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ABSTRACT

Project Code : MRG4980085

Project Title : Heat Transfer Enhancement on a Surface Using Some Swirling Jets
Investigator : Asst. Prof. Dr. Chayut Nuntadusit

E-mail Address : chayut@me.psu.ac.th

Project Period : 15 May 2006 — 14 May 2008

This research focused on the effect of swirl intensity to heat transfer rate on jets impinged
wall. The research was aimed to increase heat transfer rate and to improve uniformity of heat
transfer distribution on an impinged wall by array of impinging swirling jets. In the experiment, a
pipe nozzle with 16.5 mm of inside diameter was used. The S\n;irling jets at different swirl
intensity were generated by inserting a twisted tape which has different twist ratio in the pipe
nozzle. The flow and heat transfer characteristics on impinged wall were studied for single jet
and in-line arrangement of 3x3 of multiple jets impinging perpendicularly onto the wall. The
experimental parameters were the distance from nozzle exit to impinged wall L=2D, 4D, 6D, 8D
and 10D, jet-to-jet distance S=2D, 4D, 6D and 8D, Swirl number Sw=0.0, 0.40, 0.62, 0.78, 0.94
and conventional jet. All of the experiments were carried out at constant jet Reynolds number of
20,000. For heat transfer measurement, temperature distributions on impinged surface were
measured using temperature sensitive liquid crystal (TLC) sheet and the distributions of
convective heat transfer coefficient were analyzed with image processing technigue. Flow
patterns on the impinged surface were visualized using Oil film technique. In addition, the flow
structures in swirling jet were investigated by dye injection method in water jet and were used to
explain heat transfer mechanism on jet impinged surface.

The results show that the swirling jet from pipe nozzle with twisted tape is divided into two
streams which flow obliquely to the jet axis at nozzle exit. When increase the Swirl number of
jet, the angle between jet stream and jet axis at nozzle exit increases. These result in higher jet
spreading rate and stronger mixing of jet with ambient fluid. And when the swirling jet impinges
on a wall, two regions of maximum heat transfer rate appear near the stagnation point on
impinged surface. This differs from non-swirl jet which the maximum heat transfer rate appears
at stagnation point. In addition, the swirling jet for Sw=0.40 can increase heat transfer rate in
stagnation region, particularly for the distance from nozzle exit to impinged surface L=2D and

4D, but when the Swirl number of jet and distance from nozzle exit to impinged wall becomes



larger, the heat transfer rate in jet impingement region decreases and the heat transfer pattern
becomes complex when compare with the case of jet from conventional nozzle.

In the case of array of swirling impinging jets, using swirling jet instead of conventional jet,
heat transfer rate increases and the uniformity of heat transfer on impinged surface improves
particularly for the case of Sw=0.40, distance from nozzle exit to impinged surface L=2D and
4D, jet-to-jet distance S=2D and 4D. However, when increasing jet-td-jet distance to S=6D,
8D, swirling jets increases the rate of heat transfer only in each of jet impingement regions. And
distance from nozzle exit to impinged surface is increased (L=6D, 8D and 10D) or Swirl number
of jet is increased (Sw=0.62, 0.78 and 0.94), it is found that the heat transfer rate decreases
and the heat transfer patterns become complex when compared with the case of conventional

jets, because there is a mixing between adjacent swirling jets before impinging on surface.

Keywords : Swirling jet, Impinging jet, Heat transfer and Thermochromié liquid crystal
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PN NLHBEL AR FLUBTAURW 2.5 mm NN 16.5 mm Uadanue1Inasni le
Janauaua? 300 mm  dalufanisniwdywiRn I@Uaaﬂ'luﬁaL%ﬂﬁﬁmmmé’umuﬂuﬁnma
P o ] oA a as i
16.5 mm 817 300 mm lagfidangeuniksuaduiniazaaluaneusigyanuiinmMIsanuadvia
L3N Lm:'l,qumimaaa‘lﬁﬁwu@lﬁﬁwaaLLﬂiuﬁ@ﬁ@hLmummswim%*naglu@huwummﬁaﬁa
- o o oA i o« X o a ' a . . '
LLam'l,ugﬂ‘n 3.3 FnSuLHudaNg IR lariruasa&wnIha (Twist ratio) aglugﬂmaaawms
" g
doluit

25



(3.1)

. . M
Twist ratio = —
H

o & a
lapfifh M @2 anuzTRAnREn
H @8 AugaLnuie

fnfuszduraIntsnyuazesinaansnuaasluzives adfannivaslasldrunns
2.1) - 2.3) udiilasandninarasududaluriavilinisinafithinnsaandudan Tz
gauamsinauinalnsnidadnussiawinia vinldanadluunaunuuazanuiwisay
gainlisdusuonsaanindafinnssanvesriaiin uazlunadjifendanistanmnszane

ﬂ’l’lﬂJL?’]“ﬂﬂ’]ﬂ“ﬂ'}\‘laaﬂ muu‘[mm’mﬂ‘l@mammmmmnﬂml,mLmu (¥, ) Was ﬂ’J']lJLi’]L"ﬂG&IJJ

(@) 'J‘.IEHL"I]T]FIG'}’IG]Q?J@YWI”IGBQTW‘IJ%‘]‘YIEIL’RJT] I@] U“ﬂﬁ’]ﬁJ'ﬁﬂﬂ’]%’Jmﬂ']ﬂ’ﬂNLS’JL‘IHI&JSJ'}.I 29LaN AN

guniyeielus

2m¥, (3.2)

Tuid A A9 WINFL
T - G U R ITRALIS 1o
Voode  anauSluduunuwuadEgn

INFNMT (2.2) ez (2.3)
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Jet chamber

Impingement
surface .
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gﬂﬁ 3.2 LRAITIURLDEAY DITANARDY

Pipe nozzle

Impingement. surface Jet chamber

Nozzle wall

gﬂﬁ 3.3 UEAIMINENHYBITANARDY

AN3197 3.2 uaesTUazlduauaddaLlTuazIoulanltluninasas
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guannLan (T) 285 °C

0.00, 0.40, 0.62, 0.78, 0.94

a s e [
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28



~ = a | P o [V
1IN 3.2 LLETGNTIUazLaU@lTaﬂﬂ?LLﬂi@N ‘]Yltl,"ﬂuﬂ’ﬁﬂ@aad ﬁ']ﬂi‘].l@l’JLL‘lJTS:EI:'il'mﬂ’m
& P A \ o ' \ \
TI’NBﬂﬂﬂJﬂGL%ﬂﬁﬁW%H’)ﬂL%ﬂVﬂﬁ‘ﬁuﬂLaﬂﬂl’}ﬂuﬂﬂiﬂﬂﬂa\‘]ﬂQIWUQ\‘I L=2D — 10D uaz3z8zrd

'
= 1

1:%':"1015'11.%716:31%’1&3\1 S$=2D - 8D &uiuansdluaanuiuasnltlunimasadldidandfias

&

TugrsnsvanvutuwiResdndon asonlueudsolilddnwnavassrudsisiluasi

Wwaiueadin

3.3 MIAN¥IMTEIBMANATIRTBIS NURARA
3.3.1 ganaags .
31]‘?'{ 3.4 LLamqﬂmaaaﬁ‘L"ﬁ‘lumsﬁﬂmé’ﬂumzmimrJmmwi”auuuﬁuﬁaﬁlﬁﬂmmﬂw;&
T 's%m%’mnﬂa:L‘é’mmaaqﬂmrﬁﬁlﬂumimaaaﬁﬁai‘f
(1) luaiaa¥ (Blower) Lﬂuqﬂnsdﬁl‘ﬁﬁ%ﬂ%%’mﬁ’la"nmﬂ'l,ﬁLﬁ@m'ls"Lm'Lm:qu@lU'L“ﬁ’uama?
IWfnszuaady 3 W 2w 5 hp udduluwenaslusiies Sawevasidfiavluaias
Lﬁmwa@iaé’mwmﬂmlumrﬁﬁLﬂun@;maalﬁﬂ 9via  dmiumsdiudanrnslualwldanud
fvugeslfitmsdiuanuiiisovsasnaineiloslsdunaiines (inverter) ALY
(2) 88 $3W® (Orifice) u’fluqﬂﬂiﬂiﬁl“ﬁ’ﬁ'ﬂé’ﬂﬁmﬂmmaammﬂmﬂNa@mmmﬁuaaafg@
AonduauTadeIMAnawnInaa IR suaznaIi 1w W laalduruaiie a%’ﬁlmsqﬁnﬂu
VBUNRVIAATINAY

[

(3) BaLansuazgnnILANg AN (Heater and Temperature controller) Liluaunsaffifa

L]

qmﬂgmﬁ'ﬁummmm:muquqmwgﬁmaaﬁﬂlﬁm‘ﬁ' Tunsnaassltdaiaafilludlvanuion
mnﬂ?uﬁ'mﬁmuqu%'mma%@i’m’q@muqmqmﬂgﬁ ?ﬁo"g@muquqmﬂgﬁmmmmuquqmwgﬁ
maammﬂlﬁmﬁ‘lﬁagluﬁaa +02°C

(4) RaannaIne (Jet chamber) Lﬂuqﬂﬂsniﬁm?’m%uml,ﬁat.ﬁu%’nmmmﬁumaammﬁ
Iinefianaanudaniiaassriodn lasdunihueaiosanusiunziaastadainislultdmsy

[
- 4 3

&= ﬁé o x :ll 1 L3 ] =l ' - GIIQJ
faaaviatindsddrurunirue 11 uad x 11 wan I@ﬂmw:mwawamamamum:aum@mﬂ

L3 =

gudnasilanunin 2D (D AeidurugudnamolurasvialIndeuia 16.5 mm) aalduaes
lusufi 3.3

4

2

(5) viaLin (Pipe nozzle) anvamdniivmaidwiugudnananiols 16.5 mm a3
#17¥ia 300 mm myluﬁaﬂ:ﬁ@ﬁaLm'm'jmﬁaa‘%’wﬂmmﬁwgume
G L | -~ gj J i o Lrd = - s ) J =)
(6) NG (Nozzle wall) mﬂmmumlﬂamﬂ@mmmmﬂmamamwaamﬂwwuwum

'Lﬁ'agjiizwm M AUIE AR NH T

29



Nozzle wall

Mesh plate Pipe nozzle |
A O
Orifice Jet m
/ : _ _ . -
f T —f- Camera
| Blower | i S
\ Y | ;
\u - 1 L P‘
P Thermocouple I \ )
| i SCR
—— | "i e type K : Plastic plate
Inverter q i ) ,
3! Temperature — Stamless foil
1 controller
i I Manometer DC Power

- Supply —

37 3.4 LLﬁm“gﬂmaaaﬁlﬁ‘tumiﬁﬂmmimﬂmm’m%aumam%ﬂnuﬁuﬁa

(7) LLriuﬁL%mga’ﬁu (Impingement plate) 'lumimaams‘l‘ﬁm&um@ummmumaﬁﬁmm

#U1 0.03 mm Lﬂu‘ﬁ%ﬁ’lﬁﬁﬂﬁd%u lapuruaanasazndaliiSoufaiudunaiadnnu 15

mm ALZME WA 240 mm x 240 mm Wnansuin lagldurimasuasBausinsauasling

§O9T™9 LLa:Lwia'naaLLmﬁ':aaaaa:@ﬁaLﬁwﬁ'uﬁy'wmqﬂnsrﬁihﬂm:ua"lwﬂﬁ SagnelWinszusass

InarwurianaanaslUsuiuaLauas 1 innnuaulu T LHUELAWEE S9daniTianiny
faumansadnmaldannenudunutassalui
I?

q =7 (3.6)

Taufi 1 @2 nvzualWiuuunsesavefsnaldiuldwaauas
R fa  éenudunin Wi U0 duN I A WA

A A AUNUDINUEIVBILHUFLALLAR

éﬂﬂ%ﬂﬂﬂﬁﬂmsm:mmqmmnﬂﬁuuﬁuﬁaﬁLﬁﬂvgwﬂé‘l“ﬁmmmaﬂuaﬂﬁﬂﬂ%aé’aa@
AURRIUBILHBRLAULAE (@Tmmaﬁmﬁ'uﬁﬁmgwu) wlwnaslufadaasaaaililuminassad
qmauﬂ'ﬁmnﬂﬁﬁmmm% nnlilE @) Wdswiuiues mdes Won wazinGn lugr9gumnnd
29-36 °C

8) gunsntonszualWi (Power supply) Lﬂuqﬂnirﬁﬁﬁi’lﬂwmnmmm (DC) WAy
winalaslamialimAanandanusonin T@mmmmﬁhUﬂi:LLﬂWﬂﬂﬁgaqﬂ 43 A UR:
LRaulWingIga 15 v

(9) naastiuiinmwuuL@Iaea (Digital camera) MINTOUWINANNALIBUATOININ 640 x
480 9@ dinuasBoaa9F 8 Ja

30



3.3.2 35n1snaaad
LYY 5 4 = e & A [P

'luﬂwmaaavl,ﬁ’l“naunasmaiﬂ’mﬂummmsawawamasmuiuarzanwa‘m"‘l@amﬁ
nmymaaufidivualesldeafifladatadannylve andueimaszlnaduiasaiuaa
qmwgﬁﬁﬂﬁﬁq@%‘@mai‘ﬁ@ﬁaag Lﬁamuquqmﬂﬂﬁ"uaammﬂlﬁ‘mﬁﬁauﬁﬁmﬂ’ﬂﬁ’aammﬁu
LLa:mmm:vLmaaﬂm‘maﬂaﬁ’aﬁﬂvﬁwuNﬁaﬁﬁﬂﬁﬂiﬁmmﬁ wasanwwanfazlvanan
nwduinieaiiavalinuas wlifiinasu Ansuasdludtuiuainltluniimanss
FWIMINEUMTAD L%

Re = / (3.7}

Tles#d D @0 mmmﬁumuﬂuﬁnmamﬂlummﬂmﬁ“m

fda anusuadsflnnaeanuadvialan

o

vy @a ananiaidiasiuaadn

LT A = 3 1 dY o Aa s 4 2 o
TumnesasalfiinemandzansgungidessruAuiindnandanuiouasiie
szungauien laanIsranandenufe uUULHUTIABAFFIAN IO U ldanaun1s  (3.6)
[ = . A A a o X . o v a &
wisnnfidnvissuAuiazifianisszuisanafeulunuuiuaiauaarirliudwmailudaia

= o 9 @ il

ganfianauRRILHwEawaaAaMIURWE antuinsdufinmwindnnguwukunsily

=

A as

AnianIaeasdbuaIadnauRaasiNai Tl unaNanIITMaand

1 o~ _~ nh" .- a W Q- - s ) g
faulszEnimsmanuiaun) svtndmaldnnanusuiusaada Ui

o . A LY 3
I@ﬁ“ﬂ q fa WanaaluTew

= J Y [ d' Q- ] = a =) Qe
fe FJEI«MJ']EJ"J.IEGWRN’W!G’}]WY]’J@%’]HLLN%LﬂﬂﬂNﬂﬂ?(ﬂﬂ?ﬁ@lﬂ

w q U
T, fe guwpiiueadn

PNFNMIR (3.8) MusnfwimnmSaduuivaiuuRuil ldnnanuRuAUS

31



lunit D @a mmmé’umuﬂuﬁﬂmamu'l,wamal,%ﬂ
k

O a £ s Ly
fa  FuUsEEn T uTaued Bd‘l‘lﬁﬂ

fnTulFuuouudasEUnnguuuininaslafadaaiadassiduiduinuvaudasamnnil
wialdugmnniaIf (Isotherm) uazLHaINAWANGANNTaULUNTINA1AINARDANIULHY AINU
[y ' a & v da e a £ [ a L a
IINFUMST (3.8) LFuunuLdas Tz dudundsulszEninmsmanuiawivinny
uwmnasTudniaaisaafidenldlummanssdquandffoundasion lids (F) &
a A A A a8 A . a o_ = o . v o P
ues fndas Bdpauazfintu lusgungii 29 C v 36 C faunInaaas leinssauLfioy
a e d:!l ] a o a a g o) ﬂll
gunpiiudiUnnguuuinnasludadaaiadauazldlfinaiiansdszananmwlunisulton
ﬁaﬁaﬁﬁﬁuﬁﬂﬁaﬂﬂﬁaaﬁ%ﬂaaLﬂuﬁagaa‘auﬂsmawaaﬁwﬁﬂ fia R (4a9) G (1087) uaz B (W1
= di = a L _= L Qs as I = =) i J
13%) Lwamm‘unumagaqnmguLmumﬂmmsmﬁdmmﬂ'l,umsﬂi:mmmqmﬁgmmaﬁﬂﬂﬂgw
d 1 = ar A3 1
Fyaznanmuazidoaluindads L

3.3.3 MsFaUINgURADILHWINDIINAAIAATAAR

~—Thermocouple— " — Digital thermometer

i v

| Power supply
75 mm
Aluminium
L

]

Thermocouple A S .
TS Acrylic Thermocouple
Xg - ry P— \
- — Power supply |
i | Digital thermometer

camera

Left view -
- ~—10mm

Front view

U7 3.5 LLamq@mamﬁlﬂummamﬁauﬁmamm’umaﬂuaﬂ%@ﬂ%ﬁé’a

L [l =3 a r-9 - { as r-9 J =Y o -~ ﬁl 9 o

Tumslduduimaslufaianizdaiiaianiinsznsgmwnnluwiui duduiiazdaeriinig
ﬁafuL‘ﬁm‘uqnmﬂﬁﬁ’u&'ﬁﬂﬂngummumaﬂuﬁﬂ%ﬂ‘%aﬁaﬁau‘\:ﬁmu UM 3.5 u,amqﬂﬂmfﬁl"ﬁ’l,u
mMsgautfisud lasilunudaieasaauniaunaizdnlzlivuiaanuniieg 75 mm 817 105 mm
LESHUY 10 mm DruedFataasazdalt nuunaddns InnTzuaa TN v ToUTULIIAUULAY
@ @ o - e a ' a A A a v Ao [ = ¢
nyud i le daudunivesdaneiezfaunuagliisaunedsiniinsuanuiouaingaines
u,a:m:mUﬂam%‘aﬂﬁﬁ'sﬁaLLﬂuLLa:ﬁﬁuwﬁwaaLLNanfJLﬁum:a@Lmumaﬂuﬁﬂ%ﬂ‘%aﬁaﬁﬁ

P119ANuNTe 47 mm 812 70 mm NBLRAIFNEMNNNEANI ) BIUFUNINITANARDITE

32



(%
“a ar

fadandesfineaiiarinmistuiinniwnisusasiuasuiwinasludaiansada S1nTuudy
aﬁﬁLﬁﬂﬂ@‘i’Lﬂﬁﬂ:i‘ﬂdﬁW‘fﬂﬁ@ﬁﬁmmﬂuﬁmﬁmﬁai’@qmwgﬁ Tunisgouifisudinlasiinue
Gewlulwindautuanizlunmesassss e nsliLasuazszoswITaIN Bt wAinn W lunns
aam"ﬁﬂu%u@ia:ﬂ%ﬁ]:ﬁmuwﬁwqmwnﬁﬁﬁb’m@i 28.2 - 36.4 °C  Gafluirfiudwneslufiaia
asaenliugasdaudougasmingwady .
ém%’uﬁv'uﬂau‘l.umiaauLﬁUuﬁfulﬁﬁﬂqﬂﬂsm“l.ﬁ’a;ujluammﬁmﬁ'umimaaamnffuﬁw
mytlouwnszua Wi lvnuseiaas mum:ﬁ"aqmwg?ﬁuuuﬁiuagmﬁauLﬁﬂ'ﬁ'u 38 °C @aurimnaily
SAAARTRARIELEAI RTINS WY mﬂ‘tfmalﬁaqmwgﬁumma@ﬁLﬁm;ﬁmmﬁ W TTunnAwW
Lm'umaﬂuﬁﬂf‘mﬂ%aﬁamuﬁ‘lﬁmmlugﬂﬁ 3.6 (9) LLa:ﬁwsgﬁﬁ'ﬂwmnﬁmﬁuimaamqmﬁgﬁuu
LLNuagﬁLﬁﬂuaaﬂ%az 0.2°C wﬁaqmﬁ{}ﬁﬁLLNumaﬂwﬁﬂ%ﬂﬂ%aﬁa‘lajmeﬁ (&¥6in) I@Ugﬂ'ﬁ' 3.6

usaIFURILHuINasluindansraah ldann1Iga UL BUgUNAINA1 9

(N)282°C' (1) 284°C ()286°C (W)288°C (9)29.0°C ()292°C (&) 29.4 °C

(7)29.6 'C () 29.8 °C (m)30.0 °C (©) 30.2°C () 304 °C (1) 306 °C (3)30.8 °C

(#1) 31.0 °C (@) 31.2°C (m)314°C (@)316°C (7)31.8°C (m)32.0°C (n)32.2°C

1) 324 °C (4)326°C (1)328°C (1)33.0°C (W)332°C (1) 334°C (w)336°C

)33.8°C (N)34.0°C (1)34.2°C (1)344°C (3)346°C (3)34.8°C (2)35.0°C

() 35.2°C (4)35.4°C (§)35.6°C ()35.8°C (W)36.0°C (p)3 (8) 36.4 °C

Eﬂﬁ 3.6 LLamﬁﬁﬂsﬁﬂgummumaﬂuﬁﬂ%ﬂ%aﬁaﬁqmmq]ﬁ@i’m 9

a

N3 3.6 LLamm‘sLﬂfq'wuﬂm%nuuﬁumaﬂuﬁﬂﬁﬂﬂ%aﬁaﬁqmwgu@m6] Wasnw

v
A

ﬁmmﬁ"l.@"mﬂmmauLﬁyu‘ﬁLL@ia:mwmLmﬂlﬁ'aglm:uuﬁ RGB mﬂummﬁ:ﬁlﬁaglugﬂ

JTUUR HIS eusunITaa 11

33



L 90 — arctan i For G>B
360 V3

(3.10)
1 F .,
—[QO—arctan[—]HSO} For G<B

360 NE)

F:M For GiB

G-B
F=R For G=B8

I:R+§+B

S=1 _[M} (3.12)

(3.11)

fa anudvrasfuasradLHwasludadaadada
e anudutasddinlvaduawnasluindaasaan

=R O -

Ao anudurasminiwtadnHwnesluaa a3 e s

IINFUNNTR (3.10) - (3.12) mminmmLaﬁamnmﬁmaaﬁlugﬂ 4.6 vonualagls
Tusunsy MATLAB® anuitleuaasluniwmwan a1 1 arnsimadranmwlag i uuauuaasszau
maamﬁmﬁ’uﬁﬁayﬂugﬂﬁaLLﬂi"l%’ﬁﬁ H LLaszuﬁu'ames:@Twaaqmﬁgﬁaﬂ@‘i’mwﬁuﬁuﬁmm
n‘mwmuﬁ“lﬁu,am‘l,ugﬂﬁ 3.7

V] v

U 3.7 uammwé’uﬁuﬁs:m’mqmmﬁﬁﬁnﬁmizﬂauﬁ H ﬁaﬂ'lugﬂﬁauﬂﬂ%’ﬁﬁﬂ &

au
P =

nnMIReUIfaLEanNe 6 a5 N neUTaaE Haee AbFAINNNTROULADLF
ﬁg\mumﬁstuﬁ“Uqmwgﬁmuﬂﬁmmlugﬂﬁ 3.8 e‘%’m%’ugﬂﬁ 3.9 uEaINa ldanmsgauIinua
fugmnnivasansinailulasinfeieaiadaflluiuiivoes Geers uazamz (19] 970m3
Lﬂ%ﬂﬂLﬁﬂUi:ﬂ’j’l\‘lEﬂﬁ 3.8 Waz 3.9 Wuanwuen U asuntssnaadunmnidulyluntg
W@anude @1 H Lﬁmnﬂ'?jrumumnﬁwﬁumaaqmwgﬁ uelunydfiRosanoandoavas
ANBMEN TR B UL a9 InTIHTIFaIWL4N TaNLand19nwEntendsena9ziinen
ﬂﬂa:L‘é‘ﬂ@maagm'lumwa@mimaﬂaﬂﬂsﬁﬂmamda:;jw?mﬂmmLmﬂ@ﬁ’mﬁ'u

mﬂgﬂﬁ 3.8 ENNTRNIENNIIR b InAN U FURUT TR UT na v ELad Y Hawe TU

aoiandl T a%ilugﬂmaoaunws

T =22183H¢, ~4933H), +43913H, —19914H>, +4829H> —584 51, +56.62  (3.13)

ave

AMFNNTT (3.13) mmmﬁa:ﬁwmmmqmwgﬁmaaLL@iazfg@mw (Pixel) NfSoulud H
¢4 I@ﬂqmﬂgﬁazﬁaaﬁﬁﬁ'ﬂagluﬁw 29°C < T <37°C Wik

34



Temperature (°C)
(3] (S wl LS ) (%) (WS ) Lo e (WS )
MDD mae BRI W s L O =)

Temperature (°C)
[ T L S T
R R e s I e ¥ = ]

Temperature (¢C)
2 (S (%) Lad [P%) (WS (S (WS ) L
[N o R e B S T % R O O N, |

E $ 37 & 4
3 36 |
. 535 F
3 534
o E J ;’
3 ,0" 21y F ,0”
3 ** £ : +
E .? B : o*
E +? = 31 F o*
E ot ot
3 o 30 o
ot ! : . ?
T Al T T T O | L l . 29 A T I T T TR N TS TN N N N T S W AN T T T T N T B O
0 01 02 03 04 035 06 07 0 01 02 03 04 05 06 07
Colorintensity (H) Colorintensity (H)
(N) WaNIRALBUEATIR 1 () NaNASFAULNBUFATIN 2
: '3 37 ¢
] 36 |
: 535 ¢
LA S @ £
3 T34k
: * g7 ¢ Y
: K 232 o
F ot £ : ot
E ‘.0 = 31 3 . Q"
E * b +*
3 Lo 30 £ Lo
|' 4 T | 1 1 11 (4 1 * L Ll
29 1 R | 1 1 A4 ) 1
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
Colorintensity (H) Color intensity (H)
(A) WaNTRALLANURATIN 3 (3) HANTIRDULALUFATIN 4
i R 37
36 f
3 535 F
- 234 F
£ =3 o
E o+ =33 F
3 ** 5 4
3 ot 232 o
E ... v * ”
F * = 3l F ry *
R ¢ *
- .". 30 »* "

:_I_I_I_I_I_I_L'll Loa )1 1] L [ 29 Il [ I 1 1 L 1 "
0 01 02 03 04 05 06 07 0 0l 02 03 04 05 06 07
Color intensity (H) Colorintensity (H)

(1) HamIRaULAEURATIN 5 (B) HANIFAULNHUFATIN 6

gﬁﬁ 3.7 WEINTIWNTLENAIUTENOLT H 3 nuNwinasludaiaasaea

35



37

36 | T=22183H,,5- 49334H,,.5+ 43913H,,.0 - 19914H, .3

+4829H,,.2 - 584.5H, . + 56.62

34 F

33

Temperature (°C)

4 Temperature

30 F —Poly. (Temperature)

i s 1. I SR S R U T T S S S R S R S

29

0.1 0.2 0.3 04 0.5 0.6 0.7
Color intensity (H,.)

U7 3.8 UEAIATWFNWUTIILTRNEUEVBIAURRY Haye igaanniidngeg

46 I i ] 1

a4 | -

38 -

Temperature (°C)

36 ~

34 | -

32 1 i 1 | 1
0 40 80 120 1860 200 240

Color intensity, H (%)
3U% 3.9 ugasnamImainuRuas Geer uazamkz [19]

JAW =

Qs = o
4.3.4 nswrdnilszAnSnsmannusanuninAifamainan1sItasnsinw
1 s -9 G i A’ ~ { 4 [ i 9 1
lumanddadadsiuiafinszaouuiniafidnvaou mmmmgﬂﬁiﬂmnnﬁmajmw
mMdasunlaifuaduiwnasluiaiaadzaa vnvaszvninlaslslysunsuasuiaess

® , [V 4 a = = o
MATLAB ﬁ”l'ﬂ?'ﬂ"ll%@lﬂuﬂ']'i?Lﬂ'i’]ﬁﬁﬂ']WNﬁ'!UﬂZLﬂElﬂ@]\']‘lrl:

36



(1) engUnisuamsdrasuiwnefluindnaiadafindndanufounsd Tandonluns
uaesFlugianaiaglutgmnndl 29°c <7 <37°C

) ‘[mﬂgﬂmmammmaﬂu'ﬁﬂ"‘mﬂ‘%aé’aﬁﬁaamﬁmﬁ:ﬁtiﬂ;ﬁﬂmnmﬂauﬁama‘?

(3) é’@gﬂlﬁmﬁamm:muﬁuamﬂumw%mmLLciumaﬂaJﬁﬂ%ﬂﬂ‘%aﬁa

(4) 3Lﬂi’1:ﬁ3ﬂu@ia:ﬁ;@mwﬁﬁﬂ'n H aglutaa 29°C <7 <37°C 'Luﬂirﬁ‘ﬁ i T aglugie

b 1

o | o a A e | ' Aal \ . v ' = o a
aamnannezinsiesituaands ld ualuntdfidn T ldldaglugesingnfazansvanis

U
=l o A p ¢

Lﬁanmwlﬂﬁﬁﬂé’ﬂﬁfﬂﬂﬁﬂ%ﬁ%ﬁ%ﬁﬁﬁm@"i’uvﬁaq\mdwgﬂﬁmaammﬁmﬂ:ﬁ %a%’uagﬁu
anAMTUBIAn H fivilsien Teatlutn 29°C < T <37°C

(5) ﬁﬂmnﬁanq@mwﬁ' 1 LAWNMTUNUA H mawﬂmmwﬁaﬂmaaaluaumsﬁ (3.13) 9
wldyanwdandrailuen T ewsunns

(6) mﬂ'-gﬂmwﬁ 1 fmsdwinsnddudssdninstramanaton h anaunsi (3.8)
uazdmImA R dadiniwasnaumf (3.9) '

@ Laau?‘ﬂﬂ’MLﬂuﬁgﬂﬁl 2, 3 Uaz 4 Iunua7 IﬂﬂLL@iﬂ:ﬁ}ﬂﬂ’]WﬁﬂﬂWN%ﬂﬂﬂ%ﬁ (5)-(6) B9

s? B A & & & o o & & - A o =y £
ﬁnnuﬁ]:vlﬂmumsnﬂ@muLua‘mm:ﬁnUmmwumv}mmnmmm

3.4 msAnmansmzns inavsainuuinimaiaiduinaie (Oil film)

331"?% 3.10 usasganasasfililunsfinmanyoemyinazaaninaimeauuiuin Idvhya
‘nﬂaaaLﬁuﬁ'l,"ﬁ'ﬁﬂmﬁnmmzmsmzlmmw%’aumaatﬁﬂuuﬁummﬂi:qﬂ@ﬂfﬁ TasiUd suuknd
L%ﬂ%jq“ﬁw‘&amﬂLﬁmL‘ﬂuuw‘uamumamw’n,ﬂmmuwmaﬁﬂ‘la e gt TuLg GUBLHY
wmaﬁnlaéﬁ’mﬁﬁmﬁwu Li’jaL%‘n‘lwaw‘imu‘?\lﬁuﬁnﬁ’uﬁauﬁﬂmﬂmuuﬁuﬂa Mlimaunsodin
dnumensinaveasnuuRua e

Mesh piate Pipe nozzle |, Nozzle wall
/ \ Qil film
Orifice / et
n. Heater' I chamber
Blower |~ Camera
‘ ! / \

\ r Ttlermocou e - Transparent
| SCR P impingement

— ‘ type K

Inverter —1 |
Temperature —
controller

Manometer

d' d: = Q. I A’ )
JUR 3.10 usasganaaafilglumsdnmdnwmensinataadnanmauunuiia

37



'lumsﬂﬂaaa‘lﬁﬁﬁLwiuwmaﬁﬂlaﬁmﬁL%ﬂﬁﬂ‘ﬁuﬂﬁmﬁnﬁuﬁmnﬁﬁﬁ’;uﬂamaawﬁﬂu
P I a @ a5 o o A& a & a \
wouwar  welnnifsulasanloduaznyalafniluflduuns gmnadiuia nduiahudu
wmﬁﬁnlamﬁﬂﬁatﬂ’lﬁumwmmLﬂuszmuﬁﬁwﬁwu &’11&%‘uNﬁfoﬁ’luﬁﬁmvﬁwﬂﬁm%@h
Walvanansnganauirnaii@nwan N duninuaananwwi lataon ﬁé’amﬂﬁﬁm’%uvlmmja
TUARV I TRV TURNAINNT a2 a9 N S VU T UL AR DA TWARIT B ILH WA RAN L&
L A A = al € ;’ O a' i '

lealdndasddmastiufinnmadfnuulasuasduhduiinmee g

o e

3.5 MsAnEAnBIMENT IMATaS N8I 8 1B eriA
E%'m%'umiﬁﬂmé'ﬂwm:mﬂmmau%m{’lﬁi’@lqﬂszmﬁﬁaﬁ%zﬁwamﬂmiﬁﬂmmlﬂu
m*sa'ﬁ'mﬂé’ﬂﬂymﬂmaﬁwmﬂmLLa:ﬂa“ln'lumsrhﬂmmmﬁ'auuwﬁuﬁwam%wqumq lay
danistTuasiuued Re=760  &uilludrsnnulunisnavesinfiaunsndsinadnsms
Tawsebomslwsvasdnlataan  uazliilmiduafidednlulunszuamslnafidunsin
yenanasadnifienisuanda dmiudulsdldlunsansaneuznsinsvanininlduses

Tuanyefi 3.4

a519h 3.4 uaasdnlsuaziiantenlg lun sEnwdn e N T IRe 8T NN

wnaLduiuguinavmeluzasriaiin (D) 16.5 mm
Eluadiuuat (Re) 760
aumpiiin (T) 30 °C

0.00, 0.40, 0.62, 0.78, 0.94

AE s 4
RLATAUNLLDT (Sw) o D
WEZ LlAVaTINTiBLan

ﬁ‘. ‘g’ A oo
'5$EI$'il'mﬂ'm‘Yl']\‘lﬂﬂﬂ'ﬂE]ﬁLﬁ]“flﬁwﬂW%N’JT’]L'im 2D, 4D, 6D, 8D uaz 10D

WITU (L)

b d 1
=l

gﬂﬁ 3.11 LLam"g@maaaLLa:qﬂﬂmfﬁ'lﬂﬁ’Lumiﬁnmé’nﬂmzmﬂmmaaL"Si“n'v‘:'l laggind
I lumsdnsrranuiwnaiadnlafa s sasananisinarasini e fvwaanunii
80 cm B717 62 cm U8 50 cm ‘LumimaaaL%ﬂﬁ'}ﬁ]:gﬂmmﬂﬁaLﬁuﬁﬂﬁmmﬂﬂﬂlﬁﬁuﬁﬁ
YUIR 250 I9G ‘Hé’qmnﬁuﬁw:‘lmmmwa"gﬂ%ué’mnmﬂmLLa:qﬂmdﬁ'ﬂﬁﬂﬁmﬂmLmuaﬂ
soplufsdanniuasviatin Taadndrasnssananviodinfided iU ma T natsuaIxs
ﬁ"mmwaa@?ﬁ'} Toavialdnildfomaridunidifldanwiinainma lunsdnundnsasnislne
"IIENL%ﬂﬁﬂﬂ’ﬁuﬁuﬁi'ﬂ:aﬂﬁ%LLN%L%UUﬁﬁ’]ﬁ]’mLLﬂuWﬂ’maﬂlﬁ‘HW} 10 mm Wwitathnmeaanuad
vialan Iﬂuﬁm&uﬁmuﬁl“ﬁ'ﬁm%’uLﬂuﬁruﬁaﬁL%mjo“ﬁummmﬂ%'m:m:ﬁwmnmﬂmaaaﬂﬂ]’aL%'ﬂ

]
A A& 1

s & A e = a & a o , a A«
EHWUHHNINLIVIWNIT U (L) LLN:L&JE]@]ﬂ\‘]ﬂ']i?fﬂ‘]ﬂ"]ﬂﬂ]ﬂ‘mzﬂ'ﬁvlflﬁﬂuﬂa\‘lL"l]Y]aai:'ﬁ]:ujLLNuwaqﬂ@ﬂﬂLfﬂﬂ

q

38



Wirwaanangun nzUf 3.11 ﬁmuﬂlﬁ'ﬁ@hmmquﬁnmwaamnmaaanﬁaﬁmﬂuﬁmﬁwLﬁ@
YDITLVUANA waslvuny X a;j'lml,mﬁm’mﬁ'uﬁumamu’uﬁﬂ Wnw Y a%iluLLuaLﬁﬂaﬁ'uﬁLﬁﬂ'lﬁa
AONINYID LAZWNWY Z ayj‘luumtﬁmﬁué‘umaamiuﬁ@

Digital
camera
~ Red dye , Blue dye
~ Transparent water bath .
~
L 2-
., <" pigital
S camera
z
D
Pipe nozzle
Main

valve Bypass
valve

Chamber

U 3.1 me‘q@maaaﬁlﬂumsﬁnmé’numzmﬂwaé’an"“;%'l,%mmi

dwiunmyinmansaemTinaseninihd st et wzutaiuasditde Stusnfinm
ANMMENTINTZANUBBILEIN 1o ﬂlﬁ%‘mauﬁ'ﬁu1@u,maavlﬂluﬁ'am{’lﬁ’mmwaa’q@mamLLﬁaﬁ@L%ﬂﬁ
ﬁﬁmwﬁumaﬂﬂluﬁﬂaﬁa;Ji‘luﬁﬁ’] 3 A%l une lddasdnume NIz e s i g
Fhsasdnsdnwuelasafomslnameludn lasnadudedfisunisnnisaanuasmain
Ltﬁigﬂﬁﬂamnﬁaﬁwﬁmmwao"qﬂﬂ@aaaua:ﬁﬂL%l’mfwaavlﬂluﬁﬂaﬁayﬂuﬁﬁﬂ R DILETY- g
Wlunszuansinsvasiniiftnnisean wigudunnTinasasiElunszuamylnavein
n‘srﬁﬁﬁaamiﬁﬂm‘[mm‘i’wms"l,ﬁamaaﬁﬂﬁmzﬁa:ﬁﬂLLNuwmaﬁﬂlaﬁlﬁﬁm%'uL?ﬁm\jmuaaﬂ
lummesasldnaduiad 3 é’nwm:ﬁﬂ"mmaaaﬂ"uaaﬁaﬁﬂﬁmamlugﬂﬁ 3.11 luns@iaanug
s marasdlundazan @uiiouazeiuemsenisuiuiefivinmessnvasain &
Idanaadn I ludszdudinuansnaiu IﬂﬂLﬁ&JﬁﬂQﬁﬂ%ﬂl’lﬁ]:lﬁ“ﬁuﬁuﬂdLLQ:L’T]NﬁBQﬁ’]Wf’]U%ﬂ"E
#ihdu

E%w%u'gﬂmaaamiﬁnmé’nwm:mﬂmmau%ﬂﬁﬁ I&dasondasiufinawuuuaines

waznaaa tWlduasrislasdumiinisfaasndastiufinnwiagasdwnis Aadudrusz

39



@Tmuwaaﬁﬁﬂ ﬁaLLam'lugﬂﬁ 3.1 T@lﬂﬁ@‘i’ummmamﬁaa*ﬁag’ﬁmﬁqw:é’umwmﬂwamaalﬁﬁ'ﬂ

AULWILNT LLﬂ:nﬁaaﬁagji@?’muuﬁ]:{fumwmivlmmmLﬁﬂﬁmuﬁuﬁ’aﬁL%ﬂv!'a"nu

g A A
Funkuiia uRad
Z Z
X X X
B ot
(N) ALURUS A (1) fLLRYI B (A1) FNLRAUS C

gﬂﬁ 3.12 anwaeMINaduFN N eanvaIvialinudazwuy

3.6 MsfAnwAnNEMENIIEmAIN aRDRI I NI URHEA?

gﬂﬁ 3.13 LLam“g@maaaLLa:qﬂmﬁ:ﬂﬁlﬂumsﬁnHﬂé’ﬂwm:mémﬂmmm%’awaaﬁﬂﬁw
UWAUA I@alﬁmmamq@Lauﬁimﬁﬁnmﬁﬂwm:mﬂmmam%ﬂﬁ:’]ﬁau%%t%aﬁﬂﬁ Taslaomu
NﬁfoﬁﬁwvjwumnmiuﬁwmmmLﬂuﬂdaﬁmﬁnmﬁuﬁn Tasdusrsvandasdindsudu
ﬁuﬁ‘ﬂ*ﬁ'ﬁw%’mﬁﬂvﬁwwﬁqLm:wﬁ’whwmﬂ 200 mm x 200 mm PINA1ILHY ez I FuHUALAY
LRFUNITTA UMWY 0.03 mm Lﬂumﬁfaﬁlﬁﬂvxjwu LLNum@mam:gﬂﬁalﬁﬁﬁuﬁaﬁuLLNuwmaﬁﬂ
winfinzniens Teolduvomesuasfaurumamaslnoseitns uazuvianauLadviazasazaaldn
futhrasdensiuglnit feirelvnszuaasslnarwurionasuaslSiudnaawagaziia
AU OU U AN ILHURLABLAT FIRSUTUNDUNINAREIILAT aRTUNTNAREINTTENEINAINY

L3 (=3
TaUTaILINGINIA

40



Power supply

Red dye l Digital g6 dye
camera

/ N\

Copper bar

Stainless foil

i Main
[Flow  jvalve Bypass
jmeter '% valve
i e

Chamber

|1

~

L P ' 'Y & ¥ & a
juf 3.13 me'gﬂmaam‘L’&’Lumiﬁnmmimzjmmmsawuamwmuuwum



Unn 4

NANTNARDILAZIINTHANITNARDS

FWTUNaNIITNaanluEIuLInazaSu s fIanEIE N T IRaLRE I TEIIMAN NS B UL
fufnveadninden Tasknannmatnmanwuznsinaveadnluidestidoieluneiug
na‘ln‘lumsrhmmmmi’auuuﬁuﬁwaaLa’im\jam niuezafunefanansznuanszszaInan
meaanuadLinteiuinfign ﬁ'avja"ﬁw,l,a:m‘"ﬁaﬁfm,ua%ﬁiﬁNa@iama‘mumﬂmﬁauuuﬁuﬁwaa

b g

= ) i a A o ' & A S,
LAYIane lﬁajuﬁﬁa\‘]'ﬂwaﬁﬂjﬂﬂﬂaﬂjﬁ'm”ﬂ'\{lﬂallﬂ“ﬂqiﬂqﬂLﬂﬂ?qﬂiﬂuuuwuﬂﬁﬂimﬂﬂuﬂﬂﬂ

1
= =

50 waza TR INANTINUAINTE LN AN Ba N B I N A RRAATLS INWITH TTUERTERIN
sinuasad Sl Finadeniinomenutauuuiuia

4.1 ansmenisinauaznsinsmanuienuniinisnesindudan

dFmiiidaiias nmfmoanwmwmﬂﬂmmmwmummwmauuuwummaamﬂmL@m
Taoluduusnazaduneisdnemenis mauasnsmemeanuenuuininvesdnii ifsliidnle
ﬂa"l.nmirhummm%’auuuwuﬁai:wiwL%ﬂﬁnmﬂ'mﬂa’ma:ﬁwm;uma niwazaTuufe
é’nmmzmﬂﬁmm:msmmmmmﬁ”auuuﬁuﬁwaaﬁﬂmmﬂ uazganeasInusudnyue
MItemanNIeuLRABR sz i uaz I ne e tsadunanalnlunstinainufou
puuisTw Enihues inamefiisnwaemsinamanufauuuiuinaaaadasiu

4.1.1 TassasomsivanasSningas:

Eﬂﬁ 4.1 usaddnumemIuwinsznprsaindszidenluaifaiuuefineg  angu
wudnanrawsuaziniidenly sw=0.00 Avdiialndlnmssaninlugie v/o0= 0 - 2 1in
fanwaemtinaudaiusesdusslugmununarsdnifauinailild sadussunanuiiom
IngsuvasurnialiinTinaveainfain vasnmininezSunsnodreenluuuaiad

2

mtﬁmaaﬁwwumaﬁﬁaﬂm Sw=0.40, 0.62, 0.78 az 0.94 NISNIZINEVILINSONATNUUITAL

e a & A ' ¥ & a & . s
Sufatufidiuniitnnigasn (v/D=0) uazn1I1ufIvEIINIzRMIue IR ASatuLILATN
A‘ J 1 [ & a 1 2 =l s 1 =
VRN Lmama"l,'mGmJNamsmaaqmnmammmﬂ%Lwmanwm:mmwsﬂs:mmjamm
] :: 1 o d! = J -~ 14
wisw lasuntoiuanwmenyivafiiiedunaludnle

42



0 2 4 -4 0 20
X/D X/D ’ X/D

(M) WAnnviatan (3) Sw=0.00 _ (7)) Sw=0.40

2 &

0 0 B 0
X/D X/D ) X/D
(9) Sw=0.62 (3) Sw=0.78 (%) Sw=0.94

31T 4.1 wsaednuIEMIMWINIENBYaIInharszitanlimiiatuuaidng g (Re=760)

l View direction

-
Swirlrotation

X/D X/D
() Sw=0.00 (f) Sw=0.40

0
ND XD X/D
(3) Sw=0.62 (2) Sw=0.78 (%) Sw=0.94

]
=

Ui 4.2 usasaneazlasaionsinaseadmbdsssiGanlumifaduiuaieing g (Re=760)

43



gﬂﬁ' 4.2 usasanwozlavsghimsinameludnirdssidonlvadfaiuwadens g u
wdazgUldnadudadludwnie ¢ fithnmaesaniin 'LugmﬁufimnLﬁuﬁagﬁmm'\ﬁamaaé’u
u:iuﬁm:ﬁﬁwwﬂLLml.l.a:Lﬁu%inmﬁuﬁaQﬁwu*ﬁﬁaﬁa%:ﬁ%ﬁ']ﬁu PINHANITNARDINLIT LN
milmazaauinanvalsuazinfidenly sw=0.00 mﬂmmam%ﬂagﬂuumLLnuLﬁﬁﬁu Tuatue
ﬁlﬁnwgumoﬁﬁ"au"bu Sw=0.40, 0.62, 0.78 uaz 0.94 aisauniLaiinadayuvadunIinTing
fignunialinnssanaaain Lfiaatﬁ%aﬁuLuaﬂﬁu%uqmjaaL%ﬂﬁﬂi:ﬁ'\ﬁ’uLLmLmumaaL%ﬂ
(Wnw Y) nduanudeu ﬁwaﬁﬂﬁ’msﬂi:mtmaoﬁmﬁm‘]{mm:Lﬁ@mswauﬁ’uﬁnﬁa;Ji'luu’%nm
50U 9UNIH Li‘iam‘%ﬂﬁl,ﬁum:whqﬂﬁ 4.1 uaz 4.2 AdawlardsaiuiueSidsaiunu ns
uwinszansuazla eI aveindaniianuraaadainu

4.1.2 Tassas19mslnaz adlgﬂg"lﬁ?!\iﬁ%ﬁ%ﬁ?

A ag o A w = . A A A
31]"([ 43 LRz 4.4 LLﬁ@GNﬂﬂJﬂﬂﬁnjﬂuNLUE]iﬂ&lﬂal:ﬂuﬂrmﬂqjvlﬂﬂﬁlaﬁLﬂﬂVﬂﬂ’ﬁuW%N'ﬂﬂi:ﬂz

a A & [}

& A& i o ) Y a
E_ iﬂﬂﬂ’]n'ﬂ’]ﬂﬂaﬂ’ﬂaﬂlq}ﬂﬁﬁwuw']ﬂ INWITH L=4D LAz 8D @MU AL 1%LL@IH$31]“L@]’}NL'JE]M§@IE{L%

q

furi C lasfiiduiandunagiurndovedduinniavsdFruniaiuazdwiandufiaten

UG au U

9, oA dé ? -
TNV UTFUITY
l_ View direction

.
Swirlrotation

2 4

Y

0

-4 -2

2 0
X/D X/D
() lAnnviaidan () Sw=0.00 (A1) Sw=0.40

0 0 -4 -2 0 2
X/D X/D X/D
(9) Sw=0.62 (3) Sw=0.78 (®) Sw=0.94

Eaa @

P as o [ ' & A A
E‘].J'Yl 4.3 LLEWNNﬂ"ﬂﬂx‘iﬁL?iﬂ%&JLUﬂ?ﬂuﬂEJLﬁ%ﬂ']sﬂﬂ']?vlﬂﬂﬂﬂﬁm“ﬂw‘ﬂﬁuwuﬁwl'lﬂiﬁElﬁﬂﬂlhﬂ

a & 1

J ) { & o ] @
‘maaaﬂmam%ﬂﬁawummﬁmmmu L=4D (Re=760, 1MILTUFMRAWI C, t8ulse

]

o 1 A‘ - -l 1
ASONT LLﬂHﬂ’IIE}JW%N’JY!LQTW\!\‘I'ﬂu)

44



l View direction

S
Sviarlrotation

X/D
(1) Sw=0.00 (f) Sw=0.40

0 2 0
X/D X/D
(3) Sw=0.62 (3) Sw=0.78 (%) Sw=0.94

eAdA 1w

= a6 e = il & a A
31]‘([ 4.4 LLﬂ'@NNﬂ?J3\1ﬁ'L’JTﬂ%ﬂJLUﬂ‘J“HMG\E}Lﬁu'ﬂ’ldﬂ’ﬁvl.ﬂﬂ"llﬂdtﬂﬂw‘d'ﬁuwuﬂﬁﬂﬁtﬂﬁﬂﬂﬂﬁﬂ

]
a A & "

=3 A‘ & o 1 ko
‘H']»Jﬂﬂﬂ?]ﬂx‘lLﬁ]ﬂﬁdW%N?ﬂl%ﬂwﬂ’ﬁu L=8D (Re=760, 1ML VUM LRI C, LEwilse

]
= =

-] ] A‘ “ [}
memmemaawummwwwu)

a o & 4 & a 4 & . ' [

JUH 4.3 nitifiszerandinni0anva I INTIANRAINIIANWITH L=4D WUIUFUNIINIT
= : : =& A A ) P ' & a P ,
Twavaainanviaduaziinfianly Sw=0.00 naumwﬁ]:‘lﬁm‘p’nuwum mﬂmmaaﬁmag

] ﬂ‘: = :II =3 i J r-Y =3 dv =Y e | i =3
Tuuniunm Y vinsu NRIINTUINWITUARA? lAnazlvasanuniuRIaduwITadl Tuymean

A a ) o & ' & a A
ﬂqumomaau‘lm Sw=0.40, 0.62, 0.78 Uaz 0.94 NAUNINITWITUNURA L%ﬂﬂ:Lﬂﬂﬂ’]'ﬁ%Q%ﬂ?ﬂ
aQ 1 [ ‘ﬂw =Y | =3 L5 J 1] 1 o ] b 1

wazvgngaInouITRA BRI wUII NI LRIZHEWIITE RIS RISV ILFUTLARE AW
L7 L L5 [} r-—Y dl ] A‘ = A J =) s H A‘ J A‘
(AIWTIYURZAT WV INVD IR @) ﬂw‘wuwumﬁmwmumumﬁaumuafﬁmwu wWaNINGH

as “a H - ar 1 & :‘ = J A =3 s [
mmmmmﬂmnmﬁmﬂmwaunm:mwaauﬁmwmmnﬁuﬁmwﬁumw FIUUTIMAINE

W o o ' 1 ' & A o [ A &

a:ﬁﬂﬂwm:mﬂmﬁ‘nwnaunauﬁL%’ﬂﬁ]:m'ﬁuwum FMMTUnIainTzuzanlnndeanvainid

A A A a \ a & P | A A afg & o va  a o ¥
WuN'JY]LiWW!G’ﬁuLWN’U“ L=8D (El]'ﬁ 44) WU LuaLWNanjﬂu“LUﬂjﬁ]:ﬂqlﬂhQﬂLﬂ@]ﬂqiﬂﬁ“ﬂﬂu']
= & \ ° o . = & A { A

flagvau gundu dmalinissrusasdnuuiuissaadlesianizianly sw-062, 0.78

ez 0.94

45



& al

& a s e A L & J a 4
31]7] 45 LLEWNHﬂ"}.lB{lﬁL’l‘a'aulJLUElTY]lI@IElLﬂ'%‘ﬂ‘Nﬂ’l'SvLﬂﬂﬂﬂdL‘ﬂﬂU%W%N’lﬂi:U:ﬁﬂﬂﬂ’m

& A & a 4= . = A A | o | \
- mganvadinfaiufafiinveru L=2D lujlidufefivegludunis B uazdraniwan
i o s - { = 1 ' a o = ' o
~ URAITRIRUA NN ITY ANHANITNARAINUINFITANNI LT NRA DL FWNINIT LARVDILEN
L .: -y a & ] i - d' d{ d' 94 d" _a
uwinuAa nathiinanveiduaziinfienly sw=0.00 (Ul 4.5 (n) usz (1) LU Inauuiuia
L A s Fll - [ A‘ - '
guiwauni X Tmadudiouszan uaaatandannfilinwasunui- ez lnauwinizang
muumTrduniuAurieu nadiinnyuasfitonly sw=0.40 (37 4.5 (7)) M3 IavoILTUF
g uuﬁuﬁaLmnaan'luuua%’ﬂﬁﬁ’m‘uﬁml,mLmu X et duwiwnIUszunm 45  wasiiasisanuiuas
o & * X A o " & o
Y ILINLALNINT B 143&"?1'L%ﬂ‘lﬂauuwummquﬂuumLmu X IAYNINUUOINEIOY 311
cad a & = af o & y «
Unngmaniniieduusasivaisatuiueiinadansivaveain

l View direction

e

Swirl rotation

0 2 4 0 2 4 -4 -2 0 2 4
X/D X/D X/D

(N) ANINviaLdan () Sw=0.00 (7) Sw=0.40

4 0 2 4 . 0 4 0
X/D X/D X/D
(4) Sw=0.62 (3) Sw=0.78 (®) Sw=0.94

gﬂﬁ 4.5 HaTIRAITRN NS AR daLFUNIINT s dnuuiuifiszazanninnisaan

POUINTINURINUINWITY L= 2D (Re=760, 1idufidnunss B, tngguldnunasnas
X om A
NURANINHITH)

v 1 Y a [ -
41.3 ﬂﬂﬂmtﬂ"ﬁﬂ']ﬂlﬂﬁ?’lﬂ%ﬂ%ﬂ%ﬁ“ﬂ‘]ﬂﬂﬂﬁlﬂ%’l

46



é’nwmzmﬂﬂamamﬁmﬂwu ANBIASANTENENAINY
L =3 J =
TOUVBIINUBNUR
a)
™~
n
i |
o
<t
I
A |
o)
[{e]
1
2 |
0
X/D xD
a
[= o]
]
o3 |
X/D
8
=
S| =
N
-
X/D

= @ ] @ & A = oA
31]7] 4.6 LLﬂﬂﬁﬂﬂHmzﬂﬂﬂﬂﬁLLﬂ:ﬂ’limUL'ﬂﬂTlaJ?amJuwuN’J“ﬂaﬂtﬂﬂﬁguﬂldﬂLdau1m

Sw=0.40 (g =447 W/m’, T;=30°C, Re=760)

View direction

Swirlrotation

47



il'lﬂiﬂ'ﬂ 46 aﬂ‘lﬂ'ﬂtuﬂ’l'iﬂ’]ULﬂﬂ?’lNiﬂ%ﬁJ%W%N’JWU’]’Iﬂ‘S“‘B 'ﬂ']ﬂﬂ"lﬂﬂ’ldﬂ'ﬂﬂ‘ﬂﬂ\‘lﬁ]“r’]ﬂwﬂ

A a d

AU AANWITH L=2D Lﬂ@\mnmﬂumsmﬂmm’lmaumLmﬂaamﬂuaaamnmwmamnnu
WBevhuniuunm X nyfifiszas mnﬂ’mmaaanmaaLﬁmmwummwmm L=4D #Aufvains
fomanufauuniwinas I wFimn e wdaTnItemenuieuLuiuwitsaadiie
LﬁﬂUﬁUﬂiﬂi:ﬂ”ﬁ]’lﬂﬂ’lﬂﬂ’NﬂE]ﬂ“JJaGL’nJYm\‘]W%N’JYIL‘imW\‘]‘H% L=20 iiipsan Tuundvuaning
wwuwuma@aa wanafufiszy wmnmﬂmaaanmawmmwummwwwu L=6D W&z 8D
wmminm‘nLaﬂwaﬁuwummmﬂmemmamwmsmnmmmsauuuwumaﬂm wazfivzes
mnﬂ'mmaaaﬂmaqv«mmwummwwwu L=10D Sasimstamanyianuniufindendafie:
G‘iﬂmmﬁmﬁuuﬁ'm:uzmﬂﬂ’mmaaaﬂmaqﬁﬂﬁaﬁuﬁaﬁﬁmﬁwuﬁu6] Lﬁaamﬂimwﬁuﬁvﬁa’ﬁu
Aufinanss uarsneazMItsmaufenuwRnitdautitudeuaudnsmemsinauasin
ﬁauvﬁwuﬁuﬁ's _

4.1.4 Snpmemslnauaznsmiamenaianuuiiniizasinemasuies

ﬁj*n 47 aasdnsmenymavesl§mihiunsdlveninanraafiszozaniinnisean

o= H = 1

mauﬁ‘ﬂmwummwwwu L=2D UiL’lm'ﬂLﬂ%N"]ﬂ’JLﬂ%U‘SL’JﬂL‘HWﬂﬁJ%']&luKuﬁiJLLﬂ mnmmﬂua

£ @

@‘i'n,ﬂuu’%nmﬁﬂaumﬂ’unﬂLa‘nwmwwaaﬂmnwum mn'sﬂﬂ 4.7 () wrasfiianlasznziam
waamﬂmﬁmwwumu"l,ﬂ 25 s mm‘mmm@mnmmwwmuwummmanau GRS WAwIRRY
maamuuﬂmauawmmnuumanmmu'LﬂWaumum)lmaaﬂ'LuLLmimmuwumm'L%
UNINFUNAUTLIEND E]Ylmﬂvl,wauuwum'mmwu a@]ﬂuﬂnmomwwmu (Stagnation point)
SRSt faay (mnmamnﬂmamwmLﬂumnmﬂ ’Bma\ﬁﬂ‘n 4.8) asandusiom
nmwmwuamnuuwummmmuﬂ mumnmmaﬂwam (Impingement region) HwuSmd
waumuunmwwwwmaﬂ"l,ﬂiauEJ (mnm‘nmmﬂuwum@ﬂwmumm ﬂmmﬂumnm‘ﬂm
"]Jﬂdi‘]_]‘ﬂ 4.8) dinsanmsinausiuiafianuisafioduias ummmumauuuwumma A
U3 ouuaaiinmig (Wall jet region) HuSnafdnddswiunsinauwiuia uduadnsn
wawﬁnmmnLﬁmwﬂwmaﬂ"lﬂmamumnwum (mnmwmmﬂmmmauamﬂml.ﬂumnmw@
maa:‘ﬂﬂ 4.8)

mmmﬂﬂ 4.9 LRz 4.10 meaﬂwwmﬂmamaa%laumwmmmamwmmamwﬂm
Sw=0.40 WAz 0.62 @ N9 ’annNamsmaaqwmmuwumﬂﬁﬂgLﬂmaﬂmumwm@mu 2
ummaﬂmqmnnu Luaiwwnmmﬂﬂﬂaumummmwwmaan"[ﬂluumwmmmwaw
(X/D=0, Y/D=0) mmmmm@mnmmamwa'nu (mnmamﬂwaumuunnwwwaaﬂmnwum)
Lm:maizmnmmu"l,ﬂanmmmaammmnmwaaLamNmﬂwaumwg}nLaﬂwmwwaanvl,ﬂ
Y19E% (LI WRBIIFFUFEN) wananidanuiR§uin s s duduianiun gdaniiu
@‘i’umﬂa’«g‘ﬂguﬁﬂmaﬁL%ﬂvgfwuéﬁuﬁ@mnmam:ﬂwaaé’um&uﬁw waziiiassuziaatrtuwil

Qur

] ' =l ? A & k. Al |tall o 1 a =& a '
dunssrasfuirTuniduduie g FJsamagmnmmmmjaﬁﬁﬂgmirﬁmﬂmqLLamﬁa

48



M1 MazaNINNYUANRAINATUAURY Wnlwsaanaauuwriaiiviuf laldifianmyuanaow
A’ Y A = s 1 L Q- = o A? = = ;‘ d' 9

Aufin FalTadusinanrannasIn UM AN AN HMeMNT IRaURARAIIa i N lauaadlu
gﬂﬁ 45

o iy @ o - 4 oy a 2w 3
vinadiRdnivureoy  THB voaidniniugnaniewieennnfiui

6 : 6 [k iy 6
4 4 4 4
2 2 24 1 2
[l 3 Lo
50 T3 Fod S0
-2 25 23 -2
45 4 44 43
-G_I"T'T’['I'I‘I"\’I'W'I‘L'\ 6 !'I'W'I.'\'I‘\'I‘I'[‘I'I‘I -6_I:1'I'I'I T T T T b
6 20 2 4 6 6 4 -2 4 4 2 0 2 4 6 -
XD XD XD

[

4

XD

() at 220 sec (%) at 270 sec (1) at 320 sec () at 370 sec

U 4.7 usasdnwaeny narasHSmhiuuwAui s dnsudsafiszuziaand JUAIDINH
Wnvaru ndhiinanvanlanfisses L=2D (Re=20,000)

Nozze
Potentnal Core Region Free Jet Reg:
\“E'
Wall Jet Region i Impingemncat Region
i
(3)+¢ N X0
7z T R T e
Impinged Sarface NG Pt

P Y A A w a = | = & \ |
Eﬂ‘n 4.8 LLﬁ(ﬂGIﬂiﬂﬁTNﬂ’]ﬂﬂauuwuw’maw"lﬂﬂL’ﬂ‘t’lw‘dﬁuﬂim‘ﬁa{lL’lﬂ‘ﬂﬁ)’m‘nmﬂm

49



{(3) at 170 sec

. . (3) at 220 sec (%} at 270 sec {7) at 320 sec () at 370 sec

Py & 8 & A % o = : o A o=
31]7] 4.9 LLﬁ@\?ﬂr]ivLﬂaaﬂaﬂWﬂNu’]uuU“W“N]maﬂLﬂ“ﬂﬂqL@]U'J'ﬂj:U:L’Ja’]@]qd WRITINNLIN

waru nidhinmyuasiGeonly sw=0.40 fisztz L=2D (Re=20,000)

= e . o = dey s o @ g o { =
-~ winainRdnhiuersay TR Souitdniniugniniansennnitufia

i} " 6 ] ] [
. q E

2 2 2
01 go : go
2 24 -2

-4 45 -4

5 -6 -6

[ - 6
4 49
2. 2

2o g o
243 2
WE: K
% 6%

’ XD XD
(2) at 220 sec (%) at 270 sec () at 320 sec (%) at 370 sec

U7 4.10 usmamisinsrasfldhduuwiuiesIndufsfszozna e oAy
waru nithinayuasfidonly Sw=0.62 fiszus L=2D (Re=20,000)

50



]
=l

ar 1 k3 ‘j’ = [l =) =3
Eﬂﬂ 4.11- 413 LROIANBIUSNITDNULNAONUIDULWWNIRHI Lﬂ%ﬂWWT@GLLN%LV}ﬂﬂNﬂﬂ’J@

M3aaafdIoufisuaneuenisinsmanuiouaadldindfsifitzozaaniinnisaanvasdnie

J a 3 1 1 dd‘ dl a € ¥ l&‘ ~ lﬂ‘ =3 [}
WBHINLINWITUW L=2D ‘L%Li,(ﬂﬂtgﬂLLN@NNﬂﬂ?ﬂﬂ’lkﬂE\IEJHWﬂﬂ‘ﬁﬂ?’l&l?a%ﬂuwuw’lﬂﬁ]“{ﬁ’!d?j%

9

b

AR A RA NN TEN N AN UTEWTINIAUAY NTBANSNTANNAILFAIFNHIULNNTT BN
anusanUBARAILS R B FNLU T ANEMIWIa o LLazﬁwé’ﬂsﬁmwﬁauqaLLamé’ﬂwmﬂﬁ
n"mmmww%auuuﬁuﬁau‘%nmﬁé"r’uﬂn%ﬂ%ﬂﬁ%&ﬂﬂmm”auga

31J°?1" 4.11 a“’nmmzmjmmmﬂ'nu%’auuuﬁuﬁaﬂiﬂhau%m’mﬁaL‘Lla"] FINIINRILNG
fnmmzmTBmaNTouLT 0 L%ﬂ?ﬂd’ﬁ%"lﬁf@‘ij‘rﬂ ndngmsimstsinenuiaugige
AUAURDY (Secondary peak heat transfer) ﬁl,ﬁwfw,ﬂmameamg@ﬁlﬁmgamﬁqmelugﬂ
4.11 (3) fﬁ'aa]:aa@mﬁaaf‘Tué’ﬂwmznﬁ"lwamama‘miﬁﬁugﬂﬁ 4.7 (@) ﬁu’%nmﬂﬁwm{ﬂﬁugﬂﬁ@m
pantiuan¥meIILRINIaY qu’%nmﬁﬁm@;wu ﬁ'w%’unizﬁmmﬁwgumaﬁL’i‘iauﬂ,m Sw=0.40
uaz 0.62 (gﬂﬁ 4.12 &z 4.13) LfiaWé’ﬂsfmmi"auuuﬁuﬁagq RUNTORINANANIZNUINFUD
Lxﬂuﬁ@lﬁﬁ’ll‘ﬁt,ﬁ@U’%L’Jmﬁﬁﬁmﬁmmwmmwu%’auﬁ%ﬂmmmuﬁﬂmu@mmm%@guﬁﬂmaﬁ
Lﬁmﬂa"ﬁuﬁwaﬁﬂﬁmimﬂmmm%“auuuﬁuﬁ'ameﬂuaaaﬁ'gu Farinandanusand lisanin
FananansznuanFuzadniuiale LAsuNIFINAANBUEMITNEIMANUTaRLSII MDY ﬂg@ﬁ'
L%ﬂvjmuvl,é' fnTudnsmemTmamanyowuwi e ngasgiwinansnsaenising
P 3nfiaananthnmesan1awndauiTuiui A Ssnannasssfitiol ugoandasiuna

MINARBIANHIUNNT IRALAZNNITNONANNTAUU RN WAV EINYN N e aTUNauLE2

6

Y/D

Y/D
& A R o o o=

XD

(9) 146 W/m’

YD

YD

0 6 -4 -2
XD XD XD

(@) 161 Wm' (@) 175 Wim" (T) 191 Wim® () 207 W/m’
U 4.11 LEAIAN B MTTNEINANN SO ULUAURINNANT AN UTDUA 4
nItinanvialafiszez L=2D (T=28.5 C, Re=20,000)

51



YD

X/D

(N) 120 W/m” () 113 W/m” (9) 161 Wim’

6 -4 22 6 4 22 2 B 2 0 2 6
XD X/D XD

() 175 Wim" (2)191 W/im’ (T) 207 W/m" () 224 W/m"

37 4.12 usavanwarmsinamanuTauuuRuiIWAndaNuTaudns g nIdhannyuals

-

fiauly Sw=0.40 fiszz L=2D (T=28.5°C, Re=20,000)

6

Y/D
& b B o B n

(@) 120 W/m”

Y/D
T -

[ S
Y/D

A
& A

-6

4 4 2 0 2 %
XD

4 6 4 2 0 2

XD

(@) 146 W/m” (@) 161 W/m® (T) 175 W/m’ () 191 W/m"

4 6

U7 4.13 usasanaRNIITBmMANNTEULUARAININANSANNTE R 9 NITINAYUA
filsouly Sw=0.62 fiszuz L=2D (T=28.5°C, Re=20,000)

52



fada

4.1.5 HA2DIFITANNIUDINHADANBHIENIT INALAZNITANUNAINI DWURN WAL

ﬂﬂ\‘ll.gﬂ 21N

a e ny @ = = o a =] ] { a
TR P TVR P VE B2 -mnmmﬂﬁnumugﬂwnwwwmaﬂinﬂﬁum

0 6 6
4:: 4:: 4
2 24 24
S 03 g 0 £ 0]
44 .4; 4
'ﬁ;'i;':'lrl"'m-w’I‘M‘ T -{)_:\‘I"\.;I'\. IRASRRARRRARARA| SO oAt annananansanasnany
6 4 2 0 2 4 6 6 4 2 0 2 4 6 6 4 2 0 2 4 6
XD X/D XD
(N) l¥NINYiaLlan (¥) Sw=0.00 (M) Sw=0.40
6 6 6
4 4 4
2; 2] m 24
3 E s L
SEE S 04 7 S0
2] 2 23
b 4] 4 4:j
ST B naniea b naaaks aaneny M A s LR e AR R
6 4 2 0 2 4 6 6 -4 2 0 2 4 6 6 4 2 0 2 4 6
X/D X/D X/D
(3) Sw=0.62 () Sw=0.78 (%) Sw=0.94

- a a e ¥ ow A A A ae o €
31]7] 414 LLﬁ@GﬂﬂHMZﬂWTVL%aTﬂﬂ?\]ﬂ“u’]uuu%W%N?ﬂﬁniﬂuNLUEIS@]'Nﬂ

fivzor L=2D 3202a1mAINilinKITu 270 sec (Re=20,000)

o

[

YD
R I =
Y/D

YD
S A L o o oo

o N =

S

(N) lININYiaLlan (A1) Sw=0.40

6 6 6
4 4 4
2 2 2
a o
0 So So
2 2 2
-4 4 -4
b ; 6

(4) Sw=0.62 (3) Sw=0.78 (3) Sw=0.94
gﬂﬁ 415 ugeIANWIEMITNBINANIToRLUARAITmATaiuLasae g fiszes L=2D
(Re=20,000, T=28.5°C, § =207 W/m’)



o = s A A . 4 A= 6 3‘ a o e ~
Eﬂ"ﬂ 4.14 LLE‘T@]\‘]Nﬂﬂ’]‘iﬂﬂ‘]'_ﬂRﬂﬂmﬂﬂivlﬁﬂU%W%N?@]')U’Jﬁwﬁ&l%’]&!%ﬂitﬂ:nﬂﬂﬁﬂ\‘]ﬁﬂﬂ'ﬂ
' i a ' 2 A a d e
L%Y]W‘\‘l"ﬁu 270 sec LLQZE‘IJ"?I 4.15 LLK@NNNﬂ’ﬁﬁﬂH']E\IﬂHNZﬂW?ﬂWEILﬂﬂ'J’ISJTﬂW]J%W%N']Y]Wﬂﬂ‘E
2 aa . 1A 2 ro ] Q ‘
FAITUIDUAINAALTIND 207 Wm I@Umm’mmnn’mﬂ%ﬂumauanmm:mﬂﬁmm:msmﬂm

AUTIULUABED (USzuiieusznineglf 4.14 uaz 4.15 Adeuluidivanu) wuidnwaems

L
a

Tnauazmsdnsmanufauuniuiifanuseanaaanu u‘%nmmaaWsTumﬁuﬁgﬂL%ﬂﬁﬂmaaﬂ

]
o N 1

N (3 mEed) Wafsuiunistamanaiewuwiuiuiwsnaudisarnmatemanyion
g9 s'r’mu‘%nmmaoﬁl@mfwﬁuﬁgm%nﬁamﬁan @Winmfiiudraduien) ussusmiiga
sz ay (U3LIFED7) dafisuiumsemenuientwiuiniunsnaiisannmsmn
arnaYausuazsinuIn

nansnaaadlunsdiaaainainviaila (Lﬂ'%ﬂmﬁnugﬂﬁ 4.14 (N} URz 4.15 (M) ANWIU
mi"l'v\au,a:mirhUmmm%’auuuv‘\lruﬁaLﬂugmaﬂauaamaﬁaaﬁuwﬁnﬁma\wim%‘n ﬁ]’mgﬂﬁ 4.15
(M) mmmé’amﬂﬂﬂﬂgmitﬁmimmmmm%“augaq@é’uﬁuaaa (Secondary peak heat transfer)
Aadu tﬂuu‘%nmﬁﬁa"’mwmimummm%’augaﬁﬁé’nmmuﬂmoLLmuﬁamauu%nmﬁL%ﬂﬂwu
(aduininngmynififedulwitasioly) dezrennsostuanwaemsnarasinuuituiale
gﬂﬁ 4.14 () mmmé’ammn%nmﬁﬁﬁmfﬂﬁuazauL‘i‘]maLLmuETamauu'%nmﬁL%mjam atals
Aautiudifduihiusssuivsuminesdoudunimuuu el ﬁua;}iﬁm:mmmwé’amnﬁ
Anwanu (é‘r’amm*}ngﬂﬁ 4.8)

namneasadlunidlrasmednfiaseuiuiarilbiAanansznuanduyesunuiasinade
AnwmzmsinalaznsiamanaiauuwAnuen Iuwgas Ui, S mMIUNaMITaRa I8N M
mlnazaadnuuinii ﬂﬁngu’%nmﬁﬁﬂﬁuﬁ’]ﬁuamua%h:m":mam%nmﬁﬂﬁmfugﬂL%ﬂﬁ'@
W1DBNINNARA (u’%nmﬁLflmﬁuﬁmaﬁ@mu@'mmuaagﬂﬂuﬁnmaﬁL%mjwu) WanuSuu sy
funanImasasdnymenstsnayiauannuuiuia asngusuiisanisinom
mm%aw‘i'ﬁﬁ'agjszijmaw‘%nmﬁﬁé’m‘mmsmnmmw%“auga wSnfidwdnidoaaniin

& o . M E o = Ao € :’ ar 1 '
?ﬂf}!%ﬂﬂﬂ%‘]ﬂﬁl‘l’]ﬂd“ﬂ%) 'luﬂsml.iwmmauvlm Sw=0.00 USL?MYI&JNR&I%’]&J%&KG&JEl%it‘lﬁ’]’]ﬁﬁﬂ\‘i
o P

o & & e X A o -~ o o \ w
Tafifuiugnidniamaananiuia Ui 4.14 () ussrSafiddanmsmomanuion

=

P ' o e as ! & P a A a X w
qﬂﬂﬂizﬂqqﬂﬂﬂﬂﬂinmﬂwaﬂiqﬂqfﬂqﬂlﬂﬂqqﬂﬁaugﬂ (Eﬂ'ﬂ 4.15 (1)) ANWUTLNATURSAANRD

U

o _

Qor & 1 [

° P i a a -
a ﬂa@nmeﬁm@mum@mwg@]gmm‘ﬂmoﬁL%ﬂmmua:ag‘[uanmmwmunuLLu';Lmu Y 39

Wnldanudnwoeni1119d uniineensaaassunauila Lwi‘l,uﬂmiﬁﬂmg‘umaﬁﬁ aw 'l

@
] ot 1

] = A:I'dn 5 a o - a L3 & [3 Q- J =
Sw=0.40 wuhuimiidsuhdusssuagszwinaasinuifduiugnidndanisananiuia
(FUN 4.14 (A)) LLa:U‘%nmﬁﬁ5@5’1mm’mmmw§auﬁna%iizwi'maam‘%nmﬁﬁﬁmﬂmidmm
@ P o A e A e 3 A @ | | o o
ANUIBUFI (U 4.15 () dunbsiifisduaadugagudnasiinweruuazagludnwmdos
° [ s oA s ' o o A [ oA o &
raniuuw Ereududalszanm 45° uazgIwuhyafinzinnuuwidusaswiudadiyaini

HI =3 a J :ll ) J as 1 b
LUARLIAWALY a%'mmm 'i]’mﬂi’}ﬂgﬂ”ﬁﬂiﬂlﬂﬂ’}JuLLﬁﬂﬂﬁwﬂﬁlﬂ‘]&mtﬂ’]ivLﬁaLLﬂ$ﬂ’1§ﬂ’]Ell.ﬂﬂ’3’]3Jiau

54






Aa o ) @ o A ' a i o o , o P’ i
fildanmtoinanuiaudifagiznivsessinufiliianmstsmanaiaugs Winmidn
wuidgraaruaudnasniinksry) Ailfiennnsvassuuruie WUIINTERLaILEANULazLIN

=3 J ar o - s 1 =Y Lo
a'lmﬂmﬂw'l,uaﬂumnﬁmmagunuumammuumluumLé‘imnu

a =y o ‘s a i e o 1
42 mini:mmlamawja@i’umua%’uuﬁumﬁLaﬂmmﬁmtﬁmmﬁu
dwsuTada lWilezasungiisanudasinronamausaununinuivasdnainmaly
nsdlwadndnden ludnusnasidIoufaunanIIANEINITEN oAU T UL A BRIINIWIY

b v I. v
AR UA LN TAN BT laa N MTNUNIBLANENTINWITY INUUIZaTUNBDINANTENUDY

] a

= & A A= \ o : [ & A
stﬂzﬁnﬂﬂjﬂﬂ'maﬂﬂﬂaﬂL%ﬂﬁﬂW%N’lﬁLaﬂVjﬂ“ﬁu (L) ‘H&l@aa@'jjﬂqiﬂqULYIF]'JWNT@%U%W%NQI%

ar 6

nItYaININYiaLan u,a:q@ﬁ']aa:a‘ﬁ'mﬂNa"uaqu‘ﬁauummﬁﬁ@ia&mﬁmmwmmm%’au

i
_a o= ]

M s A= ' A & a4 A
ﬂuwuN?ﬂt'ﬂﬂw‘yﬁ%‘}’ﬁ:ﬂ:ﬁnﬂﬂqﬂﬂqﬂﬂﬂﬂTaGL%ﬂﬂﬂwuNQwL'ﬂﬂW-ﬂﬁu L=4D uaz 10D

9

L1 + + ¢ T g v T T T 0 v T T T T g

—
1
o
[
m
=
-
1 L 1 i L L

5 08 i 08 :
S * g, ] L=D ]
L & Ty 2 0 k
3 L=4B . 3 i .

F T \ .4’»-.... S 06
’ | i
0s o0t oL teg =] .&_
0.43 d;l‘_‘ . op 04 :“ W_
} d ! 4
03! i 03 L , ' [ . :
16 12 -8 4 ] 4 8 12 16 6 4 2 0 2 4 6
XiB XD
(N) WANINARDIVAS Ashforth-Frost LzATL [6] (1) HANTNARBIN LANNIUITUATIR

(B AaanuniniuaIafng)
gﬂﬁ 417 WRAIMITLUS U BUNNTN T2 VI BRITRAUNLL DTINNHNANIINARDIN bFANNNNT
NUNIBLENEITIWITHURZHNANITNARIN LANITUILATIH

(Re=20,000 L¥NNWNIRINTDH)

gﬂﬁ 417 wgeanmTUTsufsunIINTEaneUaItRIEaauNIUasnTtluaInanviatdan il
fi 4.17 () WuNan1IManeI83 Ashforth-Frost uazamiz [6] lasldwadafiluiuusion luii B
A Y - o a P = AV o a e & g
Aaanunisuesaian MwIuzUN 4.17 () Juwanisnaaasilaarnnmiseluasei lasuans
= a o a = = a f o
ma@aaammm‘lugﬂﬂ 4.17 (@) ldnmM e NzRIzUURUUL RGB  T99:UANUUANGIINY
Bntasanuan1INaaesi leannITIlas s W T UURLUY HUE lagaznanisneazideauadiny
AATIEANNFULLY RGB lwmanuin?l  ann I u Ui s uNanIsnaaadnIgadInIth wuiins
A32 BV INRIT R UL T UBARAN D dnwuMzadn ey Aantdifiszuzanndinnisaanuastinis
56



v’mﬂaﬁﬁwﬂwuéﬁ (gﬂﬁ 4.17 (n) fidaunluszos L=4B uas 31]“?'1' 417 (v) fidounlurns L=4D)
m‘sﬁ’mmmm%’auuuﬁuﬁ’;ﬁgﬂaaamrﬁtﬁﬂﬂﬂﬂgnﬁrﬁnwmUmmm%’augaqﬂﬁuﬁuaaa
(Secondary peak heat transfer) wddumibiiAatuamuuwiaiiuandnoiu a9z dusunan
Nnanwmeiafiiniuusioauazuuuyianay Gednwmemsinafiinniseanvasviaiing
qmauﬁ'ﬁﬁu@nmaﬁu éw%’ulumrﬁi:n:mnmﬂmaaaﬂmaaL%ﬂﬁaﬁuﬁaﬁﬁmﬂwugd (gﬂﬁ
417 () ﬁﬁiau"l.mww L=9.2B LLa:iﬂﬁ 417 () fidauluszns L=10D), nImeInaTz8291n1n
maaanmmmﬂmwuwwLﬁmwwuummLmﬂ@mﬂmaﬂuaﬂ wanEdaaalLafinIz U
Aninddnwasiniiontn ﬂaum«mmmuaima@mmwuﬂmmeawuﬁnmamawwwmm~
A RARIAINUUITANVDIAN

4.21 NE]‘ZIE]\‘]‘J"”El“il'lnll'lﬂ‘ﬂ’lﬂaaﬂﬂﬂﬂlﬁ]ﬂﬂd‘ﬂ%ﬂ‘!ﬂl%ﬂﬂdﬁ% (L) Addan1snszany
yaaRABad NI sURARAINSTYas SN nTiatan

gﬂﬁ 4.18 LLﬁﬂdﬁﬂHmzmiﬂiz‘ﬂ’m‘ﬂ?JG‘IIE\TL‘%E\]GTﬁNL‘]Jaiguuﬁ%ﬁ’lﬁﬁﬂuﬂﬂﬂuﬁﬂmdﬁL%Wv\jd
FUNIHVDILANIINYIaLUa FnTulFunIWudazlFuLRAIHaTaIGLLTTZzEz NN NNNYaanTa9
tﬁﬂﬁaﬁuﬁaﬁﬁmﬁwuma 9 lagniwsaua aawammmaalunﬂ 9nITa kU T3zEE31nUN
maaaﬂmaaL%ﬂﬁaﬁuﬁaﬁL%ﬂﬂaﬁu wud’lé’mﬁmimﬂmmm%auuuvﬁuﬁ’aqaq@Lﬁﬂi‘fuﬁﬁ%mm

AFUINANATNWITULE DY JaaRIAINLRITAE]

220 ¢
200
180
i 160
£ 140 [ tL=2D
s F O L=4D
= 120 F
3 : X L=6D
80 F ®1=10D
60
40 F
20 U T T T N SR T SR T N S T N | b |
-6 -4 2 0 2 4 6

X/D

31]‘?'1 4.18 LRAINIINTZANLUDINFLTAAUNILDTUBN AN muqﬂguﬂ‘ﬂ maﬁﬁmﬁwu

nTMTadINaINYiatlan (Re=20,000)

57






wlan luﬂiﬂﬁﬁﬁnﬁmu’%nmﬁL%wgo"ﬁu wu*jﬁmwmimummw%’auga §AY a4LananviaLlan

€ A & ' '

a & 4 & aa ¥ '
Lﬂﬂm%ﬂﬁg@]ﬂuﬂﬂﬂﬁﬁ'ﬂ ANNWITH ﬁ']%Lil‘ﬂﬂNE]%vL“ll Sw=0.40, 0.62, 0.78 laz 0.94 aaIMNITONLULN

9
b 1 ¥ a J/ n:!l A:!l 3 1 1 = = J’ kgt
mwmaugaqm"l,ﬂ@m@mum@ﬂuﬁnmamwm’m LL(ﬂ’thLLElﬂE]aﬂL‘ﬂ%ﬁad‘i_l‘iL'Jﬂ»LLLﬂtLﬂWU%sLﬂﬂﬂU

LR

ﬁ}‘ﬂﬂ%ﬂfﬂmaﬁﬁﬂvﬂd’ﬁu LLﬂzﬁ'Zﬂ:ﬁq-ﬂi:ﬂjq\j5@‘3’]ﬂ’]‘5ﬁ’]ﬂLﬂﬂ’;’]N%"au§ﬂ%@ﬁﬂﬂaﬂU%L?mLﬁwuqﬂ
& { a @ a & v iV 2 [ =
muLﬁaangauULuangwmu "i]rlﬂNﬂﬂ']?ﬂ@ﬂE]\‘]"ﬁ:aa@ﬂaaﬂﬂUﬂifﬁﬁqﬂﬁﬂﬁ']ﬂﬂﬂmzﬂ’]ivl'ﬁﬂmaﬂlﬁﬂﬂ

ﬁ'ﬂugﬂﬁ 4.3

XD

(n) l3nanviatlan

4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
X/D X/D X/D
(¥) Sw=0.62 (9) Sw=0.78 (%) Sw=0.94

U 4.19 LRAININTZNHVBINRTRA BN LT UUAUAINTzHz L=4D (Re=20,000)

31J1’7i 4.20 u,ammim:mwaaﬁfmf?jaﬁﬁuLuaﬁfmu@@guﬁnmaﬁL%’mjam (ATULWILN Y
Y/D=0 ﬁLﬂuLﬁuﬁiwaagﬂ 4.19) ﬁi:u:mnﬂﬂﬂmqaaﬂmaaﬁﬂﬁdﬁuﬁaﬁﬁwﬁwu L=4D §1%3U
ARz FRLRAIT RS asuaiAnsz s A awlamaSaruiuaien g nFUWLN
L%ﬂmumaﬁﬁiaﬂm Sw=0.00 u‘%nmgﬂguﬂrﬂmaﬁLﬁwvjamuﬁﬁmﬁﬂﬁﬁ’]smmm%’augwdwﬁ
Gowlumisatuiuesing ﬁm%‘m%ﬂmumaﬁﬁaﬂm Sw=0.40 WUNUSImATsaTmItem
mm%augaa%ﬂwﬁaaﬁt,l,ﬂu (52319 X/D=-0.5 f14 X/D=0.5) Lfiaﬁmimﬁﬁiaﬂmﬁmﬁugﬂﬁ 4.19
() ﬁuﬁﬁﬁﬁmwmsmUmmm%'auga WS I nduas) ﬁu’%nmni’wﬂdﬂﬁmm‘lugﬂﬁ 4.20
Lﬁaamﬂ@i’ummﬁﬁéTm’m’miwmmm%'augaqﬂuuﬁuﬁwaaﬁwﬁL?"iauvlm sw=0.40 ll¢iAadn
ﬁu'%nmguﬁnmaﬁﬁwﬂwu LL@iﬁ]:Lﬁ@%%ﬁ’Nﬂﬁﬂ@@ﬂ%gﬂﬂ’h‘]‘ﬁlL%];Yl'%é\‘i“ﬁu f‘fﬁlugﬂﬁ' 4.20
Hudsidaduuiuaiiaa muq@ﬂuﬁﬂmaﬁﬁﬂﬁwu Sl WA LaasR wAf T sasns
dgmanuaugeliuiiimuay

59



220

180 o
. 160 F
.q.é 140 - ---------- ¢ Conventional
E 120 £ = Sw=0.00
2 100 - + Sw=0.40
; : * Sw=0.62
“ 80 AT N e

U ® Sw=0.94

40

20

-6 -4 ) 0 » 4 6
X/D

371 4.20 LRAINAAIRITR TN TN TN INIE UV INRI TG wUL LD T UUARAI Y

aaudnaaflinwesuiiszus L=4D (Re=20,000)

UM 4.21URAINITNIZIN UV OINFLTAGwNLUBSUBARAIATz oz NI NN980NVRILINTS

U
A’Ad‘ﬁ’:

ARANIINWITH L=10D mﬂgﬂmmmLﬂ‘i‘ﬂmﬁsmmm'mmm']u%auuuﬁruﬁwamm:mfﬁﬁ
Gawlvs3savuuef lunsdififinsmnisiiomanaouniinusey ﬂﬁL%ﬂVﬂ;d"ﬁu WUIUWINAN
viowsuaziinfidonls Sw=0.00 uaz 0.40 L31nmsau ﬂﬁL%ﬂVj‘ﬁ"ﬁuﬁé’mﬂmimammm%augm
dasdsaiuwafifnanniu (Sw=0.62, 0.78 L&z 0.94) AT msiemanyouuwiua-
U3Imwsay ‘]ﬁL%ﬂVﬁG’ﬁ%@%ﬂﬂﬁ mtﬁ“?'iﬁmimw%nmqﬂguﬁnmaﬁL%ﬂvga’nu wWudiananyiatdan
szt Infiianly sw=0.00 u‘%nmqmgﬁuﬁnmaﬁL%‘nvjﬁmié’mnnﬁmUmmm%auqma:ﬁ
snwasiduionay Fevzuanasiunsdivesiniidauly sw=0.40 (gﬂﬁ 4.21(R) UINIIA
quﬁnmaﬁL%my;amﬁﬁmﬁnﬁﬁmmmm%’aug\aLLazﬁﬁﬂwm:ma‘iamanauaamaé‘uﬁaﬁu e
A TuIaSANINNT Y (Sw=0.62, 0.78 uaz 0.94) SaT1MIthonaNaTouURAREILTII ML
vjmmﬁ"waa Tasanzfidanly sw=0.94 (Eﬂ‘?i 4.21 () é’mﬂm'ﬁmnmmw%auuuﬁuﬁw‘iﬁq@
dafsunudenlamafainiuesiug mmqﬁﬁﬁm’m’mfmUmmm%’am‘%mﬁmnnﬁﬁ%au"l,m
AINE? m%s‘aﬁfumafﬁa’wmnﬁﬂﬁ'mwyumwaaﬁmﬁﬂﬁuga foNafaA AT L BULWILN WYY
LINAARY ﬂﬁf:ﬂauﬁm:ﬂ:mnmnmaaanman%wﬁaﬁuﬁaﬁﬁm\jwugq ﬁﬂlﬁimuuﬁuﬁﬂwu
AufanasdsazzanndsnunIdi ledanwmnanwainiswauaznisanomanaausasini (9

Namimaaﬂugﬂﬁ 4.6 Usznay)

60



Nusselt number

XD

(M) L ANINYieLan

(9) Sw=0.62 (2) Sw=0.78 (®) Sw=0.94
gﬂﬁ 4.21 UFIMINTENBVBIRIEaa iU LS uNAUATiszoz L=10D (Re=20,000)

220
200
180
160
140 ¢ Conventional
120 = Sw=0.00
100 L Sw=0.40
% Sw=0.62
50 * Sw=0.78
o0 » Sw=0.94
40
20
-6 -4 -2 0 2 4 6
X/D

A a6 Al e o 6 as 3 & A A
Eﬂ‘ﬂ 4.22 LEAINAYDIRLIIAUULUDINNUADNITNIZNUUDIURLTAAUNLU DI BN BN IN NI

0AUINANINWITUNIZBE L=10D (Re=20,000)

61



U 4.22 LFOININTZBVIRFLTAARNILO THIUIAAUINAWNANWITH (AaLUIUNY

q
]
= = & 1

Y/D=0 ﬁLﬂuLﬁuﬂi:mmgﬂ 4.21) ﬁs:ﬂ:mnﬂ’mmoaaﬂmam%ﬂﬁqﬁumwLﬁmv!mu L=10D
i mvudasiduusasimdadiuaifinrneunininddenlvad fatuiuaidane g lundl
L%Tlmrm‘riaLﬂa'"m‘%nmq@guﬁﬂmaﬁﬁﬂvja'ﬁuﬁé'@ﬁmimummmi’augmnhﬁLf‘ﬂlau"l.mmﬁaﬁfu
waidugadraiuldde udusinmsay e]ﬁﬁww'wumaanszﬁﬁﬂﬁﬁaﬂm Sw=0.00 #FaIN3
mﬁmm’xmaummmLaauvlmansauumasauﬂ
gmuFurasuduiainademsinaveinithnmaan mlwwa@aanwwmimnm
mm%auuuﬁuﬁaﬁx%iju 31Jﬁ 4.19 (V) LEAIMINTENsTa R EaT U SUUARAINIELIN
fidanly sw=0.00 ﬁs:m:mnmnmaaan’uaaﬁﬂﬁqﬁuﬁaﬁﬁwﬁwuﬁﬂ (L=4D) USafifidas
nﬁdmmﬂ’nm"augm.l.nnaanLﬂuaaaqﬂ Lﬁ@ﬁrmL%‘n“?i"lmﬂaanmﬂﬂaLL@ia:ﬁmmaaLLNuﬁmvjam
Aufriud vnlwsuununansaadnluudszduvasiuiafiansnauiulos (ggﬂﬁ' 4.23 ()
U3znay) Lwimr‘fma:mﬂmﬂmaaanmaaL%ﬂﬁaﬁuﬁaﬁL%Wﬂd’ﬁuga (L=10D 3‘1}1‘3" 4.21 (1))
u‘%nmﬁﬁé’mﬁmsmﬁmmm%auqaﬁLLﬂ'LﬂmLL@ig}@Lﬁm AANFEIULNUNANVBIEINLAANIINEN
ﬁmm'ﬁnL%ﬂﬁgmaaﬁmmaqm&uﬁmmmugirﬁ (ggﬂﬁ 4.23 () Usznay) f’fmﬂﬂﬂgmirﬁ
@Tanfi'rmaﬂﬂﬁaaﬁ'vé’ﬂwmmﬂmmaaﬁﬂﬁﬁm:@nwﬁ'LLam‘Lugﬂﬁ 4.23 (N) WaTaIFwULARIAY
TWlusnununansvaainlugae vo=0-2 LifFfesnnludmnauiuszniniainusdazduvas
winda dmsulutie YD=2-3 luganununaisreddniiansiannuwianioy uazlugiy Y/D-4

‘lud’;mmuﬂma'ﬂmﬁmﬁﬂmmauam"lmugmi

Nozzle cross
section

Nc'zzlet cross Twisted tape
ection / =
il:/ Sw=0.00
.:E‘(Twisled tape )

| Sw=0.00
Nozzle pipe

Nozzle pipe

Nozzle wall

‘Impingement surface™ R e I mpingement surface™

(N) LANMIBRI: () AnwaruiGauluszoz Lén  (9) L%“flﬂd’ﬁuﬁﬁau‘lmw: L g9
gﬂﬁ 4.23 LEAINN BN T MavasInian TeaunuluasInLAwNa9TaIINTLAAINHA

VI FULHBDANITHAT0U 1Y Sw=0.00

62









100

90 [
80 - —¢— Conventional
3 e e - Sw=0.00
70 [ --rf--,.';"(.g--..-----(i)"'"' ©
= 60 F - —h— Sw=0.40
‘ = o’ - %= Sw=0.62
50
E Area 0<r<3D O Sw=0.78
40 @ Sw=0.94
30 F
q -
20 [ . L L L 1 " L L A 1 L L L L L L A L L " " L L A L L L
0 2 4 o 8 10

L/D
= ag o R A & o - T
Eﬂ'ﬂ 4.26 LLa’@l-ﬁNa‘ﬂaﬂﬁL’JTﬂu&JlUﬂTﬂN@]ﬂuﬁL‘ﬁaﬂuNLuailQﬂﬂuuwuﬂ']ﬂa%ﬂuﬁ']ﬂwuﬂ

F#13l 0<r<3D (Re=20,000)

120
110 | Area 0<r<2D
A S —&— Conventional
1o f - Sw=0.00
‘ = 90 [ —&— Sw=0.40
= - ¥~ Sw=0.62
80 ' _'. O Sw=0.78
70 o Ty reeeees® 8 Sw=0.94
."'o.o,..--- ooy
60 ' 1 L 1 L
0 2 4 6 8 10

L/D

o ag e LAY & o A a A g A oA

Eﬂ‘ﬂ 4.27 LL'@(NNa"ﬂaama‘sauuL'uawuﬂaumﬂmwuL‘uanaasvuwumﬂaglwmawuﬂ
S@dl 0<r<2D (Re=20,000)



150 r Area 0<r<1D e
130 _ j —— Conventional
[ -l Sw=0,00
110 —h— Sw=0.40
|2
== Sw=0.62
% e T * G+ Sw=0.78
70 o ‘..‘.\"\-\. .@' . .y '.‘-‘." . '0 il Sw=0.94
- - . L O RITTITITT O L
50 [ A L A L [ U T S N TR N T S T 'l A L A L I TR U WY TH S R 1
0 2 4 6 8 10
L/D

]
=l

a e A Cdd L o & o 5 A & a A 1 ' A’
Eﬂ‘ﬂ 4.28 LLamNamaaﬁnmumumﬂmaumﬁnﬂ@umua'smaﬂuuwumﬂaglumawuﬂ
Jed 0<r<1D (Re=20,000)

ﬁ%m%'uwanﬁw@amﬁy’wumaansrﬁtﬁm‘mﬁmmmma;ﬂﬁﬁaﬁ My iany a8 lw
é’mwn’nmnmmm‘fauuuﬁuﬂan?iuﬁfumwn:mrﬁmﬂmwsgumaﬁs:ﬁucfﬁ (Sw=0.40) LazIzae
mnmﬂmqaanmau%ﬂﬁdﬁuﬁaﬁﬁﬂﬂwuﬁw (L=2D uaz 4D) R mumi"lmamimmaﬁ
RAUFI (Sw=0.62, 0.78 Uaz 0.94) Lm:sw:mnmnmaaanmaaL%ﬂﬁaﬁuﬁqﬁﬁmﬂwugq (L= 8D
w8z 10D) Sasnstnmanuiauuniuizdinindnainvadn dniunsdiinfiauly
Sw=0.00 u‘%nm‘:auﬂ'ﬁLﬁijuﬁé’m’mﬁmﬂmmmi"auuuﬁuﬁagaﬂdﬁLﬁm’mﬁmﬂmﬁu
LildiAaanmisinanyunisaain reiauladinaldreaudniauuuaseluvioldn ue
Sarnistnmnannfanuuiuiafiisiwiisnanuiifitinnisaenzaninfidenly
Sw=0.00 gondwmmﬁaﬁmﬂmaaaﬂmaaﬁﬂmnﬁmﬂm fasnnnimesastonuaimuald
sarmslnavandnasii Aufivindariarin sw=0.00 tasnAuiinihdarisa vldanui
fhnmasaniAndu

[ 1 I a 1 [ 1
4.3 anum:m*ﬂvia llﬂzﬂ']‘a'ﬂ'\i!Lﬂﬁ?1N%ﬂ%U%ﬁ%ﬂ']ﬂ?iﬁﬂq&lﬂ B\‘ll%ﬂ‘l’!ﬂ'ﬁ%

=

gﬂﬁ 4.20-4.32 uFeanIIRaigpdnwaensinaLasnstnomanaieuuui ANl
NEVVBITNAITY AnmwTIKamM IS sufsunsae T Inauss It ama e uUwARAY
feureaadaitu dpennaniInasasinwmennsinarasiduiiuuuinga vameflsy
ﬁnﬁuﬁgm%ﬂﬁ'ﬂmaaﬂmﬂ (LS EET) Safisufudnwasnnsanomanuienuuiuiuiu
u‘%nm‘ﬁﬁé’m’}mimﬂmmm%wqa a’nuu“inmmﬁﬁuﬁﬂﬁuﬁgﬂL%ﬂﬁ’ﬂmﬁfaw?au%nmﬁ
Wﬁuﬁﬂﬁuamwag W3naRT1 I Ia U RIFALRA) Safsutusneoeniiisnanuiau
Pa93NUBARANIRISMAT daT Mt e uTauduRzaan (u%nmﬁﬁqmwgﬁgwu

ﬁruﬁa)
66



Y/D
- A R =

(n) S=2D () S=4D (A1) S=6D (4) S=8D
a vt [ ale ¢ & A a a A =
U7 4.29 usaaanvaIzMTInavaIRSIITRUUARAY (Loauw) Aszsznamasnniiin
WITW 270 sec UAZANHIATMITHNLNANUTBUUUAURY (WD281) nItinbanluvas
& ) ' . 2
\@nanyielan seue L=2D, ¢ =207 W/m™ (T;=28.5 C, Re=20,000)

R o Has s § o - a dey o o 3 A~
i u‘mm‘nuﬁauumuazﬁu mumﬂﬂauumugnmmwc«mmaﬂmﬂwum

Y/D

wd

36°C
as'’c
34°C
33°c

Y/D

2c

31'c

cC
XD XD XD

(n) S=2D (1) S=4D (7)) S=6D (3) S=8D
P Y a6 & & A P [ A =
U7 4.30 usaIRNBIAzNTInAIRRUINTRUUARAY (LDuw) AszozmnasnEn
WIT% 270 sec UazanmmeNIEumaNaTauuuiui (o) nydifiGauly
Sw=0.00 328z L=2D, § =207 W/m’ (T=28.5°C, Re=20,000)

67



S o e r:’ Y = { : ar I~ @ g =
vSnaiiiiduiniuazay R WouTdnihdugninitemee nnnituin

(n) S=2D (¥) S=4D (A1) S=6D (v) =80
TIJ‘Y] 4, 31 LLﬁﬂwﬂﬁﬂEM“ﬂ’]ﬂ.‘Ha‘ﬂﬂ\?WﬂNH’WNHUHWHN’J (Lm']‘l_l%) mw*na’mmmnmﬁm
. wo"nu 270 sec LLax ﬂﬂfl:!*ﬂk“’ﬂ’]iﬂ']EIL"!’]FIT]N?H%U%W%N’J (LLﬂ’J&"I\‘l) ﬂ?ﬂflml,\']ﬂ%vlﬂl
Sw=0.40 328z L=2D, § =207 W/m® (T=28.5°C, Re=20,000)

. UiL’Jﬂl“ﬂlJﬁﬁiJu1lluﬁ”ﬁll - mnmmﬂanumuamwwﬂwmaﬂmﬂwum

64 64T

N A

e N R T R

YD

6
4
2
0
24
-4
-6

XD
(n) S=2D () S=4D (9) S=6D (3) S=8D

Eﬂ'ﬁ' 4.32 usasdnwosens navasiguindwuuiuAY (Woruw) Aszeznsmndsinfiin
W% 270 sec LasdnwaENsEnamanuaRUwiuaL (woss) nsdfidenla
Sw=0.62 32tz L=2D, § =207 W/m" (T;=285°C, Re=20,000)

68



gﬂﬁ 4.29 L8z 4.30 meé’nwmzmﬂmua:mﬁhﬂmmm%auuwﬁuﬁmam,%mnnvia
wWauaziniiawls Sw=0.00 mudeu n3difiszasiiereninednin s=2D uaz 4D (gﬂﬁ 4.29
(n), (1) ez 4.30 (n), (V) ﬁﬂ%wamﬂmsaﬁﬂﬁ'@m‘%nmms‘lmmaaL%ﬂﬁayj‘s‘z’amam%ﬂmanmqﬁ
Naﬁﬂﬁ’mﬂmﬂwuﬁuﬁwaaL%ﬂﬁ'ay;manmaﬁu“snmuﬂuLLa:ﬁﬁﬂwm:Lﬂugﬂémﬁwwﬁa
dama@iaé'num:msrhﬂmmm“i’auuuﬁuﬁwmL?ﬁwﬁaylmmmaﬁu‘%nmmuua:ﬁé’nmmztﬂugﬂ
ﬁ"mﬁﬂuwﬁaﬂaﬂﬂﬁmﬁ’u §INIBifisz 99Tz nd1981150 S=6D uaz 8D (gﬂff'i 4.29 (), (4) U8
430 (A1), (3)) wu*jﬂms‘lﬂamau%ﬂﬁa;J;é’amau:ﬁ’éﬂ%wa@iamﬁhﬁ’mﬂ%nmms"l.mw:wuﬁuﬁa
mau%nﬁag‘moﬂmaﬁaam ;ﬁﬁlﬁﬁnwm:msmmmmw%’aunuﬁuﬁwaaL%ﬂﬁag@mﬂmqﬁ
u‘%nmn'?nLLa:ﬁé'ﬂHmsLﬁauLﬂugﬂ’mﬂaumﬁauﬁ’ué’nwmzmﬂwmm:mﬁmummm%”auuu
AuAwaadndndon (31 4.14 (n) uaz 4.15 (n))

31]“?'1' 4.31 Uaz 4.32 LLﬁmé’ﬂwmzmﬂmLm:mimUmmm%auuuﬁuﬁwam%‘nwuma
Adowly Sw=0.40 uas 0.62 awEey nTdifiszzvinesznisduinian S=2D (gﬂ‘ﬁ 4.31 (N) UAz

4.32 (M) Wuhansaem T mausiuivedin ldiiusefioy hasanifiansnaunuszninanin

| 1

ﬂag'l,ﬂﬁﬁ'u fINRGaANWMeNITEEINaMNNTouUwARR L T wIs DUt tuny wanstinTzazre
i o & & i v a o e o v
2R I9EUINAINTU (S=4D, 6D LAz 8D) L%wﬁaglﬂaﬂumﬂmmamuuaﬂm lAansoenis
g r= = = J L =3 H = 1 o 1 g = I o Qs Qv
Tnauuwiuildszadounnan mmmmm@lmnmﬁLﬁlmma:mwwuﬁum FINRYIN IR AN e

1 v A’ - =4 g
mimﬂmm’umauuuwumﬁizmn‘]_l@n:uvl,ﬂm d

=Y | : @ = = 3 w a @ 4 a
vnaiiidninuazey  HEER 0500 anihugnimiamnes nnniiui

6 -
4 36C
as’c
2 - a w » 340('
Q__ 0 i VILIWTILAVIN I TUN T yc
> -
) 32c
31'c
i 30
6 .
6 4 2 0 2 4 6 6 4 2 0 2 4 6
X/D X/D
(N) ANEUueNT InauaIltui% () SNWIUeMIELNANNTaN
(FTULINRAININAINHITH 270 sec) (G =207 Wim")

dl - =3 ar o 3 1 i : = ﬂl J = =
U 4.33 waanmaswiusadinadsin limsismanuiauuuiuiaisiunsdiesiy
nvialan Aidanlaszes L=2D uarszes S=4D (Re=20,000)

o ar r-'? a g (=3 a s ' 13 as

ﬁ’]ﬂi’Uﬂ’]'ivL‘ﬁaU%W%N’JﬂifﬁﬂﬁqﬂJ’ﬂa\‘iL%V]"Dzm(ﬂﬂi’lﬂgﬂ’]'ﬁﬂiﬂ?i“ﬁ%ﬂ%i:ﬁ?ﬂﬂL“UYIN‘lrln‘l'].lﬂﬁ
& : o & A aa A A d o« ' o
LINUARNERIUUNUHD I(ﬂEILQW’]SﬂTmﬂ‘Jzﬂtﬁﬂﬂﬂﬁﬂ‘ﬂ’NﬂaﬂﬂJﬂﬁL%ﬂﬁdwuNQﬂLﬁ]ﬂw\i‘ﬂ%@ﬂLLRz

69



F2U2AIIITH IR AN DY gﬂ'ﬁ' 4.33 ugasdnwarM T IMaLazNIsENBINAa LT aRLRARAINTEL
'uaal,%‘na'm‘riaLﬂmﬁﬁiau”[mi:ﬂ:mnﬂ'mmaaanmau%ﬂﬁaﬁuﬁaﬁﬁﬂﬁwu L=2D LAzIzHEZrd
12NI981LIN S=4D mm‘mé’am@maﬂi:ﬂumﬂm?ﬂuﬁm:ijL%ﬂwﬁfoﬁaglﬂﬁﬁu lasanus
ms"lmamau%muﬁuﬁamngﬂﬁ 4.33 (n) wudm’%nmmiwﬁL%ﬂﬂwmuﬁuﬁaﬁﬁwﬁugm%w
Wawiaan s’fimamﬂﬁaaﬁ’ué’ﬂymzmimﬂmmm%'auuuﬁuﬁwaagﬂﬁ 4.33 (1) WuImszning
ﬁﬁmﬁmm:ﬁé’mwmsmULﬂm’nﬁaugﬁmﬁﬂﬁfﬂﬂ
atnalsAaulngnirainsruiuwseainaisezinaatrannanizfiidenlyszozan
ﬂ'm‘maaamuam%wﬁaﬁuﬁ’;ﬁﬁmﬁwuﬁn L=2D uazyzzi193zningandnies S=2D uaz 4D
Lﬁaammﬂumaﬁﬁﬂﬁmﬂmuuﬁuﬁaﬁmqm‘%’ngyﬁuNa@iam-s"l,mmaaL%ﬂwﬂfm,l,@ia:éﬂﬁa%i‘lﬂﬁ
MAAANITUNUEENITULT (ﬂgﬂﬁ 4.33 Usznav) udlunsdiiszuzantinnssanvaainis
ﬁuﬁ’;ﬁ%mﬁwu L=4D, 6D, 8D uaz 10D S2H=H19TeWINEEN  S= 6D uaz 8D MTIARLWAWE
mwm‘%w”i'm'j'lﬁﬁauvlmzﬂ:ﬁnﬂmﬂmaaanmmL%ﬂﬁaﬁuﬁaﬁﬁnﬂﬂu L=2D URIZHZUI
JZUINEUIN S=2D uaz 4D ﬁﬂﬁmm;mnwasﬁwNﬁau@ia:ﬁwﬁayjlné‘ﬁmﬁﬂmimﬁuﬁanm

0 o &0 o « “ aa a | 3 A a ' &
ﬂqlﬂNﬂﬂizﬂurﬂqﬂﬂqiﬁuﬂuT ﬂ@L'ﬂ'ﬂNuﬂ‘ﬂN@]aﬂﬂﬁ'm:ﬂqTﬂqf_|Lﬂﬂ?j“fﬂ%ﬁ%wuﬂqvluﬂi’]ﬂﬂmu
[19]

5" Nozzle pipe

Wall jet collision

. | Nozzle wall

_J L_)/‘J L L/ AN
—
Mlmpmgement surface4

gﬂﬁ 4.34 uFAILTINGM I TTUN U DI TN NI

4.4 HAYDITTULHIITININIAIN (S) Afidansnszasvasiadadinuasuniinianso
nqwaamm!wu

gﬂ'ﬁ 4.35-4.38 LLamNamsmaaamimﬂmmm%’auuuﬁuﬁamrﬁnémaaLﬁﬂ lag
RNTNHANTTNUVITZEW TR I N A nadan Tt amaNuSauUwARAL SnSunn
PDINANINARBINTTATZLLW9Tz M98 IN%DY S=2D  uAz 4D SaTINITENEIMANNTawLUK
ﬁuﬁ’;gnn’jﬂﬁiw:ﬁ’m:mnéu%‘nmﬂ S=6D uaz 8D

3ﬂﬁ 4.35 LA 4.36 LEAIANMIUEATENULNANUTOUUAENNTNIZINUVDINRTRANNILDT
UWAUAA ﬁ‘jza:mnﬂ'mmaaaﬂmaaﬁﬂﬁaﬁuﬁaﬁﬁwjmu L=2D niddnanvisiduaziing

Gauly Sw=0.00 A& Lﬁaﬁi}’limﬂu‘%nmi:wmq@ﬁl,%iju WUINNTZHEHIIT2RIN98

70



130 S=2D (gﬂﬁ' 4.35 (N) Uas 4.36 (N)) U%L'sz:whaﬁ;@ﬁﬁﬂvﬁawﬁé’mnmsmﬂmﬂmm’auqq
nufafisuiufidewlaszosinsszninedniniug wasiiiasrasvineTsninsddnuandu woi
u%nm:wmg@ﬁﬁﬂvgwuﬁa”@iwnwsﬁWULﬂﬂawm‘fauﬁwaq Tagawzfiszaziasendnsdnin
S=8D (31]“?1' 4.35 (3) Waz 4.36 (3)) u‘%nmsmdwqmﬁﬁmﬂwuﬁé’mwﬂwmﬂmmﬂﬁauéﬁqmﬁa
Weuiufdonlusrezvinessninainiug ‘lumtﬁﬁﬂmimU’%Lam@‘@ﬁﬁﬂvﬂa’nu WUl eing

'
o A

32 3198113N S=2D u’%nmﬁgﬂﬁL%ﬂvjwuﬁé’ﬂﬁmsmummm‘?auga Faazuanansiufiszasing
5211981131 S=4D, 6D uaz 8D u‘%nm@@]ﬁﬁwﬁwuﬁﬁé’mﬂmsrhnmmmq@ﬁﬁuﬁﬂiﬁﬁu
31Jﬁ 4.37 UAT 4.38 LRAIANHMATNNTTNUNANNTDULATNIINTZUVRINFLTRGBUILDT
UniuA ﬁs:ﬂ:mnmnmaaaﬂmam%ﬂﬁaﬁuﬂ’aﬁﬁﬂﬂqm L=2D ﬂirﬁmau%ﬂmumaﬁﬁaﬂm
Sw=0.40 U8z 0.62 MUSIAU NIHATzHLWIITzAINI81IN S=2D (gﬂﬁ 4.37 (n) waz 4.38 (N))
fnwamsinamanufouuwinindeuinadudasn “lajmmimzqu%nmqﬂﬁl,%mjwu"l,ﬁ Ny
3282193 N8N S=4D (gﬂﬁ 4.37 (3) URz 4.38 (1)) u%nmimﬁo@@‘?iLﬁﬂw:wuﬁé'm'mﬁ
mumm'm%auqaﬂd’lﬁLf‘iauvlmﬁuq uasfiszoswnorznineddn S-6D uar 8D wuiiuTiam
5:ﬂjﬂh'§:ﬂﬁL%ﬂvjmuﬁa”mqmimﬂmmm%'au@ﬁﬁad luﬂitﬁﬁﬂmsmﬂu‘%nmqﬂﬁL?ﬁmﬁa“ﬁu WU

= i = [l Py ' k3 g A v J‘
‘I_I?Hm’i‘]‘@]ﬁL"i]YW!G‘D’WﬂNa@l'ﬁ'mTﬁﬂ’]ﬂLﬂﬂ?WQJ?ﬂ%gﬂﬁﬁ%'ﬂﬂﬁq{lﬂ%

o 6 - 6 160
140
4 4 4
120
2 248 2- i
. . ~ | | 100
g =9 =0 80
2 25 2 60
4 & % g 4 -+ 40
- b Bl g 6 4 20
6 4 2 0 2 4 6

XD X

(n) 8=2D (1) S=4D (f) S=6D (4) S=8D
gﬂﬁ 4.35 LRAINIZIILUDINRLTRGUULLDTURAWEAD NIMNTan lvastinanviailan
2tz L=2D (Re=20,000)

YD

b b b o w & o

XD

(n) S=2D (1) S=4D (A) S=6D (4) S=8D
371 4.36 LRAINTINIZI BT INRL B auULIUaTURARAINTT A dnAEanly Sw=0.00
38z L=2D (Re=20,000)

71



YD

YD
& b L oo o &2 o

S b H o w B oo

(n) S=2D (1) S=4D () S=6D (4) S=8D
gﬂﬁ' 4.37 URASANWILMTEIBINANNTEN (U0IUK T=28.5°C, § =207 W/m’) LaznIzay
PasimdaminUaTuniuia o) nsdlueadnidowly sw=0.40
728z L=2D (Re=20,000)

YD

H b L o w & o
L

% 4

XD

(n) S=2D (1) S=4D (M) S=6D (¥) S=8D
gﬂ'ﬂ 4.38 URAIANMIUZNIIINENANNTAY (LD TJ-=28.5°C, q =207 W/mz) LRzNIZINY
A & & a ) = & a A
Y2IRFTaAnULATUUARAL (WD2d) NIthranInfidowly Sw=0.62

5282 L=2D (Re=20,000)

'luﬂ‘miﬁl,ﬂ‘%ﬂmﬁﬂua”m'm'mi'lﬂmmm%’auuwﬁuﬁqﬁ%mmmaagﬂﬁ 4.35-4.38 fsawla
J2HZA19TER I UINLA LN wu’hL%)“nv'.qumalﬁ'&mnﬂ’rsmﬂmmm%‘augaua:aﬁwmuam"l
5@|swmsmﬂmmw%amam%mmﬁaLﬁmmww:maL‘f‘iau,'lm:u:ﬁﬁﬂi:wdwaﬁﬂﬁmmﬁu T
nsifszuzi1ITEnineain s=20 (Lﬂ?ﬂULﬁuugﬂﬁ 4.35-4.38 ﬁgmmmaagﬂ (n)) Wudand
Gowly sw=0.00 (gﬂﬁ 4.36 (n)) ﬁé’m']msmammm%’auuuﬁuﬁugaﬂdﬂﬁL’f‘iau"imm%‘aﬁfmuai‘
Aug ﬁau?nmaqmﬁﬁwﬁmmm:u“%nmszwmﬁg@ﬁﬁﬂvgam fnsuiiniidanly sw=0.62 (gﬂﬁ
4.38 (n)) SanmImamanuienuwiuiadninsannsdisinanuiansesinenows lu
nydifiszuzviTe w98 sn s=4D (Lﬂ%umﬁwgﬂﬁ 4.35-4.38 ﬁgmmmaagﬂ (1)) WuEnd
Gouly sw=0.00 (gﬂﬁ 4.36 (1)) ﬁ‘é“@mm'smslmmﬂu%‘auuuﬁuﬁaqmdwﬁﬁaﬂmaﬁi"aﬁuma%
Suﬂmm:u‘%nmwﬁﬁwﬁwu uedmsuEnfidowly sw=0.40 (gﬁﬁ 4.37 (v)) H9an1TENELIN
mm‘?auuuﬁuﬁ’;gqLLﬂ:aﬁWLﬁma I@lEILQWW:U%L’Jmﬁf:‘lﬂ’jﬁdﬁgﬂﬁﬁﬂ?ﬂd'ﬁ%ﬁﬁﬂﬁﬂﬁﬁ?EJL‘YIﬂ’J’]aJ
i’augqniwﬁﬁauﬁmmﬁaﬁfuma%ﬁw]

o
o

gmsunsdiiidenlyszazineszudnednin s=6D uaz 8D (Winuifinugzyl 4.35-4.38 (A)
ez (3) MInaa) WaRarsanuTiisaafidnvanu woduinnnveflsuduiadaannisiiom

72



mm%auuwﬁuﬁagaﬂ’hé'm']m‘sri’lummm%aumau%wmnﬁaﬂm Tﬂmawq:ﬁﬂmgumaﬁ
Gewly sw=0.40 (Eﬂ'ﬁ" 4.37 () uaz (1)) u'%nmq@guﬁnmoﬁ'Lﬁmjwuﬁé‘m’lmsmﬂmmm%"au
goninfidenlamdfminuefing uddlaRnsantinasswinsgefiinyems woidnannvedls
windiadisansiumanuiauuwiunindinisanmimemauiausasinanvsns lag
awziGawly Sw=0.62 (gﬂﬁ 4.38 (A1) Waz (3)) u‘%nm:wmq@ﬁ'L%ﬂvg'a’ﬁm:ﬁé’mwmimﬂm
anudandnifdewlasifatuweiing

4.5 ﬂmlaaizﬂ:mmhn‘nrlaaanﬂamgﬂﬁaﬁuﬁaﬁ%mﬁwu (L) Asinanan1InIza8VD
ﬁatﬁaﬁﬁuma%uuﬁuﬁaﬂiﬁnéumaatgﬂvjaﬁu

31]'?1' 4.39-4.42 LLﬁmNan‘s:ﬂumaas:ﬂ:ﬁnﬂﬂ’mmaaanmam%ﬂﬁaﬁuﬁaﬁ%mjwuﬁﬁwa
@'iamm‘mLﬂﬂﬁﬁﬂ%ﬂtuﬁ%ﬁ';ﬂiﬁﬂéj%ﬂdL%ﬂ 1o MNITINVBINANINAREIWLN NTEBIIN
TnvasfiTsuewnaszni1ein s=20 uss 4D (gﬂﬁ 4.39 uax 4.41) LLa:L%nwumqﬁﬁaﬂm
Sw=0.40 TZHZHINTEWINIENIN S=4D (gﬂﬁ 4.42) \JaiRuszozaniinnasenaad ndaiuing
Lﬁm\jaﬁﬁﬁ]:ﬁﬂﬁﬁmﬁmimmﬂﬂ’nﬁauuuﬁuﬁaﬁmﬁu ﬁ%da:u@n@hdﬁumrﬁﬁLﬂu%gumaﬁ
awly Sw=0.40 uarszoz¥nITEUI9ELIN S=2D (31Jﬁ 4.40) dlaiAuszezanthnnsaanua
L%ﬂﬁoﬁuﬁfaﬁLﬁﬂﬂq“ﬁm}:ﬁﬂﬁ’é’@ﬁmsmummm%auuuﬁuﬁa@‘iﬁmumﬁé’num:msmsam
anufoulaidusadsy

gﬂ'ﬁ 4.39 UFAIENBIENN SIS MUaRLaLNIIN TR A IR FaS T Do TUWAUAS
nsdluainanvialdsn fszosiesznineduin s=20  lesuFouifisunavasszazanin
maaanmam%ﬂﬁav‘ﬁuﬁﬁmﬂwu wu*jﬁﬁixﬂzmnmnmaaaﬂmaaﬁﬂﬁa'ﬁuﬁaﬁﬁm@wu L=8D
(33J°?i 4.39 (A)) é’@mmim21mmwM%'auuuf;uﬁagaﬂ'jﬂnsﬂi:U:mﬂﬂ'mmaaaﬂmamﬁﬂﬁaﬁuﬁ
L%mﬂwuﬁuq wafFnwmemsinamaufenuninis liadiaue I@mum:u’%nmg@quﬁnma
ﬁﬁmﬂwmwia:a"’lﬁé’@mn’limmmﬂmm"augqmﬂ Seasuaneatiunydifiszos L=10D (gﬁﬁ' 4.39
() Sannmstnamanuieuuuiuindiniifisos L=8D uadnwmemItnsmanuiawsiiaue
nhfiszar L=8D nedifiifiuszozvinssznindnin s=4D (gﬂ‘ﬁ 4.41) HaNMTRNTZHZINAN
'vmaaﬂ’uaaﬁﬂﬁaﬁuﬁaﬁﬁﬂvﬁwuﬂ’aﬂatﬁ@lﬁuﬁnumnﬁmﬁ’uﬁs:ﬂx s=2D @o Wafiuszezann
ﬂ"mmaaaﬂmam,%wﬁaﬁuﬁaﬁL%Wﬁ@"ﬁ%ﬁﬂﬁé’mﬂmsmUtﬂﬂawuﬁauuuﬁuﬁaLﬁ'u%u uasfiszos
L=10D (gﬂﬁ 4.41 (3)) é'smmiti'lULﬂﬂ17w§auuuﬁuﬁ1§qqﬂLﬁat.ﬁﬂuﬁ'm:ﬂ:mnﬂ’mmqaaﬂ
maaﬁﬂﬁsﬁuﬁ'sﬁﬁwamﬁuq Tasfidenlvszozesswingndndoariu

mngﬂ‘?’i 4.39 (n) LRAIAN BTN aaLfaRURABAa i nanYiaulafiszazan
ﬂ’mmaaaﬂmau%ﬂﬁaﬁuﬁaﬁ%ﬂvgwu L=4D uarszezWNTEnINaNan S=2D ngdwuin
@‘i'ummqﬂguﬁnmaﬁ'L%m\ja’nuuuﬁuﬁwaaLﬁ'ﬂLwia:s‘nmaﬁm‘hLm‘u‘.aﬂqﬂguﬁnmemaau@ia:ﬁa
\an mmmé’amﬂ@‘huﬂuﬁ@gua‘nma‘?‘iL%ﬂﬂamuuuﬁuﬁwau%ﬂﬁa%iﬁamam%mwnmm@ia:

73



ﬁﬂaglu‘ﬁ’mﬁﬁ’@ X/D=+2 Uz Y/D=%2 %amqﬁ'uﬁﬁ'@mmﬂq@guﬁnmai:ﬂ:ﬁwi:ijﬁalﬁ‘n (g3u
7l 4.43 (M sznay) Lfaaw‘iim:nm’mﬂnnmaaaﬂmaahﬁwﬁaﬁuﬁL%ﬂﬂamuﬁﬂlﬁﬁﬁ’ﬂ@‘i’]Lquaqﬂ
guﬁnawﬁﬁm\jwuuuﬁuﬁwaatﬁ'ﬂﬁag}é’amauL%wmoﬂmaLwia:ﬁ’nLﬁﬂqaanuan@mmﬂmﬁm
(@31}?{ 4.43 (1) Ysznav) é’amm'léi"'ﬁ'@]ﬁi:zjzmnﬂ’mmaaaﬂmaaﬁwﬁqﬁuﬁaﬁﬁwﬂwu L=10D
(31J°?i 4.39 (3)) 6‘1’1Lmuaq@guﬁﬂmaﬁ'Lﬁmjwuuuﬁuﬁwau%wﬁagﬁamam%wmaﬂmm@ia:éﬁ
adluga9fia  X/D=+3 usz Y/D=:3 lunidififinszosvnoreninedgidn s=4D (gﬂ"?‘i 4.41)
G‘iﬁLLﬁmﬁ;@guﬁna’mﬁLffmvjwuuuﬁ?uﬁ'mmL%“n“?iaQﬁamamﬁ‘nmaﬂmmwia:ﬁwmaﬁm’i’nmm
qﬂﬂuﬁﬂmwmum:ﬁaﬁﬂ égluﬁaaﬁﬁ'ﬂ X/D=t4 Uz Y/D=+4 uarfiiowlusrazrinissnined
13N S=4D LﬁaLﬁui:s:mnﬂwnmmamuau%ﬁaﬁuﬁaﬁﬁmﬂwugﬁu WUIIATUNIIL
guﬁﬂmaﬁﬁm\gwuwﬁuﬁwmL%w?'iagﬁamauL%ﬂmoﬂmaLwﬁa:ﬁmﬁﬁuﬁ@mmﬂuam 97N
ﬂﬁngmﬂﬁﬁLﬁ@%uu&mﬁnmmﬁm@‘mmum@guﬁﬂmaﬁLﬁwvjwuuuﬁvuﬁwau%ﬁﬂﬁa;‘u;
fouTaLLInasinaIudazd azfntwamslunsd@fiszazanihnmesenueaindsiuiafiiin
HITUGA Lﬁaammﬂm:mﬁﬁmmﬂﬁﬂﬁmﬂﬁauvﬁwuﬁuﬁn LRz TzHzITEnINgadNtaY
Lﬂm:ﬂéﬁ"!:%ﬂLﬁ@mnﬁs@ﬁmm:Lﬁ@mmﬁuﬁuﬁauﬂwuﬁuﬁq

160
140

M 120
11 1100
80

YD

h b b o ow = o
T

40
20

(n) L=4D () L=6D (A) L=8D (3) L=10D
U7 4.39 ug@IM NIz Bt dad UL TUUALAD (UDIE) nydifidenluvaain
Nnyiatdaszes S=2D (Re=20,000)

Y/D

f L b o o &2 o

i 4
:&%}.I

6 6
XJ'D

() L=4D (¥) L=6D (A1) L=8D (3) L=10D

YD
& b H o w & o

e a ' [ . 2
7171 4.40 ugasdnEuzAIEBINANLTa% (WNIWK Tj=28.5 C, § =207 W/m') UAZNIZANY
ypanmBafuNLaTUUABAY (nade) nydlueainfiianly sw=0.40
3282 S=2D (Re=20,000)

74



YD
5 L b © mw & o

X/D XD ’ XD - ’ X/D
(n) L=4D (w) L=6D (f) L=8D (4) L=10D
31Jﬁ 4.41 URAIRNWIAENIELINANUTOU (WNIUU T=28.5°C, § =207 W/m’) uaznszans
PosimdadinlasunAuia (o) nadiitenluveainanvaisn
52tz S=4D (Re=20,000)

YD

S -
YD

(n) L=4D (2) L=6D () L=8D (9) L=10D
gﬂﬁ 4.42 UFAIINHIALMTTNBINANNTEN (WD T=28.5°C, ¢ =207 W/m’) LazNTzany

PastEdadiuasuNARAY (10289) n3diveaindiianly Sw=0.40

Jz8z S=4D (Re=20,000)

gﬂﬁ 4.40 WEOIENHIENNTENINANLOULAZNITNIZI B IN RIS RSN LU FUUAUAR
mau%mguﬂ'gqﬁﬁauvlm SW=0.40 fiszzHnsszn 988N S=2D nT@ATzEzaNLIANsaNYR Y
L%ﬂﬁaﬁuﬁaﬁﬁwvﬂwu L=4D (gﬂ"?i 4.40 (n)) é’mwmimﬂmmm%’auuuﬁuﬁagau.a:mj%aua
n’hmrﬁi:u:a’mmﬂmqaanmau%‘ﬂﬁaﬁuﬁaﬁﬁmﬁwuﬁus] lunyfifiszoz L=6D, 8D waz 10D
sanmsmainanuiouuniuitesanauszasiianwaeiilidusadoy asonidugaefivinly
Lﬁmzl,ﬁﬂmmauﬁ’uﬁauﬁa“ﬁuﬁuﬁa Tauiamnzfiszss L=10D (gﬂﬁ 4.40 (3)) MINFUNHIZTRIN
L%mﬁmﬁuaahagmmﬁauvjwuﬁuﬁa '%an"l,sjmmim:qu%nmﬁL%mwia:ﬁwamﬁuﬁﬂﬁ W b
nydifisze S=4D (gﬂﬁ 4.42) mamsuiusEwhninfedulosss munsofnauSsdiinug
a:a"wﬁo'ﬂuﬁuﬁﬂﬁ uazfiidanlasznsinsrninsduinidaans oinszszantnnesanves

a A

& =2 A ' o oo ! 9 P P § —
Lﬂﬂmwuw’mﬁﬂwaﬁuﬂﬂﬁaﬂﬂﬂ’limEJL‘}’Iﬂ’J’I&liauuuwumemm Iﬂﬂtﬂquﬂfxﬂz L=8D (31_[

a W ' Y A g a & a da a
1 4.42 (9)) a@mmsmﬂmﬂﬂmaugammi:ﬂ:fo”mﬂ'mmqaaﬂmaamﬂmwummamﬂamuauG]

75



Nozzle pipe

' Nozzle wall

Nozzle pipe ) : i

] : i 1
- i
f . Nozzle wall I
| i

i ‘:t. i d
) L ”) i A - : . : N
1 ] - (] ] "
(n) WnwsruiiFanlaszo: L é (1) AnWaTunFaulyszo L g9

31]17'1 4.43 LLammiL'ﬁznmq@guﬁﬂmaﬁL%ﬂﬂaﬁuuuﬁuﬁamamﬁﬂﬁag;éq”amauﬁﬂmmmﬁ

nsodanluszee S ey uazvepe L R

‘ ﬂsﬁiﬁm‘%mmﬁnumimﬂmmwu%’am:wﬁwL%mnﬂﬁal,ﬂa'ma:L%ﬂ%guﬂaoﬁL‘?‘iauvl,m
Sw=0.40 _‘ﬁizﬂsﬁ’lﬁzﬂ’hdﬁ’n%ﬂ S=2D (Lﬂ%amﬁmugﬁ'ﬁ' 4.39 WAz 4.40) WUIIN1INIZANY
Pt dadiuiuasuniuitvesinanrow s fiszee L=10D (gﬂ‘?‘i 4.39 (4)) LLa:L%ﬂmuma‘ﬁ'
(Gawly Sw=0.40 fiszez L=4D (gﬂ‘?‘i 4.40 (N)) WUINMINTENvaIRRIEaTINILD SUBARA 189
Enmasaensaflianwasfinden ﬁaﬁuﬁﬁﬁé’mwmsmummm%’au@im’%nms:wmqﬂﬁﬁﬂﬂa
TUHVUWIALALRI (MITheinanuonuwininadieuady) LasdnsuemImsmanyouun
AuRnfiiiadn meﬁamﬂmmaaL%W‘r’iaQ'Lné’ﬁ'mﬁﬂmmamﬁuﬁauﬁm:vﬁswﬁuﬁa nythvein
nnvewiezfatnngnissimsnauiusniedndewssuiuiafvildnisdismanuiou
vuiuRassaual witszos L=10D LL@ilummzﬁL%ﬂwumqﬁLfiau"l,m Sw=0.40 Usngnisnk
fansnfinduiiszoy L=4D uazifiaszos L=4D, 6D uaz 8D sANIIHANARIEAINAENIANLAL
e mItamenuauuwiuiada
ﬂirﬁﬁm‘%ﬂmﬁuumimUmmw%'am:whu%mmﬁaLﬂﬁi'}LLa:L%ﬂwumaﬁﬁauvLm
Sw=0.40 #3zHz¥nITzAINIELEN S=4D (Lﬂ%EIULﬁEJ‘LIEﬂﬁ 4.41 UAT 4.42) WUIHRINMTLAY
Sw:mnﬂﬂﬂmaaaﬂ’umL%ﬂﬁaﬁuﬁaﬁlL%ijuﬁﬂﬁmimammm%’auuuﬁuﬁwaaL%mnﬂ‘n'a
tﬂdnuan%mgumaﬁﬁaﬂm Sw=0.40 Rudu dnsuidnanviewanfiszos L=10D (gﬁﬁ 4.41
) a”mqmsrhsJmmm%”auuuﬁvuﬁagma:mjwLauanfh‘ﬁﬁau”lmzﬂ:mﬂmﬂmsaaﬂmam.%‘nﬁa
ﬁuﬁ’;ﬁﬁmﬁamﬁm mmxﬁﬁmqumaﬁﬁau‘lm Sw=0.40 fi3z81z L=8D (gﬂff‘i 4.42 () 897103
mmmm'lu?auuuv{uﬁqgan'mfial.ﬁmuﬁuﬁL‘5auv[.mw:mﬂmﬂmaaanmamﬁnﬁaﬁuﬁ'zﬁﬁmﬁa
Tuing uadnsuznsismaneienuuiuis Wsdisueadafisurunsaomenuionvas
lInanyiatlan
E“rm%’uNamﬁfmaaqﬁv'mmmﬂﬂa;mam%ﬂmmma*gﬂmamnmﬂfﬁﬁwmgumaLmuﬁﬂ
nnviawadsil ﬂﬁl“ﬁlﬁﬂmumw:“ﬁamﬁua"mwmsmﬂmmﬁu%’auuuﬁuﬁﬂﬁ’qm’hmﬂ"&l‘fm

76



Pnvalsianwcfidawlasdsaiuiues sw=0.40 uazszozaniinmesenvaninfeiuiafiin
W% L=2D Uaz 4D Taufirsueiiosen s inaniin =20 uaz 4D sammstnamanuion
fu‘%nm@‘ﬂﬁﬁmﬁwuua:u*‘mmﬁzmww'ﬁ'L%ﬂvga‘nm:ganiqnsrﬁmam%‘iﬂmn‘rimﬂm Fauaneing
fufisepevnaseninggin S-6D uaz 8D é’@i’]ﬂﬁmumﬂ’;m%’am:gammw’%nmqﬂﬁL%m\jd
'ﬁuﬁauu“ﬂ’amizijg@ﬁL%ﬂvjamfﬁmwmimﬂmmwu%’auuuﬁuﬁﬂﬂﬁLﬁﬂaﬁ’unirﬁmaaL%*’nmﬂ
viatdan

77



1NN 5

a;ﬂﬂamsﬂﬂam

5.1 ajﬂuam‘mﬂam

awuﬁ%’yﬂﬁﬁﬂmNamaai:ﬁnmiwumwauﬁﬂﬁﬁdaﬁnl«rmzmﬂmLm:mimUmm’m
%’auwmﬁwﬁvﬁamﬁuﬁq I@Uﬁ‘?ﬂqﬂs:mﬁlﬁaLﬁué’mﬂm‘smnmmm%’amm:mwwafnLismamaa
mm'"mLﬂﬂanu%auuuﬁuﬁalunsrﬁmaqL%ﬂﬁm'ﬁmua:n'sﬁiﬂqmaaﬁ'ﬂlumsmaaaimﬁﬁaﬁ@ﬁ
WubUurie $7%7u 9 via Foenwidu 3 unn undss 3 vie vﬂamﬁy’amﬂuuﬁuﬁqﬁﬂu TunTads
nizuaInnguaasldliitraauruialuviaiin FwsududifilHlunisd@nsdsznovday oz
mnmn"maaanmam%ﬂﬁqﬁwuﬁaﬁLﬁm\gam L=2D, 4D, 6D, 8D L&z 10D szazv¥indseningdian
S=2D, 4D, 6D, Uas 8D ®ATaNILES Sw=0.00, 0.40, 0.62, 0.78, 0.94 uaziinanvista luud
aznimnenasinualiensflusdiuiuafvaainasfiviaiy Re=20,000 Lazuananile
fnsdnsansmzntinanasindsdhdeied ethnanmsnesssanltlunizesuenalnms
thomanuiauiifed uuwiuin mﬂwamimaaaﬁgmmmmmagﬂvl,ﬁﬁa@iavl,ﬂf:

() Aneamsanmn lanaamslnausznsmamanusoune LaInauALINL I lEINUYY
anfiluananannvisazutonslwasenifiugasdndosiauiuwnuaain Lﬁaﬁﬂmumﬂmvja

9 =

mﬁuﬁ’;ﬁﬂmﬁmu‘inm‘?’iﬁm‘smnmmqmaugoqmm@%mmﬁqmemqmnq@ﬂuﬁﬂmaﬁﬁﬂ
WITn a9 LmnvmﬁnmrﬁmaaL%ﬂmnﬂaLﬂmﬁ@‘hLm'v;waamimsmmw%auqaqmﬁ@ﬁuﬁ@@
ﬂuﬁﬂawaﬁﬁﬂﬂwmmfu mri‘lﬁLﬁuaﬁi‘aﬁfuL‘uai’maatﬁwmn%m:ﬁNaﬁwlﬁgumaan’]iiﬂaﬁ
AT A LUUILN DB ISR Y LR FINaRENITUNINIz DA ENLaTMIHENAUTZR N Y
maa‘lmﬁag}mu JANTw Lm:mrﬁﬁtﬁm:ﬂ:mmhﬂmqaaﬂmaaL%ﬂﬁaﬁuﬁaﬁLﬁwjmuﬁﬂﬁ
T.ﬂim%'nmﬂmmaqL%ﬂﬁauvg'amﬁuﬁaﬁﬂmwﬁ’wﬁau fnayhldnstnemanusanuuiuiadi
nmstsnam e awretinnntawan wasdnmEmItisnanuseuLuinAnFuFaua1u
é’nmm:mﬂwa“uaaL%wﬁauvgwuﬁuﬁa

(2) fmiunaresaATaiueiAinademstamanaianuwiuitra s indisawudn
nydifimIfaluiued Sw=0.40 LLa:‘i:u:mnmﬂmaaanmaat%ﬁqﬁuﬁaﬁﬁmﬂmu L=2D W&z 4D
Lﬁmgumammsmﬁué’mnrmmsmmqaﬁauuuﬁuﬁagomné’mwmimﬂmmwm"aumam"?m

(=3 1 as 1

nnviadaanzuTmiidnesu duuinmsey gidnnesu fS@TINIsaaAIN antanay

ugumaLLa:L%ﬂmnﬁammumﬂ@haﬁu"l,ajmn AvoLANRASRGIaTIw Sw=0.62, 0.78 uaz
o v . o & o o - w & & a o
0.94 =¥ I NsenaInaINTauLUARAISI TasianziiszazanthnnisesnaadinfianNuiah
Lﬁﬂﬂamu L=8D W&z 10D Namﬂms‘lwaﬂa’ﬁuﬁuﬁwaoﬁmmmﬁﬂﬁ’é‘mﬁmsmﬂmmwsﬁ”auuu
X A a o L . " A A & ' .
W%N’J"Hﬂ\‘lLﬁ]ﬂﬁg%ﬂ?ﬁﬂ’]ﬂﬁl’laﬂ‘i’m’ﬁﬂ’lEIL"ﬂﬂ’nNSQRUHW%N’J%GGL%‘H’&]’]H‘HE‘lLl]a"I

78



(3) ﬁm%nwamsmaaomimummm%auuuﬁuﬁamtﬁmjmaatﬁwﬁs:u:ﬁ’m:wma”w
N S=2D uaz 4D mﬂ’ﬁ’ﬁﬂmgumaLmuL'menﬂ'ﬁaLﬂdﬂa”nmml,f\i'ua"@mﬂ’lsri’lumm’m%“aulu
u‘%nmﬁﬁwLL@iazém;a"ﬂmLa:u‘%nmau qﬁL%ﬂvg’a’nu wwfidauly sisatuued Sw=0.40 uasz
‘s:n:mnﬂwnmqaaﬂmaaL%ﬂﬁoﬁuﬁaﬁL%ﬂﬂamu L=2D u&: 4D nIfifszasvinaTsninegin
S=6D Uaz 8D ﬁwqumammmLﬁ'ué’mwmimﬂmmm%’auganﬁmirhﬂmﬂ’nﬁamau%ﬂ
ﬁ]'mviamahmww:ﬁnmﬁﬁﬂﬂam SIMUILIHIaL S]ﬁl,ﬁﬂvgam aAIINIIONBINAIUTENVAIAN
mgiumaLLa:L%ﬂmnmaLﬂa’m@ﬂﬁﬂaﬁuvlajmﬂ

(4) ﬁw%’uwam‘smaaamm"]aJmmm%auuuﬁuﬂamrﬁmjm;am%wﬁ fAsanuuas
Sw=0.62, 0.78 uaz 0.94 SaTIMImaNuiastnARAENISa st amanyTausanin
nyviatdan I@umm:ﬁL'i%aﬂmw:mnﬂmmaaaﬂmaaL%ﬂﬁaﬁuﬁfaﬁﬁﬂﬂa’nu L=6D, 8D uaz
10D LAZIZHEUIITERINEUIN S=2D waz 4D Lﬁaw’mLﬁ@mwam:wjmﬁﬂ'ﬁ'agfl,ﬂﬁﬁ'uriaqu
TURUAD

5.2 Halanawe

W
a L =3

Tuninddeasedh AANMINAINM RN M IR UAI IR Inazauinfildanistiom

k' lﬂw = = A‘ o :: 1 & as AI ©
ATNTAVBURWUHILANLILL DA 'Lumsﬁﬂwwu@la"l,i_l E]'l'i]'il:@lEl\‘lﬂﬁfllll?;dLLE‘]:LW&I?JFJUL“JJGI,Luﬂ'Iiﬂ’]

(1) @nwinsdinduvosinifimsiadeaduunubasguinasrzninguin falindlu

nirﬁmjmﬂau?ﬁﬂu:uuvl,sjvsag‘umaﬁﬁmﬁ@ﬁnwaaﬁﬂL%'ﬂﬁ'g YA BAINAIEBAINANDATINNTA LN

A e

Y A A a :
ANUTBUTIUN umlumn WIZATIAVLINWITY

1 = d‘ 1 = A s L 1 -] > ot HI -~
(2) sannusTInnkianaaalurialin Foiasnaazinldnnuaud Q’IQLHU‘L%'S:‘LIU

BAIER]

79



[5]

[6]

[7]

(8]

[0}

[10]

[11]

[12]

UIFTWINAIA

Patent US 5,533,864, 1994, “Turbine cooling blade having inner holiow structure with
improved cooling”.

Patent US 6,000,908, 1999, “Cooling for double-wall structures”.

Patent US 5,329,994, 1994, “Jet impingement heat exchanger”.

Patent US 4,494,171, 1985, “impingement cooling apparatus for heat deliberating
device”.

Ashforth-Frost, S., and Jambunathan, K., 1996, “Effect of nozzle geometry and semi-
confinement on the potential core of a turbulent axisymmetric free jet”, Int. Comm. Heat
Mass Transfer, Vol. 23, No 2, pp 155-162.

Ashforth-Frost, S., Jambunathan, K., and Whitney, C.F., 1997, “Velocity and turbulence
characteristics of a semiconfined orthogonally impinging siot jet”, Experimental Thermal
and Fluid Science, Vol. 14, pp 60-67.

Colucci, D.W., and Viskanta, R., 1996, “Effect of nozzle geometry on local convective
heat transfer to a confined impinging air jet”, Experimental Thermal and Fluid Science,
Vol. 13, pp 71-81.

San, J.Y., and Lai, M.D., 2001, “Optimum jet-to-jet spacing of heat transfer for staggered
arrays of impinging air jets”, Int. J. Heat Mass Transfer, Vol. 44, pp. 3997-4007.

Rhee, D., Yoon, P., and Cho, H.H., 2003, “Local heat/mass transfer and fiow
characteristics of array impinging jets with effusion holes ejecting spent air”, Int. J. Heat
and Mass Transfer, Vol. 46, pp 1049-1061.

Fonet, M., Dorignac, E., and Vullierme, J.-J., 2008, “An experimental study on hot round
jets impinging a concave surface”, Int. J. Heat and Fluid Flow, Vol. 29, pp 945-956.
Huang, L., and El-Genk, M.S., 1998, “Heat transfer and flow visualization experiments of
swirling, multi-channel, and conventional impinging jets”, Int. J. Heat Mass Transfer, Vol.
41, pp. 583-600.

Wen, M.Y., and Jang, K.J., 2003, “An impingement cooling on a flat surface by using
circular jet with longitudinal swirling strips”, Int. J. Heat Mass Transfer, Vol. 46, pp.

4657-4667.

80



[13]

[14]

)

[16]

[17]

[18]

[19]

[20]

[21]

Lee, D.H., Won, 8.Y., Kim, Y.T., and Chung, Y.S., 2002, “Turbulent heat transfer from a
flat surface to a swirling round impinging jet”, Int. J. Heat Mass Transfer, Vol. 45,
pp.223-227.

Alekseenko, S.V., Bilsky, AV., Dulin, V.M., and Markovich, D.M., 2007, “Experimental
study of an impinging jet with different swirl rates”, Int. J. Heat Mass Transfer, Vol. 28,

pp. 1340-1359.

Bakirci, K., and Bilen, K., 2007, “Visualization of heat transfer for impinging swiri flow”,
Experimental Thermal and Fluid Science”, Vol. 32, pp. 182-191.

Baughn, J.W., and Shimizu, S., 1998, "Heat transfer measurements from a surface with
uniform heat flux and an impinging jet”, Heat Transfer, Vol. 111, pp. 1096-10988.
Kataoka, K., 1990, “Impingement heat transfer augmentation due to large scale eddies”,
Int, Heat Transfer Conf., pp. 255-273.

Barata, J.M.M., and Dur'ao, D.F.G., 2002, “Laser-Doppler Measurements of Impinging
Jet Flows Through a Cross flow”, In Proceedings of the 11th International Symposium
on Applications of Laser Techniques to Fluid Mechanics, Lisbon.

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

Viskanta, R., 1993, “Heat transfer to impinging isothermal gas and flame jets”,
Experimental Thermal and Fluid Science, Vol. 6, pp 111-134.

Jambunathan, K., Lai, E., Moss, M.A., and Button, B.L., 1992, “A review of heat transfer
data of single circular jet impingement”, Int. J. Heat and Fluid Flow, Vol. 13, No. 2, pp

106-115.

81






' [y = - & oa a ' o
2. “ﬂ’]iﬁﬂﬂ:ﬂﬂﬁ‘iﬂ’]EJL‘Hﬂ’T]NSE]%'IJBGL'i]ﬂﬂi!il“f\‘i’\lq\‘]’ﬂuwuw’\]", ﬂﬂ?ﬂ‘i:'f{ﬂ’l‘ﬁ’lﬂ'ﬁﬂ?iﬂﬂF_IL?}WRGG’I‘LL

b_

o

ﬁm;ﬁauua:ma'l,uqﬂmniﬁmmﬂﬁauﬂ%v'm 7, uil 13-14 Swraw 2551 Tnausngiads dania
Feslua undnedsidaalna, nikh 158-163.

3. “ﬂ’]iﬁﬂiﬂr’lﬂ’ﬁd’]ElLﬂﬂ’J’]N%E]%LLﬂ:ﬂ’]ﬂ%R“]JaGL%ﬂﬂ&JuﬂNﬁﬂd’Hmﬁuﬁ’}L%El‘]_l", myilszgu
""i’mnﬁm'sri"mmwé’amumwu%’auua:ma'luqﬂmniﬁmmﬂm”auﬂ%‘:aﬁ 7. 5% 1314 Twau
2551 Tsausugiady Sandadoalng UrINNaEeaslng, B0 158-163. |

4. “mnﬁumsrﬁamm’lu%’auu;ﬁuﬁﬂ@alﬁ’n@;m%wmumqﬂwu“, nmMIdszgaiTinaeTen
AaanisuiatsonanviUszinalnoaied 22, Yud 15-17 QANAN 2551 NILNNY
uwinensesTTaenaa’ audiiia, nih 384-389.

5. “M3dnwwndnIsumsinasasinnyuasiivesusiadnifidaient, msdsguimmns

@ '
o =

3
AMINITNANEES M INIAEFNAIUATIWNSATIT 7, Tufl 8-9 WomAnew 2552 S9niasezan
PAINIRLRIVIIUATUNS, W7 590-595.

6. “maliamsTanisinomanufonuniuilaslduiuneslulasiiednineianas” M3z
Snmetatnedaanssetamauvetsmalng nfefi 23, 4 - 7 woednou 2552 Fowde
Weoslnal undnendodoelny, runsiarunaina TSF-008060.

7. “nwi’mé’uﬂs:ﬁn'?;ﬂ’lsmﬂmmmi”auuuv";uﬁqﬁL%mjwu'[mﬂl’ﬁmaﬂuima‘iﬂaﬂ%@ﬂ‘%maa"
msﬂi:'gu%”mﬁﬁaa msrhﬂmwﬁﬁmumwu%auua:ma‘l,uqﬂmfﬁﬁﬂumwu%’au (ﬂ%:\‘j"?i 9) 11—
12 fiwiay 2553 m SunaLmi Janinlszan0aTIut anineasgeslna

8. ‘mslimanaslulasindaiansadalunyiafulssanEnsenufauuwiuindeiTanae
laaadn” msﬂs:q‘m%mmsmﬁmnsmmam‘um%mé’nawmuﬂ%uﬂ% A%l 8 22-23 LU

2553 S9RIAFITAT NRIANISHRIVITUATUNS, AN 732-737.

3.2 ﬂszqu"imm‘s‘lmzﬁummmﬁ
th

1. “HEAT TRANSFER ENHANCEMENT FOR A SWIRLING JET IMPINGEMEN" 14

International Symposium on Flow Visualization June 21-24, 2010, EXCO Daegu, Korea.

83



AMANWIN N

(%
Q-

Lamsansansuem I Inasas s nuwNwie B T RANIN W



AMARWIN N1 KENSENFENWIEMT a1 I nunRuRIa 3B RaNIN T

ALY g i :’ Y = { 3 s < a g =)
S Bnadidsniiuezay T SoaiGnivugndnieneenninituiiy
? 517 O . - A

43

YD
L T -

Sw=0.40

[ 6
g e

g 04 g 0
2 23
-4 e
- ISRSARS] 5

PR
(3) Sw=0.62 (@) Sw=0.78 (%) Sw=0.94

P ar aF 5 e & A a % o A P as  a
3 AN 1 pEeIan N NI WAt HS I TuUUARAINIIoadndLd N an lu A faiy
\WaTeNe9 uasTzuz L=2D (Re=20,000, seuzinmnadinfilinwemu 270 sec)

(9)

85



oA | 4 : Y = oy o : o S a § A
Snaiiidisuarey R VSouiidshiugadmianies nn ity

S=2D S=4D S=6D S=8D

Conventional

Sw=0.00

Sw=0.40

Sw=0.62

Sw=0.78

Sw=0.94

dl s a : Q- J = = U >3 :l' dll =3
U nn 2 uwFaIaNBuzmM I InarasiauhduuAuinsfivesnduraniniidenlyaisa
HULUa$E19 g Lazszez L=2D (Re=20,000, TZUZINMAIINTAUINWITY 270 sec)



AMANWIN 2

AN IANENNITENINANUTAUVAILINUBABE?



Conventional Sw=0.00 Sw=0.40

L=6D

=8D

L=10D

U7 79 1 ugaamInznsresimdadiuiuaTuuiuindluesdndudn (Re=20,000)

88



L=2D

6D

L

L=8D

L=10D

A R RSN RE A IRERE] 1 y 1
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
X/D X/ XD

U7 71 2 usasmsnsznsvestadssiuue fuuuAInTilveuindnde ( Re=20,000)

89



8D

/A

6D

4D

S

X/D

- & oo & T @

WA

XD

MALMS-ALRAL I AL A

2D

SR I B
@A

JeuonuaAu0D

90

=3

=

a

2
=1

PnevasnadadnulLasuuNuRInTdlanauvadn

20,000)

(Re

2D

a
s

wlussos L

sh)

U AU 3 WRASANINT




8D

S

L A B

6D

S

4D

S

6 v Moo N T %

2D

S

L
e w o ofoS 6T

WA

I e B

WA

s N O G T 9

/A

6+ M oo 8 T 9

WA

+ & oo 8§ T ¢
WA

|BUOIIUBAUOD

00°0=MS

0y 0=MS

29'0=MS

¥6'0=MS

91

=3

9

AIATABINEANVBILEN

WA

v
G

&
IUW
20,000)

s =Y 6 o
4D ( Re

wluvzys L

a A
38

D

/]

X
1 N 4 LRAINIINITINUVIURLTRIAUNLLD

JUN




Conventional

Sw=0.00

Sw=0.40

S RERERERERAS

e

)

Sw=0.62

Sw=0.78

Sw=0.94

4 2 0 2 4

6

UM N1 5 ULFAINIINTEBVINEFAGTULa TUUARAINTTYBINgN VBN

fidawlaszos L=6D ( Re=20,000)

140
120
L1100

80

60

40

20

92



Conventional

Sw=0.00

Sw=0.40

Sw=0.62

Sw=0.78

Sw=0.94

X/D

31J°?'1 na 6 LLammsmzmUmaaﬁméﬁaﬁﬁwLUa%uuﬁuﬁamﬁmaaﬂsimaaﬁﬂ
Adawlaszyz L=8D ( Re=20,000)

93



Conventional

Sw=0.00

Sw=0.40

Sw=0.62

Sw=0.78

Sw=0.94

o S B : —— '
4 2 0 2 4 6 6 4 2 0 2 4 6
X/D XD

gﬂﬁ U7 LLmﬂamsm:mmJaaﬁfmsﬁa@mfuLua§uuﬁuﬁaﬂsﬂmQQﬂ§mmau%ﬂn

]
=1

fidauluszus L=10D ( Re=20,000)

94



NMARWIN A

HAMSANENIATIRTINT AU a L IN ase



Conventional

Sw=0.00

Sw=0.40

Sw=0.62

Sw=0.78

Sw=0.94

0 2 . -4 -2 0 . 2 4 -4 -2 0
X/D X/D X/D

-4 -2

2

gﬂﬁ N9 1 URAIATIRTIINT MaTaIININ BRI nIdNNadLReFAUN9eanYiaLin
LU (Re=760)

96



NMAHWIN 3

Nanﬂiﬁnwﬁlﬂiaﬁ%'waﬂ'livlwamaaL%“fwja"ﬁuﬁuﬁ'a



Conventional Sw=0.00 Sw=0.40

2D

L

=4D

=6D

=8D

L=10D

- ’ ) T = -2 - o ? —_
X/D _ X/D X/D

4

& A

- o = & oA, A a A A aa '
Eﬂ“n a1 LLEWI\‘!IﬂNﬂﬁ\‘]ﬂ'ﬁ‘l‘lﬁﬂ‘ﬂaﬂt'imu’m?!\‘]'ﬂuwuw’mimﬂﬁwL?J:Ja@]ﬁﬂﬂ’lﬂﬂ'mﬂaﬂﬂa

i
a A

(=3 ] L o 1 J =3 [
LANLUUGNY 5 (Re=760, LU TZURAIATLAUIVDINURA L'*imw‘\']"]ju)

98



Sw=0.62

Sw=0.94

=2D

=4D

=6D

=8D

L=10D

P [ & o A . & A A & A Aa '
31]7] Ny 2 LLﬁ@NIﬂﬁ'Gﬁ?']ﬁﬂ']i‘lﬂﬂ?]El\']Lﬁ]ﬂu’lﬂ‘l’!ﬁ’ﬂ%W%N’Jﬂim‘ﬂ'ﬂﬂL'll&lﬂ@lﬁﬂﬂ"lﬂ‘ﬂ’lﬂﬂﬂﬂﬂa

=3 1] o 1] Al — i ]
ANULLLEANI 9 (Re=760, LEuLTzUaAId UM TBINWAIAILANHITY)

99



ATANWIN 2

NN IANENNNT MRV INII VWA WA



Conventional

Sw=0.00

Sw=0.40

Sw=0.62

Sw=0.78

Sw=0.94

-4 -2 0 2 4

0
X/D X/D

0
X/D

= & A = & A A = A _Ad = '
E’Jﬂ na 1 I.I.ﬁﬂx‘]ﬂ’]'ivlﬂﬂuuwuwﬁjﬂ{lL%ﬂuﬁﬂim‘ﬂﬂﬂI.’JJSJQ@]HYI]J’IHY]NQE]T‘I‘YIELQYILL‘U‘U@IN‘]

J k3 s .:f a dl 23 [
Jr8z L=2D (Re=760, UMM UnaItaInUHINIINWITH)

101



Conventional

Sw=0.00

Sw=0.40
7D

Sw=0.62
ZD

Sw=0.78

Sw=0.94

-4

]
X/D

-4

-2

0
X/D

A & a = 5 A A & A _ad - |
U M 2 ugasmsinsuuiuiveadnihnsdiinadudedfilnnseanvaidnuuuen g
. o a & a 4 '
3282 L=4D (Re=760, te3UMunasnasNuianinyimm)

102



AMARWIN B

1 e/ Ij‘ - & :‘
NANTANEINTONENAMUTDULUNBHEIVDILINUN



w@Wnannvalan

Annyuaais awla
Sw=0.40

=2D

4D

=6D

0
X/D

-4 -2

8D

L=10D

-4

-2 0
X/D

&

4 2 0
X/D

gﬂﬁ A% 1 LREIANEHAZNITENUNANUTAUUUNWRIVEILANUN

(4 =447 Wim’, T=30°C, Re=760)

104



AMAHWIN T

MTeTsAnnwalasldszuy RGB






o] - o A ' . . a o = Qs o
30.2¢0.2 °C unzfgmnpidananinuiudwmailaiaiaaiaani
@) lwnwidpflazlfiSonlufuiiviasnfigudsznavaasd r 9

| o ) a & [
30.2 °C Waltlumsdnui e f LT AN TN IwienuTa Uk

Calor Intensity

Color Intensity

Color intensity

=
I

2

[
o

o o
he Lt
T T

023
Temperature {°C}
(N) HamsgaulfpuiaTaf 1
1 T T
0,9-----5------:‘--‘---'3'-:‘--- . ]

Womom M O® % ¥ B
Temperature (°C)

L
[

(A) NANIFBLLNIURATIN 3

n

Temperature °C)
(3) HRNIRBULNBLUFEATIN 5

L

=)

am'ﬁam’mﬁwuamlugﬂﬁ 3.6
fdvinnug g Namwnnlivinny

] ]

Aundadaly

Color Intensity
o o o
w -~ th

o
L8]

a1} -

1

0

() HaNsEaLLAELRASIA 2

NN B M F X

Temperature (°C)

Color Intensity
o o o o
ap ™ 2 o

@
i

o1t

T

i

H i + i
N R W\ U B ¥ 3

Temperature (°C)

Color intensity
e o 2 B e o o
LS w b (L] [+ -4 o [3+) —

o
-

() HAMIRDULABLAATIN 4

A A ) i

%

: 1
28 30

TR TR TR TS
Termperature (°C)

L
[

(@) Wan1sFaUEUFaTIN 6

35U 17 1 wseanTIMNsUENsIUTNBUF rgb MnuRwnasludaiaaiacs

107



AN DT 1 LRI ENHHAMTIULATIZANIWLH NS IURATaaSRARGIINATA

* Swrnanaunsi (3.8) uaz (3.9) lavlfidenlrveasuiingas (T, =30.2 °C, T=28.5 °

= €

NFUATIZANIN

g ( h* Nusselt | 3Umaun1wnTs | JUARIHIUNIT | ANz IFURT
2 2 ° @ o
W/m') | (W/m °C) | Number* | Uszaianiw Uszunanmw ** | dhandaunu
M-.em
191 109 69
-

207 118 75
224 128 81
) - 94 ‘. .
279 159 101 1 .
299 171 108 .
319 182 115 .

C)

LY o A = A oA i e i o s @ a @
™ FURILFANLEUR NI mni 30.2 °c Faddanldn r e g ledwsuunuimdadiuiued

108



97 AT 1 LERIRIBENITHABWNTIIATIER MM TNARBIT R LINARANTTIA TSR N
Tapfsnanaslunaduslfiniaduswdndanusoufidiuinanaums (3.6) dananslu
aaduiRsasiuddulsinimsmnnufaudwiaenguns 3.8) uszianesluaaduld
s wladadiuiuesdwinannaunis (3.9) lunsdiflsidufinios T, =30.2 °C Az AN
189130 T;=28.5 °C lunisdwam

ﬁw%’uﬁ%mﬁmqmwgﬁﬁ’a BN DT NRAINOTIARFNNTIMIBFTaa LALLATANTZN Y

uuwnia laplfiEnsfeoududniaomnd (dudindasusasgamninindy 30.2 °c) inszae

LRI éﬂ%%’nﬁ%mﬂﬁamﬁuaﬂgqmﬂgﬁmmmﬁﬂ@ﬂﬂsmnﬁuwﬁﬂsﬁmmﬁ'aﬂﬂﬂ‘LﬁLﬁuﬁ
ﬁquwgﬁL%faiauﬁaﬁaﬁuﬁ{muﬁiﬁmmﬁqaﬂ"]waqwamiﬂmaaluﬂaﬁuﬁﬁﬁmaamsﬁaﬁ N 1
lumsiRundndanufanuuiuisfssimniunszus i fsoldiiumnawanfisiuaoas
05A
frTUTuRauIN Tl RAN TMaaassamaianTia st lddnlinanuduaou
sy
(1) ﬁﬁﬂﬁiﬁ@gﬂ‘?’iﬂﬁﬂgﬂmmumaﬂu'ﬁﬂ%ﬂ‘%aﬁa‘lﬁmﬁamww:a’m"ﬁ'
FaINTIATIZR
@) gfdawlafl r fenlndidnedn g (|r-g|<0.01) mﬂﬁf’u'l,ﬁ'ﬂauﬁamaﬂﬁan@m
aattenlvdradu
3) ﬁﬂmmﬁmaﬁaﬁﬁwLuagmaaﬁ;ﬂﬁmmﬁ"au"lmifa 2)
(4) Fgnanuduaaud (1) - (3) maagﬂﬁg\mm s Sadiual
Famuaundautiumui ldugasluanse n 1
mn"f?u@auﬁwﬁuﬁaﬂﬁﬁfmﬁ‘?ja@Tﬁfmua%ﬁm:mmmuq@@m G INANITNARDIDNITEURAS
lﬁa%i'l,ugﬂmmﬂ’maa%muﬂﬁuamlugﬂﬁ NT 2 (N) WIENRITUAITIARRAETI gamUn X
win Y ﬁay;'l,ug'ﬂﬂﬂwmmgamaqﬁm%aﬁﬂfmua§ a%m%’ugﬂ‘?i no 2 @) unrrugasnTwa
qamaaﬁfmﬁaﬁﬁfuLua%’ﬁm:mmuuﬁuﬁaﬁﬁﬁ'@ v/D=0 enadudszluzl a2 (n) agnalshians
nndadfldugasfiolmdrlaldineg dmiuitmmiadadinuesfinsznauuiuia 39
Bonvandanuasiiunsusiiihesoa: 1 A udlunimasssssasfiunszualniaiie: 0.5
A

109



o

6_7 120 r ......
- & ..".
- B0 oo ’J'
E | . o e
23 30 Pt s PN
~ ] 2 ;‘.m “.i\
= 04 |
= 60
2 i
2 wl
'J’E 20
A A RA RS R AR AR RA RY 0 oy S— S
5 -4 2 0 2 4 6 .6 -4 .2 0 2 4
XD - XD
(N) MINTZAHVDINFTRAUNLLDTUUN WA (@) MINTENBVBINRTaANILUDT

anududszlugy nv 2 (n)
3N 07 2 ureImInENsvaE s uNILe TN ldnnsdszuiamwdasmnadie
MIaTzENIN (T=28.5 °C, T, =30.2 C)

110






na 1 lilsunsa MATLAB® & wsvastensnisuandailssnaud rgb mwaasudninadla

o e =l

a A 1o [3
AAIAATANA ﬂimﬁilﬂi’lz‘ﬁizﬂﬂallﬂﬂ RGB

% crop size
p1=265; % positicn x
p2=257; % positicn y

—_ . [ o e = 3 1 o - N ar
p3=124; % colum > fmuandafinraadunnveunumes ludadansada
p4=78; % row

rect=[p1 p2 p3 p4];

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

image=imread(name);

0, o [ 9 i = 1
%o Crop } MMIaa W IR nRalaw AL IL T

imaged=imcrop{image,rect); wmasludaiaaSaea

% divided to R,G,B image

R=i L) . a d -
imaged(:,;,1) MIuens RGB NUTINJUULEYK

G=imaged(:,:,2); a2 &

wasludninesaas
B=imaged(:,:,3);
% RGB dimensionless ) frvunaldarwyds &
r=(double(R)-double(RB))./(double(RMax)-double(RB)); RGB aglustsaudsly
g={double(G)-double(GRB))./(double(GMax)-double(GB)); } I REY ?i"l, AULRAILY
b=(double(B)-double{BB})./{double{BMax)-double{BB)); &UN1T (3.10)-(3.12)
%RGB Average )
riav=sum(r(:))/numel(r); FnsmdaR e 9eLlsH RGB

grav=sum(g(:)inumel(@): [ daglusyiunlstsng
blav=sum(b{:))numel(b};
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o a a & § A
ng 2 Tﬂ‘ikbﬂi&l MATLAB® ﬂ']'ﬂi‘u‘ﬁ'lﬂ&lﬂizaﬂﬁﬂﬁiﬂ’]ﬂ'ﬂ&l%ﬂ%ﬂ%ﬁ%ﬂ‘]ﬁ?Ell‘(lﬂﬁﬂﬂ']i

FHATIZHRAIN AT ILATIZHITUUALLL RGB

% set jet temperature / yel temperature
Tjet=28.5;
Tyel=30.2;

ﬁ’muﬂqnmg?ﬂmaaLﬁmm:qm%@mamé’uﬁmﬁaa
(Fudfnugangifldatueluiade 3.3.3)

%set crop size

cx=403;

vea02 AuannafLaaadwn wunsunwn ot luiniaasaan
y=402;

rect=[122 39 cx cy];

% set current

— . 1 Q- =9 n“ L3
current=20; WIFTRNUIZENTNIITNIAUTOU

flux=current(i)*current(i)*0.023197/(0.269*0.26); INFUMT (3.8)

h=flux/(Tyel-Tjet);

J

% &59uNaIN& M ﬁﬁmmgj{uﬁﬁgwm 93

%zero matrix prepared for dump data YUIATTHIBANLTAATUN TIIUAZAIUND

M=zeros(cy+1.cx+1); nfuw e asRAafuge s dunwea suk
wasludnianiaaa

Y%image file input
. | ] _ -y - L= g4 ®
name=char(filename(i)) Hannnudwnasladnianizaatilusunsy MATLAB

image=imread(name),

%crop P saa N WA AR s e Wz ALEAILT] 1601

imaged=imcrop(image,rect); wasluialeniadn

%size of cropped image MR UaA U TIAD LN UI IR IBANLTRAIUN I

[a1,b1,c1]=size(imaged), LRZFIWEIVAINTWLH WAL RAT AT AR

%divided to R,G,B image
R=imaged(:,:,1); | AMILENE RGB MU INJUUUHY
G=imaged(:,:,2}, wmasludadnaiads
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B=imaged(:,:,3);

%normalize r,g,b image

r=(double(R)-double(RB))./(double(RMax)-double(RB)); w1 rgb  ldasanuf
g=(double(G)-double(GB})./(double(GMax)-double(GB)): waasludanlyluganis
b=(double(B)-double(BB))./(double(BMax)-double(BB)); (3.10)-(3.12)
for j=1:a1 \

for k=1:b1 )

if (abs(r(j.k)-g(j,k)}<0.01) & (b(j,k)<0.2)
ji=double(j-a1/2.0);
kk=double(k-b1/2.0};
Nu=(h*16.5/1000.0/0.02604);
imaged(j,k,:)=255;
M(j,k,:}=Nu;

end

v oA & > |
PBIUAUTLAR E]d“flﬂi’mg]‘uul.mu

aslufninaIadalas gy

Gaulufidn r Indifsariudn g
LATILNUATGEIERA LU TR

luwuasnd M Iasaduitavos
@ A =l
LHWHLNR B

end

end
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n% 3 Tilsunsy MATLAB® dwsuasensiinisusndddsznoud H anzasukninaila

fadaasdaaa nadnaasieiszuudnuy HUE

p1= position x
p2=position y
p3=distance x \
p4=distance y

rect=[;§1 p2 p3 p4l;

Hue1=imread(name};

Hue2=imcrop(Hue1,rect);

Hue3=double(Hue2)/255;
r=Hue3(:,;,1);
g=Hue3{:;,:,2);
b=Hue3(:,:,3);

Angle=acos({0.5*{(r-g)+{r-b)))./((sqrt((r-g).*2+(r-b).*(g-b)}))). %angle
Hued4=Angle; %B<=G
Hued{b>g)=2*pi-Hued(b>q); %B>G

H=Hue4/(2"pi};
$=1-3.*(min(min(r,g).b))./(r+g+b);
[=(r+g+b)/3;

%HSI Average
Have=sum(H(:})/numel(H); wIALR[uaAT H

Sruannafuganduwnmwaadudwnaslygedaaizas

[y ' A A o ae s ®
ﬂﬂ%ﬂ’lwLLN%L‘Y]aﬂwﬂﬂ?@ﬂiﬁ@ﬂmﬂiﬂﬂl’ﬂiu MATLAB

mTusn® RGB filnnguuurwineilufsiasisas

LURINTSULR
RGB g;}"s:uu HUE
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o s hrd 4’ -y -
ne 4 Tﬂnm‘m MATLAB® ﬂ"l‘lr‘iiﬂﬁ"lﬂﬂ\l1]itaﬂﬁﬂ']i?ﬂﬂ')’lﬂd%’ﬂ%u%ﬁ%ﬂiﬁ')Hlﬂﬂﬁﬂﬂ'li

FATIERNIN NSNDILASIEWSzUURNLY HUE

1=24.5;
R=0.023197;
A=0.06994; % mA2
q=(1"2)"R/A; >
Tj=28.5:
D=0.0165;
Kair=0.02604;

[ Faaulinltlunmimaans

%crop size Background
pb1= positiocn x
pb2= position y fmuadnafuganduninussudunailafiaiaaizas

pb3=distance x

pbd=distance y
rect=[pb1 pb2 pb3 pb4];

% load figure

Hue='figure name.jpg’;

. _ s Hounwurwmesludndessaaainlusunsy MATLAB®
Huei=imread(Hue);

HueZ=imcrop{Hue1,rect);

% divided to R,G,B Background image )

Hue3=double(Hue2)/255; .
r=Hue3(:,:,1); inmIuang RGB  filnnguu

g=Hue3(:.:.2); uHwnasludniaesans

b=Hue3(:,:,3);
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% RGB to HSI
Angle=acos{(0.5*((r-g)+(r-b)))./({sqrt{(r-g).*2+(r-b).*(g-b))))}. %angle
Hued=Angle; %B<=G

Hue4(b>g)=2*pi-Hued(b>g), %B>G

H=Hue4/(2"pi});

8=1-3.*(min(min(r,g),b))./{r+g+b);

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

[a,bl=size(H);

Tem=zeros(a,b);

}

LUBIINSTULE
RGB EJ&'E:‘]JLI HUE

\
for j=1:a;
for k=1:b; iaguunildidu
= *H(i k}*6)- *H(i k) *H(j, k) < '
T=(22183*H(j,k)*6)-(4933*H{j.k)*5)+{43913*H(j.k)"4) Madduunsdl H ey
_ wLEE LA */ AN *(i . [
(19914*H(j,k)*3)+(4829*H(j,k)"2)-584 .5*H(j k)+56.62; FUNNT (3.13) LA
Tem(.k)=T ﬁwqmﬁgi‘lﬁm:mﬂuu
end AUAIMERZYA
end
)
Yo =mmmmmmas temperatue to Nusselt number-------------- \
[a,bl=size(Tem);
Nu=zeros(a,b);
for j=1:a;
for k=1:b; . . v oa g
ATUITWATURLTAAUL
h=qg/{Tem(j,k)-Tj); >

Nu1=h*D/Kair;
Nu(j,k)=Nuft;

end

end

washinszansudaza
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Abstract

In this study, flow and heat transfer characteristic of
impinging jet on a surface was investigated. The jet flow from
a nozzle pipe which has 16.5 mm in diameter impinges
normally to the surface. We also siudied the effect of
distance between nozzle and impinged surface L/D=2, 4, 6, 8
and 10 at constant jet Reynolds number of 46,400. Flow
patterns on an impinged surface were visualized using oil film
technique. Heat transfer distributions on a surface were

measured using temperature sensitive liquid crystal {TLC)

sheet. The experimental results show that the heat transfer
rate was maximum when the distance between nozzle and
impinged surface L/D is 8.

Keywords:

Impinging jet, Flow pattern, Heat transfer

characteristic
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Abstract

The flow and heat fransfer characteristics of array of swirling
impinging jets on a surface were investigated. The jet flows were
produced by in-line arrangement of 3x3 pipe nozzles which have
18.5 mm in diameter and impinged normally to the surface. Some
twisted tapes with different length of twisted pitch were inserted in
the pipe nozzie to generate swirling jet flow with different swirl
number, The experimental parameters were the distance from
nozzle exit to impinged surface L=2D, 4D, 60 and 8D, jet-to-jet
distance S=2D, 4D, 6D and 8D, swirt number Sw=0.40, (.62,

0.78, 0.94 and conventional pipe nozzle at constant jet Reynolds
25,000

distributions  of temperature and convective heat

number of (mass flow rate was constant). The
transfer
coefficient on impinged surface were measured using
temperature sensitive liquid crystal (TLC) sheet with image
processing technique. Flow patterns on an impinged surface were
visualized using Oil film technique. The experimental results show
that swirling impinging jets can increase heat transfer rate on
impinged surface in cases of distance from nozzle exit fo
impinged surface L=2D and jet-to-jet distance S$S=2D, 4D.
However, for case of L>2D, the local heat transfer rate on
impinged surface decreases and heat transfer patlerns were

complex when compare with conventional impinging jets case.
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Re=10,000 - 20,000 wm'*mﬁn"wﬂmmwm’ﬂuuuﬁuﬂw:’fuagﬁ'ﬂ
1:u:i|’m1J'mmaaanﬁdamﬁw{umﬂwu (szuzWIT®) WAz
J2UEVITENT AN Tauﬁnﬂ:vﬁwu L=8D wWuinTzHz®1aIzvning
Wn s=20 %:Lnun:auﬁqa am:'mmtﬁﬁ‘s:u:ﬁwu L=2D wuil
F2UEWIITERINALEN $=3D a:mm:auﬁq@v.anmnﬁ San WAz
am [2] \elgganasasguuuidoani Ymmessalunsdiiusu
fustluadvaainimualdiviadu ussBnnidiiudusdluadues
Liﬂﬁat‘%manmqua:t‘iﬂﬁag:muha"uﬂn@mn"u, Tagnaaadlutiadin
lsTuad Re=5,000 — 15,000 9INWANININAaEINLITluNTA
mnualidnTsluadzaainldiviniwimee sammsinomany
%‘nwuau'ﬁnﬁlag&m\!nmw:@i"'m':"nﬁﬂﬁagmu=] wazndAdsus
mﬁua@ﬁjaqLﬁﬂ'ﬁ'a;}manmaua:ﬁ‘mﬁag‘sau gliuandranu lao
'lﬁfi'u':ﬂ"iuaefmaaﬁ‘nﬁ'ag:mmmqmﬁLLa:ﬂ‘s”umLm‘Tuaﬁﬂaqﬁnﬁ
agiay q‘lﬁgc"ﬁ W!.J’hEﬂiﬂnﬁ‘iﬁ’!Hmﬂ‘]’]iﬁau'ﬂﬂdﬁﬂﬁaFii:ﬂ‘iﬂ
na‘m:gq*zfumunmﬁmhnﬂuaﬁmmt%nﬁsau

Barata [3] ladnwufimaanuwmznisinavasinwenu 3 &
ndigaiuuns wannasssldianaifoanufiviveaninia
nazuslnaiudn (Upwash  flow) \fiaaniin 2 a’ﬁﬁlayzﬁﬂﬁu
\-\ﬁ'amnw“wﬁq'nuuﬁmﬁqL‘{iﬂﬁ‘lwauuuﬁ'aﬁmumaﬁ'ua:nﬁwms
Usnsiuuas naanmisduduuu

Brevet Wazams [4] Tednmmitismenudanuuiuiazas
Lim’gwuﬁﬁuaﬁuwu 1 407 waz 3 un? luudszumazdiiniius
fiu 3 & lavdassgananasldinilaudnumenniszuivnnuian
Tuluwautanoslud da Usulvnrzuaauns (Spent air) was1ndi
dnvismuusa naludimseanmaidios arnuansnasesingd
Lﬁiau'lm'fmm:a“m%'umﬂ:mlw‘lﬂlﬁa:agj'[wﬁ'aﬁ:u:vgwu L= 2D-
50 Lm:'lwt'rm:m’wﬂ#i::J:vjwu L=3D =fdasinisdipmain
faugiga wazwnimaRusdlusdwiouiuaaszozia TR
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unwiananvaian 1uL1‘fa4@Yua:ﬁnmqma"nuw.:mﬁriwmm’m
faunazwgnisumsinavasinnduuuunyunig luns@nin
MANUaaNIINRIAALULYIE (Pipe nozzle) :1UIU 9 v
EedAt 3 U072 uoIRe 3 v vjwwﬂmnﬁ’uﬁuﬁ'a fsumsaie
Linmyunldezaanusiuiia (Twisted tape) luvioiin Fyszuziad
spandnwiudaniadiwiusauidadennumauduiaszinade
FEAUATIUNYUA VDI sauysAldlunsdinenlznaudan
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6D, LAz 8D TTAUTAINIIWYUAW  (Swil  number) Sw=0.40,
0.62, 078 ua: 0.94 uazladnmnsdvaainvawdr (lilaudn
fia) Lﬁmﬂ?uuLﬁuuﬁumtﬁﬁﬂuuuwuma luudaznmesssnz
fmualienisdTnaduasiinasfiiniy 25,000 dwiLisnisdne
mTtamaI Lo uLwAwA2 9z Turiu Temperature  sensitive
liquid crystal (TLC) q"mm‘m's:muqmﬁqﬁuﬁ:midwmmwm’au
Uuuin uanmndm:ﬁﬂm'sﬁnmwnamwmﬂmuuﬁuﬁdﬁ'ﬁn
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a d 4 3 o
anutTadeninnidaanvad L'ﬂﬂ’.uﬂ’i‘iﬂ"l“’] W)
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= e 1 {
Blower | vaive o ;
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A - « @ oo o oaA P
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fuwanldanduauiad (1) LAEANULIUHULA ([) [T
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!
& w ~ a g . . a &
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4 - a g . ' . }\L Y
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auisimeadn udadalsiarusun A NFNNUET It duit
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A1THN 1 Llﬂﬂd'ﬂ’]u’iuﬂﬁ]'gﬂElﬂ'l"li.llﬂ"JLLﬂtﬂ’W Swirl number

Number of pitch (I=300mm) Swirl number
5 0.40
8 0.62
10 0.78
12 0.94

2.3 35n1s@nsinasdrsmanaianuninialaslfudn
Temperature sensitive liquid crystal (TLC)
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faudssAninrrwinusouwriiuday udetislsiany itosan
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uazgoannfivaaiin udvsimnlagudinszua i misdannns
Wanuiouuuini iedwmliasdunoufudazidwliou
dunkinaznasnnInznsguniuueidgan1za i
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nrzualWvdn S naun s i dunaufndaninanudu dadwuny
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(Oil film technique)
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Study of flow behaviors of swirling jet impinging on a wall

using visualization method
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Abstract

In this sludy, the effects of Swirl number and
distance from nozzle to impinged surface on flow behavior of
swirling jet when impinging normally to surface were

investigated for understanding heat transfer mechanism on

impinged surface. In experiment, the fiow behavior of a water
swirling jet was studied in a water tank using visualization
techniques. The jet spreading behavior was visualized by
mixing jet with dye water and the flow structure in swirling jet
was visualized by injecting dye with needles setting at the
outlet of jet nozzle. A twisted plate with different twisted pitch
length was inserted in nozzle pipe to generate swirling jet
flow. The results show that the swirling jet from nozzle outlet
is divided into two of streams and then impinge on the
surface and two regions of high heat transfer rate appear on
impinged wall. When the Swirl number of jet increases, the
angle between two streams from nozzle cullet becomes
larger and the mixing between jet and ambient water
increases. When the distance from nozzle to impinged
surface increases, the impingement of swirling jet on surface
becomes weaker and the flow structure of jet becomes more
complex, so the heat transfer on impinged surface decreases
and heat transfer distribution is mere complex.

Keywords: Heat ftransfer, Flow behavior, Impinging jet,

Swirling jet
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Abstract

The objective of this article is to introduce measurement method of temperature and convective
heat transfer coefficient using temperature dependent characteristic of Thermochromic Liguid Crystal
(TLC) Sheet. This article describes the property of Thermochromic Liquid Crystal, temperature calibration
method, qualitative and quantitative temperature measurement method and convective heat transfer
coefficient measurement on a surface. This article also describes example in applying this method to

study heat transfer phenomena such as jet impingement on flat surface.

Keywords: Thermochromic Liquid Crystal, Visualization technique, Heat transfer coefficient
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Abstract

The objective of this article is to review of the measurement
of heat transfer coefficient using Thermochromic Liguid
Crystal with transient technique. The principle of this
technique is to consider the convection on a surface and 1-D
conduction in a semi-infinite medium. The temperature
distribution on a surface was measured from capturing the
color change of Thermochromic Liquid Crystal with time.

Then, the results were analyzed by image processing for

evaluation of heat transfer coefficient. This article also
describes the examples in applying this technique for
studying heat transfer phenomena, such as heat transfer on
jet impingement surface, heat transfer on surface with some
turbulators and heat transfer on surface with film jets.

Keywords: Thermochromic liquid crystal, Heat Transfer

Coefficient, Transient Technique
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ABSTRACT : Heat fransfer and flow characteristics of a swirl impinging jet were experimentally
examined by using some visualization technigues. Swirl jet flow was generated by inserting
twisted tape in pipe nozzle. The twisted pitch of twisted tape was changed to investigate swirl
effects on heat fransfer on the impinged surface and the effect of nozzle-fo-plate was also
investigated, The free jet flow was visualized by Schiferen fechnique. Thermochromic liquid
crystal sheet was used for heat transfer visualization. The Oil film technique was used fo reveal
flow patferns on impinged surface It was found that there appears two peaks of heat transfer
rate in jet impingement region for jet from pipe inserfed with twisted fape. The heat fransfer
enhancement can achieved in jet impingement region for case of swirl number Sw*=0.40 at ail
nozzie-to-plate distances.

1 Introduction

Impinging jets have been widely used method for the heat transfer enhancement in a varicty of industrial
application such as cooling of turbine blades and electronic components, heating steel plates, tempering of glass
and drying of papers and films [1]. It was also often used in rapid heating and cooling applications such as
drying or freezing of food products. In this method, the jet flow impinges directly on the heat transfer surface
and the high heat transfer rate is obtained in jet impingement region. However, the heat transfer rate decays in
wall jet region due to the development of boundary layer on impinged surface [2]. To improve the uniformity of
heat transfer on impinged surface, swirling jet flow has been used instead of non-swirling jet. Huang and EI-
Genk [3] used a swirl generator made of a cylindrical plug with four narrow channels inserted in pipe nozzle to
provide swirl to air impinging jet. They found that the radial heat transfer distributions become more uniform
than conventional impinging jet. Lee et al. [4] used some vane-type swirl generators to generate swirl impinging
jet. To study the effect of swirling jet flow, the local heat transfer distribution was measured using
thermochromic liquid crystal coated on the impinged surface. They found that the average Nusselt numbers are
larger than non-swirling flow at small nozzle-to-plate distance for all swirl number, but the effect of swirling jet
is rarely seen at large nozzle-to-plate distance. Wen and Jang [5] studied impinging jet cooling on a flat surface
by using jet issuing through longitudinal swirling strips. The heat transfer and flow structure of impinging jet
were investigated for two different inserts: longitudinal swirling-strip and crossed swirling-strip at different
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ABSTRACT : Heat transfer and flow characteristics of a swirl impinging jet were experimentally
examined by using some visualization fechnigues. Swirl jet flow was generafed by inserting
twisted fape in pipe nozzle. The twisted pitch of twisted tape was changed fo investigate swirl
effects on heat fransfer on the impinged surface and the effect of nozzle-fo-plate was also
investigated. The free jet flow was visualized by Schiieren technique. Thermochromic liquid
crystal sheet was used for heat transfer visualization. The Oll film technique was used fo reveal
flow patterns on impinged surface It was found that there appears two peaks of heat transfer
rate in jet impingement region for jet from pipe inserted with twisted fape. The heat transfer
enhancement can achieved in jet impingement region for case of swirl number Sw*=0.40 at all
nozzle-to-plate distances.

I Introduction

Impinging jets have been widely used method for the heat transfer enhancement in a variety of industrial
application such as cooling of turbine blades and electromic components, heating steel plates, tempering of glass
and drving of papers and films [1]. It was also often used in rapid heating and cooling applications such as
drying or freezing of food products. In this method, the jet flow impinges directly on the heat transfer surface
and the high heat transfer rate is obtained in jet impingement region. However, the heat transfer rate decays in
wall jet region due to the development of boundary layer on impinged surface [2]. To improve the uniformity of
heat transfer on impinged surface, swirling jet flow has been used instead of non-swirling jet. Huang and El-
Genk [3] used a swirl generator made of a cylindrical plug with four narrow channels inserted in pipe nozzle to
provide swirl to air impinging jet. They found that the radial heat transfer distributions become more uniform
than conventional impinging jet. Lee et al. [4] used some vane-type swirl generators to generate swirl i 1mp1ngmg
jet. To study the effect of swirling jet flow, the local heat transfer distribution was measured using
thermochromic liquid crystal coated on the impinged surface. They found that the average Nusselt numbers are
larger than non-swirling flow at small nozzle-to-plate distance for all swirl number, but the effect of swirling jet
18 rarely seen at large nozzle-to-plate distance. Wen and Jang [5] studied impinging jet cooling on a flat surface
by using jet issuing through longitudinal swirling strips. The heat transfer and flow structure of impinging jet
were investigated for two different inserts: longitudinal swirling-strip and crossed swirling-strip at different
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nozzle-to-plate distances. The correlations of Nusselt numbers were provided for all nozzle types. However,
there are a few studies for heat transfer characteristics with a swirling impinging jet. To understand the heat
transfer enhancement mechanism, the heat transfer and flow visualization experiments are needed.

In this study, we used thermochromic liquid crystal sheet to investigate the effect of swirl number and nozzle-to-
plate distance on heat transfer characteristics of an impinging jet from twisted tape inserted pipe nozzle. And we
used flow visualization techniques to reveal the jet flow from pipe nozzle and flow on impinged surface. The
experiments were carricd out for the*jet Reynolds number (Re = pi"D/ u, where 77 is the average velocity
calculated from mass flow rate and D is the pipe nozzle diameter) of Re=20,000, nozzle-to-plate distance of
L/D=2,4. 6,8, 10 and swirl number of Sw=0.40, 0.62, 0.78. 0.94,

2 Experimental Details

2.1 Experimental apparatus

The schematic of experimental setup is shown in Fig.1. Air jet is supplied by a centrifugal blower. The flow rate
of jet flow is controlled by an inverter and is measured with calibrated orifice flow meter. The air from blower
passes through a settling chamber before enters to pipe nozzle. The pipe nozzle has inner diameter of 16.5 mm
and a length of 300 mm. Twisted tape is inserted in pipe nozzle for generating swirl flow. Electric heaters which
controlled with temperature controller are installed in the settling chamber in order to obtain a constant and
controllable temperature during experiment. The jet from pipe nozzle impinges normal to the flat wall and then
flow between confined wall and jet impinged wall.

Mesh piate Pipe nozzie |, Nozzhe wall

-~ - " Hests Chanbar]
/ £
I Blower ! . | ’
\ ! )/ i i
\ / i H
NP & S
ry
1 THermacouple
o
| =
Stanidss fort
controller
Manometer

Fig. 1 Schematic of experimental setup Fig. 2 Swirl generators with different twisted pitch number

+

i3

The swirl jet flow is generated by inserting a twisted tape in the pipe nozzle. The twisted tapes are made of 2.5
mm thick stainless strips and are twisted in counter-clockwise. Fig. 2 shows the picture of twisted tapes used in
this study. The length of twisted tape is 300 mm. The swirl intensity is varied by changing the number of pitches
per twisted tape length. The swirl intensity is represented by swirl number which is defined as follow:

Sw = G,
RG,

where (i, is the axial flux of azimuthal momentum, G, is the axial flux of axial momentum and Ris the radius
of pipe nozzle. In this study, we ignore the effect of boundary layer in pipe nozzle and assume that the axial
velocity and angular velocity are constant along the cross section of nozzle exit. So, G, and G, can be expressed

(0]

as follows:

R
G, :27.rj pVirdr =mpV’ R’ )
0
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zpl wR?

R
G, = 271'.[ pV Voridr = (3)
0

where V.V, and & are axial velocity, azimuthal velocity and angular velocity respectively. The angular
velocity can be calculated from number of twisted pitch (n) and length of twisted tape (1=300mm) as follow

- 2ml,
0= ; 4).
From Eq.(1)-(4), a modified swirl number is defined as follow
Sw* = %R (5).

Tabie 1 shows the detail of the twisted tapes and modified swirl number (Sw*) for jet when using each twisted
tapes. Twisted tape was placed inside the end of pipe nozzle as shown in Fig 3. Fig.3. also shows the coordinate
system using in this study.

Table 1 Modified swirl number for each twisted tapes

Number of pitch (n) Swirl number
0 0.00
5 0.40
8 0.62
10 0.78
12 0.94

Fig. 3 Twisted tape inserted in pipe nozzle

2.3 Free jet flow visnalization

To reveal the effect of swirl number on flow structure of free jet, the flow visuahzation was carried out using
Schlieren technique. In the experiment, the air jet was heated up to 60°C and then issued to ambient at room
temperature. The visualized flow pattern was recorded using a high speed digital video camera,

2.4 Heat transfer visualization and measurement

In this experiment, the ¢lectrical heated impinged target was cooled by jet 1ssued from pipe nozzle. The target
plate was made of stainless steel foil (SUS304) whose sizes were 250 mm x 250 mm and 0.03 mm thick. A
liquid crystal sheet was attached with binder film onlto the rear side of the impingement surface of stamnless foil.
The liquud crystal sheet used in this study changed the color systematically from black, red, yellow, green and
blue between 29-36°C. Direct current was supplied to the stainless steel foil from a power supply unit via the
copper bus bar electrodes, which were attached with both ends of stainless steel foil and acrylic plate as shown in
Fig.3. So the boundary condition of umiform heat flux could be achieved on the target surface. The mput power
to the stainless steel foil was caleulated from the power supply electric current and stainless steel foil resistance,
Because, the stainless steel foil used i this study was sufficiently thin, the temperature on the target plate was
obtained from the color pattern of the liquid cryvstal sheet in the rear side. When the temperature distribution on
impinged surface (the color pattern of the liquid crystal sheet) reached steady state, the color pattern on liquid
crystal sheet was recorded by a digital camera.
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Since the lines of constant color on liquid ¢rystal sheet corresponded to isotherms, an isotherm showed a line of
constant heat transfer coefficient (Nusselt number) under a constant heat flux boundary condition. By changing
the input current (heat flux) on target surface, the position of the isotherm was moved and the distribution of heat
transfer coefficient could be measured by recording the position of yellow line (The calibration shows that this
isotherm line was 30.2°C.) on the liquid crystal sheet for each change of heat flux. In this study, image
processing technique was used to determine the heat transfer disiribution from the isothermal line in images for
cach change of heat flux. All resulteare presented in the form of Nusselt number. The local convective heat
transfer coefficient and local Nusselt number are calculated from

h-—4 (©)

Nuy=—""-> (N

where g is heat flux obtamed by power input from power supply to impinged wall. 7, 1s jet temperature
measured in settling chamber, 7 is wall temperature measured by tracing the yellow line color on liquid crystal
sheet.

2.5 Wall flow visualization

In order to visualize the flow pattern on target plate, the oil film visualization technique was used in this
expeniment. A transparent acrvlic plate was used as the target plate instead of stainless foil. The mxture of liquid
paraffin, titanium dioxide and oleic acid was prepared and painted uniformly on the impinged surface. When the
air jet started to impinge on the painted target plate, the oil film was removed by air jet. The change of oil film
pattern was recorded by digital camera during exposed to impinging jet.

3 Results and Discussion

3.1 Free jet flow visualization

Fig4 shows the effect of swirl number on free jet flow patterns observed by using Schlieren visualization
technique. The experiments were conducted at constant Re=1.85x10* and T;=60°C. In this figure, the flow
patterns visualized from Y-Z plane and Z-X plane are also shown. For all of free jets, there appears no flow
region {black region in figures) near pipe exit in Z-X plane due to the edge of twisted tape. And there appears
strong twisted flow region between two flow streams from nozzle exit in Y-Z plane. From the results, it 1s
found that the jet spreading rate in jet radial direction tends to increase with increase of swirl number.

3.2 Heat transfer and flow visualization on impinged surface

Fig. 5 shows example of heat transfer patierns on impinged surface visualized by using thermochromic liquid
crystal sheet for swirling jet of Sw*=0.62 at L=2D. The lower temperature region appeared on liquid crystal
sheet means the higher heat transfer region. In the experiment, the jet at room temperature impinged on the
heated wall. The heat flux on impinged wall was varied in order to investigate heat transfer patterns on high and
low heat transfer rate regions on impinged surface. At small heat flux condition, the heat transfer pattern in wall
jet flow region was visualized. And the heat transfer pattern in jet impingement region was visualized when
increased the heat flux on impinged wall. For impinging jet with swirl effect, it is found that there have two
peaks of heat transfer near the impinging point. This is due to the flow from plpC with twisted tape divided into
two stream flows at nozzle exit and then swirl around the jet axis before i 1mp1ng1ng obliquely on the surface. It
can be seen the heat transfer enhancement due to two of stream flows impinging oblique to the surface.

ISFV14 — Daegu / Korea — 2010



HEAT TRANSFER ENHANCEMENT FOR A SWIRLING JET IMPINGEMENT

Sw*=0.00 Sw*=0.40 Sw#*=0.62 Sw*=0.78 Sw#*=0.94
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Fig. 4 Effect of swirl number on free jet flow patterns observed by using Schlieren visualization technique

(Re=1.85x10%, T=60°C)
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Fig. 5 Visualization of heat transfer on impinged surface for swirling jet of Sw*=0.62 at L=2D
(T=28.5°C, Re=20.000)

Fig,6 shows time sequence of oil film patterns on impinged surface after jet impingement for swirling jet of
Sw*=0.62 at L=2D. The oil film pattern in Fig.6(a) shows that there are two streams of flow impinging on the
wall. After that oil film on surface is removed by strong wall shear flow and there appear two of black regions
(no oil film region) apart from center of jet. These regions correspond to jet impingement region. The remains of
white oil in each of jet impingement regions correspond to the stagnation region. Around jet impingement

ISFV14 — Daegu / Korea — 2010

wn



CHAYUT NUNTADUSIT,

MAKATAR WAEHAHYEE, ASIBUNYAJITRADULYA, TOSHIHIKO SHAKOUCHI

regions, there 1s wall jet region where the white oil 1s removed partly and appear black-white region in figure.
The wall jet region can be detected only in region behind the jet impingement region.

Fig. 7 and Fig.8 show the effect of sw irl number on heat transfer and wall flow patterns on impinged surface for
L=2D (Re=20,000). respectively. These figures also show the results of conventional impinging jet from pipe
nozzle without twisted tape for comparison. The heat transfer patterns in Fig. 7 correspond to the wall flow
patterns in Fig.8, Tt is found that the distance between two peaks of heat transfer increases with increase in swirl

number. -
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Fig. 6 Time sequence of oil film patterns on impinged surface after jet impingement for swirling jet of Sw*=0.62

at L=2D (Re=20,000)
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Fig. 7 Effect of swirl number on heat transfer pattems
on impinged surface for L=2D (Re=20,000)
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Fig. 9 Effect of Swirl number and nozzle-to-plate distance on contour of Nusselt number (Re

Fig, 9 shows the effect of swirl number on local Nusselt number at different nozzle-to-plate distances. For
conventional impinging jet (no twisted tape inserted in pipe nozzle), the Nusselt number becomes maximum at

the center of pipe nozzle location on impinged surface for all L. The pattems of local Nusselt number are
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symmetry and the Nusselt number decreases from maximum point as going far from stagnation pomt. And at
[=4D, there appears the secondary maximum heat transfer at radial location R=3D from stagnation point. The
heat transfer rate increases with the increase of L. It may due to the turbulence intensity of jet at nozzle exit is
low, and when the nozzle-to-plate distance increase. the turbulence of jet increases before impinging on the
surface.

For swirling jet of Sw*=0.0 case, the flow from pipe is divided to two of jets by tape with no twist inserted in
pipe nozzle. At small L=2D and 4D, it #ppears two peaks of Nusselt number in stagnation region. But, the two of
jets combine before impinging on the surface at larger L, the heat transfer pattern becomes similar to the case of
conventional impinging jet.

For swirling jet of Sw*=0.40 case, there appears two peaks of Nusselt number in the impingement region for all
L. The heat wransfer patterns in jet impingement region and wall jet region are affected by swirl effect. It is clear
that the heat transfer is enhanced in jet impingement region, when compared with conventional impinging jet.
However, there is no heat transfer enhancement in wall jet region.

For swirling jet of Sw*=0.62, there also appears two peaks of Nusselt number in the impingement region, but the
peak of Nusselt number becomes smaller when compared with case of Sw*=0.40 for all case of L. The heat
transfer rate on all region deceases when compared with conventional impinging jet. This is due to the swirl
cffect induced strong mixing between the jet and ambient air before impinging,

For swirling jet of Sw*=0.78, the distance between two peaks of Nusselt number increased and the impingement
region is divided into two regions clearly. The heat transfer is enhanced in wall jet region when compare with
case of Sw*=0.62 for case of L=6D, §D and 10D.

For swirling jet of Sw*=0.94, the heat transfer patterns become more complex in jet impingement region.
However, the heat transfer enhancement can be seen in jet impingement region when compared with
conventional impinging jet for case of L=2D and 4D.

4 Conclusions

In this work, the ¢ffect of swirl number on free jet flow and heat transfer characteristics of an impinging jet was
investigated at different nozzle-to-plate distances. The main results obtained in these experiments are as follows:
(1) The jet from pipe nozzle with twisted tape is divided into two streams of flow and then flow across with an
angle depends on the flow out angle from twisted tape. The number of twisted pitch affects to the swirl number
of jet and flow out angle from twisted tape. The increase of swirl number of free jet promotes the jet spreading in
radial direction.

(2) The heat transfer patterns appear two peaks of heat transfer in jet impingement region due to two of stream
flows from pipe nozzle impinged obliquely to the impinged surface. The heat transfer enhancement can be
obtained in jet impimgement region for case of Sw*=0.40 at all L.

(3) When the swirl number is increased larger than Sw*=0 40, the heat transfer rate in jet impingement region
deceased, but the heat transfer distributions on impinged surface become more uniform than in the case of
conventional impinging jet.
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