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ABSTRACT

This thesis presents a numerical study of turbulent flow through an orifice plate with
orifice to pipe diameter ratio ( ﬂ), of 0.50 and 0.75 using a Finite Volume method. Two
turbulence models, the standard k£ — &€ turbulence model and Reynolds stress model (RSM) were
used in the present. Four numerical differencing schemes such as first order upwind (FOU),
power law, second order upwind (SOU) and quadratic upstream interpolation for convective
kinematics (QUICK) were also employed to discretise convection term in governing equation.
The numerical results were compared with 3D — LDV experimental results of Nail. The essential
velocity at inlet boundary of the computational domain can be classified in six formats, namely,
uniform velocity profile, fully developed velocity profile, experimental velocity profile of Nail
and the first three velocity profiles include effect of turbulent intensity. The Reynolds number
(Re) of 18400, 54700 and 91100 were considered in the computation. For the k —& model, the
use of FOU scheme leads to good agreement between numerical and experimental results for all
cases. T'o more accurate numerical results, the effect of turbulent intensity should be included in
velocity profile. For the RSM, excellent agreement with the experimental results can be found for
all sche‘mes used and SOU scheme performs the best. However, introducing turbulent intensity
results in no improvement and gives slight over prediction in some cases. The kK —& model
utilized with FOU scheme and the RSM using with SOU scheme to more accurate. The
computation reveals that the prediction with RSM yields more accurate results than that with
k — & model in overall.

Finally, the simulation showed that the use of experimental inlet velocity profile lead to
better agreement ihan other profiles in comparison with measurements. In case of lack of

measured inlet velccity profile, the fully developed velocity protile should be employed instead.
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%E)/ﬂ?“ﬁﬂﬂﬂ
constant in discretisation equation
sound speed
constant in discretisation equation
constant in I'T equation, =-2.5
orifice thickness
constant in discretisation equation
constant in U — plus equation, = 5.5
constant in %‘1 equation, = 1.8
constant in @, , equation, = 0.60
constant in £ equation, = 1.44
constant in &€ equation, = 1.92
constant in £ equation
constant in @, = equation, =0.5

if,w

constant in ¢, equation, =0.3

if,w
constant in discretisation equation
constant in the turbulent viscosity equation
convection

orifice diameter

pipe diameter,

hydraulic diameter

constant in discretisation equation
molecular diffusion

turbulent diffusion

unit normal vector in r direction

unit normal vector in & direction

constant in U — plus equation, = 9.793
total force vector

body force vector
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F, body force vector in x direction
Fs, body force vector in y direction
E,. body force vector in z direction
F; production by system rotation
F surface force vector .
F,, surface force vector in x direction
Fsy surface force vector in y direction
surface force vector in z direction
F, total force vector in x direction
F § total force vector in y direction
F, total force vector in z direction
z. gravitational component vector
L. gravity acceleration in x direction
g, gravity acceleration in y direction
g, gravily acceleration in ¢ direction
G, generation of turbulent kinetic energy due to buoyancy
£ generation of turbulent kinetic energy due to means velocity gradients
G,.J,- buoyancy production
i unit normal vector in x direction
1 turbulent intensity
_]' unit normal vector in y direction
k kinetic energy
k unit normal vector in Z direction
o normalize of radial position
¢ turbulent length scale
S normalize of axial position
L characteristic length
L, downstream length
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#a/mmﬁma
upstream length
mass
turbulent much number
pressures
wall static pressure value
initial pressure guess value
inlet wall static pressure value
outlet wall static pressure value
normalize of wall static pressure
linear momentum vector
Peclet number
stress production
Prandtl number
turbulent Prandtl number
r direction, pipe radius
Reynolds number
Reynolds number based on hydraulic diameter
modulus of the mean strain rate tensor
Schmidt number
source term in k equation
user — defined source term
source term in &€ equation
time
time period
centerline velocity
velocity in x direction
fluctuating parts velocity in x direction

u — plus, dimensionless velocity
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u friction velocity

normalize of centerline velocity

cl,norm

U mean part velocity in x direction

v, average velocity

U.. maximum centerline velocity

v velocity in ¥ direction

v fluctuating parts velocity in y direction

v initial velocity guess value

% mean part velocity in y direction

Vv velocity vector

V. velocity in r direction

v, turbulent velocity

V. velocity in z direction

¥, velocity in @ direction

w velocity in z direction

w fluctuating parts velocity in z direction
mean part velocity in z direction

X X Direction

y y Direction

y* y— plus, dimensionless position

i 4 overall dissipation rate

z Z direction

Greek alphabet

a, under — relaxation factor

o beta ratio, thermal expansion coefficient

£ turbulent kinetic energy dissipation rate

£ strain in j direction acts on the area that perpendicular to 7 axis
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fyany FO/AITHHUY
i dissipation
Ep near wall turbulent dissipation rate
n transverse direction of longitudinal pipe line

Von Karman constant, = 0.4187

second viscosity coefficient

y7i dynamic viscosity

s turbulent viscosity or the eddy — viscosity

IT wake parameter

@ total property

o) mean part property

¢ fluctuating parts property

e fluid density

& normal stress in i direction

o, turbulent Prandtl number for k

a, turbulent Prandtl number for £,—1.3

7 stress in j direction acts on the area that perpendicular to i axis
i wall shear stress

7 @ Direction, Orifice beveled angle

& first angle of deformation

o, second angle of deformation

o, pressure strain

P slow pressure — strain term

Pin rapid pressure — strain term

- wall — reflection term

dytiana (Subscripts)
e, i, w,s interface control volume between face P& E, P& N, P& W and P& S

E.N.W.S§ neighbor node around central control volume, East, North, West and South
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‘#ﬁ)/ﬂ?ﬂ?fﬂu'lﬂ
cartesian indices
cylindrical indices
for k& equation
for & equation
neighbor node
turbulent
maximum
normalize at centerline property
normalize at wall property
average
wall position
hydraulic

for user

YUUY (Superscripts)

!

fluctuating property
guess value, Current value of variable during iteration
normalize at the wall

time averaging operation
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ﬁumﬁq’ﬁiﬁﬁuﬁmﬁﬂ ‘V’lﬁllW‘lflﬁﬁU'ﬂ'W RMS. Velocity ﬁﬂ'ch‘QEIﬂ (Maximum area — averaged)
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HADAND "lﬂﬂil AU Reattachment 3UUDYNUA ,5 NNNNISVHDYN UM Re «aman1g

¥
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naaosil I Turu@ersuiun1snaaeved Krall tag Sparrow [19]

2.2.3  1UI8VD4 Teyssandier taz Wilson [45] 1973

Teyssandier 1A Wilson A5 oufounadniidanisingiey (Analytical) fuMa
[ o a 4 1 Y ~
AWTLITINITNAADY (Experimental) (o Re vosommabiauilu 1x10* msiaanusailua
FIMUFURRIHAvWIA B iy 0.5 sz ldiduarnnudouriamel nansnaasaidim
x/R AU —2.5 WU Velocity profile Nialalanyurdoanansfuinfiy Veiocity profile il

9 ] 1 o a A o i w
14910 1/7th Power law UANI9AIYU Downstream WUIANUT ARAvegaiialduazaudu
° o g a ag a o 1 1 ar o o =& [] g/ [ ]
dganda lanavundumua x/R Wiy 0.083 uaz 0.583 aua1ey ¥ liaeandeatuodi
= a v 2 I - - f A W < o Y '
g4 Tumanguudimiaesmainandoufaduid i ufeany uenntninmada lanu
[ 3

AMWBNIVTIUTAANITNYUIN (Recirculation zone) WHapandpanuilusd @ fumadns lu

a a o 1w A 1
AAATIEH Laﬂﬂauiﬁmﬁqqmmamiﬂﬂam‘um Dyban 1ag Epik [12]

2.2.4 914I98UDY Teyssandier U Husain [44] 1973

Teyssandier I8¢ Husain 1@%1minaaediannudiveseimeriuruessilaveu
Andow (Square — edged) HioooTHaf WildTinsuiniuwiussuvearuiues Tavees
Faf 145 3 vua'l8ur B iy 0.299, 0.498 uaz 0.697 tazynYIANUL 1/4 firidfe Re
M 2.1x10* 84 1.6x10° yafiiamanududinedu 40 30 34180A &1 Upstream 15 90, &1u
MU A 1 99, ATUNAUWNUDDSHE 1 9@ LAZAIU Downstream 32 90 VINHANITNARDA
Wi fumisiimsnszaieivesnnudul45usninannmsiadsoosiafid Upstream
10 x/D 11y —0.62 AIUATM Downstream Ain x/D 1NN 1.16, 0.83 1az 0.5 §MTyU S 131

A1 0.299, 0.498 1AL 0.697 A1UAIA

2.2.5 U389 Bates [1] 1981
3 o P [V :’ 1 [ any = o = 1
Bates |@111M15NAA0ANLINUNIT IavenimuLrueesHaveudvasund 4
¥ ' kY
A 0.5 TagliAl Re Awa 3.38x10* 81 9.15x10* Usmamiauleialumsnaaosouil
-~ = = X Y Y Y i B &
D AUIAURNAY (Mean velocity) HAZANMMTNTUYDIN1NTWIIY (Turbulence intensity) @3
¥ ¥V "
LIANIAU 5 AUINUI A AU Upstream 1AL Downstream $147U 2 1ag 3 Aumianiuiiay
o 2w @ . aa
Taonsnaasansathitiunsiaaau Laser Doppler Velocimeter (LDV) Tu 1 3@
{oN581M5TAANUE Y Bates WUNAGIYLY x/D 1My —0.535 AnbMzved

Velocity profile 1ia latianyasadoanandfuniy Velocity profile 1 1310 1/7th Power law
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ﬂ’J'IlIﬁ’Jluuu’.]ﬁﬁil"lﬂ OIUATH Downstream M (F]’ILL’H‘INI,L‘I—J.'JL%HN']UﬂuﬂﬂﬁN‘U'DQWEJNHi]SQJ

]
=]

g ¥ A & o ' dyn o 4 4 = '
YUIAYDIAMTIOUT RN definudiuuiidmSums Ivafitian Re iindiu o
I~ g c:’d'l 1 a :; o Yt (=4 9/
YUIAVDIANMTIEAUA wendInililesl Re iudiuaugegaziliinnuaudon
' 14 Il '
nay TuimM N UIANAL gAY Fazifaiid s x/D vy 0.5 uazdumua r/R
iy 0075 Tavvaanudigegaiiaadiu 23% vesnruSundvfidumuadg Upstream
Ed ' 3
x/D Wiy —0.5 uenaIntl Bates SINUBNNA MU Velocity gradients 081311017 UTNY
a 4 Y o o o v T Y p : '
wan x/D 1nd 9 7 0.5 uagiduwmisiieennusimdsiuunduriuguinaliviossnos o
anasfiaziiouu@oanumsUSuiiues Velocity profile UM Downstream ¥04003Ha1in
6K
deRasanmsiaanududuvosnnuilutlog Bates 1a31HRufidwmis x/D
Y :: v 1 a H 1 o o 1
Wiy -0.535 uanududuvesnnuiiuihuszsivdu 1 8 2% ndnzhldanuEieglu
o < a4 w | 1 Vet 1 = 3.5 y
FEAU 4% VYBIANMTARTEAI Upstream H30NA12 ION0E1NNTINN ANMdNduuDInnuilu
' A & ' o " w o { ' ot
Yausziuaiu 25 B9 50% angdhlianus unduanuEundsdu Upstream tdluvaizi
AU Downstream ADUT199ZAN (Nearly constant) 11NNITNAABINLIIAIAMVLUTUUD
U 3 ' v
Anuiluugagaruszialu Shear layer Falifaaua 40 89 70% nwlunTnumslvadou
NAU (Negative flow zone) MANMTuTUvDInNNiUTIHzTAanaInAInUdud YD
anuiluaugege uaziioga Bates AUt auSud M Downstream oonIiu 3 daudloiuds
e 1. USnauuadurIugUENa19 (Central core) 2. U310 Shear layer LAz 3. UTIUMS Iva

[

founauiFanumia (Negative flow adjacent to the wall)

2.2.6 NUIYUDA Millan et al. [25] 1989 _
. Y o 1 ] a et [
Millan et al. 1a%1n15MAa99n15 Iavee1nie duuduessHanil 4wy 04
= o 4 5 ' vq o " w o
1az 0.6 1 Re iy 5x10* uaz 1x10° uav1anisnaandt 1414 £ 10y 0.7 Ay LDV 1
aa | d;l = | o Y o o .
YA [IWUUND £ umaang e lnmanuedngiuuInag (Length of potential core) 9%
[l ¥ ¥ ¥
anad TurueNUTOUMINYUIUITTIVY UONINTEINDIIAUNUIVDL Reattachment 11 1]
] ' . ¥
avolasunalas llumindonldou £ 910 0.4 69 0.7 BaAINANUIVDY Reattachment 1Y
Tunes'l (Insensitive) Ao yoj
¥
Millan et al. TAMIAUMUIUDY Vena contracta AI0ITMT 3 3R 1. fuIam
: o VA @ W ia 1 o ad
Stream function MINWUMIRWMIAYaduAaRfiauugudvwmdu p =1 §1u Downstream 3%

¥V ' ) .
M3Haz AN Vena contracta i x/D Wi 0.29 naz 0.30 Weldeesiavuanid g wh

AU 0.6 1A 0.7 MUAWUN Remny Sx10* uanal Re wiiny 1x10° a2 IM@1ma Vena
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contracta 1 x/D 1WAY 0.40 uaz 0.70 e l¥posHavuia B 1wy 0.7 uag 0.4 mudie

act A o VoA Y o 9/ ] o Y qy

N 2. mdwmisi I nus s ugagauuuuduiugudnay m3leismsieg
3 o ' { 1 o ) as (-

TMA MUY Vena contracta 1 x/D 110U 0.56 uag 0.82 d iy £ widy 0.7 uag 0.6 A

e Re 11iy 5x10* uazh x/D mify 0.59 uaz 0.80 d sy B i 0.7 waz 0.4

Yy 1 "o 1

o w A 1w 5 aw g Y o
AudALiio Re wify 1x10° aagddvldnanidumiaildnanusmuuuinnugagase

9 A

o 1 v w = o 1 ] o
L‘flumamumﬁﬂ’muﬂu Vena contracta LAz gAN18I5N 3. HWI'ILHTHQUHLLH']!E?HN'IUﬂuﬂﬂﬁ’lx‘l

qa
1 3

{ o v . . { a o v =
#1M11% Radial velocity profile in1si/aswaToarue 33msiiaz 1AM Vena contracta #1

x/D iy 0.46 e B 11y 0.7 81 Re iy 5x10°

2.2.7 QUIBVDA Shen et al. [40] 1988

Shen et al. I8 1¥inatianmsiannusadae Lov 1w 2 daunldlunsnaassiifins
fimuam Re venid 1.4x10° W lwasunriveosHauides waziuugiam A iy
0.75 wazunding 307 Woufussnuvewsy auzdin3ields 1 minldessiadining
mnfguiies q udansiliindensia uazfinnnufianainun msmaasinddl 185ims
SavSinmanuilutay (Turbulence quantities) WaeSInudeiy Fasm'lUEe Reynolds
stress u'v’ AU ﬁqf':nnﬂ?mmﬁi’mfu"lﬁﬁimmim Time averaged 91NN15NAABINYIINIT
iy liiAAfid 1 Upstream @2u#11 Downstream WU@WMNUY Vena contracta 1A

o

dumisiinnuSaugudluuSoumsmpouiaii x/D mify 0.25 uaz 0.68 My

2.2.8 14IV8UD9 Nail [27] 1991
. Y o & =Y o A = aa 1 1 = -3’ cly
Nail "lﬂﬂ’l’]ﬂﬂ"luwuﬁliﬂﬂ ﬂ'l'iﬁﬂ'l&l'lﬂ'l'iul‘ﬁﬁiu 3 lIG']N'I‘HLLN'HE)'ﬂiﬁﬁ 114\1'!14‘5141—!&‘1[1
aa o [ < 1 an { =t
1814 Lov lu 3 fiddlugnseinanlumsiauazifudoyans lnavesermariueesilaii
1w o a 1 aa d BJG‘J o o &
£ iy 0.50 uag 0.75 muddy urueeIHai 191U 3.175 mm uaznyigy 45° My
(=Y o’: 4 1 o 1 1 ia =
seuuuruAadalifigudnarssauiuneuna 50.8 mm TaoAl Re fANo15a10gNn 18400,
[ ¥ [
54700 1ag 91100 ﬁTLLWNQﬁL‘UTJﬂHNﬁﬂ‘i%ﬂm 700 ﬁ'iLL‘}'TuQﬂﬁElﬂﬂ')'mEJTJ‘U'EN‘Q'ﬂWﬂﬂ?N ‘?\1
¥ E ¥
uaazA iUz UTURn Non — orthogonal velocity component Tuie 3 uunUIIWN
‘: v :z, 9/ s ! ) ° " kY Y (a d’l’
au 4096 gatoya MNugAdoyadina19zgni1 Ui Time averaged uadvz ldSuaiu
91U (Basic quantities) 9 1AUA Time averaged orthogonal mean velocities, variances 0¥
. ¥
Covariance ‘H%‘ﬂ (Reynolds stress tensor) c?aﬂimmmmuﬂzﬁﬂﬂﬁm’ammﬂimmananymz
& A . .
WU 178N Derived quantities
{ o as o =t as Y o <
MInaaedued Nail A Adelaih lunSeuieuduradwidi ldaninnis Talsunsy

FLUENT 1055 2.99 43iifug U113 Finite volume 1a801ft Turbulence model fin & — &



model U®9 Launder a2 Spalding [23] 52WAU SIMPLE 8ane3fu Patankar [30] ¥iatiazede

velocity profile 11 1d91n LDV 1n1difluden lvvo uwaveannus1iniadives FLUENT dau

o Say Y a a o =t as =
waaww"lﬂmmmmwuwm Nail Yitanaaaluasnen 2.1 uag 2.2

M15197 2.1 Vena Contracta L18¢ Reattachment Locations

Case Vena Contracta x/R Reattachment x/ h
Vi) Re LDV FLUENT LDV FLUENT
18400 1.5 0.50 8.56 5.99
0.50 54700 1.0 0.76 0.57 7.93
91100 0.75 0.93 10.6 8.47
18400 1.0 0.70 10.0 8.15
0.75 54700 1.0 0.70 10.1 8.15
91100 1.0 0.70 9.84 8.49
msnﬁ 2.2 Normalization Factors
F=0.50 B=075
Factor Units Re Re
18400 54700 91100 18400 54700 91100
- m/s 2792 81.9 144.0 11.2 334 55.6
U, /R 1fs 1070 3220 5670 441 1310 2190
U?. /100 | m?/s* | 7.40 67.1 207 1.25 11.2 30.9
U /R mfs® | 29100 |264000 | 816000 | 4940 43900 | 122000
U? o /I00R | m?/s* | 7920 216000 | 1180000 | 553 14700 | 67700

S a ::.c;. 9/ ¥ T ¥ 1 aa
2.3 ~311—!’J§]Ell“b’x‘lﬂ?&§l‘ll‘ﬂ!ﬂﬂ‘3‘ll?Nﬂ‘ljﬂﬁulﬁE’ﬂ‘ll‘ﬂ?)ﬂ1‘l!!lﬂuB?]‘i‘i’lﬂ

2.3.1  14I8U09 Davis az Mattingly [9] 1977

. . Pl A : 1 1 1 aay 9/ A 1
Davis 18¢ Mattingly 19AnEU509Ms MauvuiluthurmuusuesidaaieiTHan

AU (Finite difference) 9101151054 TEACT — T 52411 SIMPLE 8anainy # Re Aaua

Ix10* 4 1x10° eo5Hafldfin1 £ Aaud 0.40 04 0.70 1Ay Turbulence model #1470 k —&

' d — u‘: a ~
model @IUANWIIANY upstream ATHMATTURWIN A NHUZUDY Profile @1 Profile
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3/ = P
19910 1/9th Power law 1182 Uniform velocity profile YH1AYDINTA (Grid) N1%A0 6813 21N
= [ q’j 1 a " PR
HANIIANEINUINT Cd HUUANATNNDA Cd ﬂ‘lmmmmgm ASME ua ISO Uszuw 4%
; Y U 7] o 1 .;’f vq Y =
uam]mummm"lﬂﬂan"l'mmsmmuﬂuwm Vena contracta uuvlﬂ1‘ﬂﬁ]1ﬂﬂ‘liWﬁJ1‘im1i)'lﬂ
o IR v A W oo A G . 1dq 9 ~ 1 o a
mtmum“l%mmmmwwummqﬂ (Minimum wall static pressure) uﬂﬂiwgﬂmmﬂmqﬂunu

= a dy . . 9 Y 3
HANIINARD GHQ‘U‘VI‘CI‘;‘IJEJMH Teyssandier L Wilson [45] ‘lﬂlﬂﬂﬂuwuuﬁq

2.3.2 918999 Mukerjee, Singhal itaz Spalding [26] 1984

Aseud 1819 T1sunsu PHOENICS fiannTae Spalding Tunss$iaeams ua
oo aveudmasudiiidn Re vty 287000 Tasanmudrvudniuisesnidiu 2
HUY A ﬁmwuu (Swirl) smx1§'n15ﬁuuvu1ﬂﬂaqn?mﬁii’f’ﬁa 30x11 (NFALUILNY X NTA
o) madwsild Ao sle B whiy 0.5 e €, Wiy 0.6774 Fagandinsdifinms Inaiinas
MU (300 RPM) 1.39%

Snmssananila fio WunsinarueesHafiInaia (Bending) tazanuEvudh
WudnyuzBee (Skewing of the inlet velocity profile) diefounavesd ol As i liTang

s/

wyuaz IdmdIn118e 74.2 uaz 86.7% dmiueeiiad InsduazeesHafinnuSvuduily

' E Y
anyuzPsInud 19y M15T1aeams Inaninanuiaruad luinisnaasan)Ssuiey

2.3.3 91428 v99 Reader-Harris t1ay Keegans [34] 1986

Reader-Harris 110¢ Keegans 1a1491u33oveananineoniily 2 dau fie 1. q1udde
fierulennuguszueariefinasom g % NUITeRnA e Effectiveness TugammnIsy
HUNUOIUTEN Mitsubishi (Mitsubishi Heavy Industrials, MHI) ?i“l*i’fur-iuﬁ%g (Perforated plate)
Tup1sA1$ANITMIYY (Removing swirl) veanslwa Faia 2 AT dmdugesudies
m3iFouins Inalnd « U MHI plate

msAnsFednYYes3etuusn d19vinania hisiuaue (Non - uniform
grid) fip 40%25 N3 (NFALLANY X N3aUuasAT) dle B 1wy 0.50 4 0.80 s Re i
g 10° 54 107 wamsfmnaidadaavmuim c, fauandannd C, fivt1&annas
g1 150 'litfu 1.4% il Re iy 4x10° snduile B iy 0.80 Fifusutin 350
MANANND ) A1V f Insaafiuiiianudud 1D 1az0.5D dmuu Upstream
118% Downstream ANAG usiiie 4 11y 0.80 Fumsaauituan st bifdmualy
1esgu 150 Tadulludesiimstseanmauonsaa (Extrapolation) ildinannuiawaia

a =1 ay o =1 =t [~ = =1 ] =
un ‘Hﬁdmﬂlfcﬁﬂﬁuﬂﬁiﬂﬁﬂdﬂﬂﬂ‘iml!ﬁ’) \lﬁhﬂﬁWﬁﬂﬁﬂi"lﬂl’ljiﬂ“l.lmf]ﬂﬂ'IBiFl‘NﬂTiL“IJﬁEJ‘L!
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wlas €, Aumsnlasunilaaueadn Friction factor AA WusanMsnlasuulas C, aens
= 1 o i d w o w =
nlasuuavean friction factor AA Wuilanduves Ind Tudivasnide 4 wie PA™
[ . Vv
dmdnMInaaoaifeIny MHI plate WuwuIIMsians adle LDV Uszneuny
] 9/ ad a  w e’: 9 9/ Y] ﬂ 1 = v 9
Han1331a09A 83T M TR Rviu inaaoanaoanuilueeed uaznisnaand lauaaali

=1 1 3 o a a
tM1431 MHI plate Wuawnsomsamsnyuvesved Inaldasa

2.3.4 Q11 UD9 Patel et al. [31] 1986

Patel et al. "1?’1’1%’3’%wa¢iwﬁ’mﬁmﬁmuTﬂmm‘u FLUENT la#1% Turbulence model
flo k —¢& model AIUFHU SIMPLE ﬁaﬂa?ﬁﬂunm‘immﬂ15"l'rlmhumiuaa?ﬂﬁﬁﬁﬂﬁmn
45" fuszuuuruuazil B Wity 0.4 1die Re whfy 10° msadiensase Iiianumumuniy
vinulnd q Auuduessia uazlddiuminaasuinnuiudaszvesnsa (Grid
independent) &uaﬂ'ﬁ 80X 60 (ASAUUIAY X ASALUITAT) 21PN1T81809M5 IHANUIIMIA
c, 1&g hidu 1.5% vesriunasgin venvind Idfinaium Re switedunaiufivides

[l 1 ¥
Aum C, 9619y Fawuduien Re galiuudanzildan C, anaq
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3.1 umin

df ~ J 1 b= = o 1 9 a =) s & 1

e luuni 3 fleznandmguiuazaumsiduiiudodldluinendinug Fa
poniludail

¢ anudidgyveuuuiaesnuiluilau (Turbulence model) Apilyynimadu
ﬂ1iﬁ1u1mﬂ1dWﬁﬁ1ﬂ'ﬂ{ﬂJﬂﬂﬁﬁ (Comiputational Fluid Dynamics, CFD): Lﬂuﬂﬁﬂfinﬁﬂﬁﬁj
1 = Y df Y A Y y 1 o aw g
omianud lutesdwneinuilymns lvanuuilulhu easssuiauinsuesnuised
y g d o o 1 = o
i1 5o hfems@aituanudide, anuuanaie, 408 tazimgraveansii Turbulence model
e lumsfinanamamanivedva

d¥ 1 = d‘. = as
¢ aumsiugiuvesns va: dWumsaandeiinnves uazswazidanedal
¥ 1]
yoangiuguisuiudieg su'ldun ngarseysniuia (Conservation of mass), ngMseysny
s é af af
Tuuay (Conservation of momentum) mﬂ:asﬁungmiwiﬂﬁwaum (Conservation of
A 1 vq 9/ = a od cf

energy) 11199910 131 18 1 WA tinusatiuil

4 Reynolds — averaged Navier — Stokes equation (RANS)

¢ wuudaInuiluiliu (Turbulence model)

¢ unasgy

o T 9
3.2 aNUaIAYUBY Turbulence model ﬂaﬁﬁymmaﬂm CFD

a - | £ Y da Yy YR ° aw 4 as

Hudunainiufeuniisrmissuudaniig lddnyuaziimsisunenoilynins

y U & A ! o a tg a aa 0 w "
Tnanuuiudu dededuilunisivafifatuealudialsesriunnndims lvanuusy
30U (Laminar flow) 3avhldilagiiunauiuazanudrlaluilywims nanuuiludhuiiinn
c? & E=L 3 a = s v dv 1 ﬂ
Yo q wanlynazaseunquiianua msesenenulymluaiiniesnidy 2 wud
maldud 1. 35Usngmsel uaz 2. FTmeddd dmsuunomen 1. snhufsdumsnaaes

Wundn Fwzneldifannureiivesauiniusamsnaasan landudunuvosdnyus

o w

— 1 a c?/’ :iy “a ad u‘dy @
‘Vl'Nﬂ'!fJﬂWWﬂJENﬂ'I‘i"lﬂﬂ"h’]ﬂ'lﬁﬂﬁﬂﬂ'lﬂgﬁ]'ﬂ ‘IfNuﬂ']'iEJ'EU']U%’)EJ']‘Eﬂﬁ’IJT]ﬂ{]ﬂ1§‘€u1—li]$ﬂ'lﬁﬂﬂ'l‘i

¥ &

ar ar as = o " = Pai '
ﬁ%’nmmﬁuwuﬁ*’dmﬂ:n:umumauﬂlumaw@dﬁuﬂimm (A1MIN) ‘Iflhl??fi]'lﬂﬂﬁﬂﬂﬁ@d L

AMTUIUIMNIN 2. WAEINUMTANYIAIIDMTTIAUAY  TAHIUNIILUUTIADINI

4

AlARITAT

=

& YN Vet awv o a0y @ ! 4 3 ]
mQﬂqulﬂﬁﬂrH'}llag'ﬁJUEluaﬂHmzuuluuﬂﬂﬂﬁ]iluu 681\1”13ﬂﬂ1uﬂ\1ﬁﬂﬂllu’3W13m'}Q



vy v

I3

= o w_ A 1 a Y A v " A A A4 v w
ﬂuajuuﬂ?quﬁﬂlﬂmﬂqglE]')ﬁ')ﬂiﬁluﬂ_ﬁilﬂ{lfyﬂ"I ﬁi@ﬁﬁ1ﬂﬂﬂﬂ5mlla$lﬂ5ﬂﬁu@ﬂlﬂﬂ?ﬂ]QQﬂU

ul YR Vet 4 il 13] 2 o
M3 Iasuuiuihulvavy wazmmzasiuluouinn a15199 3.1 1WuMsuaasavauINIg

s

= 4:-1 n:;. 9 w o s
UVBIIUI EJ‘YILﬂEJ’)"U?Nﬂ’ljﬂﬁﬁ'lﬁﬁl'iﬂjﬂxﬂulﬂﬂ‘ll‘lﬂﬂﬂﬂﬂj

ql a aw oo 9 ar o
#131497 3.1 W@iU’]ﬂ’lﬁﬂJﬂQ\ﬂHTﬂHﬂ!ﬂﬂ’lﬂ]ﬂﬂﬂﬂﬂﬂﬁ"lﬁﬁi‘uﬂﬁIlﬂﬁ

s

NANTIDE/AINAUNL

ARRC Y a7,

Sir Isaac Newton 1687 ﬁﬁuﬁummmt"?m “Principia Mathematica” ‘?dﬂd‘l’)ﬁd
anuduiusosuiuidaduves viscous stress 1 rate of
strain.

Navier, C. L. M. H. [28] | 1823 | @/un13 Tumuﬁ’uﬁﬁ Frictional resistance.

Hagen, G. [17] 1839 | dsingmsaififortestumsivalunie uddshizwisa
950014 2 40 fo: Apec Q UATOHIHIY (Roughly)
Ap = Q*.

Stokes, G. G. [43] 1845 ﬁuﬂs:ﬁﬂ%&ﬂdﬂ’ﬂﬂﬁﬁ@ (Coefficient of viscosity, )
UAZMIIATIEHITIAGEAMARTUDY the Navier — Stokes
equations.

Boussinesq, J. [3] I877 | Eddy-viscosity concept: — pE = U, aa—;]

Reynolds, 0. [35,36] 1883 | Usingmssinferdestumsivalune 2 uuy 18ud ms
]lﬁaL['U'Uﬁ'ﬁJﬁU'U uazms"lﬁmmuijuﬂ’;uTﬂﬂﬁ’smmsﬁ
Tuad (Reynolds number, Re = Cuil )

Y7,
1895 ﬁumﬂugﬂuuu Reynolds-averaged

Prandtl L. 1904 | Boundary-layer concept.

Blasius, H. [2] 1908 | WAIRAYYDI Laminar boundary layer #1131 flat-plate.

Von Karman, T. [48] 1921 | nou Tumdanluguuuduiinda (Momentum  integral
theory) @ I Flat-plate boundary layer.

Prandtl L. [32] 1925 Mixing length concept: y, = pﬁii a—U

dy

Tollmien, W. [46] 1929 | WuaUONQUf Critical Reynolds number d113UNTUIA
DTN (Instability) YDA the zero-pressure-gradient flat-
plate boundary layer.

Nikuradse, J. [29] 1933 | Friction factor U84 Artificially — roughened pipes.
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M5197 3.1 (AD)

]

ARRT TR ad. | wamsIvedsiiduny

Colebrook, C. F. [4] 1939 | Transition formula #1451 commercial pipe friction.
Clauser, F. H. 1954 | Turbulent boundary layers iy pressure gradient.
Klebanoff, P. S. [18] 1955 | 51982108A139IN1TNARDIVDA Flat-plate boundary layer.
Coles, D. E. [5] 1956 | “Law of the wake” 1U the outer layer.

1968 | Stanford Conference: “Computing the turbulent boundary

layer”.

]
add o A 1

Spalart, P. R. [41] 1988 | ATI1a0UTIANAVAIITNS NI Direct numerical
simulation (DNS) U89 turbulent flat-plate boundary layer

o Reynolds number Re, fiA104 1400.

13 as. 1895 Reynolds ladnyims inanvvilut Taserdemsnaouives
Y o a =) 1 S o .
pymn uazlamimsmasySunamanenman 9 luaumsuifes - alaad (Navier —
[l [ ¥
Stokes equations) JH¥IUIATMTIFHAUTEATI Reynolds averaged WU IATimanimEinatuizon
' B Y 1 = = o ' 9
71 Reynolds stress term (%932 1Ana1itesieaz@eanienas) anugenlumsudilyminig
" ' 3 ¥ F ]
Tvauvuiuihuduivtuiisanaiinnudulsnan s uasms sanuiloRisanaesn
ﬂsxnawmﬂﬂn;]mmfmmﬁuﬂm (The constituents of the turbulence phenomenon) V&N
1 4 o 3 =1 y as
NUUIAVDIANAMTIAADUTN (Scales of motion) WU aieuniy Tawuns lvia (Flow

% & 1 o 1 & 2 a Y o y
domain) #pgluszavuINnIuuas nioo1vien lawas MInABINITIIABINS Inauuuily

3
=] 7t

nlfaenndonuTamuns lvandamnanmsmasuiseauind sududeslinoununesni
' o ' =1 ] Y L o q’/’ =& @ o
vieanuietummalunisinuaivesdudsidasuimalamwums Iva daluilegiiugs
14 = o 4:} o @ [ .:i 1 yciy
vlllljﬂﬂllW’JmEl‘i’d’Juuﬂﬂﬁ (Personal Computer, PC) ‘nmmm‘nNm“luaﬂymzmuwﬂan"hu
Y =g 1 o 1 u’: Y] = 1 =1 ; ad - et 1
18 vefifuAe1fy Super computer NN HANMIANAIDTHTUITNMIAGEAIN Direct
numerical simulation (DNS) [10,15]
T ar =Y 9 o =) a‘::%f 9 Y d:l
Tuganddldlimsadruuuiasmundiamasdumvategduuudioiy e
o ; 1 Y A o =) o =& dc:y =8
$1a0ams lwavvuilutu Yefveatuuiiasananainemans (@aluntivuneds Turbulence
A to [ s 1 o 1w ad 1da 9 A =1 o =
model) fio lusuiludesordontiienudilu PC winmFU3T DNS udnliveidy fio Maouh
' v
Tawifivsdimeuiiduay AadeduilumwenTasdszanaminiu ualuilagiulding
¥ i '
Wannaaanuaunsoves PC Mgaiunnnilwiiedszanuaeamessuirdun wildns

o v Y 1 g Qs o ¥ v Y =) 1 9 R
1ADINTI lﬁﬂtl“ll'l}"lﬂ]u“lh'u lﬂfj'l’)'lﬂ'mm‘l_l"Iﬂﬂ?)x‘lﬂ'NZU"U‘L!“IJ'JH"].@?Uﬂ’J'IiJuUl!ﬂUNﬂ'J'N'U'J'N BN
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1 as y-:qy = @ =1 Y e a 9 T w Aaw
manluowandulnatinadimsvaninmaTuladlumswda PC Alanusigeliimaninise

113 CFD 1@ 1 uadiauiuou

X
3.3 auMINUGIUUDINS IHa
331 ngmseyinEula [13]

¥
ngmseusnEuIadmiuidndgaauauna 113 “wase hilimsgymenSeiia
¥
v,

s . [
Yl duiudisaugauravuduaziesnnnismasagulugli 3.1 wldany

o o

UWHTAINAUNTS (3.1a)
yn

dy

vy

v dz

Projection on r@ plane

(b) FZUURNANTINTEVON

311 3.1 Ysunasarugulunaazszuuing

ap dpu dpv dpw
—dxdydz + + .2 Ixdydz =0
o T [ax dy 0 )
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a—erapM+a’m+(‘3ﬁW =0

(3.1a)
ar & By 0
wsowou vty
a—p+V-pV =0 (3.1b)
ot
o
\" =ui+vj+wﬁ (3.2)

o d o o a o {
aumsmseysnBuIadMsusTuURfansnszuenaugli 3.6 annsadon’ld

AN (3.3)

r%—?—drd@dz+(pvr+ra(§rvr)+a(;;a)+ra(§zvz)]drd0dz "

| pvr+ra(pv’) +£3(pv3)+8(pvz) 0
af r ar r ag az

o (1, 3(r) 3lev)), 13(pw) A(ev)) _g
Jt Coor dr r 06 0z

?-8+~1—a(rpv’)+la(pv")+a(pv2) =0 (3.3a)
Jdt r or r 00 dz
nsomou Ity
-BEJFV-/OV =0 (3.3b)

ot

¥ = vrér it v(}én + V;k (3.4)



} & -
FUNVDANANDI WIZDOUAMMIANTYINS i

[V s

3.3.2  ngmMsySnulumuey [13]

d‘d = s " a q' é t:lro 9 =1 c‘.‘l s

iiovzNnsanmMsoysny Tuwudy Fanilaisuiiudeansiu fie Feavouss Tuii
Y o Y 1 A4 ¥y o G e
Potiog lanadase uazaumsfineateeiy Tummdy fail

¢ usannIzineeymnvesvelna

usaiinszimeaynnvesved lnauseaniiuassunuldun usanmeluniouss

] [l ¥

199 (Body forces) HAZLSINMEUDNNTONTLHINAT (Surface forces) FIAIDH1UDILTINAAD

14 1
wunvziludegiii 3.2

Types of Forces

I
I I

Body Forces Surface Forces
1 Gravity Force —  Pressure Forces
Centrifugal Force ] Viscous Forces

] Coriolis Force

—| Electromagnetic Force

31 3.2 Taezunsuvoauswuuaa 9

¢ Hewveanse
v = s oo d'. 1 [ ) o A a - s
NANHUBNTDIVBILINUNNA1IN “UTIaNT Ao dnsImMsdsuilasTuuuauues

& A Y
YY" “NL‘IJEJ‘I.‘lﬁj‘HﬁMﬂTS‘lﬂTl

dpP

F =—
dt

(3.52)

system

A a ~ o 1 _=ana o . < ~ Wﬂ
DN MITINNTZRIADDANUAYDIVDA 11 (Fluid element) 1a0 9 dzmiounsa laniu

dlF = a'm—dl
dt

system

49537



18

DV
dF =dm—
Dt
A% adV  dV a9V
=dm — tu—+v—+w—
ot ox  dy 0z
Local ac::efemrion Convective :‘rrccelemrion

oV oV oV BVJ _—

dF =(pdrdydz)(§+u-a?+v$+w5-z—

L

o o

@ouaums (3.5b) Wegluguuumas nadail

—+u—+

(9u, 0 va—u+wa—u 'i\\
ot dx Oy 0z

dFX
dF =1dF,} =p1 @miw@w@j \dxdydz  (3.5¢)
ot odx dy 0z
dFZ
O DU O O A
|\ ot ox oy 0z

4 Body forces

b
o o

:i.g:: = 1 a =
Tuiitiazieu Body forces 0t 1ugvoaunIndaail

A

dF,, P8,
dF, ={dF, + =1 pg,jtdxdydz (3.6)
d¥y. | | pgk

€ Surface forces

' . ¥
Surface forces HitooMuAB AU 3.2 ualufitlvzuonfinrsanaudnyas
o w i =Y 9 v a a d 1 [
M5NTZMAY Fluid element Tagfinisanadiofuinnamansyoaida nande il

. ¥
anbazuas N Iinan 1 MALURIRIN (Normal stresses) AUAMUAUINDY (Shear stresses)

=

- A a 9 A a d?J -~ ] = Y ar
1317 3.3 Wennsananmauiinadulunuinu x esediufervz 1daagla 3.3b way

u

Be

= Y v A 44 v o PO
alasuanduluanny x Widhuusalasmsgadisiuifanusuiu q nszieg 1n

2 o & . v
uummtmﬂummm Surface forces “lmmu X i]xlrlﬁ
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y T Z_W ¥y A T” af_v,r dy
A s dy 2 B
7, ——--r.vx L» T ™ 9 N ?
) / TU f ol
T a7..dx b a7, dx
’ T T 2 [ =" 2
- x . x 2
T xz R o
Tzz . st x
= , / 7 \ arvx dy
z c ¥y Lud2 ="y 2
T_v_v = cr_v_v 5 2z = O.zz - az 2

(2) ANUAU TULABZUNUVY Fluid element

iﬂﬁ 3.3 mmsﬁu‘uu Fluid element

dFSx =(

9 Y

TueudenuiuITnIsv Ay

Ed

o7
+—=+
dy

a7,
dx

J7,,
0z

J(dxdydz)f

() A u Ny x

(3.7)

2
Tunwauan y waz z vimiu@suduusalugiuy

=1

@ o J
Lﬂﬂiﬂ“ﬁﬂﬂﬁuﬂﬁﬂﬂl’lﬂu

(07, 97, oz 5
A +—= |( dxdyd
. (ax y o J( Ll
*Sx
aF, = ar, b <[ 2%  % 9% Vi) (3.8)
dFy ox dy 0z
Sz
dr, 07, 0Ot 5
= Z \(dxdydz ) k
t(ax-i-ay azj( ydz) J

3 £ ar [T
ANMAY LU FUNLEINVOITUNT (3.8) au'ldun 7,7, UAY T, 2211 Normal stresses
uazaulszneudug uaﬂuumf’f’umwwmm{lu Shear stresses LAZAFNA (Subscript) YD1
=1 [ =1 @ =Y o I~ Y] 1 1 =
aums (3.8) Ianuvmnoaudnmluinnamanivewda Meowry 7, Menny
Yy o o 1 A A a4 & = ;‘J ¥y A e s
wuinszMaonun (szu1u) Adamnunny x Tunanie y duau doiinisauaa luwua

c: e [ ar a
YDUITINATEMTY Fluid element 32 lannuduiusae

(3.9)
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FULTINNITEMIAY Fluid element (dF) lwerums (3.5¢) wiiluHaIWUed Body forces

¥
=)

(dF, ) uaz Surface forces (dF; ) faerums (3.10) 303800 WiDNAUAIAITIN RG]

dF = dF, +dF, (3.10a)
LI P f\ Oy 0T T,
PR Pl T P Ty
v dv  ov v s dr., dr, 07 AL
U E 4w Z v 2 w2 |§ Ldrdydz =1 2 4+ %% |3 peiya
p {at+ ax+”ay azJJ } JAES iy s 5 "o )J dxdydz
ow dw ow  Ow )|~ dr_ 07, 97, |¢
— T el =y k Xz Yz zZ
[aﬁ’ ax”aywazJ P87 % Ty T Jk
(3.10b)

Ed
M3AW dxdydz aaeansaums uartagdlmizla

[P O P 8_u+ L J | 08 0 O DT, iw

ot Ox oz i dx dy oz

dv  odv  dv v 4 dz,, 07, 07, )

B oo oy BV - 3.10
4 (8t+u8x+v8y+wazJ } og,+ T + 5 + % ir (3.10c)
o PO PO L | 0 +aT*‘Z+aT)’z+aT‘fZ k

ot ox  dy az | 8 ok dy 0z

o Y : ¥
AU (3.10¢) §3@09TNITNTLIIUINOUVDY Normal stresses (1as Shear stresses DNAIL WA
na1ee
Sidi et a 9/ ar a w ‘ 5 -
11NA1N31509U03 InafilinganssuaeandnInuNuoiiIfil (Newtonian fluid) 7
£ 1 o [ ar 1 9/ A =1 Qs ] a [ =
Tana13edadFanulr anudumouszitludadiulasasanuonsinisilasunyag

¥
ANUATIAINDU (Shear strain rate) faaumsae hlil

E =j (3.11a)

v =u(2¢) _ (3.11b)
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&
BN

du/dy viinnuiluaoun1ve Shear strain rate [38] 1319 Fluid element PANTURDUIA IR
RBIFa3UR 3.4 uAilonv1sangi 3.5 axwuimsidogy) (Deformed) 1Uvoq Fluid element 92

3 ¥
naTund oy eIy auiumMsiouaNudunouIss U910 WAVDY Shear strain

v ¥V
rate Tup@azau 1 mninsanszuuidamnduuny x vw2lédn

G

=:. Y < Y 1 de w & =
31N 3.4 mInszarwarveInuTIvedve lnalduduimadundeud

A y ?_u_ dydt

v Time t +dt
dy+—dydt | d¢,—™
dy
& A a—vc&dt
» udt __y _ y_ 9x
i @4 f
dg;
@ @ L P
vdt ox
dy Time t
] v
» X
@ dx @
317 3.5 M31@o3Uv04 Fluid element AdnTuniouiu 2 a1y [38]
N
oo2\ldt i
_1fdv du
2\ dx dy
g ek S, OF (3.12a)
Y2\ dy dx



be

¥
s 9 ar

b3 [ a o = @ yw 1 LY
ldnanmsnnsanluhiusaRerduiifsznuidminiuuny y uay z 12'lddail

— (3.12b)
1 (au aw)
— _+_
20z ox

¥
aniuanuduioudadoulmildTaserdennudniusduuuumuaums (G.11b) augi

1(av ow
.__+__.
{Eﬂ} _|2\dz dy

AT (3.12a) — (3.12b) 11 ugail

P

& dy ox
T T
B 3 . 3 (dv  Ow
T { =10 =M a_z+$ > {3.13)
T, T,

(30 o
“o o )]

¥ o a ‘é = - 1 4 wway 1 1 4
aums (3.13) HdmTulY Newtonian fluid FafieuyAgiuedrmila Ao gaiauiianieg Tudu
AUNFNI (Isotropic) @115V Normal stresses ﬁLﬁﬂﬁuiuﬁaﬁmﬁﬁmwu Fluid element %ztﬂu

Tleuaums (3.14)

du u v ow)
—p+2,u$+/1 a—x'l'g'i'-a-zj
' v
O (V0w = _p+2ﬂg_;}+ﬁ g_i—"g_;"'aa_l:J} (3.14)
Tn b 5 ow p) du odv Jw
e oy a_z]

15 DANINBVBIN G p ﬂsrﬂuamﬁ‘awmmmﬁuﬂzﬁﬁﬁmaﬁu%m Fluid element @1
[38] @9 A (590 the second viscosity coefficient édﬁﬂ’ﬂhﬂﬁlﬁﬂﬁ?ﬂ‘%’Uﬂﬁﬁm‘imwmulﬂﬁﬁ
$ai2'18 (Compressible fluid) uavInAnIsavedlnaisad lilduds msdmua 4 Tuaw
M5UD3 Normal stresses 3¢ lifinansgnula q domsad1aaunisaiun (Governing equation)

§ a (Y yd 4 " 4
oanmmeniiguegny A Hiflugudauaunsn1uasiiiod (Continuity equation)
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) Y
Tavdn@udIAundeund Normal stresses 1HTIRIMUANIZADINAUNIAUTILIUAY

N

UDINNHAY [38] A9t

L _ Tttt
p 3
du Jdv ow ou Bv ow
Gt e O S a0 o8
R (aﬁafazj [ax & azJ
3
2;¢+3/1 ou dv ow
-p = AL 3.15
4 3 (ax dy azJ 342

[ ¥
Tuaums 3.15) sudiussalduaaaiumeniiaesmadisniiovesaunsdoailugud 1

o 20+3A4 & p
HE A3 %—= 0 wsoweulnimuaums (3.16)

2
A =-= 3.16
3ﬂ (3.16)

= a 4 ' P
aums (3.16) theuiuauyAgiuuesaland (Stokes’s hypothesis) #1vz 14 1dod1agndneiiga

q
£

dioves InanfinsniluMaozaou@er (Monatomic gases) ot lsfamanns (3.16) in
deeuysaiwe lumsadrunudiasnnuifu (Stresses model) [38]

waliheaemsiasanauns lwuduansai 1dlaounuar A asluaums

2 D ww.2dr. O0T. or. Odr, dr, 0dTr, oJr. OT. ot
pigvimiurrhde il == — 2. Zoe K 8 "B o _ B HE
) ox dy dz odx dy dz dx dy 0z

\ ou dv ow
) [Za2(ou) 2 20 0
™ ox ox ﬂax +8x 3,u ax+8y+az
a7 op 9 ov) o 2 (ou ov ow
=2 = 2U— |t —| = | —+—+— | |} 3.17
ay} dy ay( ﬂBy]Jray 3# 8x+ay+az bl
%) | 20 2) B 200 30 o
0z 3z z\ " dz) oz\ 3 \ox oy @z

tamnumiavesvedlua 4 Wumasiiudl aums (3.17a) aziou Ty



W15 Shear stress partial differentiation

o7

Xy

ox
o7

XZ

L ox |

e 2,0 (0 o o
ox #axz 3#8x dx dy Oz
o, 9 2 0 (e aw|
dy #ayz 3”8}7 dx dy 0z
op Pw 2 J(du v Oow
0z dz° 3 dz\ox dy o0z )
_dp 82u+ aﬁu_g d’u _E 3 8v+aw \
ox ﬂaxz 'uax2 3ﬂ8x 3 ax dy 0z
:<_8_p+ 82v+ v 2 dv) 2 _@u[au+awj
oy Ve e ) 3 myhee db)
B (w2 0w) 2 0 (o oy
o Yo Mo 3% ) 3 e \an Ty )
o, P nd (o e o))
% o domlax by %
2
:<—a_f’ Ov HAY 508 ou gowil
ay 3 dy ox dy 0z
ap d*w ud ov  dw
o _2__. L B i
i az+'uazz+38z ox ay+az j
(9 (3u v
ax“ ay Bx >
=
o )
kax“ dz ox
[0 (3u av)]
8" 3y ou
=i
0 (o o
dy \dz dy
(0 (du aw
.-—-a—-ﬂ — s
|0z Bz ox %
|2 o, ow
azﬂ dz dy

24

(3.17b)

(3.18a)

(3.18b)

(3.18¢)
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Y A ' Ay a '
M NUHNAYeUD Ina 7] dumnaiinds auns (3.18a), (3.18b) 1oy (3.18¢) Ve 11y

i

) (e

ox X\ oy ox
< b = (3.19a)
%) |22 a
L ax J ﬂa aZ ax
0r.) [, 0 (u av)]

dy dyldy ox )
) - [ (3.19b)
9% ||, 0 (3v, w)
L ay L ay \Bz ay)

or,) [,2 (0 dw

Bz dz\ 0z ox

L= b (3.19¢)

o, [ 7| (o ow

0z ) dz\ dz dy

UNUAUNIT (3.17b), (3.19a), (3.19b) Uae (3.19¢) aaluaunis (3.10¢)

warsanaIulsERoUvRIm MY NITRANMT (3.10¢) Iufifn1e x:

+afm+acuafui ap+ d%u ;18 8_u_2@_23_w
P8+ " P I R o

(B, 2,32 o
“”ay dy ox ”az dz oOx

{ dp (azu 9%u azu]
P8~ =+ U -

ox ox*  9y* 97°

,ua(au] a(av 20v ow 2BWH:
% + U i

3 dx ax 5_5_85 9 30z

Rl _§£+ 82u+82u+8“u
T A e B
w0 (o o aw);

3 ox ax dy 0z

,+ar“+ar_w+ar“ I @+@+@ # 0 [ u ﬁ+aw :
s de  dy 0z P dx a o> oy’ 027 3 0xlox dy 0z

(3.20)
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Wnsandulsznevvesnunidoauns (3.10c) lusinnig y;

a7, 8Tyy a7, ap d%v M d du dv _dw
_ 9% (O¥ 0N
[pgy ox " ay 0z JJ {pgy ay dy* 3 dy i J

d(du ov 8 v w4
tl—| —+— |+ p—| —+—||]
ax dy Ox az dz dy

[ ap d’v 9% BZVJ
=\ P8, =Tl i +

ox ox*  ay* 97’

ua(av a(au 20u ow 2awﬂ
+ +

3 dy dy ”ay "87_35; % 30z

_ 9. 82v+82v+82v
Py ox £ ox*  dy* 9z*

gL, & dw)s
39yl 9x oy oz !

p +aT1:v +aTY.V +aTZY 1: p _ip_+ a_zv+a_2v+_a.z_v +£i E’i.{_ﬂ.{_éﬁ i
e B dy Oz . B dy S dy* 9z%) 39ylox dy oz :

AnsanaIvlseneuvesm Y Ndoaums (3.10¢) lunania z:

dr, 97, J7,_ \p dp  O'w mu o du _ov ow
Xz 2 z |k = It i e | I T D
(pgz-k o dy H 0z J [pgz 0z T dz> 30z i

+ i[a_u+8_wj+ﬂ8 ﬂ+év- k
e o) Caa o
B _8_p+ 82w+82w+82w
A R A
ya(an d(du 2du E)v 20v) |~
t——|— |t ———— k
3 dz\ 9z dz\ ox 3 dx ay 3 dy
B _a_p+ 82w+82w+8“w
P8 T 3 T T o
ol ot 1 v i
382: ox dy 0z
+Drx:+ar‘,:+ar: ,ua_p+ 82w+82w+8'w +/_£a 8u+8v+§£ i
e dx dy 0z a 0z 1 ox*  dy* 9z°) 3dz\ox 9y oz

(3.22)
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UNUENMS (3.20) 4 (3.22) Tuaums (3.10¢) a¢'ldaums Tuwuduilosinnuniianaiaiy

AuUM3 (3.23) FUSoANANNT Navier — Stokes

T TR R = 3y A0z & B
dw . w I ana Pw w9 3 (u v ow)).
| B AW P OO _p wl, 40 (0u dv ow
[ar ox  dy o {pg ) ’“(axl 3’ aZJ+3aZ ax 9y 0z)) |
(3.23)
Aouaumsmsoyindua 3.1a) Tmidnasanils
a—‘0+a’0“+a’ov+a‘0W ) (3.24)

ot ox dy 0z

wndaAg e Inadusad

1. Steady flow; a(*)/at =)

2. Incompressible flow; o = const. ED dp/d*=0

aums (3.24) wannsoanglaandedudiauns (3.25) FuSunhaumsanudeies

(Continuity equation)

LIS (3.25)
dx dy 0z
unuaumMs (3.25) aaluaums (3.23) wiouiumuauyAgIudnitazia Body forces LazAn

NAADINTINIIY (Unit vectors) o0 Tz I aums (3.23) anglaundeiy

du W ou Cop, (% u u))
p(u—é}-+v—é;+w-£j ox +#(ax2 +ay2 ' dz°

ov  dv  Ov ap dv 9 9%

i e — |y =< ——+ _'_')+ TS (3.26
p(“ax”aywazJ 3 ”[a,r ay~+az-J )

ow dw  ow op Pw ’w d'w
plu—+v—+w— Ut —

ox  dy 0z 0z ox* dy> dz°

Vv '
7UNT (3.26) ﬁaﬂuﬁumﬁ Navier — Stokes #1149 @11 [ncompressible fluid
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3.4 mylvanvuiuiliu

3.4.1 0NN Time averaging [38, 47, 49]

qoll
' (xy,2.1)

Y
b N

711 3.6 uantAvesms Inauseeniuaesdu

0 E ]
Tagndudrmsiarsannis lnavuuiludhuiuing Wanuaulafoafug
' ¥ [
auian19  veans waludiamisodngldmniu iesnn higwiserngldnng
Ed 3y
anaveans lasiimsdeauydgiuiiosdud “quauians vautseoniluasediu fe

AURAY (Mean part) Hazauiinmsilfsunamiody (Fluctuating parts) ¢931U# 3.6 &9

[

Foudluaunts1gaei
@(x,y,z,t) “(I’(X,y,z)-kga'(x,y,z,t) (3-27)

vy 9 ' wa o ' 9 A
AUKWWUDITUNT (3.27) ﬁ‘]uﬂwmqmaummi"lwam'mﬂﬂ 9 AIUNDULUINNINATUUINIUD
¥ 1 H
YOIAUNF (3.27) H92UNUAIY Mean part properties H992 15R19n1 562 110 Lazmounaen:
v . . 4 Yo o v o o o 9 v A . ’
UNUAY Fluctuating parts properties #99g 19@19nYTAAANAINUAIBAF VY (Super script) ( )
@ aa Y o g g Y o a o a aa o o
uﬂ’.)i]tlvlﬂ‘lfl'lﬂﬁ!ﬂ'U“UE}J.J‘E’Ifﬂivl‘H’ﬁLLﬁ’Jou']ﬂ'li’Jlﬂi'lﬁHL‘H&ﬂﬂﬂTﬁﬂﬂ'lif)'lﬁtlﬂ'l'i‘l’l"l
4 v A g H . & & . Ao < y
mimaﬂmagamnumuuﬁluﬂmnmﬂua "IN‘IJ,"Iuﬂ’J'IL'JﬂWWEJﬂ'IiLﬂaEJuLL‘]_IﬂQ‘H'ITIf!ﬂ (Slowest
8 1 ey A o A 2R wa o
variations) ¥oam1paauiams lualuTamums ua iehvzide lahnaamiduoans lnain
'-:: z llﬂy 1 o o d' ar dyd
na Tanuns natiu TiIuegiunal (Time independent) [47] Maviimsmasludnyuzilion
" 3
7 Time averaging LLﬁ&ﬂNﬁMﬁﬁﬁiﬁ%‘lﬂﬂﬁﬁ? Time averaging UUI5on 1 Time — averaged
¥
properties N30U1ATUTONI1 Ensemble — averaged properties VIAHANTUATIZN IABNIT
¥ ¥V '
Time averaging Hui 1¥ns1u Mean part time — averaged properties v lundsunlas v
= i ISP d‘dy =
UYMEN Fluctuating parts time — averaged properties uﬂuﬂuquﬁ ﬁmﬂﬂngmimummﬁju

1 o a ke y 1 R
"Ljigiﬂ‘lﬂjﬁ]ﬂulﬂﬂﬂﬂﬂT'ﬁ'Jlﬂ'ﬂz‘HﬂﬁI’l“rTﬁLL‘U‘U“ﬂ‘Hﬂ’J‘H ﬁ')ﬂﬂ’]‘iff%}’lﬂ Mathematical models
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¢ ﬂgﬂﬁﬂ'liﬁW Time averaging

p(xy,2.1) =®(x,y,2)+¢(x,y,2,1) (3.28)
D(x,y,2)=D ETLOLTGQO(x,y,z,r)dt:g_D (3.292)
o(xy.21)=9 ETLOLT"(o(x,y,z,t)dr

=2 [[(@( 9wz
ETLOf’d)(x,y,z)dH%;Lrﬂgo'(x,y,z,t)dr
=®(x,y,2)+ ¢ (x.y.2.1) (3.29b)
=®(x,y,z)+0
9 =0(x,y,7)=0=0 (3.29¢)
F(xyzt) =F(xy)+fnyzt (3.30)
g(xy.zt) =G(xy)+g (xyz1) (3.31)
F =F (3.32)
F =0 (3.33)
ftg =g+ f=F%G (3.34)
-G =0 (3.35)
fg =g f=F-G+fg (3.36)
F.g =g-F=F-G (3.37)
g_J; :5;_": (338)
W = [Fas (3.39)

14

ﬂﬁ&gﬂﬁﬂgﬂﬁﬁ] Time averaging AUANAITAIUADLID (3.25) [38] 2214

du v w
dx dy 0z

TR

ox dy o0z

a—u+ﬁ+a—w =0 (3.40)

ox dy 0z
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(U +u') +8(V+v') +8(W+w')
ox dy 0z

aU odu’ vV v IW  ow
o e

[ay oV aw] [au' N aW'J
o |4 po—pe} =i

=0

ox dy Oz dx dy Oz
ig+.a_v.+a_w+a;f+a_vl+a_‘w, =)
dx dy 0z dx dy Oz
%+£+a—w+al+a—v+a—w =0 - (341

wnuaums (3.40) luaums (3.41)

ou' N ow
+

0 P2 o

+8x dy 0z
o’ W ow

S— + =) 3.42
5 Oy e a2

1 v ¥
ﬂixQﬂﬁﬂQﬂ'liﬁ'l Time averaging NUUNIT Navier — Stokes (3.26) aaluntvgnnsandau

UszaouTuuinnuy x now [6] At

du du  du op 'u d'u du
—tV—tw— =——+ + +— (3.43)
p{”ax > WazJ ox ”[axz P az-J

i ; —
I I 111

AU UNDY (I) vosauns (3.43);

ugLiJrva—quwa—u = —ua—u+v~%+wa—u}+0
¥ dox  dy 9z p_ dox 9y 0z

ou  du ou du dv ow
=0 | =W [l == =
L ox 9y 0z dx dy 0dz

[ Ou ou du Jdu dv  Ow
=plu—+v—tw—tu—+u—+u—
| ox  dy dz ox dy 0z

F( Ju  du ] ov  du ( dw du J
=l u—tu— [+t u—+tv— |+l u—+w—
L dx Ox dy  dy 9z 0z
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( du  du auJ
plu—+v—+

A Ju’ 0 duv " duw
ox 0y 0z i

ox dy 0z

o o g : g
U5gnANgN13¥1 Time averaging Auman (I);

( Ju  du auJ {8142 duv auw]
pli—+v—t+tw—| =p0 + +

dx dy 0z ox dy 0z
3(U+u')2 a(U+u')(V+v’) (U +u') (W +w)
=p + + _
ox dy dz
n2 ’ ’
=pa(U+u) +pa(U+u )(V +v)
ox ady
+pa(U+u')(W+w')
0z
ou ou du a(U2+2Uu'+u'2) (UV +UV +Vu' +u'V)
plu—+v— — | = + 0
ox dy oz ox ady
(UW +Uw +Wu' +u'w')
+p
0z
8(U2+0+u'2) 8(UV+O+0+u'v’)—
=p +p
ox dy
O(UW +0+0+u'w')
+p
0z
B(Uz) a(u'z) o(Uv) ad(u")
‘p[ IR L B R
d(UW) 9d(u'w)
“{ & " B
o) ) o)
S By By Tk B B B
a(u'z) d(uv') d(uw)
3.44
=y ox b dy * 0z S

+ + U4l —+l —+V—+ U W —
% ay % | Al Em T wm

:p((Ua—U+V§£+WQg~]+(Ua—U+Ud—V+UﬂD

p[a(UU) o(UV) a(uw)}: [ oU QU OV QU . OW au)

ox dy dz ox dy 0z
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Ox dy oz ox dy 0z ox dy 0z
a(UU) o(uv) o(UW) oU _oU _ dU
= U—+V—+W—1|+0 3.45
p( ox ! dy ! 0z i ax+ 6‘y+ dz p 843

UNUANMS (3.45) aalu (3.44)

ou  du ou . U  oU AU a(u'z) a(uv) 9(uw)
B e g | = cd SR L i AL
p(“ax "oy Wazj p[{”axwaf azJ{ & & e

(3.46)
Wasunow (II) veaaums (3.43);
_op _3(P+P)
ox ox
ﬂiSQﬂﬁﬂﬂm‘iﬁ‘l Time averaging NUINOWY (II);
_op __9(P+P)
ox ox
~ 8(P+ p')
L - ox
_%p __oP (3.47)
ox ox

Wsaunoy (1) veaaums (3.43);

ﬂ[azu 9’u Bzu] =)u(az(U+u’)_{_(—32(U+u')+a2 (U-i-u')J

+
ox* ! dy* 9z’ ox* dy* 0z*

ﬂﬁzqnﬁﬂaﬂ1ﬁﬁ1 Time averaging NUINDY (III);

’u 0w du aZ(U +u') *(U+u') 9°(U+u)
U] At — | =u b L :
g Byt oz ox* dy* 0z~
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y o'u +a'2u 5 9°u iy 2*U +azu'+azU +82u'+82U +82u'
ox* 9y’ 97’ ox*  ox'  0y* dy* 9z 97’
’U U U
= o +0+4 5 404 P +0J
i 82u+82u d’u _ 82U+83U+32U (3.48)
ox* 9y 97’ a3 ox*  o9y* 97’ -
Shudesaums (3.46) D4 (3.48) (thArem udag Iniieg 18
aU _ oU oU oP °U U U
R AL =
p( %% By az] af”(af P BzzJ
a 2 7 77
_90(«?) 3p(v) _9p(uw) B

ox dy 0z

¥
Tdndnmsdwmauns (3.43) i1 (3.48) l1lszgnaruduisenouvedauns Navier - Stokes

Tuunu y uazunu z Ltﬁ’mqﬂtﬂuﬁum's (3.50)

%

U

+W

U

( U
U
p( ox *

A

ox

dy

aV
dy

07

W W oW
|4 W
Lp(U o 5 i J

o, (U U U [_P?) pa(wr) pd(uw)
P R ir W 3
dy # 5 dy*  0z° ox dy 0z

op (oW dw W) | po(uw) po(vw) pd(w?)
0z & x> Iy’ 97 dx dy dz

L

J’

p[Ua—V-+V——+Wa—V] e
0z

Turbuldens stress terms

(3.50)

vagtanms (3.50) Imidio v =u/p wazdw p W'l umow Partial differential



y U L2,
dx ay 0z
vV oV oV
Ue—+V—+W—
ox dy 07
U8W+V3W+W3W
| Ox dy dz |
_ia_PH/ 82U+82U+82U .
P ox ax* o7
_) _19p fOV 3V V),
0 dy ox* 9y’ 07
_1op_  (OW oW o'W
p 0z ox*  9y* 9’

1 aﬂ(ulz) _dp(uv) 9(puw)
0 ox dy 0z

o[ 352 5
Yo, ox dy dz

o[ %) _3p6w)_a0(+)
P ox dy 0z

~
Turbulent stress terms
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(3.51)

Vv
9115 Turbulent stress terms uuumaemﬁuﬁmmuﬁa Turbulent normal stresses mlf;ﬁlﬂ

_ap

3p(u?) fox, ~dp(v

/ay 1 —ap

/ 0z ﬂﬂﬁl‘lmudﬂ’i) Turbulent shear stresses vlﬂ

uriﬂﬂmawmaﬂ ﬁsm‘nﬂmﬂguaﬂummwmmm Turbulent stress terms wwanmamum

ADUITINN Reynolds stress terms wodunsIifesaun Osborne Reynolds cﬁqsﬂupﬁ'ﬁwmua

9 1 [
Auauisn wennntiaums (3.50) u3e (3.51) HAIMNIRISENDNTONTAN Reynolds —

averaged Navier — Stokes equation (RANS)

-

oU _ dU oU
U 1% W
ol TR
o2 20 v |
Ox dy 0z
U8W+V8W+W8W
ox dy 0z
laP aU °U U
- + +—
pax ox*  9y* 97’
1 9P o’V 9V 9V
={ ——— Y| —F—+— |+
0 dy ox* 9y’ 0z°
1 oP IW W W
T V 2 + 2 + 2
P 0z ox*  dy* 0z’

% Vi en oy
p xx yx b g
il ey
0 xy w 7y

| ;7
+ _[z.if + T\': + z-.'.‘ )
0 )

Turbulenr stress terms

(3.52)
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.

v ¥
(amguTUN1S Continuity, AUAT RANS UuRfAnsanszuen lddell (azdumsiand)

@

9p 19(rpv,) 19(pv) , 9(pv.)

-0 3.53
ot r Or r 06 dz 0y
Lﬁmﬂu Steady flow;
0 d d
13(rpv,) 13(ov,) 3(pv)  _, (3.54)
r o or r 00 0z
waednudunsi niefhy Incompressible flow;
d d 0
a (”'Vr)+i (v9)+ (v.) i (3.55)
rooor r 00 0z

FIMTVUAUNT Navier — Stokes UVUNNANTINTZUDALDANMUNUUILUY LAZANUHILAAIT 12

Woulaiiu
B, s, o, B
4 o0 "or radd r oz
! v, vave v, av3+vrv(,+ a‘vﬁ,)>
o  "or r o0 r ‘0z
W, L, v Ve OV %)
& o0 "dr rdl oz
e 22, 4 i(law,}riazv,_iav”azv,
i or or\r or } r*96* r* 30 o7
1 dp ) IarvgJ 1 3%, 2adv, d%,
=1 Y e e T aa T T 3.56
Ple r89+#(8r(r or +r2 90> r* 89+az2 > .
o, 13[,.&}+_1_82v2+ﬁ
PE: or # rorlC dr ) P o0* 97°



oy Steady flow LAZAZNY Body force;

p v @.’__l_v_ga_v"__.‘i.i_p avr
"or rod@ r oz
. v, v, 0v, vy, avgj >
"or r 00 r ° 0z
olv Ma Lo 3_]
"or r o8 ‘oz
_a_p+ _a_[larer+ 1 a?‘v,_iav(,_l_azvr \
or # or\r dr ) r*960* r* 936 97
1 dp d larvg] 1 3%, 20dv. Jd%,
= -4 e PR T S .
(BFET 'u{ar(r or +r2 06* +r2 0 i 07" >
%, , Li[ravz}riazvz L9
| or ror\_ or) r*d6* 07°

3.5 Turbulence models
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(3.57)

¥ [
Tuiadenounthil lduanes1vazideauoe RANS #998WUI1 Reynolds stress terms

u’j ° 9/ 1 a 4 v A o 1 o v
‘In!'l-lﬂ$ﬂ11'ﬁ\lllﬁ’lll'liﬂ?lﬂi']gﬂﬂ'lﬁulﬁﬂllﬂluE]Qi]"lﬂﬁ]'lu'ﬂ-‘lfﬂJﬂ'I'ilﬂﬂﬂ']'m’lu']uﬂ')llﬂ‘iﬂlﬂﬂ

szuy msudilyminieuiuAensadia Turbulence models AuiiNa 1S MIUANAITIVIINY

3y
Suamsvosszuy midlgvmivansoud 1éuioSoni1 Closure problem [38] 911n0dA

o

= s v A
wnai)aguiing

naulng 9 asgla

@

I Turbulence models ||

g@1 CFD 1@e519 Turbulence models NATULINMIEF DDA

I

Bused on space-filtered equations

Bused on lime-averaged Reynolds equations |

‘ Bused on non space-filtered equutions

Large eddy simulation (LES) Zero equation model:

Mixing length model

One - equation model:

Turbulent kinetic Energy model

I Direct numerical simulation (DNS)

~
l

Two - equation model:

k-& k-£, or k-@model

New class two - equation model:

Algebraic stress model (ASM)

The second order model:

i

Reynolds strexy model (RSM)

3.7 ﬂ’cjlﬂﬁhd ] Y94 Turbulence models (38, 47, 49]

N
|
|
|
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= a d o dy 1
MM UTRTUH 1Y Turbulence models @oauy IAUA k —& model uay Reynolds

v ¥V
stress model (RSM) &aiis10azdondean 15l

3.5.1 &k —& model [6, 7, 39}
Turbulence models 1iio1ilu two — equation model Tudnentinusatuilidy Standard

ti a . a ciy
k — & model F AWMU 1AY Launder 1A Spalding A9U

¢ auM9 Transport ATV &k 1Ay €

= o ) a . . q’: as oy
MINGIUANUNIT Transport A1HTU Turbulent kinetic energy (k) Hulvae3s uaas

S o & % o . . o & o '

NNYNgn Ao ﬂ'ianﬂﬂﬁ‘ﬂ”l Time averaging AU k wfluwamwmmmmﬂuizﬂﬂﬂmuu
s L) o a i a 1
auvzla 9 (Instantaneous momentum) ﬂummmﬂﬂ'zzﬂﬂu@uaqmmmuuunuﬁwmmwg

nnfufidad iy Mean turbulent kinetic energy ( K ) ponly i ldivie Fluctuating

¥
= ]

turbulent kinetic energy (k') udrofenanmsiuneuinavulny (Production terms) NV

v 4 A = =

mowfinieTl (Dissipation terms) sxdoaririu uazilszmsdrdafefauydgmdnmg lady
LU Fully turbulent uaza:ﬁwaﬂimwm Molecular viscosity [7]

M31szgnAnIsH1 Time averaging U k 1oy & YuvzRameudeliaunsonm
I@nanemon Funeumariisuiudoaiinizadie Model Sunuiteliifiu Closure problem W@

ANTN5152gNAN1T¥ Time averaging 811 k 1az & (Hudaduns (3.58) uay (3.59)

o( pk ‘
(o )+3(Pkua) _9 Y. 9k +G, +G, - pe—F, +8, (3.58)
ot ox. ox;

1

ot i ox, :gc:

1l

2
a(pé') a(pgu,‘) a [ﬂ_l_&)a_g +Cl£§(Gk+C3£Gb)_C25p%+S£ (359)

Lﬁﬂ k = The turbulent kinetic energy
M = The dynamic viscosity Y9IV 11a
M, = The turbulent viscosity 130 The eddy — viscosity
O, = The turbulent Prandtl number 115U k “?QLﬁ1ﬁU 1.0
(G, = The generation U9 turbulent kinetic energy !,'fj'fjx'ii]‘lﬂ Mean velocity
gradients
G, = The generation U3 turbulent kinetic energy n'jmmﬂ Buoyancy

Y,, = Overall dissipation rate CRINGE Compressible flow)
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3 Vv
S, = Source term Tugums & (vxiingo hiindusgiuansuzilywi)

& = The turbulent kinetic energy dissipation rate
O, = The turbulent Prandtl number 113U & Fun1ny 1.3
C,, = manludums & Fumnu 1.44
1 :i Cé 1 Qs
C,, = mmnluaums & Fumnu 1.92

C,, = mmnluaunms ¢

S, = Source term TuaumMs & (iinie liiudusgivanvuzilyn)

¢ 31902RUAUDAUNDUAN 9 TUANNIT Transport MTY k LAy €
o é s
Launder 1i0¢ Spalding 1@War Standard k — & model ¥4 1#01¢ft Turbulent velocity

(V£) A Length scale (E r) 1 Prandtl o Kolmogorov Idaue [71 1A

b =@ )=t )
4 =pCLY, (3.61)
wu
G ol 363
t 2 ( )
k3,/2
g wk (3.63)
gr
k3,l'2
H, :pcﬂ(_J(klﬁ)
€
k2
S C#(_J (3.64)
€
Ta“j
6, ol 2 (3.65)

Woldaunaguvesuoad@uan (Boussinesq hypothesis) ATUANATS (3.66)

S =.25,5, (3.66)

&, =5 (3.67)

] £ ¥V
Tunsdifi hifin5azNa Body forces @0aTin13@519 Model tnow G, #il
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u, oT
B =Bl 3.68
» =P, Pr dx, i
dmSumagaund (Ideal gas)
1 a,oj
__1(op (3.69)
. p[aT ;
unUauNs (3.69) Tuaums (3.68) 914
1(d T
& = _"“(_p] gsﬁ‘_
p\dT ), Pt dx
K4, 9p
G =y L 9P (3.70)
b gl pPI‘r axi
Y, =2peM} (3.71)
k
M, = |~
t az

M, = _;F (3.72)
VJ’

LNUANNIT (3.72) Tuaums (3.71) v 1@

k
Y, =2p6—— (3.73)
YRT
C,, =tanh|— (3.74)
u
c 1 if buoyant shaer layer parallel to g, 3.75)
® T if buoyant shaer layer perpendicular to g, '
4
1o
C, = fnaiiluauns (3.64) Fauii 0.09
S = The modulus Y94 the mean strain rate tensor
g. = The gravitational component vector
Pr, = The Turbulent Prandtl number dwfunasam @zl luauns
MyeYSNENAIIM) 1Ay Pr, = 0.85
[ = The thermal expansion coefficient
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=
I

= The turbulent much number

g 4
ANTULI TN

2
I

3.5.2 Reynolds stress model (RSM)
DINTITONH UL HUINNANAITVEY k— €& model Ao HuUMIAZIT Model N14
@ [l @ I~
é’au (wmammmsﬂmﬂui:'ﬂ’m Instantaneous momentum ﬂ‘Uﬂ’JmE}Qﬁ‘ﬂ‘izﬂE]UﬂJENﬂ’ﬂmﬂ

' ¥ 1 pumS—————
UUUAUANIITUIDY) YU URDILOTUIY Reynolds stress terms (—pu,.'u;) wior il

' Y ¥V v
Closure problem a2 Model N1990N V04 k uaz € °nﬁﬁ”wﬁumﬁumqﬂ%’qﬁ‘]umqﬁumwa
mynaasanuuduuuulumsadin Model uazvnnsaudumisneruada Model 114
) -y -y A 1 o s 4
adarnanseiuislsingmssimaildnd Famuhidiannseldonddlussdunilenn
= =& s
aandailagiiu
1 ¥
RSM (11 Turbulence model igan31 k—& model Tur4n$aTaion RSM 91 The
second — order closure model ‘H?B The second — moment closure model Tﬂﬂﬁﬁﬁ’ﬂm‘iﬂ%’ N
Turbulence model YBAAUATT Navier — Stokes LUBNNATINUN T ULU LM DUTUN T
9 A1 A o o o 9 & ' ]
U9 k— €& model AwMananIuNeMIAA1m hitniuouues Model Nedoaniueg 9619'l5h
A1 RSM  ndaldamnsanani@eanisadie Model ldodrauiiass nanfe desdimsada

v
Model YU UFUNY (FUVNDY)

¢ ©@uN19 Transport Y94 RSM [6,7]

d (,Ouj'u:,. ) B
ot * 8 =D tDy B AGt 9~ & +E S, (3.76)
Local time derivmive(l) (") {"I} (IV) (V) (VI} (Vll) (VI") (IX) (X)
131 C, = Convection

Dy ; = Turbulent diffusion
D, = Molecular diffusion
P, = Stress production

G, = Buoyancy production

= Pressure strain

>
I

&
I

= Dissipation

Production by system rotation

Ml

=
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S = User — defined source term

user

dmTuauns (3.76) Huseneudleyiadu 10 mown Tasmond ILIV,V wuaz IX a11som
A1 1d Tuduiudeaasie Model uamendt TIL VI, VII uaz VI vu'liaunsomeanld ¢

n’j o [~ s |dy
rusutludosadna Model I dumomaril

¢ swazidsaveuneoy ILIV,V waz IX Tuaun1s Transport Y99 RSM

a(p“kr"‘;)
C, =——+ _ (3.77)
Y ox,
o [ 9(unsf)
D .B=—|u——-= 3.78
S L™ -
du, du,
B =—p[uu —Ldeulyl J (3.79)
Y ’ ax, '’ g ox,
F;j =-2p8, (”,”m‘fm "‘“;%Qm) (3.80)

¢ swazeaveunoy I VI, VII wag VIII luaunis Transport Y99 RSM

C (pu u;-i-p(é' u+8,u )) (3.81a)

Tl a kj**i
i

v
s

A5V DT.U‘ 3214 Model 494 Daly 1182 Harlow [8] a1

D =c9 [’Ok“‘f“ Qui J (3.81b)

B ,
! " ox, £ ox,

aun1s (3.81b) fionAe iAamsviaadosnmldTedearSurlgalnsini (24] dhu

i aﬁ
DT 5 :i &_& (3.81¢)
N dx, | o, ox,

Tao o, =0.82 waz g, = pC, k*[e uaz C, =0.09 1WWAVIAY k — & model
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G, =-pB(gu;0+¢,u0) (3.82a)
Wen vty
U oT oT
G =Ll —+po — 3.82b
ij ﬁ PI’{ [g, ax} g_,l BXiJ ( )

ﬁm%“uﬁ”wqﬂuﬂﬁ (Ideal gas) MUAUNIT (3.69) B = ——l—(—g—?j dounuaums (3.69) Tuary
Y

p
13 (3.82b) 9% 14

o (3 e3oe )

Lu|, 9 9
TR — S 3.82
= 4 P [g ox, i ox, ] 082
du’ o’

3

A M3 l;.’iy 9219 Model 483 Gibson 114 Launder [16], Fu et al. 1ta% Launder [20, 21] 9 il
% = %.1 = ¢sj,2 + %’,w (3.84)
T {ij,;,-'l = The slow pressure — strain term

¢;, = The rapid pressure — strain term

(D,.j‘w = The wall — reflection term
El— 2
LAy %“1 = "CHOZ(“:“j —gé‘qk] (3.85a)

i C, =18

2
%,1 =-C, [(Pq +G|'j + F ”"ij)_%(sﬁ(P'i'G _C)) (3.85b)
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\ilo C,=0.60,C,;,P,,G, uaz F, muaums (3.77) 83 (3.80) dw P,G uaz C Utlowes
il
Pl [B/2
Gr =4G,/2 (3.85¢)
cl lc,/2

Y- — T ¥
6, =C = . uku nn, 0, = uukn e = Zujuknjnk

e C,ed
; 3 k¥
+C, [¢m 2 ”m‘?g ¢:k 211y — 2¢jk 211 kJC i (3.85d)

(]

e C/=0.5, C, =03, n, fio ssrllszAouil x, voanawesuiamidelufiamayudg

u

a = = 3 s LY
WUY, d A9 I2YLNTNNAININNVHUI AL

C, == (3.85€)

Lﬁﬂ CF =0.09 uaz k A9 Von Karman constant k = 0.4187

UNUTUMT (3.85a) D4 (3.85¢) Tuaums (3.84) 3z 1a

El 5 2
% == 1/‘7;[“:”1 _Eé‘!jkj

—cz[(3j+GU+ﬁj—c,.)——§ (P+G- C)J

, 5 — 3 . k3/2
+C, 7 wa nn, i uukn y — M T ——chd
3 K
((Dbn,n&nmé'ﬂ =B a1y = - ¢jk'2nr.nkJ@ (3.86)

Vv Fa
a Y Y o
winewn ¢ lanadulunsusnveanIsMIaNunIg Transport Y89 RSM 1a7 uag a1

llt

MWlumenves ¢, uaz ¢, Sldimauiadungudesdnaesnguldud Low - Re
Modifications to the Linear Pressure — Strain Model 198 Launder 482 Shima [22] 1@a% The
Quadratic Pressure — Strain Model Tay Speziale, Sarkar 12 Gatski [42] ‘?Qﬁﬂﬁﬂ\ﬂﬂduﬁiﬂﬂﬂquj

. ¥
Huaue lunt



44

k = —ufu; (3.87)

P.+G.

ii ii

)-pe(1+2M2)+S,  (3.88)

O(ok) , d(pkw) _ a_([m&J a’fJ+L(

akasz

i 0, =0.82 A S, UNU User — defined source term aun15 (3.88) iluaumsniuguin 14
v e ady i§ o & A ' 1 =
Tunsudaums RANS uasiindadesimuadou lvveumaiiomaves & ualuinansdl
910MIAVRY k ldnnaums (3.87) lalasase damumdnmsuda i Mdeumslalusia
v ' ] 9
aesaumsiinadsfiszlifineuiideandeatiu wenuiniidedeciinizadre Model dmy ¢

INMINANMT (3.89)

2
g, :§5.;,-(P€+YM) (3.89)
1 i i=j
o = 3.90
v {0 if i&] (3.50)

) ' oo 9 id
o ¥, =20eM? Guilumoufthuiuman1y Model 184 Sarkar [37] Sunmeuiii
Dilatation dissipation (8% Turbulent Mach number (M:) fienilu M ; =\{k/ a* Tay

a =\JyRT dailuanuiiveudes

A(pe)  Aloew) _ ([, m)oe), Ca £ o 8
L = L |—|+—=(P,+C,G,; )——C,,p—+S, (391
o ox ox, “ ox, =3 Bt CoCu)i=Cap 7+ Se GOD

e o,=10, C,=144, C,=192, C., wiluilasduvosiianams naifivuivng

[

wesyeInE wilpaInAw Tudndldowmuauns (3.75) Tav C,, =C., uag S, unu

e

User — defined source term @Iuaumiia « @oulan

2

k
# =0C,— (3.92)

ile €, =0.09
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3.6 unayy

) ¥ '
unit 3 dldiuauonquijuazaumsisuiudealdluIneniinug su'ldun aums

¥
=]

WUFIHUBINT 1MA Uag Turbulence model @BV A k —& model Az RSM Faiiaun1si
ofuolsngmsaiang wnwoaunas Suiteldiedemsiarnndale ua“m"lﬂ“l‘nm"lmfn

o

msnagdaumsdinnaiae Tugy Tensor luiadonidail

M 3.2 fﬁﬂfmms gy luinniwus

Equation Definition/Relation Ref. Eq.
Continuity equation du_ v Ow _ au,
P L AL Rt BN
% o oz o (3.40)
Reynolds averaged . a(v) 1op +v{azuf]+ 1 0p(uu)) (3.51)
J e 2 o
Navier — Stokes equation ox, pox, (0x) p dx;
- _La_P +v a:Uf + L a_T;'
0 0x, o’ | p| ox, (3.52)
Turbulent kinetic energy
i d(pk)  9(pku) 3 %k
transport equation for huid Vel 4 G 2y | 9K . 3.58)
port eq Y + o > +0} 8 +G, +G, —pe-Y, +5, (

k — & model

Turbulent kinetic energy a( pe) % d(peu,)

dissipation rate transport (3.59)

d de £ £
y H4+—L | —|+C, . —(C +CCG —-Clgp__..q..S:
equation for kK —& model axf [[ ]BxJ | k( , +C3.G, ) Z

RSM transport Equation 9 ( pu,'u;)

- &, + I,
5 TG =Pl B Gt 8 = & tFitSue | (3 76)
'“(‘;;T () (v)  (v) (vi) (v (vin) (x) (%)

[N S—;
Local time derivative (1)

ot ox, Tox ;

Turbulent kinetic energy d(pk) d(pku) ([ ]ak]
ax, ox

transport equation for 1 (3.88)
— +5([’H+G,,)—p£(1+2M,3)+ S,

Turbulent kinetic energy d(pe) p d( peu,)

dissipation rate transport o % . (3.91)

| i n e e
equation for RSM dx, o, )dx ) 2 k k
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k — & model
Symbol Value Ref. Eq.
6 1.0 (3.58)
o, 1.3 (3.59)
C. 1.44 (3.59)
o, 1.92 (3.59)
G if buoyant shaer layer parallel to g, 75
if buoyant shaer layer perpendicular to g,
C, 0.09 (3.64)
Pr 0.85 (3.70)

if buoyant shaer layer perpendicular to g,

RSM
Symbol Value Ref. Eq.
& 1.8 (3.85a)
il 0.60 (3.85b)
c 0.5 (3.85d)
€, 0.3 (3.85d)
i 0.09 (3.85¢)
0.4187 (3.85¢)
1 i =
p {0 ;: oy (3.90)
o, 1.0 (3.91)
Ca 1.44 (3.91)
G 1.92 (3.91)
B. =k if buoyant shaer layer parallel to g, .75}
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das _
M51/32¢nAIT Finite volume

4.1 Ynin
o a 4 = daa o = k7 o W
maasnadmnssumansiuniilunais q maasidfmaounadesiuduas
Y aa = Y Y &R o o ' aa ' A a a a '
pazduls 3mshezIfldmndsmeemiumiaiiuaeditivng q fe I3msFeinzd
. 3§ o P ' a (Y o o a a
(Analytical method) Fafiaoui Ideweglugivesdamuniodunlsnld fneunnitmags
= (qyc: J o a : 3 e - ad 4 :a a
AATICHUITENI AMDUITY (Analytical solution, Exact solution) HazdnITviHafe I5MTT
o " = Yo 1 ') = 1 o a w
@AY (Numerical method) ¥99¢1ridmeu TaslszanaeglugdvesdimuFoniimnouyan?
18 (Numerical solution) §1A21mAanaIaveasapuiugud sz ldfaoudiuauiium
[ F 3
aouese uatlymiaulsegiiuiniududon (Complicate) WnTuudiniuAananveam
aouiineg «luiiflugué
' 4
a ad a da o [ a 1 o
mataueadsmsinsziidadiauinieonduaumaiinlvg q [47] el
v ¥ '
# Finite difference method (FDM):  iumsdszanudalinsiua (@) Wiasegi
1] 1 c; 2 9 7] o 1
A48 (Node) 1a ¢ 9nf1fioglu Node winaoy Tagendelandunisyszuaenin Taylor
series expansions
¢ Finite element method (FEM): 1Humsutiuusiansvasilymlngiiinglu
FLUVUAUNITUAI Global coordinate poMiluduan 9 MTU1A58nI1 Finite element 1u
{ ' y q’: o 1 aAn Y 1 Yy g
STULUAUAGENIN Local coordinate dNNazElunsTIMMITiaevesdIui lauiaiud)
UL Y g . S A, vy @
NATIUINWYNY (Assembly) Lﬂﬂ;tﬁﬁ%1ﬁﬂ&%@aﬁ’]mﬂ11wm uaziaiifnoui Idazdesaen
A0 UANNITAIUAN (Governing equation) Vo UT1anveeilymIng
[ ] 1 s o o
& Spectral Methods:  11umstszanada lunsiua (p) Tasorsfoilandunis
¥ 5
U35221A19IN Fourier series (NANAT12A19MUTY FDM 1ag FEM na17A9 15HI8NvaLiua
[ ¥
ﬁJBQﬂﬂJHWﬁBQﬂTﬂ‘HﬁWIE]Uﬁd’r‘i‘uﬂ (Entire computational domain) wiounu
Fmadednaviidluitiondnitnilenods Finite volume FuiluITms i ivmmn
v 9/ v
11910 FDM Taeiindnms fe MvuaaumsnIuguueszuuifIamanseniui iy
wiaszuniveaniusudniniy IdludnuuzuenlSinasniuny (Control volume) uazd
o w YA Yy o & . Yo
dguazaialilade dowdmuadoulyvouua (Boundary condition) 1MAU Control volume
g a a a o q“: o 9/
VY9457 UUAIY INTUBURINTAALUT TuauN3AIUAUTING Control volume v TATzuvey
A5 Discretised Haam AUATEUUAUNINE IdfIAD VD132 U 35 Finite volume Hilogiiuiioy

o o @ = a 1 kY
unilszgnanuilymimaaiu CED nazmsilynuneriumiemauion
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] ¥
unit 4 fazivauenisdszgndimainuean1s iz HiIF@1avd1638 Finite

" v 1 1 b
volume TumsuAlyymins vavuuiludhui 1dna 1 1 uuni 3 daduilymdail

4.2 3% Finite volume

NOUNILNTIUDIT1082IDAY093T Finite volume taziio 1 odomsiinutila

¥ ¥ [
MTIENUlItUneundnveITMstineuduanalugiii 4.1

The steps of Finite volune method "

‘L Step I: Consideration of fluid motion governing equations

[ Co-ordinate system?: Cartesian, Cylindrical, Spherical

I Flow dimensiaonal?: 1D, 2D or 3D

[ Time dependent?: Steady, Unsteady

| Constant density?: Compressible, Incompressible

| Thenmodynamic equations?: Energy, No energy

| Shear stress-Shear rute relation: Newtonian, Non-ne

— More assumption?: Include or Exclude body force etc.

‘l Step 2: Grid or Mesh generation

m Structured grid or Unstructured grid

T Uniform or Non-uniform grid

-1 Staggered grid or Unstaggered grid etc.

- Step 3: Discretisution

] Fou

Power law

T Sou

= QUICK ete.

—]| Step H: Solution of equations

£
s

i 4.1 TUADUNANUDIIT Finite volume

gah
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~ = = o ] d'

A 42 Wumsuaasmsnuwad (Cel)) Tulamums nalaeiidumuaniniuns
AanuYeUFUNIAENI Node tazld@18nysMiy Node dodnyms Ao dnNTAAANUNY
o w wa A @ o '

Node vadadvonuAuniamwaduosnuavtiaou q uazdnysdl lvgunuirasved

= S o w @ ' a o 1 P 1
AMED MUONEIRIAVE0IRD uaraadtdiuns8198afMUUDY Node 5282119910 Node
fhgifuveuraddrdeegaasiusadiiuios
A10NYIRINY Node NHou@ouiulaun N,S,E,W,T uag B H0sunudumua
{ 3 a 4 cu a a [ Y
Node N1ABIn159198AouAY Node Hagiiu i luiisiniie, 18, azdueen, aviuan, vy uaz
ANMUAIRY
o a q’;‘ Y] A w o i [y
msnmusaaiugldi 42 dusmdludovarmamasuiuveuvaduesnnuiu P
& '3 wad Y o =1 =} 1 P} s
HIDIFAAVNAUAUUADY ) @ DUFAAVDINNULI U,V 150 W Na1InNe ([aaveindnug
ar wa d L4 ' 1 o a
AU ﬂ?aﬂmﬁumﬁuq WIN U FAAFUUNAN (Cell — center) TIUFAAUDIANUITINEIN W
o a o’ :ly:l 1 .
(¥AANYDY (Cell — boundary) (@UNTAYDINITIUYAAIUUUVUTISONI Staggered grid

[27,47]

u—cell

B3
A

: lar —cell
x(i-1) . sea
N S—— b — NN /4» j+2
’ #02
| |
] N : .
e é——-—»---ﬂ- - P8 ] +1
1 1
1
] A [ 1 ?
WW 14 e i E EE ;
N -v(_;)a'y Ulw k.o e el v—cell
v - s f e
i i S i
r(j+ l) R— SRV SRR Y IO . s p-- j—1
; dy(J)R \ f
(/) : :
B SN S " - __1§_S___._.._4l,.__,,___,,.__j -2
r(j-1) dx(i) u(i)dx |
- rq—‘:-—--wuo- i
] 1
i-2 i—-1 [ i+1 i+2 Symmetry axis

gﬂﬁ 4.2 ANHUZNITIBAT 1Y Staggered grid

iaanurasuiuileaiimauaiie doamsIilad Source term W1190 Pressure
¥
% o« o W  w . <
gradient YBATAAFUINA T MU @B MANTUANNTT Navier — Stokes (HIDANNIINT

¥
ar  de as | a as ] “a )
ousn¥ Tuwuan) fauily “qui” Tunn 9 Node dninudlng liansnefuieluFane

a
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) w . { ] o r A a o !
MNAMIY Pressure gradient 11 “liiflugud 16 usiliofinsauvadiveuznuin Pressure

s ISR 1 o : Y a . . o
gradient T “hiiugud” Fazaeandoeiumg@nssuvoans Discretise AunIMaoysny

=y

Ed .
Tuudn uonaniidofuos Staggered grid fahliannsamduauiaou q 1wy gungil
s o iy 1o 1 oo
Nnsadgudna1d ld lasase Tasi lisuiudosiimsyszanam luwadivey
' & o wad 9 et 4 =
nanlavagl Ao AnuAMEzquamiaow q e Bimadguinaisluvusi
o ¥t s &4 q v " ) . o v oy
AN Dadfivey el¥annsnims Discretise aumsmsoysn Tyl
B, gy A Y Y a Y
wag iansama la Tasarim Idudealinnuminenmanmenindaoiues [47]
MIATIVAOUAIINYNADIVDY Pressure gradient ¢ 1¥aANALAITNTZIIBEIVRIANN
Suvaduiuachue LAz (Lﬂaaummﬂ P du 2P °lumumuwmwaaﬁuﬂ

[

ﬂanmgﬁﬂﬂum"luumuammmmm) §ai36n91 Checker - board tfiedananuseiiios

] ¥ b
YoIMANUAUTAM IATInaunIsnIsoy Y Tumsudy Checker — board TitosAniu 1Ay Harlow
tag Welch Tuil 1956 [47]

o “ w P = F Y
U llvesaunisnruguiFeyiusdesTuunii 3 sunsadeu ldamaunts 4.1)

d(pp) I(pup 7
(;w) " (gu‘a) = i{n%@} + s, | (4.12)
;Vt_/ \_J‘_/ xf Source term
Unsteady term  convection term Diffusion term
2(08) p73) _a (. ap
+ ' =—I| T, —/ [+S (4.1b)
ot dx, ox\ Tox ) °
I(p®) A(pUD) 3 (. o0
+ ' =—| I, — |+S (4.1c)
ot dx, ox, 7 ox, ¢
Tﬂﬂﬁ Fw v Diffusion coefﬁcientﬂﬂ&ﬂﬂlﬁuﬁa @ 1a i Lﬁ"mfflu Steady flow udng1a
d(pUD) d oD
BT e R e (4.1d)
ox, ? ox, ¢ 7
DUNANTATUNT (4.1d) ﬁ')‘ﬁgﬂ Control volume
Jd(pU d
j[(’?—‘lev e | 0 [r aﬁ} av+ [s,av (@.1¢)
v ()xl cv ax.‘ ax cv

¥ )
aniuvz 1dauns Governing discretised i Node P 1 9
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4.3 Discretisation auMINIUAN

=Y ar ad a'r g .
EﬂJﬂTit“INﬂ‘lgwuﬁUElUﬂ’J‘lﬂ (4.1d) uuﬂssﬂa‘uﬁw Convection term, Diffusion term

¥
=1

d! 1 o cu
L% Source term WILAALINDUAIUITDNT Discretisation “lé{mu

3

4.3.1 Convection term [6,47]
b4
Discretisation Y99 Convection term 1114 IAgNITOUNINTA @ fapANY Control

volume ¥ llﬁ

d(pUD)
[|"5—=av=Cc =Cop-C0,+Co,-Cpo, 42)
A\ o

i

Tagt Convection flux ﬁ@

C, =puA,
C, =pMA,
G =84
C. =pv.A

o @,,¢,,0, 1az @ 1umues @ AUTNUYIVVDIYAAHSTD Control volume ¥a1i11d g

msdsznunming ey
Y 1 a Y = g 9 A 1 s a
LLIJ'J’ﬂuﬂ'J‘Ilﬁ]'N!La']ﬂSﬂJ Scheme ﬂl‘h’lWﬂﬂ’liﬂ'ﬁ%u’]ﬂJﬂ’Wﬂﬂ @ NUILIUVDTUD
d 1a =Y ciyo 1 {

Control volume HRWLULNAY UAINGTINUT I uaUOMTUTZIUAT @ A28 Scheme TV

Y 1 . . .

14un first order upwind (FOU), Power law, second order upwind (SOU) #la¢ the quadratic

upstream interpolation for convection kinematics (QUICK) #992N81704 Scheme HAAZHUUND

¥ v
duvalmniudans 114

4.3.1.1 First order upwind scheme (FOU) [47]
FOU scheme umsnmstszanamvesdngls ¢ Avouves Control
volume 1 ¢ Tagldmiidmmiis Upstream foginufios Tasondrediaunmeidmmia ¢

"y (317 4.2) fio
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] 0
{@P I.f Ce = (43)

P if C <0

o

-~ o 1 4 =1 o =) ar
Adwmisoug M luie s

4.3.1.2 Power law scheme [6]

Power law scheme T3t 1Ay Patankar 1301 Wunmsszunaaieaiaiiy
Faduvearutls ¢ veuues Control volume Ta 9 Tael#fnouunaaums Convection —
Diffusion Tu 1 & (MFeaums 4.4) Wuiladdumstssua 7

d(pup) :_Q_FBW) ‘ (4.4)

ox dx  Ox

A ' P ' i o =)
iio T uaz pu Wumaenlugae ox duludinouvesaums (4.4) fie

ex (Pe-xj_l
p(x)-0, _TP\L .-
@, -0, exp(Pe)-1

Tavf @, uaz @, Wulawgilii 43 dau Pe fe Peclet number

@

@,

=Y

0 L
JUN 43 uua Tiuves ¢ iilo 0<x< L A Pe fiwng
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0 =0l
@L = (0 I.\':L
Pe=Re-Sc=Re-Pr =plT4L (4.6)

HUWIHA  Re it Reynolds number @94 Sc (1 Schmidt number Tuaunis (4.6) uazl
Heuiniudns 1@ IMYee Momentum diffusivity 11 Mass diffusivity Faiinasilfanumng
N1MenIYea Pe ifluansdnuuzio &1 Pe=0 nueds mm"lﬂaagiﬁﬂuﬁ'ﬂymxﬁyﬁﬂnfh
Pure diffusion A01 Pe >10 #u1wHa 113 1Ml iy Dominant convection M30819i38071
Pure convection 1 1@ [6,47] .

ﬁ’ufumﬂgﬂﬁ 43 winifunsdlii Pe=0 Tuarmaves @ Tauns Interpolate fi1
109 @ iy x=0 fU x=L udidoiunsdiii Pe>10 sues @ fdumia g=i{2
wilszina & whium @ nedu Upstream miniilunsdiin 0<Pe<10 sxmidves ¢

FIUTUNT (4.5) [6,47]

4.3.1.3 Second order upwind scheme (SOU) [47]
SOU scheme iHumstszmameiruiududuvesduls ¢ fvevves
9 -:; o ] :1‘. 19/ = :;, ; ;;, 1 e 1
Control volume 18 9 Tagld1Aidumiis Upstream fiogdnaifivs 2 9a Mafiaziiuegium C,

- P TN
maRnsaieunnz @, 9zldn

@P £ (@P _¢"W ) é‘x{,_p If CE >0
dle*W
P = 4.7)
EE-E

Tngf Ox,_, Wuszoz91n Node e ©4 Node P 1ae 5x,_, WU5Z8¥9I0 Node P 1 Node

o oA g o o = a
w HAZNAUIHUIDU ﬂmﬁluﬂmauﬂmﬂu

4.3.1.4 QUICK scheme [6,7,47]
QUICK scheme #annslumsdszuanzld Node n19411 Upstream 2
9 1A Downstream 1 921uM5Yszinum ¢ A& HUIUOUUDI Control volume TagTuns

' 1 (K 4 1 @ 1 ' Y
sz @ Yuagiumioumneves C Iuiluauniovin vadetiuru ¢, Uszuimld

L"l-j H
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r 1 2x +x 2x —x X, X )
Pp+o| g ~——Lg, —2—g, if C,>0
4
% = X % xl(x1+x2) v
' 1{ 2x,+x 2x,—x x :
¢E+_[ _3 2(0!’_ 2 Z(DE_ = ¢EEJ ‘[f Ce<0
| AL A % x(x; +x,)

3 ; g
WY X, =Xy, X, = OXpp AT X, =x,, , HUTZELIZNI Node Y04 Control volume 7
e " '
agAAnu1HU19ATI920991 QUICK scheme 11J4 Higher order scheme (Hoa0nauns il
1MUA Scheme Honwsouldsunilas Order 1@ Tasmsilasunves 6 Tasaums (4.8)

ansodenlmildoglugUildaudetuiy

S S S +28 S
= 9 d = & + 1_9 u [ = € (4.9)
b [SC+S(,¢P S +8S, ‘DEJ ( )[ S +8S, e Su+Sc¢WJ
| Su e Sc " Sd ",
w P E
® R ® & e
» DXy b i "

gﬂﬁ 4.4 Control volume 11 1 1i@

1 6 =0 wdlumsl¥ sou scheme, tho=1 %mi‘lumsﬂsxqﬂﬂ% SOU-scheme U Central
1 '
differencing scheme, 11 =2 wiilums1d QUICK scheme tiie S,,S. waz S, Wluszez

3¥MIN Node 993191 4.4

4.3.2 Diffusion term [47]
Discretisation U84 Diffusion term i1lagduninsnauls @ W94 Control volume

3
@ w

vz ldn

0 od
—| T —||dV =D 4.10:
(J,;( ox, ( * O D( )
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D = _De (QOE _¢P)+Dw ((01’ _(;OW)_DH ((a.v _qu) i D.\- ((0." _QDS) (4.10b)

p —(Letle J A,

‘ 2 0%
D = FP + FW Av

" 2 (SXP—W
D = l-“P + FN ] An

n 2 §yP_N
b [Te+Ts J A

' 2 OYp_s

uaz Sx, 8y WuTzozserang Node VMUY X Uag y MmUdIRY

4.3.3 Source term [47]

[ ¥
Discretisation Y84 Source term Y11 1AgdUNNTAA LT @ NIM Control volume

[s,av=5 =5Av (4.11)
cv

A a ! Y
o dV lﬁuﬂ'ﬁﬂ’lﬂi"ﬂﬂ@ Control volume 4% Sﬂ? ﬁ‘I'JJ'I'jﬂLLUﬂ!.‘ﬂu 2 ﬁ’m]’lm‘cﬂu

S, =SctS5,0 (4.12)

?

o P a 4 =
N3 S, =Source term NAWI5OWAATN 1A 1U Control volume U493 Cell center Hag S, 1

Source term MIAAY1NNTS Discretise 1NDUAN 9 Tuaun1s (4.1d)

4.4 JUupvINAsg IV IENMSNHIUMS Discretised 1a [6,7,47]

A o . . Y a Y 1
1011 Discretised 1A 9 mauvadaums 4.1d) uadvagllveglugduuuinasgu

ﬂ:"l@’faﬂu

ey =QPp + 8, @, +ay@y +aP;+S, (4.13)

Taui

@ =8 Tl F F 8 =05 (4.14)
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‘i‘i [ = c{' o
e a ;ﬂuﬁuﬂs:ﬁmﬁ"ﬁmﬂmﬁmwa Convection I8 Diffusion fluxes NUDUVDI Control

v a0 [ qy
volume #1az Idton a eanitlunTdia1a o Al

#1150 FOU scheme duils=@ns « fauiluy

a, =max(-C,,0)+D, (4.152)
a, =max(C,,0)+D, (4.15b)
a, =max(-C,,0)+D, | (4.15¢)
a; =max(C.,0)+ D, _ (4.15d)

a s _y C\( 1
113V Power law scheme aU1)52@03 a ﬁ‘ﬂ"ltﬁu

a; =max|(1-0.1|Pe, |)',0|D, + max[-£,0] @160

)S,O}D +max[F,,0] (4.16b)

W

(

&y =max_(1—0.1|Pe
& =max(
(

a; =max|(1-0.1|Pe, |)’,0|D, +max[F,,0] (4.16d)

(1-0.1/Pe, |)',0]D, + max[-F,,0] @160

i Y 1 =
M5 SOU 1ag QUICK scheme f1U0dNU5=aNT a WHlHAITNIITUFURY?

M FOU scheme tagimauiiuenmiionnauns (4.13) 9395 1314 Source term (S, )

4.5 Boundary condition

{ a a = o o o
Boundary condition M9 151 luIneninusatviiivarsdnyauzaai

b

451 Eeulviimadn (6]
9/ 1 3w =y o £ )
o madweslamums va TavanmannudninezisuimuaiuduTnsasaves
d . o a = 9/

A21599 40 (Inlet velocity profile) M3asmumdusazins maanavidl (nlet mass
flow rate) 10

o @ a = d‘dy o d‘ d: 9 s

frTuInetnusdagdimuatou lvinatives Tawums lvaludnvazvea

% & kY w =) . - ~
Inlet velocity profile ﬂmﬂuulﬂulﬂmuaﬂumz D Uniform velocity profile, fully developed

. . £ ' as g a
velocity profile Lii¥ experimental velocity profile LUAZUADNZANHULUDN Profile YDIANULT I
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¥ ¥ . '
MSATMUAAT Turbulent intensity 19113428 Matiiio1¥ Turbulence model MdonldluIngm
a o Y L:ly o = g/ 3 [ a cg’ ' =)
Unusatuiansaienganssuns waldaeandesfuanmiluaSanniu nanfe
0 I " ¥ . .

Turbulence model Husaiithuondeszauanuiuinuvesms Inadeziuduiie Re My
b . .

YU 1Az Turbulence model AMNITUT f1D &k —& model AU RSM Favziinnuannsaluns
Wonganssunis lua ladeiuiesyaunnuilutudedy uaznisfnua Turbulent

T

intensity ATUYAUMIAMUA Inlet velocity profile Meamuuudeduvziunsaioliulg
UYUIAYDY Length scale Y89 Turbulence model M11¥A1ma N IsalumsiIongAnssums
ll 3 9/ [ a dg & =1 !J'd?J UK ")
MAYBINIADY Turbulence model TALANAINIINAN (B19ATUNTBIAIAIN InUUBgiUdNYIE

1 I [ Vv ] -
vo3 Tansums Iwa uazi@ou lums nadu q) 1infinarnimua lduanalugii 4.5

Turbulence model
1.
|
| I
k-E model RSM
] Uniform velocity profile = Uniform velocity profile
Uniform vel. profile Uniform vel. profile
Uniform vel. profile + Turb. Int. Uniform vel. profile + Turb. Int.
1 Fully developed velocity profile 3 Fully developed velocity profile
Fully dev. vel. profile Fully dev. vel. profile
Fully dev. vel, profile + Turb. Int. Fully dev. vel. profile + Turb. Int.
—1 Experimental velocity profile —\  Experimental velocity profile
- Exp. vel. profile — Exp. vel. profile
] Exp. vel. profile + Turb Int. —  Exp. vel profile + Turb Int.

a:i d’l. f‘; 7] (B ::{c\ = =Y a
3 4.5 Qoulvimadg Tawums Tnaiwnsanluinertinusg
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4.52 [eulunmason (6,47
Q ar d‘ { (:I - ] 1 s o
dmsudew lviimseoniulasdndudaez linswe uazinizdmuald Gradient
P = o ; o ey LK) a
imeeniinuiiu “gud” Fwl¥ldtuquanianiiva (¢)la q uddmivanududig
1 = ) 9 . . d 4 o
hifigunozdmuald Gradient Aimavanidiu “qud iiosnnorvirlimsudaunsdiuly g
" o & 11 9 1o =1 Y w
p8eNANN HTe0199z ligiingfiney (Converge) taviiilu’ld Suilumamanuiaves
seuv hiaugariuea
@ 3 wa 3/ o = o P o
dniunuanianmslva ()la 9 enduanuda sefimssmuadenlufiniesn

Auleawauns (4.17)

22 =0 (4.17)

453 Revluiunuainag [6,47]

cld'n v

AsdNHNTIUUINUANNIATUAIE I HUA T Gradient ¥BannRuAITANS Tva

(p)laq fisuiiu «qud»

Jdg
— =0 4.18
3 (4.18)

¥
s

din 7 Wuunuidannfuunuaungs

4.5.4 13eulufineta [6,7,39,47,49]
a A oy B = .:i [ Y 1
vinodadeilogiu ldtinsdnyunernums Ivanvuiluluvesves lvaumnnwe
aunanhlinnuianuiivesvesnafidaduiimisfiegiseiiu “qué” nFefiGondi No -
3 ]
slip condition WHANs5MT IMa & VSR 9 AumisiuaeudzuanA19InUTNUAY

a Y @

@ =Y 4 =1 1 1 a s @ 5 =1 = 3/ 1
NN W1sangUil 4.6 azmunmsuiasnulng q dumisiuliegdusnuaeiu Tdun
¥
Zone A, Zone B, Zone C, 4a% Zone D 1A8TZ82@UA Zone A 09 Zone C Hiladd1Nw@NISTINN
Inner layer

" ¥ .
AoUNENIIUDNTwazDenvpILAazUSnaiY  Arsaoens1ulsuw 13naneziiu

Vv
auwlslumseBuionganssuns Ivauaaz usUAN

o= | (4.19)
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J’ o a v w  d g ar
AU (4.19) TiluaumsfoTureanuduRUTYIn WS IAY Wall shear stress (z,) uaz
) * v i . 1 . a g aa H 5 @ !
(380 ' 2 Friction velocity fou1laumstomanus 130avumndn sailusasiaiuves

=1 P 1 = (Y -:ayl s ' Y
AWITARAY (Mean velocity) @0 Friction velocity (5on1@ w51 1" daaumsao lil

U
ut == (4.20)
U
auns (4.20) Huanus2 13587190 swendeszaunuEveedlva
u' '
A . 4.21)

s

Tav y Wuszezitanamis uazanuen 1358 y* dudualsihielumsdetadumid

HIVINHIT
25 T T
095
Spalding's law of the wall 90 .
20— ‘Oaae . =
‘w
15 -
= H
? Zone D
+ 10 - —
= Zone C
5 - —
0 F="" Zone A | |
1 10 100 1000
¥ yu'/ v

¥ o w Y aaa 3 o g 1
U7 4.6 Anuduusvesduls 159anTzogannmlaszauag 9

Zone A 156071 Viscous sublayer WA UIEN58N I Laminar sublayer 1199910

¥
= =1

Vv
PINUHIEHNGANTTUMS IMaAR1eAAINUAUNS IHaUDY Laminar 310 VTNUHNsZEzA
llls!qq =) + = =] ' < aa a A 1
0 UA AD y' <S5 FININNITANEINUI Viscous  stresses (T) WSHONTNANUHBNIN

¥
A o = ' o a
Turbulent stresses (7, ) UBNIINTTINUBNI Viscous stresses N30 Shear stresses 1T Ulafdy
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¥ v
1 LY (Y v W i o  a
VYOITTOZHNNINAT (y) Wi Anfusseunsodszunaldn 7=7(y) =17, ANUTURUT

~—

Ce

=

Fuduveed s 130aN a0 ar uSNTENI The law of the wall AIEAUNTT (4.22)

=

gt =3 (4.22)

Zone B (38171 Buffer layer n30 Blending region u%‘nmﬁyﬂzﬁw t]aﬂ'ifiuﬂ'lﬁulﬁaﬁ"lg{
Susniwanmia 7 uaz 7, Saflénormad1e Model §UMa18AU @Y Model 99 Van Driest
w3oluguii 4.6 ifu Model ve4 Spalding s‘immiwauuuww?nmﬁ,’%ﬁadnfluQﬂqﬂﬁ’m
fingAnssumsInacy 185UBNTHann Viscous stresses ARiTe [38] A 1&iadmiy
UShad fie 5< y* <30

Zone C (360N Fully turbulent region 130 Log — law region u?nmﬁynzﬁwqﬁ
nssums lnafildsusnivann wazaumsi1gesuenganssums Tnausnudisonh
Log — law equation Lﬁm %1nﬂ'nuﬁnﬁ’uﬁ"vaaﬁ”:uﬂs"l%’ﬁﬁ"rfafrmsfluuw Logarithmic function
amaums 4.23) s lEiadmivusnadl do 30<y* <300 wiadeunaauervveny

l1/84 500

ut :lin[MJ+C (4.23a)
Ko\ u

u’ =lln(y+)+C (4.23b)
K

u* =lln(Ey+) (4.23¢)
K

Lf'f’é] k1111 Von Kérman constant = 04187, C=5.5, E=9.793

= ' A a 4 o a ul .=iuly<u
Zone D 158077 Outer layer 30 Superlayer UTNIUUITUWHANTIUNIT IHAN lATD

v
aa o

¥
BNINAIN Inertia 1 UNAN azaMUFURUTIT U UV IR 13aT a0 & USaTEon

The law of the wake [38,5] Tagn15tauoued Coles 11l 1956 A4auN15 (4.24)

it :iln(M]+C+Ew(lj (4.23a)
K U o

ilo T 1ilu Wake parameter =—xB/2, B=-2.5 uay I1=0.51, Coles uuziininisld

I1=0.55 anuen3iadmsvuSnni fie 0.02< y/5<0.2
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Laminar boundary layer
W/\/ T,

= Fully developed laminar

A/

velocity profile

L, = Entry lenght

—
W/T’/ A A

Laminar boundary layer Turbulent boundary layer

R

Fully developed turbulent

velocity profile

A

Viscous sublayer

or
‘ Laminar sublayer

.,

311 4.7 1fSeu1ivy Boundary layer ¥99m3 lvauaagiuy

mswqﬁﬂismamﬁ"lwaﬁumﬂ@inﬁ’umm‘ﬁgﬁ' Zone #4lanaudadald ldnunis
InaluviodagUit 4.7 wSesumsinalulamudu q Sndae ﬁ’wmﬂﬁmqﬁﬂﬁxﬂuqﬂﬁnﬁﬂ
veansAnuFimuAnfudea Tneiiszduihaulsegaealszmsie [7]
¢ sedulsteraunsaruedninavesnnunia o dwvialndnumiadn
115201474 Turbulence model 18
¢ hednlsTaeraunsammguaudiveans tvafiimswdsuiasedngia
L%"Jmﬂclu Boundary layer region 1
msudilveainddedin cFD Merfuimeasuiudidy fe msadraw
$1904M7 lvia (Flow model) ?Tuﬁmuun |41un The Wall — Function method 418 The Low —
Reynolds — Number method
#MSVAUNT Turbulent kinetic energy nnmominanudedy aunsauaasly

U043 Source term il

g, :[rﬂ, —Cﬂpz—ﬁ}a—u (4.24)
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Turbulent Dissipation Rate iUSa Inariafiaumniny

- kfi."l
S ¢ i - (4.25)
Ky

€p

4.6 NITVIUMITNIAADY
aums (4.13) Wuaumsfivadia waunsoud1dlaeds TDMA (Tri — diagonal

" . & A = o c::‘
matrix algorithm) UINTUALIDYARAIU

4.6.1 msmmaevlagliis TDMA '
dII ] 1 ﬂ’f‘ = . = s 1 =

Wiontia Tamums tnasenidlu Control volume 95WL91 Node Hiuiimsisvadiegiail

" = = Y w d A J s ) 9 =
szuy nanfe Gestuduuawaziunednd Weonswawesdunlslu Node lndifivany
ansamn1veadauslu Node au q Tunamsonednideaduldae7s TDMA Tasmsi

£ v " v
FriaruszidisuitiFeaduarineds AazuorldasuianaTawums lvasusinougidn
£ 4 ) 3 [

(Converge) anyazuTiiFun Line by line Tavm ludrintionazassuiuduvesdunlsly
uAaz Node iiugud

vnaumsiada 4.13) Fufuganilauunadiedie aunsadagylnd &
ApPp = agQPp + Ay Py + (A @y +asPs +Sc) (4.26)
srayAiimoniiogluraduiumai nnaumsdhaduannsouaas i
Dy, =A@, +Bg.,+C (4.27)

o i Tud M9 Node lunuaunu x w3e 7 sndegaluuuanny x

A =a, (4.28)
B =a, ' (4.29)
C. =a,p,+‘ap,+S5, (4.30)
D, =).a,-S, (4.31)

d‘! r; L7 A
1o nb= Node NOYguIUNY
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o 3’ E £ 3 o Y
nanszIumsii lasunu Tl damiudadagiez 14
/ i

¢ =49, +C (4.32)

' v Vv
= a o ) s '
wesunszuumshd Tasunu lddamiuddagles 1ddwes A7 war ¢ awauns

(4.33) uay (4.34)

Al =—A'—',- . (433)
Da i BiAx'—l

C; o Ci + Cf—l’Bi (4'34)
D, -BA,,

11 A'=0, ¢/ = ¢, Farzaeandeaiiy (4.32) fiyaiuduveaunadiosns dlem A uaz ¢’

aunsontldnn 9 dunisii @ uaza g, Aezannsamldnnauns 4.32)

4.6.2 The SIMPLE Algorithm
5 ad P Y ] 9/ d'.d o
SIMPLE algorithm (Hu3smsfidhundelumsudszuvaumsiiiing Couple fiu
¥
Y =1 r a v @ do a
voInNuAuIazANUT IuduMImsoysny Tuwudy  Tasszadannuduiusfuynaia
3/
aosnuanliatiedy vazdaddulumsudszuvaums Fimsiivuauelay Patankar uag
¥ 3 '
Spalding 111 1972 TuaouiugIu fle Susnmsauy@am p*,u’ uaz v* udaumusluay
L ] ¥
mMsmsoyind luwudy wazaumsanudenies udnidnouiidadulunszuiumsnld
) 1 a o [] & Y o :1’ 1 n’/’ 9/ 3/ o ] ;:’
Tumsdfumauyaduln ieflouldfuduaoumsunumiuaunisiaesdiadu K
1308 9 auNIMmeUIZGIAN
INYUADUMT Discretise 7uN15 TuaulunuInAy x ¥e9 Control volume #9

uaaalugad 4.2 awnsodon 1@y

=> aiy+ A, (Py—pp)+h,, (4.35)

1 * e}’ [ { [ * [ w o @ Qs
M u" HeguuAugIuveda p LAZAITIZADITOANRBINUALNITNITOYS Y TUmURY fa
v

Uy

—

ay, =Y a,u,+A, (pw p,‘,)+b“_“, (4.36)
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auMs (4.35) - aums (436) udrlidamen Y a, (u,, —u,,) wldaums velocity -

correction ﬁ‘lu

u, =u.+d,(py—pp) ' (4.37)

W

N9 d = Av/aw uaz p'=p-p'

¥ ] 1
Tuimeafeaduiifuveudu 9 ¥es Control volume Favzagil At

uc u:+de(pF-p;)
u,t =<ur+d,(pp—py) (4.38)
u, u, +d (ps—pp)

&
wo d, =Ae/aE d, :An/aN d, =As/as
o o s q,: g = [
dmsvaums lnwudyluwauny y tuamsomIdwu@eadylumonnu x
¥ 1
WUNIT Pressure — correction ﬁ'um"lﬁmnﬁnmimmmxﬁm Tﬂumsgmuﬁnms

Velocity — correction a4 1/ udrdagalIna 18y

app, =agPy+aypy+aypytasps+h, (4.39)
Taeh
aE pedeAe
aW = pwdev (4 40)
aN pﬂdﬂAﬂ
as p.\'dsA.\'
@ =g Pl Pl F&: =0 (4.41)
bm = ,Owu‘:Av - peu;Ac + p.\'v,:A\' - n V;A" + SC (442)

¥

) ' @ u‘: w . : Y
msilSuaesnusiuiiu luuansaiinas 19 Under - relaxation factor @, @181y
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p =p +a,p (4.43)

agiduneuued SIMPLE algorithm 1Aga3171 4.8

START

) 4

Initial guess p* " V', ¢

STEP 1: Solve discretised momentum equations

a,,u;, = Zanbu:b i ( Pl —Prs ) A, +b,
a v, = za.a":b + ( PLi=Pls )Au +by,

A 4

STEP 2: Solve pressure correction equation

, , , ’ . ,
@1 Pry =y Proas 8y Pras Y8 Plat G paPraa b

.

4
Set
3 3 4
=p, w=u
vi=y, ¢'=¢ STEP 3: Correction pressure and velocities
A Pro=PLi— Pl

. ’ ,
Uy =u,+d;, (PM.J =Py }

: 5 ;
Vi =Vt ( Proa=Prs )

No Py, @

STEP 4: Solve all other discretised transport equations

A Py = P T O s Pras YU s aPrsa T8 aPran Y0P,

Convergence ?

3UN 4.8 uHUAIYD SIMPLE algorithm [47]
4.7 wnayy
dv L 3 ad LY 9/ =)
1.MUT1UUL@]UTLZTUEI‘U‘L!WE]U‘H?N’J]5 Finite volume ﬂuﬂ'ﬁ:ﬁﬂﬂﬂﬂﬁﬂﬂﬁ'ﬂiﬂ‘imTCTlJﬂTi
muauﬁuﬂiznauﬁaﬂ Convection term, Diffusion term @1 Source term, ATua Tamunis

¥
U] 1 o = 1 s . . . R
Inavanidludau@n 9 3un11 Control volume @28V UABUYDY Grid generation, A5 Discretise
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' Vv ¥
aumsnugy, Qeulvvouwe, uazmsufszuuaumsaisds TDMA sauiaanaiuneu
! o o

Y04 SIMPLE algorithm tWoudilyn1vean1s Couple voannuduiuanus luaumsms
s o' @ - n’j ] 1 J = = [ ] g Y -
ou sy Ty Fanamuainarnidhuiissswazdoaneduvlviniu  drumanaiid
Wy YY1 a y A B e das . . o a ¢
Anams Iigenunan g lanug uneIfun15UszgnA3t Finite volume AUMIAATIZH
v ] v s o (] 9 1 L 4 4 4 yn‘

M3 Tauuuilulu suszidlunsdmirllganudhlaeddndatiudie 1ddnuuSoadiiiy

wuluauina”
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Nsd1a9IM I anvutiuiusnuupueosHa

5.1 UNN
d:, mi dy o Y 1 ] ] ooy ca‘ 9/
wemluumd 5 fiflunisdraeans nanpuiluthuvesenerunruossila G
= 9 ] == ] o 1 =] 1 o =1 o’/’ 9/
Aoulduiailunsdidnuide q deeznantdell msfrasemsinaynnsdidauniueely
SIMPLE aaﬂawu'lumsﬁﬁwmmﬁnwummﬂ'szs:lﬂuﬂ'nuﬂu'luTﬂmumi"lﬁa A
WA e 9 FRnsanluSnoiwudatuiduaaslumsief 5.1
dnema eldmnanluund 5 danuazaInuasnsEsuteay wdwIniin
ST
1 [] 1 ] 2 L 1 1 an o
na1R17 “mssraeams inanuuihahuehuuduessia” Wi «mssranamslna” unu

c: =Y et 9/ a‘ = =Y o
A1731497 5.1 WI1UADS mﬂfJ’J‘UﬂQﬂ‘]Jﬂ'IS%'lﬂﬂdﬂ’l'ivlﬁﬁ‘ﬂ m'imﬂummuwuﬁ

Parameter Detail
8 0.50
0.75
18400
Re 54700
91100

Uniform profile/with turbulent intensity

Inlet velocity profile Fully develop profile/with turbulent intensity

Experimental profile/with turbulent intensity*

FOU

Power law

Scheme
SOU

QUICK

k—¢&

Turbulence model
RSM

* dmiunsdiit B=0.75, Re = 54700 mniu
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=) 1 = w 1 a = 3/ A:;n a
AEUIZNAIDN anyuzvourueaINan 1y uagTamums lvafinnsanluine
¥

a d o A : @ = { o a ! 4
unusfuiney Fwzuaaiswazdoadig 5.1 uazgli 5.2 mwddy dumsei 5.2

Lﬂuiwaazgﬁﬂmaﬂﬂmumﬁ"lﬁa

s

JUN 5.1 dnvazveuruneIHanly

Yi
// /]
J e i | :
7
Df2 B/2 |
d/2 ™ B
S S - > - -
L,/D /o
g1 5.2 Tamums lwadinosan
M19197 5.2 Yoyadumizvos Tamuns Ina
Parameter Value, Comment Units

Pipe diameter, D 0.0508 m
Pipe radius, R = D/2 0.0254 m
Orifice diameter, d 0.0254, £ =0.50 m

0.0381, 4 =0.75 m
Orifice thickness, B 0.0032 m
Orifice Beveled angle, & 45
L,/D 1.5 .
L’.‘J;J/R 3.0 -
L,/D 3.0 _
Ldn/R 16.0 =
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= =] = d

5.2 psalAne i InenIwus
d‘ o a 9/ 1 e 1 -:':di c;a
lU'ﬂﬁ"l]'lﬂﬂ15%1@@\3ﬂ15ulﬂaﬂ’]lﬂuﬁﬂﬁ'ﬂ@uﬂ']ﬂmﬁ?JUW“U'EN'E]’lﬂ’]ﬁ LHAZAIAINeOHN

Hude danaasluaisei 5.3

M3190 5.3 puauifveso1ma uazanainduiiuae

Parameter Value Units, Comment
Air density, o 1.173 kg/ m’, All case
Air dynamic viscosity, /4 1.845%107° Pa-s, All case
Uniform velocity, U, 5.677721 (m/s),Re =18400
16.87888 (m/s),Re = 54700
28.11089 (m/s),Re =91100
Turbulent intensity, / 4.688326 (%),Re =18400
4.091397 (%),Re = 54700
3.838665 (%),Re=91100

o s af L [ ' i:l l:; o 1 l:l’
TUTUAIDIINITATHINAINGN 1UA15197 5.3 L‘ﬂumma“lﬂu
pU L 4 . 4 & g gy y
910 Re =222~ (s L 1y Characteristic length luiil L=D iiedhednesvesaunisud
Y7,
Y
w14 U, =(u/pD)Re

AU U, Z[LJRE
pD

[ 1.845x107
1.177%50.8x1073

) 18400

=5.677721

- u -1/8 .
LHATIINUYINUYDIY Turbulent intensity I:U—=0.16(Reuh) Tag b, Ao Hydraulic

av
¥

. c:;.dw 4 (1 i § . @ 3

diameter Uil D, = D (Hoawnilums Imamuvonaw) Woaumsdeduil ldianniuin
1 1w oaw 1 a o W 1 .. k7

NAINTNAABIVBIMANINITEA1I 9 auilugasheeuiunuiSendn Empirical formula

ar = 1 w oW & 1 a cg Y o Y o

dunafo A1 1 szwlanndudy Re, 9nminaasanudl Re, iutuudnziions
' ¥ Vv 0 ¥ ¥ .

MWLV o' Hudeenheasimsiuiuves U, wn asiuilodisasiadiuaimton

SR A

Y &2 o q W I 4 4
vod 1 uadvailv 7 fidniesaile Re,, uaAmInUUUw0g
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Sar i :;—’=0.16(Re9k )_Vg
=0.16(18400) "
= 4.688326 %

IETIT ISV PTG MIT IR T R M 17}

L nsdidnnii 1: mssraeanislwaile B widu 0.50 waz Re whiy 18400
¢ 391009478 k —& model, £ =0.50, Re =18400
¢ m391a09420 RSM, S =0.50, Re =18400

2. nidiAn¥Ifi2: mssraeansivnaile B wiifu 0.50 uaz Re whdu 54700
¢ M35312098420 k —€ model, §=0.50, Re=54700
¢ 13591893820 RSM, B =0.50, Re = 54700

3. n3difnedi 3: mssraesmsivadle B ity 0.50 waz Re widu 91100
¢ M5$1009978 k — & model, S =0.50, Re =91100
¢ mstaesnas RSM, S =0.50, Re =91100

4. nsdidnufi 4 mssraeamslvadie B whiu 0.75 uay Re iy 18400
¢ M3$100942 k —& model, £ =0.75, Re =18400
¢ mM391a09428 RSM, S =0.75, Re =18400

5. nsdiAnen s: ms$raeantsvaiile B Wiy 0.75 uaz Re iy 91100
¢ N1391099990 k — €& model, #=0.75, Re=91100
¢ m35i1a09d28 RSM =0.75, Re =91100

6. nsdifnuIR 6 mMssiaeamsinaiile B Wiy 0.75 uaz Re iy 54700
¢ 1581009478 k — €& model, B =0.75, Re =54700
¢ 39103828 RSM, =0.75, Re =54700

As@iAnER 1 - 5 sxilmsfinuavuinvesnnuivudt Tawums nadly 4

ANy Ao

4 Uniform velocity profile

4 Uniform velocity profile Hazf MuAfA1 Turbulent intensity

4 Fully developed velocity profile

4 Fully developed velocity profile az iU Turbulent intensity
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4 Experimental velocity profile

4 Experimental velocity profile HazMMUAAI Turbulent intensity -
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fouisasims lnadanasidordu Tasindnmslumsmmuauinavosnnudaged
¢ G W3 Uniform velocity profile ¥11av89a i 192 1910 1mA15719 5.3
¢ § W3V Fully developed velocity profile 921¥msadraTamums Tuafidumia
Upstream x/R=-90 &sdiod1lnamn (mifiwousv1dTasia i

x/R =-80 mimin) wiolfinila1d91 Profile vo9nu5udg Fully developed

¥ i 4
a @ o

1 v a 9y Ao o Y
pd1unse NethziSuduiidmuanudvudrg Tawums Ivaduuoy

’ i & Y o a as qq.y ]
Uniform velocity profile (o l1ons1ms Inaianlavesssuudmiunsaiiim

' 9 [
Aununsaiiams 1LY Uniform velocity profile 917171134 Run program
Yo a0y Y d o ' v
uldfmouNgid 1dIn329a01 Profile ¥BIAMWISINA MUY Upstream 1ndn
TueesHaidwmislaiinisySudived Profile 141g Fully developed 1182 Wi
= o 1 n’j 1 g o o 1 =) v o ]
dwnds x/R=-3 1uld Profile vosnNuTNUAUBINAINALA UM
x/R = -2 doiu uaaandadalawuns lvafiduwmis x/R = -3 udnzie
3y
11 Profile ¥89A1521n15UF AU Fully developed 11d2 dunougaiiy fio
o1 Profile vodnmiiIfIdandwmia x/R=-3 Twdlunsdmua
o Y P 1o
ﬂ’J"ﬂJﬁ’J‘U"IL‘IﬂQIﬂmuﬂ"IS‘lﬂmm‘u Fully developed velocity profile Taglaiguil
BN kY 1 a A -7 =
dosafelawumslvalna q wwdAudn maudaalamumslvainiuen
' LA
AU Upstream (L, ) iy 3R Aifivaweuds mquandesinguiiiteiiuns
Uszudamisoanuswaznarlumssin Wesnninsdidnunidu 6 nsal
[~ -0 a 1 o = =)
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. ° o t.. .8
Eﬂﬁ 5.39 HANITNIUIENITNTIZANYAIVDY i ANDANINYUNIUDINDAIY &k — £ model LD

cf .norm
RSM 1iia /3 = 0.50 iaz Re = 91100
(M) Uniform velocity profile, (V) Uniform velocity profile + Turbulent intensity

(M) Fully developed profile 1121 (3) Fully developed + Turbulent intensity
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agiiimsinnems Inaduoosiaiil £=0.50 #6 k- model umsiing

AHUA Turbulent intensity 1%1ﬁﬁUﬂ31ML%JﬁiﬂﬁdLLUU Uniform velocity profile (g Fully
developed profile d1115UNNA1U0s Re ua RSM lusuiludoafiviua Turbulent intensity 13
53.7.3 aSeuneumsiug p,, 0. o f=0.75, fim Re A4 9

31t 5.40 WumsnfFoudion B o B=0.75, waz Re=18400 Taon1s14

k—¢& model uaz RSM lumswiung Famunsiniedn k—e model srdndeiioins

Turbulent intensity “15"1131’ﬁ'um1m%‘3f?muu Uniform velocity profile @iz Fully developed

profile A5 RSM 1§29 WU Turbulent intensity vzinaliimswutondewnlas liidn

YouusdiaoandesfuansmAase Heaes Turbulence model 14iMNEA1DY B e drega

141ndRsany 1Af11991NAINITNARDINDANAIT

| — k- model -+-- RSM © measured |

oo Leocd? Leacd feacd?

05p

(P—P_-r)/(PM—P__,)
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-0.5F (0] O

0 [e]

-1t o 4 e}

& S S

1'535 0 5 10 15 0 5 0 15 0 5 10 15 0 5 0 15
x/R
(n) () (7) ()

y o a v g

g‘ﬂﬁ 5.40 WHANITMUIENITNTEAYAIUD Bl ARDANNINENIVDINDAIY k — & model

iaz RSM 1o 8 =0.75 uaz Re = 18400
(M) Uniform velocity profile, (V) Uniform velocity profile + Turbulent intensity

(M) Fully developed profile tiai% (3) Fully developed + Turbulent intensity

ﬂ‘f’;I 5.41 WumsfTeuiou p ile f=0.75 uaz Re = 9110() Taons 14

wall ,norm

k—¢& model 1ag RSM Tumsviiuie “lfd‘i"l’ljﬂ'li‘ﬂ’]u'lﬂﬂ?lﬂ k—& model @ uﬂ'ﬂﬂi‘m‘ilﬂﬂ

dow da a

Re = 18400 u@ Turbulent intensity NEaldNFTWaaonsaNuuLud lumsinnoau@aeIny

n3BUes Re=18400 113U RSM ud29¢wud1 Turbulent intensity d¢iiwalvinmisviiuie



107

aldounlaslidnfeundiaeandesiumnisnaaes uaziaees Turbulence model 92411118
Awed p, . agaldlndifeadu uAisianndimanaaoseauads
agUhmsnunoms Inadwoosiaiili =075 #18 k—£ model uszimiugn
fuile Re getunazazimiug 3uBnd1Tin1sfmun Turbulent intensity 131 RUAIMEIE0
ﬁquu Uniform velocity profile t18i& Fully developed profile ua RSM lisuiludesdmua

" " 1Y P 0 ¥ 9/ @ 1
Turbulent intensity u],'JL'HiNi]"Iﬂf'f'lil'liﬂ‘i‘l'lu'lﬂvlﬂﬂﬂ'lﬁﬁﬂﬂﬂﬂENﬂ'l.lﬂ'lﬂ'li"ﬂﬂﬂi’]\i

| —— k- model -+-- RSM O measured |

ool bood bood} bood?

0.5f

(P-p)(2.-P.)

-0.5¢F

(n) (V) (M) C))
galﬁ 5.41 HANSNINTNTZNIRIVOL Py 0 ARDAADINENIVDNOAIY &k —£ model
iaz RSM 1o = 0.50 uaz Re = 91100
(M) Uniform velocity profile, (¥) Uniform velocity profile + Turbulent intensity

(M) Fully developed profile t4ae (1) Fully developed + Turbulent intensity

53.7.4 nlssumeumsining w/U, iie =075, Re =54700

JUR 542 89 546 WumsnSoudoumsinne WU veuruesilad
B=075 Re=54700 @ MW Downstream ﬁ’;q?ru 6 fumus An x/R=0.25,
0.5,1.0,2.0,4.0 uaz8.0 Tﬂﬂﬁﬁmiﬁ'muﬂmmﬁmﬂmmu Uniform velocity profile,
Uniform velocity profile + Turbulent intensity, Fully developed profile, Fully developed +
Turbulent intensity, Experimental velocity profile 119 Experimental velocity profile + Turbulent
intensity MUA19U 1AWUTouREUAUAINITNARDIUDY Nail [27] wamsafSoufonihudad

U 5.42 wudimsiedan k- e model W1 6 Aunnisezfinnufianaiaeund

Vv ¥V

RSM U8n N IUNT 6 AUHHIAINA1IY AN &k —& model e ldauana1901nAINg
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NAADANNT x/R=2.0 uaz 4.0 $1 /R TuI9AINA19LMINYUIUADUTNGIUIDY
o a o c'\ = e’; 1 =1 o 1 d'
AMTUMINUIWYUDI RSM IZTURANAIAINNAIA x/R=1.0 D3 8.0 TasmwizAumuan
r/R>0.5 @i 543 uansdadnFnaves Turbulent intensity og19FAIUIIIHMS
E4 '
W09 k—& model Tudumis x/R=2.0 waz 4.0 d%umn Tuavmeh Turbulent
1Y
intensity lifgslidniwasemsiiuioves RSM 1nin uuahinvesnmsiineainiaaes

Turbulence model @oAARDITUAINMTNARDAUTUBE AT LRIITUN IR 5.42

—— k-¢ model <+ RSM O measured

riR

(n) (V) (f) ©))
it 542 mansiEMInsEERITEe w/U_ #R0AANYIIVEINDAI k—& model
Lz RSM tije B = 0.50 uaz Re = 54700 Taesmuanui§uiiuiuy Uniform velocity profile
(M) x/R=025, ) x/R=0.5, (™ x/R=10, ) x/R=20,
(1) x/R=4.0 uaz (8) x/R=8.0

r/R

(n) (V) )

4 o ar 1 9
U 543 wan It enMsnIENeaIves k/U,, AR0ANIINYIIVDINDAIY k—& model
4 o o o .
1Az RSM 1o [ =0.50 unz Re = 54700 TagmMruan2115 1 ULUY Uniform velocity profile
+ Turbulent intensity

(M x/R=025, @) x/R=05, (M x/R=10, () x/R=20,
(@) x/R=4.0 vaz (») x/R=8.0
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317 5.44 wuhmsiedae & -6 model W 6 fumiseriianufanataiesndn
RSM wenuinfiluia 6 dumisdandidhadu & —e model azvinuedrunnaresnnims
nanoddl x/R=2.0 waz 4.0 & x/R Turadandaeiimsmpuauneudhagaiue
FmFumsinneves RSM wiEuRanaannana x/R=2.0 91 80 Taommizd i
/R >0.5 azlinnuAawaiadeutadanu uazii x/R =8.0 RSM 1zhinne u/U,,. U3

NANNONANAIANDANAIT

— k¢ model <+ RASM O measured

r/R

(M) (1) (m) (¥) () (R)
gil'?; 5.44 HaMsNIUIBNITNTZNWAOY «/U,,, AADARINYIIVBINBAI k—& model
iag RSM Lﬁﬂ [ =0.50 uaz Re =54700 Tagfmuannududiuuuy Fully developed velocity
profile
(M) x/R=025, (W) x/R=05, (M x/R=10, ) x/R=20,

() x/R=4.0 uaz (») x/R=8.0

drugUfl 5.45 HaAeEIENTNAYEY Turbulent intensity MlmIAIOvRY k-
model udumis x/R=2.0 uaz 4.0 AawammnnnigUil 544 @ntfos i@ Turbulent
intensity lNABLHONTHAADMINIMIOYDY RSM 1nin s THuveams g
Turbulence model FoAnADItUMMINARBUTHOI AT AT U 5.44

agdhimsinnens lnakeesiaiii £=0.75 iile Re=54700 #w k—¢

model 17HALLUUUHINTT RSM Wan15MNUAANNT MUY Uniform velocity profile Uag Fully

developed profile 11aZN15AMUA Turbulent intensity 13a20'lifian
3/

a 1

THanenTiuY w/U

max

w 1 a a e H = o @ o
Y99 RSM min udsziioninalunanduuazimrasandosdimiumsimng w/U_
4 o :‘ - -
94 k—¢& model Homismuanus uiuuuy Uniform velocity profile tlaziyy Fully
¥
developed velocity profile @MUAIAY MITNIUIWYDINIADY Turbulence model VEHANAIALIN

o x/R =2.0 03 4.0 naz RSM 12 NAANIABE1MNNEID Xx/R = 8.0
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— k- model RSM O measured ]

r/R

0 05 A

(M) () ()
gﬂﬁ 545 HAMIIIHIEMINTENBAIVEY w/U,, ABBAAIINEIVDINOAIY k—€ model
1oz RSM iil0 B = 0.50 uay Re = 54700 Taomuanimisaushuiim Fully developed velocity
profile + Turbulent intensity
() x/R=025, M) yR=05, Mx/R=10, @ R=20,
(1) x/R=4.0 uaz (n) x/R=8.0

{ o o " " o
g‘ﬂﬁ 5.46 1WuMsHimuan T w Experimental velocity profile HANITMUIYHL
1 d o o 1 1 9 o o
1 k —& model M@ ladng1 RSM Tunn q fwes x/R deddmiumssmun
= . 2 dy o 9 o :;dd? n’:
ANULIILVY Experimental velocity profile U MInmsiueiaduednages Turbulence
" =1 v Ao 1 " w ' o
model o8 lddFafidwmils x/R M1y 2.0 wag 4.0 w9138V k — & model 2T

msibouuu lnngii 5.42 §a 5.45 haiidunnia x/R neuniusieiniesun

— k¢ model ASM O measured

r/R

(n) (V) ®)
gﬂ?‘l 5.46 HANMTNIUIONIINIZIWAIVDY /U, AROAAIINEIIVEINBRIY k—€ model
waz RSM 1ile B = 0.50 uaz Re = 54700 Tagsmuaniudaudunim Experimental velocity
profile
(M x/R=0.25, (v) x/R=05, () x/R=1.0, () x/R=20,

() v/R=4.0 naz (») x/R=8.0
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~ o o d . c
sUN 5.47 WUMSAHUAAMTIMUY Experimental velocity profile + Turbulent

U

. . ] ' < o o U 1
mtensity Wan1INIHIgNLIN k—& model ﬂﬂiﬁ'lll"l‘iﬂ‘i’ﬂu'lﬂvlﬁﬂﬂ'ﬂ RSM !111[1@ﬂ q AV

v 3/
x/R @uiRednugUR 5.46 Wave Turbulent intensity fio ¥aolimsihe w/U_ #u uaz

max
'

o o o ' o ' 1 o o 1
BREVRER qmmwu"lﬁ’qmmumﬁm,mm r/R uINNI 0.5 MIMUIWUDI RSM ITANIIND 9
Ay Yoo v kY
nsm‘n"lﬂmsﬁuammmu

1 o g 1
ﬁ'iﬂ:nmsmﬂuﬂmmmﬂmmu Experimental velocity profile waulinanms

a

¥ 1
ar

WIU19YDINIADI Turbulence model TuwnUINTNITHYPUIUGIRTY azmsiivua
. . Y WYY A o q ¥ o Y v Y o

Turbulent intensity 1971 13A2e8am 1¥nsi e ldedngndesaeandesiummsanaasiuin
k4 1

U ATHINNINIIWUEINTAIMUAANMTUILY Experimental velocity profile A15921AN

LY LY A 1 4 L= <) o

Whusudunila uddiolafnudr 18 Experimental velocity profile A75iMTAIMUAAINIEY
Wiy Uniform velocity profile + Turbulent intensity %30 Fully developed velocity profile

TaglidoafMmua Turbulent intensity

— k-¢ model

0 0.5 T 0 05 10 05 1 15

0 05 1 0 05 1 1 15

gﬂﬁ 547 WaMIMIMIBNTNTENENIVEY 1/U, . AADAANNEIIVEINBAIY k—€ model
1oy RSM Lﬁﬁ]ﬂ= 0.50 uaz Re = 54700 TassmuannuTuduiuy Experimental velocity
profile + Turbulent intensity

(M x/R=025, @) x/R=05, M x/R=10, Q) xR=20,

(¥ x/R=4.0 uaz (») x/R=8.0

1
5.3.8 1W3suney Velocity vector U@z Stream function contour vYBIUAAL

Turbulence model

¥
Y A =2 =

o tiazugainanisnaon Velocity vector L@ Stream function contour o

= P=} o Ay Y Y P=1 S 1 n]:

WSeumouran1siiu1en 1aa1n A28 k —& model 11ag RSM Tagaziaadiigau1angalminiy
. ' k4 ¥ ' .

iieavinnsanazna 3uulinamsiiueiadiendady tazd v uaIURLANA1N HIZIEA

n 1=‘ @ dy
13Tum13199 5.4 nuaai
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5.3.8.1 fM0ehav0d Velocity vector U@y Stream function contour 1io

£ =0.50, Re = 18400

{ o " 2 o
U 5.48 ilumswiien Velocity vector #1ag Stream function contour 13 sudisufiu

TENIN k—€ model #az RSM (Wowuioms naruessiani £=0.50, Re=18400

o o " S s a ::‘
Tagmuan 151U Y Uniform velocity profile namsdunaziudatl

=
LL
e 8 3 5 5
= -
‘ 2AR2
-1 ] 1 2 3 4 35 6

-1 0 1 2 3 4 R 6
X/R

() Velocity vector plot Liag Stream function contour plot 11118 Ta RSM

511 5.48 Velocity vector L18Z Stream function contour plot Ao lay k — & model g RSM

u

o £ =050, Re=18400 Tagdmuan1115 1 uuuY Uniform velocity profile

. ¥
TIMTU Velocity vector plot (gﬂﬁ 5.48) Hunwundinelay k—& model vH1IA
< a g/ a £ ] d N 3 1 o 9 qs:
YInNMTWTNUING 9 AU ATUAILAUENA1YDINBIXTDENINSMIUIBAI8 RSM 111
o o @
@04 Turbulence model TMTDNIUIGATTHYUIUVBIAMUG T IAUUDRLINY TaoazHUMS
WYUINAI Downstream 10 x/R 1410091 0.5 @WHUIUDY Reattachment IIAAN

Y/R=3.75 uaz 5.5 SmsUMINIMWLAW k—£ model Az RSM awd1dy Yodunadn
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] 4 8 ~ o a as YRR as d a a

pg1aniailplinmIN A1 RSM fo o USnalng q fdumianesrdunaiudninaves
. a % 1 =1
anunilalu Viscous sublayer MAFAWUIINUUIAYDY Velocity vector dzaaad e luuiuy
a’cro [ o Y
Usingmsalldmiumsiiuieds k —e model
@131 Stream function contour plot (311 5.48) zWUVTHIUMTHYUIUANIINN

4 o o 1

diovinnelas RSM yagudnatavesmsuyuiueginia (x/R,r/R)=(1.2,0.7) uay

" o (=1
(2.0,0.7);ﬁmnmw€faﬂ k—¢& model Haz RSM a1udwu uaznisusuaiveandnnsadnd

u

21172 Downstream fully developed Y8FANNIUIOA k —& model £1TINIATANIIUY
A28 RSM
51l 5.49 Wunswaen Velocity vector 1Az Stream contour M/Feuifsufiusyning

k —& model tiag RSM Liayiu1ems Inaruessianil 4=0.50, Re =18400 Tasfmua

A21315 2] Uniform velocity profile + Turbulent intensity #an13danavziiudail

-

L o
Lo

=

1 B, e i AR i TS T 1"7741 S | = ._':_:T;:.Zl’;‘;'_.__"- R

iLii

-1 0 i 2 3 4 K 8

(v) Velocity vector plot tiaiZ Stream function contour plot M lag RSM
gﬂ‘ﬁ 5.49 Velocity vector Lla¥ Stream function contour plot A Tay k —& model Lag RSM

i £ =0.50, Re =18400 Tagtmuandus 130 Uniform velocity profile + Turbulent

intensity
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&MU Velocity vector plot (Ut 5.49) ﬁuwuiwmsﬁmwm’i’maﬁqﬁuﬂiﬁgﬂﬁ
5.48 AaifuazvenaAIdILAITY Ao §1MINUBY Reattachment zifiad x/R=3.9 uaz 6
AMTUMIMUIBAI k—€ model Az RSM MINAIAU Lazansadunamiiusninavoq
anuniialy Viscous sublayer ldFanuninuuines Velocity vector 9zanadiiioviuiedae
RSMu.@i"lmﬁuﬂﬂﬂgﬂmﬁ‘ﬁﬁm%“umiﬁmwﬁw k — & model

#1M5U Stream function contour plot (Eﬂﬁ 5.49) ﬂ:wuu‘?nmmwymuﬁﬂ%am"l
dowmielas RSM JARUEnAYBINMTHI MBS (x/R,r/R)=(1.25,0.75) uag

L

(2.3,0.75)1i0%1116890 k — & model uaz RSM awdsu uazmsdsuimvosnnusudg

«u

[}
= o

@112% Downstream fully developed UDINTHNNIUIWAIY k — €& model 321TINNNTANTIIY
A28 RSM iuifvafugil 5.48 ualiadaueneiu fie ievinedae RSM azdiumsnyuIudy
Upstream 8 UTIMYUTEHINUAUDDTHANUNITIVID
' ~ iy d ° o

nanlavagl Ao 317 5.48 uaz 5.49 Fllmumsiiedas RSM azdanaiiu
2 Y Y v A A o ) '
USIUMIHYUIUAY Downstream 19NN IULBIRGUAUMTHIMNGAIY &k —& model dIU
AUHMUIYDY Reattachment UazgAgUInanvoInsnyUIMIzUAanAnsuthainios nans
WA k—e model sxnunsivaiinisUSudavesnnududrg Downstream fully

< ' = o w " 4 ] a
developed 1459159091038 RSM tagid iy fio Turbulent intensity vza0l¥daunanisvau
AU Upstream (1091118898 RSM
P~ o . = a4 w '

gﬂ‘n 5.50 1WumMsnaon Velocity vector 41ag Stream contour (/38 UMEUAUTENIN

k — & model uag RSM oiuiens lvarueesiahil £ =0.50, Re =18400 Tasfivua
E 4
A LY Fully developed velocity profile Hamsdanavzduaadl
[ ¥ [
@151 Velocity vector plot (3U# 5.50) HunuIIMItuead1endanunsdizli
¥ ]
5.48 AUIUIZYDNAIDIAIUANAY N9 AUNUIVDY Reattachment 24AAN x/R =3.8 uag 5
o [ o o w @ g a a
dmSumsiiuedie k—e model Ay RSM MW&IAY Hazasadunaiudninaves
Aunilaly Viscous sublayer IAFANUIINVUIAUDY Velocity vector 32aAadLiainuIoaIe
oo :r’c!.yo @ o Y

RSM 4@ hitulsingmsaildmsumshiuendy k —& model

11191715041 Stream function contour plot (JU#i 5.50) EWUVTIUMTHYUINTANIN
niuilevinnelay RSM yagudnaavesmsuyuaneginin (x/R,r/R)=(1.25,0.75) uag

4 o o YY) =1 3
(I.S,O.TS)Lﬁammaﬁ’w k —& model 11ag RSM 102191 Lazn15USuAIv0In WS Ad

U

A o LY = ' { o
@013z Downstream fully developed UBINTUNNIUIEAIY k& — & model 5IN1NTHAR U

A0 RSM Uiyl 5.48
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X, f’R

(v) Velocity vector plot LLa¢ Stream function contour plot e Tae RSM

51/ 5.50 Velocity vector 181¥ Stream function contour plot AMuelae k — & model 1Az RSM

) [ —-0.50, Re —18400 Taesmuannuduiuuuy Fully developed velocity profile

51/#i 5.51 FunsnAea Velocity vector A Stream contour M/Fououiuszning
k —& model 1z RSM (ilaviu1enis Inarueasianil B =0.50, Re=18400 Tavfivua
=] o or et
ﬂﬂmmﬁjuuuu Fully developed velocity profile + Turbulent intensity wamsmmmﬂmi‘lumu
[ ¥ [
dm3U Velocity vector plot (3U# 5.51) Wuwudmsinneadiendenunsdizli

s 3 v = 1 1 ot = Qo 1 a A
5.48 $1UDzYDNA1INIAIUANAY AID A1INUIVDI Reattachment 32iAA# x/R =4.8 waz 6
AMSUMIAIUWAI &k —€ model 1Az RSM @udmu dninavesnnunilaly Viscous
sublayer dzdunaldninmsiiniedis RsM ua liimnlsingmissifidmsunsinnedae

k — & model

S

@1M5U Stream function contour plot (311 5.51) WuMsHUINANINIUTOIIUIY
Tns RSM Tasfigagudnaravesnisnyuiueginia (x/R,r/R)=(1.5,0.75) uaz
(2.1,0.75) iioWm1eda0 k —& model taz RSM MUAIAY k —& model M1U1MITUTU?

o ] - § 1 -:ld' o ] r=)
%Jﬂdﬂ)nni’n“?f"lt;fﬁiﬂ’): Downstream fully developed MFINNNTAANIUIBAY RSM 1911887
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o o = 1 ] an a a0 4
AuzU# 5.48 LAZITUAIINYUIUAIY Upstream &1 UTNRIMTEHILANDS Hardumiiavio o

D.

Wnedas RSM usvina@nninanilesiiomeuiugii 5.49

P ths ‘ L b s, . ;
fiisenay

HHEIG G ras e s = Brnies

x/R
() Velocity vector plot 1% Stream function contour plot 11418 1AY k — & model

(V) Velocity vector plot 1lag Stream function contour plot Y1118 Tag RSM

:é'llﬁ 5.51 Velocity vector LL@1¥ Stream function contour plot N elag k —& model ag RSM

/o £ =0.50, Re=18400 Tasfmuannus uiluuy Fully developed velocity profile +

Turbulent intensity

1 = o @ =1 a
na lagaglueglin 5.50 waz 5.51 An MIMUIWAIY RSM azdunaiuusm
M3AYUIUAIMY Downstream 1901190, 50 FUNANIHYUIUAIY Upstream 1iDR1MUA
. . Y g 9 v CE
Turbulent intensity TvnuanuEde, ﬂ‘l‘i‘]J'i‘].Iﬂ’]ﬂJ’éNﬂ’)‘lmi’u‘lﬂq Downstream fully
vy ' . [ o ' o 1
developed 18911 dWeMeuiumsiinnedie k—& model adIUAIMUIUDY Reattachment

4 1 ar
tLﬁ%ﬂﬂﬁuﬂﬂﬂNﬂJﬂﬂﬂTﬁ"ﬁHu']uilﬁ“@'lﬂﬂﬂﬂuﬁwlaﬂﬁﬂﬂ
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M195197 5.4 a;ﬂwamiﬁmwﬁﬂymwm Velocity vector L1 Stream function contour plot #l

WeTae k — & model az RSM tila S =0.50

Reattachment Center of Detection of
point Recirculation zone Upstream
_ x/R (x/R ; r/R) circulation
Re Velocity profile
(Appx.) (Appx.)
b8 | i | ¥E rsM | K7€ | rsm
model model model
18400 | Uniform 395 |45 (1.2,0.70) | (2.0,0.70)
Uniform + Turb. Int. | 3.9 60 |(1250.75) | (23,0.75) ]
Fully developed 3.8 5.0 (1.25,0.75) | (1.8,0.75)
Fully dev. + Turb. Int. | 4.8 60 (15075 | 21075 | X | M
54700 | Uniform 4.0 57 (13,075 | (22,0.75) |
Uniform + Turb. Int. 4.8 6.0 (1.5,0.70) (2.2,0.70) IZI
Fully developed 43 575 | (1.3,075) | (2.1,0.73) V1
Fully dev. + Turb. Int. | 5.0 60 |(1.5075) | (22,0.73) v
91100 | Uniform 425 |60 | (14,075 |(2.250.75) v
Uniform + Turb. Int. | 4.8 60 |(1.5075 |(2.25,0.73) V1
Fully developed 4.4 5.8 (1.4,0.75) (2.2,073) |Zl
Fully dev. + Turb. Int. | 4.8 60 |(15075 | (22,0.73) |

Y P
5.3.8.2 f0d1av0d Velocity vector I@¥ Stream function contour IN®

£ =0.75, Re=18400

HDIINANYULUDY Velocity vector 1A% Stream function contour UDI005WANY

v ¥ . ¥V
B=0.75 waouduadwadenuiunsain B =0.50 aaiuluiilezuans Velocity vector

= = y o =
18y Stream function contour WEIURWIENIM Re =18400 diamruans iy

¥ .
Uniform velocity profile miuAIUNTGiou 9 THAAITWALIBIAT UMD UL AIUUANAY

Aulumisnan 5.5

= = @
g'ﬂ‘ﬂ 5.52 1lumswnien Velocity vector LQ1Z Stream function contour Seuineuny

5819 k — € model oy RSM 1iouems arueasHanil f=0.75, Re = 18400 Tav

¥
) d . . ar =1
mwuﬂmmmt,ﬂmmu Uniform velocity profile HamIFunavziti Ul
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@113 Velocity vector plot (3U# 5.52) Hunundwimielay k—& model v

=] @ @ ] o ' ' o 3
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X/R=2.0 uaz 2.8 @miumsiiuiedis k—& model uaz RSM amddy dodaunadn
" = N o Y = a Vv @ @ o g a a
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ANuKHAlY Viscous sublayer ladanuanvnaved Velocity vector 9ZaAAN el laiivy

n’dgo o o 9/
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Numerical Study of Turbulent Flow through a Circular
Orifice

Pongjet Promvonge and Suwatchai Srisathit
Department of Mechanical Engineering, Faculty of Engineering,

King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520,
Thailand. Email: kppongje@kmitl.ac.th

The orifice meter is a device commonly used for measuring
fluid flow in industrial processes such as metering flow in the natural
gas industry. Although more accurate metering methods are available,
the orifice plate continues to be preferred. The popularity of the orifice
meter can be attributed primarily to its simplicity, relatively low cost
and little maintenance requirements in comparison with other fluid
meters. The orifice plate becomes the essential part of a fluid flow
meter when installed in a pipe such that the fluid stream must negotiate
the constriction. Most of the work thus far on orifice meters has
focused almost entirely on the determination of discharge coefficients.
There have been a handful of attempts to study in detail the flow field
in the vicinity of the orifice plate. It is believed that knowledge
concerning details of the orifice flow field will lead the way to
improvements in metering accuracy. These improvements could come
via improved determination and prediction of discharge coefficients.

This paper deals with a numerical simulation of a sieady
turbulent airflow in a circular duct containing an orifice plate. A Finite
Volume approach with a non-uniform and staggered grid system is
employed in the present simulation. To account for the turbulence
nature of the flow, the standard k-0J furbulence model or a Reynolds
stress model is incorporated in the time-averaged governing equations.
Effects of numerical diffusion on the calculated results are also
investigated by comparing between a second-order-differencing
scheme for the convection transport and the first-order upwind scheme.
The calculated solutions are in close agreement with 3D LDA
measurements. The computations of the flow reveal that the use of a
second-order scheme leads to more accurate results than that of a first-
order scheme.
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Numerical Study of Turbulent Flow through a Circular Orifice

S. Srisathit', S. Sripattanapipat?, and P. Promvonge'
'Dept. of Mechanical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
Email: kppongje @kmitl.ac.th

*Dept of Mechanical Engineering, Faculty of Engineering,
Mahanakorn University of Technology, Bangkok 10530, Thailand.

Abstract

The paper presents a numerical simulation of a steady turbulent airflow in a circular duct
containing an orifice plate. A Finite Volume approach with a non-uniform grid system is
employed in the present simulation. To account for the turbulence nature of the flow, the
standard k-& turbulence model and a Reynolds stress model (RSM) are incorporated in the
time-averaged governing equations. Effects of numerical diffusion on the calculated results
are also investigated by comparing between a second-order-differencing scheme for the
convection transport and the first-order upwind scheme. The calculated solutions with the
RSM are in close agreement with measurements. The computations of the flow reveal that the
use of the RSM with a second-order scheme leads to more accurate results than that of the
standard k-€ turbulence model.
Keywords: orifice, turbulent flow, Reynolds stress model.

1. Introduction

The orifice meter is a device commonly used for measuring fluid flow in industrial
processes such as metering flow in the natural gas industry. Although more accurate metering
methods are available, the orifice plate continues to be preferred. The popularity of the orifice
meter can be attributed primarily to its simplicity, relatively low cost and little maintenance
requirements in compatison with other (luid meters. The orifice plate becomes the essential
part of a fluid flow meter when installed in a pipe such that the fluid stream must negotiate the
constriction.

By far the most common orifice plate installation is that of the concentric round orifice
plate. In this type of arrangement the orifice is round and the plate is mounted between pipe
flanges. The plate is positioned perpendicular to a fully developed pipe flow while at the same
time the circular orifice is concentric with respect to the (circular) pipe interior. Other types of
orifice plate exist, such as square orifices, series and non-concentric. Also, the inner edge of
the orifice is machined in one of several different ways. Some orifice plates are square edged
while others are rounded and beveled. This study is concerned with the concentric, round,
beveled orifice plate.

Most of the work thus far on orifice meters has focused almost entirely on the
determination of discharge coefficients. There have been a handful of attempts to study in
detail the flow field in the vicinity of the orifice plate. It is believed that knowledge
concerning details of the orifice flow field will lead the way to improvements in metering
accuracy. These improvements could come via improved determination and prediction of
discharge coefficients.

This paper deals with the simulation of turbulent flow through an orifice plate with a view
to increasing the knowledge of orifice meter flow. The mathematical model including the
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turbulence models, numerical solution and other computational details is described.
Comparisons of the calculated gas axial velocity with 3D LDV measured data [4] are made to
evaluate the turbulence models and the numerical schemes used.

2. Mathematical Formulation
2.1 Governing Equations

For constant density, isothermal turbulent flows, the time-averaged incompressible
Navier-Stokes equations in the Cartesian tensor notation can be written in the following form:
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where p, u;, p and x; are the density, mean velocity tensor, mean pressure and coordinate

tensor respectively. The mean viscous stress tensor, 7, , is approximated as:
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where 4 is laminar viscosity. The time-averaged Reynolds stress tensor, Ty = - pu;u; , in the-
above equation is not known and thus, models are needed to express it in terms of the solution
variables. In the present study, two turbulence models are used, namely the k-&€ model and a
Reynolds stress model (RSM) [1, 2, 3, 10]. The k-& model has been reviewed in references [1,
10] and it will be described briefly. The standard k-& model version relates the turbulent eddy
viscosity to the turbulence kinetic energy & and the dissipation rate £ through Boussinesq’s
approximation as:
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where u, = pC, kz/s is the turbulent eddy viscosity and ¢ is the dissipation rate of turbulence
kinetic energy (TKE). The modelled equation of the TKE, k is given by:
0 0 [ u, ok
g )= ¢ +G— pe 5
dx; (pul ) axj[ak aij . ©)

in which g, = 1 + pis effective viscosity. Similarly the dissipation rate of TKE is given by
the following equation:
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where G is the rate of generation of the TKE while pe is its destruction rate. G is given by:
-0
G=u, _aﬁ.__l_ “; | 9u, (7
o, axl. axj

The boundary values for the turbulent quantities near the wall are specified with the wall
function method [6]. C,= 0.09, C¢y = 1.44, Ceo = 1.92, 0, = 1.0, and & = 1.3 are empirical
constants [8, 10] in the turbulence equations.
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2.2 Reynolds Stress Model (ASM)
Reynolds-averaged transport equations can be solved for T [1, 10] the modelled

equations for which are:
ot &(t.cJL )

ij
at a'!vk =-G;-®,;+D; +¢; (8)

where
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@, = local pressure strain = —C, pg[ u ——kcF ) (G.- —265--)
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. AN
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&; = local dissipation tensor = % PED,;

in which C;=2.5, and C,=0.55 are model constants [8].

2.3 Common Form for the Equations
All the governing equations can be re-organised and expressed in a standard form that
includes the convection, diffusion, and source terms for 2-D axisymmetric flows as follows:
d 1d ap) 12 o
+—— -— —-——| T S 2,
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where ¢ may stand for any variable including the velocity components, Iy and Iy are the
exchange coefficients for ¢, and S¢ is the source term. :

2.4 Solution Procedure

In the present computation, the time-averaged Navier-Stokes equations, the TKE
equation, and the TKE dissipation rate equation are solved numerically by a control-volume
finite-difference method [5, 9] together with the turbulence model equations, equation (4) for
the k-& model or equation (8) for the RSM. All equations are in a generalised form of
equation (9). The SIMPLE algorithm is utilised for pressure-velocity de-coupling and
iteration [5, 8]. The first-order upwind (FOU), the quadratic upstream interpolation for
convective kinematics (QUICK) [8] and the second-order upwind (SOU) [7] schemes were
used for discretising convection and diffusion transports on a staggered grid cell. The under-
relaxation iterative TDMA line-by-line sweeping technique is used for solving the resultant
finite-difference equations. The computation was carried out using a personal computer
(Pentium IV-2.0 GHz). About 10,000 iterations were needed to achieve satisfactory
convergence for each calculation case, which requires about 0.5 hr of computer time.

3. Flow through an Orifice of Nail [4]

A flow in pipe with a circular orifice of Nail [4] was employed in the present simulation.
A schematic configuration of the duct orifice is shown in Fig. 1 below. The pipe with a length
of 36D has a diameter of 50.8 mm and the 3.2-mm thick orifice diameter is 25.4 mm. Profile
measurements of centerline axial velocities, wall-static pressure, Reynolds stresses, and wall
shear stresses were measured by using Laser Doppler anemometer (LDA). The flow had the
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Reynolds number (Re) of 1.84 x 10° and rate of mass flow of 1.356 x 102 kg/s with
temperature at 300K (see Table 2 below for specifications).

Fig. 1 Geometry of pipe with the orifice

Table 2 Data for flow through an orifice plate [4].

Parameter Magnitude

Test section characteristics

Pipe diameter (D), m 0.0508
Orifice diameter (d), m 0.0254
pipe length (L), m 1.8

Inlet fluid properties (air)
Mean axial velocity, m/s 5.6
Temperature, K 300
Reynolds number 1.84x10*

4. Results and Discussion

The comparisons between the predicted results by the k-€ turbulence model or the RSM
with different numerical schemes and the measured data of the flow are presented in Figs. 2
through 5. The predicted gas pressure and centerline axial velocities are compared with the
measurements, where solid or dash curves are represented for the calculated resuvits while
open circles for the measured data. In order to reduce uncertainties in the inlet profiles of the
mean flow field, the inlet boundary conditions were specified at x/D = -15.0 for which
measured data was available (or using the one-seventh power law), apart from the radial
velocity, v which is set to zero.

4.1 Effects of Numerical Schemes

The distributions of centerline axial velocity predicted with the FOU, SOU and QUICK
schemes are compared with the measured data in Fig. 2a. A closer examination reveals that
predictions with all three schemes are in good agreement with the measurements only in the
upstream of the orifice and in the downstream from x/D = 5. However, for prediction with the
three schemes, under-predicted results are seen in the downstream orifice region in
comparison with experimental data. The use of the SOU and QUICK leads to slight
improvement for this flow as can be seen from x/D =0 to x/D =5 in Fig. 2a.
Figure 2b compares the profiles of static pressure along the wall using the FOU, SOU and
QUICK schemes with the measurements. It is found that there is a high-pressure drop across
the orifice. Predictions with three numerical schemes show favourable agreement in upstream
region of the orifice. However, immediately after the orifice plate, the calculated wall
pressure rises faster than the experiment shows. At downstream regions from the orifice, the
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FOU, SOU and QUICK results are over-predicted. Again, the use of the SOU and the QUICK
results in slight improvement for this flow as can be viewed in Fig.2b. Therefore, only the
SOU is used in the next evaluation of the turbulence models.
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Fig. 2 Comparison between measurements and predicted profiles with different numerical schemes:
(a) centerline axial velocity and (b) wall-static pressure.

4.2 Effect of The Turbulence Models

The distributions of centerline axial velocity and wall-static pressure predicted by both
turbulence models are compared with the measured data in Fig. 3a and 3b, respectively. It is
worth noting that predictions with the RSM are generally in good agreement with the
measurements. At downstream regions from the orifice, the RSM results mimic experimental
data very well while under-predicted centerline axial velocity and over- predicted wall-static
pressure profiles are seen for using the k-£ model. The major difference between calculations
with the two turbulence models is most clear in the downstream orifice region. The use of the
RSM leads to substantial improvement for this flow as can be seen in Fig. 3.
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Fig. 3 Comparison of measurements with profiles predicted by different turbulence models of: (a)
: centerline axial velocity and (b) wall-static pressure.

Streamlines predicted with the k-& model and the RSM are shown in Fig. 4 and Fig. 5
respectively. A recirculation zone is found at the downstream of the orifice. The size of the
recirculation zone calculated by the RSM is larger than that by the k-& model. The center of
recirculation predicted by the RSM is at about x/D = 1.25 and /D = 0.35 while at about x/D =
0.6 and /D = 0.35 is seen for the k-£ model. The reattachment length, an important measure
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of the quality of numerical results, is well predicted (Xrexp = 2.14D, X¢cae = 2.12D for the
RSM, and X, cac = 1.5D for the k-£ model).
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Fig. 5 Streamlines predicted by the RSM

5. Concluding Remarks

Simulations of turbulent flow through a circular orifice plate have been carried out by

utilizing the k-¢ model and the RSM with three different numerical schemes. The predicted
results of mean flow properties are compared with measurements. The conclusions from the
investigation can be drawn as follows: Since the RSM represents better the anisotropy of the
turbulence, the RSM results with the SOU scheme is in closer agreement with measurements
than those with the k- model which predicts a fast decay of velocity downstream of the
orifice. The computations of the flow showed that the RSM shows a significant improvement
over the k-£model in capturing the mean flow behaviour, superiority rooted in the response of
the RSM to turbulence interaction.

6.

L

10.
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