Xl
(=]

©

dim

o
(=) B =
oj2st FM7IAC =+ °H¢1
ol gL, SXlgk Zutg’
1. A 2 ozxE AdEod 2 Wil 7]xg (density
—based) &24o)A TEolXH FAH A Fol I
A Reynolds Averaged Navier Stokes # g} 5] o] 9\1‘:}(5) @,

(RANS) WAdel 7|23 AdFAge-2 Jd A
oA g AHI glrh. 53], CFX-TASCilows
FAZI1ABNAN ) HAslg Aga=oln, CFX—4& ¢
AGEHA Ax D sEEe = ookt 4 nule
BAstn HE Agzcolt), CFX-5+ CFX-
TASCflow?] solver 7143 CFX—-49] thekst 2al
4& Adst] AEA ALY fully implicit pressure—
based AMG coupled solverZ % F=9 #3-& &
sto] fFEelde] oy Fokd tHiEeN T A
71418 Hge g€ e Boln Uk

FAAE 22, 9 5 0gHEE SN &
Z7], 83 F 4E4HE "R ks vy

[SAR=N
M

7)—
1

ol A B ol FAAR AN 9%
CFD ztE HE ulsldro] s dlAe] 7bsslodor

st 2 9ol BEy ZEAe)x ] FAule o)Ay
3} go] s} Yolue ThHFEEAY 2R
B 93719 o) AAAL 37} ok B %
FA000 B4 5 ke BUY mAE Aol
B},

dutHow Wgo g FTES SIMPLE
SIMPLEC, Rhie and Chow W3} 7+ ¢t&o] 7
3t (pressure—based) H2|OZRE wrEA ¢
W0 o2 o] 723 FTEL YutA o Tho

O

=T o]

o Edd mdEy FARAES ATdn, 9

CAE =79 d%% 2838 By BAS  “multi—
physics" #4159 44 £ ik

A FEY el Bol AMgEH 3 FEE

< dutdleo® o dy WA e dAEAR] W

= (F)IR ez X Fol
E-mail : cfxkorea@cfxkorea.com

82

Mg A8 3o oA F shb= ngkE
BRHE E2FE WA FREE 12
nhelrE AT & lofok drhe H itk =
4 %% (Buler—Euler model) 7 3}8hik3-
TF%JJr Zo] FA1Y g’ﬂx] ws] %o 9]

A
%j

1°$°1Lmﬂ}~[‘l%>irlor$_ﬂélo

i nsL' ap

Uﬂ% J‘ﬁJ 450l gojAck oz
(preconditioning) 7S] Wxe]| 7]x% W
HAEA fEddan #3E & A,
5 AN eEE A9 YFFHo] vk v
o 7]z8 WL njtEA $%9 ol
AN 5&E AR Yo, 4FY fEoR
& E%‘?_ 187t A esirt

SA7AL A L deis AAA
(Vlscous sublayer)oé‘ld,g kR 0T A 4 9]
= 3F3d O F RdEo] Fadith dA AgICE

1

rx_q
{o w2 0B
o o P
o Y 1% Jo

ol

oM odEQte] AEHlE k—e TAT W5
2 FAANE QTHE e AURY QTE
& 2N 5 Qv nY g A9 A6 A4
SRR CETICE RISt T T = 1

(aspect ratio)7} W4 & AAE AAdleoF e, ¥
£ Ag3TE oY FINL & ARE MiFow
A F e FATHES AFsteor gt

ol AFS oA eTtRAS EEe CFX-5
o] £/ AL A L5 gAY dFs
(coupled formulation)©]t}. CFX—-5% pressure—

based finite volume methodZ fully implicit ©]4+3}

FHINAXL M7, M5, 2004



CFX2l Pressure-Based Coupledt Cfekst RS ol 28t M I|H FSaA

3fo} FojA= WAL algebraic multigrid coupled  DES (Detached Eddy Simulation) o] 4=
solverg ©o]&stoy sj|Meul SIMPLE % naA¢l Aoz FHEu]

segregated Aol vl implicit coupling <

WS FES 7REATIE, 4F9 4 oA 0 2. £XIGHATIH

#HA ol W& 18k, high—aspect ratio 2x&2 t

[ox

T W] Wil PgAoltt 2.1 X[HjerE Al
FAZVAANN Y BFEAE 2o dha) £35), ofF
e ¢ RHEE SR AgRE Aydiths oA AdrAQl fpolA thee v WA A% ¢
% AN FEEE wol) A by wEE U B oA W Aol
Fuds Qo) Rug Agalop ks ool ok
olde Ashel Aol AAUel} wAYIe RAZL 5 a0
A7k Az BEn eFehis AULA A7t 9] ot o,
oot g i _oP 97,
L (ou )+ (puou )= ——5—+— L +S,
B A4, 55 HAA AR el A )T Gy ()= T o
Aot IRERE B4 A4 lossel M A1 3y
sol, oleld AEeN: WREdent Holmug o
ush gojdon Fesha ek Ted, 1-w4 (3T ) w )+ 5,
A Zaol 2-wgA wAe AWAGE A Fh o W
N OB AN L 934 AR 2
ol v, A, pi WE, ui FE, PE AR, 4k B4
Hll Bl A" 9dolo] ZEEul0 &S s o ' ’ . ' .
o, g 9 im faelt - U N EEEE
Hqeke A5 FrAriAg 22k i T T 9 L o ri= o8 dlxolt /\]—EH V92 p=p
32 HLO = E o fe
o e ™, axial compressor B#°|=9 stall £ (BT, B A% 19 WBRY B 9 o
4L tip vortex®) $A |, leakage flow &1 —wWae @A, 785 h=h R T)7F o]E WA
o] Wz EE wRal OE - T '
upstreamﬁ;)iid:-j]i i—r} 1 ztrgejr;l— b‘l":;}:jlgvlﬂ F7HE 4F 52 SHA  (eddy—viscosity) ©]
N = o b 2oh3, WA delsn B g el F

5
& Ak 7]—; o kL. "ko. 22 o) olE
= "l-g_oﬂ 01'7'” dow g T MD} ] TI' ) oﬂ E]— ”o”é@lﬂ 01 ]—Xj'(ﬂ %EH—‘L:_— %0‘:_16‘}-12]-.

2.2 Ojatsidry

Wi BRdso] 2489 JE88 s T gE 99
= A ofFelrh MIA dide] dAY A5 9l CFX—-5% implicit pressure—based & AR
oA FQgt RBioln, FXFoT BAZ e B3

1A B Hooge, oA ARSI Fg B9 MSEL (P oy, H)
3 WA damping term (low—Re model)- 2 Q-18} ot} antgoz WHE ALICE 99 #Wo s
F k—e TH9 Aio] dolxl 99 F9) 3t 3.9 alsln) o) @AY A AdgiFoer Huls|=

%

[e)

vl ERL o] meld ol fA- ¥ ddde

S
X
HFEA FEed el fola] wiEelwh werh
b TR WS ol F A active cooling ) wse gl sl 208 A 459
& He BUOIEA (holed SF8h: film cool~  mo wagm =7 gaH SaE Ho) 7]SE
ing) o= cooling jetel &3 A&, cooling Fig. 104 2402 Jehd 2e awaon oy

hole F919) =343 33h Wit f5ds oWITT 4 g Az = cello|th, AMO R JEIY cellZ,

Trailing—edge flim—cooling®} AT HHF FF L o2 g) Ure] Ao mAE sub-
& VM RANS £9& sk 82 B8 #51  clomens 7480, A142 Fig. 194 §90%

5 P =90 0 =

&7 AL ¥4 5Ed o5 vebd 523 7290] node®E E4 sub—element &

2 FAYY hex, tet, wedge, pyramid 5 BE

b

FMIAXMD M7, M55, 2004 83



Control
volume

Node at /

Element Vertex

Element
points (IP)

Fig. 1 Mesh arrangement and terminology for dual mesh

element FElA sl FU3tA 2 Ldoh
3 5A18 EAAE o] nodeol AT

FAFAE] FFEE node oz ZHHE
A AP)EolAY #H AE (fluxes) FHEY AF:
ga AFEG. A Fa& Lo sl= FA e
AZEAT gAY Ui, gate, dETag 59
thekst g5 HEd (IP) ]*14 B e} gk
(solution gradient) = H2Z 39 waA] element
o2l dle] W3l AXelr) $18 finite element
shape fuction®] AM¥Th 1¥7] W&o CFX-5&
FEM-based FVM32 Element based FVM H2lo]
2hal Sk Fig. 1048k o] Aol zd e Hi o)
A7t 2DS B¢ durEl FVMe) 4709 wis) 870
2wzt g A& 4 £ vk 309 A% SdA
Az A5 6700 HiE 244 %, APEAAA AL
470l w3l CFX—5% B 6072 ZHE-Ho| wolA|
22 nad 43 ARNE S Ads) A

A DY PAAES AoAF A4 HETow
A AR LEF I33 oA wgde] g oAt
g AFAe vgn 2o

7
2=

P

_IZi
&

N LZE )+ S ouan ) =
pv([]t%t[]z)+§mip(u-)~
=3 (Pdn ) iﬁZﬁ(ﬂe g: )"”)
+S,V
pV( (H-P/.O)—(HO_PO/‘O)>+ZmipHip

—g( e,fa An) +TS'—;V
2

i

71N (am)pe AL A Gp) FAoIN FH 2 o
Holrt T3 A A (ip) BEE9E E9dE= mp

84

]

BE PP ES "]ZH}Z}’-"J Ags H3trl A
implicitd}A] thFolA M, transientdele 129} 23F
backward Euler &2]o] A€t}

Zatel (diffusion term)< element shape func—
tion®) "RFOE 7} (ip) YXX o) ALE Al
Algto g4 H{rlHCh

53 (advection term)& Upwind, Quick & 2
7R 71l g B ey, 713 A" 7
Hel High Resolution 7]H& AMESE} high re—
solution 712 ti5F8te] i3 23 FE =2 upwind

biased approachel 7]&& 7J§le]® Barth and
Jesperson Y ollA 714 A SARSICL
$p=0pt BV A7, 3

2218] A3 AYEEE 3 dFRS, eip © A
(3)# o] upwind =E Ft ¢p H3}] (p) A=l
Al upstream nodeZ¥E HolA Ao 71z 13t
E FAF] Arg T34 TR fF OodA 1
2 3818t upwindolA 2nd order7bx] W3tE 4
gom, #4483 (boundedness problem) el -.WHQ
A e g 1ol JHEA &, 2319 FEEE KA
"ol high resolutiono]t. 18J2.F high resolu—
tion< accuracy®} boundednessE FAl W&}

4 (4% 2o] divergenceHEHo)H BE IFE
514, A divergence IS T HE oz wigy

th.
M= 0 i A% )

dr= 2 (5)¢ o] tE UHFHE AH Ay
W, ¥F high—resolution 7]¥o] A&"ck

e y=0pt+A(Y0) ,-p.A_;’ i (5)

r‘E
2
]
[
i
Z.
%
o
E
FU
Q)
k=]
o
w
o
r)v
oft ©
o
=2
o
=5
g

SAONAXE M7, H6E, 2004



CFXel Pressure-Based Coupled®t Thef

(pu)zpnuo+pou11*pouo

714, 938A nE= MES 3t (implicit) =
o (X" g AR+ #@pdelt, o]
4 oo AA mheh 59 A Q=
gy

apREto g, 2 (7)) 2o

o3
& 418
YL

o)
=N

o]
A2 otde gow TAHYE 0" implicitEHL A7)
AdhA A oM ATE AERR A o)A w|Eat
0 o/dp= A3}
n_ .0 30 n__ 40
ﬂ—ﬂ+ap(ﬁ 29 (7

2.3 Linear solver

AE ol disiAe= shte] Atz
of gl 2 Ao AzE gy
A g2 g o Fatozy o
Ao

ARl Fed 21 29 shbs A5 nd
7)) we so)ver«? AdA o] NP H o7 FILE
ol 8= ZAolth. Coupled algebraic multigrid
(AMG) 17} o)) et scaling WA g8 A
H{oH, incomplete lower—upper (ILUO) smoother

Q8

S X0

& AR AMGE B7 AAE oz 9E ger)
o, AEAQ A A4 WSS F AT A
& ) A8 dele) A7 gedgde g
U AS WA Ee] Ao A HES TSI}
7} wigel 7+ "oL ) WA EF A BEAo|t)
Fig. 2+ oY fine ﬁx}iﬁra coarse AAR
7H= AMG solver?) 2318 &% AAAE HAFD

FESPSNE S RO

Fig. 2 Sequence of coarse virtual grids for 2D dirculating flow

FMIIHKE M7, M55, 2004

HERUE 0|88 FHIIA FEHA

otk el 98 multigrid® blockingo] A H=
s B 5 3o

3. b zEE

3.1 Turbulence scale equation

CEX=59)A #A|Zsl= GERAY AHL AR}
y+ol gigt 39E @ 5 A & F#ohe Aolth &
THNE 2  ofEie) A Fol i) o

ki g %o:qy 3]
v+E %

f =N OTOI

R

53]
=

e IS
A Abgol Qukn
Az o) BE
L A frediAelxeE
ourA o g wo)] AME38l= standard wall functlon%
2do] A9 Fig. 39 &} ol y+
RE Aot AFRTE 1FE F gl
o Coi_Q_. X‘]_L_i y+7]. Aozl
o= s A3t
7] YA ﬂoﬂ 7—?4‘% 5“—40}7!1 AgAdstofot
3w o] A y+rb AdEs) HobA standard wall
functione FAI7F WAAScE CFX—-59 scalabel wall
function ol& ZAE g3y Yl FHAT
et Azt s o Qoka sHgste] v+ 7 S5
Az a9 ARl 11.06 957 HA ==
y+9 Hagkg Adtets Aot Fig. 39 8% 1
A7 7o) scalable wall functiond AHEE A% ol
HE A 24 F Uee ¢ T Uk

of
oft g 12
it

=
=
V=
U

o

g 224y

A

O

By

fleizk 7A€

£-¢, Standard Wall Function

ke, New Wall Function

10000 1009 4 o
¥ ¥

1000

“vo00

st

Fig. 3 Comparison of standard and scalable wall functions

85



—

082 5
FH7AY F& & AEd5E Re 71 Fot S/
& Q . A HolEx F ke
238 damping term WEol @A EA
gorzg CFX-5& Adols= f5& s4E A
T 8 ZAAA Y Ae] goldt w-uANE AR
8kl Gtk Wilcox 2Ae] ¥ T3 oAM= F714
el viscous sublayer damping <7t 23R ¢}
FAZIAY digela Fod AR Wy Fael 1y
A=k ¥A} (surface mass injection) & 8FAE 4 9l
AWAS R WilcoxFHe] YO F free stream
DA ARE Rojey!V, CFX-5AME oH
k~e Bd9% k-~ 2P @FE Hasle e A
2 ¥ ZAJAE k-0 EBEE AMEST v ES k-
e BEAE AME3k= BSL (Baseline ModeD® SST
(Shear Stress Transport) X9& x)gstm gof'?,
w—gA A e B T8 FEL oo A “As
® A (automatic wall treatment)” Yoz &
2d g Sloke Zlojth. o] ¥ AA 229 FRxE 7}
B¢ grid®] y+ol F#sH e FFHE Fre]
St Folr}. BF viscous sublayerZ@Ec] ¥ Ak
8% 9 dAgS BE3) AHYsr) A y+~19
ARE avshed Nek 2HE ¥ AHIHE o A
29 grid yHE ADE F vk FAZANL] #
2 B3E 3449 fr5oR RE ¥ y+E 593
FELE AAE BAste 3 EVFESEE A9
< B3l a8t
Fig. 42 b9t & 234 grid 279 gt 21
K = b
Ade g FHFAF FALZYE ¥ ¥52 AP
AL y+7F 194 100714
Aol WEstm A% ¥ A
%L e AT 7+ Utk 18
H AASE ANz 34 ¥ ¢

il

T

Ay

)

Lt
o
T

N

fom [

= i b
1 ) 08 1004 R

Fig. 4 Automatic wall treatment for velocity profile

86

Cyclic w0

e 2

heatod wall

Fig. 5 Nusselt number distribution for cooling rib (validation)

georw AASS A4y feiMs Hid 1074
oA AAE YAAZIE Zo] o)

Fig. 5% A2 o2 9% 249 gnl ¥z 439
37 ribolAY dAg A543 r99Fm vk
SST 2ad A% B Ad 7EE #+= k-wEE &
T AF fojget 2 AR, ¥ TS AL
k— e BRE NugkS 30% oVdo R s} &3 givh.

3.2 =8 2€ (closer model)

HA F2 AHHI YE eddy—viscosity @2
A Faled 27HE FXA Favb Akl
ARo) 9t} two—equation® F-$-ollA CPU A7t
Z7be 27 9 vz A 10% Zxolth Al
AN RAEL FXACRE robustdtr oj7#L CFD
ZRAE dAYoA 71 Fo% BF B ST
9] shto)rt,

I3, two—equation E2REL UH Ak 299
o] nHHA oS W, At st FEE
A%E AFeA e Aoz A Yoy, A
289 £4& A & B9 FEHE =3
&3z o)e 7P 7tadt AU g 34
o AR (imite) & A& AT 5 QoY
Fig. 6& Driver''¥ el ogt &3 tFA4 243 HZF
Ame] & Mz o2 dREde AAE HoFa
Aok Aed A 7ix) 2Ee veg sk d A
ojA o5 T2 AFE RolFEu), SST REdL of#
F5S 98 BAHFoER YFAe| i Frid
A o) BE gHlE FEAS A35Y § Qth

T

0.0 a  Experiment
-+ ke-Mode)

- Keco-Mode
0Bl — SET-Modget

Fig. 6 Velocity profiles for axysymmetric diffuser

KRHMNAKL M7, H5E, 2004



CFXe|

- Ref Eff

Siage EH {t-5)

2 L T
_ rassesst |
=300

380 —_——
0% 0% 1D w4 12 ﬂ.a 14 15
Net Exit Comected Fiow / Ref e Exit

(@ ()
Fig. 7 Axial compressor simulation @ (a) geometry of fishtail
diffuser and (b) stage efficiency vs. exit corrected flow

Fig. 72 SST 293 k—e¢ RS ALgsie] A
VIR ARe RAgFn g dALEE
tandom~—blade Y& 9} fishtail Iol=E TJFEA7}
&g Fejoltk. Fig. 79 9o &
oluiz HiFA FuE ﬂo%TL alow} L8
TR

w} A B

N
2

ox
[e3 10
Hu
an

Koo g oy T
b2

)

o=

3_1:

[o 2
24
N,
X M
Jo @
oXx
olr
& F
e
njo

o
O
o
>
)

Y
rleo
)
e

off

a8 S el

mé

& ool fo
o

rlo et

Pratt & Whitney Canada®l 18 ziojgf!?.

JEv BE fFo] oA B o8 d de
2 AE & oddes RAe & 4dA 9o, Rey—
nolds Stress Model (RSM)¥} Explicit Algebraic

Reynolds Stress Model (EARSM)& 3 9734
2eld) g mAb 2 5 ge ke 28 59Ess
aHgT &, conerdlM ) olx F%, streamline

curvature, A% A gl A A HF S
Tolvh 2dEnE fAviAsiE e S8 ZE5e 9 A
4 Bd ¥ 9 ohigl ¥ Reynolds Stress
Model EFE AlFsH= Ro| adwT)

ZIFAL Wl P ERoA e i FotefA
9] draft tube vortex® of7]H+ ¢ty FZop} &
A5l 71908 &alo] gt 15}. Fig. 82 RSM
EAg AR B8 Ral 2004 ojFE TAA
Q19 draft tubel 9] vortex roped RolF1 3l
ot ZUg Aol eddy—viscosity BR2RoA

SHIARE M7, R5E, 2004

HI1H el RSN

(@) (b}
Fig. 8 Vortex rope in the drat tube of a Francis turbine : (a)
details of vortical flow in isolated draft tube and (b)
simulation of complete geometry using RSM closure.

), e el draft tubeoAY 73 ¢
8 dEs AFdA X# ddolnh Fig 82 VA
TECH Hydro$t Sulzer Innoteco] 23 A&¥ it
an

CFX~5% LRR, SSG RSM Rul S} 7ol
A2E F& RSM B9 9o o332} A5
71E AMHEsHE RSM 2EE 2)dsbH oA
A&y W g @7 AHEHE RSMLS HESA7
Al F2 golgAsy FE5E et FHeA

obrh=dl Fosllof gt

Bl

_BC}

e
¥
& 4

3.3 Scale resolving formulation

Bl §A 714 feol ote A AAl Large
Eddy AlEoldg A4 SgA e 25 72
oA It} I o\ FE RS Bol= FF
o] AtlHor W& gojaxse Q7] wiEolrh
LESS] 1-?_7}140 o]H 9l bz LESe gJaliA o)zt
T & Sl etk gy EU Z2AE LESFOIL
o] Axt FHARY #HolE2TY fElrEA LES
2 ARE 77 o B vlgo] AgdtkE A
v gk, 2eRs 3eta AAlelA LESS A&
A AolA] okrt.

Spalart'¥e] o8l LESY Fa A4t u]go]
AAEE 8] el LTEHE 22 A EENE
WSl 18y, free shear flowo] Z-& 7§—°r°ﬂ
LES AlE#o]dE RANS B 4o Algsh= #
At resolutioné] AApNA FEE = gk ]E
Fo] 27489 Spalart™ Detached Eddy Simulation
(DES) NdS Aeketgitl. DESE attached ® %Y
olu} vy} okst JAdeofl= RANSE H&sly vre7)

A% ¥R 59 el LESE #g3H: hybrid ¥

o

r]o

o rtr

n.m

87



o8y - 87

=

Aolth. 22t} Menter Vol o8] AHB AAY
DESE AHAH oz EAE /I Jom R {47
Al 22 Bist Ao A L7t wie- oAF¥th o
Hk2Ql DESS #4172 attached BAIZZANA DES
o] gAse] & A o artificial (E=
grid—induced) separation® LAAZ & k= A
ojt}. o]RAL AAE ZUSA & AF At B4
Z= 7] widel, EF S DESE Y #gelA 9]
238 4% AYsA 2rh Menter''” = SST =
dof| 7]Z%3% zonal formulations A¢HP o™  grid—
induced separation®) 93L& AE3] TAAFIY @
A3 I & gl

Fig. 9& DES7t £218 A¥S d5sh=d d+4
A AHE Je gled, ERl BHelZ film
cooling®] B33 AAE BHolFa Yt} (AITEB test
case). steady RANS®} undteady RANS (URANS)
BE BEFEE 9L 538, film cooling A&E
A oS3t 9tk Fig. 99 2EF IH¥d
SST-DES Ed& A% A reference &EApl
o3 sldATe HFAFA Atole] shift7b A,
mixinge] 712 <3 BZEIHN Fhdhs HTol
2 J&gn vk Flg. 99 A MTU Aero
Engines MunchenAte] As}old),

3.4 H0|2Y (transition modeling)

Holdl Azt A9k Wele 44 A LAAA F
28 929 duolth ¥ A% $9 E: W ddg

| n
N Bat|
H H |

!

5777 T 7 Lin S !
I e

¢

INZEH, - ! |i)§ g A‘:”

i N e
~] e

/

\_ﬁ = Experiment |
© » CFX-5_Steady

| i CFX-5_Urans
24— o CFX5_DES ||

L 2 4 8 3
xS

©

Fig. 9 Application of DES to frailing edge fim-cooling : (a)
geometry, (b)) numerical grid and (¢} film-cooling
effectives for RANS, URANS and DES formation

10 12 4

88

2

il

-~

. Zbat

o
(= fyut)

fob

53 gy §ANA A% B2 A% FL VIEY
blockage, £4& Holol 2Ja) ZstA ¥F& etk
Bypassing transition, separation—induced transi—
tion, wake—induced transition I¥|3 shock—
induced transition 5 T-2Z2o% thE oy 74X A
o] FZ (transition mechanism)7} EIE 3 714
el g

BA CFX-5o4 AQdhs Holnde AWt
ER A CFD e 943 s8Hng, ¥
wele) 38 FAlol Mol mde] AMEE 7hsstAl 8t
3 gtk Holmdlel Aol FF bypass transition
o gal FAENeH FAVARTA] 8ol F2
AHEE T Y FAZIA BElol= AlEdol e A
o] welo] AL 4 AT H3 F A d4F K
At} o] AF#E= GE airgraft engine, ANSYS~CFX
783 Kentucky thgti7} £33 datojn}.

Pak-B Cascade: Corke”™” & PAK-B E#o|=
AAAEZ Q9] YolmRa JHT ¢F A=el o
& 48& FHsith

SR AR YT £r ol F 0 He HolE
71&07 #Folx24 50,000, 75,000, 100,0000]H,
WF JEE 0.08%, 2.35%, 6.0% (012 47 E9
0] leading edgeolX 0.08%, 1.6%, 2.85%¢l 3l
olth Fig. 100 Akt & AF B2 ¢d o
5 A 281 A% doleis} stk o ¥
A wie stz Fe| golExg, MEF] free
stream FFAE FHED FSTD. o) AfelA 7Hg
Z 93k AL suction side® separation bubble® W

oo
o o

1154 Buy

Fig. 10 Predicted blade loading for the Pak-B Low-Pressure

turbine at various free-stream turbulence intensities
(FST) and Reynolds numbers.

SHOIHXE A7, W6E, 2004



CFX&| Pressure-Based Coupled®t CHeF

Shroud ~

(@ (0 ()

Fig. 11 Fully turbulent (a} and transitional (c) skin friction on
the suction side of the 3D RGW occmpressor cascade
compared to experimental oif flow visuafization (b), for
Schulz and Galas [30], Institute of Jet Propulsion and
Turbomachinery, RWTH Aachen University).

gt 35 (plateaw) ol 3T

TC
ot BE Ao MolRd2 AF dlo[glg) & dA

RGW compressor cascade: ¥ ®#A] o= RGW
annular $+%710]th (Schulz and Gallus?'). o]7-&
9 ¥ FAZS xstete 3449 /% otk

Fig. 113> Edo]=9] 59 Her HPe] ot 2
&% CFX-59 A% 9 ¢ vF /% 44
w3k Aolt), He] mdo] HeeMe] His
Fopla AE dloje g & dAs= A
e ¢ g Qi o] 2da obAd Ui
, 5H AAF utEe $RAF e
RHoFI gk FHA A fe v
oA waE HEBe displace—
Hr}, o] A} £4

o R
2 o
N T

ok
O

o

1o
to =, N
&
wo

W 10 do o Jo & 2

LN
03

e
o
>,
il
o,

X
2t

oft

ol

™

k>

g
lo =
9

ment effecto]

O
0.097R20 #H =26 b3 o] Rdo WE AE
Holde: 0112 A8 nrp & AXs} (Langtry
5 92 Ho) mdle] 338 %o uHE AFe) 2

o
e mo g4 A o 5 Uk
4.2 %

e uigpdde) A 87b% @ pressure—based
coupled solver® AR&dte W& FEirzsel
CFX-59 FA71gel digt ddtdel g sich
CFX—-5% fully implicit AMG coupled solverE A}
30, 2319 AL S B s high resolution

FHNARNG H7H, H5S. 2004

ot HRrzdS 0|38 RATIAY FEHY

AL 2o 7 AMEET elements based AHEH
AME-EIEE tetratt hexa Aol BAGlol TUst
Aee AFE AFeeh £, A2 aspect ratio
of mzbalA gorE HAIAY AAZTEA A 9o
A Z8shHs high aspect ratio® AAA el A7
T, PHERE dand 5 BE NS pressure—
based AMG coupled solverE Al&slo] ajX&toz
N7¥zbA 3} relaxation factorel] W& WAAE FA
Zo] W23 AFA Y S FHE 5 9k
FANA FEolA] FFEL ARl sl dEER
o, i ndo] FATIAY FAHA Adze] o
gL AT A& BoRgnh CFX-5% HIA Y
A2 E 98l k- e BE2 scalable wall function&
k— w5 4e automatice wall treatmentd AFE-5}o]
AR y+of digt A FAIE Sdsiied, 71&
9] k— ¢ 2493} k— 0 292 Blendsle] ZHze] @y &
HAste ARG A3 SST IS AFsh v
U AALdEA ds) A8 4 5T vk
9o o —3AE M-S RSM RE# SST
gdo) 71Z23te] MFA $HE DES(zonal Detached
Eddy Simulation) 2% % transition 9 F& A
TEZ FATANA S SRS fEEidl
s g siMol 7hseith

Ko

4

o
MO
g

[1] Ferziger, J. H. and Peric, M. Computational
Methods
1997.

(2] Rhie CM. and Chow, W.L. A numerical
study of the turbulent flow past an isolated

for Fluid Dynamics. Springer,

airfoil with trailing edge separation. A7AA
J. 21. 1983.

[3] Raithby G.D., Schneider, G.E. Numerical
solution of problems in incompressible fluid

flow: treatment of the velocity—pressure
coupling. Numer. Heat Transfer, 2, 1979.
[4] Van Doormaal J.P, Raithby G.D.,

Enhancement of the SIMPLE method for
predicting incompressible fluid flows, Num.
Heat Transfer, Vol7, p. 147~163, 1984

[5] Jameson, A., Schmidt, W. and Turkel, E,
Numerical solutions of the Euler equations

89



[9]

[10]

[12]

(13]

(14}

[15]

90

018 - g

by finite volume methods using Runge-—
Kutta time-—stepping schemes, AJAA Pater
81~1259, 1981.

Harten, A., High resolution schemes for
hyperbolic conservation laws, J. Comput.
Physics, 49, 1983.

Radespiel, R and Kroll, N. Accurate flux
vector splitting for shocks and
layers. J. Comput. Physics, 121, 1995.
Barth, T.J., Jesperson, D.C., The Design
and Application of Upwind Schemes on
Unstructured Meshes, AIAA Paper 89—
0366, 1989.

B.R. Hutchinson and GD. Raithby, A
Multigrid method based on the Additive
Correction  Strategy,  Numerical  Heat
Transter, Vol.9, p. 511~530, 1986.

M. Raw, Robustness of Coupled Algebraic
Multigrid for the Navier—Stokes Equations,
AIAA Paper 96-0297, AIAA 34" Aero-—
space Scrences Meeting and Exhibit. Reno,
NV, 1996.
Menter,

shear

FR.:
values on k—wo turbulence model predic—
tions. AJAA Journal, Vol. 30, No. 6 1992.
Menter, FR.: eddy—
viscosity turbulence models for engineering
applications. AIAA—Journal, 32 (8), p. 269~
289, 1994,

Esch, T., Menter, F.R., and Vieser, W.
Heat transfer predictions based on two—
6" ASME-
JSME Thermal Engineering Joint Conferen—
ce, Hawaii, 2003.

Influence of freestream

Two—equation

equation turbulence models.

Johnson, D.A. and King, L.S.: A new
turbulence closure model for boundary
layer flows with strong adverse pressure
gradient and separation, AJAA Paper
1954-0175, 1984.

Driver, D.M.: Reynolds shear stress
measurements in a separated boundary

layer, AIAA Paper 91-1787, 1991.

-2

{16l

[17]

[18]

[19]

[20]

(21]

[22]

ok

fob

(a4

Roberts, D.A. and Steed R.: A comparison

of steady—state centrifugal stage CFD
analysis to experimental rig data. 2004
ANSYS conference, Pittsburgh, 2004,

Sick, M., DOrfler, P., Lohmberg, A. and

Casey, M.: Numerical simulations of vortical
flows in draft tubes, 5% World Congress on
Comp. Mechanics, Vienna, 2002,

Spalart, P.R, Jou, W.—H., Strelets, M. and
Allmaras, S.R.: Comments on the feasibility
of LES for wings, and on a hybrid
RANS/LES approach. Ist AFOSR Int. Conf.
On DNS/LES, Aug4—8 1997, Ruston, LA.
In Advances in DNS/LES, C. Liu & Z. Liu
Eds., Greyden Pres, Colombus, OH, 1997.
F.R., Kuntz, M.. Adaptation of
eddy—viscosity to

Menter,
turbulence  models
unsteady separated flow behind vehicles.

Proc. Conf The Aerodynamics of Heavy

Vehicles:  Trucks, Busses and Trains,
Asilomar, Ca, (to be published by Sp-—
ringer), 2003.

Suzen, Y.B., Huang, P.G., Volina, R.J.,
Corke, T.C., Thomas, F.O., Huang, J., Lake,
J.P., King, PI: A comprehensive CFD

study of transitional flows in low—pressure
turbines under a wide range of operating
conditions, AJAA-2003-3591, 33rd AIAA
Fluid Dynamics Conference, Orlando, FL,
June 2003.

Schulz, H.D., Gallus,

investigation of the three—dimensional flow

H.D.: Experimental

in an annular compressor cascade, ASME

Journal of Turbomachinery, Vol. 110,
October, 1988.
Langtry, R.B, Menter, F.R., Likki, S.R.,

Suzen, Y.B., Huang, P.G. and V0lker, S.
(2004), A correlation based
model using local variables Part—II Test
cases and industrial applications, to be
published at the IGTI conference Vienna,
2004.

transition

RHOIANS M7, HSE. 2004



