTENNNINGINY (Energy Equation) uaadadda buf

FUNIINGHNIINIR (Continuity Equation)

,

- 0 (14)

NS LULNUAN (Momentum Equation)

o o oy Y|~ P
'ox, o ( oX, 8xij pUY, oX; (15)
FUNIIWRIIH (Energy Equation)
ol _ 0 |y 0T _ e uT
pC,U; x ox {k x pcpulT} (16)

)Y

v o

= = o =
I(?’IEJ‘Y] fa mﬂmgmwmaummwmmwmum‘n, kJ/kg-K

A ' = =
D FIBUIZNOVUVDIAIMVLIILRRY, m/s
A a [o]
h) qmunﬂmawaﬂm, C
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5.2 uuusaasnsinanuuiluilom

mylrasuutudaudunisinafiveslnaadonfiodgelidnszdoy
ferui lisdnanaussifanemaedonliviven milnauvuiuluanusamas
Vl,ma:l,ﬂﬁﬂml,ﬂamjmm ™ fgwﬁﬂuaummﬂﬁa@ﬁua@ﬂugﬂﬁ 27 wiseitaslFuuy
$raasm3manuuduiusfie Shear stress transport K —® model (SST k —® model) &9
dulueandmruemefuasuuusiass 2 7he naumsoiweanuUsasnul W
%@ Standard K —& model ém%’umsﬁwmmmﬂmu%nmﬁauvlnawﬁfo (outer layer) LLAg
LuDaeInNLwuTRe K — o model §IUMNIENI BT IRALS T UEANIE (inner
layer) MIFULUABHIZRIIULLI8897MI 2 81315814 Blending function Uit dsudnnsii
PBIULLINRDY HENNHULLIIRB9IANUL W UTHe SST K — @ model Vloﬁ’ﬁﬂmsﬂ%'uﬂga
fin Eddy viscosity Tagmatsauaenudumdasuoudulan (Turbulent shear stress) 1A%
°lla‘1JL?J@]ﬂ’liﬂfuﬂ?df:ﬁﬂﬁ'ﬂ’ﬁﬁﬂu’lUmivl,%aﬁﬁ adverse pressure gradient, airfoils Lz

v
transonic shock-waves b@aa% [20]

u=time-averaged value

le |
I~ T 7
to to+T t

¥ 1 P o H &
Eﬂ‘ﬁ 27 mMatdAunudasn NS waIn T Ivanuulwilaw m aqwmsluaummﬂm

RUNNTVBINAINWIAUUUL LML (Turbulence kinetic energy, k)

opk) , Apuk) _  au g [ m ) ok
a ok, ax, PRPOT Mo Jax, (7)

J J
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FUNTVDIDATINIFALAUANZ (Specific dissipation rate, )

o(pw) a<PUjC°) oui 8 ) do (18)
ok v ox PP oo Jox
+2p(1-F)o., 15)5 g)((x)
|UN13VY Blending function, F
4
= tanh{min ma \/_ 200v 4p0@2|§ (19)
Boy y’® JCD,y

e

CDy, = ma{Zprz %g—t%lo‘mj (20)

FUNIVDIANNABALUULUUUIN (Turbulent viscosity)

pk a,pk

He=min " sE

) a, =0.31 21)

]UN13VBY Blending function, F,

2
F, = tanh{m a{ 27k SOOVH (22)
poy’ yo

&113U Blending function, F, d¢vinny 1 ﬁﬁumzﬁmﬁﬁq 0 flwauwad
SUFAf (Free stream) lagensudszansuasuuusinasasdumnuaduaail
1. sullsrAnsuesuuusassdulusuiai (Inner layer)
6, =1.176,06, =2, o =0.5532, f=0.075 uaz B’ = 0.09
2. futsAntrasuuuiaasTwwanTuniain (Outer layer)
6, =1,0,, =1.168, a = 0.4403, p =0.0828 uaz B =0.09
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{ [y o 2
lagf Tjj A0 AMULAUL NI (Wall shear stress), N/m
A < 6 o 6o o o s <
oy A9 ANVUBLUIUVDILNAWNUNLUDIF R TUNRIN I UL I
o, A8 AUl I nTIuWa BN hULLaTEINILEATINIFAULANIE
A A : o 2
v, fa anunita lrnaudluadn (Kinematic eddy viscosity), m'/s

CD, @8 MIUWS IWUUIA9IaNn (Cross-diffusion)

5.3 M3 lnanS I mEuT AN

mslnavsnaTuianiivaseslnalsznaudisusiimnan 2 uSm Ao
USowln (Inner layer) agﬂuﬁaaﬂizmm 10-20% VBIAMURINTUTANET F1VBIAIY
Windewfanarasfl uasianudwdouiiniiastuitasisuden g 3 Tufia Linear sub-
layer Geanumitadanswadansinannn suigasfodn Buffer layer luduwitnnuwilauas
anudutuiisntnadamslng uaztuiisudadu Loglaw anutudwdudanisnand
FINRAOANULA IS A% SIS AT WIN (Outer layer) W30 Law of the wake Luu5120s
Amslwaldsusnswasasnnudasvasmslvadunan waziiudascdatasseuanuniia

mawaﬂmé"&uamﬂugﬂﬁ 28

25 T 1] 1] [ T 1] T

20 | L\J+:y+\"} L /
i . T~/ i

15 ! ]

o [ ] [ 1] [ | |
| |
10 | | | | log law R
| | } [
T | 1 |
5 1 1
0 L[] | | |1 | 1]
10" 10° 10 10? 10°
y
viscous sublayer buffer layenlog-law region

inner layer | outer layer

3111 28 MInTTNEANNSaIN T InasuulutwluuSnmruiantis [21]



31

guM IS ISAGuassrazinaTuTaniis (Dimensionless wall distance, y*)

o v ot > 6 @ d‘)‘
FIUIDATUD va@I"ﬂ’Wﬂﬂ']’W&IﬁNWWE@N@] aVL‘]_I%

U, = | 24
- o

A5 1306 (Dimensionless velocity, u*) anansadwIslandde b
u
ut =k
s (25)

lagfl U fa AnwL52 (Velocity), m/s
fa AnuSan (Shear velocity), m/s

-7 ™3 2
T, 08 ANULAWABULWHIS (Wall shear stress) , N/m

y A ITHLWITUTANI, m

5.4 Tu@an19918a9IN13 kA
Ao A i o ~
Nuufllisunsa ANSYS Version 13.0 (Fluent) lun1331aa9nsinall
NMIMARATUIALAZLIDW VAU AT DI LNLAALAT aWALNIINARAISI NITINRINITINE
widaantdu 3 N1331a0d Ao mﬁwaaamﬂmmzﬁ@mﬁﬂﬂa%”wmw,amgmuuuﬁuﬁa
LANLUREUANNTAU msf{haaamﬂ%amtﬁﬁ@@ﬁﬁﬂﬁ%’wmzLLﬁ%ymuuuﬁ'uﬁaﬁﬁﬂLl,m
WITH LLa:miaﬁ'maamivlmmniﬁ@@”aﬁﬂa%”ﬁammwymuuuﬁuﬁaﬁmjmﬁm\jwu
o S A Q?d v d" )
5.4.1 TaJmanﬁmaaamﬂwammmﬂmﬂnm'\anszuamgmuu%wum
4 o
panilaswainusaw
U 29 LLamIm@amiﬁhaaomﬂ%aﬂ‘itﬁﬁ@@”&ﬂﬂa‘%“wﬂ‘s:u,amgmuuu
d‘.‘l’ a dl Y] % 6 EY- > d' nﬂl A v
ANUAANLURIUAIINT DN aﬂumﬂm@aLﬂuqimﬂammmamaUmummmﬂmmgo
26.4 mm (H=2D) uazA11uni19 300 mm ém%’umwﬁma:maaaﬂmaamzl,l,avl,mm”@agjﬁ
@ﬁ’ﬁu,mi,aﬂmﬂﬁ‘aaaaiﬂwaaqimﬁau uwazfanidnairanszuanywnuunwiId a8
qiwaﬁawluumd‘amﬂﬁ'uﬁﬂmams"lmmaam:ua‘lm@T@ szazandnnisnfidngss
=3 (% a
mt:LLamg'muLLaziwzmﬂﬂwﬂmoaaﬂmﬂﬂmﬁnm:ua%gmuummma 1,800 mm L&z

650 mm VAU



32

Velocity
inlet

1,800mm

<]
essure

outlet

31 29 IuL@amiﬁﬁﬁaaomivl'ﬂamcﬁ@@@T@ﬁﬂﬁ%’wmmammuuuﬁuﬁa

A Y
LantURLUANNTAU

Gaulvvauiua (Boundary layer) N bElun131a89n15 e mMuualidan
madnglusdauduuuy Velocity inlet fmuaanuimseanvesglusdauuuy Pressure
gradient 1ugud uazliustslidnslaa (No slip) Sanmsudugud nsiwuaanuds

& e & o & A ' & o ] & o &
ariuagnuansdluadiuuaizaseman naruglusday dmivdnadluadiuiuaiues

A \ & ° v 1 o A
mmm%amuqimmumﬂu@lvxLmnuwsl:*ﬁ'lumsmaaa

Waulvrauianadnueinssus lnada (Inlet boundary condition)
- AYEL V=5 m/s MABAAMNULIINTEUR ARG LATA1AINLYINAL 4.3 m/s
A o = @ A > & A
Walwlaanausurnny 5 mis Gavinnuanuinlsluninasss
- NYEL V=3 m/s MRRAAMULIINTEUR ARaa LA TA1AINYNNY 2.5 m/s
A Y = | A | @ = A
wWaldlaanusurinnu 3 mis Favinnuanuinlelunisneass
- N8 V,=2.14 mis SRUAANNTINTIUR IRAaa [ daasiwinAL 1.77 mis

wNalwldanusSyinny 2.14 mis GavinnuanuSLlTIwnINaaad
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o A A & A ¥ & a
5.4.2 Tmmam‘smaaam{lwanimmﬂmﬂnmwmmawqmuuuwum
A& ]
NRINUANIT
ni o a a ‘3 v
3UN 30 LLamIsJL@amiﬁnaaams"l,mﬂim@@mﬂﬂaiwmmaﬁag‘muuu
dq‘ a dl =1 1 Q v Q 6
WAL INIT ansorvadluealduiaIwnaIna (Jet chamber) LLa:quﬂamaa
TANANDY ﬁm%’uﬁaaw”ﬂmmﬂﬁmu@lﬁ’ﬁmmga 80 mm A2INNI1Y 300 MM LRZAINED
300 mm mmjaaqimﬁamﬁ%ﬁm”@ﬁmﬁwﬁuﬁwm@mwrﬁw 300 mm A28 2,450
Y o & a ' = o '
mm LATAINE 26.4 mm I@smaa‘wﬂa’m’lmmzqimmwmw:mo 2 mm TI3ZHLAINA
AamunTaILN BTN f;%m%'umaLiﬁLLazmaaaﬂmaommmvl,m@”@agﬁ@‘i%mmﬂmm
ﬁ'aaaﬁwwaaqimﬁau NNV INL T UT I T A UL UVDIRDINNAINNA hAZNIIaaN
= = ' o &£ & P ° oA o A o
maaLﬁmaQ‘ﬂmmeﬂmﬂmu%uwaaqimmwmLﬁuml,mmL@mr]mﬂizua"l,m@m"l,%a
20N IXHULAINNNIILTNDILDIANUALITZHZAINLDNINDINIIaaNTANNL17 1,800 mm LA

650 mm ANIAU

Velocity
inlet

Velocity inlet

essu re

outlet

311 30 TuL@amsﬁ‘haaamivl,mmzﬁam”dﬁﬂa%ﬁam:l,l,awmuuuﬁuﬁaﬁﬁﬂLLm'vg'wu
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aulvvauiua (Boundary layer) Nblun131aadns e muualidin
mwﬁwqimﬁamﬂmmu Velocity inlet Unnnaidnwaswnainenduwiluy Velocity inlet
nseanvasalasdaniduuuy Pressure outiet uazntliiduuun wall matmuaauda
X Lo & & A o ] & o &
azduagnudnsdluadiniuaizatemanitlunmmanas smiuansdluadiuiuaizas
e laiuua lrinun g lunsnasss mIiruaew lrreuamIdn YauwanIiaan

LRSUAULUANTE LA TINAUAA 3%

Wau lurauiuanadnueInIsus ade (Inlet boundary condition)
o = Qs v, g { 1 e d 1 R
- N3 VR=3 MARUAAMUSINTZUR A a A FNaINLYinnL 5 m/s SNy
=
AU lTlumInaaad
o =1 Q v 1 { ] Q A [ >
- N30 VR=5 SAUAANUISINTUR MR A AN AIAINLYINAY 3 m/s GIvinny
&
AU lTlumInaaad
o = L % 1 { 1 Qs & 1
- N3 VR=7 SRUaaNUSINTAUF IRaaa il a1aanvinny 2.14 m/s G9Lvin
v & A
AUANNSN T I INaaad
Waulvuauiuanadnweadn (Inlet boundary condition)
- N3tk V=15 m/s (Re,=13,400) Mnuannuiifinsdnwaswneiniealnd
FNAINLYINNL 0.0661 m/s LWa LW L AMUISINLANIaanENYINAL 15 mis
& Y & A
FINALANNSIN M N INaaas
Wanlvrauwaniiaan (Outlet boundary condition)
- MAUAIAAINNAUNIIBBNVBINT MARLHNALANNARLTTENMA (AINNA
inadlayinnu 0 Pa)
Wanlvvauiwanika (Wall boundary condition)

- wualwrsisldiimaloa (No slip) uaziiananiudugud

o A Qﬁ’d v d" )

543 TaJmamimammﬂwanimmmmﬂnai'\anszuamgmuu%wum
t:{ 1 ® 1
NNANRINNIT

A o aa 09// £

UM 31 LLaquL@amsmaaams"l,%aﬂimmmﬂﬂmwmmwqmuuu
& a A = ' o o o &
NWAIANRULAINWITY anwucaadluaatduraswnana (Jet chamber) LLa:quﬂaumm
TANANDY é’m%%’uﬁaaw‘”ﬂmmﬂﬁmu@lﬁﬁmmga 80 mm A213NI14 360 MM LAZAIN
217 360 mm unaﬁauﬁ%ﬁwm”wﬁL%ﬁwﬁuﬁwm@mmﬂ’?ﬂo 158.4 mm ANYE1I 360 mm
WAZANES 26.4 mm I@ﬂﬁaaw"'ﬂmﬂmLLaqumﬁamﬁsw:ﬁN 2 mm TI5LULAINaNAA
ARV DILHN WD TINT FIRTUNIT VAN T WL daA I ULUY IR AINNDINIA LA

= iAo \ &
ﬂﬁdﬂaﬂ“ﬂadlﬁﬂﬂa%IIV]@]']LL%%Gﬂa’]El“/]']\ﬁﬂ']‘ivl‘ﬁﬂ?ladﬂ;&]dﬂa&l
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Velocity inlet

160 mm

Wall

158.4 mm

Pressure outlet

P o Aa & @ & A A | = '
Ell'ﬂ 31 I&lL@]aﬂ’li’il’laadﬂ’livlmaﬂim@m@GﬁﬂEﬁ’]dﬂiZLLa%HuﬁuuuwuN’JﬂﬂEﬂNLﬁ]‘l’l‘l/!\‘i“]m

Jaulyvaulaa (Boundary layer) AlElun1ssiaasnisina Arualitn
nmadiasnnaimeduuuy Velocity inlet nnvaanvasglusdasiduuny Pressure outlet
“q o o = & L x> & A9 o
wazribilWiduuny wall midnuannuiiazuagnudnsdluadiviuaiaasananld
Tun1Imaass SMWILA IS luanuuLasvaI81Na b AR LA LN LTI UNNTNAR D

ﬂ’]iﬁ’]‘ﬁ‘%@]Lﬁﬂ%‘lﬂlﬂlaﬂlfﬂ@]“ﬂ’]uiﬂ VautyanIdaan LL@&%GULT@Nﬁdqﬁﬁﬂﬁuﬂ@ﬁﬁ

Lﬁiau"l,wamwmmﬁmauﬁﬂ (Inlet boundary condition)

- N30k V=15 m/s (Re,=13,400) fmuaanuEIinaTReswnam el
fnsfwinny 0.0661 mis wial@ldnnuisHfithnmessnidnmny 15 mis
Savhnuanusanldlunismenss

L‘fﬁiauvlwaummmaaaﬂ (Outlet boundary condition)

- MAUAIAINNAUNIIBBNVBINT MARLHNIALANNARLTTENMG (ANNA

1NRTALYINNL 0 Pa)
L‘fﬁiauvlwaummwﬁa (Wall boundary condition)

- thnualiustslifimglos (No siip) ussfianusudugud
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5.5 NIA319NIA
gﬂﬁ 32, 33 AT 34 LRAITIURLAATAINTIRIIINGG NIfaasdngse
m:LLammuuwﬁuﬁaLLamﬂﬁwmmﬁ”au ﬂifﬁ@@éfﬂﬁﬂﬁ%ﬁam:LLamgmuuuﬁuﬁaﬁL%ﬂ
WOIWIT LLa:ﬂstﬁﬁ@]m"’oﬁﬂﬁwnsmaugmuuuﬁuﬁaﬁmjm%m\gwu ausIeU laansa
A ° A o ed A ° v a a & a o A
ﬂiﬂ%ﬂﬂiﬁ]waaqﬂﬂi"lﬁaazuaﬂwmuﬂugﬂmﬂﬂamamJ ARUA LANSAUSI W TUTANTEIN

mwauﬁmga LRTAINNAZLDUATDINIAAAARILNATLULWNI80NIINUIIUNIA

d' a ¥ a Aa & ¥ &’l’ a
E]J‘Vl 32 NyazLd U@]ﬂﬁiﬁi’]x‘]ﬂi@]ﬂ‘iﬂk(ﬂ(ﬂ@]x‘l‘ﬂﬂﬁi?dﬂiZLLﬁﬂ&Ju’]%ﬂ%W%N’)

A %
LantURguANNTaH

311 33 51Uazl,'é‘U@miaﬁ’wﬂ%@ﬂsrﬁﬁ@@T&ﬁﬂa%”ﬁaﬂs:Ltaﬂqmuuuﬁuﬁ'sﬁﬁwLLmvg'wu
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31l 34 5'1aazLE]'y@mifﬁwn%@mtﬁa@m"’aﬂﬂﬁﬁwmzLmﬁymuuuﬁ'uﬁaﬁn@;uLﬁmja*’nu

milnavsasudantisiimadasuulasanusiasnens i Seusn
aenandaininnuuinglumsmugadsimaminuadl y ~5 [22] lagldanugunus
Tugumsf (23) AW S AT UTARTES (Near-wall) ﬁﬁm\gwu Eﬂ‘ﬁ' 35 LRAINIINANTTUN
ﬁ‘iﬂmuﬂ%@mtﬁﬁmmvﬁwu WUINIIUIUNTA 4,544,844 grids ey 5,012,714 grids f1y
YoansmInsmianInaLAsINY aaiussEanswIuNSA 4,544,844 grids LL’rﬂ:E‘ﬂ‘ﬁl 36 LEA
msﬁmsmﬂﬁhmuﬂ%mtﬁﬂéuLﬁ?m\jd"ﬁu WUIIITWIWNIA 5,010,616 grids LLaz 5,279,736
grids ¢y vasnsmaIns@mialndidnari aeiusadonswinnia 5,010,616 grids Lo
mnmnﬁamﬁmumaaﬂ?mﬁim']mzLSsmgaﬁﬂﬁﬁaaelfﬁnmlumsﬁwmmﬁ'mufu Tuns
Fnesnslnalaldismsmnuadidie g lunsssensaunuudoanuieinlsansalu

Ada a < @
ﬂimvmﬂﬁmﬂmﬁﬂai’ldﬂizLLﬁ‘v}u‘u’m

+ 5,012,714 grids

—— 4,544,844 grids

—— 4,076,974 grids

3,609,104 grids

\ -=-=- 3,141,234 grids

XI/D

31 35 My sandwunIauwiuiauaniliounnusawnsthianunIwisu (2/D=0)



38

+ 5,279,736 grids

—— 5,010,616 grids
—— 4,741,496 grids
4,472,376 grids

\\ -=-=- 4,203,256 grids

31 36 myNsandwunIauniuiuanilisunnuiawnsdinguianwas (2/D=0)

5.6 ZoaNNAZ I LZ IWN15AIWIDE
lunsdraesnis e lerinmsatanzinsinaiduuuuasan (Steady flow)
liNasanavasmatsimanuauuaz lidansgyiioanusen lasdmualigunnd
A o A A A ! v ° o < o
Algluwuuuitaasdaini lufanazesnnuisiliudrs ausulueannuduiwldiuy

§1809n1310a Shear Stress Transport K—@ (SST) model [23] laguSia i lnaN a2

Mwuaiduuuylidnnsauloa (No slip) wazlanududugud

5.7 25nN135A W0k
MIVATNIA I baRruasanaSANALTWLUY SIMPLE  (Semi-Implicit
Method for Pressure-Linked Equation) lagTgazidaavadiianlanisdiuwioslainviue
A ° A A L A . o
auanT99 4 lapfnuadanlanmmyadszaianafidininuianaia (Residuals) LYy
5
1x10” [24]

A o a A °
19791 4 fnsrn‘ﬁ%@i’]UazLﬂU@TﬂdNﬂ%vhlﬂ’]‘iﬂ’]%']m [25]

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

Energy Second order upwind
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6. HAaN1SNARAILAzaNUIYNA
6.1 n3AAAILINAIWNTTUANYWINURNHEILANILRENANTD®
1%ﬁ'a°ﬁaﬁﬂumamsﬁnmé’nmemivlmaﬂirﬁﬁﬂﬁoﬁﬂﬁwmmw:qumu
dy a dl % adA o 6 di o = dl (3
UUNAILA NI UAINNTI WAL FAN I N HINAANEATUDI IAR LNAINANIIANEITN Lo
Tefunsdnngnssimsdramanusanuwiuiadald
% A o s

6.1.1 NMIANHIANHWZNII MRALALI S AT IUNWNAAIEAI VDI LA

3UN 37 LEAINANITINRDIANHMHENITIAALLL Contour LAZLINLAATUAS
AL Tz UY XY N3zaz Z/D=1.5 1USoULNgUTEWININIZLF IMadaNda21uL5261
(V=214 m/s) UazNIzUa IMadaNiauiiIgs (V=5 m/s) launwsauwuiansmenis
1 na20IN T LR IMAAATaINIRINIHARNHIUSANT RANASIEN® ATUANGIINWNAITNLTD

> > v { v l&’ Q/V 1 Q a %
YDINTEUR MARAARING LGN AT ND Y BANIAREINLITINITZUR ARAALAANT IRALENAD
u’%nmﬁnaﬁ”nnmmmmudawalﬁmma"l%aﬁ@ﬁvlmamuﬁﬂa%ﬁammammuﬁmmﬁa

a X o A \ o P & a & A
LN m:ua"lmmwvl,mmuijnmwmzLLammm:ummmmeuma&;uﬂ:mmaa
. R ; X o

ﬁﬂaﬂammammmwwumLtamlugﬂﬁ 37(3) WAz 37(a) JzurlumTraUsneNua
maaﬂi:LLavLﬂa@T@]ﬁ"l%aLmﬂ@ﬁﬁnﬂﬁﬂa%aﬂizLLav\ymmzmdaEm"lﬂLﬁaquﬂ:ﬂzmadﬂﬂ

> - &
FIWNIS LLE‘T%&!%’J%LW ENRINYS

Plane Z/D=1.5 R X

VA Cross-flow

V=5 m/s (Re,=15,500) Velg%ity (m/s)

o

=30

4.8

Baffle 6

Baffle 8=45

=60

Baffle 6

P> o o & =
gﬂﬂ 37 Nﬂﬂ']i"fl']ﬂﬂ\‘]ﬂﬂflﬂ'mzﬂ']'ivl,%ﬂLLU?J Contour LLRZLINLADIVDIAINNLIA

TuseUY X-Y fisees Z/D=15
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gﬂ‘ﬁ' 38 ULEAIHNANITINNDIANBULNNT MALLL Contour LAZLINLABSVB
autsluszwy XY fiszos /D=0 1Wisuiiisuszninanszualnasandninusac
(V=2.14 m/s) Lm:ﬂs:LLa"Lﬁa@T@ﬁﬁﬂmm%;;m (V=5 m/s) é’om@mﬂgﬂﬁ' 38(N) waz 38(1)
wudﬂmwavl,m@i”@ﬁmivlmmm:v\iwﬂﬂa%"m‘mi:uamgmuriamuﬁ@mivl,mLmn@ﬁ
MNAUR LﬁaamﬂLﬁ@ﬂ’ml,ﬁauﬁmzifsdwﬂs:ua"l%aé’@LLa:ﬁﬂﬁwmmav\gmuﬁﬂmﬁ@
msvlmamegmu"lmaL’%'smvl,ﬂﬁm'ﬁyuﬁaﬁam:Lﬁ@ms"lmu,sm@T’amnv'ﬁ’vuﬁ’; TUANGININ
gﬂﬁ' 38(3) LAz 38(Rx) ‘wmf’mizLLavl,m@T@ﬁmi"lmchmmdwﬁﬂai*wmmamg‘muvlﬁﬁaﬂ
Lﬁadﬁ]’mﬂﬁia@Gig\‘]ﬁﬂﬁ%ﬂdﬂi:LLaﬂﬂgu’JuﬁgNﬂzﬂ:"ﬂu’ml‘mgddNﬂiﬁLﬁ@]“ﬁﬂd’i’]dT%’]@Lﬁﬂ
szmwaﬁnaﬁ”ﬁamzLLamg‘muaiawalﬁmma"lmm”@Lﬁ(ﬂmivlmaLmﬂﬁ'm‘%nmﬂﬂai”wansma
UT ns:uavl,méi'@ﬁvlmLmﬂ@T’Ju’%nmﬁnm‘?ﬁoﬂs:LLmaguumﬂmmmﬂﬂﬁhﬁuﬁ’s

A o
LAaNLURSWAINTDY
< )
Plane /D=0 -0
) \rx ---------- —>
vz Cross-flow
N

V.=2.14 m/s (Re,.=6,600) V=5 m/s (Re,=15,500) Velgc(:)ity (m/s)
! 4.8

3.6

o

=30

Baffle 6

Baffle 9=45

F2.4
I1.2
0

> o [ & =
514 38 Nﬂﬂ’]iﬁ]’]ﬂﬂ\‘iﬂﬂﬂmzﬂqivlﬂﬂl.l,ﬂﬂ Contour LLAZINLADIVDININNLIA

u

60°

Baffle 6

TuseUD X-Y fiszes Z/D=0

U7 39, 40 uaz 41 LEAINANITINRDIANHMHENIT IARLLL Contour LA

6 = 1 =1 = 1 L
ARV aIANTAUITZUMY Y-Z anauwanns X 6149 1WIsufisusznininszua lnaqe
Aflanuiid (V=2.14 mis) uaznazusnadanfianuiags (V=5 mis) wuinszuana
@‘i’@ﬁvlmLmﬂ@ﬁu’%nmﬂﬂaﬁ”ﬂaﬂszl,l,amuauﬁﬂwsl,ﬂﬁsml,l,ﬂaaﬁﬂmwaamﬁm%dwa‘lﬁ
ﬂ‘i::LL&VL%ﬁ@‘ﬁﬂﬁﬁﬂ’livL%ﬂﬂtﬂtﬂﬂﬁ%ﬁdﬂi:uﬁ%Q%?%Lﬁ(ﬂﬂ’lﬂ%ﬂLLUU%Q%Q%@FJ"I\‘]?LLLLN LAY

; . Y &
mﬁm;umwaamsv\ymuﬁ]zﬁmmmmuﬁm:ﬂ:mqﬁnnﬁﬂaﬁamzLLamuauwau

o o eaa =
] Lﬂ@]VL@"inﬂTuq@TﬂdLjﬂL(ﬂ DINVVURIALANN
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WaRnsamanuisiesnszuslnana wuiusiminszualnadalna
Hudnainanszuany I (3zuz X/D=0) nszualnasaasdanuiFudvdunazanuiiives
m:ua"lmd’m:ﬁ'm@mLfi'aszm:ﬁwmnﬂna{ﬁommamagmmﬁlu%ué’am@"l,@i’mﬂmm
\TvaIFans Lﬁaﬁom@mﬁmmuﬁﬁ@ﬁu wmhLﬁﬂmma;lmuflué’ﬂwmxﬁmg‘m%m
nuwuInnuguasdnafanszuanywin mw&gmuﬁl,ﬁwﬁmzﬁaﬂszLLavLﬂaé'mﬁﬁﬂaﬂuL§a
ez iURRAILaNLUAERANNTa N (5282 X/D ~3) sonaliiianznzadnizuuss
wlisuveviwansinausmidanunwanas w%’auﬁ'uvsa:llmul,a’mizl,l,a"l,m@?’@ﬁﬁ
@muL%W"haaﬂvlﬂﬁnﬂu%nméﬁwé‘oﬂﬂa%"’mmmammu MInYWINITVEBAIUAE 11a
vsniuiuanidsuainufouleszuzanusiimeuninisle alugusinadans
mam3naneanssuglnasaisdn (szuz X/D ~6)

x/p=0 X/P=3-0 xp=60

Region of boundary
Layer thinning

Cross-flow

Surface N

7
Common inflow pair X/D=1.5 x/p=4.5 X/D=7.5
A B A B

X/D=0

=15

X/D

=3.0

ST ey
1 4 3
et

X/D

=4.5

X/D
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Abstract

The aim of this research is to enhance the heat transfer on a target surface of an array of impinging jets by
mounting baffles. Air jet was discharged through arrays of orifices and perpendicularly impinged on an opposite
surface in confined channel. The jet-to-plate distance H=2D and the jet-to-jet distance S=3D (when D is the jet
diameter). The experiments were carried out under jet Reynolds number of 13,400. A couples of baffles with V-
shaped arrangement at attack angle 0=30", 45" and 60°, were mounted on surface of impinging jets. Temperature
distributions on the impingement surface were measured using Thermochromic Liquid Crystal sheet (TLCs) and
Nusselt number distribution was evaluated by using image processing technique. The results show that the heat
transfer on the impingement surface for the case of mounting the baffles with V-shaped is higher than those without

mounting the baffles.
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ABSTRACT

The aim of this research is to study the effect of mounting baffles on heat transfer enhancement for a row of
impinging jets within cross-flow. A row of 4 air jets was directly discharged from round orifices with on inline
arrangement and impinged on the inner surface of the rectangular wind tunnel. The orifice diameter (D) was 13.2
mm, jet-to-impingement surface distance and jet-to-jet distance were fixed at H=2D and S=3D, respectively. To
study the effect of the cross-flow, the jet velocity was fixed at 15 m/s (Re=13,400) and the cross-flow velocity
was varied corresponding to the velocity ratio (jet velocity /cross-flow velocity) at VR=3, 5 and 7. A pair of
rectangular baffles each with length of 1.3D, height of 0.6D and thickness of 3 mm was attached in a V-
shaped arrangement on the surface on the upstream side of each impinging jet. The angle of attack was
defined as an angle between the baffle to the cross-flow and was varied to give 6=30° 45° and 60°. The heat
transfer characteristic was visualized by using a Thermochromic Liquid Crystal sheet (TLCs) and the Nusselt
number was evaluated by using image processing method. Numerical simulation was also employed to
investigate the flow field. The results show that the heat transfer rate for the case with baffle attachment at 6=60°
is higher than the case of no baffle attachment by about 55.32%, 29.3% and 18.63% for VR=3, 5 and 7,
respectively. This is due to the baffle attachment promoting the turbulence intensity in the jet flow before
impingement.

KEY WORDS: Heat transfer enhancement, Convection, Measurement and instrumentation

1. INTRODUCTION

Jet impingement is widely used in various industrial applications because it offers high localized heating and
cooling rates. The applications include tempering of glass, drying of paper, cooling of turbine blade and
electronic components. Heat transfer rate on an impingement surface is governed by two key factors: (1)
impingement velocity or momentum and (2) turbulence intensity within jet near the impingement surface. In
general, the jet flow behind the end of a potential core begins to radially spread resulting in the reduction of
axial velocity and increases the turbulence intensity. Therefore, the maximum heat transfer rate is found at an
optimum jet-to-plate distance which the end of a potential core impinges on the wall [1-3].

Usually, the multiple impinging jets are applied on a large heat transfer surface to attain high and uniform
heat transfer rate on overall surface. In case of multiple impinging jets under a confined space, cross-flow is
generated by the spent air of the impinging jet in upstream region. Consequently, the impinging jets in the
downstream region are significantly influenced by the cross-flow. The downstream impinging jets,
subsequently, tend to deflect and mix with the cross-flow before impingement resulting in decreasing
impingement momentum on wall and decreasing its heat transfer rate [4, 5].

To eliminate the cross-flow effect in confined channel, the impingement wall was drilled with effusion holes
[6, 7]. Elongated orifices were replaced with conventional round orifices to reduce the cross-flow effect [8].

*Corresponding Author: chayut@me.psu.ac.th
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Mounting baffles on a heat transfer surface associated with on impinging jet under cross-flow was also
studied to determine if it enhances the heat transfer rate. However, the effect of the cross-flow on the
impinging jets with the baffle mounting is still unclear [9].

The aim of this study is to investigate the effect of baffle attachments and cross-flow velocity on flow and
heat transfer characteristics for a row of impinging jets in cross-flow. The velocity ratio (VR, cross-flow
velocity/jet velocity) and angle of attack for baffle attachments were examined. The local temperature
distribution on the impingement surface was measured using a Thermochromic Liquid Crystal sheet (TLCs),
and the local heat transfer coefficient was evaluated using an image processing method. The numerical
simulation was employed to reveal the flow characteristics.

2. EXPERIMENTAL METHOD AND PARAMETERS

The experimental model is shown in Fig.1. Four air jets were discharged from a row of 4 round orifices with on
inline arrangement and impinged on the opposite surface in a wind tunnel with rectangular cross section. The
cross-flow was stimulated by introducing air through the test section. The cross-flow crossed perpendicularly
to the impinging jets. The origin of the Cartesian coordinates was located on the impingement surface. The
X-, Y- and Z-axis are in the cross-flow streamwise, direction normal to impingement surface, and spanwise
of wind tunnel, respectively. In this study, only two of the impinging jets in the center of the row of jets are
considered. The considered area is indicated by dashed lines in Fig. 1(b).

T |
Consideration area ¢ _
\—vcpi— D=13.2 mm
Y \\ei ””””””” IRl
Veross tow, Jet Orifice plate Bafﬂe-i—>:,,, a ,,,,,,,,,T,,,, 3D
[ } { ] | ;
NIV T V. Cross-flow ————,—— X-—8-—-—-=- % 77777 —
e P T
! ~ 1 3D
Cross-flow Baffle 1<_3D_>F_8D_~‘
s=3b L T
e
] YT X Impingement plate L=1.5D <
[ > ] el
(a) Side view (b) Top view

Fig. 1 Experimental model used in this study

The diameter of the round orifices (D) is 13.2 mm. The jet-to-plate (wind tunnel height) and jet-to-jet
distances were fixed at H=2D and S=3D, respectively. The jet velocity was fixed at 15 m/s corresponding to
Re=13,400, and the cross-flow velocity was varied corresponding to velocity ratios (jet velocity/cross-flow
velocity) of VR=3,5and 7.

The geometry of the baffles was rectangular with a length of 1.3D, a height of 0.6D and a thickness of 3 mm.
A pair of baffles were attached in a V-shaped arrangement in the upstream region of each impinging jet at
Z=-1.5D, and baffle-to-baffle distance were 0.5D. The angle of attack was defined as an angle between the
baffle and the cross-flow direction and was varied from =30° 45° and 60° as is also shown in Fig. 1(a). To
ignore the thermal conduction from surface through the baffles, these baffles were made of acrylic,
considered as an insulator.

3. EXPERIMENTAL SETUP AND METTHOD

3.1 Experimental Apparatus The experimental setup consists of two parts; 1: jet flow and 2: cross-flow as
shown in Fig.2. The jet flow was generated by introducing air through the temperature controlled chamber
equipped with heaters, calibrated orifice flow meter, jet chamber and jet plate before entering the test section.
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The jet chamber has a constant cross-section of 360-mmx360-mm and height of 850-mm and was equipped with
two layers of perforated plates and two layers of mesh sheets to achieve a uniform flow field approaching the jet
plate.

The simulated cross-flow was produced by introducing air through the inlet chamber, flow straightener, two
layers of mesh sheets, test section and air chamber installed with perforated plates by using another blower as
indicated in Fig.2. The cross-section of the wind tunnel was rectangular with height of 26.4 mm (2D) and width
of 300 mm. The length of the calming section of the wind tunnel was 200 cm which was sufficient to achieve a
fully developed flow in the test section.

A Pitot-static tube was located upstream of the test section to measure cross-flow velocity at the center of the
channel. For all experiments, the inlet temperatures of the impinging jets and cross-flow were kept constant at
27.6°C by using a temperature and power controller.

| Thermochromic crew
Power | | Temperature Power supply liquid crystal /S
controller controller
Fl traight {;|Li ht solirce s X
ow straightener BB 9 SUS304 foil Acrylic plate
\'\\ / \ //*I Copper bus bar
,é> Thermocouple Computer Voo~ 7 |
P i
= = = 1 = N
.%> Heater Mesh plates T |—
.
N/ [ Thermocouple @ Perforated plates
Mesh plates Pressure Temperature +\
transducer controller Jet chamber Mesh plates
Volt meter I
Power
controller > Perforated plates
O |
| =1 %
Heater i
Jet blower Orifice meter Crossflow blower

Fig. 2 Schematic diagram of the experimental setup

3.2 Heat Transfer Measurement The test section for the heat transfer measurement was directly mounted
to the wind tunnel as shown in Fig.3. The air jets with constant temperature discharging from the orifice plate
were impinged on the heated surface for cooling. The wall temperature (T,,) on the impingement surface was
measured by using a TLC sheet (Omega, LCS-95, USA) that was attached on the rear of this surface as shown in
Fig.3. The heat transfer surface was made of stainless steel foil with a thickness of 30 um installed between a
pair of copper bus bars. The heat transfer surface was heated by a DC power supply through copper bus bars.
The electrical energy dissipated in the stainless steel foil can be determined from Joule effect

12.R
A @

qinput =

The local heat transfer coefficient due to the forced convection of the impinging jets, h, can be evaluated
from

h= qinput - qr - qc

T, T, @
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where ¢, = oer (Tt — T and ¢, = h.(T,, — Ts) are the heat losses from the rear side of TLC sheet to
the environment by radiation and natural convection, respectively; T, and T; are the wall and jet
temperatures; o is the Stefan-Boltzman constant; e is the emissive coefficient of the TLC sheet; T; is the
surrounding temperature; and h. is the natural heat transfer coefficient calculated from the natural
convective heat transfer from the heat transfer surface to the surrounding.

A digital camera was used to capture color patterns on the TLC sheet. The images of color pattern were
subsequently converted from the RGB (red, green and blue) color system to the HSI (Hue, Saturation and
Intensity) color system. The Hue (H) value was used to correlate the color of TLCs to their temperature in
range of 28-40°C via a calibration. The local Nusselt number was calculated as

_hp
k

Nu (3)

here, D is the diameter of the jet orifice and Kk is thermal conductivity of the air jet.

3.3 Numerical Simulation A 3-D numerical simulation was carried out with the ANSYS ver. 13.0
(Fluent) software was employed to visualize the flow characteristics of the jets and the cross-flow. The
calculation used the finite volume method to solve the governing differential equations with boundary
conditions. A numerical model was identically created to the experimental model as shown in Fig.3. A SST
k — w turbulence model was applied due to its accurate prediction for impingement problems and moderate
computational cost [10]. This turbulence model has also been employed to accurately predict the flow and
heat transfer characteristics of impinging jets under cross-flow [11 and 12].

23D
| Jetinlet
vy [
Jet chamber 6D
Cross-flow inlet \[/ [/ ' J/ Pressure outlet
—1> 2D D) Bafflegy | —
0 I Heat flux
136D . 50D

Fig. 3 Numerical model

The majority of the generated grid was a rectangular shape as shown in Fig.4. The elements were
concentrated near the wall of wind tunnel and mixing region. The boundary conditions were identically
specified to experimental conditions. The outlet pressure was kept constant at 1 atm. A solution method was
based on the SIMPLE algorithm with second order upwind for all spatial discretization. The solution was
considered to be converged when the normalized residual of the algebraic equation was less than a
prescribed value of 1.0x10 [11]. Fig. 5 shows the wall y+ distributions near the impingement surface on X-
axis at different number of grid elements for case of impinging jets with no baffle attachment at VR=3. The
wall y+ is dimensionless wall distance of first grid next to the impingement wall. It is defined as the product
between friction velocity and normal distance from the impingement wall to the first grid next to the wall
divided by local kinematic viscosity of the air flow. It is found that the wall y+ at each location is lower than
5, when the number element is increased to 2,994,154 elements. The first grid next to impingement wall is
within viscous sublayer in boundary layer. This grid resolution is sufficient to predict the flow near the
impingement wall accurately.
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Fig. 4 The details of the generated grid
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Fig. 5 Effect of grid dependency on wall y* distribution near the impingement surface on X-axis for case of
impinging jets with no baffle attachment at VR=3

4. RESULTS AND DISCUSSION

4.1 Flow Characteristics Velocity vectors and velocity contours of impinging jet in cross-flow on X-Y plane
passing center of orifice are shown in Fig. 6. The results reveal that the jet is more deflected downward from the
location of orifice when the cross-flow velocity is increased (or VR decreases). For the case of baffle attachment
at VR=7, the wall jet in upstream region of the impingement region collides with the rear side of baffle and the
circulation flow is generated. While, the wall jet in downstream of impingement region flows along the wall.
When the cross-flow velocity is increased as in the case of VR=3, the cross-flow detaches from the baffle and
reattaches on the surface and the circulation flow in upstream section of the impingement region disappears and
the jet in downstream region strongly mixed with the cross-flow when compared with case of VR=7.

The contours of turbulence kinetic energy of impinging jet in cross-flow on X-Y plane passing the center of
orifice are shown in Fig. 7. The turbulence kinetic energy around the jet is higher than the core of jet due to
the mixing between the jet and cross-flow. For the case of low cross-flow velocity (VR=7), the turbulence
kinetic energy in upstream region of impingement region is high in the wall jet region due to the interaction
between wall jet and cross-flow, while the turbulence kinetic energy in downstream region of impingement
region is high in wall jet region and region behind the jet due to the mixing of jet with cross-flow. For case
of the baffle attachement, the area of high turbulence kinetic energy is slightly larger when compare to case
with no baffle attachment. This can be referred to the larger circulation flow behind the baffle. There is small
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effect of baffle attachment on contour of turbulent kinetic energy for the case of VR=7. For case of high
cross-flow velocity (VR=3), the turbulence kinetic energy in the upstream region of jet becomes lower when
compared to the case of VR=7. This is due to the deflection of the cross-flow. While, the turbulence kinetic
energy becomes larger in the downtream region due to strong mixing between the jet and cross-flow. The
baffle attachment tends to promote the turbulence kinetic energy in the downstream region of the
impingement region, particularly for the case attack of angle 6=60°.

Z/D=1.25

Low cross-flow velocity)
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—
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Fig. 7 Contours of tubulence kinetic energy on X-Y plane at Z/D=1.25 (CFD results)

The velocity vectors and velocity contours in the Y-component on Z-X plane at 1.5-mm above the
impingement surface are shown in Fig. 8. The Y-component velocity represents the impingement velocity in
direction normal to the surface. The positive velocity indicates that the flow is in the direction of the
impingement surface. The minus velocity means the flow is in the direction away from the surface. Marked
black circle indicates the location of each orifice. When the cross-flow velocity is increased, the
impingement region shifts downstream for the case of VR=3. The upward flow from wall can be detected in
the upstream region and the region between the adjacent impinging jets due to the collision between the wall
jet and cross-flow and collision between the wall jet from adjacent impinging jets, respectively. There is no
effect of the baffle attachment on the velocity in the impingement region. The baffle attachment only affects
the velocity in upstream and downstream of impingement region. For the case of VR=3, the velocity in
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upstream region of jet impingement for the case with baffle attachment is larger than case of no baffle
attachment. This may be due to the flow reattachement behind the baffle.
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Fig. 8 Contours of Y-component velocity in Z-X plane (CFD results, on plane above from impingement
surface of 1.5- mm)

The turbulence kinetic energy contours on Z-X plane at 1.5-mm above the impingement surface are shown in
Fig. 9. For the case of low cross-flow velocity (VR=7), the region with high turbulance kinetic energy can be
detected in wall jet in both upstream and downstream sections of impingement region. The region of high
turbulence kinetic energy in upstream wall jet is larger than that of the downstream one. The contour of
turbulence kinetic energy in upstream region is disturbed by the baffle attachment. While, the turbulence
kinetic energy in the downstream region is almost the same for all cases. In addition, the turbulence kinetic
energy in impingement region is low which is similar to that found in a common impinging jet without a
cross-flow at small jet-to-impingement surface distance. As the cross-flow velocity is increased (VR=3), the
region with high turbulance kinetic energy can be detected only from the wall jet in downstream region
because wall jet in the upstream region is removed by the cross-flow. The baffle attachment increases the
turbulence Kkinetic energy in the upstream section of impingement region due to the reattachement flow
behind the baffle, particularly for the case of the baffle attachment with the angle of attack 6=60°.
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Fig. 9 Turbulence Kinetic energy on Z-X plane (CFD results, on plane above from impingement surface of 1.5-
mm)

4.2 Local Nusselt Number The Nusselt number distributions on the impingement surface are shown in
Fig. 10. As the cross-flow velocity is increased (VR decreasing to VR=3), the high Nusselt number region
within the impingement region (Nu>120) is shifted downstream by the cross-flow. The Nusselt humber in
the upstream section of the impingement region becomes lower when the cross-flow velocity is increased.
This corresponds to the contraction of high areas of Y-component velocity contours in the upstream of
impingement region as shown previously in Fig. 9. In contrast, the Nusselt number in the downstream region
becomes higher when the cross-flow velocity is increased.

The effect of the baffle attachment reveals that the Nusselt number in the area around the baffle seems to be
higher when the cross-flow velocity becomes higher. Almost all Nusselt numbers for the case of the baffle
attachment in impingement regions are also high when compare to the case of no baffle attachment at the
same cross-flow velocity. The effect of the baffle attachment on the increasing local heat transfer
distributions on the impingement surface can be detected by two parts: (1) in the area around baffle
attachment and (2) in the impingement region.

The Nusselt numbers in the area around baffle attachment are slightly higher than the case of no baffle
attachment. For baffle attachment with the angle of attack 6=60°, the area of heat transfer enhancement is
extended. It is more significant when cross-flow velocity is increased. It can be observed in Fig.11 in the
area of the baffle attachment (X/D=-1.5 is the center of baffle attachment) that Nusselt number is higher
(compare with the case of no baffle attachment) when the angle of attack is larger and the cross-flow velocity
is increased. This can be attributed to the fact that when cross-flow velocity is increased, the circulation flow
behind the baffle must be stronger resulting in increasing turbulence intensity. Additionally the area of
increased turbulence intensity was extended when the angle of attack becomes larger due to the effect of the
extending blocked area.

The Nusselt number in the impingement region with baffles is considerably higher than the case of no baffle
attachment. Especially for the case of high cross-flow velocity (VR=3) and large angle of attack (6=60°) as
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shown in Fig. 10(1), areas of high Nusselt number (Nu>160) are the largest. It can also be observed in
Fig.11(c) that the highest Nusselt number along the centerline orifice for the case of VR=3 and baffle
attachment is obtained with attack of angle 6=60°. The increased Nusselt number in this impingement region
is attributed to the cross-flow detaching from the baffle and interacting strongly with the jet at high cross-
flow velocity resulting in an increased turbulence intensity of the jet before impingement. This can be
observed from the flow characteristics as shown in Fig. 6(b), (d) and (f). It is seen that the contours of cross-
flow velocity before interacting with the jet, for the case of baffle attachment, is higher than the case of no
baffle attachment.
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Fig. 10 Nusselt number distributions on the impingement surface (experimental results, T;=27.6°C)

Local Nusselt number distributions in the X-axis direction at Z/D=1.5 (passing the center of orifice) and at
Z/D=0.0 (passing the interval between orifices) are shown in Fig. 11 and 12, respectively. The CFD results for a
row of impinging jets with no baffle attachment at the same boundary condition as the experiment was chosen
for comparing with the experimental results, as also shown in Fig.11. The difference between the CFD and
experimental results for VR=5 and 7 is small. However, the difference for case of VR=3 seems to be large in
range of 2<X/D<5 for VR=3. This results from the limitation of the turbulence model used for the prediction
at high cross-flow velocity.

From this Fig.10, the effect of baffle attachment shows that the Nusselt number in the upstream region
(baffle attachment region) and stagnation region is higher than the case of no baffle attachment. Similarly,
the Nusselt number on the line Z/D=0 (passing orifice interval) for the case of baffle attachment is also
higher than the case of no baffle attachment as shown in Fig.12. The Nusselt number for the case of angle of
attack of 0=60° is larger than the case of the angle of attack of 0=30° In addition, the heat transfer
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enhancement seems to be more significant when cross-flow velocity is increased as shown in Fig.12(c). The
Nusselt number distributions in the upstream region for the case of baffle attachment are considerably higher
than the case of no baffle attachment and the peak of the Nusselt number graph for the case with VR=3 and
attack of angle 0=60° is clearly the highest.
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Fig. 11 Local Nusselt number distributions along X-axis at Z/D=1.5 (experimental results, Tj=27.6 °C)

4.2 Overall Average Nusselt Number The spanwise average Nusselt number calculated from the
average temperature in the range of -3<Z/D<3 at each X/D is shown in Fig.13. Spanwise average Nusselt
number distributions for the case of a plain surface (with no impinging jets and baffle attachment), surface with
baffle attachment (with no impinging jets) and surface with both impinging jets and baffle attachment are
compared. For the case of a plain surface, the spanwise average Nusselt number is slightly higher when the
cross-flow velocity increases. This can be explained by the fact that the higher velocity of air flow parallel to the
surface can reduce the thickness of the thermal boundary layer on the heat transfer surface. Also, almost all of
spanwise average Nusselt number graph, with baffle attachment, is higher when the cross-flow velocity is high;
however, the angle of attack has almost no effect on the Nusselt number. Exceptionally for the case of 9=45° at
VR=5, the spanwise average Nusselt number is much higher than the others.

At low cross-flow velocity (VR=7) as shown in Fig. 13(a), the spanwise average values for the case of
impinging jets with and without baffle attachment seem to be comparable. When the cross-flow velocity is

10
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increased, the spanwise average values for the case of impinging jets with baffle attachment are obviously
higher than the case of no baffle attachment. At highest cross-flow velocity (VR=3) as shown in Fig.13(c),
the effect of angle of attack can be clearly observed, with the spanwise average values becoming higher with
larger angle of attack.
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Fig. 12 Local Nusselt number distributions along X-axis at Z/D=0 (experimental results, T;j=27.6 °C)

The overall average Nusselt Number was calculated by averaging the local temperature in the areas of -
3D<X<8D and -3D<Z<8D, shown in Fig.14. All average values for the case of baffle attachments are higher
than the case of no baffle attachment. For the case of no baffle attachment, the average value increases when
VR increases (cross-flow velocity decreases). For the case of baffle attachments, average values between
VR=5 and 7 are comparable while the ones at VR=3 are higher than the other VR. These results show that
the effect of baffle attachments is very significant when the cross-flow velocity increases.

The effect of angle of attack on the overall average Nusselt Number shows that the average values are higher
when the angle of attack becomes larger. Especially for the case of the largest angle of attack, 6=60°, their
average values are higher than the case of no baffle attachment by about 55.3%, 29.3% and 18.6% for VR=3, 5
and 7, respectively.

11
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5. CONCLUSIONS

In this study, flow and heat transfer characteristics for a row of impinging jets in cross-flow with baffle
attachment in the upstream region of the impinging jets were investigated experimentally and numerically.
The effect of the cross-flow velocity and the angle of attack of baffle arrangement were examined. The main
conclusions can be drawn as follow:

1. The baffle attachment cannot reduce the effect of cross-flow on flow characteristics of impinging jets. The
jet flow is more deflected to the downstream region when the cross-flow velocity is increased. The
reattachment of cross-flow behind the baffle promotes the turbulence intensity in the upstream and
downstream regions of the impinging jets.

2. Local Nusselt number distributions for the case of the baffle attachment are higher than the case with no
baffle attachment. When the cross-flow velocity is increased, the heat transfer enhancement is more
significant.

3. Local Nusselt number distributions for the case of baffle attachment with large angle of attack are larger
than the case with a small angle of attack. This can be attributed to the fact that the large angle of attack is
affecting the detachment and reattachment of flow from the baffle in a larger region than in the case of a
small angle of attack.

4. Overall average Nusselt numbers for all case of baffle attachment are higher than the case of no baffle

attachment. Especially for the angle of attack 6=60°, the overall average Nusselt number is higher than the
case of no baffle attachment by about 55.3%, 29.3% and 18.6% for VR=3, 5 and 7, respectively.
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NOMENCLATURE
A heater surface area (m?) VR  velocity ratio )
D jet diameter (m) X, Y, Z Cartesian coordinates )
e baffle height (m)
H jet-to-surface distance (m) Greek symbols
h heat transfer coefficient (W/m? K) € emissive coefficient
I current (A) c Stefan-Boltzman constant (W/m? K%
k thermal conductivity of jet (W/m K) 0 intersection angle @)
L baffle-to-jet distance (m)
I length of baffle (m) Subscripts
Nu Nusselt number ) c convection
p baffle pitch (m) input  input
q heat flux (W/m?) i jet
Re jet Reynolds number ) r radiation
S jet-to-jet distance (m) S surrounding
T temperature (°C) w  wall
t thickness of baffle (m)
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Abstract

The aim of this research is to enhance heat transfer on a surface of row of impinging jets in
cross-flow by mounting some baffles on the surface. A row of 4 jets with inline arrangement
discharging from round orifices impinged normally on inner surface of wind tunnel with simulated
cross-flow. The orifice diameter (D) was 13.2 mm. The jet-to-surface distance and jet-to-jet distance
were fixed at H=2D and S=3D, respectively. Four couples of baffles with V-shaped arrangement at
attack angle, 6=30°, were mounted on surface in upstream or downstream of impinging jets and the
location of baffles attachment is L=1.5D apart from the jet impingement region. The velocity ratios
(Jet velocity/cross-flow velocity) were varied from VR=3, 5 and 7 while the jet velocity was kept
constant corresponding to Re=13,400. The experimental investigation was carried out for heat
transfer characteristic by using Thermochromic Liquid Crystal sheet, and heat transfer coefficient
distributions were evaluated using an image processing method. The results show that the impinging
jets with mounting the baffles in the upstream region of jet impingement region can enhance the
heat transfer rate throughout VR.

Introduction

Impinging jet is widely employed in many thermal industrial applications, such as cooling in gas
turbine components and electronic device, because the heat transfer rate under impingement region
is high. To obtain uniform heat transfer rate in a large area, multiple impinging jets are usually
applied. For multiple impinging jets in a confined space, cross-flow occurs from accumulation of
spent fluid or impinged jet in upstream region. Downstream jets, subsequently, interact with cross-
flow resulting decreasing its momentum before impingement on surface and decreasing its heat
transfer rate [1, 2].

To minimize the cross-flow effect in confined channel, the jet impinged wall was drilled with
some effusion holes [3, 4]. Elongated orifices were replaced to conventional round orifices to
reduce attacking area on jet and cross-flow [5, 6, 7]. Mounting baffle on a heat transfer surface
associated with impinging jet under cross-flow was studied to enhance its heat transfer rate [8];
however, the effect of cross-flow velocity on heat transfer characteristics of impinging jets with
baffles mounting is still unclear.

In this work, the heat transfer characteristics of a row of impinging jets with mounting baffle on
a heat transfer surface was investigated at different cross-flow velocity. The effects of position of
mounting baffles in upstream or downstream region of the impinging jets were also examined. In
order to evaluate the heat transfer distribution on the impingement surface, Thermochromic Liquid
Crystal (TLC) sheet was used to measure temperature distributions on the surface.
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Experimental model and parameters

Figure 1 shows the detailed experimental model using in this study. The experiment was
conducted in a wind tunnel with rectangular cross section. A row of 4 jets were discharged from
round orifices with inline arrangement and impinged on an inner surface of rectangular wind tunnel.
The orifice diameter (D) was 13.2 mm, and a jet-to-surface distance (H) and a jet-to-jet distance (S)
were H=2D and S=3D, respectively. The velocity ratios (jet velocity/cross-flow velocity) were
varied from VR=3, 5 and 7 while the jet velocity was kept constant corresponding to Re=13,400.
The baffles were made of acrylic plate with 3 mm in thickness, 5 mm in height and 10 mm in
length. Four couples of baffles with V-shaped arrangement at attack angle, 6=30° were mounted on

impingement surface in upstream or downstream apart from the impingement region of each jet at
L=1.5D.

I
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onsideration area\ Z : D=13 2 mm
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(a) Side view (b) Top view

Fig.1 Experimental model of row of impinging jets with mounted baffles

Experimental setup and methods

Experimental setup. The schematic of the experimental setup is shown in Fig. 2. The
impinging jets were generated with blower by introducing air through a temperature controlled
chamber, a calibrated orifice flow meter, a jet chamber and a jet orifice before entering the test
section. The simulated cross-flow was sucked from the inlet chamber through the wind tunnel by
another blower. The cross-section of wind tunnel was rectangular with height of 26.4 mm (H=2D)
and width of 300 mm. The length of calming section of wind tunnel was 200 cm which was
sufficient to achieve fully developed flow before entering to the test section. A Pitot-static tube was
located upstream of the test section to measure cross-flow velocity. For all experiments, the inlet
temperatures of impinging jets and cross-flow were kept constant at 27.6°C. More details of
experimental setup have been discussed in previous study [8].
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Fig. 2 Schematic diagram of the experimental setup
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Heat transfer measurement. The wall temperature on the impingement surface was measured
by using TLC sheet that attached on the rear side of jet impinged surface as shown in Fig. 2. The
heat transfer surface was made of stainless steel foil which having thickness of 30 um and was
installed between a pair of copper bus bars. The heat transfer surface was heated by DC power
supply through copper bus bars. An electrical energy dissipated in the stainless steel foil can be
determined from

. I”-R
qinput = A ’ (1)

where, [ is the electrical current, R and A are the electrical resistance and the area of the stainless
steel foil.

The jets impinged on the heated wall within cross-flow for cooling. The local heat transfer
coefficient by forced convection of the impinging jets, h, can be evaluated from

q.' r qr - qc
h — mpu , (2)
sy

where, ¢, and 4_ are the heat losses to the environment by radiation and convection from rear side

of impinged surface, respectively; T, and Tj are the wall temperature measured with TLC sheet

and jet temperatures measured in jet chamber. The CCD camera was used to capture color patterns
on TLC sheet, and the color patterns were subsequently converted to their temperature distributions
in range of 28-40°C via a calibration curve. The local Nusselt number was calculated

Nu :7, (3)

here, D is the diameter of the orifice and £ is a thermal conductivity of an air jet.

Results and discussion
Nusselt number distributions on impingement surface are shown in Fig. 3, and it was also shown

the overall average Nusselt number ( Nu ) that calculated from the overall average temperature on
the impingement surface. Generally, the Nusselt number is high in impingement region and low in
upstream region due to cross-flow effect. The regions of high Nusselt number decrease rapidly
along upstream region (X minus direction) and decrease gradually along downstream region (X plus
direction). In addition, the areas of high Nusselt number are found in region behind mounting baffle.

The extension areas of high Nussselt number behind the baffles for mounting in upstream region
are larger than the others under the same VR. Esspecially for the case of high crossflow velocity,
VR=3 as shown in Fig. 3(f), the Nusselt number distributions in upstream region are higher than
those without mounting baffles as shown in Fig. 3(c) and with mounting baffles in downstream
region as shown in Fig. 3(i).

The Nusselt number distributions in impingement region for the case of baffle mounting in
downstream region are lower than the others at the same VR. This can be explained that the jets on
impinged surface were blocked by the mounting baffles in downstream and mixed stongly with
cross-flow. This is contrast to the case of baffle mounting in the upstream region. The heat transfer
in upstream region of jet impingement become higher due to effect of baffle mounting. The baftle
mounting in downstream region can promote the local Nusselt number in region behind the baffles.
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The overall average Nusselt number shows the case of baffle mounting in upstream region are
higher than the others throughout VR. It can be noted that these average values are higher than the
conventional case (without baffles) of 2%, 6.82% and 20% for VR=7, 5 and 3, respectively.
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Fig. 4 Spanwise average Nusselt number distributions (T;{=27.6°C, Rej= 13,400)

The distributions of spanwise average Nusselt number that calculated from the average
temperature in spanwise region in the rage of -3<7Z/D<3 are shown in Fig. 4. The distributions are
decreased more rapid in upstream region and the peaks of average values were shifted to
downstream region when crossflow velocity increases. This is due to the strong interaction with
cross-flow in upstream region [8]. The peaks of average values for the case of baffle mounting in in
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upstream region are higher than the others at the same VR, and the peak of this case is the highest at
VR=3 as shown in Fig. 4(c).

In addition for the case of high cross-flow velocity as shown in Fig. 4(c), the average values of
baffle mounting in upstream region are apparently higher than the others. The apparent high average
value of this case starts from X/D~=1.5. This location is identical to the location of baffle mounting
at upstream region. It should be noted that the effect of baffle mounting in upstream region for the
case of high cross-flow velocity, VR=3, can increase local heat transfer more than the case of low
and moderate cross-flow velocity, VR=7 and 5.

Conclusion

The major findings for the present work can be summarized as follows:

1. The heat transfer rates of the impingement jet with mounting the baffles in the upstream region
are higher than that in the downstream one.

2. The overall average Nusselt number for the case of mounting baffle in upstream region is
higher than the conventional case (without baffles) of 2%, 6.82% and 20% for VR=7, 5 and 3,
respectively.

3. The effect of baffles mounting in upstream region for heat transfer enhancement for the case of
high cross-flow velocity, VR=3, is stronger than those the case of low and moderate cross-flow
velocity, VR=7 and 5.
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A>3

a A A do ' A A a Aa o o
qmﬂgwuuwumm@mmmumaﬂﬂﬂmﬂam@mama, C

—
® ©

a = o
am%ﬁwﬂlﬂ\‘]lﬁ]‘ﬂ, C

q
a a% o o = 2
3] ﬁ&lﬂizﬁ‘ﬂﬁﬂqiuqﬂﬁqwiﬂumﬂﬂL"D‘Yl, W/m ~OC

D D D) Dp Dp

=~

3.1. M3awImA1a NN LaiLkwaw (Uncertainty Analysis)
3.1.1. aranalaubnanvasnszualnia

NMIENI AN Ll U I T WAl Ta N U FUW T AT NI

dNu)  2I-R-D
di  KA(T,-T) (.5)
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9.1.2. a1ad Ll ukwawzasaNa N IR NN zasudwaLABLaE
NNIAIWI AR LU LU WA BT IAN AN AWV DI L LA BLAR b

ANMUFNNUTANNINAT

dNu)  P.D
dR  KkA(T,-T)

] 1 ] 1 6 eAaa
3.1.3. ananalauknanzasamiadwiinduwdnasaassna
mi@ﬁ"}mmmm'm"l;iLmuaumawm@Lﬁumug{uﬂ’ﬂma aaTInRlTAIW

FUNWTOUFUNNT

dNU) _ (P)(R)
dD ~KA(T,-T)

(2.6)

1 1 1 s a £ o
39.1.4. ﬂ"lﬂ')"l&ﬂ&lLL%%@%“JJ@\‘]ﬁ&lﬂi%ﬁﬁ‘nﬁﬂ']i%’]ﬂ')"l&l%ﬂ%ilﬂ\‘iﬂ']ﬂ"lﬁ

L a ﬁf o v 4
NITAIWITUAN ﬂ’)WNVL&JLL%%FJW'lI AEGENIRE S AR RY AP RER SR aﬁﬂ"lﬂl"ﬁ

ANMUFTUNUTANNFUNIT
A _p R (-0 Z- A (T, -T)* @)
dNu)_ —F-R.D .
dk  k*-A-(T,-T) (2.8)

9.1.5. @1and Ll ukawaasnwnuasNniuantlaauausow
MIFWI AR bl b saupaIN wNVaINBRILANLL R suaNTa Ul TAW

FUNUTONNFINMT

dN) _

-1 -2 -1
A ‘R-D-k* (-DAZ.(T,-T) (3.9)

d(Nu)= -PP.-R-D
dA k'A2~(TW—Tj)

(3.10)
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9.1.6. cshm'mvlaiuﬁ,ua‘ufumqmwgﬁnuﬁuﬁ’sﬁ"i’mmmtﬁumaﬂu‘[ﬂiﬁﬂaﬂfm
ASEAR
. . . A X oA de .
msmmmmmwvl,mmuaumaaqm%nﬂuuuwumm@mﬂLqumaﬂwIm

TARAINASRAN LTANURNANUTNNFNNNT

d(Nu)
dT,

=P-R-D-k*-A™*-(-I)(T,-T)? (3.11)

dNu) _ -P-R-D
dT,  k-A-(T,-T)

(2.12)

1 1 1 a [
9.1.7. ﬂ']ﬂ')"l&ﬂ&lll%%a%fﬂa\‘l qm‘lﬁﬁ&lﬂa\‘] 1IN

miﬁwmmﬂ'ﬁmmvlu'LLuuaumaaqm%gﬁ"uaaLﬁwlﬁmmﬁ'ww”uﬁmmumi

d(Nu)
dT,

J

=P-R-D-k™ A" (-1)(T, -T)*(-2) (.13)

dNu) _ PP-R-D
dT;  k-A-(T,-T)

(3.14)

9.2. NMIANWITLAIA NN LA LR BO WD DIF LT AR IS

mMydwImann laininausaInrGaduaLas (Nusselt Number) vin'le

%

Tagnisnd1any liwinaunaaIad LLﬂmﬂéﬁ AN RINTTDAWI DA AR I

_d(Nu)  d(Nu) _ d(Nu)  d(Nu) _ d(Nu) d(Nu)  d(Nu)

NU="G *"dR " dD ' dk ' dA ' dT, ' dT

(3.15)
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