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ABSTRACT

Gas turbine engines are widely used in electric generation in power plants
and jet propulsion in an aircraft engine. In general, the gas turbine blade is the most
critical part, because it must operate under high temperatures and high-rotational
speed conditions. This leads to damage from high thermal loads. Nowadays, the
turbine inlet temperature (TIT) is higher than the melting point temperature of the
blade material. Therefore, the blades of a gas turbine must have a cooling system to
protect its damage. Impinging jet is one of the methods for internal turbine blade
cooling by using an array of jets impinging on the internal wall of the blade, which
gives high heat transfer rate. The main objective of this research is to study flow and
heat transfer characteristics of impinging jets in the rotational channel to simulate
the cooling system of gas turbine blades under rotation conditions.

In this study, a row of 13 orifice jet holes with diameter, D = 5 mm were used
to impinge on the wall in a channel having width and pitch distance between orifices
at S = 4D. The study parameters included jet Reynolds number Re = 6,000, 7,500,
and 9,000, jet-to-impingement distance H = 2D, 4D, and 6D, rotational speed of the
channel N = 0, 50, 100, 150, 200, and 250 rpm (under rotation number R,=0 to
0.0069). Besides, the effect of the rotation direction was studied for two types: same
with jet flow direction and opposite to jet flow direction. And, three patterns of flow
channel outlet were investigated: one-way flow exit and the flow direction toward
the rotation axis, one-way flow exit and the flow direction outwards the rotation axis,
and two-way flow channel exits and the flow direction towards and outwards the
rotation axis. For heat transfer measurement, thermochromic liquid crystals (TLC)
sheet which has a property of changing colour according to temperature was applied

with image processing technique to evaluate temperature on the impingement
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surface with constant heat flux. The flow characteristics were also investigated by
the computational fluid dynamics software, ANSYS ver. 15.0 (Fluent).

The results show that the heat transfer characteristic of impinging jets in the
case of a two-way flow exit pattern at the jet-to-impingement distance H = 2D under
stationary case (R,=0.0) gave the highest of average Nusselt number when compared
to other flow exit patterns and the different jet-to-impingement distances. Besides, it
gave the most uniform Nusselt number distribution on the impingement surface. The
average Nusselt number in the case of Re = 9,000 and impingement distance H = 2D
was higher than the case of one-way flow exit with flow direction towards the
rotation axis and the case of one-way flow channel exit with flow direction outwards
the rotation axis about 10.17% and 10.56%, respectively. Because the case of two-
way flow exits gained well airflow and the jet flows were less influenced by the
crossflow. This can be observed from the flow, and jet flow velocity at the exit had
a similar velocity for each jet holes. On the other hand, the case of one-way flow
exit at the jet position near the channel exit, the cross-flow had a high velocity and
also gained the strong influence of the crossflow, causing the jet flow was bent
significantly.

In the case of rotation, it was found that the two-way flow exits at the jet-to-
impingement distance H = 2D, the Coriolis force acting on crossflow in the flow
channel, was cancelled. Only the centrifugal force did not interfere with heat
transfer in the flow channel at low impingement distance. For case of rotation
number R, = 0.0037, the average Nusselt number for rotation direction at the same
direction and the opposite direction of the jet flow was the higher than about 7.87%

and 8.40% when compared to the stationary case.
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WewY H=6D
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Upstream Downstream
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Cross-flow direction
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Q=hA(T, -T,) (2.1)
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Au5L5AR (Dimensionless velocity) @ansaduallaannanuduius feseluil
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Vi=— 2.4
Y (2.9)
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e
v #e anasa (Velocity), m/s
V, fia anusudeu (Shear velocity), m/s
1, Ao ATmdeufinga (Wall shear stress), N/m?
y fo izazmqmﬂ%u%mmﬁq, m

V/V=2.5n(Voy/v)+5.45

F
Ak

l«——— inner layer

V/Ve=Vry/v
outer layer

Fully turbulent region

or log-law region

Viscous Buffer layer or Upper limit depends

sublayer | blending region

on Reynolds number

y*=5 y"=60 (In(Vey/v)

JUN 2.6 uanansnszateausInusalndnis [10]

2.6 N15HATIZILTITNEITDY

dmiulunsaivgaisasiivseiifeitesiuvedlrasg2use taun wsa2e8 (Faya)

wazksavin (F, ) @10150A1MINEUNTS
_ 22
I:inertial - pV Dh (2'5)

I:viscous = pVVDh (2'6)

dnTIdUTENIULTIIRaRanInTanandlusUvesiausdluan (Re)
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E

inertial

F

viscous

_VDE_VD, _
pVWD, Vv

Re (2.7)

dmsulunistinvyuasiidnasasaiiinduludesnisiva lawn uselasleda (F, )

wazlssapeMuUUngY (F ) @NTAAUINANAUANT

buoyancy

Fooriois = PQVD; (2.8)

Fosoyaney = Jrotation 5005 (2.9)
1067 0,0, AOAVBNIITAUSNANS AUALE G, ion = Q2T

Fouoyaney = (2°1)Ap D, (2.10)

) wazwsanie (F. ) A Grashof

viscous

PNIIAIUTENIUT SRR UUTY Y (F

buoyancy

number (Gr)

F ? ;
Gr = buoyancy __ Q rApDh — (Re) Rf (DR)(L) (2.11)
F PWD, D,

viscous

2R3N au%mwumaaamwuwgu buoyancy YA NS inertial / ABHILAYU
asufuunyy (B,) Fwiiu Gr / Re? lunsdlngnils
2
B = l:buoyan(:y _ I:buoyancy / I:viscous _ Gr _ r(DR) Ro (2 12)
0 - - -_—- - .
I:inertial I:inertial / I:viscous Re Dh

dngduserinsslasleda (F ) wazusauios (F

o ) Aosanisny (R))

nertial

3
Rf:%r:¢¥%zgq 019
F NDE TV

inertial
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2.7 nunuenasiieIdas
2.7.1 numwenasiiigatosiuldnyasussuieanuiaulazdainisiva
Chi wazaz [11] lednwnisarewanudoursudnwruluuesdlaeneey

o

andvsnavenssudluadaiinanonsanamaruseuveinvulugenisina 14n1sin

AITAELNAUTDUVUNURIAI8TEANT Transient Liquid Crystal (TLC) ns@nwinela

(%
(Y |

L‘ﬁ'aulmLé’umu@uéﬂam%mmm 5 49 8 mm sTezwesEwiadndausd 20 83 40 mm szeE
wqw&guwi 5 ¢ 15 mm Mausdluadaaus 6,500 84 13,500 91NNANITNAGBINUINAIY
Fosnsandvsnannszudlvadaisununsiemanuieuveadvisvulutenisinase
Frafumseonvesnszualnadialiivasendudeuilumunuvendvjssuduaningg
diunsaremaudeulugrmdanszualva (Downstream) anniiufiudiaidaziainis
femANLSauiin

Brakmann uazAne [12] lad@nwinisanamanudeuveainyssusindunisiia
asur9nsnalutesnisiva lnefnunslddeuluansdluasaaud 15,000 a4 3,5000
vaduEuguEnaL ity 10 mm seezesuious 30 9 50 Amunevesniurma
nsliasaus 0.3D &3 0.08D ANLNIIsveBINITIMaLaL SEEEMIsERIRTUTIINTlna
wiriu 50 MnnsTansanemanudeuuuiuingeianis Transient Liquid Crystal (TLC)
safunslglusunsunanamansvodlna ANSYS AnwingRnssunisiianaznIsalemaiy

Sauluresnisiva

Inlet P,

All other walls
(adibatic or
Isothermal)

15D

Jet hole; e=D
D=10mm
Px and z=SD
H=3-5D

Target plate (isothermal)
Detached Ribs gytlet

(adiabatic or
isothermal)

JUN 2.7 Tumavestosnisivaiildlunsfinwives Brakmann uazmn [12]
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NNsANTINIIEmANNSauRuSeuTeuINiTUsIwAUNIsAnATUTIINS WA
vufiuRwandsuanudeunisludenisina 'gih?‘i 2.8 WARINISLUSBULBUTENINNS
nszanesvetaviaviadannsdiiuiauaniddsunudeusuidsunasnsaanasuung
nsluafidavissluasivindu 35,000 wag FEELNIBULMITU 6D N15ANATUTININITINE
fufunsliidmisuiiefiunsiamaruoulutesnisivaduansafumiiaiadar
fu 4% iewflsufunsalifneIurnnisiva snvsesuranenislradsaiunsaandvisnaves

nszuabranfsunIuIvIsuUIIMaInssualnalas 11%

CFD: Smooth Cross-flow —}

Nu/Nugye

0 0.25 0.5 0.75 1 1.25 1.5 1.75 B 2.25 2.5 2.75 3

UM 2.8 MsSeuiiisun1snszaefvesauilav i anuunuR

WANLUABUAINUYDY Brakmann hazany [12]

Park uazAnie [13] lAANYINAYRIBNTIAIUTENINANNARANUNTNVDIT NS
Twia (W/H) sledudssansmsnsyarsmsdiamanudoularamusiuan (Pressure drop) #is
wandluguil 2.8 lunaasamnunsnindiuszniteanunnsdenugsvesdosnisiva
W/H=1/4, 1/2, 1, 2 waz 4 gmms@méﬁu’aﬂ% 30°, 45°, 60° WA 90° AUENU TirsSluanily
W35 Re=30,000 NNHNANITNARDINUIN msﬁm@?m?uﬁuu 60° A1N15aNEMANNS DUl
Joddnun winuduaatuiniy iesasdussninanunisionugiwedenis
lnawdsuainiesluuin (174 &1 4) Fandrefunavesnisinianiuilyy 45° uag 90°

Tngmlunuingnsrdiuseninnnuninsieanugeesesnisinates Wussdnsaimnis
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femanuFouinidnsidmszniteanunisrennugeestenislvaiuin saviy
Snmduseninenunitenrugevostenisivatesveanisindeaiuniyy 30° W
Uiz?m%m‘wmimammm%@mmzmmé’fuamLﬁm?gfuﬁaEJLﬁaLﬁauﬁ’umiﬁmé?m%'uﬁmuﬁuq
uananii 9931dUTENIIANUNIFBAINGUBIYRINTST VAN (W/H=4) Y9I IARGIATY
Vg 30° fnavosaudsnvunagdulssdinistemanuieudidoifisuiunisings
ATUYIBUY

Ul 2.10 uansnsSeuifisunavesdulszansnsnszanenisinemanuiou
SEINdnTdINTEnINANLawonIUnIetesnITiva (W/H=1/4 fis 4) Aayuvains
fnsan3u wuth UseAnsamnnstiemenufeuvesnisiafeeiuuundaiuiuuszana 3
W warauduaaiintusTan 4 81 8 WheesnsRndaasunu 45° wag 60° alfiey
funtedilaifinishndendu uazdmuianuduanifisdudios 2 59 4 wiwesnsfiakeaiun
yu 45° wag 60° TuseAuRiuseavBammsaigmanuieurinfuresdnsdmusenineanny
geionunisestesnsinanay (W/H=1/4) ogalsiniu Tusgduifiuszansainnisg
S8AIUTOUWINAUYRIBNTIAIUTENTNANNGWOANUNTIWBRINIS AN Ie (W/H=4)
Arufuanfisgedu 8 fa 16 whassemdsaniuludesmsivaidnisiedeaiu uanaini
faasuladn dnsrdmsenineenugeriennunitavesieinsivauauiiussansninnisaiewm

AufoufnIdnsdmsEnIANNgwaAUNIesaINsianiig
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|
i

>>I'{ibs %

W/H=1/4 W/H=1/2  W/H=1 W/H=2 W/H=4

(n) nehdinvesreIn smakuUawmaELand@uANUNIaALEwN)

4 T T T T T T T T T 4 T T T T T T T T T
a=30° v o =45
37 % o ribbed  smooth] 31 c%—‘ oL 1
(=1 1 [=1 ~
5 W/H sidie side = O
SR I o
= » . A 1 |Z - .
11 it # 2 0 m ] 14 e ]
4 o e
0+—T—"7—"T"T—"T—"TT—T— 0r——7—"T"T"T—"T—"T—"T—
0 8 12 16 20 0 8 12 16 20
4 ....f/.f°.... a ....r/.f"....
v o =60 o =90
37 qm‘?ﬂsé - | ?7 q‘b S~
= “0 ~0 = v_Aa ~o
57 o S @M ey
= o' A4 = w
1 Lt S o 1 & : .
-
O+—7—1— 0+
0 q 8 12 16 20 0 q 8 12 16 20
f/f, f/f,

(1) UsEANSNIMB9AILTOUYDINTANATULLANY

JUT 2.9 8n51dmIENINNANNgIaANUNTeRBNITININANLTOUTBY Park UayAny [13]
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T I T
W/H=1 W/H=2

31 Vo Tana 1 31 »(Q\ T
3‘"" EQ O, - jc \',-Vt{"n
g2 e {2 2] Beld :
= Bofroas |2 .
1 . 1 e 1
0 ——T 0+
0 2 q 6 8 10 0 2 q 6 B 10
f/f, f/f,
q — T T q — T
‘.?; W/ H=1/2 W/H=4
3 4 'Eé“ 3 L‘] ‘u~ 6:#"“.':'.0 .
:u £ 30 Lj 7. 6“:{‘.
< 7 “ J % 2 L—Q__._
2 A : v
1 1 F Y-v L4
)
0 — 0 —
0 2 q 6 8 10 0 2 q 6 8 10
fit, f/f,
q T T T T T T T T
W/ H=1/4
5 Ribbed Smooth
. %2 ] m] B a=30
=
g 2 R 1 v v a=4
= ra | A A a=60
(o] [] o =90
0 — 7T

0 2 q 6 g8 10

5UN 2.10 HAYDIULDLITDIATUABNNTENEINAINTOUIDS Park LazAny [13]

2.7.2 yumauenansitietasiunsaemanuieuludasnisivaivyu
Dutta wazany [14] ldAnw1AsIRUnsIBeswazsnszsammgily
viedwAsudenslnasennuiuaiaiiionave usdleslodauazusiaasdiain vy wuin
usalasledauazussansmannisuyurinliiinnisnszareanusmyuiulnduue g

WNNUTNEIEeN Awandly 2.10 dwalinisudeidudiuynefnindiugen
Liou kagang [15] lavinisinvesnisiauinisinaniglugesnisinawuvaes
ndushe Laser Doppler Velocimetry (LDV) fis8luadiuiues 14,000 uagfiaunisaui
0.082 HANIINAADINUIN NITNYULIBAANITHENAITDINBIRINAlUUSIMNAIdIUNTY
(After-turn region) 25% ¥84lA4 180 84A1 ludiuusn (First pass) N15vyuinlalusing
aFedsmumunsivauazmsiranauununuuinalndudidurheginiwilsugen
dwisuluduiians (Second pass) Mslyagnsumulagdunduedlds 180 ssmuazaziin
gean 2 ilun1snszatena uennddmui anuguussrnuduiuluwununis

InaanauazanTuusnalnduis Feenusuussanududnuinduiosninnisyu
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Trailing wall
Leading wall

Side wall

Direction of Rotation

Symmetry plane

Trailing wall
Leading wall

Side wall
JUN 2.11 dnwaien1saduiuass MImMamuuILIy wagn1sNsEaeuuall

Y

a

Tugeanisluafiviyguues Dutta uazAnss [14]

a

JUM 2.11 UanINaNTENUYRIRIavN 1Tl uAesnsdunIsaewmanusaud msy
Aduitnguaziteon Tuguiuandiiiui madiudnsnmmuneliAnnsdemanuiou
vufinfrusinevemiendu (X/D<12) Wity uazninfiuduanasdofsuivassndu
(X/D>20) wasRafiugan og1slsfnmu nsdewmanuoulundanduiuiuiiadnsins
femanuieunnnit 3.5 Gamdiavmsnugniuisufisuiudsasnmsmemanuiou
nsfiviengatis TuvaeiRadusendeandu wui nsdemanudouistuussun 1.5 v
Saifisuiunsdiviengatis uenand nsnszanevesdulsyAnsnsmemanuiousenine
oon (Wilsndy) uazvudn (aesndv) fnavesussassfanmanyusinsiuveanisivasenuas
dauuasaiinnsuau nui adudssaninisdemanuieuvesiiufmidnduduiie

a X o =« = o’ a v v Y Y
bNHVUL 2 L‘Viﬁ]ﬁ\laﬂa LW}N@LLW% ﬂqﬁﬂa@LEJ‘UVLW@TJZV]3'U'1,JN']@'TUV|']ﬂiﬂﬂﬂqﬁlwaau@ua@\i

=

\Heanusilaslodd (adstureuuniiun) wasinanainaosdie Wslndeamglinaedulina
Ao A Y ) P L a v v Mo A

VAllannussassiaInnsuyurainsialndtureusiiuiesurwwuenldates
Ausun1sanasuesAduUssanNSn1sanew AL UlnANIINUDIRINTS AU UNUR MY

AAUAIUEBALIBIINTUVIULIATNUN UBNANT TIHNAVBIAIUNAUANUITALAUNITAEIN
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aueuludiudaunvemilingu nslvandeifumunuidadivndluaesndu mseduiv
wilaindu) usitesledadanseilusuninsstuiudasianslvavunivgndeuslud
Hufadueen LLasé’qwuiwmmauﬁugﬂm?{auﬁaaemi’sm%ﬂﬂé’ﬁ’umﬁfﬁmeamag
vounagugnAieushestetnlndklainuing dewnt dudssBvsnsiemenuiouuuin
AULDAGINTIININUYING

Johnston wazany [16] ldAnwmanisnsusiensaemnauieu fauanslugud
2.12 LLammamzmmaamﬁmﬁﬂumia’wEJmmm%@ummﬁmé’uﬁmaamLLazamﬂé’Uéfm
MY WU ﬁuﬂﬁz%w%‘mimsmmm%faumﬂ‘ﬁuﬁaamauﬁaﬁuammimmﬁwﬁu esan
nslnalutuiunuanasuasnelaiatiosusnamsiwalndiuiagusen nislwadusuasan
MInUNITe A LEITITiSeuduY deuflasfamdsdiusen uenanidsdnalian

AUUSLANTNNITONUMAINUS DURANRIANNKTIA UL DA

Symbol| @ A [ ] o v
Ro 0.000 | 0.118 | 0.238]0.350 | 0.475

(a) Trailing surface (b) Leading surface
6 6 .

o T 3 o : Low pressur High pressure—
R i o 0% EA g 4
g 2 3% = O Z'R st
5 L3 A ' E ¥ S s ‘ [ —h
'r_’E 1 \.—i \ Y S 1 g g\“_ 7
o ; =] x
© 0.67 Q‘“ © 0.6 E\o f
B O/!- ng? preISSL‘“’I T L?W plrESISlIJre_I B 04 F/ T T T T T T T

0 12 24 36 0 12 24 36

X/d X/d

JUN 2.12 vaauaunsvyudesnauladadiiuiues (Re=25,000 wag dnsauay

PUMLUULYINAU 0.13) 989 Johnston kazAne [16]

Guidez [17] la@nwiAgafiunisaamausouvesteInisivaninida
a o = ' | a
AmdpuniiniTvyu JUN 2.13 LanegusIeveIteInIsvakasiAn19ve9nIsNLY 3Inn13
VAaeINUd NMsvyuansamienihliiinnsinanyuiususvaestunmelunidnvedves

A5lra N15LadUAUADILUUNAI LIS ARNITLD IR LA NITATZANENIS AU IEIUNEU

a

989lA49 180 D9AN YIAINAFUUSEANTNITONEMAMUSOUVUNURY SUN 2.3 LanI0m 11U

Y

Wadadifuueslunuauiu (Auve) wagauga (Mugen) NE1avNITYUA1eiY wudn

HuRueenlivuegiuALsdluatuues dunuRwuyneAsglud Tuuesinanseny

9813911 TuvaugNARIAVNIINYY R,=0.1 TRIPWNg wud snsddadadiuiues
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WLAUAILNTRNFUAVNITNYY U 2.4 UARIHANTENUVDILTIADERITINLUABNTE LN
ANuTou nu Amwelisnsdudagadiuuetdlngg@umenislivesnisivani
GISGER

Cross-section of
The test section

Pressure side
(trailing edge)

Pressure side

Direction of\\ /

displacement

Centripetal
Suction side channel
Side (| eading edge) Centrifugal
channel

JUN 2.13 gosnislvavaeduneluluinuuudvaenves Guidez [17]

4 Nu/Nug
Reoy s
2k o 17000 /
e 24000 /
A 33000 o
O 41000 /-
(X_ri)/DH:7'4 ° /o
I »
15 L o
Pressure side /
(Trailing side) "(#// (Ro:wD j <10°
1 R el u
—— e —fr——— . A
on siges 1077 1005 1000
Suction side hAL"‘“*—'-u%.&éx""’
0.7L  (Leading side)

JUN 2.14 Adnsduiadadiiuessefiiaunisnyuues Guidez [17]

1 Nu/Nu,
Pressure side
(Trailing side)

£ . 41000
1.5F e (x-r)/D,=T.4
S.S, u"s/ '

/»”r Lskakov-Trushin, (x-r)/D=7

//
, Re,=32000, D=8 mm
! 10 20 30 40 50 60 70 807
SEmme—e==r ° (Ra/Re} )x10°
Suction side
0.5L (Leading side)

5UN 2.15 dnsdiladadiuiuessoniausdanmyuves Guidez [17]
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Elston waz Wright [18] léAnwmsdnemannufouvesiinsjsulusesnisinaings
fauagludosnisivaiivgu ludmveawtdalinysulsnadunilfmidnasaanauiie
HunssreeddilndiAssiumisesdludumeduia nsirgamafuuiiufiadonisiiune
TudUDa wia T THudunesuas Tnedidoulofiavissluadieud 10,000 fs 40,000 Ana1n
Supply channel éf';t,ammwaguﬁguwi 0 v 1.4 919a2188nvaIURUAVE LR UALINAN9TAT
(d) Winfiu 0.64 mm S¥EEW1TENINIAN (5) WU dd) AIUNUIVBINWLIN () LYy
1.5d; uarduauginuiniu 9 § lngludiumeaaueinimazlnadi supply channel HuuKy

Wnlznzrivjmuludnvazdennnduneuingasyoenanyannaes fAwuandluud 2.16

—Leading edge impingement
5. rRib turbulators
g Shaped internal cooling passage

Hot gas Sy Tralling edge
Leadinge Lea:lmg ejection
A
Stagnation
O

Trailing® —  Trailing
JUN 2.16 nwdnvesluiinuazuuuIaesdunaaeuUsudiiluinues Elston wag

Wright [18]
Leading Edge Direction of
puigzins | Rouion
(Nylon Support
Material) | =270 o
oy PR
S 4 i
4 Radially Outward, Supply
Leading Edge & Channel(Square)
Impingement \| s raa
Copper Plate
(with Embedded 1095
Thermocouple) =150
Bressure Vesss! | | | | | | | |
/" End Cap
Test Section .s"
Qutiet Plate
ZRISNARY Toveel m
3 ~Leading Edge Lo e |
B - Toat Soction imin amein
~Insulating Strip
§ (between Copper Plates)
&

— Jet Plate

-Test Section
7 Inlet Plate

" Prossure Vessel
Inict Flange

127 = =
0,64 o

079-= =
i
s B
z
il
-

Air Air

JUN 2.17 51982188Av0EUNAROULASURLAVITBY Elston wag Wright [18]
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gy - Pressurized
" Test Section

Separate Supply
& Return Air Hoses

Outlet Inlet Rotary
Rotary Union 70-Channai / Union
Slip Ring
Air Outlet €— < ,ﬁl’: A
Mator with Variahle
Frequency Controller
| -Counter-
balance
|
|
[
l
= u

g‘uﬁ 2.18 WHUNNYANAADY [18]

nnsAnwInIsaemausauluduyes Supply channel Tiainisangimausou
aedunuanminavgu Inglusunsidsasinismyuannaglinisdemanudoudiun
mulumglagkidanu Trailing Wainsaiemaiuseuaandingdssu Leading ynnsal f
LLamﬂugU‘ﬁ' 2.19 (n) miﬂ'ﬁammm%’aﬂusﬂ'mmﬂwaﬁL?jww'wuﬂlumzﬁﬁﬁh R€jetave = 6,000
ROjetavg = 0.13 Wazsounsusuil 300 rpm lunsdiilazdungldiefianuaglianisdiem
mm%’auﬁﬁqmwi%ﬁaﬂﬂamauﬁaLsi’fﬂﬂé’u%nmmqaamawiaqmﬂ‘wa s Rejetave =
24,000 ROjet ave = 0.03 LLaziaumimuﬁ 300 rpm GTWLLWJ&L%wﬁﬁwmﬂmqaaﬂmmﬁqm
(Funtis 19) agldFumansenuannitaaiileann Coriolis force wagsumiainitlndniasen

WINAge (fumvda 11) aglasunansenuainnseualuadauiniian dauanduguin 2.19(v)
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Direction of  Leading Leading Direction of ~ Leading Leading
Rotation |— Rotation
A R A
Stagnation Stagmnation
cl
S = PO ] -
TlEIlII'IgFJ Trailing Trailing Trailing
5 T T T T 3 T T T
Rogi=14 Rogs= 12 | R oy =013
af Regy = 10,000 : ! R = 6,000
- [I—. | - : Ehutmg = 5
# | RPM=300 : £ T RPM=300
z 4 [l ' '
:F \J:_ |
z1 e ==
i i i
— |
1 1 I
0 . . .
Rosi= 0.64 Ross= 5.8 ' RO\ = 0.06
4 Repy, e =20.000 ; R gy = 12,000
R 1---- RPM=300 .
=z i i i
= | | |
E 1 1 1
1
1 1 1
ﬁ 1
1 1 1
0 : :
Ros; = 0.31 Rosq=28 ; ROy = 0.03
- & Rep, = 40,000 | R = 24,000
o | rPm=300 i i CF: SREEEE 1---- RPM=300 4
zq1 " T T T z |m : i i
— ] 1 — 1 1 1
T P 2 p
5
E 51 :33 1 E 1 1 1
1 ] 1 ] 1 :_=+ :
1 _l_* 1 T T 1
1 1 1 1 1 1
] 2 ] & ] ] 10 0 ]
x 1Dy X ldy
r-ﬂ’ll a 1 A&I A ad 1
(M) WUNILW Supply channel (U) WURINLANNIYU

JUT 2.19 MamemAuFBuULRUEIYUAIEAUEITBY 300 rpm 28d Elston way
Wright [18]

Chang uaz Yu [19] loAnwnisanameniuiouvesinysruuaineslugosnisiva

Y o A a a [ < [~ a o =3 v 1 s <
MINFRFVAENANLNTY Gl TURANAEITIVIUTAN 6 F LHUHIUANGNA93AN
(d) wiru 15 mm Tpefieuliiiavisdluadasue 5,000 89 17,500 AEUN1TALUAIE O
04 0.3 Il N19IANISANYMAIUS DUUUNURINILNITABAINIINNADIDUNILTA AILAR
Tugui 2.19 wihdavesteanmsivaiidnssulgnedugudmaeuaayiiediaedlilndlfes

a ! LY v a J =3 a [ v oa (¥ P
‘UiL’Jmﬁ’)u‘wﬂUW@%ﬁ\‘iLLﬁSﬁ’]LQV]L@EJﬂVﬂi;IN 45 236N AUNANINNITNYU G]\‘ILLE‘Z{G]\‘II‘NE‘UVI 2.20
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Flow exit ﬁ Trapezoidal (a)
coolant channel

==f Heated
side wall

x coordinate along
channel periphery
LY steamwise coordinate

w peripheral width of
Trapezoidal channel
L length of coolant channel

Dehumidifier

[T (i ——

Mass flow meter Air tank Compressor

p
Direction of

(b) Flow exit Flow exit O nnuh\ force ! 4;0 4

Trailing Dm«mu.
wall of jet
Nozzle
Heated
wall
Apex wall  Leading wall Direction
of rotation
J

| Pressure taps measuring pressure drop
from air-plenum to channel exit (c)

Manifold of
pressure taps

e
)
=
=
)
2

Thermocouples =

Jet 6
Jet5
Jet 4
Jet 3
Jet 2
Jet 1

measuring Ty

Flowentry

.

g Micro manometer )

JUN 2.20 UNUANYANARBINITEUUTBY Chang uag Yu [19]

INMsANINMIIIBIANLSaUANSDUTe I IVIWITUIUE e AuiuiwanUAs Ay
1% Y o o N [ o & o v ooa = P
Soumindndindsuaranyludnuaenaninyigy 45 aem AuAiannIsuyy wWisuimey
nstimeailatauaglunsaliviyunuitnaves Coriolis force vilinisnssaeivaamviadan
lauuesiloisuiunsdingnila dawansluguin 2.20 lunsalil daavn1svgunindu 0.05
v A ' y . v ' 1% o o . v '
HiarlInvieruRla Leading Tidnn1sanemausauanas wagkisils Trailing liRnisanein

ANUSougULANTDY
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Nua =1708
- - Tyuir
Re=5000.R0=0] | toior:] Lastig ¥ Fiie, =889 Nay =1092
viL, Nu  yL=096 ~ /L =092 21::
Nu, _T_V“- =096 - yL=092 Ny, 280 [\i56 e %
e i i 140 | /\ 140
70 - 70 /\
0 A r-/—\ 0 0 P—/ 0
VL =0.83 yiL = 0.75
= = 2 ——Tr—280
_yL=083 yiL=0.75 80— =
140 - MJIS-6 s 140 Lol L
70 0 r—/
0 0 0 0
(/L = 0.67 y/L = 0.59
yIL =067 ylL = 0.59 20— ™ S G
LMI4S % | 140 |8
o N 140+ / 140
"y T
0 o 0 =0 0
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y/L =033 ViL =0,
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y/L=0.33 ] y/L = 0.25 280 s 7
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70 - 70 f |
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JL = 0. /L =0.08
yiL=0.17 yiL = 0.08 20 AT o5 ouWos — 280
140 - MI12 0 an 140 {552 [ e ]
0.8 0 xW 05 140 | L/_/\" 140
o " w10 140 280 |
5 AN 10 Nuy 140 J\_,, 5 0 +Nozzle center L.,
e 0 xw o5 T Nozzlecenter o 0 W 0.8 Nu -0.5 0x/W 0.5 -0.5 0 x/w 05
Nug 280 Y % 503 2 T T
o —— Fe— = NG 0 1 " 1 g
a ) 33 E7) s 36 a a2 13 J4 a5 J6
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JUN 2.21 Wiguiieunsnseaneivedavladani wusgluanvinius,000

nsfingAlaazauNITLULYINAY 0.25 Y8 Chang Wag Yu [19]

Yang warang [20] ladanwinisaneimainuseulutesnisivauuy Two-Pass AL
Weruneldauluiautsdluanaaued 25,000 81 100,000 t@wn1sviguaaus 0 89 0.14 Tdn1s
Fan1sanamanusauuuiuaIRgIsNs Transient Liquid Crystal (TLC) Tagldianvsyuans

[ a o =3 o ¥ 1 4 o < [ ) I3 a o
W07 weiazwndlda1dn 10 a1 duruaugnaanInmiiu 6.35 mm wagainidearigg
20 29f1 LileUznziuRanilisunuioudunilails Leading waz Trailing dananslugui
2.22 Tun1smeaesld Liquid Nitrogen wanfuenniAmduveslna uazduiinainnns

Wiguwlasvesgumgiinenaeninea sauandlugun 2.21



25

wo|
"" Oy
%
5
' =
o0
Ry __J\FW
Lol \In

e
D L] =
I
I
|
I
I
U
Compressed Outlet 1 nlet
Air Tank mevm«m: | Thermocouple
s | Counter Batance Weight
e - Frame
S
A 7 — LED Lights
v Cryogenic Pipe Valve ! . -
= v Plexiglas Part
-
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g‘dﬁ 2.23 BEUNMNYANAaDY [20]

NnmsAnwInstemanufeunuitlunsdififinmsmmui i saemanuieu
anadludeinislua Second-Pass ﬁy’mﬁ’aﬁja Leading ae Trailing 25% Wukauiain
Coriolis force winsnyuiinnsaemanuieuludesnisiva First-Pass lutaansvestes
nsluaidunaniain Centrifugal force Wag pumping effect mswyua’waiﬁlﬁmms
I8useuluils Trailing vestesnisiva First-Pass wazUsyananinanasils Leading lugainis

Iv1a Second-Pass
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LS 7S LS

Re= 25,000 Re= 50,000 1
. 1

gﬂ‘ﬁ 2.24 naveInsnIraesvesavladaiiiavssluas 25,000, 50,000, 75,000,
100,000 v®4 Yang tazmaiz[20]

Re 25,000 50,000 75,000 100,000

Nul N,

i PRAARA » -
W YW 250
L

= A,

W 500

MANA {
LMW e

- ‘ﬁ e

P
WA 750

0 6 0 8
YD

Jpstream- Stationary

Downstream- Stationary

—©&—Downstream- Leading Side —&—Downstream- Trailing Side
—HE—Upstream- Leading Side =~ —%—Upstream- Trailing Side

JUN 2.25 nalSeuiiisudnduiiavtiadaninuiudnsadszezrieseninegdn (Y/0)

Vo9 Yang hazAady [20]

Parson wazanz [21] liFnwnisanemanufouveninsvuluresnisivaiingu
Tnesrassgosnislmaidmisvulilndifesiuuinadiunar wadluin Tnoidnassuaidy
NUALENANa3IEN (d) WAy 1.59 mm szegsjeru (H) whiu 6d; meldieuluaussluad
(Rejer) 1 5,000 wAY 10,000 Laﬂjmimué?mi 0 99 0.0028 Imai%mﬁmqmmﬁuuﬁuﬂaﬁw

nsilameluAuila vila T lauwsunesuas daianslugun 2.25
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Dhirection -
of Rotation .
Side Wall A
Target Capper
Wall | pioy
Jet Hole—3 + Teflon
Side Wall B/ Jet
Copper
Ch " B + A Hole
Thermocouple —
Jet Wall

Target Wall -Eﬁﬁ

A

Pressure Tap=]
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Thermocouple =41+ +
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Ch

1

Ayt

oy
|

—
B ey A4 BB
. A A . Jet Target
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5UN 2.26 druvaaaularIIgazidenvad Parson kazany [21]

|
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+
= j 08 -
-— = i o ik .
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]
o= J
1.  Moter 8. Compressed, Regulated Air
2. Rotating Shaft 9.  Rotating Union
3. Belt Drive-Pulley System 10. Slip Ring Unit
4. Bearing Support System !1.  Scanivalve Unit ‘
5. Steel Table 12. Pressure Taps & Tubing
6. Rotating Arm 13. Hub
7. Test Model

JUT 2.27 UHUNMYANARBIYDY Parson UazAny [21]
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JUT 2.27 Uan9518aglR8A03d1UNAGRU iAN19n15UlU Leading channel Aates
nslvadiieynswosdniniifienadeafufianenisyu Trailing channel Aetasnisluad
PAN19UDIENINA T WAUTIANI9VDIN 1T WaneTiAn1aveandmss Coriolis forces way
Centrifugal forces iAntuludmunaaey UM 2.29 wanslituinnsdiiinnsvsuyiili
dardnvesiuaviadaianauieiouiunsdingails Inedl Leading channel anad 15%

kae Trailing channel anas 20%

‘3 Secondary Flow
5 due to Coriolis
Force on Cross Flow

Feon

Frcon v,
A
Fioom

Vortical Flow

Fey Feen

Jet Wall

Jet Wall 11

= .

—

Target Wall = # b= Target wall

A

Trailing  Leading
Channel  Channel

[

JUT 2.28 fiAN19983ANIT AT VIIUATIAATUYEY Parson wazAay [21]

10 q\ <
Re;y=5,000
‘
| 0. /\
. 09k l\\\f A _——e |
Nu S O~—8 i
Nug NN
08+ (= P o 4
a2
' A —d. — —
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Re;= 10,000 s SO IO [ v A Wbl o] il
S~ g rpm 0 400 800 400 800
N A "*‘\“‘0 - Ro 0 0.0008 | 00015 |0.0015 | 0.0028
‘\e: b Leading |—— . A . o
i Trailing o o (e 5]
L A i d L
.‘ v ' v .
o & Ro=0.0015
‘ \ soors e
s 2NN
Ne 09 K B AT g —®
A'H [ ,"W g \Qb-"
N, o
0.8
| \ L | ‘
0 25 50 75 100 125 150
XD

JUT 2.29 Wiguigudnsdvesiavia@arsesseyes Parson Uavany [21]
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Lamont uazAne [22] Anwinisaemanuieuveainyswulugesnisivanivyu
Tngdraosraamsivanivvssulinlndlfesivusnadunanwesdluinde Taglddnwaune,
FIWUINIIAY 9 § EURLAUINAIAN (d) Wiy 3.175 mm Spaginesendnegiin (s)

winiu 8d; Mmelaleuluausdluan(Re.,) Aaus 0 85 9,000 LavN1TULUATUA 0 T4 0.0022

2

STUENIYY (H/d) 111U 1, 2 wag 3 19n153anI1sanema It SouuunuiIn1833n13

a

Transient Liquid Crystal (TLC) lngldnaesfdneatuiinannisiuasunasgaumgi

U

Leading Side
(Suction)

Trailing Side

Radially
(Pressure) :

Outward

JUN 2.30 Mssrunganuieunasgunldluluindsiueiaseuiuiamnesiul (va1)

nndnauvesluiaanslmiuteinislva (@e)ved Lamont ez [22]

Slip Ring

‘ ) Test Section
Counter _| |
Weight || |

Coolant o

o Rotary Union

JUN 2.31 UARIUNUNINYANARDS [22]

NNsANYINIsABmANLFauULNUR e dnwsrLlunsdivgaiionudn sseznivy
(H/d) wiriu 3 Tiensenewmanusoudiign witunsaiiviyu sveewssy (H/d) windu 2 Td
1 1 1% aa 1 5 1% . . o 1 & a
ANNSENENANNSOUNANINTIATUY Leading channel wag Trailing channel Tusiumuadng

TnausameenuINigalinisaievausauanad Wesankavainseualuadn Aansly

a

IUN 2.31
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10 i il Il i ]
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Jut Humbar

a £ [ ] v a & o 1 < o a
JUN 2.32 (VUTIY) DRTIEIUAVUALTANAUALAUIINATUREALN (UUUI1)
dnTdariadaniiudumiadnnsd Leading channel (819) uansdnsnd@uavtiaidan

fusuwnuadnnsal Trailing channel w84 Lamont waganly [22]

JUT 2.33 Msnsgngvesinavtial@aingal (H/d) wiriu 2 ves Park wagany [13]
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2.7.3 @5UNSNUNIULENGNS

MNNINUNILATETHULY wudifinsAnwuAsadunislddneulunig
domanufoududmauuin lithagdunsasnansznuesnszualnadaisuniunisiva
yosdnsrwhlfnsdedemanufouvesnguidnysiludesnisivasieiBaeg ain
msnuyuenansvindunsinynisdemanufeuseldidnmsluan ety
agsjatiunsindmssussuneanudeuluiidmumisdruiwesiusin (Leading edge) dan1s
Tnrswuludnunsdfansvesdninazdninviovhunfufianiani suyuvedlusin 4
mAdetlesnniifnwuAsiunninunssusanufeuludunsinanslusin fiama
yosadInazruuiunsuedluin egnalsfnuauddefidnwinisidngasululdly
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SouliigauAsukuULAgIRe UdegaanauuanauiudsAilvasiaun1svsuying

2.7.4 99731991439
91NNIINUMIUUITeNR WL wudnsldidnisrussuisanudouluuiin
nansluiadesunn nviadinsAmuanisesnvesesnislnanasainidniesulsnsduiuia
a 2/ z.:l ! a 14 U A [ avu & [y
wandsuanufouiisswAsuuuuiiey nisldaewmesluAulalunsingamalidadunisin
Yo a | AR = =~ Y \ A o
MllaziBuawimarsdnnslidnisissuiigusdiuuniseeniiisiuvesiosnisivaiiefinwm
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una 3

YANARDIULATTUADUNTIY

MwﬁaménﬁwmmamLLaz%umaqumﬁ%’a%aLﬂuﬂﬂiﬁﬂmé’ﬂwmsmimam
amufeuvuiufiuanddsuarudoudimjsulene DummassufiowIouifieudnune
mstemanadeurednyisnludesnsivainunaznsdiivesnisivangails dmiuns
nszanegmniuuiuiniinsTalngldusiu Thermochromic Liquid Crystal (TLO) uagdu
yosnsAnudnuwarmslraveadmijsniluresmsivaiivyu Wunisdassnisdemens
SoudliAnTuvoainsnuludosnisivafinygu lgldlsunsudummumiaamansvosiua
ANSYS Ver.15.0 (Fluent) tiai3auifisunazesunednuaznisdemanuioudiiatuiy

N13INAAB

3.1 luwmauaziuusinltlunsinen
dmsunisfinunisanemanuseuvesinywuludesnisivaiivyulaediass
mM3syuteanusaumeivyssuluvinadnaisluintu 5Ui 3.1 uandlaseasnenisiva
a < v o v o 3 a1 d‘ 1% Yo
wazfianevesdnluluindeiu Gameluluinasiveanisivaiiessuisanuiounmeluliu
a & y A Y . Y = i o
e 2 Hevadluiatiuffe A1 Suction wag A Pressure lun1sAnwinisanewmaLsou
& | =i A o v da 2 v aa a v oa
vouannsvulugesnsinanmyuiindaiuiianiweainnssudlengdinanaseiuie

a ' . . v ¥  dAa I3 | v A a a
NNATUYUYNLIYNIN Leading Side Wall wag muqmuwmmwaaLﬁmwwwﬁmﬂwzwumm

wenenseiuiuiuienanisvgugnisendi Trailing Side Wall
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Leading Side Leading Side Wall
(Suction)

-
~

0 N

Trailing Side Direction of
(Pressure) Rotation (Q)

+—— —JetHole

Jet Chamber

Impingement Channel

outlet Trailing Side Wall
outlet

outle
Impingement channel

Jet chamber

inlet

U 3.1 lassadensivauas e ainluluiinduiu

qi 1 IS ' 4 I3 o o
JUN 3.2 LLﬁﬂQI@JLﬂﬁGUEN‘UENﬂWﬂ‘Via I@]EJQJL&UN']UFIUEJ?]&’NELQVIL‘I/I’]ﬂ‘U 5 mm 971U

Y Y
13 3 f5ATvouwvun1suywadewindu 315 mm F93nnununyuigaaudnagin
o A ! ! I3 14 ! Vv ' a
AunUe?l 7 seeerinasendngdnuaranunineuestesnsivaminiu 4D seeewawui 20,
4D uaz 6D lumatesnisivailuandliiumsivandwinemeriuwsiuessilanianzg s

< o & ! o & a P 1 1 LY 14 [J 1 A
13 3 L‘U‘uaﬁLQVIV!U‘U‘Uﬂ‘UWUN’JLLaﬂL‘UaEJ‘LW’]’J']SJi’eJULLa'JQﬂU\‘iﬂUIVI@@ﬂGﬁWﬂLLVIUQVIN@@ﬂ‘VI

ANVUA
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Wall Outlet

Heat transfer surface

D=5mm

UM 3.2 lumavasdoinisiva

nsfnwinisarsmanuieuveinysrulugesnisluaivguviinisdneinele

ReulvArdausdludn Re=6,000, 7,500 wag 9,000 seeevevy H=2D, 4D waz 6D fay
P | | | < a1 W a oy ¢ I
N9VBIYRINTIALAL T E¥YITENINIANAINIINAY 4D Ineiduruaudnanssian D=5
mm FRAYNITNYY R, A3us 0§19 0.0069 ImﬂﬁﬁmmmmmmmL%’Jﬁaumimu N=0, 50,
100, 150, 200 Uag 250 rpm AINEIRY F93URUUNIIDDNVBITRINTINAgNAMUA LY 3
JULUU 3 JURUU Tnsuuudl 1 dn9eenve9tedn1siva 1 n1e dfien1anaeanainganay
P a ' aa v a I~

WUUT 2 §n1908nU09Y8INTsiva 1 N1 Banenadimiganyu wasguiuun 3 Inisesen
Y99¥09N1TIA 2 N3 AfAmadaduazeananavyuandlunaly 3UN 3.3 dmsy
NoulvnaranusnlglunisEnwiwandlunisnad 3.1 wazwsaiinaduludesnisinaniuan

AlaYNsnYULARSlURTIeT 3.2



A15199 3.1 S19azenvaeRInUstaziaulanldlunnsnnasg

AankUs AUUAAI
WURNUANENA1NgAY (D) 5 mm
AUNUNVDILNUDDITNE (1) 3 mm
srgviaserinain () aD
AMUNINTDIYBINT A (W) 4D
seeeavy (H) 2D, 4D uag 6D
MLavnsvau (R,) 0 14 0.0069
AMILTITEUNISYU (N) 0, 50, 100, 150, 200 ka¥ 250 rpm
Aausglugn (Re) 6,000, 7,500 waz 9,000
JULUUN NN Single radius outward exit, Single radius inward

exit ag Two-way exits

TOP VIEW
- - -
: B A=
- - — -
©
- - -
1 A :
o} c
- = ) - g -
o o
- 2 - - an -
- Q 2 - c -
- E - .a -
- = - g -
- - -
- - -

t Y2 1
& & *

Single radius Single radius Tow-way
outward exit inward exit exits

JUN 3.3 JULUUNNI08NTIT0IN5LYa



36

M19199 3.2 ussniadulugasnisivamudiduavmsuyuinldlunisdne

Rotation number (R,)

F, (x107°) [N]

F.. (x107°) [N]

0.0009
0.0018
0.0028
0.0037
0.0046

2.19
4.38
6.56
8.75
10.94

2.84
10.15
22.84
40.61
63.44

3.2 YANAADY

JUT 3.4 uaneseasidengavnaedmsunsfineinisanamanuseudiednmg

yulureIn1sinavyu s18a88unv89YANAaadd1nTuNIANYINITEIBMNAIULTBULUS

sanidu 3 dwmdn Ao druwesnisvasiu @ruvein1suyy wazdwnsaswldndenusou

dmsusneazidunvaanannisyinnululsazdivazesuisluaisunnld

Inverter

Blower

Slip Ring

Light

Bearing Support

\—

Computer

Data Logger 'J

Test Section —_|

CCD Camera

Encoder

:

. Connect with

| Power Supply

\ Counter

Weight

=2
@ Orifice

Motor

Yy

Inverter

=

I

U

Manometer

T

Pulley

Rotor Seal

JUN 3.4 s1easiunynnaaeddsunsnenIsaemaNLSoum e N eYY

Tugaanisluaivigu
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sU 3.5 wanss1eazidenyanaassludiunisvasiiu lnsludiuvesnisvasiiy

Y 9

Suduanenialuiiemaassgnaaiiuluaiosvuin 3 HP 1n15AUANAINLEITOU

1BLADIAIEDUNDILADS 91NIAALINANIUDDSINANDINOMIINTTIVA a1 NUUINAlAa

' v
aaa v

HIUTBIAIUANRUNINAAG
27+0.1 °C lpgonangnauangamiiss nadidiunaaeumelsinesda n1sliruseu

fuenielaenruaunIsIenseualihludadnmesiiuyanivanaamall n15inAusnN

FalnasiianuAungiiveteIN AU dIUNAADUT

funiagaaudnatsvesgiiniuldvieflanfivuimduniugud narsvieuuin 1.5 mm 3o

AN 13 § WiethluAinsuausdluad

Computer
A
Bearing Support Bata o -J
sl -,
Slip Ring _ \1:5:\ e =
Light = Tl b= Connectwith
\ slipring =-
Test Section —_| o o S :]
ROl |1 58 \ | Power Supply
: = = [ Ccounter
CCD Camera ~/‘ﬁ==’ ﬁ. Weight
Encoder =
s V-Belt
Inverter
(ST
Motor

Inverter

/ B

Pulley

Manometer

Rotor Seal

JUN 3.5 s1eaziBunynneaadludiunisnae.du

A a ! 1 Id
E‘U'Vl 3.6 LLﬁﬂﬂi’]EJazL@Hﬂﬁﬂ%ﬂﬁ@QGLUﬁQUﬂWi%Hu I@‘IEJE‘TJ‘L!VIG]E‘TE)UQ%LUTALL‘UTAﬂ'ﬁ‘ViHu

a
nan
Y

H1ugudnatangluminiu 60 mm inangnsessusmiiuIualng 2 67 wmarilgndusme

Y

gnfiu Coupling Mrafiuinainaleniivunadurugudnatan1eueniviaiu 75 mm &y

WWsTUIA 10 HP NTN15AIVANAINSITOUNBLAOSMIEBUIDIINGS dararuaIenIwl

T 3 LU UazTina1dn15InTUIUTOUNIINYUAIE Encorder
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Computer
A
Bearing Support Data Lot 1
]
slip Ring __ [
Light = b Connectwith

Test Section ~

Power Supply

J \ Counter

CCD Camera — Weight

Encoder
L V-Belt
Inverter

Mot
/ \ e Inverter

i

U ‘
Blower \

Pulley
Manometer Rotor Seal

JUN 3.6 wanssvazdenyanaaedludiunimyy

a a ! ¥ v ¢ b4 !
SUN 3.7 uansswasiBunyanaaedludiunsasiadndanuseu Power supply 918
NILUAHIUNIN @89079UBIIUNIUAY (2P slip ring) gndadnaduinaInalwman lngdvuin
OD=120 mm, W=80 mm uagsanu easenandaiusou 850 W/m? ’iumuy diuluds

fuiuaniuasumuioundnaaeusazdudunaunisyuveagaveass

Computer
[ ¢
Bearing Support Data Logger l

——

Slip Ring \&? --------------- er »

Light - ] = Connect with
5 slipring
Test Section —_| ] /Yy hmmmmn | e =I:l
[C + Power Supply
\ Counter
CCD Camera /lﬂ Woight

Encoder
< V-Belt
Inverter
[

1 ( Motor

Inverter

b

Blower LJ\ '/ [

Manometer Pulley

Rotor Seal

5UT 3.7 wazidenyanaaesludiunisainndndainuiou
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3.3 Anwmsinemanudeuuuituin

U7 3.8 uansBazidendunagoudmiuInmsmemanuSouULiuATE My
wifarjaruildlunisianisaismanufouinainusueza3anyun 10 mm wazATINaNYBY
LLm'uazﬂ%‘ﬂﬁ]zLﬁ]mﬂuwﬁwmquﬁm?{wﬁuﬁwmm 90 mm x 270 mm #&$ANTUT
WHUALALLEEUNS (SUS304 foil) Aiflenumun 0.03 mm ThSsunazislaeildvesunurisdn
wuauaauiaesih e duiadmiudenseualuihiuusivamuaa lunisveaes
Azanenszialninein Power supply Hnuvesuasuvisludanuamuaa Tunimaassazaneg
nsvualndirnunewasidlUS unuamuaaUIIaLAn AL S o AN e T sy ant
SonseualbiiiuazanudnumulnfiieAuinmdsiin gl iuuuanuaai Duiuio

a 1Y
hantUaguAINuTou

Acrylic Sheets —

Copper
/ [~
Screws bus bars

Direction of rotation Q

>

Th hemi
» ermoc emic SUS304 foil Inlet
liquid crystal sheet

sixe bunejoy

Lights

Outlet

§

Action camera

5UN 3.8 s1gazidunduneaeuiildinnisanemanuseu

WednglwinnszuansalraniuvionowndlUTLNUALAWLEaU A8RAANLSDUTUY
VINIUTnLHUaRUaaU1e 39dns1n1siinaiuieu (Q,,) awnsaaiuiulaain

ANUFUNUSHana Ul
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Qinput = IV (31)

e 1 Ao nyzualniNanelriuLEuaLULAE

Y A9 LSPUINANAIATEMINV NIRRT LN LA UL E

dmsunisneaesilltinngaumgivieslyaniuiuiuivanuaanivdndanuiou
AL NS UIEANTEU TATEINITOANIMAIFNUTEANTNITNIANUTDURNIZAUUNUR?

(h) l9a1naunns

_ Qinput _Qlosses

(3.2)
A, -T,)

(XY

BRIINTPYLAIANUTBUIINNTNIANUTBULUUSTIUN ALAZNTUNSIE

o))
®©

- .
IWE'W] Qlosses

AnuFeunEmaaeulugussenia

A dy d‘ dy a ! b4
A fB HuUATEINURIIEmMANNITEU
T,  fo oumaliludsdasimumisuuuiuanuad
T, Ao auniidevesenianaulasnadlnaniuaIunagoy

Y

:’I o v a & o s ‘éHIJ a 14
PNUUALNTOMUIUAITET AR UILUBS (Nusselt number, NU) vuiiuRalaainaunis

hD
Nu=— (3.3)
k
el D fo durugudnatsgdv (5 mm)
k Ao eduUszavsmsiinnuseuvesemarioumgiageg

dmsudiausdluan (Re) Y9InsiunaludIunadeuaILITaATLIUIINENATT

Re=—= (3.4)

gl V.,  fo AnuSdumdnana19veagin
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v Ao ANUNTLAEeRa (Kinematic viscosity) U881

dmsurdlauni sy aunsamunlaann

QD
R,=— (3.5)
VC
cs' 27Z-N = ] 2 o
lagn Q= o0 1o mmnusaga (rad/s)

N Ao aAieudaseuvesnisnyu (rpm)

3.4 N15ARUMBUAVDILNUNDSIULASUARAINASERS

]

~ aa o & ) Yo a L a a
nsaeuiuddanudndudmsunisldinnisnszagenmglivuiiuinanuaey
Anufeu lnensaeuisugaumiinudnunnguunsuneslulasiindainasadalduiuauiu
A v a P P 1y a P ' a O a &
usielrigaaeuiisuiianuadnalfeaiun1smaaewniign mlounuauiuinfsdnnesn
fownfuwmaIelinsrwansaNatunsausuksssuLaznsealninle Auuusdamnesng
Wusewiuezgiiieunu 2 mm Inihiinsyaeanuseuliiiawiunagiiuanuiaiesly

~ Y | a a a o v a o A o A
nsaeUWiey suuuvedLruergililaufnnsaame sluAUUadiuiu 4 9a e Tnaumaiily

' ° a oA P a o a aa o o e '
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(- R-RB (3.6)
R_—RB
G, -GB '
b :ﬂ (3.8)
B_ -BB

AMUTILYDIFELAIVIE U I lAsIPAAInAS AR A
ANMUDLYDIAT VB IME NS IlASIARAINASER A
AMULYRIFUNR U UWaSUlAsTPAAInAS AR
ANULgsEnvesduasuumeslulasiindninasanauansuy ey

% a a d‘ 1 a a a a U 1
ANUTLgERvesdlNuueslulaslndrinmsadauandluysaoy

% =) g a r-:ll 1 a a a a U 1
ANUTLgERvesdtRuNuuvesTulasiindrinATanauanluyls

¥ =1 r-:ll [~ QI £ ‘:4' 1 a a a a 'Y} 1
ANUTNvRERndusUSHAunsuuumeilulasiindainATasa

£ a a A & a v N 1 a a a a o 1
ﬂ'l']@JLSUNGUENHLGUEJ'J‘WLUUE‘ULﬁJWuG}@uWLLNULV]@%I@JI?]?Nﬂaﬂ'ﬂﬂﬂiﬁﬁ]alil

v N0 a Ad a v a A a a a o
ﬂ’J']gJLGUZJGUEN?{U']NUVIL‘ngﬂﬁimum@uwLLNULW@ﬂNIﬂiNﬂaﬂjﬂﬂiama

NEUN1N (3.6) - (3.8) MgmAnaioanuduvesdlugui 3.10 inualagly

TUsunsy MATLAB antiuasans g lubuiunusauan seiuvesgamigiilasnuueu

wanarn Hue glannuduiusvasnsvanuilananslugun 3.11
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Temperature (°C)

JUN 3.11 pywlaunsvihneanuduiusvesgamgiiuan Hue

a v a

o a £ X a
3.5 MSUANUSTENTNITNIAUSDUVUNURIANATANITIATISHATN

£ Y

Tun1511n119n5898U09FUUSEANTNITNIANUS D UNT oAU TR UL UDS U

v
A a o a a

NuUR? @usavinlalnenisiinmanenlaannnisilasuklasdvessiumasiulasinanin
ASARaU1IATIERNNIASTEIUTLNTUT MATLAB tEanAINANSWEASEYRI LK UmasulAsTA
dminpsadanguvginamils lngnelunindesuansdlugiegamgil 29 °C fia 40 °C
Inanlvldnnareveswiumesiulasindainasadanaoinsiasemdnglusunsy MATLAB
AN NN TANEDLRNIZUSIUNADINITIATIZI UININA18UIYIIN1TWeNDIAUTENDUVDY
a Y o 1 a a | a | ~ v
5¥UUR RGB wdvhnisulasteyadidussuudunuaiand Hue vosudazannmiitomdeya

NNINTEUOUNYTVDIAAZIANIN WAL IXNAWINATATAATIILUBSTINTEA BN

L 7

IA

e @
.

(A) MNENYAILNADININOA (1) NINTLANYVBIANUATAAUULUDST

JUN 3.12 nswdaanmanaiduninnisnsgaeriadadtiuuesuniiug
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3.6 MsAnwanwarMsivavadinvsrulutenisivaiivyy
mMsfnwdnwauznisinaveadnrsniluresnisivaiivyu iunisdasanisiva
voudnmissuaniafivgnzfuiiuindiamenudouludumaaeu Fslunsadalunadiy
naaou Msfmunteulrresnismaaey uagnisdiaesiuldlilusunsy ANSYS Ver.15.0
(Fluent) lunsfinunilffnguszasdiieldinadianssassnmslvadeismummumamnanmans

yadlvaliioasurganuaznsivawasUsngn1saivednIsaenANNTauinty Fn1sfnw

anwaznsivavesdnevulugeanslnaivyuazeluiedsidesslud

3.6.1 aumimuqumﬂwa
anmimmﬂmmmmﬂwaLLUU‘{']uﬂaummma%mslé’ﬁwaumwé’ﬂ 3 @uns
Ao aunisAudeLios (Reynolds Averaged Continuity Equation) @1n15 Reynolds
Averaged Navier Stokes (Momentum Equation) kagaun15wad41u (Reynolds Averaged

Energy Equation) Fauansdasialuil

aunsemuseios Reynolds Averaged (Continuity Equation)

ou,
_I = 0
ox, (3.9)

@Un13 Reynolds Averaged Navier Stokes (Momentum equation)

U ol suau) —1 ep
U —L=—— — L |_pVV | -— 3.10
o X, (ﬂ X axi] PET (3.10

AUNNINAI9U Reynolds Averaged (Energy Equation)

or o |, ol ey
UL UL vE (3.11)
oX,  OX | OX
gt C,  fie AnuANUTaUTUNIENAUAUAIDN
P ] < a
u, e duUTEneUTIANILTIRAY

T Ao gaungivesvedlva
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3.6.2 LLUUﬁﬂaaanﬂslwaﬂuﬂ'au (Turbulent model)

=

fiiunnisnunisvasuudutudessfeuitideianldsuamuaulady
o MadudslaiiAnduaranuusassamutiutau (Turbulent model) Judusuu
undenvudassdulngarsuuiugiues Two-equation model Tnsfinusdauuuild
Boussinesq approximation $31AUANN1T Kinetic energy kag Auxiliary 13U Dissipation

rate (&), Turbulence length scale (1), Spacific dissipation rate () 1Hudu

(1) wuudasspnututiu Standard k — & model

wuuinaesautulay Standard k—g model Wunuusiasinisiva
Hutuiiheuazauysaifigalunislivhuenisiva dddaunsnsiedeuiilumsduaiios
2 aunis Ae aun1snisiedeufiveandanuaatituliu wazaunisnisindeuiinesnsinis
aaeiiuthu u:umi’waaaﬁlﬁ%’umiﬂam%’uaﬂwLLW%MmEﬂ,uqmawmim

dmsunuuasinisinatiutiu Standard k—¢ wanANLAULSEluangN
aadumuduiudidaduiusnanuduads Tnsanundauuututou (Eddy-viscosity)
ﬁlzQﬂﬁmumiﬁlﬂummé’uﬁuéﬁuwé’wﬁuaaﬁ{luﬂau (Turbulent kinetic energy, k) way

dnsnsaatedutiu (Dissipation rate, ¢) ngldauufgiuves Boussinesq o

2 ou, o,
—pu'iu'y =—=pkdy; + p (—-+—*) (3.12)
3 oX; O
k2
= pC, = (3.13)

Toedt 1, fio pnamidauuudutau (Eddy viscosity)
k fo ndsumatiwuuiutiu (Turbulent kinetic eneray)

& fo snnsaanswuutulau (Dissipation rate)

MNAUNITN (3.12) WAz (3.13) INVYIUANUEUNUSVIFUNTNTI1aDINT

Tnawvututulasad



ar

0 0 0 0

(PR (k) == [(u+—jj)—axk 14G,+G, —pe—Y, +5, (3.14)
i j k j

0 0 0 7RG £ e

Z(pe)+—(peu)=—I[(u+t)==1+C_=(G,+C,.G,)-C,. p—+S

at (pe) aXi (pe |) aXJ [(/’l O'E)aXJ] 1ek( k 3e b) ZEp k e (315)

Toeit G, Ao Sasnsiendsnuaaiduthuiiinannsdsunlamnmy
G, o sammaiAnanudulnuiiinannssiaes
Y, Ao ansveneanaiuuvessasnsaatetudiy
o, Ao anutlutuvesumauiiiivesdmiundsraatiulon
o fe anutlutwvesumawiiiivesdmiudasnmsaaedudu
Tneenasiiie C, =1.44,C, =1.92,C, =0.09,5, =1.00,0_ =130

(2) wuudnaeernuduliu k —eo model
wWuU1809A YUY k—o l9sunisimutulaeaininazainisalyly
a = 1Y ¢ . . ¥
nsesUILiaAMaNYLYRIUTINgN1sAINITIanyuI (Recirculating flow phenomena) 16
\WosaInauns Specific dissipation rate (@) @u1salvina@asiialioudndn Turbulent
. . a1 v v & % 1% . . ° a
kinetic energy dAd1lnaeaud warliaesld Damping function Tun1sAuIUIIIN
Viscous sublayer 8n¢3g agkuuTnaeslignussenaldiuanumialamnssuiiig iU dawadns
NiA11uuaug1g9n91 Two-equation model Wuuau d1mFUN1TVIUIBNITINAKUY
Adverse pressure gradient WagnsiranuuLend (Separate flows) agalsAnudalsiide
fgauntanulunisesuisiisrnuiivssdnsnmusawuudnaesiidmsunisvimnenisivanyu
= o v @ . av Yo = a =
M BIWVUTaed k —e U Two-equation model Mlasuamnauladnwdnuuunil
aun1s Turbulent kinetic energy Mlgluluudians k—w wilalagande
a1n"19 Turbulent kinetic energy MlalulLuud1aes Standard k —e SUAUAMUTUNUS
&= Pak (io B Ao AMAINVDILUUTIaRITANNNAY 3/40 vinlnlaaunis Turbulent

kinetic energy f®

5 au , B . d
u. =R L — @ +— + )
P i axj ij an ﬂp 5Xj [(/u (Tk)axj] (3.16)
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QYLAYARIBVOINAIIUADILURE

e

a1n"3 Specific dissipation rate, @ A9 87151113

=De

JSU9TUaTADIAT FIAUITOLAAIANNFUNUS A3

1
w~k2/[/ (3.17)

&un13 Turbulence length scale, ¢ @unsauanInNEURUSHIN

3
C ﬂkz
(= (3.18)
E
Te11aun1s @ legldmnuaduiussenig o wag k fall
o= &
=, (3.19)
k

AILIUANNITVDY @ FeWAIUIlAY Bredberg et al. [1] @unsamlaainaunis

— 0w 0] 0 ow
pu, == =@ =R = fpa’ +—[(u+E) 2] (320
OX; K OX; o, OX;

Tunislwanvutiudiuiu vsnalnauilnsinavesnnunidanay Turbulence Fadu

a a Ao o ! A < X (5% = PRy o 1
@VlﬁWﬁVlﬁ']ﬂﬁy}ﬁ]@ﬂ’ﬁl'Via I@EJVIﬂWﬂ’J’]iJLﬁ’JT\JBGUUQQﬂU Boundary layer FaluninsAuiaan

AU AlNANTI91035 Wall function
ntulganuduius k =x7"7 oot f*/5~1.00-1.25 Ay

pr K
T a (3.21)

’ B o ap

Amsilunuusiaetntut K —o dil
a =la =5/9,ﬂ* =9/100,ﬂ=3/40,6w =2 Wy o, = 2
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(3) wuuassauiudau S SST k- model

dmdumsivauuuiuinazarunsoeduenginssuvesnisivalilaely
wuvsrassrnuiutou Famiadeiaulawuusassmuiiutumia Shear stress transport
k- model (SST k-w model) Warllay Menter’s 1AL VU180 2 YU HAUNEIY
e fuseninansiassaudutiuiuy kg model dmsunisdnnnisivaiivsi
Fulnagnuils (Outer layer) wazn1591ae3rudutuuuy kw model dmsunisiuin
Aslnaitusiandudania (nner layendenisduidasunuusiaesanisavinlalngld
Blending function USulUasumasiivesuuusians

uDNINTUUUTIABIUUY SST k-t model lavinasusuugann Eddy
viscosity Tnen1sisdiudn Turbulent shear stress liilvauiinnisusutgsivinlsinisvhmne

Askvafil Adverse pressure gradient, Airfoils WLag Transonic shock-waves opau

aunsndsaunnududau (Turbulence kinetic eneray, k)

ot oX. " ox o, ) oX;

] ] ] ]

5(p|()+a(pvjk):z_ Vi _ﬂ*kpw+axi[(ﬂ+ﬂ)a_k} (3.22)

ANNNTIRIINTEAIBALANTL (Specific dissipation rate, )

o\ pV.w V
6(pa))+ (Y ):grwav. - Bpw® L2 u+ @ +2p(- Fl)amziﬂa—a) (3.23)
ot OX Vi ; 0X; @ OX; OX;

2]

i

@1N13 Blending function, Fy

4
Jk 5001/] 4p6w2k} (3.00

F, = tanh{ min| max| ———,—— |, p
pay Yo )CD,y

1 ok ow
CD, =max| 2p0 ,———=——107" 3.25
ko ( p w2 ) axl aXI ] ( )
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aun1saunilatuutulau (Turbulent viscosity)

£ ak

U, = min(

@1N13 Blending function, F,

(3.27)

2
2.k 500
Bay Yo

F, =tanh max( ,

d193U Blending function, F; fiawvindu 1 ﬁsuau%gu%mﬁmazﬁmwﬁﬂé 0
ilevinsoenainveuvestudnia (Free stream)
Tnordudseansussuuusiassmaiufundugsd

1. dudsvansvesuuusaasdluiudaia (nner layer)

o, =1.176, o, =2, a=05532, #=0.075 uay B~ =0.09

2. dusAvisvenuUsassduLentudaRa (Outer layer)

, =1.168, a =0.4403, £ =0.0828 way B =0.09

e - Ao ANULAULBUNNTA (Wall shear stress)

o.=1, o,
& y 1 & @ & o [y v '3 y 1

o, Ao Anutuliurasknautuuasdmsunasanuaattuliu

. Ao Anutuliursanau T uasAmSUsRIINTaaUIR NI

Ao AnuuilalvaiuAluu@n (Kinematic eddy viscosity)

Ao MsNIa1UluLLITNe (Cross-diffusion)

ke

3.6.3 Nsaslumainassnisiva
a Vv d’l o = o
AT ULEUSUNTH ANSYS Ver.15.0 (Fluent) lun1sdiaeanisinaiinisiviug
uakazteulvveulnveslunalnilouiun1sneaeedse N1337ae9n1santsguuuy
N9BNTBITBINTSIasenilu 3 sUnuy Ao Single radius outward exit, Single radius
inward exit kag Two-way exits Niszensruv1iu 2D wag 6D Tun1sinassdinsfnyinig
Iavesdinasulugesnisinaivgetuaziinisnyu Inedegrswuudiassildlunisfinuiea

wandlugun 3.13 uasReuledudslunisdnaesdanandunisnei 3.3
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Direction
of rotation

-

Velocity

558 inlet
& =

V)

sixp buiapioy

U 3.13 wuudraesivvisulutenisiva

M19199 3.3 fudsnildlunisfinednvaznisivavesdnyoy

AU

AMAUAAN

1% 1 3 <

WU UAUENa193Lan (D)
ANURUIVDILNUDBS A (1)
STULUNTENINAN (S)
ANUNINUBITRINTT A (W)
Srgynay (H)
Faunsvyu (R.)

<

ANLLSITEUNIINYY (N)
Fnausoludn (Re)

FULUUN NN

5 mm
3 mm
aD
aD
2D uag 6D
0 waz 0.0069
0 ey 250 rpm
9,000
Single radius outward exit, Single radius inward

exit ey Two-way exits
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U9 3.14 wanslunanuudasainyjsruluteanisivadisuuuunisesn Single
radius outward exit dnumuzvedluaasziiorndluaidii Jet chamber Auge 100 mm
A21N%19 67 mm ndsaIntuE Jet plate Aiiaunu 3mm uasiiduritugudnans
Wity 5 mm udndnis 13 &1 Waddeneduiiufuaniddsuanuieundalnasond
nsoonvesteInsinauinaiudmunumiy Yesnslvaianuning 20 mm svozvjsuud

2D uag 6D AMNENIVRITBINTSINANeNI9e8NE1I 300 mm

Direction
of rotation

C

v

sixp buiypjoy

. Velocity inlet
. Pressure outlet

Heat transfer surface

JUN 3.14 wuudraeuivvisulutesnisivafisuuuunisesn Single radius outward exit

JUT 3.15 uanslanawuudiaesdniasulugesnisivanyuuuunigesn Single

radius inward exit dnwauzvadunalziionnialnaiiin Jet chamber iA31189 100 mm
AUNTE 67 mm NE9INTURIY Jet plate ANAUNUT 3mm wazdidurugudnans
¢ v < J ] & o ! £ v & a a i ¥ =i
Wiy 5 mm Wudndnng 13 61 sadivengduiuiauaniudsuanuioundilivasend
N498NYBIYRINTIMAUTATLDBNINWNUMYY Faansinadiniundne 20 mm seeziavy

1 2D uay 6D MNY1IVBIWRINTINATMI9eBNE12 290 mm
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Direction
of rotation

v

sixp buiapjoy

. Velocity inlet
. Pressure outlet

Heat transfer surface

gﬂﬁ 3.15 LL‘U‘URT"IaaﬂL%%Vﬂﬂ%uiuﬁiaﬂﬂﬂﬂwaﬁgﬂLL‘U‘U‘VI’NEJEJﬂ Single radius inward exit

U7 3.16 uwanslunauuuinaesdnisulugenisivaiiuuuumeen Two-way

Y
exits AnwrvatluinavziienAlnalt1f Jet chamber 1A31183 100 mm AUNTIE 67
(% 7 ! aa N v ! s Vv <
mm 1§931nTUKY Jet plate NdAMIMWY 3mm uagiliduruaudnalwiniy 5 mm 1y
o = < J ! v o & a a 1% 1% A ! &
81130919 13 a1 wahUsngiuiuiiwaniudsuanuioundilvaseninieesnveoinsng
AN NNIUDIUAZRDNIINUNUNYY TDINITINATAIUNTIE 20 mm TeEEWITUN 2D waz

6D AINUYIVIYDINITIVANIN1988NET? 300 mm

Direction
of rotation

v

sixp buiypjoy

. Velocity inlet
. Pressure outlet

Heat transfer surface

JU7 3.16 uwuudtaeudnvsulutenisivafizuwuumsesn Two-way exits
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Feulvwoulwn (Boundary layer) ldlunissrassnisiva muusliuinmadives
Jet chamber 1Juuuy Velocity inlet N90anTBITRINsIalluwuy Pressure outlet H1lg
Tdunuy Wall wazituiauaniasuanudouduiidmdndanudounsiivinfu 850 W/m?
AsAuaaISImLadiassluaildlunisveass nsmuundeulvveuwaniad

YAULIANNDDNLALVBULIANLI AN UAR a1l

Feulvvauamad (nlet boundary condition)
AIMUAAINLSININET V=1.05 m/s (Re=9,000) g T oIN1ANI9LLI
27 °C (300.15 K) Fawifuiildlunisvaaesass

Feulvveuwanisesn (Outlet boundary condition)
-AMAUATAILAUATINI8NUDITOINITINALNAUAUAUUTIEINIA (A3
FULNALAYINAU O Pa)

Feulvvauiwant (Wall boundary condition)
Amualintddlisiniglaa (No stip) uaziianusudugudlunsdiivosnns
Inangadls
vualiiinisloa (Moving wall) wagiaanandamiadu 250 rpm lunsdidi

Foan3ivadinimyu

3.6.4 N13E319N3IALAZITNITAIUIN
a a Y a I~ |
JUT 3.17 uaneseastdsnn1sasen3ansalguhuun1eesnueianisinawuy
Single radius outward exit lagusiigeInsirnaninuiuanivasuainuisuasiiniig
a = = a o 1% a = =
azidngeTaRriinNazIdenINUAeY9@R It UShnd Jet chamber agilannuagidenanad
Y199 NU LR TIE ANNELBEAUSINEAIVATEANNAEBEAGAYINIUNINALAETEINTST

Inamvualivguseuunu x Inedsatveawuunisvyuadewiniu 315 mm
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Front view

Side view

Outlet

u
m
i
i
i
o
i
u
i
i
u
il
u
m
i
"
H
il
i
i
i
0
i
il
m
il

Target surface
(Constant heat flux)

.
Ay

5UN 3.17 s1gasdeanisasienianstisuiuunieesn Single radius outward exit

luntsdrasanisinalavinnisiasiginisivaidunuunas (Steady flow) lal
finnsamavesnsiemanuiounarifanisgads vy tnefvualigsngdildlu
mMsdraedirad Lifanavesusdliiug dunsulinarnudutulduuusiassasnisiva
k—¢ (2 @aun13) wazld Realizable Standard Wall Functions fnuaidsulynisvgn
UszananafidnanuRana1n (Residuals) winfu 1x10° wiifu s1eazdenioulunisiiuia

WEAASLY A1519N 3.4

A15199 3.4 N1sNruUASIgasReaaulunIsAILIN

dun1g BMIAUIN
Gradient Least squares cell based
Pressure Second order upwind
Momentum Second order upwind
Turbulent kinetic energy, k Second order upwind
Specific dissipation rate, (W Second order upwind
Energy Second order upwind
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uni 4

NAN1SANEI

Tuund 4 wansAnviveanuideillfuansnanmsfnudnuasnismemanuion
vuiuifignanemenufeudhedvnssy unansvnaesiiuansdnuuenisiiemenuioy
FensnszanevesaiaiBadivefuuiuiidemanudoudediyeu Tasuananis
WIgULEUNATRINSINENANNTBUTENININTINY Leading Uag Trailing iguiunsdinega
fis Befinauisudsunavesaruseuiifistudentsdiemarme s dvsnilugoamsivadi
vy yfednsuanamavesgUuuLTieiure sseenvestesnsivadensiemaaou
ogfluionansuniiandae uazuanagingsunisivanelusesnisivafivyuannisdansnis
Inasnelusunsa ANSYS Ver.15.0 (Fluent) euansusznausudnwugnisaiomauiou

iiuiunan1snaaedludIuLn
4.1 wamsfnwianeazmIsemauauvasinvsuluranislwanuunyy

4.1.1 Namiﬁnmé’nwmzmidwmmw%auuuﬁuﬁfmszﬁg‘dLLUUWNaan Single

radius inward exit

mamiﬁﬂmé’wmgmimammm%@uuuﬂﬁuﬂaﬁwL%“Vlw'wu gnuandluzureens
nszaevesmadadiiuiues Milfmsuusnadinmsdemeruieuguazi viuign
SUNIUIINDNTNAVDINT LU I ann mﬂmmﬁaiaumim@ﬁm?{aﬂﬂ ﬁﬁmw@qmsmuﬁ
denasianilan sy TngnansindnwazmMsmemauseumeld Souly Anudseud o,
50, 100, 150, 200 Wag 250 rpm ﬁﬁﬂmqmamuﬁﬁmﬁ’mﬁaLﬁm‘ﬁumﬁqﬁm Leading tag
Trailing 56 luasiuLuasil 6,000, 7,500 was 9,000 Furanisvaaesdsruiuunnuasiiuunloy
TnafeatuishnaniwasiUsouifiouiiios 1soluasiuiues winfu 9,000 tileduna
woAnssumsiemanudeuves inrsriluresnsivadinyulaglisuiuunieon Single
radius inward exit fiflnasanvesesnisinaiiios 1 nauasdidumisadmuaunisgu

leiinswasussegnavu H=2D, 4D uag 6D aua1su lngazeSureluusasassgmay
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(1) nyszozyaru H=2D
1INN1sANwINISAIEmALTeuludein1sinasuiuun1eean Single radius
inward exit M5zeevsvuiafu 2D JUN 4.1 wansnisilSeuiisunseatevesaiaidaniy
WUATUNTIUAIINEANUTOUUUHTAY Leading kag Trailing Aunsdivientls Nszuznavy
H=2D jUkuun19een Single radius inside exit (Re = 9,000) FINANITNAADIAINITOOTUY
S U 4.2 uag JUN 4.3 wansmsiSeuiisuada@adiuuesiafomnuwuiwnu Y lu
WAagAWALRINAT X/D AT Wisuiigunianu Leading wag Trailing fiu nsdingaile
Inenavesnsdiveanisivaneails (Stationary) NFRauN1MYY R,=0 FziulaIn
ATaBantuluasUNNURIzaaganvesnounseualua (Upstream) wazAae |anasniy
UM X/D Tt dnannandninaveanssualnadnfisunIunisaiemanuveaiviveg
gulugeanisina Bnviadavhliaanfishunisindnsesnidesineanluandumisgiangn
el
WHaNa15uN N9 Leading falaunIsuyu R,=0.0009 84 0.0046 (FAuIa
< S i = a 2 aa N Y
INANUTITOUNTUHUALA 50 De 250 rpm TagAfiAN19veuIni AN 19ALI UN1TIYY)
lusduuuniseenvesdenisivasuwuuiiasiiianieswswitaudnaanssiudiuiunisivg
vaanseuabnadnnielugenisiva wudimsuyuiniadaidadduiuesuunuiandaniu
Leading Lingstmileifisuiunsaingailslunnenuiiseu wimladadiuuesiafeiiuiy
Y [ gj 1w a & o 4 a
FUARTNIAILAYNITYNY R,=0.0018 #AINTUATAITAATIIUETIARILANAINTUAAUNIT
vyuiLiiudu nsdudainy Trailing (Fenwesdndiianmsetudiuiunisngu) wudnis
i iAATa@ad TS UNNURINTIA Y Trailing Lngstullaiisuiunsaiveatsly
< Ty a o s o a X o [ &
NAMASITOU widnTaadtiuiuesinfeiudugagaiiiaunisvau R,=0.0009 & ntuy
AATaATUL U RA8 9L ANAINUANLAYN TUYUNLLYY
(2) NsiNTEEENIYY H=4D
= = = v a sw 3 & a o
JUT 4.4 wanan1siUSeuiisunseangvesitadaddiiue Sunituiianemainy
FouUUNTaAIY Leading wag Trailing Aunsiingatla Nszevnevu H=4D JULUUNI9REN
Single radius inside exit (Re = 9,000) FINANITNARDIANUITNBDUIYIINAY gﬂﬁ 4.5 wag
= = = v oa dw s A ' o 1 '
JUT 4.6 uanan1silSeuiisuandadadduivasiafeniuwuainy Y luudagiuwnim g
X/D My W3 uLiieuntsnnu Leading wag Trailing AU nsaiviendls
Ingnaveansalveanisinangails (Stationary) MRNaUNITNYU R,=0 aeLiiulein
ATALTAA TN SUUNUR I 9 MU lNAINKNUNI TN LKA YN TUNIUNTENENAIY

Sauannnszualuadnyin e daldan TuiuaSUUN URIan IR UAILALS X/D AALTUIULIDS
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sundlndnsenn agalsimuaiadadiuiuesuuiiuiniissegyssu H=4D Jeunnind

'
a

seegnavu H=2D Tunsdivgnil

dlefsannsdififinangulusuuuumseoniffamavesusmilaudnatsnsediy
Fwsunszualwasameludesnislvadinereuazosninandeswadnisludy Leading 3
ﬁﬁmwaqLLiﬂIﬂ%aa%aﬁﬂizﬁﬁué’wL%w’[,uﬁﬁvmm%mLLiaﬁ’ULLiwﬁ@usﬁﬂawﬁﬂé’w DKL

Leading wuinmsuyuvihlvienamdagadiiinuaTuuiuiintanu Leading unadiuiingeu

'
a

Waifiguiunsaivieatls NAFwavn1snyu R,=0.0009 Adaldadiuiuasiadsluinnounsyia

9

= 1

g (Upstream) dA1u1nndnsaivegails walugiandenszualna (Downstream) naudl
Aa@aniuuesindetsninstivgails wagnsalusany Trailing wudinisviguvinliien
v oa fw s & a o v . a - S o ~ a 3
Aa@adiuues Ui uiNdei1u Trailing WinawWwilawisuiunsaiveatsluynainumss

o a1 v a & s a v g.’/ K% a & & s
U NFHUAUNIINYU R,=0.0009 TAiaBadtiuivesiafiugan vanluadadadiuues
LRAYITANAINUANAYN T UTL LYY
(3) NUNTEEENIYU H=6D
JUN 4.7 wanan1siUSeuliisunseangvesmdadadduiua Suuiuiin gy
FouuuNTian1Y Leading wag Trailing Aunsiingaila Nszeynevy H=6D JULUUNI9REN
Single radius inside exit (Re = 9,000) FINANITNAADIANNITODTUIYIINAY gﬂﬁ 4.8 e
- = =~ v a sw s A i ° ' |
JUN 4.9 wansnsidSeuiisuada@adduivesiadeniuwuanny Y Tuldasduntmiuen
X/D Ay 1S uLieuntenu Leading wag Trailing v naivienils
A a . Ao 1 Yi 1w oa &
nsgYeInsinananaiis (Stationary) NavN1I9YY R,=0 iiula A Tadan
Tuesuuiuigeaiumimaanszualna (Downstream) JANANINUSIIMNDUNTEUA
na (Upstream) Apgdnaunniilaifisufiuguuuunitesniieiisvesnasudy dnvsadadan
Huuesiadenssesivu H=6D U liAdseiignilloieuiussasnivy H=2D wag 4D
Weiansannsainiany Leading wudnnsuguvibiadadaddiiuasuuinum

v v

W9 Leading Liiugetuillaiguiunsiingnils Nduavn1smsu R,=0.0009 detaidas
TUesIRRYEIEn aINTUUATAEAATIUES AR YL ANAINUANLAVNITYYUALTRLTY Lay
MIfauN1sMYL R,=0.0028 9 0.0046 USLIMAINTEUalMa (Downstream) 933 2 WiAgAYINY
Aoudsiunimseaniimdadadtuiuesiafenniinsiivgnila kagnsauianiu Trailing
wuiimsnguinlviAddaganduiue suuiuiondainu Trailing tisgaduileiguiunsdl
N < A o a1l oA & s = [
neailalunnASITOU NFNAUNTVILY R,=0.0009 LA tadadiuiuesiafegean naann

WA TaATLL UDSIRREILaNAINIUAUAUN I TV UTLNLTY
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H=2D Re=9000 Subscripts
C = crossflow
Single radius inward exit o =jet
m cor = Coriolis force
10 15 20 25 30 35 40 cen = Centrifugal force
CROSS-FLOW
1
g OO OO IR R
10 15 20 25
CCOY
jcor Fcen
AfAAfAAAAAAAA‘ center
CROSS-| FLOW
1 ———
2o Leading R,=0.0009
/8@ ® ® ® @ @3 O o or o
(50 rpm)
1 .
E Leading R,=0.0018
{8 8 8 ® @ @3 0 o ovo
] (100 rpm)

] y Leading R,=0.0028
2 e 0 @ 9@ @ o "
- _1_: <‘ a (‘ O (1 50 rpm)
1] ; ‘ Leading R,=0.0037
i ® 0@ 9 @ Of °
~ 1] . y (‘ Of ow (200 rpm)
I — _— .
14 Leading R,=0.0046
2@ © 0 @ o @ °
7 1] . Q O “ O« O (250 rpm)
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F Flo ~—
c,cor Vc Vil—’ j.cor Fcen
CROSS-FLOW IE—

—— —— —— ——
Trailing R,=0.0009

E.......C‘C’O'o A
. © . ® @& @ @ 0 ok oFoO Trailing R,=0.0018

(100 rpm)

' . . ‘ ‘ ’ Q m‘ m o. @ Traili(r:gs}::i::)oza
g .%E . . . . . ’ O (’ (’ o. ©) Traili(nzgo}::i::)o37
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N
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JULUUNODN Single radius inward exit (Re = 9,000)
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H=4D Re=9000

Single radius inward exit

10 15 20 25 30 35 40
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Subscripts
c = crossflow
J = jet

cor = Coriolis force

cen = Centrifugal force

CROSS-FLOW

1
o o
e 0w e @
0 5 10 15 20 25 30 35

O O stationary
40

F

c,cor

V.

Ly, el Fu

IAQAAA
T

)

““f“ center

& )

CROSS-FLOW IE—

-3 ® ®® ® &8 O O Ok O
e @ ® e @ o o oo

YD

YD

YD

o 5 10 15 20 25 30 35 40

Leading R,=0.0009
(50 rpm)

Leading R,=0.0018
(100 rpm)

Leading R =0.0028
(150 rpm)

Leading R,=0.0037
(200 rpm)

Leading R =0.0046
(250 rpm)

. R .
IEEEEEEEEEEEEE]

centel

Fc,corI_yc V‘- [—‘ Fj,tor

-

Fcen

CROSS-FLOW

Trailing R,=0.0009
(50 rpm)

Trailing R,=0.0018
(100 rpm)

Trailing R =0.0028
(150 rpm)

Trailing R,=0.0037
(200 rpm)

Trailing R,=0.0046
(250 rpm)

——

R

UM 4.4 msnszanevesiladadifinuesuuiiuinmemanusounsyes ey H=4D

JULUUNODN Single radius inward exit (Re = 9,000)
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lagwnu 1jassnn
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H=4D
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6 o
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apD

Jaguinu jj@ssnn
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WYY H
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H=6D Re=9000 Subscripts
C = crossflow
Single radius inward exit ) =jet
cor = Conols force
10 15 20 25 30 35 20 cen = Centrifugal force
CROSS-FLOW I —

stationary

V.
Loy, Pt C Fa

[.?u§u?‘4t?7“ center

)

CROSS-FLOW I—

Leading R =0.0009
(50 rpm)

YD

Leading R,=0.0018
(100 rpm)

YD

Leading R =0.0028
(150 rpm)

YD

Leading R,=0.0037
(200 rpm)

YD

Leading R =0.0046

Q
~- (250 rpm)
Ii"vv";iv'ii» cente!
[
Fc,cor A er j.cor Feon

CROSS-FLOW

Trailing R,=0.0009
(50 rpm)

Trailing R,=0.0018
(100 rpm)

Trailing R,=0.0028
(150 rpm)

Trailing R,=0.0037
(200 rpm)

Trailing R,=0.0046
(250 rpm)

[} 5 10 15 20 25 30 35 40 D —————

R

FULUUNODN Single radius inward exit (Re = 9,000)
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Nusselt number
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Tuanilldosuaieuifievaiadadduuosiademuuuinny v Tuudagiums
auA1 X/D Miindu Tnedsuifieussuinadadadduuedvewilasdny Leading uaz
Trailing Wiisuifunsdingaiis TuusdazArdiauntavsusaud 0 s 0.0046 Tngluusiarsuas
LAAINATDIFUNUUN198BANSEL Single radius inward exit 715z Wsvy H=2D, 4D uaz 6D
AUAAY

U 4.10 s 3U71 4.12 uanensanudusiudsznineddadadiuiuofiadony
wun Y lusdazsuniinua x/D fiiutu Addaunisuyuiousd 0 s 0.0046 szoe
wav H=2D, 4D uar 6D Mwadu nnsiisufisuadaiadiuuesiadevomnngdl
vgafuiunisi Leading wag Trailing fuwilthunilousunnssozyisuu Seanidadad
Wuuesvomilany Trailing A¥gand nteny Leading LLazmﬁqmiﬁﬁwqmﬁq TnefiAfuas

NSUYUMIAY 0.0009 AeilenAfadadiuuesgeniinstivgaiannraainiuadaidan

4

= |

TULUBTILARY |AAAEIUNNAUNITRNTUAITIAYNITUYY JULUUNI9BEN Single radius

. L& ~ a aa v a o s o | = |
inward exit L‘IJ‘L!LWENEIJLLUU‘VI’NEJEJﬂL@EJ’JVI@JmuaL%aﬁlumL‘Ua’uaa%@ﬂmmﬂwawwEJz‘vgﬂ

W1 H=4D gandAlfadadiuiuesnssesvisyy H=2D wag 6D MNE1AY

R, =0.0009(50 rpm) R, =0.0018(100 1pm) R, =0.0028(150 rpm)
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AR A AN
A ﬂ\;. ANEAT RN ; 0 ,f,}c
bR AN \

W,

g
s
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e
Pt
=
G
Sy
Nusselt number

R, =0.0037(200rpm) R, =0.0046(250 rpm)
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| mw ”W\J“

Nusselt number
o

5UN 4.10 nsanuduiussenieafadadiuuesindemuuuinny Y Tuldazsuns

MINAT X/D NRNTY NANFUAUNITVIHUAIA O §19 0.0046 Szegnsyu H=2D



Nusselt number

Nusselt number

Nussalt number

Nusselt number

R, =0.0009(50 rpm)

Nusselt number

Nusselt number
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R, =0.0018(100 rpm)

Nussslt number

R, =0.0028(1501pm)

R, =0.0046(250 1pm)

o 10 20 30 40
XD

—— Stationary
Leading
—— Trailng

JUN 4.11 pswlanuduiusseninedadadiuuesiadomuiuiinu Y luusagsus

AUAT X/D MUY TIAFLaun1sUYURAce 0 9 0.0046 seegnevuy H=4D

" R, = 0.0009(50rpm)

Nussalt number

R, = 0.0018(100 rpm)

Nusselt number

R, = 0.0028(150 rpm)

0

Nusselt number

30 40
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—— Leading
—— Trailng

i o o & ' I v a ¢ s o ! ° '
EUVI 4.12 A NANUFUNUTIEININIANUAIAAULLUDILRATANULUILAY Y IULLWaSWWLLVIUQ

MUAT X/D MANTY NAFNAUNTLUATUA O De 0.0046 Srenaru H=6D
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4.1.2 wamsAnwdnvazmsmemanudouuuiuRiansdisuuuumaeasn Two-
way exits
nansANwIENEUENsTemALeuuRuid e Sy gnuandlusesns
nszarevesAtfadadiuiued inlimauuinaninmsmemanuiougauaz vuign
sumuRndvEnavesnszudlvadin :InmmEseUNIyARUAEUIY firmaveansvaud
derasiontianaruy lngnansnndnwaenisaemanuseulaglisuiuuniesn Two-way
exits fifinseenvasosnisiva 2 msishumisraiuazeonainuunisnay Taefinng
Wasusyezyjary H=2D, 4D uaz 6D sudwu lnsazeSuiglunsasAnszez sy
(1) nsdifiszogmsvu H=2D
MnnsAnmnsiemenueuludesnisinagluuumesen Two-way exits 7
syogyjavuinay 2D JUT 4.13 wansnsIeuifisunseatsvesrdadadduuesuuiiui
fomaaFouuunilivny Leading wa Trailing funsdingeils fiszogmsvu H=20D JUuUY
19880 Two-way exits (Re = 9,000) Fsnan1snaassaansaeduIBTInAY JUA 4.14 uay
Ul 4.15 uamansieuifisuamidadadiiuesiodemmumnuny Y luudagdumiismuen
X/D Miuay Wisuiieuntiadny Leading uay Trailing fu ﬂiﬁwqmﬁq
Tngnavasnsditosnsivavgni (Stationary) fiFndaaun1svau R,=0 aziiuls
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[
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A a A | ¢ -
ilefansanlunsiliviyu sezvjsru H=2D Uan1ssunuainusmilaudnaned
Wewey Neasveusilaseesannssinnunseualvadaiifianieindsiulunsassilivesdes
mslvausiusalpsoasafinszyiiuanivluiiu Leading Ifimvnuasuiuwsmilaudnanssing

Fuluau Trailing danalyinsdinianiu Leading wuinnmsuyuinlvianAdaidadiuiuasuu

e

4
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=

'
a
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Tunnanaiiseu TneAdaidadtuvesndafistumuduaomenyuiiistullaudiuag

N1SUYU R,=0.0037 nasanduedadadiuuesinfeazana
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(2) nyflsyzyaru H=4D

JUN 4.16 uanamsiIeuliteunseanevesenda@adsiuiuasuniiuiinemany
FouUUNIAY Leading war Trailing Aunsaingails Nszeevy H=4D JULUUNINEBEN
Two-way exits (Re = 9,000) FIHANTNARBIANNTBTUNYIIWAU JUN 4.17 uay JUN 4.18
wanenswIsuiiguAda@adduesiadeniuuuinny Y lulsagduwvianua X/D 7
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i L] = | a & o s & a J
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Two-way exits (Re = 9,000) BINANITNARBIAUITABTUITIUAY JUT 4.20 Uag 5UT 4.21
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Fefiosannsalndasny Leading wudnnisvgusitlisumisvesaindiney
fufuanasuaudoudeusumisenlumsUatgvesurunisvguannninfisy sesesy
H=4D Tneifledauntsvuifingatumsmemenufeurzgnsunausnniulufae vinlviden
fiamsnyugeaadiadadadtuuesiodslnesamiiian waznsdindafiu Trailing wuin
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YosuIUNIIVEUINNN TSz egaty H=4D Tneidofuaunsnyuifiugsdunistiomai
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sitandslndiAeaiunisdnu Leading Aiadadifue fuuiiuinemanufeuuundsdy
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H=2D Re=9000 Subscripts
c = crossflow
Two-way exits J o=jet
m cor = Coriolis force
10 15 20 25 30 35 40

cen = Centrifugal force
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H=4D Re=9000 Subscripts
c = crossflow
Two-way exits ) =jet
EE cor = Coriolis force
10 15 20 25 30 35 40

cen = Centrifugal force
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H=6D Re=9000 Subscripts
c = crossflow
Two-way exits ) =t
cor = Coriolis force
10 15 20 25 30 35 40
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cen = Centrifugal force
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Subscripts
c = crossflow
Single radius outward exit ) =jet
EE 3 aaaa cor = Coriolis force
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Subscripts
c = crossflow
J = jet

cor = Coriolis force

cen = Centrifugal force

stationary
V.
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H=6D Re=9000 Subscripts
c = crossflow
Single radius outward exit J o =jet
cor = Coriolis force
lm cen = Centrifugal force

4 CROSS-FLOW

1
e o ] stationa
3 2R OR OR OZ O v
0 5 10 15 20 25 30 35 40
\%
Ve ! Feen
Fc,cor Fj,cor

«AAAAAAAAA‘AAA[

center
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{a—  CROSS-FLOW

Y/D
bo e
‘

‘. ‘. e @ @ Leading R,=0.0009

(50 rpm)
ing R,=0.001
L @ Of OF OF OF '“ienoome
(100 rpm)

Leading R ,=0.0028
(150 rpm)

YD
o
&

YD
= ok
A
Q
'.'

Leading R,=0.0037
(200 rpm)

. Leading R,=0.0046
o o B .c C ’
- . ‘ (250 rpm)
10 15 20 25 30 35 40

1
T ¥ Fcl oo

o
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. yYYYYYTYYYYOY Y Y OY ] center
Vc Fj,cor ‘F_
F V cen
——  CROSS-FLOW ceor

YD
or
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bon

B & B OF OF OZ O inn-o00
1 (50 rpm)
Trailing R,=0.0018
B & B Of of oo vt
(100 rpm)
Trailing R,=0.0028
- e Ol OO
‘ . (150 rpm)
Trailing R,=0.0037
= B 3 B OF O "
(200 rpm)
Trailing R,=0.0046
! C €
- . ‘ 0 @w (250 rpm)
20 25 30 35 40
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JUT 4.31 MsnsgngvasAiadadiuiuesuuiuihnemaANNTaunsE oLy H=6D

sULUUN9eeN Single radius outward exit (Re = 9,000)
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outward exit (Re = 9,000)
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Nusselt number
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TudguiilaasureuseuisuATadan Tuiuas lasnukuIwny Y Tukfasfwmus

AUAT X/D MANTU IngtUSsuliousenineadaidaniuueseeantaniu Leading way

Trailing Wisufunsaivigatls Tuudazardmiaunisvyuasis 0 3 0.0046 lnsluusiazUas

LLamNa%aﬁgﬂLLUUVI’Naaﬂﬂiﬁ Single radius outward exit ﬁiwzw'wu H=2D, 4D uag 6D

AIUAIRU

JUT 4.34 88 3UN 4.36 uanansmianuduiusseninadaifadiuvesinfoniy

wwIwn Y lusdagiunianiuan X/D Aiudu NAdavn1sviyguaus 0 81 0.0046 szoy

Wayu H=2D, 4D uar 6D mua1au nmsiuSeuliisuaiadanduiuesindevamids Ay

Leading wag Trailing Wlguiunsaivienils NTUEwUARIaYNTUURaTY lnefiseey

Wagw H=2D Alaidadtuiuesindeveantisnu Trailing aandWiiasu Leading uifszeums

q

YU H=4D waz 6D Alaidantuiuesindeventnu Leading asgenitnilan1u Trailing

Aladantuuesiafievesteinisivasuwuunieeen Single radius outward exit anany

NI ANTUYRITE UL WYY

40

R, =0.0009(50rpm)

35 4

Nusselt number

R, =0.0018(1001pm)

40

Nusselt number

R, =0.0046(250pm)

Nusselt number

R, =0.0028(150rpm)

—— Stationary
— Leading
—— Trailng

5UN 4.34 nslanuduiussenineanfadadiuuesindemuuuinny Y Tuldazeiuns

MINA1 X/D ALY NANFUAUNITVIHUAIA O §19 0.0046 Szegnsyu H=2D



Nusselt number

Nusselt number

Nusselt number

Nussslt number

R, =0.0009(50 rpm)

Nusselt number

88

35 4 R, =0.0018(100rpm)

Nusselt number

Nusselt number

R, =0.0028(150 rpm)

—— Stationary
Leading
—— Trailng

JUN 4.35 nsmlanuduiusseninedadadiuuesiadomunuinny Y luusagsus

MUAT X/D TLNAY TIALaUN1TUYUAIE 0 B9 0.0046 Teeynevu H=4D

R, =0.0009(50rpm)

Nussell number

s R, =0.0018(100 rpm)

10 20 30 40

Nussell number

MNussell number

R, =0.0028(150rpm)

—— Stationary
Leading
—— Trailng

i o o & ' I o a o s o ! ° '
EUVI 4.36 NS INAMUFUNUTTEUINIANUAIIAULLUDIRALANLUILAY Y IULLWaSWWLLVIUQ

MUAT X/D MANTY NAFIAUNTILUATUA O De 0.0046 Srenaru H=6D
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4.2 nan1sAneranwaznsivavesdnevulugasnisinauuunyu
Tunsfnwdnwaznisivaveudnisyulugesnisinanuunguldinnisdneinie
TUsunsudammsnamandyadlna ANSYS Ver.15.0 (Fluent) Feilfnguszasdifiorma
waAnssunisivasweiuedsznoudunanisfnunisiremenufouiléannisnaaeddu
dausn lasnan1sdnwdnuaensasmeanudeuisunelidouly anu§aseui 250
rpm ﬁﬁﬂmmimuﬁ@mﬁ’mﬁmﬁmﬂumﬁ’qé’m Leading wag Trailing 1USyuliununsal
vgail 138Tuadthiuesi 9,000 seezvisvy H=2D Wag 6DIledanangAnssunslvavedn
Wevulugoanisivauuunyu nenan139180MUamuIULUUNI998NY03Y8INIT VA 3
pAURTA A® Single radius inward exit, Two-way exits ag Single radius outward exit

ULREINUNTNAADILUEIULSA

4.2.1 N15WSeUiguNISaNgmANNSIUUUNURITLHINNISNAABINUNISINAB
Anslua

f198190ANINISIUSIULRBUNITNTLANUVDIANUALT AATUUDTUUNURITLNIN9NNS

U o d‘ d‘ 1 v} a &
nAaesiun1sItaeInsivalugun 4.37 laeg 5U7 4.37 (n) waneN1sNsELVaeATaTanily

¢ X a ayyw a I\ v a W ¢
LWURSUUNURILARINNITMAABIMAL JUN 4.37 (1) LanIN1InsEaevesAtadantuiuasuy
dy a r-:l' ;% o 6 dd‘ o o
NuRlearnnisiualagldluswn sy AUINNIaNaAIansvadIbra tlunsaNnduivinnig
Wisuieuihduguuuunisesnvearesnisivawuy Single radius inward exit fiszasnagy
H=2D 13dluantiuiuasi 9,000 1538 UiBUNAIRRAINITUYY R,=0 kag 0.0046
° & W = & 2 P

(ALIUIINANTITOUNIIULUYIAY 250 rpm FauTuanusiseunisvyugeganialunis
NAABY) MINTIAU Leading way Trailing Iaelduuudiansnnuduliu Realizable k—&
373U Enhanced wall treatment fvuaguvgive@INALIN 27 °C wiriuaumvginly
Tun1snAaee 3NNNNSLUTUMIBUNISNTLANYVDIATLATAALLLUBSUUNURITEMINNISNAG DY
fUN1591899N15 AL aNYULNNTNTZANYFINNAALINLNEILANTEA18VIATaLDaR TS
VUNURINHAINNITI1a09N15 M ANFINIIN1TVNARB LA NT ULLBILININT BTN ARIUAIL

wauglun1syiuienistualndnuRioewmanusou
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0 35 30 25 20 15 10 CROSS-FLOW —

stationary

Trailing R =0.0046
(250 rpm)

Leading R =0.0046

(250 rpm)
(N) NINAADY
400 357 314 271 229 186 143 10.0
Nu BT &7 ham CROSS-FLOW —
stationary

Trailing R ,=0.0046
(250 rpm)

Leading R,=0.0046
(250 rpm)

(1) N1591a09N5Wia

JUN 4.37 fee1ansiUSeuiisuninseangvesAtdadadtuiuo TULN IR 5E1I19N1T

NAaeeuNITIaINTiva ssevisru H=2D Ukuumneeen Single radius inward exit
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4.2.2 wamsAneaneuzmsinansalzuiuunieean Single radius inward exit

Ul 4.38 uansnisnszaevesAdadadiuiuesuiunisnssaeanuiuaz
Lamma%mwm%aﬁiwwﬁwu H=2D jUluun19een Single radius inward exit (Re=9,000)
Tnegtuanussiiintumeludesnisinadnisdaiimanssne e uaznmesaumiilu
uiazszUULansfsgy dmdunsdiveanisinangails (Stationary) iszunu (a) LInmos
Anuifres JuuiuazriusnAUiuRY :InnsnsEeeISEaneldhiuTnunon
nszualva (Upstream) anunafieanainuinniseenidnidinituinuvdanssualva
(Downstream) #iszunu (d), (e) uay (f) nnweseusinsryuunmelugesnisivasiig
fufiszuu (b) wae () ﬁL’JﬂLm%mmL%’;‘vg'aL%ﬁﬂzmzﬁuﬁuﬁmamiJ?{smmm%faulﬁmﬂﬂdw
denalvilinda@adduuesanii

nsdlAFauNINAU R,=0.0046 S3ugyiIvU H=2D N13N58ANLANITITITZUU (a)
Y0IntiIA1U Leading waz Trailing fn1snseateanuiifilndidestu Tnefiaudaiiuin
neendntimainszudlva (Downstream) fiAngsningasneunsualna (Upstream) m1n
FunnannneimEiis U (d), (6) uay () vesnanu Trailing finnsUgne UL
uanidgumnufeusnnniiiutiaiiy Leading shivillandadadtnueigainiegidniion

Ul 4.39 wansnsnszaevesadadadiuiuesfuiunisnssaeanuiuaz
nnweienuEfiszesriaru H=6D TnssUuaniussiiAntunglutesnislnadniiedsdnng
nszeAMIaznnmesm T LAy ssuULansdsgU dmiunsdtesnisinangeis
(Stationary) fiszunu () n1snszaneanuSiaznnmeseuSnaadiiuidninanes
nszualnadafifaninninesanusvendnludmunislndmseonliluasenluyinls
Atfadadthnue fudnmilmninfissesseru H=2D aghaunn

NIAAIFUAUNITNYY R,=0.0046 S38LNIYU H=6D N15N581890IATAITAAUY
wesuuiufiilinninamesesiunltiuanawusdiaunmsnyuiiiistu $einn1saes
nsluaildnruiigeaalunsmeaes dunaldhadadadiuuefuuiiuiaveswdadiu
Leading tag Trailing Gi"wmLﬁaLﬁauﬁ’UﬂsmmmﬁﬂLﬁﬂﬁaa fiszunu (b), (o), (d), (e) wag (f)
namesauiEifiesnantinmsessniinlifinsmyuiungludesnisivamileudiszes ey
H=2D \flesannsesnvesenniadivuinmaniasnmesainusiuisdnludedndiu

nseonuesteInstnaliiansiluansainniiouludineunseualua (Upstream)
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4.2.3 wamsAneaneuzmMsinansaluuuunieean Two-way exits

Ul 4.40 wansnisnszaevesAdadadduiuesuiunisnssaeanuiuaz
L’JﬂLG\E]'%ﬂ’J’]@JL%’Jﬁi%EJW\jWH H=2D JUkuun19e8n Two-way exits (Re=9,000) laguueans
usafAntuneludesnslnadnisdafimanszasnnuiuasnmemumiluusagssun
wanafsgy dmsunsdldesnislnangadls (Stationary) fA1uasanevesnsnsEane
Alfadadiuuefuniigaluynluvunisesn esanidnisesnveserniaunniiliuny
lail#3uvsnannnszudlvadndsmaliguiuumsesn Two-way exits fiszozsjany H=2D 19
Afadadtiiueifigaiigaiie fisuiunsdioug

NIAANIAUNITNLY R,=0.0046 T¥eznayy H=2D N13n5¥18v0mdaldanty
wesfinuainansuaylndifestu dunnainnisnszananiifioanainuinnisesniing
ailndiAssiusnniigadufiinvesnsliddadadiiivesiasuane Tnsnnmosannui

Peuwnualndtunieeanvesdainisiansasdadnisirnatuvesnmasaielutain1sina

A o 1

1INNIAFIAUINTINANTANLAD T AMUSIE1UTaUsneTURURwanUdsuauSaula

o '
o a

A 9 o & o | A < & a0 a v

wnn Bndadudunrisiinnuswesdnidiagnanaiy

JUT 4.41 uanin1snszatevesadadadiiiuessiudunisnszatennusuas

3 & a | S a X | 8 & o a
nNmesANUTINTEEYsrY H=6D lnegluaniusaiiinduneludesnisivadniadaiinig
nszatANULLasnmesausluwsar szuulansnsgy dwsunsddesnisinangais
(Stationary) §amsiin1snszaneanuinasineesanusfadiauesy uadadadado

s o oA | = I3 2 A & a = v

WasiNMszugie H=2D (Hasannnnneianusmnssuiiuiuaniuisunnuiouanas
MUTTEL YN VUTLNLTY

NTAAITAAVNITNYY R,=0.0046 T38¥NIvU H=6D N15nyuiilvin1snszateves
Ly a o ¢ A | o =~ i = ' 3 <
Afa@adiduive fmloudeinisinaniiniseeniiesuaniused uanmesALS NN
sanlunisiulnasinuaunisuyuiesndt nindunannmasanusiisunulnddu

A a !

msoaniaununmsnyuaziiienisisannduiiuRsiisenlunsdvgail uaznnmasanusan

swndslndmseeniilnainuaunisvyuiugnitamlvidssiieenuinninduilinsalind

nsnyuAEgaATUaTULNTINAU Leading wae Trailing dAteuninlunsaingails
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4.2.4 wamsAnwaneuzMslnansaizuiuunigeesn Single radius outward exit

Ul 4.42 wamanisnszaevesAadadiuiuesuiunisnssaeanuiuaz
L’;ﬂma%m'}m%aﬁiwzwqw H=2D juUtuun9ean Single radius outward exit (Re=9,000)
Tnegtuanussiiintumeludesnisinadnisdaiimanssnearnsuasnnmesauniilu
uiazszUULansdsy dmiunsdiveanisinangails (Stationary) iszunu (a) LINmos
Anuidires Juuiuar R InAURLRY InmInsEeeIanelihiuTnuneu
nszualva (Upstream) anuniafieanainuinnisesnidndiiniuinumdanssualva
(Downstream) #5zuu (b), () wag (d) wnwasamlinsnyuumelugenisluasig
fufiszunu (e) wae (0 ﬁmma%mmﬁwﬁqLst’hfdmnzﬁ’uﬁuﬂaLLaﬂLU?{sJumm%fauiéfmmdw
denalvilinda@adduuesanii

AU R,=0.0046 S3ugyiIvU H=2D N3N58ANLANITITITZUU (a)
Y0IntIf1u Leading waz Trailing fin1snsyareanuiiiilndidesiu Inefinnnudaiivan
neendntimainszudlva (Downstream) fiAngsningasneunsualna (Upstream) m1n
Funnannnmesanuiifissuny (b), (0) wag (d) VowsAU Trailing ﬁmiﬂwzﬁuﬁuﬁa
uanidgumnufeusnnniniiutiaiiy Leading shiviflandadadhnuesginiegidnios

Ul 4.43 wamanisnszaevesadadadiuiuesfuiunisnssaeanuiuaz
nnweianuifiszesrany H=6D TnssUuaniussiiAntunglutesnisluadniiedednng
nszAMI ez sm NI lulsar ssuULansdsU dmiunsdvesnisivangeis
(Stationary) #i5zuU (a) M3nszaeanUswansliiuiimusifioananuinnisesniin
Pumnsnafuseninenounsesdlva (Upstream) uwasndanseudalbng (Downstream) waidad
mnuuAnssTuvesRn sty egisru H=2D TasAdadadtiiuesanasmusses
waruiiis

s DA

NIAAIFAAVNITNYU R,=0.0046 Feeevavu H=6D ATalfadtuiuasuainiianiuy
Trailing qﬂﬂdﬁﬁmﬁqﬁw Leading 819dmanInnLsslasoasaiinssviriunszudalvasn
melugesnising Aszuu @) Msnszareanuiivewiinaesileldlddnnusietudn
wilwsin usmndunadiszunu (b) way (d) Kanin1snszaIeAULEILasNmesANLIEIDL
Funalddennuunnanedingadiny Trailing Snnmesanudunnnindaaliil adadaddy

LWUBSUINAINYUNU
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[
A A

4.3 N15WUSeUgUATAL T aANULUBS LRASNINUR

[ Y7
Y a v A A

Tudruiilsasuiesouisumdadadiuuesiaag NanuRl nglsauiausening

Afadadtunuesviaituivesatiainu Leading ua Trailing Wisufunsdimgndls fiszoys
¥ H=2D, 4D uway 6D A1Ua16Y @i’]éf'gLaﬁumimgu&guwi 0 £14 0.0046 WAEIULUUNNOBNYDY
ﬁziaqmilﬁaﬁy’a 3 EULL‘U‘U Ao Single radius inward exit, Two-way exits ag Single radius
outward exit muaau lngazeiurgluusaznsdizliuuniieanveadesnsivasig

(1) n3flgUkUUNI9REN Single radius inward exit

[ '
A Aa =

JUN 4.44 uansmifadantuuesinfevianuiy Misdluantiiiues Re=9,000 seeHa

Y

o '
Y 1

YU H=2D, 4D Wag 6D MUEIAU A1AANAUNITUYUAILG 0 §e 0.0046 Ba9zoTUElATaNIT
a v oa fw s a4 & & a o v . . a Y] a ~
invesAaBantiuuesiafen sl uuNny Leading wag Trailing Wieuiunsdleyaile

n5Uluun9e8en Single radius inward exit

q" | 1 1 o a ¢ o 1 d‘ gj dglj a v YV .

Nsgovnevy H=20 nudrA1dadadnduiuasiade e ui1v0anien1y Leading
ausOL Ui YA Tadadiuuesiedalidu 2 ¥ laun daausniienduaunis
Wy R,=0.0009 wag 0.0018 muawiu Llugriiddadadiuuesinfeiuiugegnaiuse
WuAdagantuuesiadls 4.12% wag 6.51% muaidu Wesuiunstivaails uas
lugniaesidadadiuvesinfvanasnnamiadadiuuesinfugan sullownanusand
AugnatandvInuInTunuduavnsryuliindudwalvAdagantduiueiiadunoyan
Aas wadipsdangandinsdveaisegianios NA1ALaUN1IUYY R,=0.0028, 0.0037 Uay
0.0046 ANUANPU LANNATAATULUBSRALANTIUY 5.39%, 5.32% Wway 4.69% ANUFINU @7
YBINTINY Trailing Wudwwilduvesmdad@adtuveiiafegniinsangaiudiiaian
Wepawuuswllaudnaniiiiansauiunssualnadaneludesnisivandesnisivasen
91NN1908N NAFILAUNITVYU R,=0.0009, 0.0018, 0.0028, 0.0037 waz 0.0046 MUAWU il

v A

ANIALTAATULUBSIRALLANTU 9.68%, 8.53%, 7.25%, 6.07% way 4.70% suafu wioligu

S a

AUNTIRLAL

]
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Nszeenavy H=4D nuiAlal@adiuuesiafenanuiivesnilennu Leading wag
Trailing HuuiliuvesAdadadiuuesiafedusediuneAladadiuivesindeiudugs
dl dl ! U ! U U gj IS b dl QI g dl U
VAANAIFUAVNITUYWITY 0.0009 NN UULAIAARIAIUAIAVNITNLUTL LYY KT
14 . a0 % a 6 o 4 a a dy =3 04 1 gj a A a %

AU Leading dAfai@adduiuefiadeinduidndoswintu dieeafiA1duaun1svgu
R.= 0.0046 Nlvirmdaldastuiuesiadesninsdvgaiaanies Tudiuniaiiu Trailing 7
AFAYNIINYY R,=0.0009, 0.0018, 0.0028, 0.0037 ag 0.0046 MUY HATATARATIY

LWUDSIRRELNLTY 6.19%, 4.76%, 4.32%, 3.86% way 1.54% Aua1siu Walfguiunsaiven
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19 WeRasanuseiintulutesnisinaniu Trailing wulnwsalaseasannsyyinfuainilve
aunnaiuwsndigudnanenisainiudiu Leading ifirnidlasessainszyiduanindiie

iesuivusmilgudnarvividenda@adduiuesiafieniing

flszogyjaru H=6D wuiwwalliunafisiuresddfadadiuvesiedsiuii
miloufufiszezyjsvy H=2D fe fintdsiu Leading wiswramsifinvesa dadadtuiuos
ety 2 99 1HuA drausniiadaiasnsvu R,=0.0009 uag 0.0018 Aaa Liutas
fianifadadtuvesofoiutuganannsafiuidadadiinosiofeld 2.55% uay 3.22%
mudndu enieuiunsdingais Mé’qmﬂﬁ?uﬁhﬁaL%afﬁﬁfmwaﬁfm?{ﬁ%amﬁwaqmmﬁwqqqm
druvosnisdu Trailing Sufluwaliuvesidaladtuvesindeganinsdvgaiudidan
tovasmuusmiaudnansiiiansauiunszualnadanisludeanislvaidesnsinasen
1NN190DN a‘ﬁ'mé]’mmmmu R,=0.0009, 0.0018, 0.0028, 0.0037 way 0.0046 MUARU &
AntfadanthlesaasilTy 6.37%, 3.51%, 3.09%, 2.32% Wag 1.23% Mudsu Wieifieu
funsdivenils

(2) n3diguuuunieesn Two-way exits
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a o .
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FUANNNTOLUSTIBINSHN A TAT ARt uesealadu 2 929 lawa Yrausnfiandaias
N13UYU R,=0.0009, 0.0018, 0.0028 Wag 0.0037 MuaWY LATaTadtuuasiadeiuTu
2.34%, 4.13%, 7.53% wag 7.87% 9Mua19u Woiguiunstiventis kasdiaiiaasafiiay
N1IMLUIAY 0.0046 dAadadiluiuesiaisanatanAgeanudiiuannsiingaiey
7.29% @ UpHTIAU Trailing uAAFILavNI1SMYU R,=0.0009, 0.0018, 0.0028 Uay
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o w Al P ) P a Y] Al v oa € &
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a4 a X ~ a ' ' I W oa o & A oA 1Y)
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1 Y a

flszpenavu H=4D wuhArfadasiuluediafsefiufiivomadu Leading
aansaustmsivesAfaadtuiuesiodslsidu 2 929 Wud Prausniidrdaavnns
Ny R,=0.0009 uag 0.0018 AuaU LmeiNﬁﬁhﬁa@aﬁﬁfmwai‘mﬁaLﬁwﬁuqqqmmmm
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@ueﬁnmqﬁﬁmmmu'1ﬂﬁumm§f'gLammwaguﬁﬁu%uﬁamaiﬁﬁhﬁaL%Gﬁﬁfuwa%m?{aﬂ'aaS]am
aa widsnafiinganiinsdvgailaoy AAdan1snsu R,=0.0028, 0.0037 waz 0.0046
pddu fenfadadinuofinfefintu 6.46%, 6.53% way 2.84% nuddu dauvednily
#u Trailing SufiAndaLauni1susu R,=0.0009, 0.0018 Az 0.0028 sud iy fetaidasn
Thnuesiaasiiugy 4.11%, 6.24% Lag 7.58% MIUA1AU Lﬁmﬁﬂuﬁ’umﬂuq@ﬁa waziien
flaunTvLY R,=0.0037 uaz 0.0046 auady dandaidadiuiuesiaduanasainaigegn
uiidsmsiirngeninnsdingnilsey 5.91% uay 3.34% awane

fisvzsjanu H=6D wuhaifadadiuivesinfetsiuiavesniladiu Leading uas
Trailing fuusltuvesrfadadiuuesioasludnuasiiontu nlidewuainsauytis
yosnsiiuAtadadtiiuediadeliiiu 2 929 1Hun drausnfidrfiasnisvsu R,=0.0009
uay 0.0018 audy Sanfadadiuuefiadefintu 1.07% uay 3.14% audiu e
WeuRunsdlngaia uazdafiasedfalaun1svyu R,=0.0028, 0.0037 uaz 0.0046 &
fi’]ﬁfaL%ﬁﬁfuLU@%LQ?{ﬂamaqmﬂﬂiﬂjwqmﬁqa&g 0.22%, 5.25% 1ag 9.28% MIUARU dIUVDI
uifadiu Trailing SufiAndalaun1snyy R,=0.0009 wag 0.0018 Audy SaTadasidy
wedladeifindu 0.87% uar 2.23% auddy Weawisutunsdivgails uasfiadiaunisnay
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2
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NTLYENITVU H=2D NUINANAZaATNIUDIRAUTINURIUDINTIA1U Leading Wag
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s a a

0.0018, 0.0028, 0.0037 uaz 0.0046 Amay fATadadiuuefiadsifiuiy 7.21%,
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puddy defisusunsdivgnds wagnidadiu Trailing Sufiddaiaun1snau R,=0.0009,
0.0018, 0.0028, 0.0037 Wag 0.0046 AuadU fla1Tadadtuuosioasfiuiy 4.96%,
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dyunan1Ivaasy

5.1 d@gunanivaaeg

TusmddeildAnwnstomeudoudnisuludesmslvaivau Tasvhnisin
Snunrnstemenuvesiuiuaniudsuarudoudivgats wWisufieufunlsinu Leading
uag Trailing Meldfeulvadiaunssludn Re=6,000, 7,500 waz 9,000 szegyjaru H=2D,
4D uag 6D Tanuniisvesdesnisivauarszezrinaszninegiinasil S=40 lasdusinu
AUENA3EN D=5 mm Faaunisuyu R, dausd 0 5 0.0069 TgfuinsnanmIuiTey
n3vsIL N=0, 50, 100, 150, 200 WA 250 rpm AWANFU F4 JULUUNIERNTBsTRINNT YA
gnivualy 3 kU Imgﬂuwﬁ 1 @ Single radius inward exit fin1soonUITRINITIVE
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nsoonvesteIsinamaiiediiamenislvasenanununisvu uazsULuLT 3 Ae Two-
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Y § v s N A ! ° v
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(3) dmiunani1sfinwinisaiemaiusouvoudnsvulugesnisivaivyu ad
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Two-way exits
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Single radius outward exit
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Single radius outward exit
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Single radius outward exit
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Single radius inward exit
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Single radius inward exit
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Two-way exits
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Two-way exits
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Single radius outward exit
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Single radius outward exit
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Single radius outward exit
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Uncertainties of Nusselt number by using TLC method (30-35 °C)

2 2 2 2
ﬂ= ﬂ&(l + ﬂ5x2 + ﬂ5x3 +.. ﬂ5xn
y 0%, OX, 0X, oX,

Table 1 Uncertainties of measured parameters

No. Parameters Symbol  Instrument Uncertainty

1 Stainless surface area

Width W Linear scale +1.00 mm
Length L Linear scale +1.00 mm
2 Diameter of pipe jet D Digital vernier caliper +0.01 mm
3 Temperature distribution - TLC sheet +0.2 °C
on surface
4 Temperature - K-type thermocouple  +0.1 °C
measurement
5  Rotational speed N Encoder (E3FJ-R2C2) +2rpm
6 Flow rate Q Air flow meter +0.025 rpm

(FLOWTECH KF600-50)
7 Electrical current | DC power supply 0.1 A
8 Voltage V Digital voltmeter +0.005 V

To find the Nusselt number (Nu)

® Area of stainless surface

A=WxL (.1)

GGl

149



S >3

!

12
o)

1
+_
(280

= 0.0116709 or 1.1671%

® Input heat flux (¢, )
M
A

input —

§qinput

qinput

§qinput _

{25+

v

il

qinput

5qinput

qinput

0.1Y
+
16.2

0.005
1.43

5A 27105
2

2 0.5
J +(O.011671)2}

= 0.013658 or 1.3658%

® Heat loss from radiation ()

) —4 =4
Ora 2080- w-T SU”)

5q rad
Qrad

5q rad
qrad

G

e

5.67

&

0.01
0.90

)+

9% — 0.011900 or 1.1900%

q rad

® Characteristics length (L;)
L =W

SA_
A

(

oW

W

il

ST
+| =

0.05

33

)

)+

0.1
28

— 2
5T surr
-FSUI’I'

T

0.5

(v.2)

(0.3)

(v.49)
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1
90

{1

= 0.011111 or 1.1111%

S >3

® Rayleigh number (Ra, )
T __ 3
0BT Tan)l,

Ra, (.5)

U
sRa. [(6qY (68Y (6Tu) (6TaeV (LY (6w} (P
ORa _\(3g| (B ,(OTw| [Tar | (Ol (du +(_rj
RaL g p Tw T surr Lc H Pr
SRa, [(001 (0.1} (005) (0.1 0001 ¥ ( 0.0002 Y]
-l = (—J +(—j +[—j +[—j +(O.01111)2+( : j +( : j
Ra, |\9.81 25 33 25 1.8536 0.72904
R
i =0.012614 or 1.2614%
Ra,

® Nusselt number of natural convection (Nu, )

Nu, =0.59x(Ra, )°®

(

2
oRa,_

0.5
ONu_ _ — 0.012614 or 1.2614%
Ra,

Nu, -

® Heat transfer coefficient of natural convection (h,.)
Nu, -k
hconvec = LL
C
Sty |(SNu Y (kY (oL Y]
convec _ l"IL + = + _LC
convec NUL k Lc
sh i 0.00001Y’ "
convec _ (0012614)2 4+ = +(001111)2
h. 0.02551

—2 = 0.016813 or 1.6813%

convec

oh
h
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® Heat loss from convection (e )

qconvec = hconvec (T s~ T surr )

2 — \2 — 2
5qc0nvec 5hconvec 5T S 5T surr
= +| = +| —
qconvec hconvec T S T surr

0.5

0.5

. i 2 2 |
Oiones _ (0.016813)2+(%j +£%51j }

qconvec

5qconvec

qconvec

= 0.017348 or 1.7348%

® Heat transfer coefficient (h)

h — qinput -_qrad_- qconvev
T s -T f

5 2 . 2 . 2 — N2
5_h= 5qinput +[5qrad \J +(§qconvecj +(5_Ts] +(
h qinput qfad qconvec Ts

(2.8)

(2.9)

oh

0.05

2 2795
(0.013657)° +(0.01190)" +(0.017348)° +(¥j +(—'j }

h =
%h = 0.025419 or 2.5419%

® Nusselt number (NU)
_hp
k

e GAGRGI

i 2 275
SNu _ (0_025419)2{%} +(0.00001} }

Nu

Nu 5 0.02551

ONu
Nu

= 0.0255 or 2.550%

(2.10)
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To find the Reyn number (R

® Average velocity of water jet in flow in pipe (V)

Q _4Q

A D2

jet

(=22
()]

= 0.02 or 2%

<
|

<|Z <\% <\%

® Reynolds number of water (Re)

Re =2
v

wl T

R

ORe 02829 or 2.829%
Re

To find the rotation number (R,)

® \/olumetric fraction (B)
QD
° V

BRG]

5RR° = ( 220}2 +[0'501T +(o.02)2}

5RR° = 0.02939 or 2.939%

0

r 2 2705
oRe _ (0.02)2 +(0.01J +(0.001j
Re 5 1.571

0.5

(v.11)

(0.12)

(v.13)
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HEAT TRANSFER CHARACTERISTICS OF IMPINGING JETS
IN ROTATION CHANNEL
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Abstract

The main objective of this research is to study heat transfer characteristic
of impinging row jets in rotation channel. The distance of pitch was fixed at
S=4D, jet impingement distances at L=2D, 4D and 6D respectively. When
D is diameter of jet at 5 mm. The Reynolds number (Re) constant at 10,000.
The rotation number was defined at R,=0.0 and 0.0066. The heat transfer on
the jet impingement surface was measured by a steady Thermo chromic
Liquid Crystal technique. The result showed that the heat transfer of
impinging jets reduces 4-5.5% compared with stationary case for jet
impingement distances at L = 2D and 4D however, at L = 6D for rotating
case the heat transfer was better than that for stationary case up to 4-12.5%
Keywords: Impinging jet, Heat transfer characteristic, Rotation number
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Abstract

Impinging jet is used for internal cooling in a gas turbine blade. In this study heat transfer on rotating
channel with impinging jet-row by the condition consisted of jet impingement distance at L=2D, 4D and 6D
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ARTICLE INFO ABSTRACT

Article history: Jet impingement has been applied for internal cooling in gas turbine blades. In this
Received XXXX study, heat transfer characteristics of impinging jets from a row of circular orifices
Received in revised form XXXX were investigated inside a flow channel with rotations. The Reynolds number (Re)

Accepted XXXX

- ’ based on the jet mean velocity was fixed at 6,700. Whereas, the rotation number (Ro)
Available online XXXX

of a channel was varied from 0 to 0.0099. The jet-to-impingement distance ratio
(L/Dj) and jet pitch ratio (P/D;) were respective 2 and 4, D; is a jet diameter of 5 mm.
The thermochromic liquid crystals (TLCs) technique was used to measure the heat
transfer coefficient distributions on an impingement surface. The results show that
heat transfer enhancement on a jet impingement surface depended on the effects of
crossflow and Coriolis force. The local Nusselt number at X/D;<20 on the leading side
(LS) was higher than on the trailing side (TS) while heat transfer on the LS at
20<X/Dj<40 gained the lowest, compared to on the TS. The average Nusselt number
ratios (Nug,/Nu;) on the TS at Ro = 0.0049 gave higher than on the LS of around
2.17%. On the other hand, the Nug,/Nu;, on the TS at Ro = 0.0099 was less than the LS
of about 0.08%.

Keywords:
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Heat transfer
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1. Introduction

Currently, the trend of the gas turbine industry requires to increase the thermal efficiency of
the engine to decrease fuel consumption and environmental impact. One of the methods is
increasing the turbine inlet temperature (TIT), which will go up to about 1,700-1,800 °C in the
future. However, the turbine blade still has limited by the melting point temperature of the
material. Therefore, it is essential to have effective cooling technology to reduce the damage of the
blades. Several cooling technologies in the past [1-8] have been adopted in a turbine blade to

* Corresponding author. Tel.: 0-7428-7035 ; Fax. 0-7455-8830
E-mail address: chayut.n@psu.ac.th (C.Nuntadusit).
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increase heat transfer for both the internal and external blades, such as pin-fin cooling, rib-
serpentine cooling, dimple cooling, film cooling, Etc., as shown in Fig. 1.

Jet impingement is one of several cooling techniques applied in the gas turbine blade. It gives a
high cooling rate in the impingement region. Recently, a single modified jet has been investigated
for heat transfer enhancement by Kaewchoothong et al. [9], and Nuntadusit et al. [10], who used
the air augmented duct to increase the heat transfer rate on an impingement surface at a diameter
of air augmented duct ratio (D/d}) of 2.0, 3.3, 4.0, and 6.0 where d; is an inner diameter of jet. They
reported that the heat transfer rate for the case of D/d; = 6 gave the largest by getting 25.42%
higher compared to a conventional impinging jet. Many researchers [11-13] in the past also studied
for multiple impinging jets on a large surface. San et al. [11] studied the effect of jet-to-jet spacing
on heat transfer for staggered arrays of impinging jets. They conducted at the Reynolds number
(Re) of 10,000 to 30,000 and jet-to-jet spacing of 4 to 24. The crossflow has a strong effect on heat
transfer reduction. Then, Esposito [12] investigated heat transfer distributions of impinging jet
arrays with two different types, viz., corrugated wall, and extended ports. They concluded that both
geometries reduce the crossflow induced degradation on downstream jets while the individual
geometries perform better at different Reynolds numbers. Geers et al. [13] evaluated the
correlation of heat transfer for hexagonal and in-line arrays of impinging jets at Re = 5,000 to
20,000 using thermochromic liquid crystals (TLCs) method. It was found that multiple-jet heat
transfer is strongly influenced by jet interactions before and after the impingement.

Leading side (suction side)
Rib turbulators

Serpentine
cooling channel

Trailing edge

Hot gas cooling slots

Pin-fin, Dimple
or Protrusion

Stator-rotor Blade endwall
seal cooling holes
T tl (I
R | Cooling air
w

Fig. 1. Cooling technologies of a turbine blade in the past [8].

Additionally, the jet impingement cooling has been adopted in the rotating conditions for the
rotor blade, required to remove the heat from the internal blade wall. Elston and Wright [14]
studied the effect of rotation on heat transfer characteristics of jet impingement cooling in a
channel using the thermocouples. They performed under the jet Reynolds number of 6,000 to
24,000, and the jet rotation number in the range of 0.0 to 0.13. They found that the deflection of
the impinging jets by crossflow combined with the rotation induced secondary flows, increased
mixing in the impingement cavity, and enhanced the heat transfer. Parsons and Han [15]

18



Journal of XX
Volume XX, Issue X (2019) XX-XX

investigated the heat transfer of an in-line circular jet array in twin channels under rotations. The
jet rotation number varied from Ro = 0.0 to 0.0028 and the Reynolds number varied from 5,000 to
10,000. They concluded that the rotation could increase the heat transfer rate by up to about 15%
when compared to stationary conditions. Recently, the effect of rotation on heat transfer for a
single row jet array with crossflow was studied by Lamont et al. [16], who performed at the jet-to-
impingement surface distance (L/D;) of 1, 2, and 3 under the rotational speed of 0 to 275 rpm. They
found that the heat transfer rate at L/D; = 3 gave the highest heat transfer for a stationary case
while the rotation cases provided the highest heat transfer at L/D;= 2. Yang et al. [17] studied the
influence of rotation on heat transfer in a two-pass channel with impinging jets under Re of 25,000
to 100,000. It was found that the heat transfer on both sides of the jet impingement increased up
to about 25% due to the Coriolis acceleration effect. Chang and Yu [18] evaluated the thermal
performance of radially rotating trapezoidal channels with impinging jets at Re = 5,000 to 17,500
and Ro = 0.0 to 0.3 using a thermal infrared camera. They found that The thermal performance
(TPF) values at Ro = 0.0 were decreased by increasing Re while All the TPF values were increased by
increasing Ro for all Reynolds numbers.

As mentioned above, although several studies about jet impingement under rotations have
been explored, the experimental study still limited to gain the full heat transfer surface for rotating
jet impingement. Using the thermochromic liquid crystals (TLCs) method measured in detail to gain
the heat transfer coefficient surface was rarely reported. Therefore, the objective of this research
aims to study the heat transfer distribution characteristics of impinging jets from a row of circular
orifices under rotations. In this study, the thermochromic liquid crystals (TLCs) technique was used
to evaluate the heat transfer coefficient on the impingement surface on the leading and trailing
side surface. The Reynolds number (Re) and rotation number (Ro) based on jet mean velocity were
6,700 and 0.0-0.0099, respectively, while the jet-to-impingement distance ratio was fixed at L/D; =
2.

2. Experimental apparatus and method
2.1 Experimental model and its parameters

Fig. 2 shows the details of a single-row jet impingement channel with a crossflow effect. The
impingement channel has 370 mm length (L) and 20 mm width (W). It has one outlet at the end of
the channel, which generates an effect of the crossflow. The number of jet orifices was 13, which
was fixed at pitch-to-jet diameter ratio of P/D; =4. All of the jet orifices have the same diameter (D))
of 5 mm. The jet-to-impingement distance ratio was fixed at L/D; = 2. The heat transfer
investigation in this study was considered in the range from the 2" to 11 orifice jet. For the heat
transfer measurement on leading and trailing sides, the rotating direction of the test section was
altered clockwise and counter-clockwise as presented in Fig. 3. The rotation number was evaluated
at Ro = 0.0, 0.0049, and 0.0099, which covers the range of rotating gas turbine engines in the range
of Ro = 0.0 to 0.05 for the impinging jet cooling. Besides, the crucial parameters investigated in this
research were concluded in Table 1. All experimental measurements have been considered at a
constant Reynolds number (Re) of 6,700 based on the jet mean velocity.
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Fig. 2. Single-row jet impingement details used in this study.
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Fig. 3. The direction of a test section evaluated in this work.

Table 1
The important parameters for this study
Parameters and symbol Values
Jet Reynolds number, Re 6,700
Rotation number, Ro 0.0, 0.0049, and 0.0099
Number of jets, n 13
The diameter of a jet, D; 5.0 mm

Jet-to-impingement surface distance ratio, L/D; 2
Jet pitch ratio, P/D; 4

2.2 Experimental setup

The test rig for the impinging jets in the rotating channel was supported by a 1.5 m x 1.5 m x
1.65 m steel frame, as shown in Fig. 4. It was composed of three crucial parts, viz., the rotating part,
the heat flux supplied part, and the air supplied part.

For the rotating part, a test section was placed on one side of a rotating arm and balanced by a
counterweight on the opposite side. The rotating arm was installed with a hollow central shaft that
had an outside diameter (OD) of 80 mm and an inner diameter (ID) of 65 mm. The hollow main
shaft was held by two bearing supports and one rotary seal. The 2-inch rotary seal was connected
with a hollow central shaft for supplied air due to rotations. A 7.46 kW electric motor controlled by
inverter was used to drive the rotating arm via V-belt. The rotation speed of a test section was
recorded from a digital encoder.
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For the generated and supplied heat flux part, a slip ring that had an OD of 120 mm and a
width of 92 mm was located on the hollow central shaft. Two contacts of the slip ring were made of
copper, which can conduct electric current. Besides, the outer part of a slip ring was contacted with
two carbon conductors that connected to the DC power supply to generate constant heat flux on
the heat transfer surface in the test section.

For the air supplied part, a 2.24 kW blower was controlled by an inverter to adjust the airflow
rate, and it was also set to supply air jets into the test section. The air jet temperature was
controlled by a temperature controller unit and monitored by a datalogger via thermocouples type
T. The orifice flow meter was used to measure the flow rate of air jets.

Digital data logger
A

Bearing support -1 - Computer

Slipring = |
- T T T T =|===1 Power Supply
Test section Counter weight
A
Digital inverter - H
¥ =
- t

Orifice | ﬁ |
i Encoder =1 [t
N—— = Heater - 1 I

Blower — I t 1Ll Cipw—
I Rotor seal

1
Motor 4
Digital inverter

Temperature controller unit

Fig. 4. Experimental setup of the rotating test rig.
2.3 Test section

A test section of heat transfer measurement in this study is shown in Fig. 6. It has 370 mm
length (L¢), 100 mm width (W:), and 67 mm height (H:). The test section was located at the mean
rotating radius-to-jet diameter ratio (Rm/D;) of 67, which can rotate both clockwise and
counterclockwise. In this experiment, the heat transfer surface having a 90 mm width and a 280
mm length was made of a stainless foil (SUS304) at 0.03 mm thick. Stainless foil sheet provides a
constant uniform heat flux of about 750 W/m? on the heat transfer surface, the electric current at
40 A from a DC power supply was delivered to the stainless foil sheet through a slip ring and two
copper bus bars that were positioned on both ends of the stainless-steel sheet and acrylic plate.
The thermochromic liquid crystals (TLCs) sheet attached to the rear side of the heat transfer surface
was used to measure the temperature distributions via a CCD camera attached on the test section.
The measured range of TLCs temperature was 30-35°C [19, 20].

Before experiments, the relationship between hue (colour data) and temperature of TLCs on
the surface was calibrated to ensure reasonable accuracy, which shown in Fig. 7. All data were kept
by a digital data logger via a T-type thermocouple, which recorded in incremental steps of about 0.2
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°C. When the TLCs colour or temperature on the rear side of the impingement surface reached a
steady-state, the TLCs colour pattern was recorded via the CCD camera, which was placed over the
test section. Then, the thermal image data on the TLCs sheet was transformed from RGB (Red,
Green, and Blue) colour system to hue information. In addition, the image processing method was
used to evaluate the temperature and then calculated the heat transfer coefficient.

Fig. 7. The calibration curve between hue and temperature values with the developed

3. Data reduction

The air was used for working fluid in the experiment. All experimental tests of single-row jet

Direction of rotation Q

Sixe Uol}e10y b
2
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Fig. 6. Details of the test section used for measurement.
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calibration equation.

impingement channel under rotations were conducted at the Reynolds number (Re) of 6,700 based

on the mean velocity (V) of jet flow and the jet diameter (D))
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Re = Vij (1)

v
The rotation speed was normalized in term of rotation number (Ro), which can calculate from:

_ b
Ro = - (2)

where Q is the rotating speed of a test section, which is performed at the rotational speed of 0-400
rpm at constant Re = 6,700.

The local heat transfer coefficient (h) on the heat transfer surface can be determined from

_ Qnet
N (Tw_Tm) (3)

where ¢ is the net heat flux, which can calculate from Eq. (4). Tw is the wall temperature and Ty,
is the mean temperature, which can calculate from Eq. (5).

Qnet = Qinput - (Qrad,loss + éIconv,loss) (4)

Tm — Tin*;rout (5)

The heat flux generated on the stainless foil is represented by ¢;,,, which is evaluated from

v

Qinput Y (6)
Qrad,loss = O-STLC(T\; - Tsirr) (7)
éIconv,loss = hc(Tw - Tsurr) (8)

where | is the supplied electric current, V is the measured voltage, and A is the area of the heat
transfer surface. §,-4q and G.ony are the heat loss from radiation and convection from TLCs to the
surrounding, respectively, o is the Stefan-Boltzmann constant, &7 is the emissivity coefficient for
the TLC sheet which was 0.9 [19, 20], T;,, and T,,; are respective the inlet and outlet temperature
of the air, T,,; is the room temperature, h. is the natural heat transfer coefficient that was
arranged for a vertical plate.

Finally, the local Nusselt number (Nu) can determine from
Nu=—- (9)
where K is the thermal conductivity at the mean air temperature.

The uncertainty values due to measurements of this experiment were less than 4.2% for the
Reynolds number and 3.8% for the Nusselt number evaluated according to Moffat [21].
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4, Results and discussion
4.1 Contour and local Nusselt number

Comparison of Nusselt number contours on impingement surface for leading (LS) and trailing
sides (TS) at different rotation number at Ro = 0.0, 0.0049, 0.0099 is shown in Fig. 9 for case of jet-
to-impingement surface distance L/D;= 2 and Re = 6,700. The results show that the Nusselt number
distributions for all Ro cases decrease from 2" jet to 11% jet, while the local Nusselt number in the
case of Ro = 0.0049 and 0.0099 significantly decreases when compared to the case of stationary at
Ro=0.0.

Due to the effect of crossflow, the local Nusselt number for 4™ jet to 11t jet decrease as going
downstream and the peak of local Nusselt number shifted to downstream more for the jet at
downstream. This causes by the impinged jet flow along the channel and becomes crossflow to the
impinging jet downstream. The jet flow was deflected by the crossflow before impinging on the
surface. As going downstream, the effect of crossflow become more robust, and the jet flow was
deflected and interacted with crossflow before impinging on the surface. The momentum of jet
impinged on surface reduced and resulted in a lower Nusselt number in the downstream region.

It is also found that the impinging jet near the outlet of the flow channel (9™ jet to 11%" jet)
provides a high local Nusselt number in the impingement region again. This may be due to the
crossflow interacted with the jet flow and promoted the turbulent intensity of jet before impinging,
which was also explained noticeably for the case of low jet-to-impingement surface distance in
previous similar research [16]. The effect of rotations also increases the heat transfer significantly in
the trailing surface (T7S) when compared with the leading surface (LS) due to the Coriolis and
centrifugal acceleration effects. However, those sides still show lower than in the case of stationary
(ST) for large areas.

2ndjet 7thjet 11%jet Outlet
‘L - Crossflow direction ‘L ‘L
Q 14 Bl -" '_-—'-—— — @J\/u
o Q\ oo, KT -.‘ KITR
=IO R T

30

0.0049 | ‘ Ro

‘Ro:

0.0099 ‘

|Ro

0 5] 10 15 20 25 30 35 40

X/D;

Fig. 9. The Nusselt number distributions on measurement surface of impinging jet both leading (LS)
and trailing sides (TS) at Ro = 0.0, 0.0049, 0.0099, L/D; = 2 and Re = 6,700.
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Fig. 10 shows the local Nusselt number ratio (Nuro/Nus) along the centre of the channel (along
X-axis and Y/Dj= 0), here Nus is the local Nusselt number for a stationary case. This figure indicates
the effect of rotation on the local Nusselt number. It is found that the local Nusselt number ratio
gradually decreases as going downstream due to the crossflow effect. The local heat transfer on the
leading side (LS) in the region of 0<X/Di<20 is higher than on the trailing side (TS) while heat
transfer on the leading side (LS) in the region of 20<X/D;<40 shows lowest when compared to on
the trailing side (7S). This is due to the Coriolis acceleration effect. The Coriolis force affected
strongly in the region of 30<X/Dj<40. It destroys the thermal boundary layer on the TS better than
on the LS.

1.2 T r T |:. T T 'E T T T T T T
: : - —-- LS, Ro=0.0049
: : —— TS, Ro = 0.0049
C ] — = LS, Ro=0.0099
1.1 5nd jet, St:atlonary line TS, Ro=0.0099 -

/’\" _ a . 11thjet\§

0.8 4 f f f f
0.0 10 20 30 40
X/D;

J

Fig. 10. The local Nusselt number ratio (Nugro/Nus) on the impingement surface along X-axis (Y/D;=
0) at Re = 6,700

4.2 Average Nusselt number

Fig. 11 demonstrates the average Nusselt number ratios (Nug,/Nu,) on measurement surface
along X-axis at Re = 6,700. The average Nusselt number was calculated along the X-axis (Y/D;= 0) of
the heat transfer surface. The results show that all cases of rotations give the Nug,/Nu, lower than
a stationary case. The Nug,/Nu, on the leading side (LS) at Ro = 0.0049 (N = 200 rpm) is the lowest
of about 5.51% when compared with stationary. Subsequently, less than 3.41%, 4.47%, and 4.39%
of the trailing side (7S) at Ro = 0.0049, the LS and TS at Ro = 0.0099 (N = 400 rpm), respectively. For
Ro = 0.0049, above 2.17% of the Nug,/Nu, on the TS is higher than on the LS while the Nug,/Nu, on
the TS for Ro = 0.0099 differs from the LS of about 0.08%.
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Fig. 11. The average Nusselt number ratio (Nug,/Nu,) on measurement surface along X-axis (Y/D;=0)
at Re = 6,700.

5. Conclusions

The primary purpose of this research was to study the effect of rotation number on heat
transfer characteristics of a row of impinging jets from circular orifices in a confined channel. All
experimental results can be summarized as follow:

1. Effect of crossflow and Coriolis/centrifugal forces leads to the heat transfer coefficient due
to the rotational effect increases significantly near the outlet of the channel when compared with
the stationary channel, while heat transfer near the 2" jet area gives the highest heat transfer.

2. The local Nusselt number on the leading side (LS) at 0<X/Dj<20 is higher than on the trailing
side (TS) while heat transfer on the LS at 20<X/Dj<40 is the lowest when compared to on the TS.
This is due to the Coriolis acceleration effect.

3. The average Nusselt number ratios (Nug,/Nu,) on the TS at Ro = 0.0049 are about 2.17%
higher than on the LS while the Nug,/Nu, on the TS for Ro = 0.0099 differs from the LS of about
0.08%.
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