mssrasens inatihuuuursmaula e

SIMULATION OF TURBULENT SWIRLING FLOWS IN A

COMBUSTOR

Py swsnaga

PARINYA RUAMPAKDEEKUL

a o A o 1 = =] o o o a
:mel1uwuﬁunlumuﬁuwmmiﬁﬂmmumnqﬂsﬂ?agtynmnsiumﬂmumum«m

G o d‘
TIYNIPIIFAINTINIATBING

UuainInenae
- aounalulagnszoeundudigammsaanszi
. ’ .9, 2543
v 3596 4“ ISBN 974-622-780-7
(oUNTILYY

M, oy, 112.3.0.0. B4



SIMULATION OF TURBULENT SWIRLING FLOWS IN A
COMBUSTOR

PARINYA RUAMPAKDEEKUL

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING OF MECHANICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2000
ISBN 974-622-780-7



COPYRIGHT 2000
SCHOOL OF GRADUATE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



o YV A A

< o v U
HWaTeININUT ms$raeens mathuthunuunyuanluaumn

infAn wwlSyan swinana
sHadsedidn 41062020

e INTIUMAATUMTDUNAR
MUV | Sranssunseena

.1, 2543

49 o o d 4 4
212178HAIURUINGTUNUS WFA.AT. WIHIDA WIVUNA

uUnfinge

msilszgndveuuuiassnnadamanddmiunsdmesns nauuunsmouluaum
gnuansluineninusadui nuvswesanuiuludmiuns Inauuunspnuiisad
TAR IS nausstuaziden  Tavdiaguszasiioadrennudhlolungfnssuveanmsina
T e TaoI3i35 U5 asduiioanidusuiuutassnnuiiudunsgu
k — ¢ (standard k—& model) 1A% algebraic stress model (ASM) “lumsﬁmamﬁ"‘wuﬂ g‘ﬂ
uuuwaﬁhwawqﬁufﬁ16\”‘11‘7;?16\1 Ao quadratic upstream interpolation for convective
kinematics (QUICK) 1% second order upwind (SOU) lagniiwnlSvuivudugiduuunadis
yoeyRUTSRUTNilsFafio upwind uag hybrid iefAnLIBNEWaBINISINI NIZ LT
msenadnsnsnaald Wunsnuinsnadl ldnszineluaim 3 sy wadwivea
msieglitevesnuSmuuauny wuadel uazuadudagninnnSoudisuiude
y,amﬂmimamﬁ"lﬁ'innms’;'ﬂiﬂu. laser doppler velocimeter (LDV) Wa91nMSAIUIMUUTAL
Wiffuhmsinnelasuyiasn it 2 mo fiavmaeandesroudrefnudoya
INMINAAeY uA ASM THramsyeRnnduuusaes &k —e usnvinfinnmsdnymy
91 numerical schemes ﬁﬁwﬁwaad1m1ﬂtﬁe‘l‘i’f§mﬁu ASM ssiams”lnaﬁﬁ recirculation ’c’[ﬂﬁ'ltl
TuSnoiwusatiud 1Ensaldeunasd B U ASM Sanuhen B sufisninariliva

A ldaountdaslddhadinles



Thesis Title Simulation of Turbulent Swirling Flows in a Combustor

Student Mr. Parinya Ruampakdeekul

Student ID. 41062020

Degree Master of Engineering

Programme Mechanical Engineering

Year 2000

Thesis Advisor Asist.Prof.Dr. Pongjet Promvonge
ABSTRACT

The application of a mathematical model for the simulation of strongly swirling flows in
combustors is presented in this thesis. The modelling of turbulence for incompressible, swirling
flows used in the simulation is discussed. The work has been carried out in order to provide an
understanding of the physical behaviour of the flow in combustors. A staggered Finite Volume
approach with standard £ — & model and an algebraic stress model (ASM), was used to carry out
all the computations. To investigate the effects of numerical diffusion on the predicted results,
second-order differencing schemes, namely, the quadratic upstream interpolation for convective
kinematics (QUICK) and second order upwind (SOU) were used to compare with the first-order
upwind and hybrid schemes. Three different flow types of combustors were used in the
simulation. The results of predicted axial, radial and tangential velocity profiles are compared
with available LDV experimental data. The computations showed that results predicted by both
turbulence models generally are in good agreement with measurements but the ASM performs
better agreement between the numerical results and experimental data. Besides, use of numerical
schemes with the ASM leads to high influence on flows with recirculation. Finally, computation

with different values of [ of the ASM results in small effects on predicted solutions.
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Q’l’ A ] o é’ J y U
Tavesrumeusnderaoinlar i luanatostsiu  Inssadrsvesnnuilulmlums
< . @ ] v @ dA o Y
Tranvunyuauanusagati laona ldfanuduius Advudeounn m3lvnaiuTun
t 4
(recirculation)Swilunaninasmypuauawsath lgrase ldl
n. tindszAnsammswnInd
{ |1 ' J ] ]
. apuanzivasyeen (NO, , wi, @15 lelasmsuouiim lndlunua)
a 3 ) =4
a. ananueveatlaundwaziiuwa lfinunivinadnag

1. LﬁNﬂ’J'lllLﬁatJi‘Uﬂﬂﬂ']iWﬂvlﬁfl’

[¥] J =S
1.2 'Jﬂﬁ;l‘].li:;’ﬁﬂﬂ‘ll@xiﬂ']‘iﬂﬂ‘ﬂ'l
o o v 1 kY o - o
1. vhms$resems Inailuthusuunyumlusen Taslfuouasesnndameaas
2. WmsAayUUSsUAUY numerical differencing schemes NiwaseaNuNus luns
Rurems lua
3. MINMSANYIANUEINITAVDS turbulence model Tumsraesms Inailuthunuumyu

U
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1.3 aUYAFINYBINANEN

1.
2.

l‘ﬁ ums anvudasnaly'la (incompressible flow)
Lflums"lnanﬁﬂ (viscous flow)

Wums ‘lnmmnqmngﬁmﬁn?ﬂﬁ fhiete (isothermal Flow)
ShumsInauvunsh (steady flow) -

L‘i'flums"lﬁai']uﬂ’muuumgmu (turbulent swirling flow)

1.4 ngunsenufaiildlumsIse

1.

U ¥ 1
agauaniaaeg lums nauvuihutlaniueansousn idesnidlu 2 dau fe dwuf
o ' o 1 P o
Wununde uazdununuHaveINI iU
A& o = ' & ) { ' o $ & P
WeymamaslugIaIMils (time averaging) 1142 drufimuwavesmsduiueed
i o
Autlugud

44 4 o = , A\\ )

INBY Reynolds stress nNvunInmshnsmaslugalamil (time averaging)

vgndraeelayld wrbulence model

1.5 Yo UIUANISIVE

1.

vimsshasems Inaihub e lumien 3 sila Tael935Edanuiitunh
R Tl b ﬁmﬁ"m (finite volume)

MmNy LS suRoY numerical schemes ‘ﬁ@ﬂuﬂ 4 yiin Ao upwind, hybrid, QUICK
tag SOU

1uﬂ15§1ﬂ80ﬂ151ﬁﬂ€ﬂ$1%’ unu'ﬁmmmm‘ﬂuﬂ?u (turbulence model) 2 LU ﬁﬂ
k — £ model LIg algebraic stress model (ASM)

waft ldninms$assszgmi WSsumousudoyaninmsnanesiiialas LDV e

vy
Foennuuus lumssiansns'va

o 2
1.6 YUABDUMIFANEI

1.

Aimseinynganssuuazdayaems Ivauuuiudu sfls wuusieesnnuily
1 (turbulence model)

MMsAnp1I5UT e s Auiileq (finite volume) 52u8nanns luns 14

aw a v )

NN135905WUITeAAsdes  swdudennisnaassiiinzay  (Homanizild

LDV lumsda) nlddunuulunissiasensiva
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4. 'mmsﬂmamuaztﬂiuumuuNaaWﬁw'lm1ﬂmsmmmﬂmleu”aﬂ"lmmmsmam‘n
won'ld

I3 2 ay v
5. aydwamssnesianuaiila

dal Vo
1.7 Yszlamifimaieglas
0 S Aa 2 ' 4
L. aunsevinnems masuuiulhuiifieduldedugndes el lunisinu
¥ )
2. iluTusunsuitugnuiewanndelumsAnuinisneruna i mixing

¥y
3. Wuldsunsuugmlumswannde 1 s sasemsen'indde'ld



UNN 2

[V Y

Aav aa
NMHIVWBTUNYIVDY

s Inaflulunuumpoauduilamiidsvaanladuenannlunaremaas sy
AN mami‘luﬂiyw1ﬁtﬁﬂi'fuﬂ?ﬂuTs\muqmmnﬂssn TavldThinIneenansuazinse
wanwerini lweeddnnymiilummodszmenia Tan

Lockwood et. al. (1974) ¥amssaosmsunIndifasluaun Taon/foumlassm Fa, U
INVBAUAUAT, A1 Reynolds number UATAT swirl number WU IdHaABANADIRUNTNATDY
uasu?nm*?itﬁﬂmszm"lnﬂagjﬁu?nm center recirculation zone (CRZ) Fufudnuaiziduvafy
Khalil et. al. (1975) fivnssiassmswnlndiasssunalummn TasvhmsnSoudiey
eddy-break up model 3 1Y MIAMsTWRTaNLIndEvsRuRanITNAADY

El-Mahallawy and Habib (1977) l@finyugenanssiazsiassmswaulumusn Taevims
zﬂ%uuuﬂawwm swirler (tnzdndauvesvewan Taoninmsiiasuiuiinaenndoaty
NaINATIMAABAieNYeY swirler HAAY 1$UIRINY Serag-Eldin and Spalding (1979) ‘I
$ravamswn ludfwludeasn lndvesdaiuie 3 I8 Taold & —& model 319m 158 M
YummnsavimneunnTilg udi hilnddvaamsnanesnmin mewinld k- e model
140y Boysan et. al. (1982) @s1avans lvaluleInay Taold algebraic stress model (ASM)
AU skew upstream differencing scheme (SUDS) @151 convection term 1¥Hadonndosd
AUNISNATBIVBIA

Rhode ez. al. (1983) Win1sinyims nafhutlulumisn Taod% visualization wudia
central recirculation i‘fwﬁaﬁ swirling flow uazﬁmum‘lmﬁumqu?isﬁwm swirl vane angle
Fadawam 1 comer recirculation Htnadnasaigy Wil So er al (1984) lAnu9n
NASA iiefnyuFmaassns natluthulumsaessunis TaoldAnymgdnssuvesnis
Saunz hifinememiosideniiganinate saudans narauszninermeuasdidon wuh
msmyuuiininademsnanetiann Tnemmzedietelunsdifien swirl number qaq unz
Halthore and Gouldin (1986) ¥imisiagaiauiianeq lumumIndfe Taold laser doppler
velocimeter (LDV) 91NM5NARBITENYAE reaction zone 1T usunulszaa 2 Sadmas iy
31/ paraboloidal 71510 central recirculation FufuvTnadHamsnauRuvouTomETY
DINIABYINFUIST

Kim and Chung (1988) 14$1083n15 Inailuthuuny strong swirl (S = 0.79) vesrda

Taeld algebraic stress model (ASM) U8 k —¢& model 1WSsuifousu 11AMISasenyh



algebraic stress model (ASM) HUse@nEam@Ani1 £ —£ model Llﬂﬂﬁﬁ‘lﬁ%ﬁlﬁﬂﬁﬁﬂﬂﬁms
NAABININAT 1SUHYINY Hogg and Leschziner (1989) F918Mmssraeems Inailutlu
tuumyuan Taeld Reynolds stress model (RSM) (I58UIToufy & — & model 910353651
MU Reynolds stress model (RSM) Huw'lddani £ —-¢ model édﬁﬂﬂﬂgmﬁlll Jones and
Pascau (1989) fi$1a09ms Inalumsudvaiu Ao mves So er. al. (1984) Tavld Reynolds
stress model (RSM) Uag & —& model 1wy Tdagnlunmssaesnisnathul
wyuTun514 Reynolds stress model (RSM) vy ldiadiga

Kitoh (1990) 'ldviimsdams Inafudlmuuumpauiurienss s1nradldmsinaly
ﬁ'ﬂymzﬁyﬁﬂmﬁuﬁ'ﬁﬁfuﬁuﬁﬁmq (anisotropic) HATWUIIANMWISMMUUITUNE (tangential
velocity) thifinansenuetianndednuaizmsna dewt Ahmed and Nejad (1992) Téiams
Traluauniansdifitmsw ndiuag bifinsenng Tavld laser doppler velocimeter (LDV)
nunmsim lndifisniwadennu§0tann 1asI0n15N9a99 comer recirculation JUUIA
@dnastszina 44% definsmning

Hwang et al. (1993) Mims$raeemsivatiudulumisn Taold k-2 model wag
nonlinear & —& model noufbufumuini 2 models Fmueldaf liuansefuannin
Lin and Lu (1994) las$1aeenisinalu gas turbine combustor 3 U@ lauld Reynolds stress
model (RSM) WSsuneuny k —& model o ill".\‘l Reynolds stress model (RSM) &ua W1509Y
woAnssums lnavnedidaniulefivusunanismasesluvas® & - & model ul/1g

Ahmed (19972) lévhmsiamsimafludunuunoulumunsioes 1aeld laser
doppler velocimeter (LDV) Jam1a21ui3anauuasa Reynolds stresses tiiofn¥1ns na wu
s Imatlutl gz iudyfeneesiann (highly anisotropic) uagzluliduanu
Ahmed (1997b) "lﬁ"a'ﬂms"lnai"'luﬂamﬂ?uuﬁ'usxwinns{ﬁﬁﬁmmqmuuas"lﬁﬁmsmgmu
ﬁqﬂ’nmﬁﬁ"lﬁﬁmwu‘mwfu 11n131AA. corner recirculation oot iRen Tuvaiefinsding
N3 mgmutﬁﬂ“f;:a comer recirculation LIQY central recirculation 5’31JV.1’:~1ﬂ"\ Reynolds stress ﬁlﬁﬂ
%uﬁmqaﬂi“mstﬁﬁ"lliﬁmswmumﬂ

Fraser et. al. (1997) Mmsdans nalulyInauTaold laser doppler velocimeter (LDV)
uazdranemsInalaoldTUsunsu PHOENICS code 59U k—& model 1182 modified
k— & model iioiSouifiontu 91 sAnuIMYT modified & — & model A13N30TTINTS
Inalulalnan1dand &k — & model 1A0619'15AAN modified k — & model AdeRmuIeNa'ld
Nififvawefivzinn1fifundnluniseenuuyld down Xia er. o (1999) 18 nsnanessa

¥
m3 Tnaveailumumdraos1aold laser doppler velocimeter (LDV) sazsinis§ransms'lna



° [ ar & a
Tl Tas1nsu CFX code 11284 Reynolds stress model (RSM) 39311 QUICK scheme 4%

anuaeandeatuiiueind uazwuihlumsvaniianududeuss lsifia solid body rotation

Holzapfel er. al. (1999) lavimsTams Inathudunuumprauluaumsaes 19 hot-

[V o $ 1 ° 4 ’
wire anemometer IAAIAIMISTANAUUASA Reynolds stress Tavldvutaouudasm swirl

v 1 a o @ W . . v 3 <
number vll] 2 ﬂ1ﬂ§ﬂ31 MINAANIUITINUVUUITNN T (tangential velocity) ﬁQNﬁ‘lﬂﬂ'J'lllﬁ'Jﬁ']u

UUISHE (radial velocity) anas |

aw 44 kA Yo v o
MnuItninudsaanua A3 HiRuA NS 0ves Reynolds stress model (RSM)

Y
ua ludnoiinusatfuiivzinmssasinmsivaveaunues So e ol (1984) uag Ahmed

& & o o
(19972) F11uin19049 So et. al. (1984) 11U Jones and Pascau (1989) la¥iin15$1a09ns Inalay

19 Reynolds stress model (RSM) Tuds unfitadenild algebraic stress model (ASM) 11/Suu

¥
WU k — & model Tumsdranams Imalumunia 2

aw 4 ¥

M131e 2.1 agdandseineides

il A3ty aiuiii

1974 Lockwood et. al. Mmstassmantlvdmalueen Taold r-e
model

1975 Khalil et. al. Rimatasamsen ImdMasssuna luaumn Taod
M35 u1NoY eddy-break up model 3 LUV

1977 | El-Mahallawy and Habib | HimisAnuugmanssunzdineinisnaulunum
Tasiinsw/founasyuves swider wnzdadiuues
YBIHTI

1979 | Serag-Eldin and Spalding | 1nsdianemsin Indmaludean Indusadaiy
e 3 1A

1982 Boysan et. al. $1a0emsvaluleslnau Taold algebraic stress
model (ASM)

1983 Rhode et. al. #rnrsdnwinistvad uilaulumunt laods
visualization

1984 So et..al. drnsanyms Inatlutlhulumsians Taoldanun

navesRaua: 1A IMIA 5200915 InanausEnIg

oA
DINFALIAS FIAUY




A15197 2.1 (ML)

1986 Halthore and Gouldin | fimisiagaautiaaiesg luewnindfy laold
laser doppler velocimeter (LDV)

1988 Kim and Chung $1a0emsinailutiuvesiifia Taold algebraic
stress model (ASM) Uag k — & model (1f3vuiouiu

1989 Hogg and Leschziner | $1a0ams athuillunuumpan Tavld Reynolds

’ stress model (RSM) /Souhoufy k — & model

1989 Jones and Pascau 1999M3 "l'na TﬂUnl‘ff’ Reynolds stress model (RSM)
uaz k — & model Wsuiilouniu

1990 Kitoh ﬁmw*ﬁﬂms"lnaﬂuﬂauuunﬁqmu'luviaﬂsa

1992 Ahmed and Najad wnsTanaantAd e lumumnsdifidnismnlnd
uag lifimamn v WS suioudu

1993 Hwang et. al. dms$rasems mathlulumwn Taold k-
model A% nonlinear k — & model 11i5uAvYNY

1994 Lin and Lu $ravams nalu gas turbine combustor 3 5 Tnold
Reynolds stress model (RSM) Wisueusy k—¢
model

1997a Ahmed v‘i1mﬁﬂms1ﬂaﬁuﬂauuuumgu’m‘lmmtmﬁmm
Tau 14 laser doppler velocimeter (LDV)

1997b Ahmed wnsans lnadutwnSouifenfussniensdid
finsmyuaas lulimsvyuau

1997 Fraser et. al. Binisdanis inalu'laTnaulaold laser doppler
velocimeter (LDV) uaz 1% 115unsu PHOENICS code
fMUI & — & model 1A% modified k — & model 1o
Wifsvuifsudiusunamnaana

1999 Xiaet. al. nimsnaansianis imalumui lasld laser doppler

v velocimeter (LDV) tag 191151053 CFX code fi1mom
Reynolds stress model (RSM) wSeuisuiy

1999 Holzapfel et. al. Fams nathullhunuunyuauluerniass 14 hot-

wire anemometer
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nqug

3.1 yni

HymdnInglunlfidvesilymemewamansuazvesnan luifuns Tnawuu
futhu Tnunasasmssufirnant dianmannndnddnsuznamenimsansiua
Wevimneuazauqus ina Amumee M s mEend « g nauyuihulau
(turbulence problem) * demismfnevigndesauysalifudalionnild Turaeduves
AnTTETHIUN Nufuaznismanesdaning @nszdi TasinInumandvaovin eon'ls
Aada lieadunnudlsddnuasiigmidetwauysel uaznansiinsedi 18819
mwzinansdlmniy

gliesnoufiaumesSauduanunissananininnmandiieldinisdnnuaunis
Navier-Stokes equations Tagasuioudilgpms nauuuiulu ualvadwfiidaudiigen
wesnouRunesiangaluuneil mswh direct numerical simulation (DNS) Uuns Inad
arusudoudtauivilliidownasuled maelidunsoudnn seale Tunisualds
vuA M3Uszaa small scale 428 model Az MR large scale Tnuasaion large-
eddy simulation (LES) fighennuaz lidulumsih

Taodsndudrlums Twadutnondy o idqumiifme dunuy liniveunaziuiy

] s +
1391 (unsteady) Aanaaslug Ui 3.1 vhldendensmidney seiulsfadmueanifsng i

~Y

#

511 3.1 SrvazvesanuSrlums Brauvuilutlu



1 4 ) ' v ¥
aulviiuensoutitesndu 2 94 (Reynolds decomposition) fis daufiluauadof ludusy
— @ { o dd o 2 o ° ° '
na1 @ dudfiunuraveimsduitusune « Foialdudrlunmsdunaiidlaouds
¥y v v ’ ]
aquandanuaiiculseenflusunde @,7,w, B,etc.) uazdmfiununavenisdu

@', v, W, p’,etc.)

3.2 aumanimeates
°lu'3wmﬁwufi'1y"lﬁ’v‘i1msi‘hamms”l'nauuni"luﬂwuunmgu'm‘lunmxm Tauliouydgd

31 ms'lmadunuusada '8, Sarwmile, ﬁqmﬂqﬁﬂqﬁﬁﬁnana uazidunis nauuunafi

c?qmnﬁuuﬁgm'ﬁ”wuﬂﬁﬁnmsﬁtﬁm‘ffm o ﬁllﬂ'limﬁ'ﬂﬁu’m(continuity equation) LALAY

o o o " o a
M58 15N NN UAN(momentum equation) Afauugal tensor Hu

ou,
i )
o 3.1

Yo%, pox poax, 62

& ﬁ . , 5 ‘hllé’ @ @ o
e o, deviatoric part U89 viscous stress tensor NANNTUNUTUIUDS Trauyy

Newtonian fluid Jautlu

o, =2US; (3.2n)
Tagfi p Wumanumuniv, uifluaiudivesvedine, piilumanudy, o dusen
niauaz S, =4 (O, [0x; +du, /ax,.) {lue strain tensor

990 Reynolds decomposition AR TumsInagansauiseenity daufidusn

masuazaIUAUNUNAUBINITHY

f=r+f (3.3)

q,: o o 1 e . .
yinduhmsmdslugamil (time-averaging) Hu

1 i+
m=lri£§;f, Tf(xyt)df (3.3 1)
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3 4 o 4 , e qvy 4 )
Fuflornsimfslugiauamily (time-averaging) 187 Wuwav ¥dufiununavesmsdu

s 1

u’/’ 7’ 1 ] { A . . ar
udandugud (7 =0) usmshnsadelugrnamil (time-averaging) YDINAHUTDIAT
wilsfisudu fg=Fg+f2

3.3 gumsmsimanuuiiulau
o { . ' 4 . . Qs o . . .
MnN3RasTuLIINININ (time-averaging) TUEANN150YSNYNIA(continuity equation)
azaun1sNIseYSnY Tuiuui(momentum equation) (H4
o

i )
> (3.4)

_ d%, _ 10Jp  100; ouu
77 Sy 7% s i 63

X ; pox; p ox; x ;

= 13 . . é

NI (3.4) uag (3.5) (380791 AUN1IT Reynolds-averaged Navier-Stokes equation (RANS) Haery

* 14 ——
msh (3.5) tligdaunismilounyluaunts (3.2) snduifioansy second-moment (1:,] = u,.'u;.)
44 & < 44 & d hood v . '
fuutun guflumeniidivtuiiesnnms naduuuoiutusas aunsii llamwsonas

Aiteannsmanvsssndsunanaunis

3.4 Turbulence Models
U5z 3484 turbulence model ﬁyummmm@ﬂuamﬁuﬂ"lﬁ“lu Wilcox (1993) 1@ Launder
et. al. (1975) turbulence model ign14lun13$1009ms Inauvumyuantszneuday
® the standard k —& model, a modified k —& model (Sloan er. al., 1986), a non-linear
k — € model (Speziale, 1987), the k — @ model (Wilcox, 1993)
® an algebraic Reynolds stress model (Rodi, 1976), a simplified version of the algebraic
Reynolds stress model of Zhang et. al. (1992), and
® the different Reynolds stress transport equation model (Launder et. al.; 1975 and Wilcox,
1993)
“lu'%‘wmﬁwuﬁﬁy“l‘?s' standard k — & model 1aY algebraic stress model (ASM) Tag'ldnanafa
turbulence model B6WagY FadMIVTWAZBEAVE turbulence model Ausan1IRIINlY

VITUIYNIU (Sloan et. al., 1986; Gatski, 1996 and Wilcox, 1993)
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3.4.1 Reynolds Stress Model (RSM)

Bildlumsme ¢, Ao msadwaumsitenives 7, Tavass Fagadudulumsads
second moment 139 Reynolds stress transport equation o fluctuating momentum equation °A1N
m1&onmsiteuns (3.2) #M Reynolds decomposition (3.3) avdvuaums (3.5) ud1'l4

fluctuating momentum equation Y94 u;

, _ou ,ou ,om 1lop° 190, 91,
Su; =u; — ‘U U, — +——£————"——"—=O (3.6)
ox; ox; ox; pox; pox; ox,
1agM second moment (Speziale, 1991; Wilcox, 1993)
u; Su+u; Su; =0 (3.7)
1 transport equation RYj
Pl @ gy N 9D;, g +v V% (3.8)
u, ——=p9,, " —&, e .
o), TIST 3 8 AR kO,

o d &
ﬁ"lu‘ll’l”lﬁﬂ‘llﬂ\‘lﬁllﬂ'ﬁ (3.8) unudasnsldsuntiatves TUWQﬂSSﬂﬂUﬁ”JUM‘E}M turbulent

production I_’; , INDY pressure-strain rate correlation 7, iN®ON turbulent diffusion D!

> PARVILEY

. . . & ) (3 o é 1 Y 1
turbulent dissipation rate € 1tAEINBN molecular diffusion ANAIAY Fanemmartiianiu

Py =, 'g:;: T g% (3.8 )

i =;, %+ax[; (3.8 %)

D, = —[W + %’ (u,.'Sjk +u’8, )J (3.8 A1)
E.= 2V—a—u':—a—u—; (3.89)

! ax, ox,
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Y
@ - <
auns (3.8) fio Reynolds stress transport equation U84 Reynolds stress 14 6 VAN FINY
— 1 1 [ 1 y
N I, Dy, waz g; liannsomalalagass $uiludes model ineumanil
3.4.1.1 Model Y94 The Pressure-Strain Rate Correlation Term
y ¥
Tu#iti model U994 the pressure-strain rate correlation 1aidenlduss Launder et. al.
v id & o W S g
(1975) (9 Sloan et al, 1986)Iatdamerimyiiuuinulndmisne eennlufifiaule

dnvaizms mafivsnunatmnnaniiuiinalndmia (boundary layer)

k

- 4
-

£ 2 I
m,=—c _(c,.j —-3-5,ij— CZ[P,.J. -5, ) (3.8 9)

slow term fast‘trerm
Tagh C, =2.5 waz C, =0.55
3.4.1.2 Model Y84 The Turbulent Diffusion Term

<& i 5 2
The turbulent diffusion %41/52nBUAY triple correlation mgmmuﬁ'w model YD

Daly and Harlow (1970) (¢ Sloan et. al., 1986; Wilcox, 1993)
D) =C —g,—L (3.89)

Tagh C, =0.22
3.4.1.3 Model Y94 The Turbulent Dissipation Rate Term

Tu incompressible flow IN®N turbulent dissipation rate 1% model wvoa

Kolmogonov (1941) (g Sloan et. al., 1986; Wilcox, 1993) ‘laiTiu
2
g; = 3 5,€ (3.8 %)

3 T ~ . S
Fam & 11y isotropic dissipation rate Fam Idonaums transport equation U9\ dissipation rate

(e) lur1e 3.4.2.2
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3.4.2 The Standard k — & Model
. a1 ¥ a v et P & a 4?’
Two-equation turbulence model w"lwmmuuu‘l‘vmnnqﬂ 9 k — £ model mﬂgﬂﬂﬂ‘uuiﬂﬂ
Chou and Davidov (1961) 1t Harlow and Nakayama (1968) uai#i 1asuauiisunduidiuues

] oy
Jones and Launder (1972) 43Qn13 un3uilu standard k — £ model

3.4.2.1 a3 Turbulent Kinetic Energy (k)
. . o 1 ] a4
Turbulent Kinetic energy (k ) A NEINUINTABMUIONIAVBA turbulent fluctuation F

m'lden

| e Y )
k=5uiui’=§(u2+v2+wa) © (3.9
INAUNTT (3.8) A5 arthanlem transport equation U84 turbulent kinetic energy (k)

E 4
18 Taodmuald i = jluaums 3.8) nmiuguédan 1/2hldreandestuauns 3.9) 14

(Gaski, 1996)

(3.10)

3 @ H H ° ' é
Wedmunilevesanms (3.10) u‘nuam‘lmmlEuuuﬂmﬁmxmm"lﬂq‘um k #atlsznou
#0mey wrbulent production term P = P, /2, N8x turbulent diffusion D! = Df, /2, mey

. o n v - o o_ A
isotropic turbulent dissipation rate € =€, /2 1ay MoV viscous diffusion AINAIAY FUNOY

4 dyd 1 o
marifanilu

P=—1,—L 3.100
3, (3.10 0)
5, _ 1 ——— P,I«l'a
;= Eu,.u,.uj + PR (3.10v)
ou; du;
E=y——°L (3.107m)
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-— Q’ll 1] 1 o
Tager Diuaze tuliaansomar1dsuiiudoald model

3.4.2.1.1 Model 9484 The Turbulent Duffusion Term UHaNMS &k

VINAUNS (3.10 V) the turbulent diffusion (D) gn model 1111 (Gaski, 1996)

=~ Vv, ok
HER Sl

s, axj (3.109)

& L : L
B V = laminar kinematic viscosity, V, =C u —— = turbulent kinematic viscosity
&€

Taufi C,=0.09 uaz o, =1.0

3.4.2.1.2 Model 489 The Isotropic Turbulent Dissipation Rate Term
UHaUMS k
y
Tu transport equation U84 turbulent kinetic energy U (NBY the isotropic turbulent

. F AYAY /A = v
dissipation rate (€ ) Qﬂﬂﬂﬂﬂ transport equation U84 dissipation rate (£ ) &4 'lduansluiade

da'l

3.4.2.2 @uN13 Dissipation Rate (&)
1 4
TUN1Y transport equation ¥BY dissipation rate (£) WUHINITANT AN fluctuating

momentum equation Tay (Speziale, 1991; Gaski, 1996)

ZV%H(Su,.') N
ox axj

J

0 (3.11)

R
o’e
ox,0x;

ﬂ,.a—£=1_5£—(1>€+55+v
ox,

(3.12)

Lﬁﬂﬁﬁu‘ll')’]ﬁﬂ‘u@@ﬁ“ﬂ'ﬁ (3.12) Ltﬂué’ﬂi']ﬂ'lilﬂﬁﬂuuﬂﬁﬁ‘llﬂ\i E Iﬂﬂﬂi%ﬂﬂﬂﬁ"w the
production term E, destruction term @, , turbulent diffusion term 55 Ltag viscous diffusion

o w & Ve o
term MUY FUNDMHAIUTA N U
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= Ou, o, ou, . du; du; J

P =-2
¢ Y dx, ox; ox, 0x, 0x, 0x,
(3.12 1)
dx; 0x; ox; ¥ ox, ox;0x,
0%u; %]
O = 2 i i .
e =% % ox, ax o, G129)
= o (op’ ou; o ( ,ou doul
D _____2 It sl A g i i .
e =T ox; | ox; ox, Y ox; [u’ dx, ox, ] G128

' r— k" g t J o o
Taumeu P,, @, uaz D, Wu'ligwisamarldTaoassduiludosiinis model

3.4.2.2.1 Model ‘U'EN!‘YIS%WI"N‘] VUHANMS &
INUUINAUDY isotropic dissipation rate @IYITH model mamhqq'lﬁ’xi'flu
(Speziale, 1991; Gaski, 1996)

> £ oJu
P=-C —7T.— 3.129
. i Yox, ( )
2
@, e (3.129)
k
- d (v, oe
Do — L 22 3.128
. ax,.(oe ax,.] ( )

oot €, =1.44,C,, =1.92u0z 0, =1.3

3.4.2.3 Boussinesq Approximation
a 9 G,I’ -4 ’
Taodsnfudalu  k —& model 1u1% Boussinesq approximation IHUAITHIAIUD
& « . . 4 [ [ o v
Reynolds stress %3 Boussinesq approximation 1NN UA Reynolds stress Wuanuduiussznin
=\ o e
turbulent stress 8% mean strain rate tensor (SU) ﬂ\iﬂﬂ‘lﬂu(Speziale, 1991; Gaski, 1996;

Wilcox, 1993)
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- %k&j - 2,3, (3.14)

— = 0 VR

iije Sy = -l‘,-(aﬁ, [ox; +0m, ax,.) unz 4 Boussinesq approximation 71 81 i = j udn 7, =2k
4

Fageandesaunis (3.9)

3.4.3 Algebraic Stress Model (ASM)

¥y
Algebraic stress model (ASM) 11U 1118919015 1¥ Rodi’s approximation (1976) lauldau
13 (3.8) uaz (3.10) (una ¥4 (Gaski, 1996; Sloan e. al., 1986; Promvonge, 1998)

_ 97, aD; ¥t T, ok oD 3%
o, omdy, k|0 on, | onox, (3.15)
Samouiny'ld
P+ “"38 —YA; = (P £) (3.16)

¥

R . oda a4 - s , d
e A u"lu convection quantity YUNWUUUIIN Rodi’s approximation oY yfxflumﬂm‘lm
STNIN 0D 1

0 —uw vy
2 T R
A=W W W) (3.17)
r r r
uv'— W - w’w')—wi y
r r r
Yo
T, —-(2/3)6, k
( . ]——( ., — (2/3)5,P - pA,) (3.18)
Akl —
T; ==0,k +?(P,.j o,P - B. ) (3.19)
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Taofi A waz B gafmuaiiu

tile C, =2.5uaz C, =0.55

3.5 agl

14 k4 ) ) 1 4
nnienamuaiing 1 ludr ludredummsaagaunsiisuiiude 19

M3197 3.1 agdaumsisuiiudeqld

Name Equation
Continuity Equation E =0
ox;
Momentum Equation _om 19dp 1 35",.1. au'.'u;.

ujgj pox, p dx;  Ox;

J

Turbulent Kinetic Energy Equation z Elc__ >\ L i IIV i Vi ] __a_lf_ :l
ox; ox; o, Jox;
. . . . e 2
Dissipation Rate Equation S 9 _ C, £ z, o c., L d. vaYr o€
ox, k "ox, k  ox o, Jox
Boussinesq Approximation T. = z kS. — 2v, s
i ij i
Algebraic Stress Model (ASM) 2 M= 24 =
g Tij—gaijk'l'? PU—E5UP—-ﬁAu
4 = _dm, kK = b B 3
we P =-1, X,VT =C, ?,C# =0.09,0,=10,C, =144,C,,=192,0, =1.3,
J
- 1f{om on; )~ o, o, 1-C v
S;==|—~+—*%||P,=—1,—%+~7, —L A= i B= ,C, =25,
v Z[ij Bx,] %k, ox, C,—1+PJe P 1-c,’
0 —uwZ wv X
— I ro_
C,=055 unz A, =l-uw= w2 (V-ww)¥
r r r
w2 oww )Y WY
r r r
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mM31/52nA Finite Volume Method

4.1 uni
o a v U 4 =3 ?

wyyreemuadamansveans inanuuiutw ldgneus Ty luuniiugs siuldhey

u’: 1 L) @ - - o e 1 1a s 2 a
nsnanuasglugdvesaumsideyiusdosigniudueg uazduaumsliFadu
anvdudeounas hitunsoiimdnenldlagitase FTasnerdduavladudeduiuluns

o a a =3 Y A 1Y) = {
181981 33 finite volume 43T msTnszidunyiBniian Iduanutionlumsudilymd
morfiuvedtva Tav33 finite volume iimsiagUaumsiFeyiusdesliegluglvesanns
AyAdinuugad N UULTHIATAIUAN (control volume) iazyinsimuamveua udqsels

v »
IEmsiiguNeiaey

dact e
42 M35UssgnAIS Finite Volume
anaumsinaaluuni 3 Shunisiosanaunisnundiamaasninodeanis vaumy
HuilwiuialulFuasaiugu (control volume) awnisfiunldedlugiuvssaunisnga
A - Y o J & an & a /a o
aynusdos Tagiorsanmsudiamaneis finite volume FududinialunsimseriFei

» £ 4 i 4
18% (numerical analysis) 3192 IvesaunisiFeyiustooianuaminsosuiGou ldaadl

a[p = [ a¢]+ S, @1

¥ Ae .

s Source Term
Convectwn Term D:ﬁ'usxon Term

fi T, 18w diffusion coefficient voaiautls ¢
o Y .. n’: A v v a o a o o H
Tu#fin1s199% finite volume WwISNAUAIIMsBURNSARUMITITIOYRUTARDANMT
-~ 1 | ey o d i A
Usmasniugu uda discretise asuugARDARUUISINAsALgUR R lug IR 4.1 Faerag
MNUBIUTINIAIVRAUUVY staggered grid
Staggered grid {HunsunimdleenuAaivsnugananseninganemnaats ol
ar . . . & a ¥ o 4 4
@oAAdDIAY continuity equation FagnAndulns Patankar (1980) lasAaduioudilyminis
- o/ t ~ < o = e é o
ifin checker-board duvzasliifanIwAananlunsdaFeduan Fansviuensinns

. . J Yy A a q’: 9
discretise FUNITAIVUYAAB(node)und AU Iuilgmilinawaums aziuluudda
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I3 . o o o o ) &
Aot layld SIMPLE algorithm (Patankar, 1980) Suidumssadidunaz1ennuseiiowss

msuderuns
x(i+1) -
x(i) N o
.. " t scalar-cell
x(i-1)
Y42 — | —» INN_» — /]
t i t
. N
i+ B BT~y B 5
0
o dyv()__
J wWW W e[ [E EE ]
¥
R+
. e 4 / d e l —
j-1 / S A
/ f L dx(i) >T
. —> —> —> —>
u-cell T T T
i-2 i-1 i i+1 i+2
v-cell rG-1) r() r@G+1)
axis of symmetry —-—-—-—-—-—-—-—-—n—- —L Y ¥ A

gﬂﬁ 4.1 ANYAULNITIN cell T staggered Grid

4.3 Discretisation U9IqUNTT

[ s
aumsiFeyiusiesiall (4.1) Wulseneudn convection term, diffusion term, Hay

¥
=

& ' ° . . . &
source term WAURAALINDUNTIUITONT discretisation wl?’l’ﬂx‘l
4.3.1 Convection Term
14
Discretisation 483 convection term 11114 lnunsBuiiinsaaasaialSuinsaugud sy
dauds ¢ Tt

F = Fe¢e - FW¢W + Fﬂ¢" - F‘.\¢.\' (4'2)

Tae9 convection flux A
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F,=p.uA,
F,=p,u,A,
F,=p.v.4,
F,=pyvA

1 { LY ‘é $
uaz ¢,,9,.9, woz ¢, Wumuess ¢ Amiweuwad FemldTnsmslszanufimuzay
1 IH' o ~ | Q’I’ ~ ey ld. L] d'dyd S
msuszamn ¢ VI'Uil'm.lN'J‘llﬂ\!ﬂi!ﬂﬂiﬂ'JU?]IJN'NHH'G'IU’Jﬁ 1mnu1mua1uwumwm 4
»
M niu A upwind scheme, hybrid scheme, second order upwind (SOU) scheme iag quadratic
upstream interpolation for convective kinematics (QUICK) scheme la#naiiifiqs iﬂmamm'az

¥ ¥y
BwnnTusse 1

4.3.1.1 Upwind Scheme
i lagldmsiszinmt ¢ AdwmisiiveaSumsniugulag Taoldadumia

d' "9 P= ar [} ¢:; o ] J o’;‘ &
upstream NOYUWIAYY TﬂUUﬂWJﬂUNmWTSWﬂHLHHQ e INMUU Ao

Pp if F,>0
¢, = (4.3)
o, if F,<0

o o A S o '3 = o
ﬂﬂ']llﬂuqau“']ﬂ'ﬂ’]‘lu‘nTUQﬂlﬂU')ﬂu

4.3.1.2 Hybrid Scheme
Ve A v do w 2 a, {
Hybrid scheme U84 Spalding (1972) Ianuunudfieywusousumii Wuisnlden
N135190RUDI upwind UAZ central differencing scheme IAGIAFIDIURNITASWHNUL ¢ 1

o A
HUAD

¢, Pe>?2

9, = fﬁ;—‘p" —2<Pes<2 @.4)

P Pe< -2
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i v & LY . } . s
Tavfish Pe flush Peclet number Faidludadnves convection flux A9 diffusion flux Y89 ¢

TulSnasaunu

F  pu, pudx,
Pe=—=""Fr="1 4.5
¢=5 =T - (4.5)
dx

& y Y Ao v, e . . . .
9 dx, iuszesseningadeidumis i #u i+ 1uaz T iy diffusion coefficient

4.3.1.3 Second Order Upwind Scheme (SOU) ‘
t4 v b d
1 ¢ WAtimIdninmsdszanamuuBadud upstream Tavl¥ 2 30 Tastusgium
F, ¢, aunsatszuna ity

¢ + ———(¢£x_ ) dx,_, if F,>0
P-w
P, =1 (4.6)
¢E + (¢;x_ ¢EE)de—e lf Fe < O
L EE-E

Taofl dx,_, Wuszezszndn e fuge P e dx,_, iWussesssuing P fu w

4.3.1.4 QUICK Scheme
QUICK scheme 1¥msuszanufidaanaiuganod upstream 2 90 116z downstream 1
[ 14
lumsdsznai ¢ idumisivealSuasaiugy Tastumsilszinum g fuegiy

iwSoamueves F dufluauvieuan sndredrasu ¢, Uszunaldifi

p
1{ 2x, +x, 2x, — x, X, X, .
+— - - if £.>0
%, 4( X, +x, & x, o x,(x, +x2)¢w fE
¢, =1 4.7
1{ 2x, +x, 2xy — X, X,X, .
+— - - if F,<0
g 4(x3+x2 b= = 0 | T,

<4 ' )
WX, = dxpy, X, =dx, p W0T X, = dxg, . Wussozszningase



4.3.2 Diffusion Term

Discretisation ¥84M0Y diffusion term ¥0edauls ¢ luSuasaruguldidly

D=-D,(¢;—9,)+D, ¢, —0,)-D,®y —¢,)+D,®, - 9)

o &
N3
b _Tetle 4,
‘ 2 de—-E
b _L+h, A,

! 2 dx,_y

T, £BHNA

Dﬂ
2 dypy

= I Al
! 2 dyps

oz dx,dy Wluszezsznigalus vuuny x waz y mudidy

4.3.3 Source Term

M lagdutitnsa source Term TualSumsaruguldifiu
S=S,y
dle v ifhuilSimsuas S, ansouonidiu 2 daldi
S, =S¢ +5,0,
figa s, fenduay

4.4 Final Form U84 Discretised Equations

@ d1

22

(4.8)

4.9)

(4.10)

] ¥
AUMIFBYWUTEDY (4.1) (U0 discretisation YDINAYPUNONYIY convection, diffusion U

L]

source terms uts{’J‘ﬁ'ﬂg 1A
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a,Pp = agh; +ay Py, + aydy +asds +Sc (4.11 )

=h.

Tag

a,=a;+ay +ay+ag;—S, (4.119)
o) ﬁ( i . . . .Q o~
wae a Wudulszaninldennissiauna convection Uag diffusion fluxes NAIVDIUTUIAS
ALY
a Py QJ S 1
&nlseAn® a ved upwind scheme A uilu

a, =max(-F,,00+D, (4.12 )

ay, =max(F,,0)+D, (4.12%)

ay =max(~F,,0)+D, (4.12 1)

a; =max(F,,0)+ D, (4.129)
futlse NS a Yo hybrid scheme fie

a, =max[- F,,(D, — F, /2)0] (4.13 1)

a, =max|F,,(D, +F, /2)0] (4.139)

a, = max|-F,,(D, - F, /2).0] (4.13 n)

a, = max[F,,(D, + F,/2)0] (4.139)

b4 4 v
#1115V QUICK uag SOU scheme Ju Idulsed@ns a miloudy upwind scheme LRINDUN

mae1dgnsau'131u source term

4.5 Boundary Conditions

b4 ?
nndieminduudr ludnduldnants Bmsudszuvaunadionyiusldudy ua

3

R - ' &4 9 a v 4 o0 <
FefidrfasnodimitalunsufilymissuuaunsiFieyius fe boundary conditions Faufly

<
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o

» ’ 3 ? [
A ldzdnvazvesilynuazidwaiiqga fiv d1m1nd1 boundary conditions Aasinldm

v o

asuf laduiialidoe

4.5.1 Inlet Boundary Conditions

2 4 - .
Tumsfnuil 1819deyaninnansnaass daldag i luaswi 4.1 e

M131971 4.1 Inlet Boundary Conditions

Variable Expression Note
u - Joyavinwanisnaass
. - YoyasInnanisnaass
w ! deyannwanisnanss
k 2 (U ref L )z T; : turbulence intensity
k3/2
€ ek £=0.07L
{ L\
L = characteristic length (‘2‘-)

4.5.2 Outlet Boundary Conditions

o 14 o

4 $ & a f R ) v [ ]
Qoulvinneeniu Tesdnaudq linswar Fadmsuaualsialldansimualianly

Y

v
= ]

[] [ ¥ »
fimsulasunala (zero gradient) sndundan « AmseenmniungnilUdsvauie 1taea

Ll

adoatungaugana

o9
ik o [ ]
o - (4.14)

4.5.3 Axisymmetric Conditions
o a’ A 4 o ['3 1 d'
dmsveulvfiunuauins yaqaulslagasmuald luiinsdouudas (zero

gradient) #50 fmualfidugud

4.5.4 Wall Boundary Conditions
A a o & o 1Y S A o S A Y o o a
Neu'lﬂmmeuwumu Mvua u,v Uag w HUUAUNNUIUY Lmummiﬂawuquuuwa

UY9%Y boundary layer ag'ﬁﬂﬁ"lumsf‘imuﬂﬁﬁmﬁmﬂ%’ wall function (Versteeg and

bog s

k4 v
Malalasekera, 1995) 199015 1% wall function Yiuiler VYATIUAIU

o 1 1

- i1 shear stress U99984 1MaN U IndHTTIAUNITY shear stress AM1Ta
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- convection iag diffusion MU lndmisdeniinnesunnild production term Y94
k iy dissipation term

as Yaan + dy E [ o’;’ 9)
dundsB3ha y* #ldunun1sinszez it boundary layer narad ldidu

U
y*=—p 2 (4.15)
L
Taoft y, Wluszesfifanamis uag u_ fie friction velocity 1§y
T
U, = =2 (4.16)
p

fida 7, 1$hei wall shear stress Taoluu31an boundary layer gnuviadiu 2 du fo
1) 0<y*<11.63: U laminar sub-layer §9 molecular diffusion Ugnsnwagy
(1 >> p, ) nazauyAdnduns Tnauuy Newtonian
2) 11.63< y* <300: i turbulent sub-layer i turbulent diffusion ﬁﬁw%waqa

(ur >> 1)

[ ¥ ) y
nnfindnwudludndu dewlviiveumisdmivauns Tuwuduifide ¢, il

,u;l—; 0<y* <11.63
T, = (4.17)
pCraE2 e 11 63< y* <300

# x 19U Von Karman constant 141181 0.4 1182 E 11us friction VBINNNYTUISYOIAT (Wall)
FMSVURISOUSU (smooth wall) E = 0.9
o . . dy Py ' Y ¥
@ MTUAUNTS turbulent kinetic energy 91ALBM AN IUIRAY ansouaalugives

source term vliglll‘f]u

&

2
S, =[¢w—cup2-’;—]—- (4.18)

w

&

Turbulent Dissipation Rate fuSnulndmisinumiiy
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4 k3/2
g, =CV* L 4.19)

by,

4.6 NSSVIUNITHIAINDY (Solution Procedure)

msufaumsfiznda 4.11) memdaulsitanlonty w1dTasld tri-diagonal matrix
algorithm (TDMA) udioannlunsmamuEniihin u,v SFmsifuian de anudu
ﬁ’ulﬂutﬂﬂuﬁaﬂﬂéiu momentum equations °lu°?;ﬁy‘§mﬁﬂn°l‘x’f SIMPLE (semi-implicit method
for pressure-linked equations) algorithm ﬁt’d 1o 1Ay Patankar (182 Spalding (1972) Tumseada

[ v ] @ A
anuduRussznInanuSazanusuivoudilam

4.6.1 mimmneulaglyis TDMA
Y 4 . = XY 3 o J 17
#915811 computational domain wuhiianyuzithudug Uszaeuiu uazluudazndugn
» 1 4
udmmneuTaeldis TDMA Tasauydimswininugadediufios 91niulH35asvhdn
WAL

vnaumsfisada 4.11) Fafuganiliudugieig awsesagyngidid
apdp = a9 taydy +(aypy +asds +S:) (4.20)
monfiogluraduauyfiudumae vnaumstrefuamnsouansldiiu
D¢, =Ad,, +Bo_ +C, (4.21)

]

dio i Wudumisvesgase lunuiunu x e -

ona8819 IunuILnY X

Ci =(aypy +asps +S¢)

D;=Ya,-S, (nb= qadefiogdhafio)
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1 d
vinaszummshig Tagunu llfhamdudadagal1a
¢ = A, +C (4.22)

id , o o o
#%s A uaz C; 1dvnmsdaninaszuiunisid Taounuliandh

. A
A= D, _BiAiI—l
cr=Cit C._\B;

: D, - BiAi’—l

: , 4 s T " '
dim Al =0,C) = ¢, Fienndeany (4.22) NyasuAuveudu a1 A'uaz C aunsom’ld

aaoafinng MU i oz ¢, ensomldninanns 4.22)

4.6.2 The SIMPLE Algorithm
51922100 U8Y SIMPLE algorithm 1150111490 Patankar (1980) iae Versteeg and

[ 1 4 )
Malalasekera (1995) SIMPLE algorithm ifu3n1sfififugiunnamsSuamioauyan p°,

'
= fd

} 4
u”uaz v vimiuunumNauy@adly momentum equations LA continuity equation 1auf
d' 9} o [ 1 AQ’ a t o [
apuh ldgmimnlSumnGuauyd sundidiaeugidn
3INN5 discretise YOG u -momentum TUUTMMIAIVAY Aaaraslugiil 4. 1am150

Wou'ldidiu

Ay, = Zanbunb <k Aew (pW —Pp )+ bu.w (423)

' L) dy L] zg ' * ¥ o . 9 ‘ﬂ
A1 1 UDYUUNUFIUUDIAT p HASAITHDANNDINY momentum equations vlﬂl. U
ayu, = Zanbunb + Aew (pw —Pp )+ bu,w (4.24)

E 4
vINuAUANNS (4.24) 910 (4.23) UBZAAMDY Zan,,(un,, —u’,) 51 18aums velocity-

A o
correction uJu

u, =u,+d,(py = p,) (4.25)
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a4 A, , .
Ny d =—= e p=p-p

TwiheudnfuiiiduvenlSinasmuguannsodou 1y

ue=u:+de(p;,—p;) fi d, =—¢
ag

. o, , o A
unzun+d"(p,,—-pN) i d, =—=
aﬂ

* 4 ’, P A
u3=us+d,(ps-p,,) N d, =—%
a

o Q’}’ ) =\ a
dW35Y v - momentum Wua s v I8 wiReIf Y % -momentum
E 4
TUNIS pressure-correction WUM1 1A91n continuity equation Tasmsunuaunis velocity-

correction 84 11 udadag Ul iy

a,,p;,=aEp;+ava'y+aNp,'v+asp;+bm (4.26)

Taoh

aE = pedeAe

aW = p;vd;/Aw

aN = pndnAn

aS = psd:A:

ap, =ag+ay, +ay +a; -S,

uag b, =pu,A, ~pulA +pyviA —pviA +S,.

3
o

@ 1Y o’/’ o) o . = v
mnls‘ummmfmmuuu UNATINUAITNT under-relaxation m"lm‘flu
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p=p +a,p’ 4.27)

ot 111U under-relaxation factor TR

=h.

agU§1@uM9aiYee SIMPLE algorithm 1511
'y a 9 ]
1. @15 uaY p
Mmsudauns (4.24) 1ae u” waziu@erduldan v
Mnsudaunis (4.26) ievm p’
dsum p lavldaums (4.27) uaza u,v d2uauns 4.25)
° 9 .
NINTUNTUANIT tangential momentum (w)

S o Y P -
PINUUNIMTUATUNITNINGAD AD Lk LD €

A A A

Amualin p lude 3 wiud p* udaSefiounduliided 2 sundidmeugidh

4.7 agl

nsruIuMsszgnddtideduaviisondy finite volume lunmisudBamins nauyuily
thu 1075 staggered grid "lﬁ’gna%mu“lmfanwawwf’r Nidudums discretise aums,
numerical differencing scheme #1135 convection term, boundary conditions ﬂ"N‘] Hazman
°lumsmﬁmau*?iﬁﬁ¥u§muu SIMPLE algorithm

Tuundalaszuaasdnvuzveaiymr wezaua 150909 turbulence models Az

numerical differencing scheme “lui]tuu miaule
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N1581899M15 118 1A 1w

5.1 Uni '
¥

P ac a o :,' vlﬁ’ ' 3 4" o °
NHEHURSITNITIWIAUAUVUY Qnuﬁﬂﬂum\naunmu ‘luunummuﬂwamsmam

¥
m5 Tnaluewt Tasuduilu 3 nsdl naasluiadodsud 5.2-5.4 mudidy

5.2 1AAIYB4 So et. al. (1984) A3aiN ludinsRae1me
[ @ o 9 A
So et. al. (1984) 185uMu9n NASA Tunisdanislvalumumsinsalasld LDV Fenin
= 9 - sldy o Y & P} o :
auazBoanazanugndssvewa 18l gnihldmenSoufoulunissaesmsivail

wnildnymsasgl 5.1 ai) Re, =54900, swirl number (§)=2.25, U, =0m/suaz

U, =726m/s
I,V Swirler
: Vel o [N = ]
: B : E
LTy XU F 2% §
L_'L___.._.__.__._.-.._*_ T T e O e A e e
_‘ l Uj 'ﬁ"
o,w g a
A L=3900 mm.
& —
I
A

gﬂﬁ 5.1 ANUUSIAUNIUDL So er. al. (1984) 1AL computational domain

Tumssiasamsinai 181%dou lvuos axisymmetry 11015/109% ednyFuudoy
11514 k —& model oy ASMTﬂfJQﬂﬁ'Ii"J?JﬁU numerical differencing scheme 4 3% 18 upwind,
hybrid, QUICK uaz SOU damadnidilamiliSeuifiousudeyaiildninnmansaves
So et. al. (1984) fidmniia x/D, = 1.0, 2.0, 3.0, 5.0, 7.0, 10.0, 14.0, 20.0, 28.0 8z 40.0

msfnuInUTuBas2U8In5A (grid independent) Aonan1sHig lduaaalugidl 52
Fammsdnoufisunianiify 80x60, 70x50, 60x40, 50x30 uaz 45x25 Tawngy 5.2
dunavesnnudimuuuannuuasanudmuuundui FansAnumuidmauniane

nuaiiimssuan hilinadearumiudrwesilgn Taennuuanaasusunsaiuandaiu
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~——— k-€ 80x60 — k- 80x60
......... k—€ 70x50 - k=€ 70x50
- -- k-£60x40 - -~ k-£60x40
— — k-e50x30 — — k-&50x30
— - - k-e45x25 — - - k-e45x25
2 4
by X/D40.0 2| j
0 ~ x/D=40.0
-1 0
e | 2t
0 x/Dy=28.0 */D=28.0
-1 0
1 L___/\\ 2}
-1 0
l :__—‘_’/\\ 2 |
0 L X/D14.0
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Abstract

This paper presents the case study of plane and axisymmetric stagnation flow. The numerical

technique refered to as a finite volume method is utilized for determining the solution. The solution

consists of stream function, velocity and pressure in each node of control volume. In comparison with

theoretical solution, the results obtained are in good agreement.
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Simulation of Turbulent Swirling Flow in a Combustor
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Abstract

Swirt flow is very complex in nature and difficult for
prediction. In this, the simulation of swirling turbulent flow in a
combustor is presented. A staggered finite volume approach with
standard k—£& model for 2D incompressible, axisymmetrical
flows was used to carry out all the computations. To investigate
the effects of numerical diffusion on the predicted result, Hybrid
and Quick schemes were used. The predicted results are

compared with available experiment data.
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Abstract
The paper presents the simulation of turbulent flow in a

confined impinging jet. A finite volume approach together with the
k - ¢ turbulence model was used in predict of the velocity field in
the flow. The steady, incompressible, 2D axisymmetric and
turbulent flows are assumed throughout the calculation. The

predicted results are compared with experiment data.
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