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Abstract

Particle-laden flows are found in many engineering
applications, for examples, flows containing fuel particles in
combustion chamber and flows of dusted air inside and outside of
a building. Since the flows in these cases are often turbulent, an
accurate turbulence model is essential for computational fluid
dynamics (CFD) study of this type of flows. The turbulence
models provided in commercial CFD software packages usually
do not include the influence of particles on turbulent flows. Thus,
an analysis with these models cannot accurately explain the real
behaviors of particle-laden flows. This study, therefore, focuses
on developing a turbulence model that takes into account the
effects of particles. The case study considered is a mixing layer.
Several software packages provide a user defined function (UDF)
to extend the software capabilities. In this work, the UDF in
FLUENT software is programmed to incorporate the effects of
particles on turbulence in order to allow the software to
accurately model the particle-laden flows. The main focus is on
the k— & turbulence model. Additional source terms, based on
Garcia and Crespo [1], representing particle effects are integrated
into the turbulent kinetic energy (k) and the dissipation rate of
turbulent kinetic energy (& ) equations. In addition, the kK — @
turbulence model for particle-laden flow is developed and then
compared with the model based on k—¢& model to find the

most accurate model for particle-laden flows simulation.



1. UNU

o L A o X aa & a
wuudiassnnudutungstulasisnamaasuaslnaid
dAwrinmuninlslunsesuiamilnanfiounmaldligndasas
anEUMT T hasnmianzdminaluagtiunudiag
ldupudrnasanudutuilidnsvasounarinuioadasiu
sunanldviwsmslneifaynie vlvdnswauiuoudiaes
L ' Py A Aa o o a &
anuduthwieeiunsmslwaifeumaldgndasnndsiulan
a & A o A A
WawataImalfsuudasduitosnnanaynmaluaunisnldly
a & s P ac Sa Aa
MIeNzinT s nsdanwnienltlunuidaidanislnani
aumalu Mixing Layer iisnnniiuansazmisivananansnly

Aa o o va ' a & a
abuemilnanifianugudenldduazligisnlunisiened 8n

)
< o oA

NIGINHANITNARBILATHANTTILATIZALEIANAVINNNWITH DY
A A o v A o Ao A o '

Waluduaugndasdndis muidedlddauladreg awunis
Naaadvad Hishida et al. [2] Humsianzimsnauuulidada
8906 auMATIALTUHUAUINANT 42 Um ANRWIULU 2590

kg/m® LaReufidissanmalnalasuan (Mass Flow Rate) 7.5 g/s

AMNTWBIAMANMNTI Uy = 13 Wz U, =4 mis @
Turbulence  Intensity  lufianiamslnaagf 0.9%  uaz 2%
AURAL

woudtsasanududufiisalilasnaluludegdude
wuudrassanudutiusiia Standard k—& Likasanaiugn
v AV o ° a & a [ AV A
FaanldannuuuiiasssiataunsnaTuIusn BT MAAN bl
va o o Aa ° 3 f a &
aumaldd dwiumylnanfeumeauuuitasinnuiutusiai
fAdssannafunsansmenising ldudligndaarinfaas asmu
A va o a & ° Aa
Waldfianugndasnindslulunisdnainisinafifioynia

. = Y ° Aa A
Garcia e Crespo [1] ﬁ]ﬂvL@]Lﬁ%aLLUU?]']aaﬂﬂﬂwaLuaﬂﬁ]’]ﬂal&ﬂqﬂ

Wudnd ) lwauns k uas & 1199 Garcia waz Crespo [1] WU
LLum‘haaaﬁ'ﬁwLauaa’lmimﬁﬂaadﬂ’lﬁvlmﬁﬁm&mﬂ‘lu Jet lenilu
28198 wA§1RIU Mixing Layer ﬁf’usfl’avl&imm'm%‘ﬁ'mﬁammgﬂﬁaa
& iRpsudianannudainitdfuandrsldensasdnaniain
fasnfildlugunis k. uar € Fanunzannunslnauuy Jet
i s seiadldvnnsiesed wwodassanuiulan
k— & Wudufauuuinassenuilutiu k—& ofia RNG uas
Realizable W azH1N1TLaHBMLLS IR0 uT Ul IuTiia
Standard k — @ RGN wAsSsufsumLLLisesfiianw
mmmumnﬂiﬂumsaﬁwaaams"l,v\aLmuﬁuﬂmﬁﬁm&mﬂ

Aaud ﬁ”'ofmﬁﬁwmsvﬁuwaﬁtﬁaammmﬁaamnmg;mﬂ Tu
FUN1I K ke @ uwiInUToufsunan IR U ITTERING
wuuitaasanue Wemuuuinassanuiutudiainsaslums
a’ﬁmumsvlvsaLmuﬂuﬂmﬁﬁm&mmﬂﬁauﬁ
Lﬁa‘lﬁmiﬁ’lmmﬁmwgﬂﬁadazﬁadﬁwmﬁmezﬁm’m
auﬁmn%ma:ﬁwuﬂmsgLﬁwﬁﬁﬂmwﬁmwamlﬁmm:au

lugunudrndrwralaazliausairldiiaszvinslinale

= ° A e ey e a |
LuadiﬂﬂNafﬂiﬂ’mﬂm‘/]vl,ﬂﬁltildvlm“ﬂ’lgﬁ&lﬂqaLLazMﬁﬂ&lﬂ’lﬂ"ﬁﬂiﬂ‘ﬂ
L =e o N o a o
ﬁﬂ'}"l&]ﬂzlaa‘U@luqﬂmuﬂ@adﬂ’]“uﬂﬂqiaL“]J']ﬁﬂ']ﬂ'}']““@lwa']@lslﬁﬂ@l
1 a_ 4 o v a o & '
uaﬂaﬂﬂaﬂ ‘Nﬁ]:“n’]l‘ﬂLailLia’lluﬂ’]iﬂﬁu’lmmuaﬂ’wu’m n13

%,

danldatuadrslunisdinimdnsunuiseildas Quick

A ) aad) o o a | aa |
Luaﬂ'ﬂ’]ﬂLﬂu’Jﬁﬂlﬁﬂ?’]ugﬂ@aﬂLLazLﬁnﬂiu'—]ﬂﬂ’Jq?ﬁ First Order

Upwind nildszazinanlunmsdmastasnindnde

2, ﬂNﬂ”liﬂ')iJ@lN
wnAnIINNT Mazasvad asansnatune e uauNIRAN
3 gUNTA8 FUNIINHNIINIA (Continuity Equation) 8un13

Tuluay (Momentum  Equation)  WRZRUNITWRIIY (Energy
Equation) §n3unslnasuuiuiiuazaatsnesuronganssa
yasnylnaldlasldunusrassauiiulin udssiaula
wwus1aasnuiulusiia Standard, RNG, Realizable k — &
uae Standard k — @ ﬁw%’umﬂmﬁﬁmgmﬂmmsma%mﬂvlﬁ
I\ﬂzJL‘ﬁuaunwsé’mswﬁauiﬂmuaaﬂuaamgmﬂ (Conservation  for

Mass Fraction of Particles) wnlulunsduam

dxn13n)NIvaNIA (Continuity Equation)

()0 g

/

annmslaanen (Momentum Equation)

0 0 ov. Ov; 2 Op
—(pvjvi)=— Hy ,+—J —7p§/-jk ——+pgi (2)

axj Ox j Ox j Ox i 3 axi

ﬂNﬂ?iiﬂTld?%[ﬂﬂN?aﬂaﬂE?iog:ﬂ"lﬂ

(Conservation for Mass Fraction of Particles)

Toofl o, =07 ®)

0 0| p 0v
R P R R T

axj axj GY 6)(].
a A a &
aundgmAlsluniriinmziaynia
o aypmafizwadnanislifanavadusiliuiag
o danEulaydSunasad au‘,mﬂﬁ@hﬁamﬂ gawanazyinlew
"L;\iLﬁmmif’nWTm:Wijgmﬂ FelaRan1silfouutas

Imuuﬁm:udwagmﬂﬁuamgma

wuuaasaNlwilnwzitn k —&
wuudraasanuduliusiiefil 3 wuufa Standard, RNG Waz
VAR BWNY ANINHATI

Realizable lapfiudazuuuaziiannis k

= ' a ° o . . @
RUNNT & ‘ﬁﬁluLL@ﬂ:LLUU'ﬂzNﬂqiﬂqﬁuﬂﬂqLLﬂSLLﬂ:ﬂ']ﬂGY]@']Gﬂ%VLﬂ

[ ¢ dy
B FANTNASIWIaBBIANNT LI

(Turbulent Kinetic Energy Equation)

0 o(( ) o
ax,(pvfk) &, [‘”akjaxj TETPET e @)



o ' % ¢ dy
" UNTOATINITUNIVDINRIIIIaBaIA N Tl 2%

(Dissipation Rate Equation)

Standard k — & Model [3]

0 0 Y |0
— El=—— — | |t \CgxP—CgrpE ) ——S 5
axj(p”/) &, ( o, Jox, (corcope) =5, (®)
avl 6vl. 5Vj k2
P=U, + uy=c p—
6)(]. axj 6x,. &

C/u =0.09 081 =144 ng =192 O'k =10 O'g =13

RNG k — & Model [4]

a%(png)=§ [;H-”fjag +(CE1P—C*82p8)%—Sg (6)

O 6)(/.

«  cupn’(-nm,)
C€2=C52+73

1+pn
n=sk/e , 1m,=438 , [fB=oo012

C1=1.42 s Cz=1A68 s C,u:0‘00845

& &

Realizable k — & Model [5]

2
My | O€ €
+— | — |+ pCc.Se—pC,—F——S 7
(ﬂ 0'5]6)(. PESETPC e e 0

0 0
aTj(p"/‘g): axj }

, S= /28,-1-8,]-

C1 = max|:0.43,77:| y 7]=S£
n+s &

1 * =~ =
Cp=— = sU =SS0y

Q=Y —2&.0 o Q=0 —gpay
Ay = 4.04 . A =scosg

1 —1 S;iS ik Ski
¢ = —cos (\/gW) s WZM

3 5
~ 1 auj 6u,-
§=/s;Sj R

2 ax, 6)(/

Cg1 =144 , C, =19

uuyaasaNiniinzita Standard k — @ [6]

®  Turbulent Kinetic Energy Equation

0 H, | Ok
—(pvjk):— ,u+—t — |+P=Y, =5, (8)
. Ox

j

®  Specific Dissipation Rate Equation

0 0 4, Ow a
- X = v _ p_ _ 9)
(pvja)) u+ +—P-Y S, (
axj axj O'w axj Vt
Pk * 2
=Yg v =Pk . v, =po
3 * 3 € \2
S, :7coﬂ PY kD S, :7coc£3vp(ﬁ a))
2 2

3. 35n1sawIme

a

a Ao A A
myeanzrauidsiltlysunsy FLUENT Gaduldsunsy
IfeifouaTUSunasenna (Finite Volume Method) lunsiiamssh
1396318 3Fn1INaend (Differencing  Scheme) #lElunnswnen

ANGUAa SIMPLE wanuuldmImiawuy QUICK lasdniSudn

AMITFATUFNNT & € Uz @ FUITOAIWITAR AN RNNNT

(10)-(12) us1au

3 2
k="(u,,7) (10)
2
k3/2
:cif— ;o f=o07L (11)
4
1/2
0= (12)
)7

mMIntan3an3 it 9aTInaslaNazduauniasandIn
aulafanTUaouuladNUTI U RINTUTARY §auLSimlng
N4789 Mixing  Layer mwual#diuioauuy Standard  Wall
Function %38 Non-Equilibrium  Wall Function wuilinans
SR T A UAUAUTIIMATINGI RanAIARALT I wlndnts
& oA a a a =2 '
Wnilasudiftasanlidnammasasdisuifisyislimuninzy
P A o = A o o
laharndenlfuvvledawunzaviiniiga  easiaseuios
BnTwavasduiunia (Grid Independence) WuINIUIAVRINIAN
A

AN RUUFAIAIA 197 1 LLE\]ZLLUUﬁWaaGﬁG%Nﬂﬁ’W%%@ﬂ’]i@j L9

‘ a 4
ANANUHNANAIN 10



A139N 1 IWAVBINIANRINERNERTLULUI a9 NTuil 1%

Turbulence Model Grid Independence
Standard kK —¢& 130x225
RNG k—¢& 130x225
Realizable k — & 156x300
Standard kK — @ 162x450

(2k/3)"1(U1-Uz2)

(2ki3)"™1(U1-Uz2)

4. HALAZNITILATIEN

HaMIFWIA Ianuuusaesnnuiiulusfia Standard,
RNG ua Realizable k —& avhaniiouifisuiunansnanss
283 Hishida et al. [2] éﬁgﬂﬁ1 WRe 2 LRAINAVDY Turbulent
Distribution % Mixing Layer lagsnwassuasszasnnuiiugn
douagluglues @k3)"? il udauds15a s unuaiueng
289NN Uy-U, fiszes x = 200 waz 250 DadLuas

0.2 q A Experiment Data (Hishida et al.)

0.18 1 Standard k-e Model

0.16 4 - - - - RNG k-e Model

Realizable k-e Model

0.14 4

0.12 4

0.1 4

0.08 -

0.06 -

0.04

0.02 A A

0 T
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
y (m)

Eﬂﬁ 1 Transversal distribution of velocity fluctuation at x = 200.

A Experiment Data (Hishida et al.)
0.2 4
Standard k-e Model

0.18 4 - - - -RNG k-e Model

Realizable k-e Model

0.16
0.14
0.12 A
0.1
0.08
0.06 -
0.04

4 A
0.02 N

0 T T
-0.04 -003 -0.02 -0.01 0 0.01 0.02 0.03 0.04

y (m)
Eﬂﬁ 2 Transversal distribution of velocity fluctuation at x = 250.

Hafiwuinuuudnaes Standard uaz RNG fenlndifinsiu Tag
gsadaasmsinaldnesumanionSouifisuiunansmanss
Turmeidsrduuuuiiaed Realizable iulwnafianiwuy
Standard ua RNG uedaifavainmsidanlfiuy Realizable fa
¢aslfs1mIu Grid Independence ﬁgdﬂ’j’]LLR:I‘ES:U:L’J&’]I%H’]?

AWIHWIWNILUY Standard ez RNG

A Experiment Data (Hishida et al.)
0.18 f\ Standard k-e Model
I
0.16 7 J \ = = =Standard k-e Model Added
A Particle Source Term
0.14 4
3 0.12
2
& o1
g A
& 0.08 1
0.06 1
0.04 4
0.02 N A P
0 T T T T T T T |
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

y (m)
Eﬂﬁ 3 Transversal distribution of velocity fluctuation added

particle source term in k and & equations at x = 200.

o
N
)

A Experiment Data (Hishida et al.)

Standard k-e Model

o
©
L
~>

N, - = -Standard k-e Model Added Particle
N, Source Term

©
=)
I

\
Y
)

© ©
SIS
I I

(2K/3)"1(U1-U2)
o
|

° ©°

o o

> ®
I I

0.04 4

0.02 4

0 T T
-0.04 -0.03  -0.02 -0.01 0 0.01 0.02 0.03 0.04

y (m)

3‘1.1‘71 4 Transversal distribution of velocity fluctuation added

particle source term in k and & equations at x = 250.

12 - A Experiment Data (Hishida et al.)
Standard k-e Model
1 A -+ RNG k-e Model
Realizable k-e Model
08 1 —+— Standard k-e Model Added Particle Source Term
2 061
2
S 04
2
02 -
04
0.2 ; ; ; ‘ ‘ ‘ ‘ ‘
004  -003 002  -001 0 0.01 0.02 0.03 0.04

y (m)

Eﬂﬁ 5 Transversal distribution of fluid mean velocity at x = 200.

1.2 4 y
A Experiment Data (Hishida et al.)
1 e Standard k-¢ Model
vvvvvvv RNG k-e Model
0.8 § Realizable k- Model
= —+— Standard k-e Model Added Particle Source Term
2
* 064
2
3 044
2
0.2
0 4
-0.2 T T T T T T T .
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

y (m)
Eﬂﬁ 6 Transversal distribution of fluid mean velocity at x = 250.



0247 4 S D i) Warmadanaiiiiasanauwnia —ps uaz —s_ 11 ldlu
0.22 + ____\ Standard k-w Model q P &

027 T, 7T rStdadiwNodd Added Pae Source Temn g )5 g 1R £ mngﬂﬁ 3 WAT 4 WUIMTUAULUAIATNRINY
0.18 . K

0.02 1 A
0 T T T T T T T |
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

y (m)
Eﬂﬁ 7 Transversal distribution of velocity fluctuation added

particle source term in k and (¥ equations at x = 200.

A Experiment Deta (Hishida et al.)

o
®

———Standard k-w Model

o
>
.
S
S

N

\

]

/

= = Standard k-w Model Added Particle Source Term

o o o o
& X &8 =

(2k/3)""2(U+-U2)

]
8

0.04

0.02

004 003 002 001 0 001 002 003 004
y(m)

Eﬂﬁ 8 Transversal distribution of velocity fluctuation added

particle source term in k and ¥ equations at x = 250.
A Experiment Data (Hishida et al.)

e Standard k-w Model

= = =Standard k-w Model Added Particle Source Term

(U-U2)/(Us-Uz2)

0 T T T T T T T 1
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

y(m)
Eﬂ'ﬁ 9 Transversal distribution of fluid mean velocity at x = 200.

(Standard k-w Model)

127 A Expeiment Data (Hshida et al.)
1 N —— Standard kew Modl
A
- =~ Standard k-w Model Added Particle Souce Tern
__. 081
3
2 061
3
2
04 4
0.2+
A
0 ‘ ‘ ‘ ‘ ‘ ‘ 4 4
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

; y (m)
Eﬂﬁ 10 Transversal distribution of fluid mean velocity at x = 250.

(Standard k-w Model)

¢ Lo A X 4 ' v o .
wUVaIANNTUIIUANTY T lixeandBINUNAYDS Garcia WA
Crespo Uaziilaifisununanisnaaadwuinuw liluaa s wa s

& L | a % a % Aa =
sauvasawlunlindanuseandasiiosdiuniianuiigs

. & A a a o = A a
Wit LlaFaufisuniInszanualzadandsafsludiea
NMUMIIMAAIIUN 5 uAz 6 WUIIMINAIIULLIIREITNANID
a vad A = a o
atunelddvuwlailSouisununanITnased

wuudraasanuduliuriia Standard kK — @ (Juuuuiiaes
o ° a o A . A
AzwsnunlElunsetunusnwaenisna la bidiivnnaas lag
WaSouisununanmasadusinuinlinalifessanadasny
MINARBININUN G931 7 uaz 8 ﬂﬂivlmsl,uﬁmﬁﬁmmﬁagaﬁ
ANUFAAARBINUKNANITNARAININANI LU UFIRaIa N Tl I%
Iie k— & wadgmnsumunianuididnavlisuisodiasims
Twaleiay waziilavhmaiawaiiiiiasanayma —S, uaz —S,,

U luaums k use @ wuirdingdnssangwdsanumaianed
Lﬁmmnm&mmiﬂﬂuammi kK uas €nsndeldns i
SnwuRNT W WA mﬂgﬂﬁ 9 uaz 10 Wuiuuudaad
awiutinafia Standard k—@ lisusnsiassniInszans

AaIanu lufignianis e lelTuwnu

5. q1

msanmmslnalu Mixing  Layer  ameisolufinad
L‘ﬁ;aamnagmﬂluawms wuiuuuiassmslnauuuiudusiie
k—& ﬁ’:JLL‘U‘U Standard, RNG ua2 Realizable 818150830180
naldwasuais lasfiuuy Realizable k —& TWnalndidssnums
msmaaamnﬁq@mﬂLLuuﬁmaamwﬁuﬂ'suﬁwm wan g
sznmaﬂumsﬁwmmmﬂﬁq@ Lﬁaﬁwmnﬁuwamﬁmmnamgmﬂ
Tunuudrassnuiutiuafio Standard k—& swnInesule
anusmasmslvals Mixing Layer 'léaBsdu voidioniunay
WudwULsiaesnuulausfia Standard k—@ §18130
a%mﬂwqaﬂﬁumﬂmﬁﬁagmﬂvlﬁmwwﬁmﬁﬁmwL‘%ago
Wit TS aufisunanisdw milensnuaaziinin
wuusaasanuiuduziia k —@ sansndrsasmsinalalad
whfimsdawSoufisuiuuuitassenududhuafia k —& 1u
§IU8IuULI1809a 0T U uTfia Realizable k—& uaz
uuudaasauiiutiuviia Standard  k—& 289 Garcia  uay
Crespo [1] ma;ﬁ%’uLﬁu'j’lﬁm’mmm:auﬁa:ﬁwmiﬁ'@uuwiavlﬁ
Lﬁa‘lﬁmmma%mmmﬂmﬁﬁmgmﬂlu Mixing Layer lefanniu

lansdiudpenasiinlsluauns k uaz &

=Y ~a
6. naaAnIINUIzn @
mu’i%’uﬂ@i’%‘unuaﬁum&mm num%ﬁimmﬂa FIRTU
6 6 o 1) a o r
Man3193138 a7, U3 lang taszérln lagdhodnis #naw
NOINURBLARWNNTIIY (FN1.) Lm:gﬁuﬁLﬂﬂIuTﬂﬁﬁLﬁnmaﬁﬂ??u.a:

ABNAILABSUAITG (NECTEC)



7. 1@nd1991989

[1] J. Garcia and Crespo A. “A Turbulent Model for Gas-Particle
Jets”, Journal of Fluids Engineering, 2000, Vol. 122, pp.505-509.
[2] K. Hishida, Ando A and Maeda M. “Experiments on Particle
Diapersion in a Turbulent Miximg Layer”, Int. J, Multiphase Flow,
1992, Vol. 18, No. 2, pp.181-194.

[3] B. E. Launder and Spalding D. B. “Lectures in Mathematical
Models of Turbulence”, Academic Press, London, England, 1972.
[4] D. Choudhury. “Introduction to the Renormalization Group
Method and Turbulence Modeling”, Fluent Inc. Technical
Memorandum TM-107, 1993.

[5] T.-H. Shih, Liou W. W, Shabbir A, Yang Z, and Zhu J. "A New
Eddy-Viscosity Model for High Reynolds Number Turbulent Flows
- Model Development and Validation”, Computers Fluids, 1995,
Vol. 24, No. 3, pp. 227-238.

[6] D. C. Wilcox. “Turbulence Modeling for CFD”, DCW Industries,
Inc. La Canada, California, 1993.



