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COMPARISON OF COUPLING METHODS FOR NAVIER-STOKES EQUATIONS
AND TURBULENCE MODEL EQUATIONS

Seungsoo Lee, Sehyun Ryu

Two coupling methods for the Navier-Stokes equations and a two-equation turbulence model equations are
compared. They are the strongly coupled method and the loosely coupled method. The strongly coupled method solves
the Navier-Stokes equations and the two-equation turbulence model equations simultaneously, while the loosely coupled
method solves the Navier-Stokes equation with the turbulence viscosity fixed and subsequently solves the turbulence
model equations with all the flow quantities fixed. In this paper, performances of two coupling methods are compared

for two and three-dimensional problems.

Key Words: AAHTA S 8HCFD), W-+{(Turbulent flows), Navier-Stokes 3H34], 29144 dizd

LA B8

BEEol H5L UiE dRolng 3579 AA% &y
dE Wi 54% nid -Fs4e] etk 3R 3
Ao AMHHE 2 F 3] 24 dREYL 3Rt
A "zl 2 ARgo] FUlER ok ojd 24 JdRE
d g% §-59 AHEAAQ Navier-Stokes 3747}
dAMEE A F 7IRE A F ey Z47 Ae d
Ak (strongly coupled)® 2F8t <A ¥ H(loosely coupled)o]c}.
A% AAMPES T WAAS FAlO A W o3
AHE Navier-Stokes A4S GF FAFE AR
T Y3la, g dAdA FEETE IAA F dRE
R B R Rk

Kunze} Lakshminarayana{i}i= ¢]A13] Navier-Stokes codes}
k—edFEE WA AAMEYd i A7E FHSAT
aE5& A% RungeKutta P& AHSE 3¢ 5 AN
o] £PAL o RS AY F£A GAA 4T AA £
A4S B3t Bk Luigt Zheng2)e p—ptHEEAT
S o83 FAFNE Bt Fg ANl <
1 334, dadigda g3
2 34, d3dgn gy FFTE

* Corresponding author E-mail: slee@inha.ac.kr

3 AAM vlElo gdsittn FEAG. 289 dFe
Kunz 39 d7¢ EZese AAE 2k a2u 289
oFst AAMPRAE Navier-StokesH 4ol THEA Ao
HEHAL p—odFEY WA tSAAYo] H 4
2 G v g A NE AR BE 4
o HgHgth 282 259 ATE ADe HZo} of
Yt} Lol Barakos®} Drikakis[3] Navier-Stokes*H4) 2}
b—e? k—o BE AN 37 dAMe g% £
AFE FYHAT. 289 M WHS A4 WY B3
QA H(Implicit-couple), HAA G AT H(Implicit-
decouple)?t A2 Hhielch WAl 7 dAEe] e
F e eedita etk 2y WAl ofd A
HolA 2 AL A3 Runge-Kutta ¥H$ 283}
4.2 Navier-Stokes W22 A2 unfactored HHiS A4
AT WA Za dARHME BE SA4S YA
wfictored W& A3 0|8 BTE HYE Wi}
ot} Venkateswaran®} Merkle[4}2 3§ &5olui=|7F Ae)
WA 9 oejux] W Ae] 3= S we s dAMPY
& AHgstelolanin sigith 2o BRelUAst BAER)
€ dE F¢ AR £FAHY e doka ok
€ =22 22E80)Y F5A7E 2394 & 334 O F
F5AE 91 Navier-Stokes'§ A2 7 Coakleye] g—gf6] @



A Faatl]

112 H 2 &2y
EEEYE ]

FWAAS  AF-ADI(Approximate  Factorization,  Alternate
Direction Implicit)y& o]g-3le] A& o 74 AWz &
¢ APPES AT A9 A% $URY A7E 298
At E=F Ventateswaran Fo] AFe A 2 oux
Aol 23 BF AU dAME X 9
o g A7 o] FH}ALE

2 KR 2 SxsA 7|8
2.1 XujubE A
Navier-Stokes ¥4 A& Cartesian tensorE ARR38le] t}23}

2ol & Yok

P,:+(puj) _,‘=0
() Houp+pdstty) ;=0 M
e Hetp)u;—u;t;+q} J.=0

OF WYY pE S A ) oheel BAH Aok

b=t+2 ok @

a7ley g 0 T to]n] ZZ JF LFojuix7} e
Aol A e A9 A AE4E Yo
BoussinesqZAte} Y] AolE o]-R3)H, shear stresst
Fagxze Fuls} g o] & 4 itk

A71e0A & g 47 SRAAATS SRAAATolI:

Fourier?] 2] 02 heat fluxss 2=7FH|Z v go] & 4
et

_ r [
a;= 7_1( +—§L)T,,~ @

g7l R RS 247 Prandd5s} &F PrandtlgrolTh.
ol d71A HouAe dRYEH g WAE ek

_ b1 . _37=5_
=21 + 2 ouu;+iCok C= 30—1) &)

=3, Coakley?] g—g UFHEY WANL tley 2y} -

(0 Hougtqe) ;=H, ®)
(m)) ,t+(pu1w-*_qai)) ,izHaJ

710N g—p FREY BAAY FN, dHd L mdy
T FELMEA AN 71€500Y drlelMEe A
ol &5 HAAAIE Prandtl-Kolmogorov A2 o2 XE] &
= 3tk

2
ﬂ,=C#fg;)— U]

G714 C,=0.0022 FolAH fe dF AAZH U
¥ ZH3(viscous sublayer)2 RASHE 7+ §H<(damping
function)o]n) FF-H[4]e] F07 Uck

22 XM7Y
221 2

o] oA AR-g FAIA WHE 33133 Roed)
24} Elwrel(Approximated Riemann Solver)& AMg-sle] 37
olAtglalglon, MUSCL7IH& ol43te] majel olatslea}
E ZEE gtk AT A 83 &% 2 259
o] gradient o] &l 25t} T e WAROZE UlA
5t AdE T

L[ Gas~lsas
vo=—\ [ énds~—L3gns ®

222 A2 2

ARt ABWe A} Ql4=Esl(Approximate Factorization)ol]
2]3+ ADI(Alternating Direction Implicit) 42 AHEslth 2
& QAN E F 7ol BAld £AE4S #Ydn
of7]oA] Zhad] FA NS Zledr|2 ok AAE W
£ FARNEAME JAZ3P) vidh Ar)ele T AAWE
of tigt M3 3] AAA sl TEEo] Utk FF ¢
A9 FFE gste] EF vRAE AT HELE WA
A Axe EdEPon, GF AN A Azl E
Fi =8 : ‘

2 A ol e] $A 8 vectorE TR} o] o3}
=} '

lrauwamwen )™ ®



AT

WA AF-ADIE H8shd chest 2ol 2] & 4 ik

LP L P L AQ=—4R (10

3, ok dAMYo A& Navier-Stokes HA44lo] Y& 4
ATE IZNN F HNE 3, o AN FEETFE
2AANZ F GFEYD S A ofg AAMPYdlA
£ Navier-Stoke ¥4 9} 38 vectors the-7} o] o5
o,

=(pouwoawd T (1
ad7lel  AHA  gee  Navier-StokesH A S  ojujgich
AF-ADIE {3,

LELL%EAQ™=— AiR™ (12)

EE g—of AN #XHE o 408 Foixn
F=(me)T a3
AF-ADIE g—¢ dFEYE A4 AH43sid ogg 2o
LEPILPALPaQ®=—AtR® (14)

ArelA FHA g g—wBAHAE ST

28 AAMEe 31999 He 7x79 block tri-diagonal
matrix system  SjAjsojof Fck wrA oI AAPHL
Navier-Stokes WA 24& sj4F o) 5x59) block tri-diagonal
matrix systemS GHEY WA Y f 2x99 block
tri-diagonal matrix system& &l4jslojo} gtk mm2 8
AAMHE A o o 28 AdAzte] Besid T& 7}
g dAMel vz Yok o B

3. slilAMHe

3.1 2% S M

e AAMPT okt AN X AL glsp)
3te] RAE 2822 o8 F919] {FHAE FPsiact Fn
2] cased M=0.73. Re=6.5x105 2=3.19° )l
et AME FRE 297X 659) CH ARE ARl
o} P EAE 2009] cello] ASHUTE AR A W B
e FYHL yre RNl HES FAsE o At

]Iil 2 EHY 113

s xAH1]

oAle wall functiong H-g3}e] HHzAg FHUt gt 03 |
d wioh o AAGYH 2 AR ANy 4 ez AN
& A3t Fig. 1] BASCIULE SAYol 98 A 43
9 Aol Yo, @l e ol EAH AT Ao
4% 5o gHe) Aol 7tx 2k 4 AAMHe PN
o] £A€ Fig. 20) ogid AAMYel 9 FHEE Aojr}
itk AHE CRLFE 20009 VNS 93 2EA @
ok BE 9 o 450099 wrEAto e £Xgoz £
B £ AdtdlAe 139 wEAe] 888 CPU Azt
okt AAMEHo] cell B 207 ps, AT AAMYo] 356 y5o
B ZRAME dgsiRol oFd dAMPgel e dANNY
2o ARl o). Alatel AFER HFEE dual processor
2 ZE= 12node PC cluster AMESI00 2 AAloE 17)9)
processorg AHE-8FSIch

ol Addle HBxdE HE3x g3 Pl AN F
A FFANE FAAT AN FAxe g9 49
Wgoz AxGE YU 297X8537)9 AR AMeEge
o, 3 WA AR FYAHLE yre 1Y 3A gL R
SIX @) Fig. 3ol Axtel B9 ¢EAS B¥XE BoFn
Aok o] F9-o go] B 4HAS BN gl ol
2 345 3ol B9 qEAFe] olnt Ry, AANMY
o 9@ Aol Utk Fig. 4ol o] H9-9 YL BAF
2 Ak YA AAY FRAALG PRolM AME A
o Aoz sl FPEA] Fo| 79l vl @A
Hojxigk. ey WEAAL 65003 o]FdE= HPH B4
€ Bk olu) Ao AR (FLE 5019 e 2EH
A ek '

32 3R siA{Ex

32M frEside] AAMYel FEAd TAE gL 1
7] $18to] ONERA M-6 wingsl] tigh A-g-5e] ulsisr} 0.84
o] Reynolds 7} 11,72x10 601 W&z}l 3.06° thg
FEHYE Y3t Fig. 598 6329] span YR|ojAe) E
B dEAeY] $XE FREAPN F4F TEAEE
o vstgch QAT ) Fol T 9 AN
HIE A7) WEd r=]19 A SAWEE o83l A
A AR o] 2 TSI AXtd e FEAYX
7b & Ak AS ¢ F Aok ARt AR ARAE 97
X33X279] 47} block& AHEEL o™ Z} blocke A& the
processoref] TP F9|& 129X 3437]9) pachz EH
=2tk Wall functiono] E7iEHe] AAZA Lol ALLs)
At AdEHe} FEAFAHAN B 5 %ol ¢A 37
%4 538 FAWL @A BAA stz FAHAY] lambday
o A3t AYsElE AL B 5 AUk Fig 6o



AR CAE

114 M 2 E—l-_?E’&’I

(#5221

VN=5% A&t ANsIiS wel47A] 3¢
o} $EEA —3— wwaet 2ol HRo| 4 B¢ A9 2
& FYEAS Heln Yk 300009 ¥HEAMNCR o 5
AFA7L 2%k 4709 processorg AHSEIAE
o 13]9] wrEAde] g8 CPU time 73§ AAMHS
cell F 68.5 7t FF FAYHL cell F 456 ps7t 222
pei= -
Fig. 7¢)& RAE winghbodye] 7RolA 9] W A4 &
E =AEY /5REe M=0.8 Re=1.0x106
a=2° Z FITEI(I0]] 8AX6R VL FFEL o4
ZA% APAZE EAY. FEAPAS ARAT 2 dAe
AL B 4 gtk AR 71X41X5527]9] 6 blockS
2 2dsigrt o dldxe YARAS AHSSA] st
t}. Fig. 8ole EAdAMe X8 ¢AAFE FEAHAY 4]
Fatgeh aPel BRo] o}F F dXse AL B F 3
o o] B9t go] RE A At FYFHER =19
72 AAMEE o843 AHTE Fig 73 8o ZAEATH
Fig. 9o 47%9 d57} EAS0 ok ge] 3¢ 2
o] $dxe zojE g Reg HHH EE AlE
CFL=5% VN=0.57} AH&EIct 1319 AEA G E
kg Aol cell 3 494 45, AT FAEAE cell B
85.3 459) CPU timeo] YR3IHTE Fnz & Adtde 6719
processor7} AH&-5 ]t}

CFL=5;

fd

4. W3

Navier-Stokes W47 294 diEde] U g—o
e A e AAMPEE 234 B 33 FAlo] digte] u]
watgrk AHE A W Roed] AL ERHEIZ ¥
oABE 4881900 AF-ADIE °o]8% A7 EHE 3
gaignh 28 QAT 43 AAPYCl 9% $ER
Aol A9 glon, dF TFAURNE oA dd xF
ARE %o g FA e 1t B A
o] ofgt Ao uldte) YR AXIAREe] Atk

= 7

B g7 dasld s A4 vl Ssld 2AE(FV-23)
o} Qe ugton) BAR EA =P

g8

(1] Kuz, RF. and Lakshminarayana, B., 1992, "Stability of

Explicit Navier-Stokes Procedures Using p—g and p—g

/Algebraic  Reynolds Stress Turbulence Models," JCP,
Vol.103.
{2] Lui, F. and Zheng, X, 1994, "A Strongly Coupled

Time-Marching Method for Solving the Navier-Stokes and
k—u Turbulent Model Equations with Multigrid," JCP,
Vol.128.

[3] Barakos, G. and Drikakis, D., 1998, "Implicit Unfactored
Implementation of Two-Equation Turbulence Models in
Compressible  Navier-Stokes  Methods," INMF, Vol28,
p73-94.

[4] Venkateswaran, S. and Merkle, CL., 1999, "Analysis of
Preconditioning Methods for the Euler and Navier-Stokes
Equations," Lecture Note of Von Karman Institute Lecture
Series

[5] °1%<F, 2000, “Navier-Stokes 417} A ae] A
W S YFPTEe] =EE 289 23, p3sds.

[6] Coakley, T.J., 1984, "A Compressible Navier-Stokes Code for
Turbulent Flow Modeling," NASA TM 85899.

[71 Lee, S. and Choi, D.W., 2005, "On Coupling the
Navier-Stokes  Equations with Two-Equation  Turbulence
Model Equations," L/NMF (in Press).

[8] Cook, P.H., McDonald, M.A., and Firmin, M.C.P,, 1979,
“Aerofoil RAE 2822 Pressure Distributions and Boundary
Layer and Wake Measurement,” AGARD AR No.138.

[9] Schmitt, V. and Charpin, F., 1979, "Pressure Distributions on
the ONERA-M6-Wing at Transonic Mach Numbers," AGARD
AR No.138.

[10]Treadgold, D.A., Jones, AF, and Wilson, K.W, 1979,
"Pressure Distribution Measured in the RAE 8ftX6ft
Transonic Wind Tunnel on RAE wing ‘A’ in Combination
with an Axi-symmetric Body at Mach Number of 04, 0.8
and 0.9," AGARD AR No.138.

Stongly Coupled, (o1
Loossly Coupled, gu1

Y . L
“o 028 0.5 075 Kl

Fig. 1 RAE28229]3) 9] 912} & ¥; wall function
(M=0.73, Re=6.5x105,¢=3.19) ~



FE AR

115

Residual

2

¢ Strongly Coupled, (=1
Loosely Coupled, (=1

2 Strongly Coupled, (=0

- Loosely Coupled, {=0

[ 1000 2000 3000 4000 5000
Number of iterations

Fig. 2 4~ A ¥]2; wall function
(M=0.73, Re=6.5x105, ¢=3.19)

Residual

Strongly Coupled, (=1
—_————— Loosely Coupled, (=1
— ~~— — 8trongly Coupled, (=0

t —w—w——~- Loosely Coupled, (=0

Cook's Experiments

sl a0 )
“o 0.25 0.5 075 1
xlc

Fig. 3RAE28229]3 o] ¥R
(M=0.73, Re=6.5%10 %, a=3.19)

2p~
i Strongly Coupled, =1
——— Loosely Coupled, ;=1
0 — — — — SBtrongly Coupled, (=0

—w—vm—. Loosely Coupled, ;=0

log,, (pe)

: log,, (pa)
=
),
1Y PRI OO RS RS |
2500 5000 7500 10000
Number of literations
Fig.4 £ vl

(M=0.73, Re=6.5x105,2=3.19)

Residual

]Iﬂ 2 8HHY

2281

nw0.98

n=080

n=044

Fig. 5 ONERA-M6 wing ER &A% v] @

(M=10.84, Re=11.72x10 5, 2=3.06) .

Strongly Coupled, (=1
_______ Loosely Coupied, (=1

— — —— Stongly Caupled, (=0

PR, Loosely Coupled, (=0

log., (0}

log,, (pq)

T T S |

000 2000
Number of Iterations

Fig. 6 394 v

—_
3000

(M=0.84, Re=11.72x10 °, 2= 3.06)

n=0.750

ne0.400

=0.167

Fig, 7RAE Winglbody '7iS1 2415 ¥ .
(M=0.8, Re=1.0x10¢, a=2)

4
L~

n~0.850

n=0.600

ne=0.28



g AT

Resldual

116 2 ~'¥E’Ej

[
i I moen o + werOua
\] Uope, Des Upper, Coea
{ —ret e T Lavas, Pt
[ IR ey darest} "E_ = - = e, Prosem
X) o4 as os or o 02 03 04 05 o8 o7 o
» "

03 04 [H o8 o7 [ 0z 03 o4 [H o ot o8
A L
[CYEET [CITERCY

Fig. 8 RAE wing/body S41 43 A4 vl
(M=10.8, Re=1.0x105%, a=2)

) TN IO S S B S |
0 1000 2000 3000
Number of iterations

Fig. 9 4~843v] 1! (RAE wing/body)



