s ook e
oo Olies pudige
YA Jle A eples ‘rAJJ.A ISYH

PR FIE T KXY 1)

w33 sldfolee Wi (KT 0Ly s Jwe U )
& o S (Swoliad g juwd s yiol )b

Y . (Y
() gls u.»\.:.o‘ d|ﬂwm

G55 o Ol Aty ool 33T oKy (S sydes (il S T =0l e widige Ll ulid S -

[ Q\J@J Jo-‘) L;cﬁ’\.wl Jbi omb cQ\JA& u«\'v\a@a“ e}_)f )Li)LM\ -y

mh.mirabi@hotmail.com”

VVAYY iy b

40/+ VYA Sl b

o>

*

e 3 1 56 S0 sl ¢ L SABSL Jome 55 il Sl sdon sl o SeSL S AESL 4 3 3 s o
Dl a5 v a8 2alS iaman 5 (655 SOlgaal 5 Jlasl Eely s |5 slagssl 5 63500 vi:'“‘ﬂ M Jely
L ccidone bLE L3 15 0L (Soalusssden o el 0155 o cdal)lS 5 lin  Seadl o5l dde 685G Ly o O o aily
coin Saisl ol Jde s (K-KI-@) Slnds oS 5 5 05 gldsles an (Saadl ol dde pinss opl 53 3500 i ooshlas s
L Ansys Fluent ,i; sl 05 03 25domn o B 4 Sl SVl Salys Lol sl aeglie A3 o) G55 A5 (slalslas

JA:«SJ.:..«)%“.}J|QQBJJAA.ML@J;;AL;@_&U,TYQ&J:L_;&\:J)',U};JJL;;;S;;L;TJJAASMJ;;AJULJg@&ﬁbji@u

5 ol (Sl e Ll 5 il glaadse 1SS a6l Timme Jlinl S¥sle (6,8 G ¢ pmesis 53 s

sl AIQLM]}

Sl SVl Solos gladsbas ki Snisl Lol ladis (3 it Cor SGLT OIlads”

3 s omleeS Shgre Sy Shal)] slaams s> oL
SVl Ky s 35 Al 018 jls (0L >
e Ol ol bl dasl G Sae (55 il
Lol 2 sl s 40 8 e Glacr 53 ol 8 it
sl ps Lagsl W5 5 o Jadls atin & pslme o 4 b
Sl JUEH s 5 331 Ol Lo e 51 (6551 il
el b RSen (b oSl gyl D s 53 5
a3 0 Gl Julad) dlw ladldl (355 5 A5 sladlne

245

dordo — )
et 5 s 5l Sl OIS 5 i 5 -
22 Grin O o sl S 5ledd A )Las Dbl g
3 13 e g oL e Sl Uil la 5 5
LS 038 w5 5k Al Lz el J xS Sl
5 SV ol aly (Sl i) 5l 20 S8 e
ol Suoscanl Hlrs Slaeals 0T 51 56 Hles Sbla g

b s el s sl eslinad Oloy CLBIS L



L;)wwlf.c&lﬂwm

e el s 3 sl i Sl ol sbadie Lo

Sladllan s 3l eslinal L [V] (65 paie 2,15 39 Sl
L Sl cidenn slac,

s 3 AL
slais 5 Slas sl ubl Sl e b sie jlor anlow
Lol slos Solusgsden gla byl Saaal 5 b
ool ol ST STl 5 Slus o ped alons
e (‘)T slacr 5 iy sl Sales
JLs oS oy dlyys Ll isls S8 ot 3558 oG yate
ol S s 53 ool o pd RS b LS Sl s e
A5 ety Sald 5 SSLL s e s 0L Lol sle
s sas andllan | G it i Lo 5 s S ahols
Calis la,lis ys oS ol OF sas Ol L@_yl Sladlas
(83908 G rims Lo e slae pu iomes 5 OL
shel js ol Yoy Koo Sl O gwlu g8 su e
23,5 o S5 s S ol adl VL Ol S
Sy e S N Gl Ol sl sue 4 S Sla) iomen
G Sl Of S Ol 5 028 slacl
S 3 LS [T UL 5 sl 353 o0 bl (93555
slee slaan¥ ol gles od S ST s 3 G At
Sl sl U as il s LT s g anlllan |y Sanl oo
ColB 2 e e 5 sl (5 s
S SO e s ek e Rl Ol )l
S pad oslaiul LaodiS Kt s lu g Olse 4 (8 atan
O3 53 B ats S S LIV VT O SKes 5 s
a5 sl e il sl el cslten sladl S
a8 e Bl sl Ol (($0505 S S (S350 S
PSS ey 0 disd bolse sl ge Lk oS 5O e
o5 3 eslizal b s e 5 edal oy a5 11 L L
S bl ks (Salus st gla il LS b
s DVIOLKs 5 Sdsbe Ls 50 o by 2ol
B SRPNT-C NP

Ol sls plonil ool bl g 5 5 ol 55 VL e

G s S5 L S s

JBt slapls an raly LS 5 Ol aduy 55 S sl o

,sjet  necking/back-attack , necking/bulging

10LTCC

246

5 cidse slal Uy Lagssl SCis ool adalie LG (5
L Sl Ll anl b o S bl 4 gl 7 bl
o Dyglaee 3 el LSS e S5l slagsal 5 e o
e Ll JUasl slacks bus (oo il
o3l 53 melS 5 ably sy (JWE) 51 e 5 S slacsal
e Shgn 5 (g S5l S Gla il 52)) o
A Sl ey s Ol (Al A Sl
o ol Gl Sl Sl DL i (655 SOl
Ol |y i o o3 sdoms Jlis & S50 cand s cpnan
W (S 5wl O ks, cotlis sl b e
ity dals Ol 51 b (g5l e Sl

(YT sls 5 0l il 0L (Senlisgytn (sla 2l
G s x5l g e 53 b Jlazl 16 (S L
A gas dsle | 0L 2 (Selongoden la il Ol
235 135 Jl JS 3 Sl den 5LE3 s S 5 5 gl
Jlozmt 1 51 SSU (SAE5L e3 5o 53 S ks 5 5
S 0L sdpa sl foman S 0 S b
5 LIS Gl Jls s s e 4 (GLSL (Sl
DTl w8 plasil olial b s 5L sl el il
3 sl S i s 2 e Dol s glar 65
Slos 1S sLajias iy e 53 axidl 5 oLl 4y oS15
Jsb 6055 5 V] el s Jm S L Lo ol plasl
Sla s sl Sl ol b s [F]17 ol bk
5 e el dwlone | WOT 5 oy o |, Sl 5l 50
"6 Slen 57 il ilaesla (5,5 L 5 [0 3
Selusgsdan la il (SLSL Saasl 5 Saasl
L P15 oml ) Gy Lol ol i L 0L~
a5 35 Ol o s S el 4l (6,5

3,0 5 uilas 58 s o dls (Sd S

1 Eddy

2 Decay

3 Jet Potential Core

4 Kolmogorov Microscale

5 Expansion Ratio

6 Prandtl Mixing Length Theory
7 Homogeneity

8 Isotropy

9 Vorticity Transfer Theory



\Y‘\-\JLN/-\A_)L«.:&/VAMAJJJ

oot Ol e pwdige gk — ode dlae

w3 LAl 3 |y sote b iy KKl Jote
Jde L 0le ol 5o [VO] el eals Ol 555 31 1,08
53155 Slanl (Saasl Gl 25 glabsles s 5L
Ao Vb Cles g a5 L [VP] ol o 50l Bl 55
Slaadd g 51 410 a5l e S| SVbas 35 s o
amlie 5 i 3T i (g5 50 Sl 5 b i 5l
ot 03 (s BB 3 Ol a8kl b b O
Ol 3 s e 0L 5 SOk (Sealusssden e bl
o Ol g sl 3T i 655 e o5 ke
Lol oL28 (55 05 pmmer 5 51 oS Sgiwe
lay s Cidiin Dlgr 3wl i (65,50 el
(1) JKb it Ul aolas go oy OIS 51 ¢ latsin
S5l So 5 B jkis Ol il 15 ety OLE
el ol iy a a5 b e [V] el SLSU
Sl el s 5 Ol 2 (Saslosy ol glos bl
5Ot pAS s ege 5 sl el Lol Sl

el SSUE e s e Sl 5SS

S S 53 Bt Lo Ol il slatad ) K2

SeSt

Recirculation Zone _
-

Inflow Jet
—_—

P ¢ T Reattachment
Recirculation Zone N Point

Zone of Flow Establishment  Transition Zone Zone of Established Flow

Fig. 1. The different zones of a submerged flow at a sudden
expansion

Jou—0 9 SaisT ol y Sld Jio - Y
o kil BIKLL3T
Sg sy i SesT e V-
O 5 3 gy i 55l glaadge s
J L esdn e glad s il e (6551 SOl
Sl bl SVsles 135 5 o e JUil dilas a3
o Saial oV¥alae eld (g3lwdds Cg 0L > 5

Walae) il (655 SVMral Ll dsles () dsles) 3050,

24/

ORI st e sl et J5U s s 2 e
BERUNE U VT USSR Ny S TSP IS S U Rt
Obwsi 5 MU Ghmnas Wl 53 Sl mlaw a3
L O amglio 5 o5l die S0 L prman T 555 0
ool 53 sslrme o lez ) (Glay S 21yl (AR e
a2l s, (VYT OLLSan 5 shsly ds yas aseda |,
PIV s Ko iy LSIL (Gl g G e o
S s Ol (S8 (555 OUT 58 503 i yad anlllas
L as sl olis Ll S L Gglane SIS 5 5 auals Ll
Oy pilS 3 Ll Lo,y cor jl s, sle 4 x5
- el G e 4 o S glaals S o anes
S ol O ons LS el pl 55 e brals OL > S
L amlin s b (SuisT Olpe 35S e 085l L
Sladllas 51 ey Al e Sl (00 S JU 5, sds
Ol oo e slge oS 5 Ol e Rl 38l oyt 53 Se
e AL DNYTOLLSGr 5ol s i o 0
Seelus s la el e s AnSys Fluent sl
Gladds a5 sl oL i axisl 25, o OL >
ol de 5 S a5 slslae cia Seisl o,
Jiis i s eIl (LSl S gladslas 53 Saiil
B3 o llal Okl S gladsles 53 Sl sl
552 5l Vb a5 b dlw OL > 3o 4 1 (g 20
calse ol gladis ol s s iias e Ol
it St 3y gn U Vol g 51 Sk
die b oo s 0L 2 (Salus gl sls 2l
Joe 45 (K-Kl-0) clods 5 5 5 305 sladslee 4 oL,
Jlodnl (55 52 1L el | S5 Sl S @il i
DVF] a5y e 5 Silas 1 il 0L Sy 52 61,5
O pd e 55l Ao 0L Sl slaadl g ey
U PO TP N P O VR Ky G ) |
I3 JB 0L = Sl loly 5o Setyss 28 ol by Lile
das e 0L SllS S 5,80 Sladllas s e

1 Wilcox k-m
2 Boussinesq Hypothesis
3 Rotation Transformation



L;)wwlf;&lﬂw.\,w

e el s 3 sl i Sl ol sbadie Lo

S L s s, i sl glaad g o S Ol s
L3 yas 1 1 (Srasl 5l 2 Las) Jde anei]
22 (62) ] ©
B oLid GRS Je S golid NS e p 5 350 03
S oS e S dde cpl s e eslizad SN 5 0 S
£~ 5 Pij2 ‘\@J—’” SO 5 S e 5 Wit Tl gl
IVAT ol s LS5 @i ool s S5S1s

QY]

(TD);; =

Bij = Dij1 + Bijz + Dijw
T ey canidl e (6550 e anaal (65,50 SOl

Dij1 = )
5 AN A 5 S Sl e S GBS g5
3y n Al & Joes Jlil Ol

aixkpukruj)]

—C1P£[Tu;_§5u‘k]

Bij2 = —C; [(—p [u Ui 6U + U :’L‘]k]

10
Zaxk

+CZ[ 8 ( —p[Zukuk‘;Z”j

pUkukuk)] \)
BE cJLAJ.:ulw_?J_:Jj;)b&Lce)\)_;J 6)L.JL.9 &J_i CJ::'
dLnwausjjt}iJ_a;bff ol 3ol 1y eslems o sloe

b QJ‘HJLﬁéj‘ﬂéb\))bdw&ﬁ.m)‘ﬁbﬁéw

Aas e Al 53l
Q)L] w =
—C' - [ukumnknmdu uluknjnk -
3 3
Cu2k2
u]ukn nk] —d
! 3 C#4k2
+C'; [fpkm,znknmSij — 5 P2y — ;fpjk,znink] ed CY)

.w‘kéb\)JJ o)\ﬁb J.;-U JLAJ.: unk

BRURTERCIE <& N KVRCIV W (R R PR e

Energy C.1=1.44, C»=1.92, Ci=0.09
Dissipation
Turbulent
. Cp=0.09, 6,=0.82
Diffusion H ok
Pressure _ _ ' - _ -
Strain C1=1.8, C,=0.6, C,1=0.5, C',=0.3, Cu=0.09, x=0.4187

Table 1. Reynolds stress model constants
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and dimension of the jet potential core and the adjacent
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Abstract:

Submerged jet at a sudden expansion includes chaotic hydrodynamics. At a sudden expansion, secondary
flows developed adjacent to the potential core of the jet generate turbulence, and the formed eddies cause
energy transfer and dissipation and decline of fluid momentum in the zone of established flow. By utilizing
an efficient mathematical model of turbulence, hydrodynamic flow parameters can be predicted with a good
accuracy in various locations. This paper studies the three-equation mathematical models of turbulence,
namely the Walters and Cokljat (k-kl-®), and the seven-equation Reynolds Stress mathematical model of
turbulence. Comparison between the results of computational fluid dynamics using Ansys Fluent software
and experimental results shows that Reynolds Stress model of turbulence predicts the results with a higher
accuracy. It can be concluded that this higher accuracy is due to the use of individual transport equations for
each component of the stress tensor in the normal conditions of inhomogeneous and anisotropic turbulence.
Kinetic energy, very high fluid momentum and pressure fluctuations are among characteristic of a
submerged jets at a sudden expansion. How the energy is dissipated by the flow and how the secondary flow
structures are generated need an extensive research. In the submerged jets, because secondary flows are
developed in the vicinity of jet potential nuclear and eddies are generated in various sizes, the energy is
received from the mean flow and will be being dissipated while being transferred. The dissipation process
can be observed during the interaction between stress and strain fields of fluid elements (second-order tensor
interaction). Formation of eddies with different sizes and decay of them into smaller structures prompt the
process of turbulence diffusion. The energy-bearing eddies formed in the vicinity of the jet potential core are
displaced by convection terms. After these eddies are displaced, they experience decay and reduction in size
(Kolmogorov microscale) and finally disappear. Rotational dynamics around the jet potential core is of a
great importance in terms of flow kinetic energy dissipation; it is why the sudden expansion ratio is a number
that represents the range of rotation. Therefore, understanding the flow behavior as well as how the resulting
energy is generated and dissipated requires the flow parameters to be known. In order to predict the most
accurate (closest to reality) values of the hydrodynamic parameters of a submerged jet, it is necessary to
utilize an efficient mathematical model. Among the proposed models of turbulence, only the multi-equation
Reynolds stress mathematical model has included anisotropy. Based on what have been stated so far, it
seems that the existence of discrete transport equations for each component of stress tensor for a fluid and
turbulence kinetic energy dissipation as well as comparison with experimental results provide the possibility
of acceptable accuracy in predicting the flow hydrodynamic parameters. In this model, the term of
turbulence kinetic energy generation from the mean flow, energy dissipation term, and pressure-strain term
transferring the turbulence kinetic energy toward different directions of the coordinate axes are among the
very important elements of the transport equation.

Keywords: Submerged jet, Multi-Equation Mathematical Models of Turbulence, Computational Fluid
Dynamics

298





