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ABSTRACT

The application of a mathematical model for the prediction of turbulent duct flow with side-
jet injection is presented in this thesis. The modelling of turbulence for incompressible, duct
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 channel flow with side-jet injection. A
staggered Finite Volume approach with standard k — & 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 injection types
of duct flow with side-jet injection were used in the simulation. The first two types are injections
normal and inclined to the flow, respectively while the last injection type is a tangential jet. The
results of predicted velocity profiles are compared with available experimental data. The
computations showed that for the first injection type, results predicted by both turbulence models
generally are in good agreement with measurements. However, the first-order scheme performs
better than the second order scheme. For the second injection type, results predicted by ASM are
in better agreement with measurements than those by the k — & model and the second order
scheme shows better results than the first order scheme. For the final injection type, predictions
using both turbulence models with the various schemes lead to fairly well agreement with

experimental data.
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Mo (Subscripts)
e, wW,n,s control volume face 3¢ 314 P AU E, P iU W, P AU N tlag P AU S

E,W.N,S anegdufivauu east, west, north 112z south
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algebraic stress model

direct numerical simulation

laser doppler velocimeter

large-eddy simulation

Reynolds stress model

quadratic upstream interpolation for convective kinematics
semi-implicit method for pressure-linked equations

second order upwind
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tri-diagonal matrix algorithm
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aumsh (3.5) fiigdaumamileunuaunisi (3.2) sndurflvamey second-moment %30
by { A J A : U d’ 1

correlation tensor (fr,.jsu,.uj) fsuunuiie s nnis nanyuul b ¥aunisit

o A w g '
mmmmmmu'lﬁ'ms T U-:"lu‘nsmm

3.4 uupsapsnnuiluiu (Turbulence Models)
1)52 979049 turbulence model 1fummsnmgswamﬁﬂﬂ"lﬁ‘lu Wilcox (1993) 1181% Launder
et. al. (1975) turbulence model ﬁqn‘h’f‘lumsﬁmmmi‘lﬂaﬂszna‘uﬁdu
— the standard k — € model, a modified kK — € model (Sloan et. 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)
— the different Reynolds stress transport equation model (Launder er. al.; 1975 and Wilcox,
1993)
1u"3wu1ﬁwuﬁfﬁﬂff’ standard kK — € model 1Y algebraic stress model (ASM) Tagldnaina
turbulence model 061987Y Fed MV WazBuAves turbulence model wIaNtldnInly

UITUIYNIV (Sloan et. al., 1986; Gatski, 1996 and Wilcox, 1993)

3.4.1 Reynolds Stress Model (RSM)
ad ' & & -
Wildlumsman ¢, e myadnaumaionves 7, Tavasy Fagasudulumsad

i : N
second moment 130 Reynolds stress transport equation fio fluctuating momentum equation “f4
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wildninmathaums (3.2) M1 Reynolds decomposition (3.3) audueaums (3.5) udald

fluctuating momentum equation U9 u;

Sul =i, ——L 4+t Tt Wt b e g (3.6)

1Az second moment (Speziale, 1991; Wilcox, 1993)

u; Su’ +u, Su; =0 (3.7)

wld transport equation i

7
<€, #V ! (3.8)

P o - i a
Tagfmouduunilevesaums (3.8) inmusanmsidsuilaswes ¢, Mfaen turbulent

production ﬁlj , -pressure-strain rate “correlation [T, turbulent diffusion D, turbulent
dissipation rate € {1a¥ molecular diffusion gamaumn’ﬁfﬁﬁnﬂu

Ffj T o g% —Ti g_f:‘ (3.81)

I_)i:'k . _[m : %’ (ui’ajk & ";'5;1; )J (3.8)

E; = ZV%:E— a:: (3.89)

1 4 1 d. = 1 or 4 1
aumsmarilunudiulsznoy tensor Miludaszaeiulu 6 fimma daeglu Reynolds

stress transport equation AWy H,.j,l—),.;k uas g Tiannsoma 1dTavase Suiludoq

¥
model (MoMHAI
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3.4.2 The Standard k — &¢ Model
= a P P
Two-equation turbulence model #i lanutonlFuInAga Ao k — & model FaRnIula
Chou and Davidov (1961) 1182 Harlow and Nakayama (1968) uan a5 uanuToutiuved Jones

é = s 1
and Launder (1972) 458NAUI1 standard k — € model

3.4.2.1 Boussinesq Approximation
Tadsndudalu k—e& model Wuld Boussinesq approximation Tumsmaues
é i o o I
Reynolds stress 44 Boussinesq approximation 11YUA Reynolds stress Duanuduiussenin

o [-¥] L] "y
turbulent stress LI@1¥ mean strain rate tensor (Su) m@m"lﬂu (Speziale, 1991; Gaski, 1996;

Wilcox, 1993)

2
T, =S k8, -5, (3.9)

)

2
i b _ k ; TR <
we S, =—‘.‘!—(au,./8xj +8uj/ax,-), v, =C"?2 turbulent kinematic viscosity 1Ag#

c, =0.09

3.4.2.2 au3 Turbulent Kinetic Energy (k)
S v ' : 2
Turbulent kinetic energy (k) ﬁﬂ wmﬂuﬂaﬁmwﬁwmmm turbulent fluctuation %4

wld91n

kzéfu;:%(u'm'uwa) (3.10)

VINauMs (3.8) awisaldm transport equation U84 turbulent kinetic energy (k )la
Taodmuald i = jluauns 3.8) nimiugudie 1/2 Mldaeandosiuaums (3.10) 14
(Gaski, 1996)

ok oD! 9%k

i,—=P+ -£+V

J
x, axj ax_,.axj

(3.11)

g @ { r.iu H é
deduynidovesaums (3.11) unudanmsndsunasiidumialagues & Falszneu

#umou turbulent production term P = P, /2, mew turbulent diffusion D} = D, /2, mou

ijk
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i . el o u o
isotropic turbulent dissipation rate € =g, /2 uag Moy viscous diffusion AUAIAL FUNDY

J a”q 1 ﬂ
MaTuuAIuu

D'= —{%ufu:u; +£&6&]
p

ox; ox,

f—_— 3 1] I o L]
Taveh D! uaz e duwhimusammidduihudeslduuudiaes

3.4.2.2.1 1UU91299v09 The Turbulent Diffusion Term UHENM3 k

(3.12 M)

(3.12 %)

(3.12d)

INFUNIT (3.12 V) the turbulent diffusion (ﬁ;) gni’namaﬂu (Gaski, 1996)

b= Yo 9k
 \GEEE

4
weo, =1.0

3.4.2.2.2 WU91899%04 The Isotropic Turbulent Dissipation Rate Term

VUHANNT k

(3.123)

t
Tu transport equation U89 turbulent kinetic energy 1l Mou the isotropic turbulent

e e : et P o
dissipation rate (€ ) Qﬂﬁﬂﬂd transport equation U9 dissipation rate (€ ) #q lauaaaluide

a1

3.4.2.3 U3 Dissipation Rate (&)

¥
@UNT5 transport equation YDA dissipation rate (£) HuEWNITAN1IAIN fluctuating

momentum equation Tay (Speziale, 1991; Gaski, 1996)
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ou, 9 (3u))
b Hh o L O
a gk, ' Ox,

J

(3.13)

&I
d’e
ox,0x,

(3.14)

€

E,.a—s=f5 ~®, +D, +v
ox,

deduunilevesannis 3.14) imusasinislasunlasves € lavdsznoudin the
production term I_’;, destruction term (I’E, turbulent diffusion term D-e 1ag viscous diffusion

- | v nsy.ﬁ 1 ﬂ
term A1UATAY YIUNDUIHATHUAUDU

du, du, 9, _, du, o o,

P =<2
5 Vax,. ox, 0x, dx, 0x, Ox;
(3.15n)
0x; 0x; Ox; “ox; ox 0,
d%u; 9’
O, =i — 3.15
I ox,0x, 0x,0x, s
D, =2y (3.15m)

= 9 [ ap’ 9u; 6 d ” ou; du,
= ox, | dx; ox, ax, | L ox, ox,

= —_— : 1 3 o o
Tagmoy P, @, uaz D, viwlhigwnsamar1dTaeasssududesiimssiass
3.4.2.3.1 1IUUEIADIVOAUNONAII] UHANAIS &

INUUIAAVDY isotropic dissipation rate & mﬁm"mmmﬂwinq"lﬁlﬂu (Speziale,

1991; Gaski, 1996)

= g O

PE = _Csl ZTU a / (315 \1)
3

P, =C, = (3.159)
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= d (v, 0
Df'ax,. [o . ] (3.15%)

Tavit C,, =1.44,C,, =1.92uaz 0, =1.3
3.4.3 Algebraic Stress Model (ASM)

Algebraic stress model (ASM) HU 11891319 Rodi’s approximation (1976) Tagvz 19
auns (3.8) uaz (3.11) Hunali 14 (Gaski, 1996; Sloan et. al., 1986; Promvonge, 1998)

;- D! 2r t 2
i, ot A -y i 7, Ok=2D; R (3.16)
ox, X, ax,‘ax,‘ axk ax, N, dx,
JamonInild
P+, ——6.9 - VA, -——(P e) (3.17)

& ﬂ J F a 4 J 5 ~ | 1 -
e A,.J. 1Y convection quantity NIWNYUIIN Rodi’s approximation aE W L‘ijuﬂ‘lﬂwalﬂ‘]

1 = Ada -~ o a -::'
IEHUIN0 0N 1 1unsm1ﬂwm'sm1ms"lwauuwﬂﬂmm;zﬂﬂmau Al.j N

W w
0 ~UwW— uv—
r r
— W P =—\W.
A, =luw'—  —2v'w— v =w w')—- (3.18)
r

(%1 s (B, - (2/3)5,F - pa,) (3.19)

gk R
7y =38k +—(P,, -58,F - B4, ] (320)



Tavi A uaz B gnimuaidiu

=1_—C2_ 5H g=
C,-1+PJe 1-C,

e C, =2.5uaz C, =0.55

35 ag

3 v ¥ ] ¥
naenmuaiing 1 lludr ludwduannsoaglaumsiduiiudealdwail

M9191 3.1 aglaumsisuiiudealsd
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Name Equation
Continuity Equation % 0
ox,
Momentum Equation i o, 1dp 109G, aZt:.'u_;.
J‘E')Jrj pox; p ox,  ox
t Kinetic E ti \L
Turbulent Kinetic Energy Equation Eja—kzl’ —e+i[[v +_\i]_aijl
axj axj,, o, axj
. - - - — 2
Dissipation Rate Equation EB_E:_CEIETq%—CCZE__+_3_ -3 o€
ox; k " ox, k- ox o, |ox,
Boussi A imati | 22 3
oussinesq Approximation T, 22k, - 2v,5,
Algebraic Stress Model (ASM) N9 A 5~%2 5
& T ==0,k+ — R}'_ESUP_BAU
3 = o, k*
we P =—1:,.ja—,v,. =C, ?,Cﬂ =0.09,6,=10,C=144,C,, =192,0, =13,
X .
]
TR e o, o jag v
S . =— i ot R SR ) A "'-—1', "2‘= e P = ’C =2,5'
. 2(8)5. ax,.] U, i Bgy C,—1+PJe g el
ooE R
e £ e
C,=055 uaz A, =|-uws -2we (V-ww)o
r r r
W= (1,"_1;'—w'w')K 2w =
r r r




Uni 4
dasy = A A
mslszgnaIsmalIanasauiies

(Finite Volume Method)

4.1 uni

¥ r-'i @ (] =i - 1 o

TunnilvziferdeedunszurunsmidineuvedssuuauMsNAATUINILUTIADIN
" ] ] 3

adiarnansveans vasuuiluthui ldiwaue Tl luunit 3 Tasaumsnanuesgluglves
aumMsTeyiuTiaududuae (second order), M hiuiFudy (nonlinear) naziiduiusiu
! w oo 8 < 1 ° Y ad ag a fa w 2
(coupled) g nadvFudouTaeh iaunsanidmoulalaedtase s s siiTadnavd
Wudeduulunswidmey 33nslSunsduiiies (finite volume method) U383
JinsziFeduasi 18 5uanutoulunsudilgmiineaduueslva Taeiinslsuasdu

4 o o o T g 1 = 1
iies szdiinisfagdaunin@ieyiusdeslieylugvesaunisfisndauuganisquu
a o o ' 0= Yoy o :a ] 0
U511A5A2URN (control volume) uazimstimuadweume uavaleasmstiduienid

Aol

4.2 3‘%’n15ﬂ?mm§mﬁm (Finite Volume Method)

vnaumsfuaasluund 3 Wunsinsanaunmeadamansfinoadons lvauuy
Jutlnufifaludsinnsniugy (conrol volume) aumsfisimildogluzvesaumsida
oyiuttos Taoinrsainisudilymidasds finite volume FaduFinitalumsdinseiifai

t 4
(0% (numerical analysis) gﬂm"lﬂmmﬁ:umimﬂuwuﬁuavmwnﬂmmmmmwu"ké’f il

a b‘¢]- [ "3 ]+\_ﬁ; (4.1)

~  Source term

(.

Convecﬂon term Dt_ﬁ’usmn term

Tawfi T, 1w diffusion coefficient voadauls ¢
c:dy Yy = d'l n’: A Y Y - = v u’:
Tunims193smsdTunasduimies HusududsmsduiitnsaaumsiFiepiuinaoan
USumsaauny udnhnms discretise asuugadasaNUuYTINAsAIURURwaalugli 4.1
& a
FAAAINNYDILUTUINTAIVANUVY staggered grid
Staggered grid {HudnBAUENITIIAMMUIBIYAAD (node) voanuF IHBgNANTENIN

' & A aw ¥ ol e > 4 -
ysominaats inelddeandesduaunisaeiiios (continuity equation) FignAniiulae
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= J : = é 1 = =
Patankar (1980) Tﬂvﬂﬂﬂjusﬁauf’fﬂrgmmsmﬂ checker-board ma%zﬂﬂalﬁmﬂmnmﬂwmﬂ”lu
MSAINUFEY UBNIINMT discretise AUNMTAIIUARBNAT 1HiDv NI Tuilymll
1
wawauns aziuluudtsdeeilagld Semi-Implicit-Method for Pressure-Linked Equation

g e e ' d‘
(SIMPLE algorithm) (Patankar, 1980) suilunisdadidunaznnnudeiiowsinsudaunis

x(i+1) s
x) t >t t lar-cell
x(i-]] g N /_SCH ar-cel
2 e o < —> i 2]
t t t
j+1 5 — N - / =3 i
e T | v
S dyv() _, y
] wWW W el |E EE 1}
J 4
f7 i )
i 1 / d_ - F —>
]“1 / S A
f L dx(i) _T
2 / - — S —» Lacp
S
4311 f t f
i-2 i1 i i+1 i+2
v-cell yr(G-1) y,r(G) y,rG+1)

RN p /A

axistoRsympietry =X (g o =W TIT U =

3U7 4.1 anwuen13919 cell 1 staggered Grid

4.3 Discretisation U93aUN1T

0 v
aumsideeyiusdonialy (4.1) Wudseneudlu convection term, diffusion term, 1Ay

¥
o e

é A o . .
source term FIUAAZINONE 115091 discretisation IAAIH
4.3.1 Convection Term
v
Discretisation U84 convection term 11114 Iagmsduiiinsanasanlsuinsarvgudinsy

dauls ¢ 1diiu

C=Cg9 -C9,+C0,-C9, (4.2)
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; : =
Tau# convection flux A®

C.=p.uA,
€. = PuA,
Ce = PVl
C,=pyVA

waz ¢,,0,.6, uas ¢, iWumwes ¢ Amiwenwad dan1 R lavmsdszanadfimnzaw
mydszuun ¢ ﬁU?nmﬁwmﬂ%’mmmm]mfuﬁnaw?ﬁ usiviueue lufiiiites 4

ﬁtﬁnfu Ao upwind scheme, hybrid scheme, second order upwind (SOU) scheme LIA¥ quadratic

upstream interpolation for convective kinematics (QUICK) scheme Tﬂ&lﬂﬁTJlﬁUdﬂ“iﬂ‘lJﬂleiﬁ:

¥ ¥
Fmniudaae lli

4.3.1.1 Upwind Scheme
wilaglemslszuimm ¢ AdumdsdveslSumsaruqulen Tavldfidumis

ﬂ' ' e U d o ’ \ n‘:
upstream N9YH19AY TaLunAI0u 1R WIZNAWNUI ¢ 1T fiD

0, if C,>0
g = (4.3)
¢E lf Ce < 0

Cl'. ] 1 A o o =) at
fdwmaduanm luiueadvanu

4.3.1.2 Hybrid Scheme
£ 2 = wi e @ e w & A
Hybrid scheme U943 Spalding (1972) UANMNUUNUINBYWUTOUAUH U Audsh ldnnns
= o L ﬁ; o ' ¥ ug
s7ud0Av0Y upwind ¢ central differencing scheme Tasondiedrannizidunye e iy

-
1113]

?p Penl
0.=122% s <pesr @.4)
()8 Pe< -2
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i ! 1 & a 1 \
Taviia1 Pe (T Peclet number Fuiludaa1une convection flux A0 diffusion flux Y94 ¢
TuilSmasaiugu
pu;dx,

Py _
_E_ C (4.5)
dxi

Pe=£=
D

& i 1 =:u 1 PR , . 4 5
W3 dx, L'flu‘szu:szm‘lwﬂmaﬂmamua i M i+1uaz T 1§l diffusion coefficient

4.3.1.3 Second Order Upwind Scheme (SOU)
U ol dy “ d.l J o ’
i ¢ TudsimIdnanstsznauuuBadui upstream Tasld 2 90 Tastusgiusn

C, ¢, awnsndszinaldidiy

¢P+(¢P_¢W)dx¢_}i lfC,)O
dxp_y
P =1 (4.6)
¢E+£?if_i55)dx5_e If C‘<0
& dxs&-s

Taoi dx, , Wuszozsenin e fuga P wae dx, , Auszozsening P Ay w

4.3.1.4 QUICK Scheme
QUICK scheme ldmstszunaiidanosiuganei upstream 2 99 U@y downstream 1 99
i\ d‘ o LI = 1 J L A
Tumsdsznu ¢ Adwmisiventiinasaaugy lastumsdssinuei g Yuegiunios

wwved C Juiluauniouan sndaathasiu ¢, Ussana ldiiy

1{2x +x 2x, — X XX
T 1 2 e 1 2 e 22 C >0
il % xl(x.+x2)¢“’] f C,
¢, = (4.7)
1 (2x3 + X, 2x, — X, XX, .
+ — - - €. <0
P 4 x,+x, P Xy P x,(x3 +x2)¢EE J C.

3 ' ()
¥ x, =dxpy,, X, =dx, , WAL x, =dx,, , WusLOLIZNINYAAD



21

4.3.2 Diffusion Term

Discretisation Y84iN0¥ diffusion term vedaus ¢ TuiSumsaiuguidiiu

D=_D.(¢’£ _¢p)+Dw(¢P _¢W)_Dr| (¢N _¢P)+Ds(¢}’ _¢s) (4.8)

!
20
<

%% T AR i g
¢ 2.0\ dypzy

D S R

A/ Gty N

uay dx,dy HluszersTwInegade vuny x taz y mudiAy

4.3.3 Source Term

W1 TauBuiiingm source term TudSainasnaugu it
S=5,V 4.9)
4 .
e V ifludinasuaz S, awnsouoniiu 2 dauldidy

S, =S¢ +S5,0, (4.10)

{ & '
fige S, dauiluay
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g . y
4.4 gﬂumummgmwwumm discretised (a7
a o A ° z 3 -
AUMTIVIDYWUTUDY (4.1) N discretised NNNON NN convection, diffusion LAY

source terms ué";ﬁ'ﬂgﬂ'lé’ﬁ’lu

apPp = agPp +ayy +ayPy +asds +S; (4.11 1)
Taon
ay =az+ay+a,+a; -8, (4.11 %)
waz a WuduszanialdnnnissIuna convection LAY diffusion fluxes NAIVEIUSIIAT
AU

dulse@nt @ ¥09 upwind scheme AT

a, = max(-C,,0)+ D, (4.12 n)

ay, =max(C, ,0)+ D, 4.129)

ay =max(-C,,0)+ D, (4.12 1)

a; = max(C,,0)+ D, (4.123)
Y1152 @nF a Ve hybrid scheme A9

a, =max[=C,,(D, - C,/2)0] (4.13 n)
a, =max[C,,(D, +C,/2)0] (4.13 W)
ay =max[-C,,(D, - C,/2)0] (4.13 )
ag =max|[C,,(D, +C,/2)0] (4.13 9)

¥ o ¥
d@1M37U QUICK uag SOU scheme WU HdUYsz@nF a mMilouny upwind scheme LAmouh

e lagns w131 source term
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4.5 (9oulvvauiun (Boundary conditions)
vaienifinauudr lududuldndnids Bnsudszuvaumsdeyius luds ua

o

a o 1 = a w o A s &
AaidrdgydnedrmilalumsudiymiszuuaumaFaoyius Ao boundary conditions iy

e

danldFdnvuzveailynmazidiigiga Ao d111n91 boundary conditions AAvzi1lvAY

3
Y as

aovi leiunalyf

4.5.1 oulufimadh (Inlet boundary conditions)

y 4 4 :
Tumsinuil 18199eyaninmanisnaass 1 ldagd 1A lunrsei 4.1 drea1n

M195199 4.1 Inlet boundary conditions

Variable Expression ‘ Note
s - doyaninnanianaaes
{ - Joyasinnanisnaaes
b - doyovnranisnaany
i 4 (U /Ny )2 T, : turbulence intensity
k¥
€ of £=0.03L
(4 »
L =characteristic length (g-)

4.5.2 13euluimaeen (Outlet boundary conditions)
A o 3 1 | o as o o ' '
douluiineenifu Tasdndudahinswe Fadmsuannleia i 1dgadmualiili
] ¥ ¥ ' ¥
imsn/aounias (zero gradient) snundidl u AntesnwintuiigmirlUsununeliaen

adotungauganIa

99| _
Ce =0 (4.14)

exit

4.5.3 1euluunuanNAT (Axisymmetry conditions)

dwmiudeulviiunuauines aqdulstdgadmuali liinmsldounas (zero

gradient) #30 faua I ugud
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& { W
4.5.4 13oulvimila (Wall boundary conditions)

¥
o ed

& = o’ n’a’ ° Y 3 o) 1 e o "o a
doulviveuminiu dmuald w,v uay w sulidwiiugud udvinalndminiuiing
1 4
Y84%U boundary layer oyl lunisimuamidesdinisld wall function (Versteeg and
¥ ¥
Malalasekera, 1995)Taun15 19 wall function WudiuyAg el
' ‘: - o = 1 1 o A o
— 1 shear stress ‘!fawaq"lﬂaﬂus.nm'inﬁ'nmuﬂw1nu shear stress WU
— convection 1A diffusion NuSIn Indmisdehlinnioouinyir1f production term Y04k
MmNy dissipation term

o ¥
a5 1353 y* 119 umunisiaszez s boundary layer taraa @iy

u
y+ =M (4.15)
7
Tavil y, WuszueiTannmis ez u, e friction velocity 1ifu
T
u, = = (4.16)
p

figs 7, 1iluah wall shear stress Taglun31as boundary layer gouitiadiu 2 du fio
1) 0<pX <llg3d: (Wl laminar sub-layer éd molecular diffusion ﬁﬁw%‘waqq
(1 >> u, ) wazrauyAaniluns mauwy Newtonian
2) 11.63<y’ <300: ({4 turbulent sub-layer ‘#i turbulent diffusion ﬁ§ﬂ§WQQQ

(r >> )

d‘. 1 A 4 o a ot 1 ar y
vinfinauudl Iudredu Geulviveumisdmivaunis Tusuduh 19146 7, fail

U— 0<y"<11.63
T = (4.17)

—  11.63< y* £300
ln‘Ey ’

Taufi k 111 Von Karman constant 1111 0.4 waz E 1§us friction ¥939AMMUTUILVDIA
#MSUAAS UV (smooth wall) E =0.9
L4 ]
dMFVANNTT turbulent kinetic energy MMM IMNA 1 Ut 9AY ansouaaslugiues

source term 1ﬁ’zi‘lu
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2
5, =(rw—cupzf—]i (4.18)

Turbulent Dissipation Rate fvsnaladmislinuiiy

m k'.’u'Z :
g, =C— (4.19)

KYp

4.6 NIZUIUNMTHIAINGY (Solution Procedure)

msufaunsiiongn @ 11) Wommgansfmedethe 1810014 tri-diagonal matrix
algorithm (TDMA) udidtornnTumsnnidniulid uy Sfudsduiun fe anudu
ﬁ’utﬂumﬂnﬁﬁﬂﬂgﬂu momentum equations 1uﬁﬁ’3\uﬁi}ﬂ1‘f SIMPLE (semi-implicit method
for pressure-linked equations) algorithm ﬁlﬁuﬂlﬂﬂ Patankar (18¢ Spalding (1972) Tumsadn

o . o 0 o o A
ANMUAUNUTIEHINA DT IASAITUAUIN OllﬁﬂﬁuHT

4.6.1 mimmaeulagldis TDMA

#915841 computational domain Wy iidnumizidhudug Usznoufu novlundazidugn
ufmidnenTaold3s TDMA Taseu@dmswhuinugenediafios v 1458 msvhen
wnhimeugdl

nnaumsieada @.11) duduganiamduiiedis snsadagl i ldidu
apPp =apPg +ayy +(ayPy +asps +Sc) (4.20)
mewiiogluaudvauyAduiiumini sinamsdhedumusouaas i
D¢, =A¢,, +B¢_, +C, (4.21)

Y A ° ' ' -
die i iudumisveagades Tuuuaunu x nse r

unAIBEN TUIMINAY X



26

C =(aypy +asfs+Sc)

]
=t ]

D,=Ya,-S,  (nb=yasoiiegihafv)
naszuumsig Taoumu lddemhudadagy1a
¢, = A +C] (4.22)

o4 ’ o H
g A" uaz € Tdnnnsdavinnszurunsian lasinu ludandh

e
Di "BiAM

o\ Ci + Ci’-lBi
D, - B4,

' ’ ’ & o = a ' ’ ’
dii1 A’ =0,C) = ¢, Fraoandeeiy (4.22) AgaFuduvoudu s Aluaz € anunsamld

AapAnng Aurde i uazal @, dwsam1Avinaunis (4.22)

4.6.2 The SIMPLE Algorithm

510av190AU0s SIMPLE algorithm @13150%19 1490 Patankar (1980), Versteeg 112
Malalasekera (1995), SIMPLE algorithm xﬂu?‘ﬁn1sﬁﬁv‘fugmmnmsﬁ;mmw%‘aanqﬁﬁw p',
u ey v'mnﬁmmu'fhﬁﬁwﬁﬁﬂu momentum equations (@Y continuity equation Taudn
v ldgminndiumiiuauyd wndvhneugid

2NM3 discretise auns Tumudives « ludSmnasniugy Swanslugilil 4.1 aunse

Wou'lditu
ayu,, =Zanbunb +Am(Pw _pP)+bu.w (423)

U * :l.y L g ' - @
A u” fleguuiiuguuesm1 p* uazaI5aeAndniy momentum equations 18Ty



awu; =Zanbu;b +A¢w(p:v 2 p;’)+bu.w

27

(4.24)

L
nNTUAUANMS (4.24) 90 (4.23) uazAAmMoN Zanb(unb_unb) 151 18aums velocity-

correction ud_lu

u, =u, +d,(py — Pp)

44 A, ¥ .
NN d, =—= UaL p=p-p

° 4 w da 4 a
TuhuesuRerfuiimduvealSumsniuguamnsadou lfily

. PN A,

ue=u¢+de(pP“pE)‘n d-!:_
ag

. PN [ ool A,
u=u ¥d,(ps = pyn d"za
* ’ r d' A

w, =u +d(p;~pp) N d, =—
a

¥
dmsuaunms Tupuduues v Wuannsam ldwu@uaduayms Tusuduves u

(4.25)

¥
AUN3 pressure-correction WM 1A INAUN150INYUIA (continuity equation) TAuns

unUaNNT velocity-correction 8411 ndavagilInaldify

aPP:’ e aEP;' '*’awp;z +aNP;J +asp.’s +b,

Taoit
aE o pcdeAz
aW = pwdew
aN = pnduAn

aS o psd.rAs

(4.26)
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a, =a; +a, +ay +a;—S,
- * - *
TGH b, =puA, -pud +pv.A -pyv.A +5.
o Al o I’: ﬁ’l = é
115USUAIvDIANUAUNY Tuw19a593m 511 under-relaxation cm'lﬁ'tﬂu
p=p +a,p (4.27)

Tavh o, A1 under-relaxation dMFuA2 MY
a7UdWuM131191UYe SIMPLE algorithm (ifu
" a 9 *
1. fusudu p
2. Masudaums @.24) 18a7 u" wezwdnanulas v
3. mmsudaunis (4.26)ena) p’
Ysum p Taeldaums (4.27) uazan u,v Awauns (4.25)

R1MsuAAUMST tangential momentum (w)

> e IR

vinuimsudaunmsimae fie & 1oz &

o 1 1 o 1 - @ é 1 [ i\
7. fmualdal p lude 3hdua p' udadounduluided 2 sunddmevgidh

4.7 aq

nszuaumsdseyndasidadaleviiEendiiusuias Auiiiee (fnite volume method) Tuns
udtlgmins Twanunihhu. TaoldmsutalSinasnaunquuuy staggered grid 1dgnesune
1141.1.{8111'11?3@”715 S'mﬁgdﬂﬁ discretise AUNITAIVAY, numerical differencing scheme d iy
convection term, boundary conditions 1139 uazmﬂﬁﬂhmimﬁmauﬁﬁﬁugmuu SIMPLE
algorithm

Tuundalvzuaasdnyuzvesilguuazauan150uee turbulence models LAY

numerical differencing scheme Tun1sviuems lnavesilymimiundmsied



uni 5

MSMEMI 1HalHyeINuNIsRANTHU

5.1 Uni
= ad a o é’ 1 9 d.v dv. @
nouiuarismadaiieuninldgouaacluunneumiil Tuumiiuauornamsine
9 naluseanis Ivaninisfaues lnadud19vea Sano (1999) uag Liou er. al. (1999) Taw

v
uaasluavonaus 5.2-5.3 mudiay

5.2 myaavedlnalumndeninduveamslvaves Sano (1999)
ﬂmuw1ﬁﬁ1n1ﬁ1uw§‘1¢‘u’nmnmswﬂaawm Sano (1999) Fuilunisnaneslaonisia
voa'lna Get) Huynefialudsgesnisua (channel flow) Ailnszuams Tnanuuiuthuedn
@ (fully developed turbulent flow) AsuaaslugUil 5.1 9inglnmgaveareamstva ()
Wiy 30 mm Tasiinnuonusriaresms lnannthamadi e sfiaminy 1500 mm

HAZAMVYIIVDINITITBINIT IHavInyeRa lddiniaeentIdy 1550 mm

1500 mm L 1550 mm

JUN 5.1 dnunyeIn1s IMave Sano (1999) 1Ay computational domain

Sano (1999) l@Mn1sTanisnszarennuianmeluseims Inauaznisnsgarennudui
niTaveareens inalaeld hot-wire Tunisia ='§qmnmmazL‘é'ummzmmqn@’\’awawaﬁ'lﬁ
i qninlditenSouifvulumssinaons uail

Tunmsiinarzrims nasziinsnldousanmsiia Q) GasinisTvavesmsiadesniins
Inavesroims Inafidumiamad) luudazanuninvesesiia (L) fweaslumsiedt

= ar o af 1 ﬂ’
5.1 TaganwuiFavean1sia (v) m ldnnanuduiuives Q Awansluaunisdaie luil
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& ' -3 o § 1 o S L] o 1 '
a1 U, Tumsdmasszdmua Basiimiiiy 10 nvs nazliveulvlumsdnnude Uil

¥
- anui$ u way v awmisiaresdwiisniuguinaz 1y wall function Tumsdszunadi
Auman Indiumis

a4 a al & A %
- yoa lnafiforsaudiuernei 25 °C Fadis g = 1.85x10° Ns/m” g p = 1.2 kg/m’

H A o
M519n 5.1 @ou lvlumsfuIumIun1InAasaved Sano (1999)

L (mm) Q,
10 0.067, 0.133, 0.200
20 0.133

TumsiunensTwad InSouiftvunsld k=& model ting ASM 3amiamsld
numerical differencing scheme 4 11 18 upwind, hybrid, QUICK WAy SOU Sawadwsi 14
Tﬂtﬂ?umﬁuuﬁ'm’fﬂnuaﬁ'lﬁ’mnmsmaewm Sano (1999) figtmia x = 70, 110, 150, 250,
350, 500, 700 14AZ 950 mm, ..

ynmsanunmiusaszueania (grid independen) Aomamsnmnny TAuanslugili
52 Fuilumsnszarsvesnnuiamuinainy itinsdouiae k-2 model a4
SNSRI 80x40, 80XS0, 90x40, 90x50 uAY 100x60 Tnevingalit 5.2 i daunanuda
Sauniaamuaiians faw hidnasonwuiudweslgm ildaunsaagy 18
snaundaiiinsdnuiiyngmewsni 1 umsdaeants na 18 Taglidionina

A o o ﬂ: o
WieannsuiunIanlelunisduon

o measured —— k—€80x40 -« k-£ 80x50 - - - k-&90x40 — — k-g90x50 — - - k-€ 100x60

x=70mm x=[10mm x=150mm x=250mm x=350mm x=500 mm x=700 mm x=950 mm

channel height, y/h

axial velocity, w/U

% a ' A o
U7 5.2 anuiludaszuesniadeanuSmmuuannuiivinnglay k —& model
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521 Yesmalnaiiimsaadmdhs nsdivesiianiiy 10 mm
5.2.1.1 mannemsinalay k —e model

31nnsd1aeamsinalay k—& model S9uAY scheme 199 wadws# Idgnucaaligl
voanudmmunuii@onlugddunds 1358 wu, ©, dunnudamdvsanlusumia
ndareaiia) Aidumiia x = 70, 110, 150, 250, 350, 500, 700 UAY 950 mm AWAIGY

Uit 5.3 1ﬂu;ﬂﬁuﬂmnmﬂ%’;uuuﬂaq;ﬂ%Nvmmmﬁamﬁu'luumunu x Fahmsiai
Q, = 0067 nngUFunaruhAmE I deRdnaldRdumis x = 70 mm vews 4
schemes T InAmvafiulugae yh Yszana 025 1 1.0 nazwuanuuanmadntoslugia
y/h UsEani 0 89 0.25 TAuf upwind Uaz hybrid schemes 921410 1&ANT1 QUICK uaz SOU

schemes 1ugadanan agdudanifiduinldns 4 schemes Hianuuand19INHANIINAGEY

3
s i =\

adniesluyniiegusnuladfumiadiudiy dnvusdenanildinlsingaellds

i ¥
<1 ot

] A o ] 3 o - |
AU x = 110 1AZ 150 mm ioragdumuiail Tl A5 undene 4 schemes unvee Ty
ANUUANANNY

p ded 4 o
msnfaounasglinvesnnuFuntoluuauny x 1 Q = 0.133 uaaslugyi 5.4 1ngd
] ] ] 4
Yunasiuinn s undensn 1ANa MU x =70 mm wan13a 1190 1ae 19 4 schemes
fimnlndineaninludig yh dszans: 0.3 84 1.0 daufidumudy yh dseuin 0 59 0.3 upwind
a2 hybrid schemes Hf1fl Indifeafunan1snaaoawInni1 QIUCK uay SOU schemes 1AY
" d. : = {3 ] :.a' LY 9 e
Arfid 1 1dv0 el 4 schemes a2 mnanAnINkAN IMAael Tusaeihegusnulndiv
L 1 - A 1 1 H (] 1
Aifaduan TasmwIz U DA x = 110 1ag 150 mm F4lndvedfia drudumdsnimdon luuan
anfuiazinmIndtunanisnaassdndqy

P a ' o a - -

JUM 5.5 namsmslduntasgdinvesnnusuedsluuauny x 9Inmsiian Q = 0.2

al 1 1 :‘ { 4 ] { o 1] U
vngUdunamuiminnmiundoisinu ldidumia x =70, 110 uaz 150 mm szwuh

1 1 . A w y
A1 14910 upwind 1@z hybrid schemes NN INAAvaRUNANIINABDININATY QUICK g
v
SOU schemes Taodaina ldad1admauluse yh Yseanu 0 fa 0.3 Taus1ia 4 schemes finau
1 9 - o a 1 ar o U qyw Y o
uanaannnanmsnaassta luuinalndfumiduan dnvusdnaniduaaslfiviuly
o ' & o ] H 1 o { o‘;‘ '
@MU x = 110 1ag 150 mm ia@ednmusil 1Ua1n1us unaouo s 4 schemes unvuvzli
1 a d -4 n’: Ll L A A.
muanuuananiu tazdeiinsuSouisunasinnisiieyes Q via 3 a1 wuduileiivy
1 [ Qo s J o o
i1 Q, wanmsmuamzinAanamniu Tasmmz ludwmislndiuyesiia
Qo o 4 - E=Y
naanMsdanans nalay k —e model ¥aimsulSoumoulse@nsnInuoe scheme
7199 A0 upwind, hybrid, QUICK ag SOU schemes @31/ 1831 upwind uaz hybrid schemes i
(u first-order scheme 111018 IndiRvsRuKan1INALINAI QUICK 1tag SOU schemes

4
mﬁ‘lu second-order scheme



o
oo

0.6

channel height, y/h

o measured — — k-€upwind

x=110 mm

=150 mm

Q

axial velocity, uw/U,,

- - - k—& hybrid

k- QUICK — - - k-e SOU

x=250mm x=350 mm x=500 mm

BCCREL,

x=700 mm

=)

qUN 5.3 n15)Aoundasvean S Iamny s Q= 0.067 1u1elay k —& model

o
oo

channel height, y/h

o measured

06

— — k-gupwind

=i-=2k-€ hybiid { ——-k-eQUICK <% =g k-€SOU

x=110 mm - x=150 mm - x=250 mm

L,

[
axial velocity, w/U_

x=350 mm X

=500 mm

x=700 mm

et W

x=950 mm

32

x=950 mm

qUN 5.4 msAsundavesnnuidauuiaunu n3s Q, = 0.133 yiuelay k —e model

channel height, y/h

o measured

x=110mm x=150 mm__ x=250 mm

— — k-€ upwind

- == k-g hybrid —— k=g QUICK.— - - k- SOU

0.5

i

0 05

x=350 mm x=500 mm

D 83
axial velocity, wU_

x=700 mm x=950 mm

s

Uit 5.5 msnlasuinlasvesnnudmmannu nsd Q =0.200 ¥uwTay k —& model
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5.2.1.2 mavnnemsivalag Algebraic Stress model (ASM)

1nns$iaeamslualas ASM 394U upwind, hybrid, QUICK 11a¢ SOU schemes WAdWT
ldgnuaasluglvesnnudammuaunuiideulugdduls 357 wu, U, duanuds
mavswludumimdaroaiia) Aidumia x = 70, 110, 150, 250, 350, 500, 700 AL 950 mm
Mud1AY

U 5.6 Hugiiuaasnisnlfounlasginvesnnudunaolunuaunu x ahmsiadi
Q, = 0067 nngdunaiuhimanudundoisnnnldludumia x = 70 mm vews 4
schemes 3if1#i Indmosfulugas yh Uszanar 02 9 1.0 uaznuanuuandudnites g
y/h Y523t 0 89 0.2 Tauf upwind 1Az hybrid schemes 91i1e'18AnG1 QUICK uae SOU
schemes Tug298ana1 aqUudaArfid a1 4 schemes TRlinad19INRANITMARB TS
@nfoulugasiteduinnindfumisdus dnvusmuiidwansldifuludgumia x = 110
UaE 150 mm tiiomedumai T Ao un AR 4 schemes tmuve TiunamuAnARY

sUiswesnamdamaoluianm x it Q, = 0.133 ueasTuglii 5.7 vingildunaiudin
anuEanaviidan 1aTdmm s x = 70 mm KamM5ATINTAY upwind 1182 hybrid schemes
i lndRuvafuluge v/h Uszana 03 §1 1.0 daufidumie b Yszanos 0§39 03 upwind
18T hybrid schemes TAINARGINUHANITNARDININNIT QIUCK 1192 SOU ‘schemes Taus
Wad schemes TnammndnRantinansathslusRedusnalndfumlidndislag
mmusnudilnddesia

Tugilit 5.8 wamsnsn/feuiasginwesmnudamasluauny x 1l8nnsiai
Q, = 02 nngyAunaiudhmniud amdofidman 18 x = 70, 110 1oz 150 mm
yhushitldon upwind 4482 hybrid schemes HA1lndifisaiUNaNIINARDININAT QUICK 1az
SOU schemes TaodanalRediedmaulugas yh dszana 03 §9 1.0 Saeiilden QuIcK
8 SOU schemes ¥y (over predict) N1 nmansnaaes uazdmaalddng
(under predict) 1u919 yh Usganm 0 D4 0.3TABAN 4 schemes HAMUUANANIINHANTS
naaosthaluuSnulndfumidinas Snvamuiltuaaddihuludumis x = 110 uag
150 mm iio@odumiai lmauEundoueits 4 schemes unuvs liuaUIANATY
waziieiimsuSouivunaninmainneues Q, ¥a 3 i1 wuddderiuen Q, HAMIAIUIUDE
yimneRanamnnau Tasmwz ludumislndfugeda

vinmssiaeemsivalas AsSM Fuhmsnfoufeudsz@ninmues 4 schemes fip
upwind, hybrid, QUICK 18 SOU schemes &§1'1431 upwind a2 hybrid schemes ¥1110'14@

: 4 & ot
11 QUICK ag SOU schemes Faumiloununamssuiuiily k —e model
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o measured — — ASMupwind --- ASMhybrid —— ASM QUICK — -- ASMSOU

x=70 mm

channel height, y/h
- S
4 (=} o0

e
(%)

L
axial velocity, w/U_

i 5.6 manfdsunlasvesnamiGammiauny nsdl Q= 0.067 innelay ASM

o measured — — ASM upwind -~ - = ASM hybrid ——— ASM "QUICK — - - ASM SOU

x=70mm  x=110mm %=150mm x=250 mm ' x=350 mm _x=500 mm - x=700 mm x=950 mm

S BEEeG =i STe

RO,

£ P

R
o (- -]
SRS

channel height, y/h
o
N

o
o

0 05 YL0~0s *GIDSu BLDE L0 WE
axial velocity, w/U

! = =t o
1 5.7 manfAumalasvesnamSanmuuiuny 0sdl Q= 0.133 g Tay ASM

© measured — —»ASM upwind- ) =—- - ASM hybrid \—— ASMQUICK —-- ASMSOU
x=110mm x=150mm x=250mm x=350mm Xx=500mm x=700mm x=950 mm
1 o0 = v DR, Sy
& 0.8
-
=z
@ 0.6
2
C 04
£
© 02
0

L S |
axial velocity, w/U_

517 5.8 msnldvunlasvesniuFmmunaunu nsdl Q= 0.200 vt Tay ASM
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Ui 5.9 @4 5.11 WumsnSsudsunamainnesenin k-& model uaz ASM #l¥
hybrid scheme Y04A1 Q, = 0.067, 0.133 uag 0.2 MUAIRY 9zl 5.9 Wwitudn k —& model

Huwldlndifeandt ASM TasmwizA e x = 70, 110 182 150 mm Tuu3nw y/h Ussinu
0 81 025 danludumisindemiinmg1®nnia 2 models hifianuuandrefuuasiinn
Indifvsiunamsnanes gt 5.0 Aldnuaz@etugil 59 udoziindi model Waetoq
Bnneilduanaedudusasauiladumisie x = 250 mm THvSian: yh Uszanw 0 8403

Tuguldt 5.11 dumsnfSeuifounansinnesznin k - & model uay ASM 714 hybrid
scheme Y09A1 Q = 0.2 9nFUf 5.1 eeuffudt k — & model ¥inneldlndiAvand AsM Tae
@WIEAWNU x = 70, 110 uaz 150 mm luuSoa yh dlszanw 0 83 025 dludumiai
maeefiiug180nit 2 modets Tufiaamuandeiuuariilndfssfunanisnanes

mondennmsnBuiisunamssiaeansIvasening k—e model fu ASM #il¥
hybrid scheme iniioumu ag1lldd1 AsM e 1@ higananeiy k=& model Wit AsM i
model figandudnduvinnoidgndestosnh k-2 model TammmzluuIousedia &
AmRanmaRRAs iR TnefifinadududenluuSnadmaauazms
¥dou lvvouatsnamisitel 1dAasams Ina luduiafia (boundary layer)

1 512 Funsuansdnyaizglinvesnaund Hidnounn Q. = 0067, 0.133 uaz
02 108 k —& model 7114 hybrid scheme Wu1ilos1 Q, RudnuamnuE s namiadmaaoy
QnHu'1wmzi"’iu?nmé’muun:zgm‘s’m’mi‘fuuasﬁ‘umﬁmmu‘%‘oqaqmztéiaui‘fu‘lﬂnNwfx’a

kY v A 1 (] a ] o o W ¥ o =t e’a,
funu udilevwoenlinngesiingliwanudavaliudndhgdnyusauunsnais

o measured ~= = k-ghybrid —— ASM hybrid

x=350 mm  x=500mm~ x=700 mm

channel height, y/h
g8 o
e o (=]

e
[}

axial velocity, uw/U,,
1 ° s 1
51U 5.9 msnfSsudeunanisinneanudimuuuaunu n3dl Q= 0.067 ITNIN k—&

model U ASM
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o measured - - - k-ghybrid —— ASM hybrid

x=70mm x=110mm x=150 mm

x=250mm x=350mm x=500mm x=700mm x=950 mm

Sl W

channel height, y/h
T S
= (=} -]

o
(5

1.5
axial velocity, wU_

Ui 5.10 msnfSouiounamsiiganuimmmuaiinu asdl Q = 0.133 seuie k—¢
3 A

model AU ASM

© measured — == k-ghybrid —— ASM hybrid

x=70mm x=110mm x=150mm x=250mm x=350mm x=500mm x=700mm x=950 mm

PG,

channel height, y/h

%) 16 NSy o) b
axial velocity, WU

Ui 5.11 psnfSeuisuranisinnendnudmuuunu nsdl Q, = 0:200 5NN k—¢
model N1 ASM

- Q’=0_067 — Q'=0133 ......... Q,=0-200

x=70mm x=110mm x=150mm x=250mm x=350mm x=500mm x=700mm x=950 mm

channel height, y/h

n 1 1

Q0¥ 1403150 8% - ATl 8o8s S
axial velocity, wU,_,

H = ar ] l‘ 1 o 1
Ui 5.12 msnfFeuivudnurgUinanusiudazdasidunsia
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5.2.2 Yeam3lnafifimaaaduds nsdivesianify 20 mm
5.2.2.1 MmsMmemsivalag k —& model

91nn13$1909m5 IMalAs k—€ model $2uRY scheme #199 wadwiA lAgnuaaslug
v mmnnuidoulugUduns 1§98 wu, U, Wuamudunivsmludumiai
agoen lanvesiia) Tudmmia x = 70, 110, 150, 250, 350, 500, 700 HAT 950 mm AWAIAY

317 5.13 ugmamsn/Aoumlasgdivesanudanasluuuauny x fifle Q, = 0.133 1
sdunantuimanud amdeiidn 18fidwmia x = 70 mm WA 4 schemes 11 17114
990 upwind 182 hybrid schemes fiffilndiRvaturanIsNAaBININATY QUICK 1oz SOU
schemes TAUATIA 4 schemes fianuuanaennmamsnaasathalugaefieguine Indfumis

¥
Auan dnvaziuiidalsngdellisdumia x = 110 uaz 150 mm

o measured — — k=gupwind - - - k-€hybrid —— k-eQUICK — -- k-£SOU

x=70mm  x=110mm x=150mm x=250mm x=350mm x=500mm x=700mm x=950 mm

Q

channel height, y/h
o e i
E (=} oo

o
(%3

0.5 0 o5
axial velocity, u/U_,

v A -
U 5.13 msn/Auundasvesnnudimuiuaunu ndi Q=0.133 viuioTas & —e model

5.2.2.2 MIMUIBNIsIvalae Algebraic Stress model (ASM)

9103591209015 1vaTay ASM 321110 upwind, hybrid, QUICK 1ag SOU schemes HAAWT
fl&gnuanslugtvesanud mummaunuii@oulugdnds 1358 wu_ fidumisiidoatu
fugidi 5.13

Tugilt 5.14 uamamsnlounlasginvesnnudandslumaun x fim Q = 0.133
ningldunatuiianudundefidnan 18Adumis x = 70, 110, 150 1az 250 mm veara
3 schemes 174 i 140N upwind 1% hybrid schemes JA1# IndMeatuRANIINARDINNNT
QUICK 112 SOU schemes TAusiia 4 schemes Tifianuuandeninkamsmaneslusaiiog

wasuazimiaeandestunanisnaass
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omeasured — — ASMupwind --- ASMhybrid —— ASMQUICK —-- ASMSOU

x=70mm x=110mm x=150mm x=250mm x=350mm x=500mm x=700mm x=950 mm

1 e

channel height, y/h
St e
= (= oo

o
[

0.5 0 0F 1-8 05 1 0. 65 % 0 .05
axial velocity, wU_

Ui 5.14 msnldsundasvesnanSimmnnny ndiQ, = 0.133 vinuTay ASM

it 5.15 WumsnSoudeunanainnesenin k —& model g ASM 19 hybrid
scheme ¥83A1 Q, = 0.133 9IngoxiAuI k =€ model innwldlndifivaniy AsM Tasinmz
FMU x = 70, 110 1az 150 mm Wy3oa yh Yszua 0 84025 daludumisiimdeni
yieldnmta 2 uuuhiaeshifinmnaiansatunagiisindiissfunanisnanss

nnmafsuisuranissiaeanisluasenin  k—& model Ay ASM 7119 hybrid
scheme TunsfiyednvuIa 20 mm HavosmsulSouiisuiianuadwadeiunsdivesfiami
U 10 mm udveiinuAawm AT tes Tasmmwz g x = 70, 110 48 150 mm
dauludumibug mAdaarldvoa 2 wsanediiIndifvafunanisnaass iioues
Tavsawudawoftezag 1891 &k~ model wiunw1dAndr AsM TaunmzuSnuvosiia i

ASM ilunnuiiaesiigani

omeasured =~ = k~ehybrid —— ASM hybrid

x=70mm x=110mm x=150mm x=250mm x=350mm x=500 mm

&S i ey
P e SR e

channel height, y/h

e
o

axial velocity, w/U,

U7 5.15 msfSeuifvusansinnoanudmunuunu asdl Q= 0.133 senin k-

model U ASM
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523 dulszanianudvadaiimiameludesmslmaiidnsaadnuths

naveInIiMIININIzeIANEun e ugeams Inaiiinsfadudrennmsiung
Tt k-¢ model gz ASM ildoTinumndedu nnuaasmalugdidulszanianudu
AONTINEE Cwall stific pressure coutficient, € 23 fintadmuuuazmididnvessoanisina
suanslugUd 5.1 Tavsmdulsz@nianuduadaiimisdandnamsodou 18 lugaums

v

I
U

c,=(p-p,)/tpUZ)

A { 4 @ Gie ' ) @ .o ' 1
SRNY p uag p, ﬁlummnunmLmuqmaquuwumnzﬁmuummman‘uawmm's'lﬁa

MUAIAY

5.23.1 maimnedinlszansanuduadolan k- ¢ model
wamatiem C, fmlsduunesdiuanvesdy Q wiiy 0.067, 0.133 1oz 0.2
¥uwlau & & model 7114 upwind, hybrid, QUICK 8% SOU schemes ﬁmumm"luzﬂﬁ
5.16 Uag 5.17
i C, Mmfadmunnaailugili 5.6 %«ﬂ;j’luv?nmqumi x =-500 04 1500 Y99503N13
Ina Tasnisfiai i Q uanaeiy 3 Mo 0.067, 0.133 az 0.2 AfMAINTAY & - & model
Tl upwind, hybrid, QUICK ttaz SOU schemes 91031osnydn €, faunaguayesiall

U d.’ o g A ‘. 1
AMToUAUNY 4 schemes UAZIOMINAT Q WaMIsMIMIWIZIIAIAIIUUANADINHANIS
J = U = ] - - ar 1 -4 ) 4: o et 1 =1 o
naassnuluuinansuisrena  lwuShandminysesdiamidnneldia IndiReiy
HANINARNDY AIUVTIUYOIRANYI1 upwind 182 hybrid schemes Wnoma 1A Indifvand
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Prediction of Turbulent Channel Flow with Side - Jet Injection
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Abstract
The paper presents a numerical simulation-of a turbulent channel flow with bottom side-jet injection. A finite volume
method with the k - € turbulence model for steady incompressible flow was used to carry-out all computations. To
investigate the effect of numerical schemes on the predicted results, upwind and SOU schemes were employed. The
computations showed that increasing the flow rate ratio (ratio of jet flow rate to channel flow rate, Q) leads to a large
deceleration in the near wall region at lower wall and to an acceleration at upper wall while the location of maximum velocity

is shifted toward the upper wall. The predicted results generally are in excellent agreement with available experimental data.
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