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ABSTRACT

The aim of this research is to study flow and heat transfer characteristics of
impinging jet normal to the surface. From slot nozzle with outlet modifications for increase the
heat transfer by comparison with normal outlet. The equipment installation at the outlet jet
divided into 2 types. Are the outlet installation cylinder rod and the outlet installation tab. Slot jet
perpendicular to the surface jet impinging. Where fix width of the outlet jet (W=40mm) and the
area outlet jet the same in all cases.

The experiment was divided into 4 parts. The first case study free jet flow by
using Hot-wire probe for collect data distribution of the velocity and turbulence of free jet. And
part 2 case flow and heat transfer on the surface of slot nozzle jet impinging normal to the
surface. By using infrared cameras for measurements temperature distribution and analysis
distribution Nusselt number on the surface. Part 3 flow simulation using computational fluids
dynamics software (ANSYS Ver.13.0) for study of heat transfer characteristics on impinging
surface. In all cases Reynolds number was fix at 15,000. And finally part the flow characteristics
of jet impinging on the surface were study by using Laser Induced Fluorescence (LIF).For
compare structural characteristics flow of jet impinging on the surface from 3 types of outlet slot
jet.(Reynolds number was fix at 3,200)

The results of study. The structure of flow from slot nozzle with outlet
modifications. Can pull fluid around area jet to mix with jet better than the normal outlet. At low
jet-to-plate distance causing the high turbulence. The flow characteristics of free jet along the axis
of the jet. The result velocity of jet from each jet-to-plate distance. Found that most of the top
velocity is near the outlet around the mid-point of a jet flow. When the jet-to-plate distance in the

axial jet increases the velocity will be reduce but that will change as the rate of expansion of free
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jet in direction across the width jet. Except for case tab installation at outlet slot jet. At near outlet
jet velocity is low caused Vena contracta phenomenon and velocity will increase when jet-to-
plate distance increasing

The overall finds distribution of the Nusselt number on the surface from jet
impinging are highest position of the jet directly impinging and dropped in direction across the
width jet. And the average Nusselt number case cylinder rod installation the highest average
Nusselt number at jet-to-plate distance 2W. However, when jet-to-plate distance increase the
average Nusselt number is declining. Case Tab installation at low jet-to-plate distance the average
Nusselt number is poor. And when increasing jet-to-plate distance the average Nusselt number is
rise. At H=4W high average Nusselt number caused Vena contracta phenomenon and this area
velocity will increase. And foe case conventional slot high average Nusselt number at jet-to-plate
distance since 8W. When jet-to-plate less than 8W average Nusselt number is low. The
experimental results The average Nusselt number case cylinder rod installation as jet-to-plate
distance 2W highest more than all case.

A study of flow simulation using computational fluids dynamics software
(ANSYS Ver.13.0) for study of heat transfer characteristics on impinging surface. Case cylinder
rod installation found that the velocity at which the rear cylinder is lower than the other. Due to
the wake behind the cylinder rod. Case Tab installation found the turbulence highest than other
case at jet-to-plate distance since 4W due to the interference of Shear layer from Flow through
Tab. And case normal outlet found that in all jet-to-plate distance in the center of jet has not
caused the turbulence unlike other cases.

And the flow characteristics of jet impinging on the surface were study by using
Laser Induced Fluorescence (LIF). For compare structural characteristics flow of jet impinging on
the surface. Case cylinder rod installation found caused wake before jet impinging on the surface
the combination of jet and water around the outlet is higher than normal outlet. And case Tab
installation that is expanding at a minimum compared to the normal outlet. But the combination
of jet and water around the outlet at a distance less than the normal outlet. By the combination of
jet and water around the case Tab installation begin to occur significantly at the outlet H = 2W,

but case normal outlet start to occur significantly at H = 6W.
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@ @ | v o 1 < < [
usasu T a3 3.15 naaennuduiutsznieanuErveuinuazus s Tl

E, Volt

12 T T T T T T T T T T T T T T

01 2 3 4 5 6 7 8 9 1011 12 13 14 15

V, m/s

~ v o & ' < ] o 9
507 3.15 uaaensmlanuduiussnieanuEwesanuazussau Tilih

[

< v o < o < -
wamsaamﬁsmmmgs’mmmmmmgs’nmua’m%’auﬂzllﬁ'ﬁnmimmamwmsa Ch|

E = -0.000007V° + 0.0004V" - 0.0075V" + 0.0798V" - 0.4508V" + 1.346V + 0.4654
(3.14)
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3.4.3 35mInaasa

a

o [ [ <] I a .
FIMTUNITIANITNTLIYANTIVOUINDATE (Free jet) WAIVANYUH DN

U

]
= v

< v ~ a . o J o A 1w 2 g VA
YouIN1MAINNguuYl 25°C tazsd luariuues (Re) AINNINY 15,000 FuauasIny
o 1 <3 o o [
MINAADINTANEIGAHUZNTIENANNToUVDIIN Tasmruadriaian1snIzay
< a3 A A A 9 Ao '
ANVEIVRUINGUN 3.16 MUUUIMNY 2 uAU ADMNUUILNY Y TABFUAUNMUNUINTINAI
3 A 9 = 2 A < A o Y 1 3
nneenidan (Y=0)luiignieauuinuazay FeazdugaiainnuEianiialadanilu
o 1 [ 1 < ] ]
AUY HAZANUUILNY Z (Centerline) N3z8z1 191N 1INN1900NUYRINDIINVEEY 1L INTL B Z =
o W A A ] I 1A ] 1 < [
OW-8W mua1au lash Nszezriy ow aziluminilszezvienindinnisesnne@nmny 1
1< 1 <3 v o <
mm TumsiuainnuEniiannuEnuuaindou (Hot wire probe) 12 1¥yaniuau
o v v o | d‘ d' Lﬂ' td' o ' 1 td'
8a TuiiAdS AN AU 2 uAU (2D Transverse table)ndouh 1y ot dwvitiaa1eg i
v o Y A A4 Y S 9 v A PR ] =
Aam3in Tagliiimsiaeennisay 1 mm wazlumanudeyanltsnoniumesuuaz l¥nud
3 { 3 o 1
Tumsinudoyavoellsunsy (Sample of frequency) i 1 kHz UaziNUAI9819v09903a

1w ' o ] { a s A
(Number of samples) (1111 10,000 A1 uazifoyan13nIz18A1ITIN 1AU1 AT 1ZHIND

a 9 I A
fJ‘ﬁ’iﬂﬁljﬂﬁﬂﬁﬁNﬂ1ﬁulﬁa‘ll@ﬂl%‘ﬂﬂﬁiz

Y / /7 7 7
NyoN % Y %
[ D e | I
(L e | [
I
[ I
T | [
— 7/ N I ICenterline
==t R
— I o |
| | |
| |
| |
| |

Slot nozzle

& A a a
N A ”»
& N & N
A
A A A - =
B
(n) (1)
RAARILANNINNTZLAN Wnviawan Gl

1 ° Y] < I a .
gﬂﬂ 3.16 UAAIA UM UIIANITNTS YNNI IVDUINDATE (Free jet)
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9 Y <3 ~ o ' . Aq Y °
IV ITUANULSAURNDY Y m&muﬂm (V )1’11“1111!ﬂ’lﬁﬂﬂﬁ@\?ﬂ’luﬂﬂ‘l%WﬂﬁNﬂWﬁ

do 1/

N
_ v,
V,= 2. (3.15)

1 < H A Y
Tagh 7, Ae anuEiinaru a naila

A o 9
N fB TUIUTBYA
) o 3 ~ V' ° ] dy
dmsuanuEinaslas & nanlaq () Musannaumsas Tl

V' =V,-V (3.16)

t

o w < - \% °
dvsuanuiunasnlasunlas w naﬂm (7mms) AUIUIINANNIT

do 17

N 2
V = Zi=l(‘/i’)
N (3.17)

' Y
dmsunnuilutliu (Turbulence intensity, Tu) AUININANNITAD 1T

Tu — Vrms

4 (3.18)

[y :’ v d
3.5 MIANHIANHUZNT 1HaV AIMNAEITIFINAY LIF (Laser Induced Fluorescent)

a [

= y & ¥ & A s A 0
“lum‘s%mammxmi'lwasuemmmwwuwumu @qﬂizmmwmzuma
Y a 9 <3 ' A A o ~ [
%1ﬂﬂ13°ﬂﬂﬁ@\11|11‘]51uﬂ159‘ﬁﬂ181ﬂi\‘lﬁi%‘lﬂWﬁllﬁﬁellfJ\ilﬂﬂwxi‘lfu LW@%%%HWhl‘IJLlGEJULﬂEJUﬂU
o <3 a = Y 3 Ao 1 1 Y
Wﬁ%Wﬂﬂ15‘1]1'[,1’E’Nfﬂ3hl‘l"iaell@\‘ll,%‘mla$@ﬁU18ﬂﬂIﬂiiﬁ§1ﬂﬂlﬂil‘ﬂﬂﬂNWaﬁ@ﬂ1ﬁﬂ1&ll‘ﬂﬂ’ﬂuiﬂu

J ) [ ' < { @ @ { o
Gluﬂ1ﬁﬂﬂa@\‘]ﬂ13ﬂ1ﬂlﬂﬂ31u%}ﬂu ﬁ'l‘ﬁTU“]f'Nﬂ’)nJlﬁ'JﬁﬁnJWﬁﬂﬁﬂlﬂﬂaﬂBﬂ!xﬂ1§ll‘ﬁaﬁ“b'ﬂlﬂu
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9 <3 o J v A=W ~ T W ~ 9 = [
V93 1ATIF5 1958 IWaAlUBI AN (Re=3,200) Taan1ausn g lumsanyianyme

2 Tyy ~
M3 lavoudmi lduaaslumsnei 3.2

= o & dq = o 3 3
AT NN 3.2 memuﬂiuamau"hm“lﬂumiﬁﬂy1aﬂymzmﬁ"lwam@mwm

HIINTINTZUON
QU o 1 d' 1 1
anvazgalliuuaaniinnisean noulan
oy

1T 3

YUIANNUNINVBINOIN (W) 20 mm
9

YAFURUgUINaILNINY 10 mm
A A "’ 2
Wunnnieesnveanenn 850 mm
1 " d o J ~
AsE luaniNLes (Re) ~3,200

=2 Lg a AaAg ]
53829111 1NN199NDINUAINEANISY (H) 2W, 4W, 6W 1az 8W

3.5.1 yanaaed

[T

A g Y = o < 3
1319 3.10 uaas Tumaganaaes g lumsanyanyazms lvavoudni
] A a A Aq ¥ = o Y A Y
WABUNUHI 1811 (Transparent water tank) N 11unsanyIvinInnszanundlaive 14

o S T NY Yy o Y =
awnsadunams maveudnin 14 §rilivinana1undig 80 cm 812 200 cm 1Az g 80 cm 4
a 2 < A 3 : o & 3
wiauiawang TaslunisnaassliszGudunninggnaadenindunuiind (Fluorescent
o 2] 4 ' J % o
water tank) 181911101 (Water pump) 110 370 W lvar1u21891506051015 1via (Main
CE Y o [ Py 1 =
valve) azgilnsaiiaonsinis Iva TagazsiimsiSuoasims ua’ldn o.1-1 unaaoudewi
% ¥ ¥ 9 - = a ¥ ' ' < A 9 A
wasnninie lvadn lUdanedn Feezlimsaanamuazunswaznovinamniniaug iie
2 Ay Y= 3 o X A4 Y o 1 ~ v A
nsznehndnIddianuGiminauenasaiuiiniaanenouiag lvasenainiina (Slot
F) P a4 A Hq 9 s 3 a
nozzle) Tagnundavenadnuuuihnniesndvasy (W) nldlunisnaasuiniiegi
1 @ o a @ ~ v K Yy 9 an aA a Y
YIAMIAY 20 mm W9INNaIaanaegla 3.18 waztiunnnnlagldnaesnaneanlesve

Nikon §1 D5000 71WIA 1oUANUAZIDEATN 4,288x2,848 Pixels 11 30 1l3uA LN
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= . mem pipe
by 3
£l ?
Flow meter:
E Slot nozzle Laser
e
r =1
Main yalve
X
By pass valve () T Transparent water tank
L& PR A
— S —
¢
Fluorescent
water tank f«fﬂ' Wat
£ ‘ater pump
st—%’} } “ I F
3, A

~ Aq Y = o Y ada o o
qi"l]‘ﬂ 3.17 Llﬁﬂi“ljﬂ‘ﬂﬂaf]\‘]‘ﬂal‘]fﬁluﬂWiﬂﬂ‘H1ﬁﬂBﬂ!%ﬂWiulﬁaﬂ’Jﬁl’J‘ﬁl‘]Nﬂﬁu (LIF)

W=20mm W=20mm W=20mm

1=42.5mm [=52.5mm

1=85mm -
Y

< ' Y oA A A v 1A Hq 9 =
gﬂ‘ﬂ 3.18 el innieenniaamnasunimsUsuuasnthnneesninlslumsanun

Y ax 4

ANHULMS ManeIBIFeriemd (LIF)

3.5.2 35MINAavy
=2 o < ? a Y axa o Jd o A
MIANEIANEULNT InavoudmidaszaesiFiml aauaaslugili 3.17
v Y
99z UM IHANAIT Rhodamine B (C,,H, CIN,0,) a31un91i1 (Fluorescent water tank) laga1s

IS o

. 2 A A o @ a g Y Aa A
Rhodamine B ‘L!’i]gllﬂmﬁuﬂﬁiuliﬂﬂﬂWilﬁ@ﬂllﬁ\i ‘ﬁ'ﬁ\‘l%Wﬂuuﬁ]%ﬂﬂlﬁ]‘ﬂuTﬂNﬁ’liﬁﬂ%!ﬁﬂﬁﬂulﬂ

q

9}91

3 { 1 o J 1 v o
Turirla Noglugdii (Transparent water tank) taz lfuduaoidosdarIuaTINA19vDId 1IN
A ¥ - s ¢ aq v
tiog Inseard1ams naveudn Feynerinowayes (Argon laser) 14 lumsnaassviia 500

o & A y ¢ a - 2 = 2 o & MY

mW d1aniliensenuAuLauaEesIZIiaN1TiT oA uIIEInIsone i ud 1IN lded1g
@ Yy v aa aa o R @ <3 ? a =
Farou uazl¥ndosdtnoain Terfuinamanyauzns Inaveudmiiddss FaezaIwisn

< 9y < Y o
lJ'ENLWHIﬂi\‘]ﬁiNﬂWiqﬁﬁﬂJﬂ\‘]ﬁ]ﬂvlﬂ'f)fl'l\‘]‘]fﬂﬁ]u



UNN 4

o A o d
ﬂ]‘i‘iﬂﬂf’]ﬁiﬂi"lﬁag]l?ﬂilgﬂ1uﬂﬂ!ﬂ1ﬁwaﬂ1ﬁﬂ‘iﬁllﬂﬁulﬁﬁ

o J . . . N
MIMUIUNIINAmaASUe l1ia (Computational Fluid Dynamics, CFD) 11U
o U =1 an a o 9 4 Yo A Y
ﬂTﬁﬂWH'Jﬂlﬂ'JEJi%L‘UEI’U'J‘.ﬁL%Qﬂ?laﬂliuﬂ1illﬂﬂﬂgﬁ1ﬂlﬂﬂwﬁﬁWﬁﬂﬁﬂJ@\‘lul“l"ia Gl“lf’i]RﬁfNL‘WfJGlﬁ
= 9y U 9 A Y I
mmmuuﬂummmi"l‘ﬁmmzmiﬂmmmmmummmamﬂﬂ 1@1851%139&&?{@\11“1??1!

= A 1 v 0o q U Aa Y ' v
TNWQ@Iﬂiillﬂ13vl“ri’a"ll®\1"’llf]\‘]Ulﬁﬁlla%ﬂWiﬂWElmﬂ’NiJiﬂu “Vlﬂ‘ﬁ'Lﬂuﬂuﬂui%’ﬂuﬂﬂNﬂ’JN‘U’)N

=

1 a v Aawv o & { Y J 4 I {
lunguaesisnsuaziinidensududesd@nyunednulsingmsains Ina iesnnduish
' @ ' = vy Y Y
aunsoelszndanaazslszanaluaiunludesairnganaass Taglunisudtlym
Y o T Y o a A = Y o 2
"’U@th‘iaﬂ'Jﬁlfnﬁ%Tﬁ@Qu%nﬂu@@ﬂﬂ’lﬁuﬂﬂl@ﬂLﬂlﬁl!ﬁzﬂilﬂﬂl‘ﬂﬁ]%ﬁﬂ‘]sl’lﬁlﬁ‘]fﬂlﬂu Iﬂﬂﬁlu'ﬂﬂu
' =2 Lg o 14 Aq o
%3ﬂa’nﬂ\‘]ﬁllﬂ’lﬁWHﬂ’luﬂlﬂQﬂWiﬂWH?ﬂ!‘ﬂ'I\‘lWﬁﬁWﬁﬂi"U’f]\?llﬁﬁ LLﬁ%INLﬂaﬂi‘]ﬂuﬂWi‘ﬂ’la@ﬁfnﬁ

[

Y v Y
Tva s Iaad s msuazvuaeumssansanyazms anleluanuiseil

o d
4.1 ngBHvesmsmuInunamansvedlva
Y o a d
4.1.1 aumsmuguililumsdriaesmslvamendinmans
< Y { 1% ] a
crD 1funsuntgnivesveslvanamisodaldeglusdauniaida
o o g o 9 a o Y ad a o .

PUNUT 1IN UUILIINIUNT AN TFLYNUTAIBITIFIAAY (Numerical method) 1Ay

a J 1 o ) [ [ Y A 2
ldnoununeitrolumsdiuia dmfunanmsuddywiaie CFD agldsunulsuias

a d' d'g a 9
A2UAY (Control volume) wazaamslasunasniamenmaesves lnannuandr-eonues
Psumasaruguuaazaiu sanmsasunlasnianmenimuesves lvauaazauamisotald
1 a o X 1

pglugduosaumaFeoywus vzoni “aunsniIugy (Governing equations)” 1N

Sq o ) ¥ v a v @ a
augui g lumsudtlyrinis Inadie CFD dsgnoudeaumsiFeoysniuiauaz aunsia

[:4 @
PUTNY TN UAY
a v
aNMIF YU

Y] v W

a o . d a 2 :
AUNMIPIDYTNHUIA (Conservation of mass) Lﬂuaumﬁmau UsoUAUNILS

]
IS

4 A . e I P A o _
ﬂ@ﬁmﬂmi”lugﬂgmmlmma 3UNONTO 971 HUN15ADLIDY (Continuity equation) 1AENA2

9 ' [} 9
wlsimaniueznlasunlas i 1daaoa Tawuweans lnasauaswiuaums 1daqi

op O
L = (pu,)=S$ 4.1
P (pu;) =S, (4.1)

1
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{ 3
Tagh U; A9 ANIE)

H ' Y ]
Sm ﬁf] ma‘ﬁmwfimmmﬁﬂﬁzmwmmawaﬂuazmemmﬂﬁu

aumsBeeyntlumudy
a @ o o I { A
ﬁNﬂWSL%QBHiﬂBTMNU@m (Conservation of momentum) Lﬂuammsﬁa‘ﬁma
A P Ay ¥ 9y A a o Y
ﬂmmsmaaummawaﬂwaw“lﬂmmﬂﬂg]ﬁuaw 2 UBIUIAU (Newton’s second law) AY

@ Y4 1 Y] 1 ~ I @ 4 ng
ANUAUNUTTIEHINUIANUAITULT mJEJunJumJmﬂmmu@miugﬂnﬂmas"lﬂmu

2 i a( ) P ou, du\ 2. oy, .
—(u) + — (pwu )= -— + — —+—L|—=6,— || +pg; +F;
ot V1T Gy VHY)T o T ok M \\ox T ax, ) T 3% B, J| TP
4.2)
Taem P A9 ANUAUADA (Static pressure)
A 9 1 d' o [
Ji Ao usaluasveslaniinsyinaevedva
(Gravitational body force)
F; Ao usaneueningzineved 1va (External body force)

= [ 4 . Aa Y
aunN1s (4.2) mauiugﬂsmmmﬂy (Conservation form) 93118 192 1Mas W
Y H v
Yo IUsINInNaNnszMaelsuInsauaudo UM UNasWYeIons1IN1Tldounilaq
voeTumuanmelulsuiasaiugu (Fasins lnadieengnives luwudunsaudu)
a o g g a v I a . . o J
el laasauyagiuives lvarunuuiia Tadiou (Newtonian fluid) 391hnguesaland
(Stokes’s law) F9AWAUITDI9INAIUNTIA (Viscous stresses) 1NN UNANDUYDITNTT
= . o a £ A . . . =) Ay ¥
ANUIATYA (Strain rates) pazdulszanianuvda (Viscosity coefficient) eiFenaumanla
2 s J 4 . .
HUN ﬁiJﬂﬁuu’JEli—ﬁI@Iﬂﬁ (Navier-stokes equation)
A J 2 g a J J 3 A
auMINnaINUINIaNNIUes-a landiuaumsninamases1nn1g
a S 1 = v ' dy < T 3 a
adlaenans lunz@suszuaumsgesiail lugdunulanam mszndussuuaunasa
o J . . . . v oA Yy ¥ . o
OUNUDYDY (Coupled partial differential equations) naansnvnladesaonndes (Satisfy) NU
9 v = U o A U dy 1 T A 9
nnaumsniounu uazanueINdndIunileie daunsmariloglugduunludadu
. N 4 44 o g 4
(Non-linear equatlons) mJumsfnﬂwﬂxmwamasmmmmmmmmau”lwamw (Boundary

.. v ' 1 < o =y
conditions) 1182 ANHM 3TN (Geometry) voutlgyr1vz1ena 3 InHIs msuntymives
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Tvia dre75nasaaived Inameaiuin Tasldldsunsuaounuaeddndunumlunis
AUV
4.1.2 aumsamSumsivasuuifuiliu
M3 lavvuduihwdunslvanveslvanaeuinedrs il uszideo
=1 = ] :; S A d’ ] ] a y 1
HanuE luaivaueuaz inemamanasu luniuey Tagsssumaveans lnavuualualiu

3 A ds! "o o T W A
mmLiaﬂlawaﬂﬁa%Lﬂaﬂuuﬂawu@gﬂmaamazmlmmmgﬂﬂ 4.1

-
51 4.1 naaansmlanuEivesms lnanvuiuglu

[

= < Yo &
ﬂ1ﬁlﬂaEluLUJa\‘]ﬂ'ﬂﬂJlﬁ'Jﬁuﬂiﬂllﬁﬂﬂiugﬂﬂl@ﬂﬁuﬂWiqﬂ JU

= < { . .
Taghl U; Ao ANWIGANDY (Time average velocity)

Lo
u'; Ao anwEnnldeuntlas s nanla q (Velocity fluctuation)

a 1 < ) o
NAANMI (4.3) MusoesvieldananuEivesves lnadmsums lnanyu
y ' [ (Y] <3 { ¢ g { {
Tuuaz A MmN uAMNEANAY (Time-average  velocity) UINNUANUETINAoulas o
. . 1 ~ 1 = . . a 2
1a11a (Fluctuation velocity) Tagannas1us199a11449 (Time-averaging, T) @1u150He1u1a

NNTUNT

B . 1 t+T
u;(x) = %erlo?f u; (x, t)dt (4.4)
t
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2 A o = Y o Y g A A Y a g J I}

Fadeihmsmasualvzi vanuEinn)asuuilas e naila quulanilugud @';(x, t) =
' = [ A o = ' & Y v v da a Jd

0) L“IﬂnllﬂEl’Jﬂ'HLiJ’E]‘V]1ﬂ15lﬂaﬂiu“BQQLQQWWHQGlWﬂUﬁNﬂ15ﬂ1§5ﬂ‘]&ll‘]§\‘]3~l'}aL!ﬁgﬁllfniun'lﬂﬁ-

aland vz ldn

0
En + ox, (i) = (4.5)

N
57 (P ) + 5% (puy)

dp 0 (am oG 2 o

0 (4.6)
P =T s L — (—pu
6xi+6xj # 6xj+6xi 37Y 6x1>l+6xj( puiy)

v Y
aunNsn (4.6) HUEeANM Reynold-Averaged Navier-Stokes (RANS) & una 18
i ~ — 7 A v @ s & )

aunNIIn (4.6) UINauUa —pulu] o mmmmiaiuaﬂ Gmmaumﬂuwammmi"lﬁa
S 1 o Y v Y a [ M Y A o @ A A ds! v ¥ =
ﬂuﬂau “Vlfl‘l"ihlll’c’f1111ﬁﬂllﬂﬁllﬂ1il“lf\1f]1§ﬁﬂ‘]&lllﬂ Lummﬂmuaumuﬂimwumu ANHUIN
o < Y o o = . .. 3 1 Y 1
mtﬂu@mmﬁmmumamm‘nﬂam (Seml—emplrlcal model) ‘U@Qﬂ')WiJﬁHTJ'JHNWHﬂ‘B’JEﬂUﬂ15
° = A 9 o y ' 2y 2 Y o ' Y
ATUITY G]f\‘lﬁluﬂWilﬁ@ﬂi“lﬂl'ﬂ'ﬂ%1ﬁ@\1ﬂ1ﬁulWaL!U‘UﬂUﬂ’JUHGI@QGUu@EIﬂUWﬁ181‘]1‘1]‘1]81&“]11! AanYUS

u

ara J @ 1 o Ay
“VINV‘I’c’fﬂETGII’ENﬂﬁVlWa ‘IJizlﬂ‘l’]‘ll@iﬂfﬂuﬁﬂlﬁzizﬂ‘UGUfNﬂ’JHJLHJuEﬂVWIENﬂﬁ

4.1.3 !!1J‘]J‘51@@Qﬂ1§ul‘l"iﬁﬂuﬂ3u (Turbulent model)
Tu%94 30 e msdaawin s lvavuuilnludlesudeuiziFeday
@ < 1 v @ a ° Y '
lasuanuauladiuediann auindddaidaasduadannuiiaesnnuiuiiu (Tubulence
2 g o = o J T 9 &’ .
model) EU‘LIL']J‘Ll5]11!31!111ﬂC]NLL‘]J?J?]”IE]@Qﬁﬁuiﬁﬂejﬁi”lﬂﬂuWLl§1uelJ@Q Two-equation model Iﬂf]
v Y
Auurfauuyily Boussinesq approximation JINAUTNUNIT Kinetic energy LAY Auxiliary (B
Dissipation rate (¢), Turbulence length scale (l ) , Spacific dissipation rate (@) Fludu
o y 1 S 9 [ 1

ppvIaesnNnuuiuliarenunaleszduny 1Y k—e  model, k-
model, Realizable k — e model, Algebraic stress model, Reynolds stress model, Shear
Stress Transport (SST) model, N f model 1ag DNS/LES time-variant model uﬂ'gﬂgmuﬁ

Y v

Wl luaudsetiag 1duuusiaoens Inatiuiliy Shear Stress Transport (SST) model
A < ° Y A o Y Y oo )
Lu@\‘]‘ﬂ'lﬂlﬂul!UU%Wa@QﬂWiulﬁﬁﬁuﬂﬁu‘ﬂﬁ’liﬂﬁﬂﬂWuWﬂﬂWﬁulﬁﬁtlﬂgﬂﬁﬂx‘luaglllluﬂ'l uaz%s

' o a s 9 A A [ o A o A
Wuﬁﬁlﬂ?WﬂJ%’ll!ﬁgﬂizN'}aWﬁﬂlﬂ\‘]ﬂ@llW']Lﬁ@iu@EILN@L“LGEJ‘UW]EJ‘Uﬂ’ULL‘U'U‘i]’Iﬁ@\‘]@U”] ANFITT NN
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4.1 naaamsiouionuuusiaeans natuilu (Tubulent model) #14umsudilaynuin
ijuﬁyuﬁa druuuiany v’ — f model tta2 DNS/LES time-variant model ﬁJmmuﬁmm‘ﬁ'
T¥anugndesazanuuiuigaiiga Ina lumssnaaiinim. dwmsunuusiaeanis
"lwaﬂuﬂau Shear Stress Transport (SST) QﬂWwGJJuHJ1%1ﬂl!ﬂﬂ§1ﬁ@ﬁﬂ1illﬁaﬂuﬂﬂu
Standard k — e model 1182 k — @ model T¥a1miudlunistiassnislnaveuinld
windweaunds fanuAanaralumsmuruassgagudnarsiiinyavu(sagnation

point, Nu,) 1521191 20-40%

nuudaeanNTuilIu Standard k — € model [5]
o y U I o
uuusaeanuTutlau Standard k — e model Hunvusriasenislva
Yy ! {1 & o % 4 {
Juthundrenazauysangalumslsiuienislva sldaunisninnaeunluns
o =~ A A ~ [ @ o Il
MUINGY 2 dUNIT A duMImIsiaaounvoInasIvsautuilu uazaunisns
d' d' [ ' 1 o dy Y o [ 1 ]
imaeufvessasinsaateutliu uyudiassillasunisesusvedraunivalely
QAAINNT TN
) o o y I 9 4
dmsuuvuudiaeens Ivaduiliu Standard k—e INOUANUIAULTE
4 I [ [ d A @ o { y [l
TuaagnadwduanuduiusiFudunudasianudumaes Taganunidannuiuiliu
. . o Y g o v o o & o 1 . .
(Eddy-viscosity) 3zgnmnualiiuanuduwusnunaaaiuaaiiiiuilu (Turbulent kinetic

energy, K) nazéasimsaavifuiliu (Dissipation rate, €) Taol¥aunAgIuved Boussinesq Ao

T = — 2 pkoy + o, + o
k2
U = pC, - (4.8)

Tagh Uy Ao anunilanunifuiliu (Eddy viscosity)
k Ao wdanmvasinuuihuilay (Turbulent kinetic energy)

€ o oasimyaaenuutuiliu (Dissipation rate)
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A1319% 4.1 naaam sl euisuuuusianams InatTuilu (Turbulent model) N4 11013

<3 1 ¥ a
udyanvsrunuE [4]

Turbulence Computational cost Impinging jet transfer Ability to predict
maodel (time required) coefficient prediction secondary peak
bh— * Wk w * *
Low cost Poor: Nu errors of Poor
15-60%
be—tn * W ok ok * o K
Low-moderate Poor—{air: anticipate Fair: may have
Nu errors of at least incorrect location
10-30% or magnitude
Realizable k—¢ * ok ok * %k *
and other k== Low Poor—fair; expect Nu Poor—{air: may have
varialions errors of at 15-30% incorrect location
or magnitude
Algebraic stress * %k ok ok * i *
model
Low Poor—fair: anticipate Poor
Nu errors of at least
10-30%,
Reynolds stress * * *
model (full
SMC) Moderate—high Poor: anticipate Nu Fair: may have
errors of 25-100% incorrect location
or magnitude
Shear stress W i * W
transport
(58T), hybnd Low-moderate Good: typical Nug Fair
method errors of 20-40%
vf +* % * Kk &k +* Kk Kk
Moderate Excellent: anticipate Nu - Excellent
errors of 2-30%
DMNS/LES time- * * o ok * ik
variant Extremely high Good—excellent Good—excellent
models (DNS avalable

for low Re only)

[# indicating undesirable model characteristics, o W % % % indicating excellent model

characteristics. |
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A =K A [ Y4 Aq Yo
INAUNITN (4.6), (4.7) 1AL (4.8) VWVIUANUTUNUTYRIAUNTN 1FT 1004

v Y
M3 lavnuuafualu ldaail

a(k)+a(k) a<+Mt>ak +G,+G Yy +S, (4.9
— — (pky;)) = — — = — pe — :
atP axipl ax,-“akax,- k b —P M k
0 0
— (pe) + — (pey;
3¢ Pe) axi(p i)
i ( +”t)a€ b G S (G + Cony) = Coup ot S 10
_axj u o, axj ].Ek k 3eYD ZEpk €
Taeft Gy fe sanmamandsnueaiiuihuiifannmsnasuulaniuGy
G, fo sanmanannuiuthuiifiannmssiaes
Yy fo namsveenanuiuniuvessasimsaaetuilu
A ) 1 Jd v d o [ @ o o U
o, 9 anutuuvesnwauntinwesdmsunasnusauulu

=\ ] Y o o Y] [ y [
o. Ao anutuhuveawauninueidmiuoasinsaatwuilu
Taerasiiae Cq =144, Cy=1.92, €, =0.09, O =1.00, O¢=1.30

suudraeannuuil v k — © model [5]
° X 1 Yo @ 2 ' 9
puuaesnnuutliu k - o 1dsumswannvulasaiadiecaiunnsaly
a o L4
1uﬂ15@15mﬂﬁﬂﬂmaﬂymwmﬂimgmﬁmmﬁ"lﬁamgmu (Recirculating flow phenomena)
1A1ii9a9naung Specific dissipation rate (@) @150 ¥ HamagRaiionI1A1 Turbulent

. . S 9 Y J 'y Yy . . o = .
kinetic energy Nfnd11ndqud uaz lidoald Damping function lumsfuamusim Viscous

= Y o dy G Y @ a < = v s
sub-layer 9nA18 tazUUTastgnlszgna ldnunumaIrInssuna bl Fwaansniianm
U U1FINI Two-equation model HUUIUS FIMTUNTHIUIONT 1AL Adverse pressure

29 a

@ ] < @ )
gradient 1AZNT INAUVVLONAT (Separate flows) 9819 15nAmds lifidongindamuluns
v '
ps et MuldszanEn e UTaeslidmsumsiiuens Inaryuiu Fuwuiiaed

v { o %
k= Fauilu Two-equation model 7 l@suANNaulad@ABIBALVUHILY

[

@NMS5 Turbulent kinetic energy N1%luunusiaesk—w w1ldlagordy

v d

ANA1T Turbulent kinetic energy N 1% 1l UUT1A04 Standard kK —&  $amAUANUFURUS
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&= Pok (o f Ao MANveDUTIAeINANNINY 3/40 1% 1dduN15 Turbulent kinetic

A
energy A9

ou,
pﬁji:lei_ﬁpwz_‘_i ﬂ‘*’i i 4.11)
Ox; X Oox; o )Ox;

[

TUNIT Specific dissipation rate, @ Ao GI’i1ﬂ1i§@ﬁﬁ1ﬂ%ﬂiwﬁiﬂ1u¢iﬂﬁﬂﬁﬂ

o d @

] Y
Tnasuazaonan %\‘lﬁﬂJﬁmLﬁﬂiﬂ’NNﬁMWU‘ﬁ il

1
w=k?/l (4.12)

v

Y
#1M5 Turbulence length scale, / AMNTOUTAIANUTUNUTAI

(=~ (4.13)

[

a 9 o o 1 dy
Hewdauns o lagleanuduiussesnin o uag k U

&
w=— (4.14)
k
AUUTUMTUBY @ FWAU1TAY Bredberg et al. [18] ¥ l@a1naums
_ Ow w 0 ow
puj—:a—Pk—,Bpa)2+— ,u+i — (4.15)
Oox; k Oox; o, )OX;

4 1 g‘/ a 9y % = A
Glumi"lwmmuﬂuﬂauuu vsnalndnilsezinavesnnurdauas

v
= o 3 1

X2 & a a A < 2 '@ &
Turbulence #FUINTNA ﬁ1ﬂiy@l@ﬂ1i‘lﬁa Iﬂﬂﬂﬂ1ﬂ’31ulﬁ’)‘ﬂ$ﬂlu@§ﬂﬂ Boundary layer <3

PR ° ' g A a Y o ax .
Gl;ucnuﬂ']iﬂ']ujmﬂ']ﬂj']ulijﬂllinmﬁlﬂaWu\?ﬂg']ﬁ Wall function
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nmiuldanuduniug k=x7"'7 Tagh '/ 8 ~1.00-1.25 dariu

x 2
Y AN S 4.16)

B o a' B

[

i luuuusiaesntulg & — o 18 &
a’ =1, a=5/9, B~ =9/100, B=3/40, 5, =2 waz o, =2

IUVD1a049 SST (Shear Stress Transport Turbulence Model) [5]
111U01804 Shear Stress Transport (SST) Wl Iae Menter (1993, 1994) &
A A= 4 o Yy 9 [ = A v A Y
saedIn sz asAvowuuTIanuuy 2 aumsiialeny lagliaesdsranaens i
¥ Y] a £ o ] 1 o T W
1WMiin (Weighting) veamduiszansuvudiasslundazaivvesnsdiasslaiminy wagll
MIMHUAVATINAVOINITIAAUDY Eddy viscosity VOINT MMALUY Strained flow NIANT
A ] < o [ Y o A a Y o
asuutlasedesiaiy wuusaewundsaiuezly wuusiaes k—o NUInaladmi
waz 1Hunusiaes k —& nusnwlnasenlUanmis msdudeuuuuiiassannsala
9 . . @ A 1 A o dy o Y
Tasld Blending function USuulasumninvesuuusiaes wenntuuusiasuuy SST 14
Wn15UFu19A1 Eddy viscosity 1Aon1519A AT Turbulent shear stress 1WNUDUIUA 13
4 H 9
Usurgativhlvimssinnens lnafll Adverse pressure gradient 0819353 1YY
MINAUHAIUTENINUVUTIA0Y  k—@ DU k—& HANUUANAINDIN
Y 1 [
LUDIABY k — @ AANABMIHANIMBN Cross-diffusion 19111/ Tuaums o uazainaives
o 4 [ o ?x’l a Y o [ :
HUUTIADINANAY HUUTI0Y k — 0 AuAvIzgRguAleiandy F uazsiimsdSun)aon 'l
@ o k4 S A A 9 o 1 o 9
GuuDTIa0 k—s srelandu 1—F qunisiiherdesnuuaaziuuiiaeazgniimdn
[ 1 Y 13 i\ A Y] I 4 ]
arenualandu F gnoenuunlntianilu 1 Avsnalndmiuezilu o devisesnllain
o @ o ° @ Yo ' g a
mielaenlduvudiaeuy 2 aumsvziiuiens mavvunenda ladininnnuduas
v A a a g J < a =2 d Yy 9 A ) o
na1nfneIaNsAans lauenmasininnuiuese  FuiudedssNgunsedimivau
14 4 o 1 1 ]
neueImAnamaas tlesnrnuuusiasauuy 2 auns bilaunalnvesmisdaeriu
9
Turbulent shear stress aatuUMsUTUIFev1 1A laomsldsmsmeiisnaiadioniisiaoans

U 1 @ 1 o R4 o v 4
INTU  Turbulent shear stress mﬂmﬂﬁ'ﬁmmauwuﬁTﬂammuwawmi}aummmm
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X 1 o & ° o ' 7 o ° 1 . . 4
Turhu aeiulunnuiiass ssT latnsdsulgemdensunismuian Eddy viscosity 1o

4
Y5u1l5amsvinnens lvanuunenaadae Blending function F, 69l

2
F, =tanhq| max| 2 \/Z ;SO(Z)'U (4.17)
0.090y py o
M, =min p_k;M (4.18)
o SF,
& A . 1 Oui Guj
e §=,/25,.S, A0 Strainrate 1Ay S; =—| —+—— | AUN13 Transport
Y 2\ ox;  ox
I 1% dy
Y99 SST 1l uAll
0 0 ok
ﬁ+— pujk—(,u+ak,ut)— =P -D, (4.19)
o Ox Ox;
0 0 0
DO 2 puo—(u+o,u) 2 |=apiD, -2(1- F)CD,, (4.20)
o Ox, Oox; k
P, = min [,u,SZ;IOpﬂ*ka)] (4.21)
D, = pfB ko (4.22)
D, = fpw’ (4.23)

v J v A ' W a Q'{ o
RRNISTLERY E Qﬂ’ﬂf)ﬂLL‘U‘ULWE]Wﬁllﬂ1€T3J1Ji$ﬁﬂ‘ﬁ5llﬂilmﬂﬂ1a®\1‘u’t]\1 k—w

Y ]

9 4 v 1 1
auanludmidusuFamnuuoudiacs k —e @ldTumsdiulaeuliegluzivesk - w

U
v
Y s 9

1 { 1 4 13 {a 4
) Tua i)y Free-shear layer ita @34 Free-stream Wanguillianilu 1 fina tautrlng 1 1ile

[

1 A d g’/ a Aa = Y 1 ~ ?,‘, a a 1 d o a
ﬂaamJﬂumumﬂu“vu%ﬂmuazummg 0 NUOVVOITUFANY MWINTUMTHAY Fi HITY

De
=De
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4
N 500u . 4p0,,k
0.090y " py’w” CD,,y’

F, = tanhq| min| max| (4.24)

4

FaA1 CD,, o Cross-diffusion lugun1s k — o w1ldainanudunus

Y
aaae lli

2p0,, Ok 0w
0] ’8xj x;

CD,, = max 107% (4.25)

w0 =

drsumninvesunusians SSTAe @, =0.31,K =0.41, " =9/100

'd
dulszansvewuuiiaes 8, v, o, uaz o, uaasldeglugdvesdauls
v Y
'l ¢ nazgaiiualasnisnanvosdinlsvesunusiass k —o AUaN  (4) M

wusaes k—e 11dUsulaeunds (4,)
¢=Fg+(1-F)g, (4.26)

A
e ¢ = {Gk,aw,ﬂ,a}
Y a £ o ¥ a o I o A
Tagmduiszansvewuuiiassnuauimuaiiuael
@ a £ o Y
-duilszansvewuuiiassdly
o, =085 o, =05 f=0075a =0553
'
-duilszansvesuuiiaesdiuuen
o, =10 o, =0856 f,=00828 a, =0.440
v Y v
nnuuuieesnnuiluihunsawuuuin ldesue13dedu aunsoasliod

9 o Y o ~
Llageﬂf’]Lﬁf]“]]@QLLUU%]@@Q"I,@@Q@]”W”NV] 4.2
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4.2 TaalFlumsdraesmslvave udnijary
o <3 1 Ao dy 9

nMstraeIns lnaveudneruluamivenldlusunsy  ANSYS Ver13

o <3 ' X a <3| o AaR A
(Fluent) Tumssianans Inaveudnwasuiuid Tagilunissiaoans lvauuy 3 Ha%I

Y
VPIANAUNINAABI3e Tudruvewnuiiaestiazilszneuaie 3 dauranie aaunsney
< | a ] = Y Y IS
Wudanvesusnavodinomalvuanun g (W) 40 mm luduvuiannue (L) il
] o A o A o 9):3 A a T o J A I
yaveduaaziUiaesnanune ity nahnmeeniny ludiunaouily
A A a da = v o V Y 3 2
VINVRUEINAINWIBULVIANTE x 812100 10W = 22.5W Tudrugamaiunsnm
' < a ! a A a ' 1w

32831199101 1NN NANTIVTOUNUAINANWIYY (H) 101AD 2W, 4W, 6W Lag 8W

muaruaanalugili 4.2

Velocity Inlet

~

235
’ LI/

H

Pressure outlet

5U7 4.2 naasTuaad ¥ lumssiaosmslva

3.’1 o < \ 14 a d
4.3 ’lﬂ!ﬂﬂan‘i‘i]1a9\1ﬂ1‘§"l1’iﬂ6119Q!%ﬂﬂﬁ“ﬂuﬂ?ﬁiﬂi!!ﬂiuﬂﬂuw'J!ﬂﬂﬁ
o v A g ° 3 ' A
ﬁ’n’i"i'll'J%ﬂ'lillagelluﬂ@uﬂ’]'iﬂ’]ﬁﬂTﬁ@\‘]ﬂ’]ﬁuh’i'a“llf]\u%ﬂw.\iclfuﬁuﬂ']ﬂﬂ'ﬁﬁ%}']\‘]
9
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4.3.1 M3a51903A (Meshing)

a . I E ' % 1

M3a319n38 (Meshing) 1iuauaouaoainmsadeluea ¥elugih 43 uaz
I = A Aq Y o = A Agq Y o A o
4.4 AumsuaaeseazoeauoInIan 15 UM IAUIN BINTAN 1F IUMTMUINITUANYUE
P = o a o 1 I A A =~ 1 dy a
NIRRT asY TaganyuznIAveLUTIaRIeeNIY 3 nTAIAD NTAIINWAFUNUNI
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= a A A I a Ay = o '
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Az199AYDINTAVLUANAAAUUDNTLITHIDINAHUIVDIG UINUAS NUFHIMANWIBU T

1 a A Q 1 I a A 9 1 o A A a =
druveIuInananIriuusnandeInsanuuiuiinguionnnanisulasuulag

a < o 1 v Yy o ! + A a dy Y 1 A Y
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g“ n?
Velocity inlet g é
7
% | 1=170mm
¢ /
W 7 7
Z

Wall

'Cylinder rod / \

A

Pressure

outlet

No slip constant heat flux wall

A = a o A g 1 &' Aa
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4 ; . "
4.3.2 QeulvvauuanlylumsfiuIn (Boundary condition)
° S L g Yo v aAdq U
Tunisdraesms lvavesanwerunuiu ladmualdguugiinldlunis
o [ { 1 a 4 3 ] $
assliainen ludinvesnsuaszims madluuuy landsuntasaiunan (Steady flow)
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1 Y 1 9 o y 1
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1 v Y
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No slip constant heat flux wall
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16
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4.3.3 MIAUINU
Tudrmvesdinsauia 1dimuasanesiuilemuauslunuy SIMPLE
(Semi-Implicit Method for Pressure-Linked Equation) Taglis1oazdeavo Spatial discretization
TuusazaumsilFlumsmuasimuanuasd 43 Fedmuadoulvlumsvgaveams

szuanaiioUmaNURANaIA (Residuals) 910U 1x10™

A13197 4.3 uaAIMsmMruas1eazdeavoadon v Spatial discretization [23]

Gradient Least squares cell based
Pressure Second order
Momentum Second order upwind
Turbulent kinetic energy (k) Second order upwind
Specific dissipation rate (@) Second order upwind
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