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Comparison of Various Turbulence Models for the Calculation
of Turbulent Swirling Jets

D.K. Choi, D.H. Choi, H.D. Shin and M.U. Kim

Turbulence (¥} 54} v1%), Streamline Curvature Effect (A4 2E& & 3})
Abstract

Comprehensive numberical computations have been made for four turbulent swirling jets with
and without recirculation to critically evaluate the accracy and universality of several exising
turbulence models as well as of the modified £-¢ model proposed in the present study. A numerical
scheme based on the full Navier-Stoke equations has been developed and used for this purpose.
Inlet conditions are given by experiments, whenever possible, to minimize the error due to
incorrect initial conditions. The standard %-e model performs well for the strongly swirling jets
with recirculation while it underpredicts the influence of swirl for weakly swirling jets. Rodi’s
swirl correction and algebraic stress model do not exhibit universality for the swirling jets. The
present modified k-e model derived from algebraic stress model accounts for anisotropy and
streamline curvature effect on turbulence. This model performs consistently better than others for
all cases. It may be because these flows have a strong dependence of stresses on the local strain
of the mean flow. The predictions of turbulence intensities indicate that this model successfully
reflect the curvature effect in swirling jets, i.e. the stabilizing and destabilizing effects of swirl on
turbulence transport.

7 5 N Yee—  pi DHelgzgH e AAE

Ci, Cz, Cu, Cs, Ce, Cery Cen - 84 Ri * Richardsong~, A (24) ~(28)

D CxpZo) 27 Ri, . Z£8 ~ Richardson4, 4} (11)

g¥, gy . Metric 81 A4 o contravariant 2 S CHEHEE A, =1/2(Ui+ Uso)

covariantA] & Uls o BT Y AIEE

£ D REFA, =1/2%u; u'td, wiy AN EZGH WA

by HEFE Y maery v, w x,r, O9F] AALE

P pe] AAE W, P, wdelEa 4489
A2 AATH u, ow, ww :olEE AHEE

A3, BFAAEA AT GV, W ixr 4%l 335

x5, AFAEEsY &4 xt, xs : Contravariant & covariant 3 A} 5



%70 UERZANAY Zubsk ulAwE 7
AANE #3

& €7 Rk wY 29E

4 CERAAS

Ve Lyt

Ve DR A AT

0 A=

Or, G . k-eBulo o] wal4
B}

CL . ZA)Al (center line) Abof 4 ¢] 2k

exp CAEA

m DY xAol A Hugk

0 Cx:FE EFTAAMY AR

x7, 79, Ox : 23 WA xr, 76, Oy AR

F7HAFE ol 7led g,
g@ Al Od-?-("“”l‘- A 3] = (degree of swirl) 7}
AR4E Az 3} G953 Fos Az
AA7L WA R GRBES ARG AE vedF
oh, =g, AZAEAE AL o) ulzdul
&y} Zulsko g ojqtE-tulrl FAE=H 7HA3
AEL A AT AL TNE Al =ET A
Al A Aol YA,
A A Eof| A& o] &t7ho] AE3kd
22 59 AuvigAAlL eld¥aA A (elliptic
equation) o] ol ZE #Hojg2 FHIEo Fo
A "ok, dbd, o 23 A3z e
odo] &EA|35lx] o} 7 A & A (fairly thin shear
layer approximation)oll 28] =|wjulAAlE =&
#o] 5o =AY (marching type) o] difoz ¥
4 ot 23 AASFEAE 2= 7 A E
olF2 AutgH o] F8 A Hrh, ¥, A
3O o] 25 AFEOW Astol st A3
AEs FANAE BE GEFIA w54
(anisotropy) & 7FzlE22 A3 AEL oZo 9le]
Ae kre2d59 54 AFAASLYY g =

Fojojol EAla}

A vl o 441

L AA FEAY dZel HisiA @&
Aoz V«Lg]u} o9} Fedste] Lilley“?, Kool-
sinlinz} Lockwood"V5& Al3]F9] oZo)] glo]A
EHlEHAE A dFEde] Hadhs Faslgh
=3, AA=9 A4e Aol 1AH (helical)

o A2g aeu oL FEYYL a7 B
& oAF7t o] Zulgke] -5 & 7 (longitudinal
curvature effect)el] ZA A F59 FFT=xd

Z 4%E niA Aoz oassd 2244 A
AZFee e Hdl gl EFAg R
28l A 2 vl (2equation model)-& o] 9} 7H-& olof
3 & (extra strain rates) 2] <338 A¥AQQ +4A
glole & d33x Fidohes Fo] d=A Yot
(21518 A3 Foll A - o] avE mEdFEr] 43
AgAq FE4A2Ee Launder5993 Rodiol
28] AAF ¥l gler}t Chen®, Leschzinersd
Rodi®®5e] dFo] sla of EdFo] Abie 2
27 Zgeel WAAL Haol Kim®e bsg
Hrdeziy ¢ A2 FEFFRAES
fe 28 2ue FAHAZY Afole I
4R 2w o ek

A€ v 2T o, AAE 3l A
€ 2% diRdo] Hesle] o] mdle A4
9o EAlq v5A W FEAENE A T 4
Slofok & AU & 4 ek ook Aol
Aelgx gzl A2 slos do Ui
ez oAlE
“1 Launderz} Morse‘“’al ATA s, Holw=LH
2dS FAIAEY 4] HET A HHY
£ A 3 = o (pressure-strain correlation model) 2]
FARPo 2 it FHolEZ2eY AE F yw
Zo] w)$ RAZNAY wwrt wvlel ABAF
of L¥=ne ARFHoE oF HIUEE Hojx
Aok zle] Wz weld, AsAEY 4
AelAdE= 7§38 ke AEFHC] WA i
o] wiahAgE 4 4 gk, w3, AP o] EH
o A= Ax, g3 9 FAAE 2F
7t Y Eo] HEwEY dFE aA gEges
_9,}.;(—1/(-17:“_"33,9] g_cﬂo] 7(4zé-61- 7-]011;].' 2 °d:|"°ﬂ
Me Aed 874 &, v54AE 7ixH A3l Fol
Aol oJoirygEdge] mejsle ARAASLHY
¢ H4gdEde $e FE0L 2 P
REEEE T

=3}, Leschzinerg} Rodi®®e] o773 7A 3

2
>

4N

J

==
[

_&



442

AEQ o ZoA QJF2A| WS Fasiete Ao
s goy 289 A7l AS" AYe AT
oMo ARy EE5Esgenz FAG AES
Uel7lel e 287 vtz HoAd, 2
Sislian#} Cusworth®& =t sf&x el Fojyz
8% F4sidenz AHd 7= Az
AL 73T 5 UL

B dFAE folA dFF 3
oA §% ke, Rodig) A849eed 58 o
Alsl 288 A olzw 4% 4
Zofl Ag5tm 2709 A Y FAIA =] Hg
S ALde FAAAE FYFozHy F
o] AFAEd P dHHE 4
3 15¢ 791—9'??}"“ ‘}’il"i °J:I"7474]7‘7.‘l

i°~—|

2.1 XEiLE4Y

A4, vigEAd, &3, SHFY HIwE
At A AL ehg7 2o},
cﬂ_/':_l:ﬂ-;(']é]
aU |1 a4
3—x+r ar( rV)=0 (1
USZS a5 A4
0 .1 3 __1 0p
3x<U)+r ar(’UV)‘ o Ox
a( U\, 1 o ( dU
+6x Y ox >+r or (“’ 67)
( ’)—7 %(ruv) {2)
v—%%‘%"c}"é’ﬂ

ap

a 1 9/ n__1 0
ax(UV)+r ar(’V)‘ o or
0

AL ()

— Yy —
72

#HET - H=Y -

_0 1 0 = w_z
ax(uv) p ar(rv)+ 3
rwSFEAA

2 @
r&r( W)

r or
1 0 oW
o §—<rv or >
—rgx—(uw)——l— —(r ow) (4)

r or
el A& A5 e F3rl AAHAE &
:-.-%Lum/qg] 8 = golvx $HFJEL PITE
4o Ay GFFEY Aoz FASA A
(SYS‘tem)i At WAAE EAA HFE
dFEde] Beste,

22 wEeY
(1) 2% k-e= (standard k- model)
TASAA (constitutive equation)

— u U= Vtsu kgu
o 7] A
2
ve=Cue (%)
kb 9] A wulA Al (transport equation)
_(2_ i _6_ _ 0 Ve 0ok
L (vm oy rvm =g {2 )

1 9 (rve Ok
+7W<a,, a)“’ € (6)

ad 1 _ Ve aE
ety Vo5 {5 5)

SR AT A
o] 7] A
Ve=VtU;
Pe FEFEETe 4% 9
H o Alez z@H

sl (4)]

(B (Y

L

7+ mHASEe o5
Cx=0.09,
0.=1.0,
0:=1.22,
Ca=1.44,

?(Cel P_Csze) (7)

Folux A4

7E1-\;}_(19).



Ce2=1.92
(2) Rodie] A3]44 (Rodi’s swirl correction)
Aslel o9 TFEAE 2odsi®s] A8 Rodi

= FHA Aot Aol #Holsle] Fya
Richardson4-%& A 9sln e/ilgl F-#go] Fojst
T ol BAYE HlslE perde LAl
A kst et
5, eAolA CatlAl CaZ the-3 o] 44 ),
Ca=Ce:(1+0.9R:,) (8)

A7 A Rise
Rif=2v¢W%/P 2 Ao g cpue

I:H-’-'[‘— g ER-AC
Lee‘“’«l ATl A Ajetsl v

= w2y dejrzge

(Uu'w), o—

-cz(P“—~g"P) (9
o3 7] 4]
P=—gunu* W' UT
Pi=— 4 U — u*u' U
A Hoje2 LYl e ALl -rlBH = %
TH5 “l—"r““é/il Yel= FFSFHAE o Wi
2Ee Alske 3 749 By j4“’l—r- AL

o Felok dte} 24 g Fo] oA AZs o] Yo
22 a0 hE2e 13 oJuHgr o=, 2w
ol o33 sabdto] 919 4SS wjdygAog

02 F & AosiA ZA7d 99 A5
AebgAe s e 4 e, Rodi®& 7 3

X e ARt vlesn o
S Wi/kHe ARE 29895t o o)

4549 kg3 2 d4gHnde g

I X E O o B
wo B, nir
o M

443

k9} 9] AxulA e Hanjalicyt Launder®®e]

)
«,
R
i
o
—~
£
EN

)

*

Yo k,1> +P—¢

+ (CexP“CezG)%

g, A 08 $HES adE JFRT EE
Ao didstd 74 5% 9wy gy
(source term)o] zjujstE Alo] B2 Lx]Aq]
9t 4 (numerical instability) & 24 =},
ghA], <bg4] (stability) & #std 7 $HPEL
ot 7ol Ealste] A Lgcen,

—ww=v.(i,/)g*U v +R(,]) (19

o714

v:(i, 7) ; pseudo—eddy viscosity tensor
R{i, 7) ; residuaries
A 195 3l 72 LHIPEL HFEE o5
gk Al tiolsty AEsid o AES d&r),
(Uz) +— *—(rUV)
0 k —3 oU
Tox [(2& ) —697]
_1 o[ (A k= U
7 ar[’(rx, e’ +V) or
o ox
7 oU %) oV
ol 5 57(”7)
40y, k—3U _2
+2oak Y 2(-akp)]
L o[ A k(—dV _—W
Y ar[rnr e( Tox U, )] 9
9 Li y_90f( A k—
ox (wv)+ (7V ) o [( Yer € 4
oV 1 0 k— A4
+V> ax] r 87[ (2/11 v +V>—T]
1 6p W?, 9 oUu
=T oy +6x( 67’)
1 8( 2V V|, w?
o)
af A o~ W—
+ax[')’xr € ar v v uw)]
L o[ (0 k—dV . kW
+7 W[ (2/116 uv o 2/‘16 vw ”

15

Ha-st)



444 e A=Y -

2 owy+L Ly
il e )5

L2 (h ki )W)

r or Yrs € or
=—7—3—;(W’W)
[ A oW —
+rax[7sx e\ or
8U 1 af A k3 7
87 vw)] v or r'}'ra € rW)
1 0[,0h k(OW—
+r 37[ Yro <8x uv
W,V —
, W + ox uw)] (16)
o4 714
(1 V
r,"—(l Arg r)’
_{,_, kR JU
7”—(1 Are “ox )’
_{_, k OV
7"_<1 Are 67)
A9} d4sHedg A4l Qo AH4H =
A5 g3 Zeen

Ci=1.8, ;=0.6, Cs=0.22, C,=0.15,
Ca=1.44, Ce2=1.92
(4) A k-ex 2 (modified k-¢ model)
4L nao oo AgkSHg o s I
2

422 71 3] (local stress equilibrium) 7} 4 & 2 43}
of difda FAeE FA Helw2 AGEH
2 b Zo] ZHH,
w'u _, PY
p = As = an
o714
_1-C
As= G

2y AP 9 o]l dF®e o8 A3
Aed AL IFADSHo| HFRF WP Eol
aA &3] dezlenz 4 ()4 Bous
sinesqZAboll dlwdate 3o u|Fo] AuAorw F
Aolch, chut, AFFAAY JAUPE oW/ orH
w/rg 23] 71 98] Boussinesq®Aloll 3
He 39 AT F 1Y ES M gkE 23
o A g Aesd 4 Ag3E e 953 Ao,

—_ A k U av>
uv 1+ A3R: r ' ox

18

M k oW W
W =TT AN AR ar r) 09
— hA R aW
uw="J1R € ox @
7] A
ik W oW
e r or

wela], oleje} Ze| C.7} Richardsons-9+ P/
€9 842 FTHUHT BF perdoAs s

A BaE C.o Bl Su4o] mElHE k-exwle

Vexr=Veox = Cpr— Pt @D

era=Corl=ves o
o] 7] A

Co=Tfer,

C;‘z=1+—j/‘1?;my

rodsde

A
Folxz 4ALHo HaAE EF p-erddd

ol o] A (5)F A3}, o] melg = she

A& Fol A FEFF 5L g3 2ok
2+l 2 pyy=_L &
ax(U)+7 ar(rUV) o o

+ ai Ve%)‘}'% aa—r(rl/el%>
a

sy a5

_2 ok
3 ox
@
9 d n__1 0P
(UV)+r a ——((rV¥ = o or
a( V\N,1 8/(. v
> “““a?)* 7 67(”" ar)
8/ BUN,1 &( a8V
o Ve17>+ , W(’Ve ar)
V_2 ok
—Zve'—r— 3 3y 4

9 19,
= (TUW) +— == (r* VW)

a5ty o)

~2 3 (rw) )

o 7] A



Ve=VitV,
Yer=Va 1V,
Ve2= VetV

24 G GE A4SATdeAs 2o,
of 2ug Agasl el Waw % ol AT A
< ®F & A dal, SRAAAS 9
golmz dRelux 44T Pol de 7
s ok gk,

of mdle AfEEe Ag
Richardson4% %3 zzi=lv oA
PAE ZAA"de HoAA AR E4S F

o3& 2 gloalsl PliEi},

[o3n-1

A}

3. FRA|I et MFALE

3.1 A=A
QFAAzAL &

~

Modoinl ARREE
fAHoz qa oprlHE &
A5 Ber] de shsd § R A4 QF=

o A¥Az By Quoh =, JFelA Ve
=7} ¢l Prattes} Keffer®e) aAlzo) a4

V=02 st A4t ed dTRAL w
4947 9% A%ele 4 G4 Ze 2%

o 4 4 e=-Ce g Aasel A2 @

o) AYAr 9iE Parks} Shin®e) Ao sl
4] Leschziners} Rodi®®e] doll4] Al43 e=
BP/LE ALste] At 37| L=0.7580./Ci*
0]1 o1 U:O.lUnax7]' 5’1% X‘]EQI %—_2._?_ b
ojgich, 1 oj9je) AHA A HA 27L& Table 1
o vebd Zw 2k
AAAE vEd

z #2

A=

P

L.

2zt # ZA) (nonuniform rec-

otd

g dFed elady 445

Fig. 1 Flow configuration and computational
domain for the strongly swirling jets

tangular grid system)& Atgstgdch,

(1) ZAsA=E

x2Z&3A 7t sl AYAS d' R
Agel YFAAZ S AYES AEe
go| Aedl wE Aoz dAdnE 43 o
AEol Afnct FA o} FugFez 17DUAY
o2 TDAER 39 (Fig. 1) 4= &4 (numer-
ical diffiusion)ol 9J3% 235 Zo}2) flsl &3
o] U AAE FASGL ARAPAL
(grid expansion factor) & 1.150[3}2 3t Fub
ko 2 38/ wAUsFez 3879 AAAE FEA
et

2) kA3 "HFAE

ox r"]O

=

AAreded e Fubskoz 30D, AWz 15D
Az 2 gz HdA AAdgAsE 1.12 39
38% 358 ARAE TA A,

(3) A3 FHAE

Asedde Zupstoz 16D, wiAwgez 7D

Axolm HR AAFA A4 1.18 dtod 38X35
o ARAS TATA

Table 1 Boundary conditions for swirling jets

Boundary U |4 w k €
Inlet From (a) From From (a)
experiment experiment experiment
Axis U _ orW _ ok _ Je
of symmetry ar =0 0 or =0 _57_0 W—O
FU _ FW _ ok _ de _.
outlet s =0 (b) ____'axg =0 o =0 E_O
Entrainment orv _
boundary 0 ar 0 0 0 0

(a) Should be referred to section 3.1
(b) From continuity



-

446

e 2AxEY

______ |
——

O :pWke®

p, W, k, g, Reynolds stress ®
(a) : except for the algebraic stress model
(b) : algebraic stress model

Fig. 2 Staggered grid and locations of variables

Give Boundary Conditions
for All Veriables

N

2

Calculate Turbulent QuumiliesJ

Le
—

Obtein Algebraic Equation
for Pressure by Coupling
Continuity & U-mom. Eqn.
1
Obtein Pente-diagonal Matrix
for V by substituting Pressure
into V-mom. Eqn.

Obtain V by solving E}E‘
the Penta-diagonsl Matrix

r Obtein U from Continuity Eqn.

f Obtain P from Algebraic Ean

Solve V k.c Eqns.

Perform Linewise
Pressure Correction

Converged ?

Fig. 3 Flow chart

- QEE - 2T

A A A% (hybrid central/upwind difference
scheme)?9& AL23} 9t}

=&, d&$AdNY S &5
Ao Ao ot Fuies FAAEFozA B
4 9% #47 FAHAL BAFI A9 o
7 2} A (staggered grid system)®® & A}
g4sdmd g ALl glo], A3 AAA
A A A dn ohE e Hez g
(Fig. 2),

2= %] ) ¥ (solution algorithm)-& Galpin 5 ®¥ o]
A ots CELS (coupled equation line solver) & A}
g3, &wdoes AAFe mpSA4l(itera-
tion) & 73¢9 siye Fig. 374 Ak

8z AdddLe 28 HolA FAU3
® U, V, We wsteko] 0.1%0]steln Fx-stdd
otgd 4ol 0.05%013td W2 skt

4. Zn} 9 &

4.1 ZAMIHE

ZA B A ol B A4 0.739] Sislianz
Cusworth®e] A8 7 A34 1.87¢91 Parks
Shin®s] A#o] wsto] A4 Y3k,

Fig. 4, 5, 6-& Sislian®} Cusworthe] A& ]9}
7 melo) 98 AAAHNE RAFE H BFE ke
mdo] FEHFESE U, WE wud 2 3%
b 4 9le}, (Fig. 4,5) o] 2do] o3 A=e
ool Al U7} stF27A clF=H= W A4 A
B atEE wetd, £4 keol o3 AL ZAH
E Az At AArch ozt waA G FHE
2odFch, ¢S 9% Uy «F 2
3l A2 JFE ML EAeE AHE F
U FAZE ZAAAY dFe] FARYE B 4 Y
o}, Rodio] A344e AMEY A G4 H=
3 W18 &4} (turbulent diffusion) € o &3to 24
Axel AAS AGAA wi2A A=A g, @
2e3oviA e &S n#std (Fig. 6) 4
WA 54 ke Zeloll 9o FHR wtEsE T
7l dolAL 2 F ok, U 9 W dEFE 3
Z pexddo] 7 Aot ko dF 2 FH
k

i3

f

o
i o

oft

o
3
|

2

o FEED & ALEY Tlol BT F5 A
o



K
E0
>
8.
4.
0. \ 1.
-4,
0.0 0.5 1.0 1.5 2.0 2.5
r/D
Fig. 4 Axial velocity profiles of strongly swirling jet
(O experiment®, —— -~ standard &-¢,
— ~—— " Rodi’s correction,
——— 1 ASM, - modied k-¢
0. 5.
0. 4,
0. 3.
2
g g
hnd 3
=
0. 2.
8.
3.
.\\
0. d ; AN . N
0.0 0.5 1.0 1.5 2.0 2.5

r/D

Fig. 5 Tangential velocity profiles of strongly swirl-
ing jet (Notation as in Fig. 4)

1.5 2.0 2.5
r/D

Fig. 6 Turbulent kinetic energy profiles of strongly
swirling jet(Noation as in Fig. 4)

ZANA 4 ke o
el o] Hold U of Zol TM
A& Aoz Eltd, Rodie] Asl4Age
A ol HEY GFALE BT
e ZA lEHH ooy A% vz
Al EE7 & ooy T,
Fig. 7, 8, 9o Parky} Shine] A&
#9F +A04 A%E A5t o AYol
& ASE U, W,k 25 43 ket 2
Aook g e weEh =R, 2 SA9)
A AeBdde] 25 85 U Aoy, wel Ad
* 5% A BHAFz YL B 4 gk
Sislian®} Cusworth?] ] E.oj 12} 7k o) R0d14 T
Arde] oF dFe ¢ 3

r
i
©

o
114
=z
)

S mefem B4, 29 2 £ Fel o9 &
o) #abAol A4S e A=Y oFR R Ay
A FFAYL ASTE ¢ 4 Yot

A ARES Ford FAS A= Bal 24




448

U {m/s)

t/D

Fig. 7 Axial velocity profiles of strongly swirling jet

(O : experiment ¥®  ---- ! standard k-e,
—-—: Rodi’s correction, : modified

k-€)

W (m/s)

0.8

r/D

Fig. 8 Tangential velocity profiles of strongly swirl-
ing jet(Notation as in Fig. 7)

AT H2Y A

k|

x/D

5 A%

______ -

b0 000000000 00T e

o T m— e

E 000 \‘\\ .
p 0 O _oooood’b\\

2 1.8

0.8

t/D

Fig. 9 Turbulent kinetic energy profiles of strongly
swirling jet (Notation as in Fig. 7)

hemdl 8 EF k-ende HEY UF FA
Zo 58, olhe 4AF ATCWe|H eIz
W A¢Bdde ANY oS Ao Sl
A eeigle el AFRch ok, k8l ool
YolAE 44 hexdol £F kemtlol va o
Fo A%E FEd ok oW AT Aol
sh 7ol BF kendlo] FEYTFL AWE B3

o tazel eAE BEF

A 2% Aols) wEolch W4gHR At
2 AEd FAF TAAHY o Zo] BF2FYA
Bolzd, AGE AFAE ool
zalg 44T AS ol B AR
AL A GeA YT, olsh Bt
2& Rodizatel A4S Adsta 4

, Rodi®] 2AHe ww/k7t 447} obd Aol
A AEHCr YA FHF AN E
93} kel ARl thzmz o) et

ol

et

do 2 4y wt
B o b
a8

N

U LA\ S

AU
op gt



2

Rodie] Z4}7 A
A EAA o

= e

3y W

[=]

Ao A7t Rodig] $£3rde F
AZA e 2FolA oS RR3g A0 E
df ol& o] mille] A3 FolA Joiwy
#3l+ Richardsondo) 3 1%
(first-order linear correction)] AAL 7=
ZAZAAEL] o] oJodWFEo] ol &
a4 o9} Ze £Ao] Agdstn %S

B T 7o
o) o] £},

*

32
M2 fu oo kMo o) mfo o XN

¥

:3

4

ot e

2

4359w,
Fig. 10, 11, 12& s3] 5o

o
i1

* BEF

ol
P

kil

Centerline axial velocity profiles of weakly
swirling single jet (O . experiment®, —---:
standard k-e¢, —--— : Rodi’s correction,
—-— . ASM, ——  modified &-¢

Fig. 10

—

15.

x/D

Fig. 11 Maximum tangential velocity profiles of
weakly swirling single jet(Notation as in
Fig. 10)

—_

10.

5. 20. 25, 30.

/4
121N o

Half width profiles of weakly swirling single
jet (Notation as in Fig. 10)

30.
2
»
12.
0.8 |
. 8.
4. 6. 8. 10.

r/D

Fig. 13 Turbulent kinetic energy profiles of weakly
swirling single jet(Notation as in Fig. 10)



450 HAET A=y - AT - AEQA
2 e, 44 kexd U BisHzde o o webd, BF FERSE ARE AU o
o) PEaE LAASL doine ¢ 4 Uk W FHE AL ofuE Aoz A7dd Fig 17¢
F $EW4Ee A58 Rodie) 442dol A3 o 3L MelFie, EF kexde 4% AA
Haggos $7sln o] mde HES A dY 2} A o Zste] A& wheh ol AlEQ AA
oA Ayt FAH pFE &3t £33, D/ 7b zelA A4dsA e, BEAEAe} Fo
x=6, 1291 F¥oldE vl 2l F 7% £HGY  Rodie) #H2de pgtd AART A 53
A5e @b, B3 hemde 53 A FAE  F4 hende it AU odFT AT AR
ZH A off&o] HA &3, uls 23held, GAIAEAN IF keRw
EzAso B3 Ao (Fig. 14, 15, 16, 17), FAaAs e A nde IF heRdEco o
# 59 g-exdst Rodiel $42HE Wall 7
& e AR ofFsht Uad A% F 2
25 ¥4 ¢ 4 Uk @A =A% Gibson
3 Younis®s} dlolsz gAzdz AT AR 20
E Ucol 23 o 93] Wa 9 rpd £ A7
5t
A AEH F 2l ALY Aol val $ARG
1.0
1.0 0.5
0.8 F N L
0.0 0. 5. 10. 15.
o 067 x/D
3, ol Fig. 16 Half width profiles of weakly swirling coax-
’ ial jet (Notation as in Fig. 14)
0.2
0.0 1 .
0. 5. 10. 15. 0.
x/D 0.
Fig. 14 Centerline axial velocity profiles of weakly 0.
swirling coaxial jet(( : experiment®, & :
Gibson & Younis by RSM®, ————- . standard 0. 1.5
k-e, —--— . Rodi’s correction, —— 0.
modified %-¢ g
=2 0 e
< 0 >
S.u
0.6 0.
0.5 F 0. 3.0
0.4 0.
i' 0.3 | 0.
0.2 } 0.
0.1 } Q. . . 8.0
0.8 0.8 1.0
0.00 r/x

Fig. 15 Maximum tangential velocity profiles of
weakly swirling coaxial jet(Notation as in
Fig. 14)

Turbulent kinetic energy profiles of weakly
swirling coaxial jet (O : experiment®, ---- :
standard k-¢, —--— : Rodi’s correction,
—— ' modified k-¢



ol

o ot o
.3
4
et
o
)
ﬁ
_?L

°l 2l

Jo 2@ do fn

£ ofr
o
]
I, o

2 oo

iV onfe 2 f2 oo du o
4

y
U
2
£
A
s(_:‘
HE
[+
2

of
-

oo _’é £
JE 4
as
ﬂl;; oo T
CE
o fr
mlm [t
<k
o oX,
L o

,
[
fo,

kg

A i‘ SHEY AL A g5t
HANA dFTd2 FAPLe FAHD Ao
Hols}-—i U7 W Eolzt A4, AA

i A8 A g3t 28 44 bend S
H Z 23 a2y g B0 dojHe},
b AEoA AdFd uie} o], Launders}
Morse®, Sislian#} Cusworth®%o] ol 72 =3
T o ASJAEY dFe] eiAE 2 &8 7he
AEHel Rt AT ulo] AAG Ao
7] o,

o b onjw
olo |

o ol.o

[T O
‘ok‘) ;U

of

p

27
27 seld %
444 2ol
¢ ek 28y 9F
2efste o] = AsiA EolAe
B

olZols] ofAls
THEHTF odFo

(2) Rodi®] sAmde A4 E‘*’]Ec’ﬂ/‘i 2 R
AFE ste FUHAES HPolx FFH
HE ek st AHAHE AR
#3Fer 3 FFA=e 22 RAs

F8HEAL FANAENN IF pen
349 A5E St FAH Al AE A

LIRSS

Q vl
% R TAS

451

£ 44 kemde A,
of Ao | A B4 Y A

£
FERSEL AF2WA dZedgod A3l
& JAHIEGFE 4 Vo] IR

oX
ok
2
A
ol
o
32
i
o
rir

, olF REolAe 7
oﬂ aA oEslez 9
ZAe)7] wgelch,

A
ol
-°

n@‘«ﬂﬂm

ret

(1) Gupta, D. G, Lilley, D. G. and Syred, N., “Swirl
Flows”, ABACUS PRESS

(2) Rose, W. G, 1962, “A Swirling Round Turbulent
Jet”, J. Appl. Mech., Vol. 29, pp.616~625.

(3) Chigier, N. A. and Beer, J. M., 1964 “Velocity and
Static Pressure Distributions in Swirling Air Jets
Issuing from Annular and Divergent Nozzles”, Jour-
nal of Basic Engineering, Vol. 86, No. 4, pp.788~798.

{4) Chigier, N. A. and Chervinsky, A. 1967, “Experi-
mental Investigation of Swirling Vortex Motion in
Jets”, J. Appl. Mech., Vol. 34, pp.443~451.

(5) Pratte, BD. and Keffer, J.F., 1972, “The Swirling
Turbulent Jet”, Journal of Basic Engineering, Vol.
94, pp.739~748.

(6) Ribeiro, M.M. and Whitelaw, J. H., 1980, “Coaxial
Jets with and without Swirl”, J. Fluid Mech., Vol. 96,
Part 4, pp.769~795.

(7) Komori, S. and Ueda, H., 1985, “Turbulent Flow
Structure in the Near Field of a Swirling Round Free
Jet”, Physics of Fluids, Vol. 28, pp.2075~2082.

(8) Sislian, J. P. and Cusworth, R. A., 1986, “Measure-
ments of Mean Velocity and Turbulent Intensities in
a Free Isothermal Swirling Jet”, AIAA Journal, Vol.
24, No. 2 pp.303~309.

(9) Lilley, D. G. and Chigier, N. A., 0000,
“Nonisotropic Turbulent Stress Distribution in Swir-
ling Flows from Mean Value Distributions”, Int. J.
Heat Mass Transfer, Vol. 14, pp. 573 ~585.

(10) Lilley, D. G., 1973, “Prediction of Inert Turbulent
Swirl Flows”, AIAA Journal, Vol, 11, No. 7., pp.955
~960.

(11) Koolsinlin, M. L. and Lockwood, F. C., 1974, “The
Prediction of Axisymmetric Turbulent Swirling
Boudary Layers”, AIAA Journal, Vol. 12, No. 4., pp.
547~554.

(12) Bradshaw, P., 1973, “Effects of Streamline Curva-
ture on Turbulent Flow”, AGARDograph No. 169.

(13) Gibson, M. M. and Younis, B.A., 1986,“Calcula-



452 st -3=y
tion of Swirling Jets with a Reynolds Stress Clo-
sure”, Physics of Fluids, Vol. 29, No. 1, pp.38~48.

(14) Sloan, D. G., Smith, P. J. and Smoot, D., 1986,
“Modeling of Swirl in Turbulent Flow Systems”, J.
Energy Combust. Sci., Vol. 12, pp.163~250.

(15) Irwin, H. P. A. H. and Aot Smith, P., 1975,
“Prediction of the effect of Streamline curvature on
Turbulence”, Pysics of Fluids, Vol. 18, No. 6, pp.624
~630.

(16) Launder, B. E., Priddin, C.G. and Sharma, B. 1.,
1977, “The Calculation of Turbulent Boundary
Layers on Spinning and Curved Surfaces”, ASME
Journal of Fluids Engineering, Vol. 99, pp.231~239.

(17) Leschziner, M. A. and Rodi, W., 1981, “Calcula-
tion of Annular and Twin Parallel Jets Using Vaious
Discretization Schnemes and Turbulence-Model Var-
iations”, ASME Journal of Fluids Engineering, Vol.
103, pp.352 ~360.

(18) Gibson, M. M. and Younis, B. A., 1982, “Modelling
the Curved Turbulent Wall Jet”, AIAA Journal, Vol.
20, No. 12, pp.1707~1712.

(19) Leschziner, M. A. and Rodi, W., 1984, “Computa-
tion of Srongly Swirling Axisymmertic Free Jets”,
AJAA Journal, Vol. 22, No. 12, pp.1742~1747.

(20) Chen, C.P., 1986, “Calculation of Confined Swirl-
ing Jets”, Communications in Applied Numerical
Methods, Vol. 2, pp.333~338.

(21) Kim, K. Y., 1987, “Computational Study on the
Swirling Turbulent Flow with Recirculation”, Ph. D.
thesis, KAIST.

(22) Launder, B. E. and Morse, A. P., 1977, “Numerical
Prediction of Axisymmetric Free Shear Flows with a
Reynolds Stress Closure”, Turbulent Shear Flows I,
Springer Verlag, pp.279~294.

Prediction of Axisymmetric Free Shear Flows with a

. x‘lﬁd% . 7]

o

Ha

Reynolds Stress Closure”, Turbulent Shear Flows I,
Springer Verlag, pp.279~294.

(23) Galpin, P.F., Van Doormaal and Raithby, G. D,,
1985, “Solution of The Incompressible Mass and
Momentum Equation by Application of a Coupled
Equation Line Solver”, Int. J. Numerical Methods in
Fluids, Vol. 5, pp.615~625.

(24) Launder, B. E., Reece, G. J. and Rodi, W., 1975,
“Progress in The Development of a Reynolds Stress
Turbulence Closure”, J. Fluid Mech., Vol. 68, part 3,
pp. 537 ~566.

(25) Rodi, W., 1984, “Turbulent Models and Their
Application in Hydraulics-A State of The Art
Review”, 2nd Edition.

(26) Hanjalic, K. and Launder, B. E, 1972, “A
Reynolds Stress Model of Turbulence and Its Appli-
cation to Thin Shear Flows”, J. Fluid Mech., Vol. 53,
part 4, pp.609~638.

(27) Kang, S.H. and Lee, C. H., 1987, “Application of
an Algebraic Stress Model to Axisymmetric Flows
in an Engine-Like Cylinder”, 2nd Int. Symposium on
Transport Phenomena in TURBULENT FLOWS,
The University of Tokyo, Japan.

(28) Park, S. H. and Shin, H. D., to be appeared.

(29) Patankar, S. V., 1980, “Numerical Heat Transfer
and Fluid Flow”, McGraw-Hill.

(30) Launder, B. E., 1983, -A Generalized Algebraic
Stress Trnsport Hypothesis”, AIAA Journal, Vol. 20,
No. 3, pp. 436~437.

(31) Lakshiminarayana, B., “Turbulence Modeling for
Complex Shear Flows”, AIAA Journal, Vol. 24, No.
12, pp.1900~1917.

(32) Bradshaw, P., 1975, “REVIEW-Complex Turbu-
lent Flows”, ASME Journal of Fluids Engineering,
Vol. 97, pp. 146~154,



