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ABSTRACT

The aim of this research is to increase the heat transfer on the impinged surface by modifying the jet
outlet geometry. To decrease the effect of crossflow, the orifice geometry was designed from round geometry
to elongated round geometry. The experimental investigation includes the effect of aspect ratios AR=1, 4 and
8, the jet arrangement in the case of inline and staggered, and the attacking angle between jet and crossflow
0 =0°, 15° 30” and 45°. The diameter of round orifice was D=13.2 mm, and the equivalent diameter (D,) of
elongated round orifice was given in identical cross-section area of round orifice. The jet-to-plate distance and
jet-to-jet distance were fixed H=2D and S=3D, respectively. The Reynolds number of round jet was fixed at
Re=13,400, and the equivalent Reynolds number (Re;) of elongated round jet was equalized to the flow rate of
round orifice. For the heat transfer measurement, the temperature distributions on impinged surface were
measured using thermochromic liquid crystal (TLC) sheet, and the Nusselt number distributions were
evaluated by image processing technique. Flow patterns on the impinged surface were visualized using Oil
film technique. In addition, the flow characteristics were investigated by CFD (Fluent). The standard k — &
was adopted for turbulent model.

The CFD results show that the crossflow velocity at downstream is higher than the crossflow velocity
at upstream, so the effect of crossflow on the downstream jet is stronger than the upstream jet. The decreasing
of effect of crossflow in the case of AR=4 and 8 with & =0° is better than the case of AR=1. The areas of high
velocity that impinge to the surface in the case of AR=4 and 8 with @ =0° are larger than the case of AR=1.
Corresponding to the Nusselt number distribution and flow characteristic on the impinged surface by oil film
technique, the areas of high Nusselt number and areas of oil film that illustrate the boundary of impingement
region in the case of AR=4 and 8 with @ =0° are larger than of the case of AR=1.

The effect of jet arrangement shows that the heat transfer rate of inline arrangement is higher than of
the staggered arrangement for identical AR and attacking angle. For the effect of attacking angle, the heat
transfer rate at on the impinged surface was decreased by increasing the attacking angle.

The average Nusselt number of AR=4 with inline arrangement and @ =0° is the highest. This
average Nusselt number is higher 6.04% than the case of AR=1, and the average Nusselt number of AR=8
with identical jet arrangement is higher 5.54% than the case of AR=1. However, in the case of AR=8,

staggered arrangement with @ =30° and 45°, the average Nusselt number is the lowest.
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Tnanvualfidnusazawssuingudes 45° TUwNy +Z uas —Z AIuA

o

ALl

NEMI4UANNIET VR=5 aNnNANIT

a a ] o A @ = ) ] % & A A
V]ﬂ@ﬂ\‘im’]NV]LL’Nﬂ\ﬂugﬂV] 1.13 Wuqqﬂqﬁ‘@ﬂl@ﬁl\ﬂl@\?L"TV]NN@G]@T]’]?Q']EILWﬂQﬁQJ?@uUuWuN’JWL@Wﬂﬁmuluﬂi‘zuﬁiﬁ@

AnABudinamIn NetiresnsdnBenrednuuLEeudesiuininstismauFaugeuarisnnmnisingman

SaugelauIAN3NNI T MEUAUNNIAA FEN T AANULLERNUULAEL W WaNAINTEINLAIN193A FENT89LaN UL

= d” o = ° v a o tzll o o 3 1 v 1 o A =3
Li‘ilx‘iLﬂ‘ﬂﬂﬂu’ﬂzﬂmZWl’]IW,ﬂﬂﬂ?ﬁLL’&‘MHu’Ju‘M@\WWﬂV]ﬂ?ZLL’&i‘Vi@[ﬂﬁﬁm’lzﬂ‘uL@V]V!\‘i‘ﬂuvl,mg‘uLLNﬂQ’mﬁi‘ﬂﬂL??_I\‘i‘ll‘ﬂ\‘iL"W]

WUUFe LR (309 1.14)
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Crossflow

Crossflow
@) (b)

(N) NI ELNTNANULL FEUUILRL Y (1) NIAA LIV NANUUL LT DAY

217 1.12 uanaluman g lun1meaasszed Nakabe wazAny [17]

il

Crossflow direction ot
— “ Crossflow direction

I 460 500 15 T Nu
420 - 460 1| 065 -- 1200
380 - 420 10 930 1065
340 -- 380 5 795 -- 930
300 -- 340 = 0 660-- 795
260 - 300 N - 525 - 660
220 - 260 - 390 - 525
180 - 220 -10 255 300

I 140 - 180 -15 120 - 255

100 - 140 20 -

0 10 20 30 40 50 0 10 20 30 40
x/d x/d
(N) NIABTLNTBNANULL FEUUILALTY (1) N9IVAFENVDNINUUL DT RAT

U7 1.13 WARINANITNARBINTTNEINANFDULILAUNITEY Nakabe UazAME [17]

s

-15 -10 -5 0 ] ., 10 18

(N) NI9AFLNTBILANULL FEUUILRLQ Y (1) N19ARFeraAdNLULF i aaiu

sUT 1.14 ULanu9AmeiNT IaLLLTNUILATINL v-z RN x/d=20 [17]

il q

'
a @ 1

9 =2 2 A a PRy
Sparrow  WarAE [18] 19]ﬂﬂ‘]:f”]Nﬂﬂﬂﬁizﬂz@qﬂﬂ’]ﬂm’]\i'ﬂﬂﬂ"ﬂ@\iL’QV]E]\‘IWLLN'W]L’QV]W\WM (H) nupans

q

o |
a o &

1 U [~ o v lﬂl (=3 =& =4 1 1
deamanFeusasdanlunszualnadaniglfiteulaszazainiinniseanaaadnieiuiionannerulugos
H=3D-12D (lne D AerwaduuAnINa w89 INN9eenidn) wazdnsdaunanduoalutos M=4-12 anua

nsAnEINLgn netidRdeunanduoage (ludea M=8-12) svezaniinniseanaaidniaiuionianwasun i

= o

Auilse@ninisniannFaugeqaatludos H=5D-6D uazlunsdindnsdsunanduoasi (M=4) szazainilin

a

N1panIeuantsiuioNdnerun liidulszdnsnisniaansfaugegaazanasaslugag H<3D Auanelugild
o :/l =< PO @ | dyl a dl I3 1 d’ d’l [ v =3
1.15 Aatiuasaglfdnszezaininniseentesdnisuionidnnsaunmanzanazauag fulaseadezeuanlu

nIzua IaAANINITUNUEY



11

8l—
10

6 8

44—

2

(=]
sl=

HID
gﬁ*ﬁ' 1.15 m@‘uﬂ\mmvﬁwuﬁﬁﬁiﬂ@”mﬁszaw%rmiwwmm%ﬂuzg\m;m [18]

Seifer waz Shemer [19] lAntnanmmznsinazesinlunszualnasin e euiaulnmmeeeniind
Antirfnaenan (Round) uazaananena (Elongated round) muﬁi%mmﬂugﬂﬁ' 1.16 lun1maaedlsldidnaduin
adlulunszualuasin hananimaaesuansegluglaaspuidiuiiusesnguaiuilalunszualuadnanui Ly
wansluglil 1.17 anuamsmanesadn nedlidagUuuntnnseenvaadnuunasnangalpainuunlidnuen
gunuiuianensivasesnszualuasn azduavinlidnvanzqdinlhlunssusnadalfunndinsdizes Sniia

o

Y A @ A o dAa o o & Ada .
PRIFANNAN LUBIRINEANNANUBANNIAINTIRANNNTNF AN ANE1IATHIT0AANRANNNTU LN IEUINNTZUANTS

uaratanuaznIzualuasa

/D=

. D] D/2

7

i
L

U7 1.16 ugpanmuzinmeaniinuiifinaanasLazaenaneg (Elongated round hole) [19]

]

ol
18
L
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g
T
] __‘___‘/&—-u"'.—-
| UV T NrUE
L B S *
s x
S M F._.- ---@i-g--g-.g.-9--B--@--0-t@. g ~a- -
o o

z-mCrm@_‘_
11— (D-=-
S I

10 11 12 i3 14 15 16 17 18 19 20
XD

U7 1.17 uanssumdiaesnguadu (1An) Nluanzqnazualuasia [19]

New wazan [20] tiAnEaneauznisinazeasnlunszuavasinlngfansnnnaresdnangaunannea
ARAINNANT (Aspect Ratio, AR) 2a4tlinn1seanidniidluntindnuuuad? lunisdne lEnuualisnsgaunanu

#196laANNINTeeNNNINeaNiaN AR= 0.3, 0.5, 1, 2 uaz 3 AMNNaNIIMAAelugLA 1.18 wudi drnniseen

' >
@ A v A

EnnidAn AR=3 iinannsnluanadnllunszualuasalinnnndndaulsaws uaziled AR anaa finliinuanfia
nslenssrminaaniarnszud MasmANNInIY denan lidninan1anisvaaaniuiAnnenisinaaednssig

TuasanInu

Minor-axis.

Msjor-axis
Major-nxis I*l—-i Cross

P = - Diameter
IN

* Major-axis

(n) AR=3 (1) AR=2 (ﬂj AR=1 (¥) AR=0.5 (@) AR=0.3

19 1.18 uansanmoirnisvaseadnlunssualuasa (VR=3) [20]

2ap
=

Geers uavAMY [5] HANIHNATD9982W9AINLUINNIBBNANTNAURITANNITW (H) wazszayi

J =3 = 1 =3 dld v o 1 d’l a o 1 1
szudathnniseenian (8)  lunsalreanguidaniividnsenannssuinuns Inedmunstaziteszudnelin
@ K d’l a d' I3 1 [l ] A v Il s @ 1
NBNANIENUHANANNaTURE lUTae H=3D-10D (D AfduNIUALENANTILNNINEBNIAN) LATITEEUNN
sendnaianag ludag S=2D-6D AnnmsAnE LNy H=3D-6D dRsn1stnmAsFauLuiuiagand sy
H=8D-10D A& MFuNar8IFauls9E8eUINTENINEN WUTNsTEL S=4D UFNRSRINIItamANEaugeR

N '

NUNNANNIINTENTEEY S=2D wazipaudanalun1stnemaAnNtauNINNdININTEey S=6D
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Corrugated jet plate

NN

Corrugated Crossflow Impinged surface

(N) ANBUSURILENILLLARY (Corrugated jet plate)

S/D=5, D=3.175 mm
—>i —
2 3 4 5 6 7 8 9 10 \L 1 2 3 4 5 6 7 8 9 10
Y H/D=3 Y
L SR i '
X X
(1) wuURRAYieeN9AaN (Extended port) () wuuTanviaanqaslulaed (Variable extended port)

U7 1.19 uansaneuzvinanildlunimeaassaes Esposito [6]

150 T T T T T T T T
Baseline
Corrugated 4

A
—- B Extended Port
L

130 Crossflow Variable Extended

140

120 | i
110 | . & 8
100 T v .
90 |

80

Average Nusselt number

70

60 | I

Jet position

U7 1.20 uspeAniadaminiuefieaafisuwiaesduinanneanidnusazan (Re=20,000) [6]

1
a a 1 < i

Esposito [6] lAAn#nmscnamanfauuuiuiininguiannsry Inasanuuuganaaesliainninan

Q q
v '

uansENUAINNIzua lnaiaiiudnsnistamaabauuuiuiio dAniuganaaasilfeanuuuiainansue (1)
wiwdniduunuaen (Corrugated) muliuandlugld  1.19 () luniseenuuulininuaiiAnienisinases
anAnasanTuiuia lnefsduenialiiluassnmudesiiiuasusuiuiuiiAnianisuaresnssuaauiia

danannliinszualuasinsuniunislvareanszudidniiasad (2) lHeanuuuliiaadluwuuyiesnqaen (Extended

'
a a

port) AuAlAuanslugiin 1.19 (1) nseenuuuludnemziinatinaniliidinnsesnidndueanIndiunuion

'
o

ANWITUNINTY UAY (3) uuuRaviennalinsh (Variable extended port) anuiliuanslugii 1.19 (a) Inadivie

Q

' v
o = o

MaaNggAarRnfeiulaten1enislnaresnszualvasn wenanfidslfeenuuuganaseaiuuuy eafiila
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595:A7 BN FILAEUTLNANIINAREITBIATNNIRNIN ANHANTMAAeLAndlUILN 1.20 Wudrganaaes

@

= o , e v . P & a : i ¥ o e A A
'VILﬂuLLUﬂJﬂQﬂmV]ﬂﬂ’]QVLNﬂ\TWIVIﬂm?qﬂqﬁ‘ﬂqﬂLV]ﬂq’]N?ﬂuUuWuNQ@j\?ﬂ’lqﬂﬁ\mﬂu’] ANLAIUNFLUUIUIDAN 7 LAY 8

A

Wasuuuviesaaliidnanistnemacinieugign duiunsiizeseafinasssnaniidnanistamannuieu

vuiuRafndmnneil adelsfiniunisesnuuugannaeses Esposito [6] MeangUuuuideidefeinnann

o =3 '

suannneuszuy Wesanidoundusanuinialugesssundnauudnuas iy

Chiu wazaniz [21] TivmsAneuasesgiireeilauunadiiilsenisinamanseuuuigalunsd
nauzeadnvsrulan lganaaasmuiifuandugil 1.21 drusuArsnmdauanugnaunuudnsefasagiueng
W18 AR (Aspect ratio) meveafinagladegludas AR=0.5-4.0 Taan19dnGEevaewinanduwuuunn (Inline)
3x0 &1 mudilFuanslugdl 1.22 (n) u@ﬂmﬂfﬁumimm@m%ﬁmamwmmgmmug Film cooling Uunikaen
varu Inausazgilaunaduninugudngns 2.5 mm wasiansnnuaesn1adniiesess Fim cooling AuiLLANNT
VL’m’me‘Lugﬂﬁ 1.22 (1) AINNANIINARBINLAN Aauds AR ﬁmm’@ﬁmmmidwmmw’éﬂuuuﬁvuaq Tnefigmsnng
n'wmmm%ﬂuuuﬁvuangmmLﬁmzﬁlﬁﬁmﬂa AR=1.0, 0.5, 0.25, 2.0, WAZ 4.0 AINAIAL AINHANTIMAGEITAATY
iHasannniseenuuuesganaaesiilFtuunliinusazgreseefinaiidnemnisluans anaitlvadiadiesin

= ¥ v 24 4 o AJ d‘ v v o aa q’/’ o
AINA umﬂmmﬂﬂfmmqmzjmummmumwnmmﬁ mmmﬂ'wyl:wamu‘Luumwnmmﬂwﬂmqmmﬂnm

a
o

20504 v IeasWaiagRnuuei usiunianisua (Fruniiaestiesinainid) H8nsnisluaninndneasinan

U

agfrularanienisiua (Fruvdseesdiesinainis) daaliieafiWanesnuuuliigins AR=05 uay 0.25 1

e a

gmansangmANFauLLNWEININNINee5 AN N AR=2.0 uaz 4.0

|
® S
| " ¥ ¢
= ® | oarm —4b
= Airout == 71 = — Air Out
= \
T | | ’ ‘ )
@ (o @Y
|_(C)
(a) PC+Frame Grabber (b) color camcorder
(c) hot stream generator (d) honeycomb
(e) settling chamber ) channel
(2) thermocouple (h) pressure chamber
(1) impinging jet orifice plate Q)] impinging chamber
(k) impinging target surface coated with thermal liquid crystal

U7 1.21 usnegiganaaesuee Chiu uazAme [21]



15

{

15.4mm 7.7mm

(@) ! o .

(a) AR=0.5

°
LOZ.Smm

o O O
o O O

0
0
0

o O O
o O
o O
o O

o
0
0
0070 .
o L0000 AR=0.25

300 mm
10.0mm 10.0mm (b) | |

(@] O ©0 ©
o 0 O O ©

o |AR=1.0 OUmm L.
30 mm 100 mm
o 0 O 0 0 O 0O . . s . B N s N

15.4mm

o o O O

2.5mm
£ 2

L]
[ ]-"7.5 mm
¥

[ —
L e a—
Lt —
L - —1

O

(c)

O

OHO
o 0

7.7mm

0
0
0
0

t
I ] i L3 i3 T i 11 i ] _7.5mm

AR=2.0 |

(©) | UL |

0
0

(d) CcCo oo oo

0
0

O O O O O

0
0

o o o

0 mm | 1100 mm

6.8mm 27.2mm 01.5mm
30 mm

(e) oS | 100m . . o

oo TSI T=4.0 o ° . B

2.5mm
I—- 300mm -J‘ I =ls
1

] 7.5 mm

(n) N34 FENU2999 5304 AR=0.5-4 (1) mﬁm@mmmgizmﬂmmﬁLL‘uu Film cooling

917 1.22 uaninn9dnBeern90e HHALAL Iz UNA9NA Film cooling ULALRAAEM WY [21]

Tuuddaimaaiu Chiu uazatue [21] linn1sAnsnagesszazaintnniseaniandsnuioNaneaun
a ' 2 d” a P @ K d’l a dl =3 i
HrianistnemanaFauLiuie lunimaeaeslinmunszaraindinniseanidanieiufiaNidnyeeu H/D=1.5, 3.0
waz 4.5 Ine? D Aedul ugudnasresinnweandnutindnenan U7 1.23 wanenianszana1edaiadias
WNwe FUBNUEA AT UAINULIUNUY X (Wuafian1enisluadinzesenia) aangthiluAinisnszaneiiadasiiu

o o - e o ad A , =
\weinAnmNuuAuinaaesee HNaNegunanans necineuly AR=0.5 uazilg Film  cooling  tfuuuuung
AnFeelunwangaiuuuiutonEneme (W B s liuanslugdi 1.22 (1)) anwanismaaeanudn neeii
1% ' [ d” a o a v o ] dg' a A I3 '

se8y H/D=1.5 arliin1sanginAnnuiauLuiuiegegaiema uiumaulsssazaindinnisesnianieiuilionianss

= ' P & a P I A a <
‘ﬁu'ﬂu“’l memimﬂmmwm@uuuwum%@mmmmwmmﬂ’mmq@@ﬂmewumm@wwwummu
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lzo T T T T T

100 | m 4
r 1 muddle type tglg.et plate

- [ —— H/D=3.0 ]

©~ H/D=4.5

Nu_so l
40 4
20 | 4
/
0 L R L . "
(1] 5 10 15 20 25 30

U7 1.23 wansnaresszazaIndinnieanidaniieiuiioNdnystuninaseanisnszaeiadafinweflunuauny

il

'
2

X Ndauly AR=0.5 n3eliil (a) waz Re=30,000 [21]

ANANTNLNIWANANTNIINFITENUINN T Iad AN an1 lin1787emANNEaULIBNUR 18 aN U AR

dJ | o o Y @ al o [l d” a 1 =3
NWNANAAAN BINL‘]J‘LLN@N’W’]ﬂﬂ’ﬁﬂxﬂi‘ﬂ‘ﬂ\‘mi‘&m‘lﬂ@ﬁ]m/]’ﬂ‘ﬂlﬂ‘ﬂL@HIMLNHMNI‘LAﬂW‘JWQ“ﬁuW‘HNQ ﬂEI’]\'ibLiﬂﬁﬂﬂJ@’]ﬂ

]
a o

AfeRduNn nseauuuulfesHNadudnezatanunisiuareanszua uafnaiunsnanuasaenszudlua

Fnld [wuanuddaree New wazansy [20] NeanwuulfieaFinailluiuuadd waradsue Seifer way Shemer [19] 7

' v
vl o = a o aa

sanuuuihnniseenidniiansnizamnanenn fwnuddaiiuuaaafiazeanuuliise HHaddnsozaainansin
amiulilunstineadnuuungu weanuateenszuaiadnuaziudnsnIsaamaAFauLLNuEe uananies

IHAnwnaresNlznzsvdnanszua lnasnuasanLLLN AN

1.4 T9UsraIAraNUIAY
= . c o o = e o o
1. Anmuazesgliatinnisesnidn dneurnisdnEesreadn yulinzssndiadnuaznazualnafnidl

o

FOANEIUENNT MALAZNNIANNANNTEUIBINGHIENULALRY

'
¥ o

=2 1 VU < d’ a d” d” a d’ =3 1 dl Y @ aa |
2. ﬂﬂ‘i&t’?ﬂ@iﬂﬂ’]iﬂ’]ﬁmﬂ’ﬂﬂiﬂu"ﬂﬂx‘lL@WWLﬂﬂﬂJuUHW%NQVlL’QWWQ“ﬁu WaldianniuiimAnilussnanain

UNANUTNAALLUNAN

1.5 AAULUAUDIUIRE
1. AN HATBIERINEIBAINNGNIHBAIINES (Aspect ratio, AR) 1991/ INN198BNLENULILINNANENINI G
AR=4 uaz 8 tasnuunaliinunuiidanseanidnasiuazilasuilasaaunitauazannugeaesiinnisesnian

wazi Bauisuiunsiiresdnuiindanan AR=1

b4
o o o ¥

- ad : . voo A a

2. Anwnsainananiinneesnsienuiianiuniiiaunsadiaun e ludesauntihdn dvasniuiy uas
Amualiiszeziaintinniseeniimdsnuionidnnsruaaidu 2 whreaduinuguanarseadnuiifnnan

3. AnwnaiENNgNAaIUINNANAET 4x6 A1 ARFaaluLuLwaaRaiY (Inline arrangement) LAY
= d’j o
LTRINLLLILILEINNY (Staggered arrangement)

4. Amualiidhsnisluasesdnasiynnimaaas duiuAnsdiuafinwefinauwinniuualimany

Re,=13,400 (Ananauizatedaninniseanianuazaiaduriugudnataiiaumin
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5. Anmansuznisanamasseuuuiuiialne utwnesluanainmsasa (Thermal liquid crystal
sheet)
6. AnEan®TNT IMaTe AN LU URR Iaa 1R FNANTIN T (Oil film)

7. Ananmouznisivareadning 1 lsunsnAuamnanariansaes g

1.6 Uszlegunaninazlasy
1. imsudawanssnuressioudssing) nlnasengfnssunisivauazanemiznistiiamanauuuiugg
1aainuihfpaanaNeng
2. anwnsatihdieyanlilleenuuuszuuviseginaninisiiaansbeurizassunemnnufeunitlsz Ansnings
o A ] v U I 4 a 1 v
wazwRnziunslieu du nsliiaesbewteszuaansfeulugnavnssundnuiulave nsszuneANteu

wesluipuiameslud nsssunaansfenluginanididansetind uazvinmieuuuuldidinenidben



18

uni 2

TANANDIUAZTUABUNIGIAE

Tun? 2 aznanmiengavaanaiuineanimeaes Aan1meaesiasiianlanimaaes 4 miunis
naaasazuiveaniiuassdou douusniflunisAnenistramanateuuuiuienanysruiosuiumafiuaain

a o =2 o d” a lﬂl =3 1 % ada & 09/ o
mmmLL@zmsﬂﬂ‘m@m:rm:mﬂmuuwumwwawx‘iﬂnummeWMumu

2.1 Tuwnauazaawlsnldlunisnaaag

g 2.1 wamalumanlilunimeses anglidniluassnainguuudueefsdansmunisfiuasediinly

Ll

v '
o =

QAN TmElL*fiwﬁ\imﬂwiwuﬁwuﬂm:W@ifmﬁqLﬂum:l,m”l,mﬁm (Crossflow) uazlvasannietesdi ltmun
dwiugluuunisdndasenguinuinilusesdnenizie uwudaauuaiantu (nine) wazuuuBaadaiu
(Staggered) muﬁihmmlugﬂﬁ 2.2 dwsszLuRAnR 1 luntmmaseafluiin Cartesian coordinates Ingfiuni
X agfluurrasmnszualuaia unu Y agluuuafaniundeiidnven wazunu Z agluuustesseaintuumanis

luareanszug lvasin

S/2. S=3D .
Orifice plate

L il el =

Impingement plate

317 2.1 uanslumanlilunimases

1 2 3 4 5 6 et 2 3 4 5 6
00000 eI R
<> <>
Confined jL,@ @ @ @ @] W Covr;iilrl:ed LZ’XC*} @D@ @ @ ]S W
Wl D00 6 6 o o o s
\/S/Z@S s s S S s 55 s
' pysd) 6? @)

N

$=3D Si2 S/2 $=3D

(N) WULEENLULALRY (In-line) (1) uuLEeEiesiu (Staggered)

g'ﬂ*ﬁ 2.2 Lm\iﬁﬂwm:mﬁmG?awmﬁwmim 4 x 6 109 (D=13.2 mm, W=180 mm)

ArusuNaulanldlunisnaaasina

1. Anwnzaesee HHadluluLIaUR (Square edge) HAuuWT 2 mm laefigiingaesinniseanian

Y o 1 o

wiazuuuAmua lidawaresiunniidawintu (137 mm?) munliuanslugl 2.3 wwuusnuiisaananawin

WunuAudnats D=13.2 mm LLUR@eaniindAenaNea (Elongated) Inafignsdauanuninasananneng
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AR=4 uaz 8 Ineinuualiduluguina1aieuwin D.=13.2 mm A UFLIHaIBEATEIANNNANUAZAIINE Y
20900 NALaAI A9 2.1 Tun1IRMUARILU I8 RTIEIUAININNENARAINE1ITR9 I NA LU N AN e 2 1

o

TunsAnsdudiesdiu iwasandslifianuidenldeeHasnuursainanililunsdiidnnau

Crossflow >

(n) MiNARNaNaN AR=1 (1) NENAR9INANEN AR=4 (1) WiNARaNaNENg AR=8

a

717 2.3 uansseaziaungiiaeseaiiva

a

AN3799 2.1 LEANINEIAZIRATBIRRTINA

Lmm) | Wmm) | Amm’) | Dg(mm)
AR=1 13.2 13.2 136.85 13.2
AR=4 24 6 136.27 13.2
AR=8 33.6 42 137.33 13.2

2. TuN199n TN TANNAIANHIE (1) WWUBEEUWIRELTY (inline) AxAlFuandlugn 2.2 (n) was
I Ay o - . o
(2) wuu@EeNiEiasiy Staggered  anliuansluglin 2.2 (1) A mFuszazvinaszndiadnainuianisiuanas
uwassaniunsnazesnszuauasaiAnviniuiiacuneg 3 winresduduguinaisaestnnisesniianuiisa
naN (S=3D) [ 24, 25]

o]

3. Yuenzszudndnuaznszualuasanstireudvuihdananeanmua s ludes 9 =0°, 15°, 30°
uaz 45° Aauanslugln 2.4 Tunsimuesudsyudenzaialldlunsfnediuiiessiv

4. szazviaininniseanidaniviuiondnwsauiualiined H=2D, [24, 25]

A3797 2.2 waadsazidanvadsiulsuazBenlanldlun1maana

Array (4x6) of jet

Round jet Inline 0=0°

(Diameter, D=13.2 mm) Staggered 0=0°

Elongated jet Inline 6 =0°,15°,30° and 45°
Aspect ratio, AR=4 Staggered | 6=0°15°30"and 45°
Elongated jet Inline 0 =0°15°,30° and 45°
Aspect ratio, AR=8 Staggered | 6=0°,15°,30° and 45°
Jet-to-jet distance S=3D,

Jet-to-plate distance H=2D,

Reynolds number 13,400
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AN9197 2.2 uansdaudsianuanldlunimases  lunnn1svmeaesazALANKARINGUN)RIIAN LAY
grun)itiesliinu 2 °C dwFuastludainueiineulfniuualiidnanisinaneaidn AR=4 uay 8 Winiudns

Angluareadn AR=1 InaAsludminuefina Ui lfainaunig

DV,
Re, = —1 (2.1)
14

A

Ae 1aduuguinalsisuwinreseafiva

=)

nel D,
v, An ANGeAsUINnIeeanan
12

fa ANNuinaRTTaLEN
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(1) AR=4, 9 =0°, Staggered arrangement
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o o b % v = o d‘ 1 1 ] d‘ S
AnFumenusnfnuinaresannisresnsni sl asuil asnnanialuseniaeBumg doumnennasdne
nslvadineantesunasadaeFunns Auflunnsluailuddnsia (Incompressible flow) AumUILLL ( p ) azAST

Auannig (4.1) angthvae

V-V=0 (3.2)
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ANMTLTRYTNEALNUAN
S . _ s o = 4 o
annaiBeeyinEluiunsiy (Conservation of momentum) iluannishesunaainnisindsuntesaedlva

IHnnanngdian 2 1eeliariu (Newton's second law) Hagimdnudniufszudnamaaiuauigs Wamiuannis

£2
o al

Tmusinlugonneslaaed

paa—\t]+\7-A\7 =—§p+§~rij+pg (3.3)

Imeim 7, ABANNLALLTAIRNNAYNUTER (Viscous stresses)
aunng (3.3) Weanlugluuueyinig (Conservation  form) asunelAd nasnaasusvianuanszi6e
iunmspauANfiasiniunasnaednnsaauulasesiwusiunielulzuasaouau (@asnisluadinaan

a o PR a ' & a ~ . . = o a

grzeslumusin) vdsellinsanyRgiudnresnaduuuufiatafiau (Newtonian fluid) AsiingAanudanni
984 419N (Stokes’s  law) TIANNLAWIAIANNANINUTA (Viscous  stresses) aziiludndaulnamsariusmns
~ . a =& a . . . a Ao o &
ANLATERA (Strain rates) wazduilsz@niAauuiia (Viscosity coefficient) ayFanannisnlEtdnannisunines-

alend (Navier-Stokes Equation)

ov - - — o'u o Ou
Yy E‘l‘VAV :—Vp+ﬂ y"l‘?"i‘g + pg (3.4)

dl A o a A 9 = Qr A - A ' 1 ¥ 1
Inan P PAANNAUADR, L AadulszAniAnnunilnrasteslva Hae g ABANANNNLINTRLIS TN

dl 1 dsl u’// a g | dl a e o =

aun1INnaNNIRTINTeaNn1su R f-aTand i ludunisvnaeasann1aAmaAfgns ludnasidau
szuvannstesmailugluuulafinin Wasanniduscuvannisdeyiustas (Coupled partial differential
. o eal ¥ | v 1% . o o = il =
equations) HAAWENWNLA U u, v, w, p FHesaannded (Satisfy) TUNIZLLANNNT ULATAINENBNEIUNTN

& Lo \a oy X . o = ' = o, A
Aa axniamatet lugtuuuldi@adu (Nonlinear equations) Wlunisenfiazuinaleasusiumsaiiauddntouls
29UL9A (Boundary conditions) uaran®uzgils1s (Geometry) sasiloyuiazdnafinin Asinlidasnsufidoym

o v

' adl & o , o Py o
INANINIEAELTENAILAT (Numerical method) LL@%iﬂ]ﬁﬂNW'JLﬁl'ﬂﬂuﬂqTﬂ’]uQm

3.1.2 annis@msunisiuanuuiiuilou
nslnauuututlauilunnsiuafeedluamasunesngliiflussiday HaonuEqliadnananasiffnianis
dl 1 1 a y 1 [~3 dl dﬁl 1 o o 1
wasuliuuey tnasssuafresnsinauuuiulauannuizovesaasuaaziasuulasdueg funaiuasaiums

gLl 3.1
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-

t

917 3.1 maulazuulaspandaaesnisluanuuiulou [23]

t2
o a

anunsnadunenfuannnslfinadl
u(x,t)y=u(x)+u'(x,t) (3.5)

lae?  #(x) Aemdeds (Time average velocity) waz u'(x,¢) Aemdnadldaaulas o nanls

(Velocity fluctuation)

MN&NNT (3.5) @NngnesunelidnAannitareanisnanuuiiulauasiAnwinduauEmas  (Time-
. . o d , , v, da
average velocity) LanfiuANEadaguutlas o taila (Velocity fluctuation) arntiuiinisiaasludasaiuinan

vika (T) azldidn

1+T

- 1
u() = jim J.u(x,t)dt (3.6)

T—o©

44 . d s e as ., 4 o E g . P T 4
gaenINTeatuaazinliiAeateeq Fluctuation duiAndueaus (u'(x,7) = 0) WwReafwienINI9aae

Tudnsaumauiisiduannisayindidanauaz sy azlédn

o

ox,

1

=0 (3.7)

—ou, op 0| [ou ou
U, —=——L |y —+—L
Tox, ox, ox;| (ox, Ox

~.

0 s
+—(—puu;) (3.8)
ox;

P

&NN197 (3.7) way (3.8) HiFendn Reynold-Averaged Navier-Stokes (RANS) dainmliidnaunns (3.8) o

wenved — puu, AeanwAuiedluad Tamenilifunavesnislvatiulou vinlildanunsaufiauniaGeeyind s
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v
@ o KX o

P ° o oA a & & v o ° < ) L Y
\WesanauausulsNiNaL Asivasaflufiesenduuuuanananannans (Semi-empirical model) A uiTutlaw
9 ° = = P ° Y] Sy & o o o
wdingoglunisaruans dlunisidenluuuanasanisluawuuiulauifesduet fuvaialads u AneuenI
nanwaaInis e UssinnaastymuazszAunaspanuuautgnfiaanis
luwnuddstazlfunuaiaesnisiuaiiutlou Standard & — & iasarnifluuuuaiasnisluatiuiloud
anunsarinunaAneuvesloymlideuiinegniies uasliniesauiiuazissiounaraspaniomeitias 41y
wuudtaeenigluatiudeu Standard k—¢  ludouresmenaanuibustluasagnaiaiuaouduiug
daduiudnanaauiAuiads Iy Eddy-viscosity azgninuualififuauduiusiundsnuasizesnos
tfutlou (Turbulent kinetic energy, k) waz@nsinisgryideaany (Dissipation rate, &) Tnaldannmgiuaes

Boussinesq An

U, = e (3.10)

Toedl g, Aemduutatiullow (Eddy viscosity), k ApAgaanasUasiresaNilutuy uaz e Aadngoy

v
o a

aaneuuutiulou d@auaauduius lasetl

0 0 Iue_ff ok

—pouk)=— — |+ G- pe 3.11

ox, (k) ox,| o, ox, P e
0 0 | ly Og & g’
—l(ou.e)=—|——|+C,.—G-C,_.p— 3.12
ox, (o) o | o ox | ko =P ©12

loem g1, = p+p,, G Ao dnsnnaiinasnisivauuuiiulon (Production rate of turbulence) Uax o, Ao

o

Prandtl/Schmidt number T91@isAN N & NN LA FaT

. ou; .
G- O || 0m oK |om

ox, [l ox;, ox, |ox;

(3.13)

loedn C,, , C,, ., C,, o,, o, Wumesi dewied C,, =144, C,, =1.92, C, =0.09, 7, =1.00
uar o, =1.30



35

3.2 Tanafildlunisaraasnislva CFD

7117 3.2 uanslmaililumsairauuusaesnisiualunsd AR=1 fiantssadaaduuuy inline a1ngLl
‘[ungna’é’]ﬁyﬂﬁﬁmmmmmmwmﬁ@udquﬁ'Lﬂu test section UATHEIWNBINTFA (Jet chamber) 183TANAADS
fusuiteainennAgnaineiun Hiiauge 160 mm n419300 mm uaze1e 360 mm wazludauzes test
section #Hau1m AIINGI 2 mm n479 180 mm waeNe 360 mm Tnefiasinann1AuaY test section N3veIz3ina 2 mm
FaszzsanannAnnnumnTesuiueeiila dsumadinseseniafiudea e funuaesiesineinis uaz

eRanIedanIAee s uvlslanefunilanes Test section audliuanslugli 3.2

Pressure outlet

U7 3.2 wanslumai llunisesnuuudmiunisanasnisiue

Tunsanvuaeulazeniam (Boundary  condition) R4 luntsmaases lan1uualilnniadndiasiin

@ . . o & a < I & o e < ° o i I

anefluuuy Velocity inlet lunasinuunanuizaBusivaziuagiuasdiuafiniueitedn druiuasdiuas

e fresainieanainusiazgreteafinanvualivindunldluntmenses (Re=13,400) TnaaainEaEusy
=3 1 v 1 1 o e s dl v v o v

109ANUsazgazsiataslutee V=15 m/s anngayintuag dnsnisivazeseinianinniadiniiasinagsie

wiriunasanfeueeiinausazg wnd lanmualieinan luadinndinniedindiesinenialidaaiuiza 0.36

d‘l YN Y & o o I3 Adlil
m/s WaliliAsdluaminuefrauinaunsiaanns
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3.3 38n1suaztunaunisldilsunsy Fluent lunisdaraaanislua
Amiuaanisuazdiumneun1s il sunss Fluent Tunnsanaasnistuaiiu 18Buainnisiivualamunisiva
[ P o o oy o o v a 3 d' '
gasanAliimienduanwueildlunimases aniuaziinisainiauazivuneuinnReulasine lngay
wanalusaazidensall
3.3.1 N19&519n3m (Meshing)
lun19a519ri3a (Meshing) 1esluaainlilunisdnaeenisiua MAmualigUuuunsailuwuy Automatic

(Element Midside Nodes=Use Global) Ingsaaziaantunisimuasisieuanslugi 3.3 dwivludouiniiu

v '
o o v °© o a1

N9 anNATeY Test section 18 1EAN44 Inflation function WL Smooth transition  FIANAIFINANIALNINTTAT9N

v
o

FedutesluBnunaaiuniiane lnanateaiiannn 7 dutewszdingrsavan dAmiumaazaaasierlunig

AuuA Inflation function lénanelumisneh 3.1

d Details of "Inflation” - Inflation @_ﬂ
Details of "Automatic Method" - Method @i -1 Scope
Project - Scope ;:opm: Method ;S:n;etry Selection
: Scoping Method Geometry Selection eometry ody
= @ Model (A3) .Geomelry 1 Body =|| Definition
----- ﬁ Geometry =1| Definition Suppressed Mo
E‘ \f‘?‘g“ Coordinate Systems Suppressed Mo EBoundary Scoping Method Geometry Selection
e o ,‘é\ Global Coordinate System Method Automatic Boundary 6 Faces
El ----- «@ Mesh Element Midside Nodes | Use Global Setting Inflation Option Smooth Transition
....... ‘(% Automatic Methad Transition Ratio Default (0.272)
R S v &9 Inflation ———> Maximum Layers 7
_______ 1 Bod\; Sizing Growth Rate 1.2
- \ Inflation Algorithm Pre
P /8. Body Sizing 2 @ Details of "Body Sizing” - Sizing (3) % -
B G Named Selections - Scope Details of "Body Sizing 2" - Sizing @_4
"""" ,(@1 Velodity inlet @ Scoping Method Geometry Selection| [ scope
"""" v@ Pressure outlet Geometry 1 Body Scoping Method | Geometry Selection
"""" AT wall -I| Definition Geometry 1 Body
....... ./@ Stainless Suppressed No =I| Definition
Type Element Size Suppressed No
Element Size 1.e002m Type Sphere of Influence
Eehavior Soft Sphere Center Global Coordinate System
Curvature Normal Angle Default Sphere Radius | 0.15m
Growth Rate Default Element Size | 3.e-003 m

U7 3.3 uamszazi@enlunisainensn

AN37997 3.1 LaAdIeaziasalun1nIuue Inflation function

Transition ratio 0.272
Maximum layer 7
Growth rate 1.2
Inflation algorithm Pre

uananilinmualiinsaizunaanduirmanizisnalunsanaumnuinliuanslugl 3.4 Ingveus

LEINTINANAZARDLAQNLTUTLEAN NI TN ALazINnImIdnueseaiivla 31U 3.5 uaz 3.6 wana
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PeaziBnveananszwILanugeafiNalunsdl AR=1 N199AFEILLL Inline waz AR=8, #=0" N134AFHIULL

Inline MNAFL

Pressure outlet

N

Test section

0.000
Sphere sizing control

917 3.4 uansnisiupTATesTBALLILA T ATaLIAR (TauaeeluBuaiilunsanan)

Z
I
0.000 0.050 0.100 ()
I .

0.025 0.075

N139AEFENLLY Inline
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1
0.000 0,050 0,100 (rr)

0.025 0.075

77 3.6 wamzaziBunveanzansvuUAnNugeafiNalunad AR=8, 6=0°

N139ATENLUL Inline

3.3.2 daguyAgunldlunisAuan
Tunisanaasnisluazesdnven innismssinislualuuuuassia (Steady flow) Tdansanuaan

'
1 =

nistnamanFaunazliAansgoduanseu Tnaimualiiguugidaiag liAanasasuseliingas 4miy

]

a

Tumaraspanuiiutlaulduuy Standard k —& Tasusiounlnanuialduuy Standard wall Functions

3.3.3 38n19A1UIN

a1r5un1sAnuaniar iR s uuL SIMPLE Tngsneasi@enaed Spatial discretization AMAWARINATGIR 3.2

TnaseazigunlunisiivuadsneuaasiunIAwn A,

A1319N 3.2 WEAININNMUATEaTBeAvediewly Spatial discretization

Gradient Least Squares Cell Based
Pressure Standard
Momentum Second Oder Upwind

Turbulent Kinetic Energy

Second Oder Upwind

Turbulent Dissipation Rate

Second Oder Upwind

il
v '

7171 3.7 uanssneteaensnisanasasAIANtana1n angtaziiulidniananlunisAiuanman

'
oA o

2 (Time step) AMAINEANAIAAARIFTOE ) AUNTNATNATNMUA AuFLLAsE AR NEANAIARIgATN LA

A 1x10™
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Sealed Residuals

0 Fil 40 L ] 100 120 140 160

Aug 15,2011
ANSYS FLUENT 13.0 (3, pbns, ske)

U7 3.7 uanesinaenerednawnIIanasBsAIANRANAIA
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unn 4

NANIFANEN

t2
o a

TunnseiunsnanImaassuLNeaniuddounail (1) snwaenriuazasdningld CFD (2) dnwauznng

[~3 &’l a dl $% va| Oy o o 1 % dy a
Tnareaanuuiuiianlfannimeasslaa liduindu  (3) AnwuznistramaNFauLBRBRILLLIRNIZAA
(Local heat transfer) WaZ (4) 8M31N1768MNANNFARALLUANUNY TUN183LNHNANITNAABIATITLTII AL
n19nslua (Upstream) NN DA WM L8 NARaNT 1-3 (0<X/D<9) wazidailananianislva

(Downstream) MeRaA wMLsrRAdNARANT 4-6 (X/D>0)

a [
4.1 AnuEMsIuaAaLan
duiusiadatiaznainfanantiainnisdnsnansarnisivazetiningld CFD Tnslugiuisnazasune
= & \ ~ o a = . ~
feawunislnazeainissuiusinge lnaifFouiiaunaedniIdn FeaaesdnuuL Inline was Staggered lunsil
AR=1 uaznBuuiaunatesgilsnandn AR=1, 4 uar 8 lunsdiaaenisdanEeauuy Inline e lidinlals

dsngnisadluaszudneiszuaidanuaznszualuasin (Crossflow) amniuazedunaisauinnisvalussuiuilng

v '
A a a

nuRananwarulagasnnazessiausinan i luntmeaass (navesglivesiitia, nisdnGEaveRANLAL

g = o ] o & A Any
NNﬂx‘V]z) L‘Wﬂ‘hjslumﬁ?ﬂﬁuqﬂﬂmﬂmxmﬂu@LLﬂzmimﬁlL‘Vlmﬁm'ﬂuuuwumvﬂmmmiwm@’m

s = 5 1 a 1 [ [
4.1.1 AanuzMsinaraLaniiszuue g lngiasanaaasglssthnnieaanianuazansue
nsaniFesanannsainliRarsanyulene

= '

117 4.1 uansdnmouznislnazeadiniissunusne)nstizes AR=1 NHN199AFERLLL Inine AngLwuan
=3 o dl o= A 1 d’l a % 1 o dl =3 1 d’j a o o | o
inudsanilnasanaines fHaneruiuRafuas udsanfiiinvsruiuioazwasansaiuiunszualuasin
(Crossflow) luatlznzivianaglaranianising TngaanuidazeinszualuasnindumunisitduaInsza vhiu

] o :// =3 dl 1 Yo a a o ! I3 dl Y
nanasiuaglaneanianisiua Anludnneglatenianisiuaazlfsuaninazesnszualuasdnuinndndnieg i
1% PRIy = o v a . ' & a & ' dl o '
funnanistuasuilfuanalugi 4.1 Q) inlitdnundnuiniaresdnneglaianianisiuadeunumis
muiAnanisiasesnszualuasia Insidnuiianvsmuaesdnusasrataeullaiunisiuasesnssualuasinun
< o & P '

TRIHNIRRTUTRITE AN AT nagUanenienislug
gﬂﬁ 4.1 (N)-(A) WAAY Contour AMNEIILUTIUIL Y-Z ATNLUILNY X LAY Z m"mj mﬂgﬂmmﬁwﬁmﬂu
a o = | & a ) = G A a o = G o o o
wannsiunanisiva (U7 4.1 (0) seruiuiaedeguusaiasaniuiizuuinszualuadniipnoiniGan iy
Tunsaldinieg ludrumlsingeanannsiunieanisiva Ui 4.1 (@) waz (A)) AMINTULITUNNINITURLRIAAGT B9
\ & A A P a Ao o & & = o
AHIULI UM I U URa N anasa N sadang AU dddn (Sniaandage) Adanniseanidnd

1
a a

aaduas Tnaannudadniznulnduionidnneuanatatnawin wazuanainifdanudn nszualuasnie

el®_

1 < 1 o < dgl al &91 2 ] o v dd’
i:mwﬂmmammmmmQmumumﬂwmummi:ﬂm’mmumqmﬂmz\;ﬂmﬂmamﬂm( qmmimmmm

e®_

sendnanszualinidinauidusduangli 4.1 (n) aude 4.1 (m))

o o I'e @ o = a I3 o a A a 1%
dAmfunameianudaiuansluglf 4.1 (n)-(A) nudrfienianisluazesdanudsanninsaunuiali

v o d?/ 1] o Y o oA ] =3 dISJ o dyl ) o Y % ¥ o
ERUNAUUUANUIATULIY (CPSELEER) Tmﬂmﬂmwﬂmm‘wmﬂunamu@mu\imuuuvl,miumumm@mumﬂm

' v ]
a

20940 uarudaulinaniunseualuadninlinszualuadniinnduinauauin lfuanlugdi 4.1 1) uaz (a)



Y/D

Y/D

Y/D

Y/D

Y/D

at X=4.5D at X=10.5D
\
O
O
at Z=1.5D\—-—-’O ¥
7
atz=300" Lo 4

at X=16.5D

Flow out

2/

2/

Z/D
(M) 1 X=16.5D

_X/D

U7 4.1 uama Contour WAZIIAABIANINEITTEUILIANNSLLDUEN AR=1 NAN13IAFESULIL Iniine

6 8 10
_X/D
(a)# z=3.0D

(Re.=13,400)

14

Velocity
(m/s)
18.0

14.4

7.2
3.6

0.0

16

18

20

41
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at X=4.5D at X=10.5D at X=16.5D
o) a
O i~
ya i
L/
(N ), 1
N i S
atz=0.75D0  __ [ s Do oo kP
S S ‘
ZN :
7 o Flow out
at z=2.25D O O
D

o
>
Velocity
(m/s)
18.0
14.4
a 10.8
>
7.2
2/D 36
(7) 1 X=10.5D 0.0
2
g 1
0
-6 -4 -2 0 2 4 6
Z/D

(M) 7 X=16.5D

Y/D

_X/D

10
X/D

(a) 7 Z=2.25D

717 4.2 uaA9 Contour WATIAWMATAYINEIMILUILFNINTNTBAN AR=1 NHN199AGEEIULL Staggered

(Re.=13,400)



43

at X=4.5D atX=10.5D 4t X=16.5D

\

at Z=1.5D. =i X

RN
at Z=30D/ — =l

Flow out

(o)
=
Velocity
7/D (m/s)
(M) 7 X=4.5D 18.0
14.4
g 10.8
7.2
d.Z/D 36
() 1 X=10.5D
0.0

Y/D

A
6 4 2 0 2 4 6
Z/D
(M) 1 X=16.5D

[a]
>
0 2 4 6 8 10 12 14 16 18 20
X/D
(9) 7 2=1.5D
2
L1
0 2 4 6 8 10 12 14 16 18 20
X/D
(3) 1 z=3.0D

317 4.3 uans Contour ULAZKIAEBIANNFINITUNLANNIAITBUAN AR=4 NHN19IAFLILLL Inilne

(Re,=13,400)
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at X=4.5D at X=i0.SD at X=16.5D

at 75150, s | L - ‘
N

Flow out

at Z=3.0D/

Velocity
(m/s)
Z/p 18.0
(n) n X=4.5D
14.4
10.8
7.2
Z/D 3.6
(1) 71 X=10.5D
0.0
2
g 1
0
-6 -4 -2 0 2 4 6
z/D

(M) 1 X=16.5D

X/D
(9) 91 z=1.5D

0 2 4 6 8 10 12 14 16
X/D
(a) 91 z=3.0D

18 20

U7 4.4 uama Contour WAZIIALABTANINEITTEUILIANINSLLDUEN AR=4 NHN1TIAFTESULIL Inilne

(Re,=13,400)
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U7 4.2 wansdnwoiznisinareudnissuusii iz AR=1 NN193AEULL Staggered angyl

il
' '

1 [~3 a ] Yo a a o 1 A = o dlﬂld o a
wuduanfeglananienisuaazlifuaninaseanszualuasauinndnienFaueuiunsdinidnisdn ey
Inline  (Weanauszndnegld 4.1 (1) uar 4.2 (1) TaedniegludrundslaranisnisluaresnisdnFasuuy

a Y o oA o~ o o o . o \ o &

Staggered #n1slfindadliniedanenienisivaninndndieiauiun1sanFaeuuy Inline  ARNLUUSABANI

R0 fiu e NaNHEN13An FaeuUL Staggered N1slnazedidniiagiananianisiuaazannenisiuazesnssus

uasin K1 lAnn1UenzineATesendIanIzugd IMaAALA SN TLLALEN TIRTUANANNALNNIAAFLaLLY Inline 7
nezug asngun uatiusznInanlreinlnenaenauisinnieeen

JUN 4.2 (n)-(A) wAAIEUINNITINATBAN AR=1 LUTEUNIL YZ  Mzeiz X AN9|289N199AERSLLL

a ~ o o a . ! ' A& a o a
Staggered angUiflawBeuieuiun1sdnFaeuin Inline WUFIANIUNES BN I TUAWEN19IN199A TR
Staggered anavatinNIN Gedunalianizuuaesaninainiinnwesnidnusaygianuanaduasadeunniile

Weauiugy 4.1 (n)-(m)

Naa o =

JUT 4.3 uaz 4.4 uanIANUEN1TINALRUENTTTUN LA NIANANI9AFENULL Inline 199N AR=4
WaY 8 ANNAIAL AINIUNUINLFNHAMNIEIgenene TUILIUNY X UASHIWALALAIATNULIUNG Z AMHANEIE
Uvvestinneeenidniien Faudniauiunatl AR=1 Tugin 4.1 wanainfidanudinsliingeseeainielans
nansiuaanatiieminain AR=4 JuAR=8 dswlsngnisainisluadinanauansliidindl naseenuuuilin
nseanian idunuusanasensainisnanuansznuannisiiazenszua luadnls iesainuazesmtiinani
duuuvegnamiunisuaresnszualnadn i lianunsonzgrrunisinasesnszualuasdn lifandinstisesdnii
wifnnax

4.1.2 ansazmslivarananiiszunusie g Inegfarsanasaaglsrslinneeanianuazansme

o a [ ada
NNFARFEITRUANNFAUNRANTANRNL N
P - & N a '

U7 4.5-4.9 usne Contour waziapmaiANEIluszL Y-X nedinfiansuynleny aanguUnudyu
denzinduinainlidaniiindeaclinielaraniainisluaniniu Wasanyulsnemidindwilunisiiaiuinag
denzszudnanszuaidanuaznszualuasn lnaenizidniegiaranienislualdfuaninasasnszualuasani
ANNLTIEN

lunsdiuBeuieusendng AR=4 uaz AR=8 184N199ABENLLL Inline (WFaLLABUszWdN9g17 4.5 uas
4.6) WU4NIl AR=8 (§1I7 4.6) nMstinduaayHnednannianiindaslniedaranienisluaninndined
AR=4 (319 4.5) \Hiasanannemesiuiuiindaidnteula AR=8 819041 AR=4 vinlliNunnsenzszndng

« ¢ e dd . o o
nszuadinuaznszua nasnreainiiReuly AR=8 unndn AR=4 ilayntznziindu
A a o o = . = a ! ]

\HaRANTUINATEINIIARFEITBAINULL Inline UAT Staggered N9t AR=4 (WeeLiELITHdnagLn 4.5
waz 4.7) uaz AR=8 (WReuWeusendnggilil 4.6 uay 4.8) WUIINN94RERNTRENULIL Staggered HuannliiLan
Hin@asldnsdatanianisluasinndizesnisdnFasuu Inline  tnaaniznstl AR=8 (317 4.8) 1an7et/lu
Aunelanenienisluaazlifinisneruiuia IdnudsainluasenainesfHinlaszgnnszualuasnianiatng

a

suuadldenndatanianisive WesannegludasIeulanlfgnsnazenseualuasnuings
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n) AR=4, 6=0°
Q : =
= Velocity
(m/s)
18.0
[a)
> 14.4
10.8
=) 7.2
>
3.6
0.0
o
>

317 4.5 uans Contour uaziaAmaiA X3 luszuIl Y-X 71 Z=1.5D netlueaidn AR=4 N{N199AFLIULLY Inline

(Re,=13,400)

\ (n) AR=8, 6=0°
o n)
> 7] Velocity
(m/s)
18.0
o
= 14.4
10.8
o 7.2
>
36
0.0
o
NS

317 4.6 wams Contour UAZIIAKATANNIEIIUITUIL Y-X 11 Z=1.5D NIluedian AR=8 NHNN3AAEENILL Inline

(Re,=13,400)
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1| Velocity

(m/s)
18.0

14.4

317 4.7 ugns Contour uaziAwaiANEluszuIl Y-X 71 Z=0.75D neciinedidin AR=4 NHN194AEeauLL

Staggered (Re.=13,400)

Y/D

Y/D

Y/D

Y/D

0 2 4 6 8 10 12 14 16 18 20

Velocity
(m/s)

18.0

14.4

317 4.8 uan Contour uaziaAaIANEYlUTZUNL Y-X 71 Z=0.75D natliuedidn AR=8 NHNIaAGENULL

Staggered (Re.=13,400)

.
1a

a J a 5 L)
4.1.3 awmanaFauuszuny Z-X Inaudnaiuiaianiarulunsaifilifansanyulzne

' v '

JU7 4.9-4.14 uapansnszanzzesaiEa UL Y Tussuiu Z-X Agaaniuieiidvvems 1 mm

a

anguarandaiiuuanuansieidniaaesanuidainineasnssnuiuia uazaAMdusuuansdefinn1ees

s & P P . @ o . o . o 9 < 4 A A
AIMHLTINITUNIRINWUNI FUARAINNITULNLIZUINWAN NI (Wall jet) °1|ﬂ\‘1LQ'V]LLﬁlﬂzﬂ']LL@')‘lﬂﬂﬂu@’]ﬂWuNQV]L@VI

et uenanfluglisuansawaiinauansiiAnisnesnisluatuszuin X awduiisnundaonudaly

=2 a dl | Ly dl < d» a N .
wiaunu Y gegansnedetisinniiiiuandudnatsnidnnsenuiuiia (Stagnation point)
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Y-Velocity
(m/s)

1.20
0.96
0.72
0.48
0.24
0.00
-0.24
-0.48
-0.72
-0.96

-1.20

0 2 4 6 8 10 12 14 16 18 20 22
X/D

77 4.9 uans Contours ANIFYTLUILNIL Y uaziaAAeFANNIEY TWszuIy Z-X NgeanuRaNanweTw 1 mm

NAN94REEULLL Inline (Re.=13,400)

Y-Velocity
(m/s)

1.20

096
0.72

0.48

0.24

0.00

-0.24

-0.48

072
-0.96

-1.20

0 2 4 6 8 10 12 14 16 18 20 22
X/ID

717 4.10 u@ms Contours ARME WMWY wazloAmaiAa N Tuszuny Z-X Ngeaniufiofidnnaauw 1 mm

Ll U
'

NAN199AEEULLL Staggered (Re,=13,400)
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AmFUUN 4.9(n) N3laneian AR=1 NAN19IABERLUL Inline WU AVTRY luAuMiNanfumIeng

Ll

1
¥ Ce a

Tnagannn inlfiqaaudnansiidnnaauaeulinisinularanianisuauiniusiunisinduaesssazainsiu

QA

nansluagiatanienisling dAmiunisiaeus unieqaguina e ilEneIuNINIYL 4enARediLANNIEI1RY

nezualuadaiiinduidnalananienislve dAufuidnaedui 3-6 (Juainfunianislua) wududnd

o

AN TN Y HANg9 (Y-velocity>0.24 m/s) Hanenuziflugtifiandn Wesannlfifudninasesnszualvasin

N’Iﬂﬂ']"]ﬁﬂﬂ'ﬂﬁuﬁﬁ Tuae 2

gUf 4.10(n) netliiin AR=1 Adn19dnFaailunuy Staggered wudnEniag ludiumissiunianising

(ARANIIN 1-3) awnsndunaiiinnqadudnasiidanyerulietnedaan Gaunnsnsainianiiagsiumstlans

a

nnslua (Aaduiin 4-5) Nldarunsodungptunisandudnarsiidnnsmuls Wasainifianisguiusendng

nszualwasauaznszualaniuedeguuss inliidnweruiuiialides wananfdsmudniBuundianiaanuia

a o

| a dyl a b4 ' 09; dl =3 H d” v Y o 4 1 =3 d’ 1
wluau mmmumww:mmmmumqmﬂmmmu Lum@'mmwwwuwumimuﬂﬂwﬂu"l,um']i"l,m“umwwmmww\i

q

Aaa o

g P | e ~ o a . A a I~ o P A
AUNIRINNURY BIAZUANFNALNTILBINITAATELLL Inline NLUFRANNAANI9AMNETuaLEIAAATUDgL
@zLﬂuU?‘L’Jmﬂ@’]ﬁVn\iﬂ’]ibLﬂ@

719 4.9(1) WAL 4.9(A) LAAINITNILANLANNBEINTNANN1IAALTERUL Inline 289480 AR=4 Uz 8

Ll

ANRIAL ANNITUIBIAN AR=4 (317 4.9(1)) WudniBANE uLWINY Y HANgS (Y-velocity>0.24 m/s) |

anwnuzenaflugldunasnania Insuuaauamauiuiunszuauasn uazilesafifadiaoueaiailuy AR=8
(317 4.9(m)) wudEanAuE lusuaunu Y Jageliiinacnennduniuuuiunu X wazlianiuinatnis
WWILNY Y ANAN oz ae9gtl3veafina uanainfidaudnisnamuaasiianisaonuiaiuauiauianienan
dl = o = a dal a dl 1 1 =3
Waweuiunsil AR=1 Ineian s ATULFT NN L SN 1NUNITBAUAT

AmFuiBunfanuiluiownu Y JAgeqn natiues AR=4 (317 4.9(2)) induqathas Tuanh
AR=8 (U7 4.9(m)) finTuaetqn (eniziBufiunienislua) anuasenaiauanaliitiudinsdlianfinseens
aneafifla AR=8 Hanwmrginsareaniisngiauazuay inlitEuudiunaraeamifadnifianisuanny
anAsauliAndIEnLanesisaefiu Al Potential core aaaidnlanaiagasiineenandniFanimnsanans
asnannliinanudageqaiidnvsrunuiuiafiniugesaiuniifilaavisaasinaaesaaHia udetglsfinin
a = < o 9 o \ a £ ] = = G Ny
tnnundanud luuwiunu Y gegareadniiegluaumislaianianisinaifinluudqaiman ieasainidn sz
ansnansluazasnszualuasinesnaguuss

317 4.10(1) uaz 4.10(A) wAAINIINIZANANFINIANTNIAAFaeULIL Staggered UDLEN AR=4 LAY

6o o &£ A o o ANala o A . A A @ a

8 AINAIAL FUNNRLAUNIUNNNIITAFEUUL Inline Wud LB MAMMT luLouNW Y HANg9 (Y-
velocity>0.48 m/s) anauinadaeann TnaanizidniiegAundiiutlatanianising asainiisuusinans

=3 a Aaa

inazlFfuaninaresnszualuasinasnaguuss TunstiiiansnAuuANG19EndnaEn AR=4 LAY 8 2194N19

o a

AnF9uUL Staggered (FLTRLIEUINNgUN 4.10() uay 4.10(A)) WudnLBMNANE TuLAUNL Y HAnge
(Y-velocity>0.48  m/s) 18414 AR=4 HIU1AN319N4INTEHT89 AR=8  ANNHANIINAABIAINA13 AR IHTiWIN

FRMIFIUAINNLFDAIINNANBde05I N Huaranisluaretdanlunszualvadisn Ae dns1daunNnsnese

ANNNENMTBNRDSINANHIUNA AR=4 41N1T0AANANITNUANNNITLA IMaFA liANINRIUIA AR=8
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4.1.4 gunnanadnuszuny Z-x Indiznuiufafiinjaluns@finansanyuilens

71U 4.11-4.14 wansuaraaplsnziiiseauunrivaresinlussuny Z-X Rigeanniumafidnvie 1
mm lunadi AR=4 AFIN"39AFEULL Inline (gﬂ‘i‘?‘]l 4.11) WU Lﬁl'aHuﬂzmtﬁufuﬁﬂﬁﬁ%mmﬁmw&ﬂmmqLmu
Y flengeantuinas Tnsiamzidnnlananiemslus dldumnpinaiifipudaluumaunn Y gega vl
mmmﬁwumc-thLmiqu?Lqmﬁﬁmg'wu”LEq’ Amiulunstl AR=8 (gﬂ‘ﬁ' 4.12) wudn Lﬁlﬂguﬂxwuﬁﬁ»u ﬁw‘ﬁ'@eﬂu
[ﬁhmeﬂfmwmmw”lmmzhimmmaxqﬁqLLmi\m?LqmﬁL%wvquuiﬁ L‘f‘immﬂLf?iwroi“qmnﬁﬂq@aﬂmmﬂﬁ?\lmz
gnnszualvasaiifinnuiiageiannldmanlarennanislvamai ieuneluide 4.1.2

WaNA1TUINIIAENLLL Staggered (31U 4.13 uaY 4.14) wudnLTRnANNEa luluLNL Y JANg

il U
'
=~

ARTUIARINIINIELDINIAAFEULL Inline  (JUN 4.1 uaz 4.12)  @nfiegusrumislaranianisluaayll

il
1

° LA e Y a A = a . =~
ﬂ’]“'ﬁﬂizumquﬁu\iuﬂqmv} LQVW!Q‘H%VLQ UFNAMNIET TN U Y umzjﬁ%vlm Wngeiay

Y-Velocity
(m/s)

- 1.20
0.96
0.72
0.48
0.24
0.00
-0.24
-0.48

A) AR=4, 6=30°

-0.72
-0.96
-1.20

(1) AR=4, 9=45°

0 2 4 6 8 10 12 14 16 18 20 22
X/ID

' v '

U7 4.11 usmn Contours ANNIEYTULLALNY Y wazaALee5ANEY Tusvuy Z-X Ngeaniuiaanwes 1 mm

Tunsilneadin AR=4 NHNM33AEUIULY Inline (Re,=13,400)
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dd‘d ! A&I da, o ¥ a a -=Ild ! <
'W’mN@ﬂ’]ﬁ‘V]ﬂ@ﬂﬂﬂ?m%NHNﬂZV]?JWUQﬁ ﬂﬂiLWN‘Hu“HﬂQHNﬂ:‘VlSV]WIﬁLf‘lﬂ‘l.li‘LQE‘lA‘VlNﬂ’]?ﬂtV]Zi‘ZW’J’}\’iL'W‘Vl
v a & a = @ a = P o A
uaznszua luafmiindy Inaenizidnndatanienislua Luﬂd’“ﬁﬂL‘]JLLLI?L’JELL‘V]ﬂ"J’]NLj")‘llﬂ\iﬂﬁ‘zLL@vLVﬂﬁlﬂNﬂﬂ@‘\’i

aziianisdenzsendnenszualuadaiunszuanisiuazesianetneguuss danavinliidniianissuiuiialiiies

Y-Velocity
(m/s)

1.20
0.96
0.72

0.48
0.24
0.00
-0.24
-0.48
-0.72
-0.96
-1.20

(3) AR=8, 8=45°

0 2 4 6 8 10 12 14 16 18 20 22
X/D

917 4.12 usns Contours ANNIEYTLLLALNY Y wazaALe95ANEY Tusvu Z-X Ngeaniuiaanwes 1 mm

Tunselneain AR=8 NHNM33AEIULY Inline (Re,=13,400)



52

Y-Velocity
(m/s)

1.20
0.96
0.72
0.48
0.24
0.00
-0.24
-0.48
-0.72
-0.96
-1.20

(3) AR=4, 6=45°

0 2 4 6 8 10 12 14 16 18 20 22
X/D

317 4.13 ugn Contours ANNIEYTULLALNY Y wazaALme5ANEY Tusvu Z-X Ngeaniuiaanwes 1 mm

lunselneadin AR=4 NHN133AEILLY Staggered (Re,=13,400)
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Y-Velocity
(m/s)

1.20
0.96
0.72
0.48
0.24
0.00
-0.24
-0.48

f) AR=8, 8=30°

-0.72
-0.96
-1.20

(4) AR=8, 6=45°

0 2 4 6 8 10 12 14 16 18 20 22
X/ID

917 4.14 ugns Contours ANNIEYTLLLALNY Y wazALBR5ANEY Tusvu Z-X Ngeaniuiaanwes 1 mm

Tunstlaeadn AR=8 NHAN199AEIULY Inline (Re,=13,400)

4.2 ANBUENS IUATRIANUUNURY

v
& ©° o

1 v 1 H
JUN 4.15, 417 uaz 4.18 uassdnEaznITnanuNuRaNEnysrulae 1 HANTINTY TneagiiFnnm

©

'
& ©° o

wanaifludnAetnaidNITugnIanianIeen wasinuiuaaailudnnpetsnaiidunindiuazan 4 miy

a dl | | al a dl (-3 1 = 4 1 L d‘ =3 1 . .
U uluan&119m 9N A9 LT UMLEANTTULAAINIAT UM AT NAN9TLANNITU (Stagnation  point) Tag

'
aa 1

v
NINFINTBILANIINARBINLIFT ANHUTNITINAVBUANUUAURIABAAREITLNNINITANUANMITINHTAAN 1091
v 1
NURINEA89 CFD pud lananaluinde 4.1.3 uaz 4.1.4
4.2.1 NAUDINITANITLIURIANNTAL AR=1

JUN 4.15  wAMINATBIN1IARFENTBANANANTT InaUWALEINT AR=1 a7 4.15 () neiinng

]

o a a e

AAEEULY Inline WUILEWUTIANNITUIeEneg luAwmlaten1anisiua (9<x/D<20) weaulduiiAnia

'
= 1

nrzudluasdaninndn lunsalidninas luaiwmladunianislua (0<x/D<9) mnm@mi‘wm@mLL@mﬁqﬂmﬂgmmi

U

' ]
= 1 =

nsvareadnuuiuRareadaniiag lustumslatenienisuaalffudninasasnszualuasauinnddnies
1 1 1 v
AuaAuN1anis e esannnszugd lmasniaanndnn luudnadunienisinasazaansizaasifinaulussnn

daremanisiug (g 4.1 () Usznaw)
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BN \\2) without oil film

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

X/D X/D
(n) Inline arrangement (1) Staggered arrangement

U7 4.15 uamsdnmuznisnazednuuiuiionstl AR=1(Re.=13,400)

o o ‘ﬂl 3 = (<1 1 s dal a

AmFugUn 4.15 (1) waninaveenisdnFaailuwuy Staggered arngunwudndnsniznsauLRLRNT89
dnAeudnsuanseiunstiniedn Gaaduuuy inline tnaanizisnuiEnsrutegluAumslatanianisiua

o = . PR g LA = % o = A o
YRINTIAFTESULL Inline NNWANINNIH e T UILALNAT189NTAAFTENULLL Staggered LHRIRNNNNTAATE
WUy Inline nazua luasinanisn ad utesdwssudawnoreainlag lifadnaoeauinlsuanslugily 4.16 (n)
= | e ~ o a o o o @
FeuansineiulunsdinisdnFasueaanuuy Staggered  nszualuasn latuiunszuanisluaneadniiagilane
nansluamunliuandlugld 4.16 (1) Mnlidnfiegiananenislualifunasesnszualuasnuinndalunsd

N139AFENUUL Staggered

ONONONE)
NG >
Crossfl@ \» Crossflog){@»’ Q@
oueXeXel olae

(n) Inline arrangement (1) Staggered arrangement

O
O

317 4.16 uansanmuznisiaseenszualnafn i lnad1uannin193n Feeuun Inline uay Staggered

4.2.2 warasglinaaiiiauaznisanEasranannsdinldfansanyulene

JUN 4.17 (), () waz 4.18 (n), (1) uanINALR9gLINERTINALATN IR FENLOEANNIRINYNLENE 6=0°

3

mﬂgﬂwudﬁmzﬁﬁﬁmﬁmﬁmu:uu Inline 78444N AR=4 Uaz 8 (gﬂﬁ' 417 (N) uay gﬂﬁ' 4.18 (n)) u?‘mmﬁlﬁmviwu
PN X wariianaeaamauLauny Z denBaudiauiunsd AR=1 uenannilfonudnBnnin
weruieglusuminarananisivazenin AR=4 uaz 8 @eulluiiAne +X feandnilenRaudiauiunsd
299 AR=1 AMNANIINARBIUAATUANNGIL AR=4 UAZ 8 AINIINAALATEINIZUAMARANINNTINIUIBUAN

AR=1 T9ganniesniuNaTeIn1saaeenisuaiosneniamas (U9 4.1, 4.3 uaz 4.4)
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'
a

TunsaininnadnFaailuuuy Staggered wudinatiaes AR=4 (3U7 4.18 (1)) LBDUNLENNITUIBULANIWA
azaN2818n3N AN +Z WeWauiUNaI89an AR=1 (U7 4.15 (N)) uavtiFnaliannTuaednusazal

NNILIALANANAWAN s a e UTUNT AR=4 AHNNI9AELUL Inline (53U 4.17 () whaselsfinnlu

il

Y
= 1

n3tiaey AR=8 NHNNIAAGEENULL Staggered (3171 4.18 (2)) WUAIFRUNANNITUNAURRUALALNGINIRIIRY

il

AR=1 waz 4 Tnaaniziinmdatanienisiua ainuanimeasssnanouansliiviud Arantifesdn AR=4
ANN130AANATRANTZLE AR lEANIN AR=1 lugn niTnaredanszig lmasnasnannniiasanunisdnFaauuy

Staggered & MFUNSHIBNEN AR=8  NUTNUMEANWTURAUNLANAINdINITHIBY AR=4 11U LTasanniani

v
o

AANTRNILATLNNINEN AR=4 danavinliidaniAiansnaniunszualuasnlfunndinsdiansidn AR=4 Al
s REnemuuisAsanas

4.2.3 naunegilinendinauaznmednBasunainnsdinnasanyailene

9Tl 4.7 (), (A), (%) uaz (7) uananavaNLznz 0=0"45" RdmenslvazeinuuuAana] AR=4

sUN 4.17 (A)) N AP NAEN

il

n3dnFaereadniluuuy Inline angUwudnlayuenzivaangudiilu 6=15° (
WernpeAnusaraaenans e lunwafiange +Z  uazilayuilenziiunilu 0=30" uay 45° (U7 4.17 () uaz (1))

AN Tuadnusazaae1enieluiane +2 uaziawinanasluiianig -z TnaiBuunEnneaunes

1
@ =

iniag lusrumdsdananianisiug (9<x/D<20) Hawaanasndinsmnlddyuileng 0=0° (317 4.17 (n)) a1nnns
o & ~ o 6§ w o a o o o K \ o g w - P
WnaupesyulsngdnannlinszualvasinlualunwsBasinyuiuuuanislvauan Geazdauaninliqadudnaied
\Anwetu (Stagnation point) weaiiniag lustumdsarenianisluaazidauninlinefidnie +X waz +7 d9ay

e o Ay A PR N a A o ] o
LLmﬂmq\TﬂuﬂUﬂ?mWiNNHNﬂg‘wg (;i:ﬂV] 417 (N)) NAAUNENNANLALIAD +X @qﬂmﬂﬂqﬁ‘v}ﬂ@ﬂ\im\?ﬂ@qqLL@@\?I‘M

& - & @ P . o o & o gy @ o
mu'lqﬂ'1?LWN“IIH‘IIE\THQJ?J5'1/1gLﬂuﬂWﬁ‘LWMWHVﬂuﬂ’]ﬁ‘ﬂ3‘1/13?3‘1/1"]’]\1T]T23LL@3L@V]ﬂ‘i.lﬂ‘é‘ﬁLLﬁi“M@[ﬂﬂ Fedauanilifiiannag

a

Uarenenisiualiiuansnasenszua lnadnluuugidesa 193uuse i B UNIEnWTURawIAaAae ey
A A & o @ o 0ok o gy a A & ] o A 19 a
nafiiyNdenziinawieuaniion 0=15" Tedanarinlivsnanidnysauaesdnusazanegluiianie +2 aes
n31endnecl AR=1 uazlidanasiarunntFnanianirueuinudaza e luianig -z
lunstiiin AR=8 NAN99RGETuLLL Inline (U7 4.18 (1), (A), (3) waz (1)) WU ayuLenzivtTY

\
¥ a =

Ml nandnruasiuiasetwuningansisnalaanianisiie leseinauanifveain AR=8

¥
= k2

. - 4 da ad d oo o . R
Auntidngnandinatl AR=4 Teniaiinaeyulzngluanmindniinunniindaaianin unisisiuilunng
dgnzazndnanszuanisiiaseadnuaznszualnasdn asnarinliitinunidnysaunsiizes AR=8 Hiunanandn

= ‘ﬁl ¥ o ° v = 1y
N3t AR=4 T4aanAfeiLNANIIRaeINT nadaneNaLmes

TunsalinFeuiaussndnanisdnPeauuy Inline WAZWLL Staggered 1849140 AR=4 uax 8 (WFauifiey

sendneglinudrauazfinuanvesgy 4.17 uaz 4.18 Ayuilenzifaniiv) wudinnsdnBeeweainuuy Staggered §
o gy a A @ ad A . o A X ~ a P

navn LS TuRuRanandIn1s9aEEauUL Inline yanadl Tnaawiztnmdaianianisivauasiiym

denznngn aniunsilidn AR=8 NN 6=30° uar 45° TeFnnmanWTueudnieyfiunienisiuansdinig

o A a P oA o~ o ~ o A . ~ . o
AALTENLLLL Staggered NUUIANINNNINNANEUNLNTUNITIALTEILLLU Inline (Lﬂ?‘ﬂ‘].lmf;llli::ﬁ'ﬂ\‘igﬂ 418 (/) nu

(2) AMWFUyH 0=30" uaz 4.18 (1) iU (1) AMmFuyN 0=45)
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T Wallwithoil fim  EEEE \all without oil film

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(n) AR=4, Inline, 8=0° (1) AR=4, Staggered, 0=0"

6
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(A) AR=4, Inline, 0=15" (4) AR=4, Staggered, 6=15°

Z/D

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(/) AR=4, Inline, 8=30° (2) AR=4, Staggered, 6=30°

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

X/D X/D
(1) AR=4, Inline, 0=45° () AR=4, Staggered, 0=45"

UM 4.17 uapedneniznisivazeadinuuiuiangdl AR=4 (Re.=13,400)



Wall with oil film BN \\a|| without oil film

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(n) AR=8, Inline, 8=0° (1) AR=8, Staggered, 0=0"

ZID

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(R) AR=8, Inline, 6=15° (4) AR=8, Staggered, 0=15"

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(/) AR=8, Inline, 6=30° (2) AR=8, Staggered, 6=30°

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
X/D X/D
(1) AR=8, Inline, §=45° () AR=8, Staggered, 8=45"

917 4.18 uansanEuznsaTe SN UUANWRINST AR=4 (Re,=13,400)
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4.3 ANHMUENITNTEANLURIUATAATNLLAFLUUNUR
JUT 4.19-4.21 ugpdnmuznIINIzatsesiaafinue fuuiuia T nuan1masesiag 1
WafluTATHARARARATAMA TAENTNIINLRINANITNARBINLIN ANHELZNTNTZANEURINALTAFINILBSAanAERIL

ﬁ/ﬂHMZﬂ’]ﬁ‘VLW@UuWanﬁiﬁ@’]ﬂﬂ’]i“Vl nandlag 1 asdingu LL@zmﬁ@uﬁuﬁﬂwmzm?mmw AT TN Y

K7

d’ % =) o v o % a '8 1 a dld a & o g
nlFannisdnmansuznisinalaelfuuuanasanisluasmaneufiamed luudazgl Usnamddniadamivues
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% crop size
pP1=140;% position x
p2=198;% position'y
p3=47;% colum

p4=47;% row

% image file input
name=char(filename(i));

image=imread(name);

Hue2=imcrop(Hue1,rect); } nngsannIuaaencinanudlultumasTuan A ASAGA

Hue3=double(Hue?2)/255;
r=Hue3(:,:,1);
g=Hue3(:,:,2);
b=Hue3(:,:,3);

r1=sum(r(:))/numel(r);
g1=sum(g(:))/numel(g);
b1=sum(b(:))/numel(b);

Angle=acos((0.5*((r1-g1)+(r1-b1)))./((sqrt((r1-g1)." 2 \
+(r1-b1).*(g1-b1))))); %angle

Hued4=Angle;

Hue4(b1>g1)=2*pi-Hue4(b1>g1);

H=Hue4/(2*pi);

S=1-3.*(min(min(r1,g1),b1))./(r1+g1+b1);

I=(r1+g1+b1)/3;
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lelect=34; %electrical current

R=0.034975; % thermal resistance of stainless foil
Astainless=0.29*0.199; % m~"2
gelec=(lelect”2)*R/Astainless; %heat flux
Tj=27; %jet temperature

D=0.0132; %jet diameter

Kj=0.02604; %conductivity of jet

G=5.67*(10"(-8));
Etlc=0.9;
Ts=23.5; % ambient temperature

Ts1=Ts+273;

Witlc=0.18;

Ltlc=0.268;

L=(Wtlc*Ltlc)/((Wtlc*2)+(Ltlc*2)); % characteristic length

beta=1/Ts1;
nu=15.89*10"-6; % @25 C
alpha=22.5"10"-6; % @ 25 C

Ks=0.0263;

pb1=32;% position x

pb2=88;% position y
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, C ddas
AvuaAAsnn M lun1maaeg

5%
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pb3=482:% colum > nmuainanuassiunwaesukumeiudainmidsa

pb4=288;% row

rect=[pb1 pb2 pb3 pb4]; )

rsum=zeros(pb4+1,pb3+1);
gsum=zeros(pb4+1,pb3+1);

bsum=zeros(pb4+1,pb3+1);

5 - S X3 = o
AFUNFING rsum gsum WA bsum  NNLAYAUELIVINUNA TIN

o
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name=char(filename(i))

image=imread(name);
imaged=imcrop(image,rect);
Hue3=double(imaged)/255;
rm=Hue3(:,:,1);
gm=Hue3(:,:,2);

bm=Hue3(:,:,3);

rsum=rm-+rsum;

gsum=gm-+gsum, >~

bsum=bm-+bsum;

r=rsum/at;

g=gsum/at; \

b=bsum/at;

% RGB to HSI

Angle=acos((0.5*((r-g)+(r-b)))./((sart((r-g).~2

+(r-b).*(g-b))))); %angle

Hued=Angle; %B<=G

Hue4(b>g)=2*pi-Hue4(b>g);

H=Hue4/(2*pi);

S=1-3.*(min(min(r,g),b))./(r+g+b);

I=(r+g+b)/3;

[a,b]=size(H);

Tem=zeros(a,b);
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forj=1:a; \

for k=1:b;
if H(j,k)<0.60779
T=(60.146"H(j,k)~3)-(35.224*H(j,k) "2 ad g
( (1,k)~3)~( (i.K)"2) auniiteglutos
+(8.5288*H(j,k))+27.168; o o
( (k) 27°C<T<31°C
Tem(j,k)=T; o .
AN1TulasA H anngunig
end Ay = @
Arunldaeuifauiiu
AUNYNUATUN U UNNAY
if H(j,k)>0.60779 -
Tuunesnd Tem
T=(91158*H(j,k)~4)-(209333*H(j,k) " 3) )
, , anunRnedluga
+(180380*H(j,k) " 2)-(69093*H(j,k))+9953.9; kK * ®
. 31°C<T<33°C
Tem(j,k)=T;
end
end
end j
Taverage=sum(Tem(:))/numel(Tem); } AU RIRRHLIUAWIY

TWradi=Taverage+273;

v o

AuANGgoREA NI UULLILNEE
gradi=G*Etlc*((TWradi~4)-(Ts1"4));

RalL=(9.81*beta*(Taverage-Ts)*(L"3))/(nu*alpha);
NulL=0.54*Ral."0.25; 0 o & = o
ﬂ’lu']m’/\l@ﬂ“ﬁﬂ’]ﬁ‘@‘ﬂo_llL@HﬂquT@uLLUUW’]luLLuQ
hc=NulL*Ks/L;

gconvec=hc*(Taverage-Ts);

g=qelec-gradi-gconvec; } ANUINANTANNFAUIIN LN URY

[a,b]=size(Tem); A519usENd Nu (Nusselt number) NHa2AuEiaINA T9daun

Nu=zeros(a,b); ANUIUNNLTAF LN N BATAILENANTUIUNALBIN T AT LA A

WunnaagueumasinaninAsasa



forj=1:a;
for k=1:b;
h=a/(Tem(j,k)-Tj);
Nu1=h*D/Kj];
Nu(j,k)=Nu1;
end

end

)

AMIALTA TR IRIUAATAAN IWLAT LN LA IULNGTN S

Nu T9EINNTOUINTTAINITAN LU AT AN LB FUNNLREY

71



72

NMANUIN A

seaziRsA89n19 1 lUsunsu Fluent lun13anaaenisiva

o 4 . o
1. ﬂ'ﬁ‘ﬂﬂﬁuﬁl,\iu»lfﬂﬁl’]\i“] Tuniinging General

General

Mesh

[ scale.. |[  check

Salver

| (Report Quality |

Type Velocity Formulation
(@) Pressure-Based @ Absolute
() Density-Based (") Relative

Time
@) Steady
() Transient

|:| Gravity

Help

2. mamuuaReulauazesine i Model

() Scale-Adaptive Simulation (SAS)
() Detached Eddy Simulation (DES)

-

m

| 1.92

TKE Prandt! Number

Model Model Constants
(7) Inviscid cmu
() Laminar
= 0.09
() Spalart-Almaras (1 egn) |
(@) k-epsilon (2 egn) C1-Epsion
() k-omega (2 eqn) T
(7) Transition k-+l-omega (3 eqn) | ’
(7) Transition SST (4 eqn) C2-Epsilon
(") Reynolds Stress (7 eqn)

() Large Eddy Simulation (LES)

k-epsilon Model

(@ Standard
() RNG

() Realizable

Mear-Wall Treatment

(@ Standard Wall Functions

() Non-Equilibrium Wall Functions
() Enhanced Wall Treatment

() User-Defined Wall Functions

Options
|:| Viscous Heating

| 1

User-Defined Functions

/

Turbulent Viscosity

[none

Prandtl Mumbers

TKE Prandtl Mumber

| »

[none

1

TDR Prandtl Number

m

[I"IO(‘IE

Energy Prandt Number

nong

4

[oc) (Cancl) (k)

Mode!l Constants

TKE Prandt! Mumber
1

TDR Prandt Number
1.3

Energy Prandt! Mumber
0.85

Wall Prandt Number
0.85

m

TDR Prandt Number

’I"IOf‘IE

Energy Prandtl Mumber

’I"IOf‘IE

A
m

wall Prandt! Number

’I"IOf‘IE




3. manvuaienlauazAsineluniiising Cell Zone Conditions

Cell Zone Conditions

73

4

[ Parameters... | [operating Conditions... |

Display Mesh...
Parous Farmulation
@) Superfidal Velocity

Physical Velodity

Nodes
Edges

Partitions

Surface Name Pattern

Faces ) Outline ainl

Shrink Fackor ~ Feature Angle ||

”

8E

ure_outlat

velodity_inlet
wall

Zone
Pressure Gravity Zonlx.adNamE
Operating Pressure {pascal) | Gravity | | =
o I —
Reference Pressure Location Frame Motion [ Laminar Zone [ |Source Terms.
) ra— Mesh Motion Fixed Values
a A k Porous Zone
¥(m) g 8 Reference Frame | Mesh Mation | Parous Zone | Embedded LES | Reaction | Source Terms | Fixed values | mul
Z(m) g . . . s S
[E] Rotation-Axis Origin Rotation-Axis Direction
) E constant =) [|*[o constant -
(o] Y@ o corstant =N constant =
Phase Type jin]
|mlxmre v”ﬂud v] |2 | Z(I'ﬂ)|U constant - 2‘1 constant =
[ Edt. ][ Cony. |[Profies.. || B Mesh Display [

[ o< | [cance] [ ]

Surface Types EIS)
axis -
dip-surf
exhaust-fan o
fan Sl

ffmation ... Done.

[ Dplay | [colors... | [ Close | [_Hep |

4. msnmuaReulauwazAsneluminsing Boundary Conditions luginuaes Pressure outlet

Boundary Conditions

Zone

stainless
velodty_inlet
wall

wiall-solid

Phase

|mixmre

Type jin]
v|[|:xessue—ouﬂet V] 3

[ Edit..

] [ Copy... ][Pmﬂes... ]

[ Parameters...

| [operating Conditions... |

[Dsi:ia\rMed'!] | Periodic Conditions. .. |

Highlight Zone

‘l t(P)\HEMETT25-ICOHE2\Array-jet\CFDAInlineyInline ARS_AnB\Ar

ST

Zone Mame

| pressure_outlet

Momentum |Then'na|| Radiah'onl Speciesl DPM | Mulh’phasel uDs |

Gauge Pressure (pascal) | 0

’cmsmt

Backflow Direction Spedfication Method [No;mal to Boundary

Radial Equilibrium Pressure Distribution
[7] Average Pressure Spedfication
Target Mass Flow Rate

Turbulence

Spedfication Method [K and Epsilon

Backflow Turbulent Kinetic Energy (m2/s2) | 1

[cmsmt

Backflow Turbulent Dissipation Rate {m2/s3) | 1

| constant

Lok | [cancel] [ tieb |




5. nanvuaenlauazAsineluniiising Boundary Conditions Tuginuaes Velocity inlet

interior-solid
pressure_putlet Zone Name
sminlss | velocity _inlet
|velogityjplet [/
wall
wall-solid Momentum |Therma|| Radiaﬁonl Speciesl DFM I Mult’phasel uns I
Velocity Spedification Method lwm' Normal to Boundary - ]
Reference Frame [Absohte v]
Velocity Magnitude (m/s) | 0.36 ’mmt v]
Supersonic/Initial Gauge Pressure (pascal) | ) lmmt v]
Turbulence
Spedfication Method [I( and Epsilon v]
ijr:::re vl ’tﬁdty-ﬂet v] I|DE Turbulent Kinetic Energy (m2/s2) | 1 [consmt v]
Turbulent Dissipation Rate {m2/s3)
[ —— ][Cm ”pmﬂesm] urbulent Dissipation Rate {(m2fs |1 lconsmt v]
[ Parameters... ] [Dperat’ng Condtlons]
[DﬁiayMesl"l] | Periodic Conditions... | [ 0K ] [Car‘lcei] [ Help ]

6. nanvuaeulauazAsineluntiising Boundary Conditions Tudauaas Wall

Boundary Conditions Wall

Zone Zone Mame
interior-solid | wall
pressure_outlet
stainless Adjacent Cell Zone
veloug inlet . |solid
wall-solid

Momentum |Therma|| Radiationl Speciesl DPM | Multiphasel uns |

Wall Motion Mation

@ Stationary Wall | [V] Relative to Adjacent Cell Zone ‘
(71 Moving Wal

Shear Condition

(@) Mo Slip
(71 specified Shear
Specularity Coeffident

() Marangoni Stress
Phase Type ID |
|mixture v| [waﬂ 'l |T Wall Roughness

Roughness Height (m) |0 [COHSE!"It ,l
| Edit. | [ cCopy.. |[Profies... | ot rcss Comstant
[ Parameters... | [Operating Conditions... | ouannEss anstan |u.5 |constant -

[Display Mesh... ] | Periodic Conditions. .. |
Highlight Zone

Lok | [cancel] [telp




7. manvuaienlauazAisineluniiising Reference Values

Reference Values

Compute from

Reference Values

Area (m2) | 1

Density (kgfm3) | 1.275

Enthalpy (j/ka) |o

Length {m) | 1

Pressure (pascal) | 0

Temperature (k) |288.16

Velocity {m/s) | 1

Viscosity (kg/m-=s) | 1.7894e-05

Ratio of Spedific Heats | 1.4

Reference Zone

8. nMemuuaReulauazeAsinelumiiising Solution Methods

Solution Methods

Pressure-Velocty Coupling

Scheme

|smvpLe

Spatial Discretization

Gradient

[Least Squares Cell Based

Pressure

|standard

Momentum

[Second Order Upwind

Turbulent Kinetic Energy

[Second Order Upwind

Turbulent Dissipation Rate

[Second Order Upwind

Transient Formulation

J Mon-Iterative Time Advancement
[ | Frozen Flux Formulation
|| Pseudo Transient

Default

75



9. manvuaienlauazAsineluniiising Solution Controls

Problem Setup

Solution Controls

1: Mesh -

General

Models

Materials

Phases

Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Dynamic Mesh
Reference Values

Solution
Solution Methods

Manitors
Solution Initialization
Calculation Activities
Run Caloulation

Results
Graphics and Animations
Flots
Reports

Under-Relaxation Factors

Pressure

Solution Limits

|0.3

Density

| 1

Body Forces

| 1

Momentum

|0.?

Turbulent Kinetic Energy

|0.8

Default

[Equations.... | [Limits... | [Advanced...

Se+10

1e-20

76

Minimum Absolute Pressure (pascal) [

Maximum Absolute Pressure (pascal)

Minimum Static Temperature (k) [{

Maximum Static Temperature (k) [5onp

Minimum Turb. Kinetic Energy (m2/52) [12-14

Minimum Turb. Dissipation Rate {m2/s3)

Maximum Turb. Viscosity Ratio W

[ ok | [oefauit] [cancel ] [ riep |

Advanced Solution Controls

Multirid | Multi-Stage | Expert |

Cyde Type

Termination Restriction

Pressure V-Cyde - | 0.1

AMG Method Stabilization Method

[Agg'egaﬁue

) Mone )

X-Momentum M |0,1 |U.?

Aggregative -

Algebraic Multigrid

Y-Momentum | Flayible - |0.1 |U.?

Controls

Aggregative -

Scalar Parameters

Fixed Cyde Parameters

Coarsening Parameters

Pre-Sweeps
Post-Sweeps

Max Cycles

° B
8

Max Coarse Levels [ 2g

Coarsen by [ 2

(a]
=

(&)
=

(]
| 30 = | Smoother Type

Gauss-Seidel
@ nu

Flexible Cyde Parameters

Sweeps ’2= %

Verbasity [ %

Max Fine Relaxations | 3 (4] urface
= lakatat
Max Coarse Relaxations [ 5q (]
=
Options S
-




10. narinvuaReulauazesineluniingne Solution Controls

Solution Initialization

Initialization Methods

() Hybrid Initialization
(@ Standard Initialization

Compute from

Reference Frame

(@) Relative to Cell Zone
(7 Absolute

Initial Values

Gauge Pressure (pascal)

L3

| 0

¥ Velodty (m/s)

| 0

¥ Velodty (m/s)

| 0

Z Velodty (m/s)

| 0

Turbulent Kinetic Energy (m2/s2)

| 1

Turbulent Dissipation Rate (m2/s3)

| 1

mitisize | [ Reset |[Patch... |

|Reset DPM Sources | |Reset Statistics |




NIARNUIN 3.1

NFUNAUANKIIUNIGITINNG

The 5" PSU-UNS International Conference on Engineering and Technology (ICET-2011), Phuket, May 2-3,

2011 Prince of Songkla University, Faculty of Engineering Hat Yai, Songkhla, Thailand

78



The 5" PSU-UNS International Conference on Engineering affd
Technology (ICET-2011), Phuket, May 2-3, 2011

Prince of Songkla University, Faculty of Engineering
Hat Yai, Songkhla, Thailand 90112

EFFECT OF VELOCITY RATIO ON
FLOW AND HEAT TRANSFER
CHARACTERISTICS OF
AN IMPINGING JET IN CROSSFLOW

M. Wae-hayee *, C. Nuntadusit **, P. Tekasakul *
1. Department of Mechanical Engineering, Faculty of Engineering,
Prince of Songkla University, Hatyai, Songkhla, Thailand
* Authors to correspondence should be addressed via email: chayut@me.psu.ac.th

Abstract: The effect of velocity ratio (VR, ratio of jet
velocity to crossflow velocity) on flow and heat transfer
charateristics on an impinging jet with crossflow was
investigated. The air jet issued from circular orifice and
then impinged normal to heated surface in wind tunnel.
The jet-to-plate distance (H, wind tunnel height) was
fixed at 2D (D is orifice diameter). The velocity ratios
were varied from VR=3, 5 and 7. The temperature
distribution on an impinged surface was visualized by
using thermochromic liquid crystal sheet (TLCs) and
Nusselt number distribution was evaluated with image
processing technique. The flow patterns on impinged
surface were visualized by using oil film technique. The
numerical simulation was also employed to gain insight
into the fluid flow of jet impingement in the crossflow.
The results show that the averaged Nusselt number was
highest in case of VR=5. The heat transfer in jet
impingement region was enhanced when increasing VR
from O to 5 and the heat transfer was decreased again
when increasing VR from 5 to 7. The locations of
maximum Nusselt number were shifted to downstream
direction due to crossflow and the interaction between
impinged jet and cross flow near the wall was revealed.
Key Words: Impinging jet, Crossflow, Thermochromic
liquid crystal sheet, CFDs

1. INTRODUCTION

Jet impingement is a high-performance technique for
heat transfer enhancement in thermal equipment. It has
been also used in industrial process for a heating, cooling
or drying. It provides for rapid cooling or heating on
local heat transfer area. However, the heat transfer rate is
very high on jet directly impinged area. Many of thermal
industrial applications have large heat transfer area such
as, a combustor wall chamber and gas turbine blade
cooling, steel and glass quenching, textile and paper
drying. A high and uniform heat transfer rate is required
over entire that areas. Hence, multiple of impinging jets
are applied.

Multiple of impinging jets are formed by number of
individual jet impingements. The flow and heat transfer
characteristics of multiple impinging jets are influenced
by two interactions. First is an interaction between
adjacent before impingement wall and secondly, the wall
jets formed by the adjacent jets collide on the target
surface [1]. Another parameter that influences multiple
jet impingements in a confined space is the crossflow.
The crossflow is defined as the fluid flow in the direction
perpendicular to the jet impingement flow. The
crossflow can be either due to external flow resource or
due to accumulated spent jet fluid flow. The crossflow
has been found to significantly reduce the heat transfer of
impinging jet in downstream [2, 3].

Goldstein and Behbahani [4] studied the single jet
impingement from a circular pipe orifice for case of with
and without crossflow. The results show that a maximum
Nusselt number decreases with increasing flux
momentum of crossflow for jet-to-plate distance H=12D
(D is orifice diameter) and the maximum Nusselt number
increases, when decreased the jet-to-plate distance to
H=6D with moderate flux momentum of crossflow.
Bouchez and Goldstein [5] experimentally studied the
local heat transfer on the impinged surface and flow
visualization of the jet in the crossflow, the experiment
carried out of the single jet impingement from a circular
pipe orifice normal to a surface, the results show that the
low velocity of crossflow can created a recirculation
zone upstream of the stagnation point and the heat
transfer coefficient for jet-to-plate distance H=6D has
higher than H=12D for all flux momentum ratios.

Barata and Durao [6] investigated the flow
characteristic of an impinging jet in crossflow. They
found that the upstream side of wall jet interacted with
the crossflow and formed a vertex close to the ground
target plate which flow was similar to the horseshoe
structure. Nakabe et al. [7] experimentally studied a
single inclined impinging jet in the crossflow with jet to
crossflow velocity VR=3, 5 and 7 and showed the
increasing heat transfer on the target surface in case of



high crossflow velocity VR=7. Yang and Wang [§]
conducted the numerical simulation of an inclined
impinging jet in crossflow with same experimental
condition of Nakabe et al. [7]. The results indicated that
for the case of the low velocity ratio (VR=3), there
appeared very strong circulation flow near the stagnation
region when compare with other velocity ratio (VR=5
and 7).

All literature reviews have been briefly discussed in
above. It was found that the crossflow significantly
reduced or enhanced the heat transfer of impinging jet
according to the ratio of jet to crossflow velocity and jet-
to-plate distance. Most of the previous works on
impingement heat transfer under the crossflow are
concerned with jet from a pipe nozzle [4, 5, and 6]. In
practical industrial applications, the heat transfer surface
is large and the multiple impinging jets were must
applied with orifice type nozzle. Hence, the interacted
characteristic between the jet and the crossflow are
unlike for case of single and multiple impingements.
Also, the flow and heat transfer characteristics in case of
jet impingement from the pipe and orifice nozzle are
difference.

In case of multiple of jet impingements, the
maximum heat transfer on the target surface was 2D-3D
of jet-to-plate spacing (according on the jet-to-jet
spacing) [2, 3 and 9]. While, the maximum heat transfer
on the target surface in case of single jet impingement
was 5D-8D of the jet-to-plate distance, according on the
nozzle type and confined or unconfined of the test
section [10, 11 and 12]. From these reasons, the effect of
crossflow on jet impingement from orifice nozzle with
low jet-to-plate distance (H=2D-3D) should be
concerned than the jet impingement from the pipe nozzle
with high jet-to-plate distance (H>6D).

The aim of this research was to study the effect of
velocity ratio on flow and heat transfer in case of
impinging jet from orifice nozzle with low jet-to-plate
distance H=2D. The experimental investigation was
carried out of the jet to the crossflow velocity ratios
VR= V,/V, =3, 5 and 7. The temperature distribution on

the impinged surface was investigated by using TLCs
and Nusselt number distribution was evaluated by using
image processing technique. The flow characteristics on
the impinged surface were visualized by using oil film
technique. The numerical simulation was employed to
gain insight into the fluid flow of jet impingement in the
crossflow by using commercial CFD software (ANSYS
ver. 12.0).

2. EXPERIMENTAL MODEL AND PARAMETERS

The experimental model in this study, the jet was
discharged from a circular orifice and then impinged
normal to opposite heated surface in wind tunnel with
rectangular cross section as show in Fig.1. The crossflow
was generated by sucking air pass through the test
section with centrifugal blower located downstream of
wind tunnel. To consider the effect of jet to crossflow
velocity (VR) on flow and heat transfer characteristic on
the impinged surface, the jet flow was fixed at a constant
flow rate and the crossflow velocity was varied. An
origin of the Cartesian coordinates was located on the
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impinged surface as shows in Fig.1. The X-axis, Y-axis
and Z-axis are the streamwise of crossflow, normal to
streamwise and spanwise direction of wind tunnel,
respectively.

The experiment was carried out at orifice diameter
D=13.2 mm and jet-to-plate distance H=2D. The
comparisons for flow and heat transfer
characteristics on the impinged surface were based
on the constant jet velocity (at Re= VD /v=12,700)

and varied crossflow velocity, corresponding to
velocity ratio between the jet and the crossflow
VR=3,5and 7.

Jet from orifice

Orifice hole

3 Wind channel

Crossflow
(a) 3-D view
[mpinging jet
2 Orifice plate

Crossflow

Impingement plate
(b) 2-D side view

Fig. 1. Experimental model of an impinging jet in a
crossflow

3. EXPERIMENTAL SETUP AND METHOD
3.1. Experimental setup

Fig.3. shows a schematic view of the experimental
apparatus. The experimental apparatus composed of two
parts: jet flow supplied part and crossflow supplied part.
For the jet flow supplied part, the centrifugal blower
(3HP) accelerates the air which then flows through a
temperature controlled chamber and towards the orifice
flow meter. The air subsequently passes through a jet
chamber with constant cross-section 360-mm-wide, 360-
mm-long and 850-mm-high. The jet chamber was
equipped with two layers of perforated plates and two
layers of mesh plates to ensure that a uniform flow field
approaches to the orifice plate.

The crossflow in the wind tunnel was sucked through
the inlet chamber, a flow straightener, two of mesh
plates, the test section and an outlet chamber with
centrifugal blower (3HP) located at downstream of wind
tunnel. The wind tunnel has rectangular cross-section
300-mm-width and the height is 2D (Aspect ratio is
11.4.). The wind tunnel has sufficient length to ensure
that the flow passes through the test section with a fully
developed velocity profile. In addition, the inlet chamber
and wind tunnel was assembled by convergent
connection to reduce the effect from wind tunnel inlet.

The test section was mounted upon the jet chamber
and its dimension was 139-mm-wide and 26.4-mm-high.
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Fig.2. Schematic of the experimental apparatus

The surface of heat transfer measurement (Opposite
site of jet plate) of test section was designed for
replaceable with transparent acrylic plate for the flow
visualization technique. As well as, the Pitot-static tube
was mounted before test section for the crossflow
velocity profile measurement. For all experimental
conditions, the jet and crossflow were controlled with
constant temperature at 27°C and temperature variation
of the jet and the crossflow was controlled within 0.2°C.

3.2. Heat transfer measurement

Fig. 3 shows the detail of test section for heat transfer
measurement. The air with constant temperature
discharged from an orifice plate and impinged upon the
heat transfer surface. The heat transfer surface was made
of stainless steel foil (30-pm-thicknesses) which attached
with TLC sheet on the rear side of jet impinged surface.
The stainless steel foil was stretched between couple of
copper bus bars. The heat transfer surface was heated by
DC power supply that can supply current up to 40A
passes through copper bus bars. An amount of electrical
energy was dissipated in the stainless steel foil and it can
be calculated from equation

Qinput = IZR (1)
where here, | is the electrical current and R is the
electric resistance of stainless steel foil.

The heated impinged surface was cooled with
impinging jet. Hence, the local values of heat transfer
coefficient (h) by force convection of jet can be
evaluated from equation

_ Qinput B Qlosses

_ qinput _qr - qc (2)
AT, -T)) T.-T;

where qr =0¢&q ¢ (Tw _Ts) and qc = hc (Tw _Ts) are the
heat loss transferred to the environment by radiation and

convection, respectively. The T, and T,are the wall and

jet temperature, the o is a Stefan-Boltzman constant, the

Enc is a emissive coefficient of the black background

paint and the TLCs that has been given in [9], T, is a
surrounding temperature and h_is a natural heat transfer
coefficient that was calculated from natural convective
heat transfer from the horizontal plate orientation to the
surrounding.

T.he.rmochromic Screw
liquid crystal

Power supply

SUS304 foil
Copper bus bar

Digital camera E

Light D i

N

Crossflow

\\ ﬁmpingingjet

i
Jet chamber L

Fig.3. Detail of heat transfer measurement

Orifice plate

The wall temperature (T,) on the impinged surface

was measured by using TLCs that attached on the rear
side of jet impinged surface. The CCD camera was used
to capture colour on TLCs. The images of colour pattern
on TLCs were then converted from the RGB (Red, Green
and Blue) colour system to the HSI (Hue, Saturation and
Intensity) colour system. The Hue (H) value provides a
convenient way to correlate the colour of TLCs to their



temperature in range of 28-40°C. The TLCs was
calibrated with same location on the test section to keep
all external factors same with the heat transfer
experiment. The local Nusselt number was calculated
from

o= "D )

k

where D is the diameter of orifice and k is a
conductivity of air jet. An average Nusselt number was
calculated from

No = P (4)

k
where here, the average heat transfer coefficient h was
calculated from Eq.(2) by replacing T, to TTV that is a

averaged temperature on the impinged surface.

3.3. Flow visualization on the impinged surface

The flow visualization on the impinged surface was
illustrated by using oil film technique. The oil film was
prepared by liquid paraffin, titanium dioxide and oleic
acid. A transparent plastic plate was replaced to the
impinged surface and oil filme was painted uniformly on
jet impinged surface. The CCD camera was captured the
oil film flow on the impinged surface at each different
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5.2 Flow characteristic of jet and crossflow

Fig.5 shows the wvelocity distribution in ZX-plane
through the center of jet (Y=0). The jet discharged from
the nozzle and impinged upon the target surface. Before
jet impinging on the wall, the crossflow deflected the jet
to downstream side of crossflow. The tendency of
deflection of jet depends on the crossflow velocity or
VR. The jet was more deflected to the downstream of
crossflow when the VR decreases.

In case of VR=5 and 7, the wall jet was appeared on
both side of wupstream and downstream of jet
impingement region. This condition was different from
the VR=3 which the wall jet was appeared only
downstream.

Fig. 5 (b) and (c) show the point of velocity approach
to zero which nearly located to the target surface in
middle of jet impingement region for VR=5 and 7. This
represented the stagnation point. It was found that the
stagnation point was shifted to the downstream when the
crossflow velocity was increased. However, the
stagnation point in case of VR=3 was obscured.

8 Jet

1 Crossflow >

time (30 second/frame).

4. NUMERICAL SIMULATION (CFD)

The flow characteristic was illustrated by using 3-D
numerical simulation (ANSYS ver.12.0). The model of
numerical simulation is same with the experimental

model; dimension, mass flow rate of jet and crossflow,
boundary and experimental condition. The standard k-¢
turbulent model with general wall-function mode was
used for solving numerical simulation problems.

5. RESULTS AND DISCUSSION
5.1 Velocity profile of crossflow

Fig.4 shows the velocity profile of crossflow in Y-axis
pass the center of wind tunnel(Y is wind tunnel height).
The velocity profile shows a good agreement between
the CFD and experimental data. The trend of both data
illustrate that the flow befor enter to the test section with
fully developed flow. From this result, the flow
characteristic of crossflow before enter to the test section
of both experiment and CFD are almost matched.

¢  Exper VR=3

O Exper VR=5

A Exper VR=7
= CFD VR=3
=== CFD VR=5
—— CFD VR=7

Velocity (m/s)
W

U]
& a4

Y (mm)
Fig.4.Velocity profile of crossflow (Y is wind tunnel
height)

0 I L B L L LA I L I B
30 2 - 0 1 2 3 4 5
X/D
Fig. 5. Velocity contour in ZX-plane (Y=0) at
different VR

Fig.6 shows streamline in ZX-plane at Y=0. The
results obviously illustrated the interaction between jet
and crossflow. In case of VR=5 and 7 shows the ground
vortex in the upstream of jet impingement region. The
ground vortex of VR=7 is larger than VR=3, because of
the wall jet can be penetrated in the upstream of
crossflow about 3.3D then the wall jet collided with
crossflow and turn to downstream as shows in Fig. 6 (c).
Difference from in case of VR=5, the wall jet can
penetrate in the crossflow about 2.5D as shows in Fig. 6
(b). The dimension of ground vortex depends on the
distance of wall jet that can be penetrated as much as in
the upstream direction.

In case of higher velocity of crossflow VR=3 (Fig. 6
(a)), the ground vortex was disappeared. But, the wall jet
can be penetrated in the crossflow about 1.2D in the
upstream and then rapidly turn to the downstream. In this
case, the velocity of crossflow dominated the velocity of
wall jet.



Fig. 7 shows the streamline in ZX-plane at Y=-6 mm
from the jet exit. The result shows that the crossflow
passed through the jet flow with difference flow
characteristics according to the VR. In case of VR=3, the
circulation flow was appeared in downstream side of jet.
This circulation flow can be promoted the turbulent flow
inside the jet before impingement.

X/D

Fig.7. Streamline in ZX-plane at Y=-6 mm from the jet
exit (Solid circle are the position of orifice).

5.3 Flow and heat transfer on the impinged surface

Fig. 8 shows the flow visualization on the impinged
surface by using Oil film technique. The black area
represented oil film completely removed wall region and
white area represented area of oil film. The impingement
region has black area due to high shear stress on the
surface. The oil film was removed from this region.
Small white area in the middle of black area representes
the stagnation point of jet with velocity almost zero. In
case of without crossflow and case of VR=7 with lowest
crossflow velocity (Fig. 8 (a) and (d)), the stagnation
point was clearly expressed. For case of VR=3, the
stagnation point unclearly expressed as shown in Fig. 8
(b), because of highest velocity of crossflow (jet
impinged on surface weakly).

From the Fig.8, the distance of stagnation point
shifed far away from the center of orifice 0.15D, 0.25D
and 0.5D for VR=7, 5 and 3, respectively. The distance
from the stagnation point to the central orifice increased
with decreasing the VR, corresponding to the numerical
simulation model that shows in Fig.5 as has been
disscused in above.
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Fig. 8. Oil film patterns on an impinged surface at
different VR

Fig. 9 shows the local Nusselt number distribution on
the impinged surface. The area of high heat transfer in jet
impingment region became smaller in spanwise direction
for VR=3 and become larger for VR=5 and 7. This result
is consist with the area of stagnation region that has
been shonw in Fig. 8. The distance of stagnation region
in centerline in spanwise are 3D, 5D, and 5.6D for
VR=3, 5 and 7, respectively. This results illustreted the
area of stagnation region become smaller as the
crossflow velocity increasing.

The heat transfer peak in stagnation region for case
jet without crossflow is lower than other case of jet with
crossflow. For case jet with crossflow, the peak of heat
transfer increased with increasing velocity of crossflow.
The variation of heat transfer peak was obviously as
shown in Fig.10. This heat transfer enhancement is
attributed to the interaction between the jet and the
crossflow which increased turbulent intensity in the jet
before impingement, corresponding to the numerical
simulation model that shows in Fig.7.

Table 1 shows the variation of averaged Nusselt
number on the impinged surface that calculated from the
equation (4). The VR=5 has highest averaged Nusselt
number, because of the high local Nusselt number are
appropiated between stagnation region and around it. So,
difference from the VR=5 that shows the peak of heat
transfer only at stagnation point.
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Fig. 9. Local Nusselt number on an impinged surface at
different VR (T;=27 °C)
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Fig. 10. Local Nusselt number distribution on impinged
surface at different VR (T;=27 °C, Re; =12,700, Z/D=0)

Table 1. Averaged Nusselt number

VR 3 5 7
Averaged Nusselt 797 781 79
number

5. CONCLUSION

The main results are shown as follows;

(1) The jet was more deflected to the downstream of
crossflow when the crossflow velocity increasing and the
ground vortex in upstream of VR=7 larger than in case of
VR=3.
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(2) The higher velocity crossflow can increase the peak
of heat transfer in stagnation region. This is attributed to
the interaction between the jet and the crossflow which
increased turbulent intensity in jet before impingement.
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Abstract: In this acticle, the effect of jet arrangement on
flow and heat transfer patterns on a surface under
multiple impinging jets were studied. An array of
impinging jets with in-line and staggered arrangement
were considered. The effect of crossflow exit
orientations; a single and a double outlet were also
investigated. The temperature distribution on an
impinged surface was visualized by using thermochromic
liquid crystal sheet (TLCs) and Nusselt number
distribution was evaluated by using image processing
method. The flow characteristic on the impinged surface
was visualized by using oil film technique. The results
show that an interaction between jet and crossflow can
increase heat transfer at stagnation region with
appropriated velocity ratios between jet velocity and
crossflow velocity. The heat transfer rate of in-line
arragement was higher than the staggered arrangement
3.7 % for the single outlet and 25.7 % for double outlet.

Key Words: Array of impinging jets, Jet arrangement,

Heat transfer enhancement, Liquid crystal sheet

1. INTRODUCTION

Impinging jets are widely used in many industries
which required high heat transfer rate on surface like
cooling of gas turbine blade, electronic device,
combustion wall and compact high efficient heat
exchanger. However, the heat transfer rate is high only in
jet directly impinging region. When the high and uniform
heat transfer distribution is required over a wide area for
example: drying of film sheet, heating of steel sheet,
multiple of impinging jets is usually used instead. An
accumulated spent jet flow in a confined channel can be
produced a crossflow. The crossflow is defined as the
fluid flow in the direction perpendicular to the
impingement flow [1].

Brizzi et al [2] illustrated the flow and temperature
patterns on the impinged surface of array of jets with an

in-line arrangement. The results of the flow pattern
corresponded to the temperature pattern. Katti and
Prabhu [1] studied the heat transfer rate of in-line
arrangement of the array jet. The results showed the jet-
to-jet distance at 4D better than 2D and 6D (D is nozzle
diameter) and jet-to-plate distance at 1D and 2D have
higher heat transfer rate.

Previous studies have been investigated on
impingement heat transfer with the crossflow. There
found the crossflow significantly reduced the heat
transfer on impingement surface [3, 4 and 5]. In this
research, the effect of both the in-line and staggered
arrangement and the outlet orientation of spent air were
studied. The investigations carried out of the array of jet
impingement with jet-to-plate spacing for two time of jet
diameter. The characteristics of local heat transfer and
flow visualization on the impinged surface were
investigated.

2. EXPERIMENTAL MODEL AND PARAMETERS

S=3D S/2
[mpinging jet
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(b) Double outlets

Fig. 1. Sketch of the confined channel with different
crossflow exit orientations
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Fig. 3. Schematic view of the experimental setup

The model in this experiment, the jets were
discharged from array of circular orifices and then
impinged normal to heated surface on opposite surface of
rectangular duct. Fig.1 presents the sketch of two
different exit orientations; the first is the single outlet
(Fig.1 (a)) and the second is the double outlets (Fig.1
(b)). For the single outlet, the spent air was allowed to
flow out from the test section with only one direction.
For double outlets, the spent air allowed to flow out from
the test section with opposite direction. An origin of the
Cartesian coordinates was located at the impinged
surface as shows in Fig.1. The X, Y and Z-axis are the
streamwise, normal to the impinged surface and
spanwise direction of duct, respectively.

Fig.2 illustrates the array of jet arrangement are the
in-line and staggered arrangement and both arrangement
are same number of 6x4 jet holes. A diameter of nozzle

was D=13.2 mm. The jet-to-jet distance was fixed at

S=3D and jet-to-plate distance was fixed at H=2D. All
experiments were carried out at constant Reynolds
number Re=12,700. In case of the staggered arrangement
as shows in Fig. 2 (b), the confined wall of the lateral
side was given jet-to-wall distance for S/2 (=1.5D) and
this confined wall was given with same dimension for in
case of the in-line arrangement as shows in Fig. 2 (a).

3. EXPERIMENTAL SETUP AND METHOD
3.1. Experimental setup

Fig.3 shows schematic view of the experimental
apparatus. The blower (3HP) is used for generated the air
jet. The air flows through a temperature controlled
chamber and towards the orifice flow meter. The air
subsequently passes through a jet chamber with constant

cross-section 360-mm-wide, 360-mm-long and 850-mm-
high. The jet chamber was equipped with two of



perforated plates and two of mesh plates to ensure that
uniform flow approached to the nozzle plate. For all
experimental conditions, the jet flow was controlled with
constant flow rate at Re= V,D/v=12,700 and at constant

temperature T;=27 °C. The test section was mounted
upon the jet chamber. In case of single outlet, the test
section was mounted by wall with space 1.5D (S/2) from
the column 1 as shows in Fig. 1 (a).

3.2. Heat transfer measurement

Fig. 3 shows the detail of test section for heat transfer
measurement. The air with constant temperature was
discharged from an orifice plate and impinged upon the
heat transfer surface. The heat transfer surface was made
of stainless steel foil (30-um-thicknesses) which attached
with TLC sheet on the rear side of jet impinged surface.
The stainless steel foil was stretched between couple of
copper bus bars. The heat transfer surface was heated by
DC power supply that can supply current up to 40A
passes through copper bus bars. An amount of electrical
energy is dissipated in the stainless steel foil and it can
be calculated from equation

Qinput =1%.R (1)
where here, | is the electrical current and R is the
electric resistance of stainless steel foil.

Then, the heated impinged surface was cooled by
impinging jets. Hence, the local values of heat transfer
coefficient (h) by force convection of jets can be
evaluated from equation
_ Qinput _Qlosses _ Qinput _qr - qc (2)

AT, -T,) T,-T,
where qr =0¢&qc (Tw _Ts) and qc = hc (Tw —Ts)al'e the
heat loss transferred to the environment by radiation and
convection, respectively. The T, and T, are the wall and

jet temperature, the & is a Stefan-Boltzman constant, the
& 1s a emissive coefficient of the black background

paint and the TLCs that has been given in [6], T, is a
surrounding temperature and h_is a natural heat transfer

coefficient that was calculated from natural convective
heat transfer from the horizontal plate orientation to the
surrounding.

The wall temperature (T, ) on the impinged surface

was measured by using TLC sheet that attached on the
rear side of jet impinged surface. The CCD camera was
used to capture colour on TLC sheet. The images of
colour pattern on TLC were converted from the RGB
(Red, Green and Blue) colour system to the HSI (Hue,
Saturation and Intensity) colour system. The Hue (H)
value provides a convenient way to correlate the colour
of TLC to their temperature in range of 28-40°C. The
TLCs was calibrated with same location on the test
section to keep all external factors constant. The local
Nusselt number was calculated from

Nu = D ®3)

k

where D is the diameter of orifice and k is a
conductivity of air jet. An average Nusselt number was
calculated from
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M- (4

Tk
where here, the average heat transfer coefficient h was

calculated from Eq.(2) by replacing T, to TTV that is a
averaged temperature on the impinged surface.

3.3. Flow visualization on the impinged surface

The flow visualization on the impinged surface was
illustrated by using oil film technique. The oil film was
mixed by liquid paraffin, titanium dioxide and oleic acid.
A transparent plastic plate was coated by oil film and it
was replaced to the impinged surface. The CCD camera
was captured the oil film flow on the impinged surface at
each different time (30 second/frame).

4. RESULTS AND DISCUSSION

4.1 Flow patterns on an impinged surface

€ Outlet direction =——

N

= o Centerof
each nozzle

Qil film

Qil film
removed

0
X/D
(b) Staggered arrangement

Fig. 4. Flow patterns on the impinged surface in case of
double outlet (Re=12,700, After jet impinged 1200
second)

Fig. 4 and 5 show the flow visualization on the impinged
surface by using oil film technique. The black area and
white area represent an oil film completely removed wall
region and area of oil film, respectively. The
impingement area has a high shear stress on the surface,
this effect on the oil film removed from this area. A
white point in the middle of black area representes the
stagnation point of jet and the black dots are the location
of center of each orfice nozzle.

Fig. 4 shows the flow patterns on the impinged
surface in case of the double outlet. The flow patterns of
both different arrangement illustrate deflection of jet
toward the crossflow direction. Deformation of impinged
area depend on the location of orifice and jet
arrangement.
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Fig. 6. Hlustrate the crossflow passes through the array
of jets with different nozzle arrangement

Fig. 5 shows the effect of nozzle arrangement on flow
characteristics on the impinged surface in case of the
single outlet. The flow pattern in case of in-line
arragement, the stagnation point (Small white point) of
jet column 4-6 were shifted to the direction of crossflow.
The distance between center of nozzle and stagnation
point increased with increasing the number of column.
For the column 4, 5 and 6, the shifted distance between
center of nozzle to the stagnation point are 0.5D, 1.0D
and 1.3D, respectively as shows in Fig. 5 (a). This
deflection of jet can be illustreted the effect of crossflow
on the jet flow, especially, the jet which located at last
column (Column 6) near the outlet. The stagnation
region was shifted far away from the center of jet.
Moreover, the jets which located at last column (Column
6) in case of staggered arrangement (Fig.5 (b)), the
stagnation region was located at over considered area
(disapear on the considered area). The different
characteristics of crossflow passes through the jets flow
of the in-line and staggered arrangement were illustrate
in Fig.6.

4.2 The detail of Nusselt number on the impinged
surface
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Fig. 7 and 8 show the local Nusselt number distribution
on the impinged surface. The heat transfer rate in jet
impingement regions of each jets was higher than heat
transfer rate in region between jet and around it. The
characteristic of heat transfer corresponded to the flow
pattern on the impinged surface with same experimental
condition. Similarly, the peak of heat transfer occured at
the same location of the jet impinged region as show in
Fig. 4 and 5.

(b) Staggered arrangement

Fig. 7. Nusselt number distribution on the impinged
surface in case of double outlet (Tj=27 °C, Re=12,700,
black dots represent the center of the orifice jet)
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Fig. 8. Nusselt number distribution on the impinged
surface in case of single outlet (T;=27 °C, Re=12,700,
black dots represent the center of the orifice jet)

Fig. 9 shows the spanwise averaged Nusselt number.
Incase of double outlet (Fig. 9 (a)), the peak of heat
transfer of in-line arrangement dominated the peak from
the staggered arrangement for all location of X-axis.



Otherwise, the location of peak of heat transfer of the
single crossflow depended on the jet arrangement as
show in Fig. 9 (b). The location of X>3D, the peak of
heat transfer of the staggered arrangement dominated the
peak from the in-line arrangement. Otherwise, the
location of X<-1D, the peak of heat transfer of the in-line
arrangement dominated the peak from the staggered
arrangement.
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Fig. 9. Spanwise averaged Nusselt number (T{=27°C,
Re=12,700, Arrow represents the location of nozzle)

Fig.9 (b) shows the effect of crossflow on the
impinged heat transfer for single outlet. In case of the in-
line arrangement and location of X<-1D, an interaction
between the jet and the crossflow can be increased heat
transfer at each stagnation region with appropriated
velocity jet and crossflow. However, increasing of heat
transfer will be able only in case of small jet-to-plate
distance. This heat transfer behavior corresponded to the
results of Katti and Prabhu [1] that showed a range of the
jet-to-plate distance H<2D.

However, in case of the staggered arrangement and
location of X<-1D as shows in Fig. 9 (b), the flow
characteristic of this condition has been shown in Fig. 6
(b). The crossflow with high velocity attacked the jet
flow and the jet flow was more deflected toward a
downstream of crossflow. Hence, crossflow decreased
heat transfer on the impinged surface.

Table 1 shows the variation of averaged Nusselt
number on the impinged surface that calculated from the
equation (4). The averaged Nusselt number of the in-line
arrangement with Double outlet has highest heat transfer
than the other parameter. The averaged Nusselt number
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shows that the heat transfer rate of the in-line arragement

was higher than the staggered arrangement 3.7 % for the
single outlet and 25.7 % for the double outlets.

Table 1. Average Nusselt number

Single crossflow Double crossflow

In-line
273.4

In-line
227.7

Staggered
219.5

Staggered
217.5

5. CONCLUSION

In present study, the effects of jet flow arrangement and
outlet orientations were experimentally investigated. The
main results were shown as follows;

(1) The flow pattern on the impinged surface was
corresponded to the heat transfer characteristic on the
impinged surface with same experimental condition.

(2) The interaction between the jet and the crossflow can
increase heat transfer at stagnation region with
appropriated velocity ratio between jet and crossflow,
otherwise, very high velocity of crossflow can decrease
heat transfer in jet impingement region.

(3) The heat transfer rate of in-line arragement was
higher than the staggered arrangement 3.7 % for single
outlet and 25.7 % for double outlets.

ACKNOWLAGEMENT

This research was sponsored by Faculty of Engineering,
Prince of Songkla University through grant No. ENG-53-
2-7-02-0070-S.

REFERENCES

[1] V. Katti and S. V. Prabhu, “Influence of spanwise
pitch local heat transfer distribution for in-line arrays
of circular jets with air flow in two opposite”,
Experimental Thermal and Fluid Science. J., 2008,
Vol. 33, pp 84-95.

[2] L.E., Brizzi, A. Bernard, J. L. Bousgarbies, E.
Dorignac and J. J. Vullierme “Study of several
impinging jet”, Thermal Science, J., 2000, Vol. 9,
No. 3, pp 217-223.

[3] J.P. Bouchez and R.J. Goldstein “Impingement
cooling from a circular jet in a crossflow”, Heat and
Mass Transfer Int. J., 1975, Vol. 18, pp. 719-730.

[4] R. J. Goldstein and I. Behbahan, “Impingement of a
circular jet with and without cross flow”, Heat Mass
Transfer Int. J., Vol. 25, 1982, pp. 1377-1382.

[5] K. Nakabe, K. Suzuki, K. Inaoka, A. Higashio, J.S.
Acton, and W. Chen, “Generation of longitudinal
vortices in internal flows with an inclined impinging
jet and enhancement of target plate heat transfer”,
Heat and Fluid Flow Int J., 1998,Vol. 19, pp. 573-
581.

[6] L.F.G. Geers, M.J. Tummers, T.J. Bueninck and K.
Hanjalic, “Heat transfer correlation for hexagonal and
in-line arrays of impinging jets”, Heat and Mass
Transfer Int. J., 2008, Vol. 51, pp 5389-5399.



NIANYIN 4.3
NFUNAUANKIIUNIGITINNG

The 2" TSME International Conference on Mechanical Engineering (TSME-ICoME 2011),
October 19-21, 2011, Krabi, Thailand

91



TSF08
The Second TSME International Conference on Mechanical Engineering

19-21 October, 2011, Krabi

TSME - IDOME

Heat Transfer Enhancement on Surface with Jets Impingement from Some Arrays

of Elongated Round Orifices

Makatar Wae—hayee1, Perapong Tekasakul1, Chayut Nuntadusit*1

1. Energy Technology Research Center and Department of Mechanical Engineering,
Faculty of Engineering, Prince of Songkla University, Hatyai, Songkhla, Thailand

*Corresponding Author’'s E-mail: chayut@me.psu.ac.th

Abstract

The aim of this research is to enhance the heat transfer on a target surface of an array of
impinging jets by decreasing effect of crossflow. Conventional round orifices (Aspect Ratio, AR=1) were
substituted by elongated round orifices with aspect ratio AR=4 and 8 in base on same jet exit area. Two
types of orifices arrangement; in-line and staggered arrangement were considered. The experimental
investigation was carried out at constant distance from orifice plate to impinged surface H=2D, (D¢ is
equivalent diameter of orifice). The heat transfer characteristic was visualized using Thermochromic liquid
crystal sheet (TLCs) and Nusselt number distribution was evaluated by image processing techniques. The
flow characteristic on the impinged surface was also visualized by oil film technique. The results show
that the elongated round orifices with AR=4 can increase average Nusselt number more than case of
AR=1 for 6.04% and 12.52% in case of in-line and staggered arrangement, respectively. However, the
heat transfer for case of AR=8 was enhanced only for in-line arrangement when compared with the case
of AR=1. The results from flow visualization on jets impinged surface show that the jets from elongated
round orifices with AR=4 were received crossflow effect smaller than jets from orifices with AR=1 and 8.
Keywords: Impinging jets, Crossflow, Heat transfer enhancement, Elongated round orifice, Orifices

arrangement

1. Introduction

Impinging jets are widely used in many
industrial applications which required high heat
transfer rate on surface such as cooling of gas
turbine blade, electronic device or wall of
combustion chamber. However, the heat transfer
rate is high only in jet directly impinging region.
When the high and uniform heat transfer

distribution is required over a wide area for

example: drying of film sheet, heating of steel
sheet, multiple or array of impinging jets is
usually instead. An important parameter that
influences on the multiple of jet impingements in
a confined space is the crossflow. Here, the
crossflow is defined as the fluid flow in the
direction perpendicular to the jet impingement

flow [1]. The crossflow was produced by
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accumulating of spent jets from upstream to
downstream of the confined space.

Katti and Prabhu [1] studied the effect of
jet-to-jet distance and jet-to-plate distance on
heat transfer rate in case of round impinging jets
with in-line arrangement. They concluded that
the jet-to-jet distance at S=4D give higher heat
transfer rate than case of S=2D and 6D (D is
nozzle diameter). And jet-to-plate distance at
H=1D and 2D are better than case of H=3D.

Brizzi et al. [2] illustrated the flow and
temperature patterns on the impinged surface of
array of round jets with an in-line arrangement.
The results of the flow pattern corresponded to
the temperature pattern. And crossflow deforms
significantly the impingement area that located at
downstream in confined channel.

Previous studies [1-4] have been
investigated heat transfer characteristics on jet
impingement surface with crossflow. They
concluded that the crossflow reduced
significantly the heat transfer on impingement
surface at downstream [3]. The aim of this
research is to increase the heat transfer on the
impinged surface by reducing the effect of
crossflow in case of low jet-to-plate distance
H=2D.. Elongated round orifices with AR=4 and
8 were studied compare with conventional round
orifices (AR=1). The jet Reynolds number for
each orifice was kept constant at Re=13,400.
Two type of jet flow arrangement; an in-line and
staggered arrangement were also investigated.
The comparisons of flow and heat transfer
characteristics on the impinged surface are

based on the constant jet mass flow rate.
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2. Experimental Model

The experimental model is shown in Fig. 1.
The multiple jets are discharged from array of
orifices the round orifices, and impinge normal to
opposite surface in a confined rectangular duct.
The crossflow is then generated by accumulating
the jets impinged air at upstream side and finally
flow out to exit at one side of the duct. It should
be noted that the velocity of crossflow increase
as going downstream near the flow exit. The
impinging jets in last column near the flow exit
affected the strongest cross flow effect. The jet-

to-plate distance is H=2D¢.

S=3D S/2
Orifice plate Impinging jet

=

Impingement plate

JT—

Fig. 1. Experimental model of array of jets

impingement

The details of orifice geometry which
used in this study are shown in Fig.2. All orifices
have same exit area (about 136.8 mmz). In this
study, the equivalent diameter D¢ is defined as
diameter of round orifice which has same exit

area and D¢ is equal to 13.2 mm.

. i w
Round orifice Elongated round orifice
L (mm) W (mm)
AR=1 13.2 13.2
AR=4 24 6
AR=8 33.6 4.2

Fig. 2. Orifice geometry with identical cross-

section area
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Fig.3 illustrates the arrangements of
array of jets; the in-line and staggered
arrangement. Both arrangements have same
number of 6x4 jet holes. The jet-to-jet distance
was fixed at S=3D. The confined walls for each
arrangement were fixed at location as shown in

Fig. 3.

$=3D

P
D0 O Q-0FY Y

@*@@?@@@
SO0 0 00

6 5 4 3 2 1

o

(a) In-line arrangement

S=3D S/2

W=1

O

MS%@*&%

o
S O

80 mm s@ @ @

(’?j@ @Z

S‘ S/2

© )
x Db

@@CD

o

onfined
wall

O O oy

6 5 4 3 2 1

(b) Staggered arrangement
Fig. 3. Jet arrangement (No.1 to 6 represente

the number of jets column)

3. Experimental Setup and Method

3.1. Experimental setup

Fig.4 shows schematic diagram of the
experimental apparatus. The blower (3HP) was
used for generating the air jets. The air flows
through a temperature controlled chamber and
towards the orifice flow meter. The air
subsequently passes through a jet chamber with
constant cross-section 360 mm x 360 mm and
850mm in height. The jet chamber was equipped
with two of perforated plates and two of mesh
plates to ensure uniform flow approached to the
orifice plate. For all experimental conditions, the

air flow rate was controlled at constant flow. The
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Reynolds number of each jet is constant at
Re=VjD/v=13,400. The jet temperature was
measured in jet chamber and controlled at
Tj=27.0°C during experiment.
3.2. Heat transfer measurement

Fig. 4 shows the detail of test section for
heat transfer measurement. The test section was
mounted upon the jet chamber. The air jets were
discharged from orifice plate, and then impinged
upon the electrical heated surface for cooling.
The heat transfer surface was made of stainless
steel foil (30-pum-thickness) which attached with
TLC sheet (Omega Engineering, LCS-95) on the
rear side of jet impinged surface. The stainless
steel foil was stretched between couple of
copper bus bars. The heat transfer surface was
heated by DC power supply that can supply
current up to 50A passes through copper bus
bars. An amount of electrical energy is
dissipated in the stainless steel foil and is
calculated from equation

U =1 R 0

where here, | is the electrical current and R is
the electric resistance of stainless steel foil.

The local heat transfer coefficient (h)
can be evaluated from equation

_ Qinput_Qlosses _ qinput_qr _qc (2)
AT, -T,)  T,-T,

where ¢, =ce, (T, -T.,*)andq, =h (T, -T,)are
the heat loss transferred to the environment by
radiation and convection, respectively. Here, TTV
and T, are average wall temperature and jet

temperature, o is a Stefan-Boltzman constant,

€rc is an emissive coefficient of TLCs (=0.9) [4].
T, is surrounding temperature and E is natural
heat transfer coefficient for heat loss from the

TLC to the surrounding air.
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Thermochromic Screw

liquid crystal

Acrylic

SUS304 foil
Copper bus bar

Pressure
transducer

—

Computer

Inverter

Thermocouples

Wl e

Blower

Orifice

Temperature

controller

Fig. 4. Schematic diagram of the experimental setup

The wall temperature (T,) on the
impinged surface was measured by using TLC
sheet that attached on the rear side of jet
impinged surface. The CCD camera was used to
capture color patterns on TLC sheet. The
images of color pattern were 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 TLC to their temperature in range of 28-
40°C via calibration experiments. The TLCs was
calibrated with same conditions with experiment
to keep all external factors constant. The local
Nusselt number was calculated from

Nu = “% (3)

where, D_ is the equivalent diameter of orifice

and k is a conductivity of air jet.

An average Nusselt number was
calculated from
Nu = "Pe (4)
k
where here, the average heat transfer coefficient
h was calculated from Eq.(2) by replacing T, to

T, -
3.3. Flow visualization on the impinged
surface

The flow visualization on the impinged
surface was llustrated by wusing oil film
technique. The oil flm was prepared by mixing
liquid paraffin, titanium dioxide and oleic acid. A
transparent plastic plate was used for jet
impinged wall and painted by oil film uniformly.
The CCD camera was used to record oil film

pattern on the impinged surface every 30

seconds.



TSME - IDOME

4. Results and Discussions
4.1 Flow patterns on an impinged surface

The flow visualization on the impinged
surface is shown in Fig. 5. The black area and
white area represent area of oil film removed
completely from wall and area of wall with oil
film coating, respectively. A white points in the

middle of black areas represent the stagnation

m Qil film content

(d) Staggered, AR=1

(e) Staggered, AR=4
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point of jet bounded by jet impingement region.
The black dots are the location of center of each
orfices. The flow patterns of both in-line and
staggered arrangement illustrated that the
impingement region at downstream (column No.
4-6) moved to downstream by crossflow. Pattern
in jet impingement regions depend on the

location on jets and jet arrangement.

B Oil film removes

-6

X/ID

(f) Staggered, AR=8

Fig. 5. Flow patterns on the impinged surface (Re=13,400, black dot represents the center of each orifice)

In the case of in-line arrangement (Fig.
5. (a)-(c)), the charachteristic of stagnation
regions are different depending on orifice
geometry. The stagnation regions of elongated
round orifice jet are more extended to crossflow
direction, as increase AR, especially, in case of
the AR=8. The stagnation regions for AR=1
(Fig.5 (a)) depends on location of jets, the
stagnation regions more moved to the
downstream for the jets that located far away

from column No.1. However, the movement of

impingement region for elongated round orifices
(Fig. 5. (b) and (c)) are smaller than case of
AR=1 (Fig. 5. (a)). This means that the
elongated round orifices for both AR=4 and 8
can decrease the effect of crossflow to
impinging jets.

In case of AR=1 with staggered
arrangement (Fig. 5. (d)), the stagnation regions
of jets that located in upstream region (column
No. 1-3) are more clearly expresse than of the

jets that located in downstream region (column
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No. 4-6). Due to the confined wall, the impinging
jets in downstream area affected the strong
crossflow by accomulating spent jets from
upstream. So that, the jets that located at
downstream region (column No. 4-6) are mixing
strongly with crossflow and lose momentum for
impinging on target surface. It is contrast from
case of in-line arrangement (Fig. 5 (a)). It shows
that the stagnation regions are slightly different
between upstream and downstream region.
Because, the spent jets can passes easily
through the channel between the rows of jets.
So, the crossflow effect on impinging jets
becomes small.

In case of AR=4 with staggered

arrangement (Fig. 5. (e)), the stagnation regions

(d) Staggered, AR=1

(e) Staggered, AR=4
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at downstream region (column No. 4-6) are
clearer than case of the AR=1 (Fig. 5. (d)).
Because, the effect of crossflow on jets from
orifices case of AR=4 is weaker than case of
AR=1. However, the stagnation regions at
downstream region for case of AR=8 are unclear
as same as case of AR=1. Since, the orifice with
AR=8 is slim and the circumference of this
orifice jet which contact with crossflow is larger
than case of AR=4, so the mixing between jet
and crossflow is more than case of AR=4. The
momentum of jet impinged on ther target surface

is smaller than case of AR=4.

Nu
220

180
140

100
60

4
10 8 6 4 2 0 2 4
X/D

(c) In-line, AR=8

(f) Staggered, AR=8

Fig. 6. Nusselt number distribution on the impinged surface (Tj=27°C, Re=13,400, black dot represents

the center of orifice)
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4.2 The local Nusselt number on the impinged
surface

The Nusselt number distributions on the
impinged surface are shown in Fig. 6. The
characteristic of heat transfer corresponded the
flow pattern on the impinged surface (Fig.5) with
same experimental condition. The Nusselt
number in stagnation regions for case of AR=4
and 8 with in-line arrangement is higher than of
AR=1. The area of high heat transfer for AR=4
and 8 are extended in crossflow direction
corresponding to the orifice geometry.

The Nusselt number characteristic of the
staggered arrangement is contrast with case of
the in-line arrangement. The Nusselt number in
upstream region (column No. 1-3) for case of
staggered arrangement is high, but decrese
rapidly as going downstream (column No. 4-5).
Except for case of AR=4, the Nusselt number
decreses gradually when compare with the
upstream area of itself. The impinging jets from
orifices case of AR=4 can increase heat transfer
for both in-line and staggered arrangement. But,

the impinging jets from orifices at AR=8 can
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increase heat transfer only for in-line
arrangement. The reason has been discussed in
flow visualization results.

Fig. 7 (a) shows the local Nusselt
number distribution along Z/D=0 and 1.5 for the
in-line arrangement. The results show that
impinging jets from orifices at AR=4 give highest
peak of Nusselt number. However, it is lower
than case of AR=8 in area between the column
of jet. The high heat transfer compensate from
the stagnation region to area of between the
column of jet for case of the AR=8, so the peak
of Nusselt number at stagnation region for AR=4
is higher than of AR=8. In addition, the Nusselt
number at area of between the rows of jet (dash
line) for AR=8 are lowest.

Fig. 7 (b) shows the local Nusselt
number  distribution along Z/D=2.25 for
staggered arrangement. The peak of Nusselt
number is only high in upstream region (column
No. 1-3) and decrease as going downstream
(column No. 5). Except for case of AR=4, the
peak of Nusselt number is still high in

downstream region.
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240 | | (@) In-line

Nusselt number

= AR=1 at Z/D=1.5

e AR=4 at Z/D=1.5
AR=8 atZ/D=15

=== AR=1 at Z/D=0

=== AR=4 atZ/D=0

AR=8 atZ/D=0

(b) Staggered

Nusselt number

70

20

e—AR=1 at Z/D=2.25
===AR=4 at Z/D=2.25

AR=8 at Z/D=2.25

-12 -9 -6 -3

Fig. 7. Local Nusselt number distribution along crossflow direction (TJ-=27OC, Re=13,400)

4.3 Average Nusselt number

The average Nusselt number on the
impinged surface was calculated by using
average temperature in area of -6.5<Z/D<6.5
and -11.15<X/D<8.4. The results for each orifice
geometry and arrangements are compared in
Fig. 8. The elongated round orifice can increase
heat transfer rate on impingement region. The
average Nusselt number of the in-line
arrangement is higher than case of staggered
arrangement for all of AR. The average Nusselt
number for AR=4 with in-line arrangement is
highest and slightly higher than case of AR=8. In
case of in-line arrangement, the average Nusselt
number for both case of AR=4 and 8 are higher
6.04 % and 554 % than case of AR=1.
However, for the staggered arrangement, only
average Nusselt number for case of AR=4 is

higher 12.52% than of AR=1, but for case of

AR=8, the average Nusselt number is smaller

when compare with case of AR=1.

120
H In-line
110 Staggered

100 96.32 95.86
90.83 90.03

80.01 79.09

Average Nusselt number
[}
o

1 4 8
AR

Fig. 8. Average Nusselt number

5. Conclusions
In present study, the effects of orifice
geometry and jet flow arrangement were
experimentally investigated. The main results
were shown as follows;
(1) The impinging jets from elongated round
orifices AR=4 can decrease effect of crossflow

for both in-line and staggered arrangement, so
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the heat transfer rate for both jet arrangement is
higher than case of AR=1 and 8.
(2) The AR=8 can increase the heat transfer in
stagnation region and area between columns of
jet for in-line arrangement, but it is rapidly
decrease in downstream region for staggered
arrangement.
(8) The average Nusselt number of the in-line
arrangement are higher than of staggered
arrangement for any AR, and the average
Nusselt number for AR=4 is the highest.
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