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N o m e n c l a t u r e 

X time-averaged value of time-dependent quantity X 
x' fluctuating component of X 

Sx = x'^l'x^^'^ skewness of X 

Fx = ' ^ 1 ^ flatness of X 

R}g = F=^'!= temporal correlation coefficient 

h turbulent kinetic energy 
e dissipation rate of turbulent kinetic energy 

V kinematic viscosity 
-Re Reynolds number 

waJl shear stress 
p density 
Ur = U.), = {TWIpY^"^ friction velocity 

Cp time-averaged pressure coefficient 
Cf wall friction coefficient 

S{X) uncertainty estimation of the quantity X 



P R E F A C E 

This document contains the calculation results for 5 test cases and the description 
of calculation methods submitted to thé ERCOFTAC Workshop on Data Bases and 
Testing of Calculation Methods for Turbulent Flows held in Karlsruhe from Apri l 3 to 7, 
1995. The workshop was an outcome and marked the end of the research project "Data 
Validation and Comparison in Fluid Mechanics" financed by the CEC programme 
SCIENCE, in which 7 ERCOFTAC members participated to collect experimental and 
numerical data on turbulent flows, to check their reliability and suitability for test cases, 
to set up test cases and perform calculations with various turbulence models, and finally 
to create a data bank from which the data can be accessed. This project, which was 
restricted to incompressible single-phase flows without chemical reactions, has yielded 
data for about 70 flows, and 10 well documented test cases have been set up from 
which 5 were chosen for the present workshop. The workshop follows three previous 
ERCO?TAC/IAHR Workshops on Refined Flow Modelling which have succeeded 14 
lAHR workshops that were organised by the lAHR Working Group on Refined Flow 
Modelling in the years 1980 - 1991. Hence it is considered to be the 4th workshop in 
this series. 

The following test cases have been chosen for the workshop: 

Two-dimensional flows: Three-dimensional flows: 

1. Couette flow with plane and 4. Wing body junction with 
wavy fixed walls separation 

2. 2D model hil l flows 5. Developing flow in a curved 
rectangular duct 

3. Swirling boundary layer in 
conical diffuser 

The flows have been selected to range from relatively simple ones (Couette flow) to 
fairly complex 3D flows, to cover a number of different physical processes, and to be of 
practical relevance. Deliberately, only isothermal flows have been included; flows with 
heat transfer and buoyancy effects will be dealt with at future workshops. 

Initially 101 groups intended to submit results to the workshop; in the end 36 groups 
managed to meet the deadline, submitting altogether 129 solutions for the 5 test cases. 
At the workshop, some inconsistencies and errors were detected and some information 
on the turbulence models, wall functions and inflow conditions used was missing. The 
contributors were asked to resupply corrected results and additional information. This 
document is a revised version of the original proceedings and contains the corrected 
results. A paper giving an interpretation of the results is in preparation. 

The processing ofthe submitted data and the cross plotting required considerable effort. 
We are grateful to Dr. D. Laurence and his coworkers at EDF, Chatou, for helping us 
on this task by handling the originally submitted data for test cases 4 and 5. 

Karlsruhe, July 1995 J.Ch. Bonnin, T. Buchal, W. Rodi 
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L I S T O F C O N T M B U T I O M S 

Name (Affi l iat ion) Alias Coavection Scheme Mesh Turbisience Model Near-Wail Treatment Key-Name 

T E S T C A S E l A 

Cazaiboï ï /Torres (ENSICA) ENSICA. 

MUSCL Ist-order 

ixlOO 

96x102 

ixiOO 

icw-R.e k-e Yang-Shi 

low-Re k-e Laisnder-Sharma 

i o w - R e k-e Launder-Sliarina 

— 

IKE.YaSh 

IKE-LaSh(arco) 

IKE.LaSh 

Craft (UMiST) UMiSTCra QTiick, MUSCL (turb.) 120x80 

120x80 

Reyncids-Stresa Model Cubic 

l i S M Craft-La'disder 

k-e Launder-Sharma 

k-e Launder-Skartna 

RSM.Cub-|-2eq 

RSM.CrL3-f-2eq 

i ianjai ic/Hadzic/Jakii i ic ( T U Deift - AppL Physics) ÜDeiftHa UDS 100x100 

lOOxiOO 

RSM Hanjalic-Jakirlic-Hadzic 

low-Re k-e Launder-Sharma 

RSM_HJH 

IKE_LaSh 

Haroutuaian (Fluid Dyaaniics Int.) stiesuioaiiHe «pwittd 200x69 k-w kOm.Wil 

ilouzeaax (CERCA) UCsncorf 2Ed-order FE 200x70 k-tu — kOm_Wil 

Laurence et ai. (EDF-DER-LNH) EDFLNHLa 

characteristics method 

1x200 

200 FE 

RSM Lauader-Reece-Rodi 

l o w - R e k-e Launder-Sharma 

elliptic relaxation RSM-LRR-l-e!r 

IKE-LsSh 

Star!i.s!as/Eiannai:ii/'DeIdicque (Ecoie Ceatrale Lilie) 

} 

Gaie?;kin FE 

1x199 

1x199 

8000 FE 

8000 FE 

RSM Jakiriic-Haiijalic 

RSM Lauisder-Shima 

two-layer k-e 

two-layer k-e 

Chien 

Rodi-Mansout-

Micheiaissi 1 eq. 

RSMJaHa 

RSfi^-LaSh 

hKEj!td-(-Chi 

hKE.std-1-RMWi 

j Zaky (Univ. of Karlsruhe) Hybrid two-layer k-e Norris-Reviiolds 1 eq. hKE.^td-1-NoRe 

T E S T C A S E I B 

C'aviaibou/Torres (ENSICA.) EfySiCA 

MUSCL ist-order 

1x100 

96x102 

IxlOO 

iow-Re k-e Yang-Shi 

iow-Re k-e Launder-Sharrna 

low-Re k-e Launder-Sharma 

IKE.YaSh 

;K£.L£Sh(arco) 

fKE_LaSh 
Craft ( U M i S T ) 

: 

UMiSTCra Quick, MUSCL (turb.) 120x80 

120x80 

Reyr.oids-Sttess Model Cubic 

RSM Graft-Launder 

k-e LaiiFider-Sharma 

. i - f .;'--S;iar!na 

RSfi^.Ciib-l-2eq 

RSM.CrLa-)-2eq 

HanjaJic/Hadzic/Jakiriic ( T U Deift - AppL Physics) UDdftHa UDS 100x100 RSM H anjalic-J akirlic- Hadzic 



r •. riiiatio.^'. Alias 0 ; m . . . ' . ^-iie.'ir .Met.;.. Turbulence Model Near-Wail Treatment 

I low Ro k-.ï '..a-üT'.Hür-Sliiirr-i IKE.LaSh 

^ lk..r •:; :• • T l u i . . " • • •.-..s Ir...- FiuiDjfsa •Ja.̂ .'y... • - :• - i k-ui — kO.T.-Wi! 

: (CERCA) 2Ed-oider FE 200x70 k-u> — kOm-Wii 

I . M r c : • .-. a i . (KLi-. ; i - ! .NH) EDFLSiHLffi ..ow-H.:- . ;: :nritT-Si: :.. — IKE-LaSh 

Stafiib)-.- • ' : i . ' ir-; i i!i / ; ' . ' ." .•'!:'iiir; (Eco.k -"trale Lille.; ECLiHe 1 

.-". !)9 

• .Ï 

oiiOl! KE 

i iSM Ja!'..' -.' -.- ll;i:ii;iJ;r 

. !.-'M ' "nr.. 

two-layer k-e 

ivjo-layj'-; 

Ckiers 

••I an sou r-

Mif-r=ola,S!)i 1 eq. 

RSM-iaHa 

RSM.LsSh 

hKEj td4-Chi 

hKE..std-1-RMM 

UKarlsfu . . -brie ; ' x i ; . ' two-layer k-e .•!.•••--> '••.•.•yna\Ln '. cc. hKE.5Sd-i-r^oRe 

T E S T G i-a.s3iCj I 'L . ' 

/Torres (ENS ENSICA M.-:-Ci.>rïriii.';'- lo 'v-Rt; k :• . . - i iüidiT-Sl i i»:- — lKE_LsSh 

Roe-4-MUSCL - • / . : - : . I - ,T — IKE_LaSh(arco) 

"'lla!.ja3ic/ Madzic/Jakir ic ( T U Delft - A.ppi. Physics) .>ei: • UDS 180x80 

itiüxül) 

RS M H anj aiic- J aki r i i c- H ad zic 

!(!«-• [<:• ;i ;•• '.jii.iiüii'r-Slii—• : RSy.HJH 

IKE-LaSh 

'/.i.ky 1' . 5,'Karlsri' Uybric: IWD-layir"- :•: N — i i i - y n o k l s '. hKEjstd-HMoRe 

T E S T C A Q.W -y A 
.: .J . _ 

:.'..^!ljc) fi. 1'. . dpwi-i(i 2i)v.\n2 si»ni]ar<i ïu..-: .1 w.-ilj f-uri,-.-.;..;.s hKEj:::-i--«rf..nstd 

rnii.li;-; ( ' •v. of K rate) JlybriJ.,!'". . 153x225 'wo-laypv V '-{cyDoidR ' . hKE-std-fWoRe 

HLPA 153x221 .-••.:•;•.<••..-..: wall faactions hKE-std-4-wf 

tIastro/P ( i . ' •. 3£ Porto) y Porto bric'. : .-̂ . ind t r . . ;•• wail f-dïictions hKE.sïd-(-«ff 

•"i'l-Tion f t i l . UChaimar Quick + ,V (Mirb.; HSM I,auf. -.:. r- !••,•!.•«-Ko..; wai. illnclions RSM-LRR-fwf 

!-;hci.'-...' s Univ. of Te zki\.) ••jLir:.;-4- (Liirb.) 

Qaick 4- H U W (turb.) 

.'?«xl()(' :-?HM M;... -L.; :.,aini(l..-

R3M Speziale-Sarka.r-Gatski "/ail funrtio."."!. 

RSy.HaLa 

RSy.SSG-|-wf 

•. ji;::c -;- -i..-. .-r (tu.-.- .•,8xJül- •.JO-la>;-.- ; Chen-Patel 1 eq. hKE..std+ChPa 

Qi-ick + :-i..vV i'unh., i22x50 standa.rc! k ;- w;i.l< I'linclions hKEjtd- t -wf 

•irk •:• :.. r (W. : kOm.Wil 

Quick + H U W (turb.) 128x100 low-Re k-e Lauï ider-Sharma !KE.LaSh 



Nari:: [i-.^ i J a t i ü i i ) «";;r: • • . i o n S<:ii<:ii.. Mcsli •! IJ r • <.; .\fod<-i !<ey-Name 

Qu.:c'.. •• ••'•.ifi Li-er (l i;: b.'; 128x100 ! w - K e k-e '• •. ' . « . s c h z i n i T IKEJJLe 

Harijai; . / l -a ; : . . :c /J- : : •,: ' . ' "e l f t - ...••:!'J3) üDei f tHs UDS ;.:5xi>'.! 

136x60 

;*.S."'' Li?.-..::..-:'-

•-• i.'ii.'af.: c 

>.?od: •.•••;di fu.'ic.-.ur-.-. RSF\/i.LRR-|-wf 

hKEjstd-fwf 

"lliüVJ;i:. ' -.. vUniv. f? ' ï.=.t) UStoïKgs streamliHe upwind FE 173x87 FE 

211x101 n 

•••.-j-layer X-.--

standard k-£ 

.. iieB-H;:.^:.^ . 

non-Mtd wali .'unctions 

hKEjtd-l-ChPa 

hKEjstd-fwfjistd 

ü-Saiiatiai- f . .•• itationa! ",";,t£, r.irs) Hybrid 48100 CV ~l)^"la}"(-r I^X' Norris-R-.-y:.:.; rLf- ! eq. hKEJ?WG-|-NoRe 

.J..!i::-.- /:• ârx f E P F L ) EPFlsusa Roe-r kappa 85x100 CV iow-Re k-e La lïi-Breiahorst IKE.LaBr 

KacïyEsk i (Uttiv. o f Gdans. ü Gdansk m c ï i o t i E e d Hnear-ispwind 131x51 >: •::.- :larc' ;• HKE^std f wf .nstd 

Kessier ( i ' i .R Co(?!.lini:;-.-'", Qu!(.:. 382x152 - - kC.T-.Wii 

]^a.un- .rt ai. (EDF-'JE .iv -LNLH) F : :-"..:-'HL3 c h a r t c ' - . :.:.-tics iruaho-.- 20850 FK Re k c f.'i LaSh — IKE.LaSh 

Lien/Lest : ( i : o T - UlliSTLeg C;-. .•. •.•.y.'vr-. 130x90 

150x60 

.50x«0 

löOxiiO 

RSM Gibsoa-

; . S l - ; 

- iCj-niodi; 

S t a n d a r d k-e 

'.'.".".dc-

. o l f s h : 

' va l l fun. 

w a l l runclioii:? 

RSn^-GiLa-HWol 

RSM-GILa+wf 

hKEJ^NG-l-wf 

hKEJitd-^wf 

lïOxUO iow-Re k-e Lif ! , : ' schz iner — IKE.LILe 

.\ïi<i.;-;:._ss i /Cil iaramoati (U Eiiv . of Florence) centered ünite-difF. 

160x71 

100x7! 

160x71 

two-iayer k-e 

'. • .•: a y i . - .. e 

•. •" 'ü- layiT k •• 

Norris-Reynolds 1 eq. 

'.'•••••ji-

.•.iic!icia~.!-' I 

Kim inoi!;'l 

hKE-i-NoRe 

HKE-I-RMM 

kOm Wil 

hKE-l-KIm 

160x71 Iow-Re k-e Na .gaao-Hishida IKE.NaHi 

t i t i i te Olomoac) 101x61 FE 

l o i x r . ' , : 

•••••• -.-layer k-e 

:•. a f i d a r d k--; 

Goldberg mo.;i'l 

Mon f i l l ».;:.•! '.i;!i."tiüns 

hKE^td-l-Gol 

hi<E.std-)-wfjistd 

lOïxfi! ••'!• non - i in ' 'ar k-.-' Si)i-/.iali' 'ïiiU f i imt io i ' .h nKE Soezi wf 

Slii;;i-_ • ASiC K'':.'• i icndcd •50xis;- • 

150x188 FE 

- l i n e a r .. S.ii.': '•'liii-l.i.'.;.-..\\- • all fui;":io!i!) 

'. " r u n c l i o n s 

n.Kc^ZL-hwf ; 

hKE.std-1-wf.nstd 

. . . <;lfi • . . : T V D + ISNAS (turb.) : loxo;; i. " d a n i e •"- i i i f i ; . ',io-].'i hKEjtd-l-wf : 

110x80 k-u" kOm.Wi! i 



AiÉas •; • ' ïli-i'S.-

T E S T C A S E 2 B 

Turb; :.. .\!o.!< ! Near-Wali Treatmeat Key-Name 
J 

H\nm (Hokkaido R. 1). R " J^i-ter) RCHokkai apwind 20x102 standard k-e non std. '^'inctions hKE-std-l-wfjistd 

i f i i rhal (Univ. of Ka.'..-.:.: UKarisru HLPA 153x22.5 two- ia ,ye r k-e Norris-Reynolds 1 eq. hKE-std+NoRe 

Hybrid Ï5;i.x225 S t a n d a r d k-e wail functioas hKEjstd-l-wf 

..>'r!j/l-'alni;: : • :• . v . ' ''-T-J) Hybrid 2-'.: ;; '61 S t a n d a r d k-e :̂ -:"c:.;o:;!: hKE.jtd-t-wf 
• 

61 S t a n d a r d k-e wall f i i B c t i o n s hKE..std-fwf(fix) 

181x181 Lesdiziner-Rodi-niodiL k-e w a l l fuactioss hKE J.eRo-j-wf 

( : ; r a i i (UMIST) Quick + MUSCL(turb. ) 80x120 RSM Cubic k-e LauEder-Sliaxma RS-M-Cub-|-2aq 
i 

80x120 RSM Craft-Lauiider k-e Launder-Sharma RSM_CrLa-f2eq 

i l a i i j a l i c / I l adz i ; / " .'. - . F-sysics) UDelftHs U'?? 56x120 .-!. •. - ..- .'ffci;-Rodi wail fiiKctioas RSMJ.RR-fwf 

243x120 • .-. '• •: .::.-.t..;;r RecctvRodi wail faactions RSM.LRR-|-wf(7th) 

56x120 :- : - !-d k-e wall functions hKE-std-fwf 

24.3x120 Standard k-e wal! fiinr;'-„'ns hKEjitd-|-wf(7th) 

Issa/Leong/Saüati . i i i f'".'..-. - •..•..•.:••.••.' Dy.^air.ics) C&tïipDvR • Hyb-rid 13230 CV .. '••', • ï . f idrd k £ wall functions hKE.RNG-i-wf 

1.1230 •" RNG-modifided k-e waJI functions hKE J^NG+wf(7tn) 

\;shl<-r (l>LR •': . . .: Qmck 180x152 k-u! :^Om.Wil 

Laurence et al. (EBF-DER-LNH) EDFLMHLa cliaracteristics method 47556 FE Iow-Re k-e model LaSh 1 IKE-LaSh 

4755S FE r».Si¥i Liaaiiaer-£veece-.c\.odi . .'. •..•.:o-:.•. RSM_LRR 

Maass (DLR OberpfaiÉealiofeE) DLRObsrp 2Ed-order ?jpv/ind 96x48x48 2it.d-order f o r SGS fiu.'ies (LES) ••.^;;•.;••.:•:• k id\" LES 

S;-t;;ar (Püm. . l'. "... ,'....• -..:..-• upwind FE 79x61 FE two-iayer k-e Goldberg model hKEjstd-fGol 

79x:; ••' staadard k-e n o s - s t d w a ü functions hKE-std-fwfjfiste 

79xf;i ..' . •••• .'~'(>(v.i;ije nKE-Spezfwf 

T E S T C A S E S 

Rrisijft et a.1. (iOcoie C^cntr; ";. .[,'•••') ECLwoFS :. ; - /."l.'Vf :il)-.vi!!d FE 4800 I E .-.•>.'... .'.;-.'in(U:r Reece-Rodi ( l i ' " ; w,!.ii r . RSM_LRR+wf 

(;i< r/Krueger (RVVr; - :...-.•:-• TH.Aachi.- .. . - ; ..^ . r-\U:r.c>.-Rod< "-• .:! I i-.-.s RSM.LRR-hwf 

• . ' , i .-. ' ' :-; --..!-.:- - i - . . Model (.'larko 
Vvilkes 

ASM.CIWi-f-wf 

R N G - m o d i f i e d k-e ••^••.J.'. i i i i i ; lioiüj l i K t RNG , wf 



1 Name (AHilialioü; i h'. i j Convectioïs Scheme Meaij :•..-;;•! •:•(.. ! i Ni - i r -Waü ' i n alinoiit j Kay-Wïme 

' K'esslcr (DlJ t (Joettiiigen) DLRGot;-: -;!..ick 248x152 k-ti) — kOm.Wil 

Ilirsrii/Kiiociak (Univ. of Bniss; UBrussei "ttii-orflirr (•(-ritr;-.! tüiï. 64x32 

(••:•'.;•; 

64x32 

non line'-.- Hirsrh-Kliod.-^-: 

mm • -:• = '^l i i i i-Zl! . ;- . : • . - . : .{• ; . 

s t a n d a r d k - e 

w a l l fnnf t":-.;M.s 

wall i i'.-iis. 

v;.;-. " l i : , ) . : ; . 

nKE..HiKh+wf 

ïiKE_HiKh-fwf 

hKE.std-1-wf 

MichchLssi/Xii!g;;u.i ( l ' i i i v . , ; ' :;-.!;•;•; ..'Flof i-.-c -:!.!-;.'.-iler .•; .... 413x150 lü'.- \l-r. ; - . - - l .aL . . - . . - .T • sKEJoLa 

Si(k/S(:ht;;!! ri::- (Sulzirr IrinoL.; / -.Si") ASC ; ; iJ iirdf:r up:- :-:'! '.I 'S 13616 CV sland CL wail fui-v . hKE-sld-fwf 

Vu/Sliyy (Ci-; ! lyciro/\]niv. of ••'ioriJal GE Hydro i.'id order upw" 35x35x75 standar;! ;.; d wall fun; ;ii-::s hKEj td- l -wf 

T E S T C A S E 4 

i i i id ia i (i^.-iiv. o.r Karlsru-'.'.: i JKafss..: Hy, r:: 81x81x81 .Sla. ;'-;.:; :<-f wali " i : hKEjstd-l-wf 

DauniiLs (Voivo Dal a AU) Voivc C . i X T 3rd-o.r<;. - 176.;:̂ -. i 'V ' HSM L;...!:: i,;r-I'si'i'Ci-Roeii wall fuii:\if=;!s RSM_LRR-f-wf 

llaruiitiiüi.i:; (Thiicl Dyiiain-c.-: ' . iL-niaf ioniJ) FluiDyja rrarnlini: ui--.'::!.! 114686 F E 

n 4 6 8 6 F E 

t w o - l a ; ;.• (;:iified k-e 

two- i aye r k - e 

0 i;().-n-.i!i-.f-

(1 Ou. 

hKE..—.od-(-Oeq 

hKE.5td-|-0eq 

l.-i^ii/Lcoiig/Sa.'iaLia.". ( r ( ; : : - . . : ! : ; ; : . j . ' i ; : ; i i . ;;y:::.. i i D W i n d 1 7 7 3 6 5 CV R.MG-TTïodi i ier i ' - e •-«•ili' :'IJƒ.<•.!;.r:.s hKEJ?WG-i-wf 

Mains/Miizaü'. '-iia/iVric (•..';:•••. '.;..inljur(;j ü Ham ̂  'iLi ! order/i.:! - i M . 525018 CV R.N :• ;-.-...)(ii i-c wall .'.;:;;.\io:i.s hKEJRNG-f-wf 

Ituprechi (L'niv. of Ötiit igari) UStut£g2 siroamiine upxviü^: ['V, 34001.;.; i ' E twD-layt.T is-ï i - Kato-L<i.iiidi.r 

mofiif. 

Mohanimadi 1 eq. hKEj<aL3-t-leq 

S(: l i f i ior i- / l i . ; ' / i i ' a:L! i (AS:.'; XSC 2ïKj-order u p w i n d LPS 92337 CV sla' di-.' ; '.. wall f u H c t i o n s | hKE.^td-i-wf 

T E S T C A S E 5 

Ilwlhergh/Chung ( C h l R C L A , :v . ; : ; : : i i . l .niv) UMcGül .Ll .PA I4».:: i.-i-S KSi/I Ci;S.s;..i- i.aimder wail fuii;.;ic:is RSM.GILa i-wf 

i l irsch/Kluii iak ( l ' n iv . of i-)r:;s.-i. i.s) UBrusse! ;:'irrk 96x16x32 

96x16x32 

96x16x32 

non l i p ! : • e i i ii-.-icli-Kri';:'.":.!: 

liov l i . . - i ' i h - Z - : ;• 

s ï c..' Ga.'^. '.. -

wall fu^; ."Liens 

wall .'jrirLicr-.h 

.v"D.:i •".:::fi".ic.".s 

nKE-HiKh-t-wf 

nKE_SZL-fwf 

hKE..5td-fwf 

.Maiici /Miii icr (EDi ' -DKiï-L.V.; ; EDFLNHMi ; ii:-.- ::.i leri.S! . ü-i ïü):' sla: dax. !; .• wali io r . s hKE-stó-fwf 

Sick/.Scheiicn.T (Sulzcr I n u o l 4 \ /.\rs(;) ASC 2nd ordtr ujiwi. i i i Li'S IG3ü.'̂  ; CV siai:dar'.i !; : wall functions hKE^td-l-iwf 
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Test Case 1 

Couette flow with plane and wavy fixed 
wall — Experiments by Corenflos et 
al. and Nakabayashi et al. — Direct 
Numerical Simulations by Kuroda et 
al. 

cases A, B 

case C 

moving wall 

Flow description 

Flow i n a channel, between a plane (cases A, B) 

or wavy (case C) fixed wa l l and a plane moving 

wa l l . 

P l a n e fixed w a l l , cases A a n d B 

Distance between the two walls: 28 = 29.7 m m . 

Length of the domain: i = 1.4 m . 



TE5ST C A S E DESCRIPTIONS Couette flow with plane and wavy fixed wall 

Wavy fixed wall, case C 
Height of the channel close to the equation 
h{x) = 26 — ecos(27ra;/i) with e = 4.5 mm, 
26 = 15 mm and Z = 1.4 m (actual values stored 
in file couet te .prn and recommended geometry 
data stored in geomlc.dat). 

Flow characteristics 

Case A, Re = U^6/u = 3000 

D N S by K u r o d a et al, and experiments by 
Corenflos et al. 
The channel flow develops from a pure Poiseuille 
flow (fixed bottom wall) to an estabhshed state 
(moving bottom wall) where the developed flow 
is of intermediate type. DNS data are available 
for the developed flow and experimental data are 
available for both the developing and developed 
flows. dU/dy = 0 close to the moving waU {U 
does not follow the logarithmic law of the wall) 
is the main feature of the developed flow. 

Case 8 , ^ 6 = 5000 
Experiments by Corenflos et al. 
The channel flow develops from a pure Poiseuille 
flow (fixed bottom wall) to an established state 
(moving bottom wall) where the developed 
flow is of Couette type. Experimental data are 
available for both the developing and developed 
flows. For the developed flow, U profile is close 
to the one of the pure Couette flow with a 
nearly symmetric shape but with higher values 
of dUIdy near the moving waU. 

Case C, = 4000 
Experiments by Nakabayashi et al. 
The periodic behaviour of the flow is created by 
the periodic shape of the fixed upper wall. The 
wavy shape induces an alternating longitudinal 
pressure gradient which changes sign near the 
position where h = 26. M these positions, the 
flow conditions are close to the ones of case 
B. Where h^26, the magnitude of the pressure 
gradient is insufficient to cause flow separation 
near the wavy wall but causes a distortion of the 
mean velocity profiles. 

Flow parameters 

Air with a kinematic viscosity: 
z/ = 1.5 X 10-^ m^ls. 

Wall velocity: • 
Flow rate velocity, bulk velocity: J7j, Ui 
Friction velocity on fixed wall: Urf 
Friction velocity on moving wah: Urm 
Non-dimensional pressure gradient: 

= {6/pUl)dpldx 
case A B C 

fixed wall plane plane wavy 
Re 3000 5000 4000 

S (mm) 14.85 14.85 7.5 

Uuj (m/s) 3 5 7.9 

a -1.18x10-3 0 
0.812 0.490 -

Inflow conditions 

Cases A and B 

In the plane fixed wall cases, the following 
measurements are provided at station 1, a; = 
-0.235 m, upstream of the part of the channel 
where the bottom wall is moving, for a pure 
Poiseuille flow (fixed bottom wall). They can be 
used to calculate the developing flow. 

Velocity measurements 
Profiles from fixed to moving wall of: (file 

p o i s p u r l . t x t ) 

First order moments 

Second order moments 
Reynolds stresses: 

Measurement techniques 

Cases A and B 
Measurements by Corenflos et al. 
Hot wire velocity measurements have been 
carried out using single-wire and X-wire probes 
of boundary layer type. 

WaU friction velocity Urf has been deduced from 
the u'v' profile close to the fixed wall. 
Pressure measurements. 

Case C 
Measurements by Nakabayashi et al. 
Hot-wire velocity measurements. 
Pressure measurements. 
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Couette flow with plane and wavy fixed wall T E S T C A S E DESCRIPTIONS 

Numerical techniques 

Case A 
D N S by K u r o d a et al 
Direct Numerical Simulations have been 
performed using a spectral method with 
Fourier series in x and z directions and 
Chebyshev polynomials in y direction. The 3D 
computational domain is 5tS long, 26 heigh 
and 2ir6 wide. Due to streamwise and spanwise 
homogeneities of the flow, the statistical values 
are only dependent on the distance from the 
wall. 

Available data 

• C a s e A , Re = U,J/u = 3000 

— Measurements by Corenflos et al. 

The foUowing measurements are available for the 
developing flow, at stations 2: x = 0.165 m, 
3: a; = 0.265 m and 4: a; = 1.165 m. 

Velocity measurements (file e tabt i . tx t ) 
Profiles f rom fixed to moving wall of: 
First order moment 
W/u, 

Second order moment 
Reynolds stress: 

The foUowing measurements are available 
for the estabhshed intermediate-type flow, at 
station b: x = 1.265 m. 

Velocity measurements (file typint5. txt) 
Profiles f rom fixed to moving wall of: 
First order moments 

Ü/U, , v/u,, W/u, 
Second order moments 
Reynolds stresses: 

U'v'/U^f , U'W'/U^J 

— D N S Calculations by Kuroda et al. 

The foUowing results are available for the 
statistical values (file pel2__pg.wl3). 

Velocity results 

Profiles from fixed to moving wall of: 
First order moments 
Mean streamwise velocity: 

Mean spanwise component of vorticity: 

Th 

Second order moments 
Reynolds stresses: 

Root mean square of vorticity components: 

Third order moments 
Skewness: 

Fourth order moments 
Flatness: 

F'u, -Ft;) , F^v 

Budgets of; 
w'^, u'v', k, s 

Spectra of: 
u'^, u'^, w'^ 

Two-point correlations: 

RuW) -f^VV} ^ww 

Pressure results 

Profiles from fixed to moving wall of: 
Second order moment 

Third and fourth order moments 

• Case B, Re = UJ/u = 5000 

- Measurements by Corenflos et al. 

The same measurements as for case A are 
available for both the estabUshed Couette-
type flow, at station 5: a; = 1.265 m (file 
typcou5.txt), and the developing flow, at 
stations 2: a; = 0.165 m, 3: a; = 0.265 m and 
4: a; = 1.165 m (file etabtc.txt) . 

• Case C , Re = UJ/i^ = 4000 

- Measurements by Nakabayashi et al. 

The foUowing results are available at a; = 0., 
0.175, 0.35, 0.525, 0.7, 0.875, 1.05, 1.225 m. (file 
couette.prn) 
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T E S T C A S E DESCRIPTIONS Couette flow with plane and wavy fixed wall 

Velocity measurements 
Profiles of: 
First order moments 

Second order moments 
Reynolds stresses: 

Distribution of friction velocity along the wavy 

waU: 

Pressure measurements 
Distribution of longitudinal pressure gradient 

along the wavy wall: 

dp/dx 

Instructions for calculations 

• 1st step: case A , developing flow 

Inlet conditions: 

The calculation of the developing flow has to be 
started at a; = -0.235 m, where the bottom waU 
is fixed, using the experimental values provided 
as inlet conditions for a pure Poiseuille flow (file 
p o i s p u r l . t x t ) . 

Moving wall: 

The bottom waU is fixed between x = -0.235 m 
and a; = 0 and is moving between a; = 0 and 
X = 1.4 m with a velocity oi • 3 m/s 
{Re = 3000). dU/dy is nearly zero close to the 
moving wall. Therefore, a special treatment of 
this boundary might be considered. 

Outlet conditions: 

At a; = 1.4 m, zero streamwise gradients may be 

assumed for the fiow variables. 

Presentation of the results: 

The following results should be compared with 
the experimental data at a; = 0.165 m, a; = 
0.265 m, a; = 1.165 m and a; = 1.265 m: 

• mean velocity and Reynolds stress profiles, 
normalized by Ui, 

• 2nd step: case A , developed flow 

One-dimensional flow: 

The calculation has to be performed for the 
one-dimensional established flow. I f necessary, 
the flow rate may be derived f rom Uq and 
the longitudinal pressure gradient set to c = 
-1.33x10-3. 

Presentation of the results: 

The foUowing results should be compared with 
the experimental data at a; = 1.265 m and the 
DNS data: 

• dp/dx 

• UJU^ 

• mean velocity, Reynolds stress and k 

profiles, normalized by Ut, 

• 3rd step: case B, developing and 
developed flow 

The same procedure as for the first step should 
be foUowed with a value of ?7„ = 5 m/s (Re = 

5000). I f possible, the computors should also 
calculate the developed flow with U^ = A m/s 
{Re = 4000). In this case, i t is worth mentioning 
that neither measurements nor DNS data are 
provided. 

• 4th step: case C , periodic flow 

Periodicity: 

The calculation of the channel flow should be 
performed using periodicity conditions for both 
velocities and pressure gradient {dp{x + L)/dx = 

dp{x)/dx). 

Presentation of the results: 

The foUowing results should be plotted and 
compared with the experimental data: 

• mean velocity and Reynolds stress profiles 
at a; = 0., 0.175, 0.35, 0.525, 0.7, 0.875, 
1.05, 1.225 m, normaHzed by Ui, 

• Urf/Ub and dp/dx distributions along the 
wavy waU. 
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Couette flow with plane and wavy fixed wall T E S T C A S E DESCRIPTIONS 

In case calculations have been performed for case 
B at i2e = 4000, the foUowing results should 
be plotted and compared with the experimental 
data: 

• mean velocity and Reynolds stress profiles 
at a; = 0.35 m, normaUzed by Uj, 

Main references 

1. K. NAKABAYASHI, 0 . K I T O H and 
H. IWATA. Turbulent Couette type flow 
with an alternating pressure gradient. 
Symp. on Turb. Shear Flows 8, Munich, 
poster 1-13, 1991. 

2. K. CORENFLOS, S. RIDA, J.C. MONNIER, 
P. DUPONT, K. DANG TRAN, 
M . STANISLAS. Experimental and 

numerical study of a plane Couette-
PoiseuiUe flow as a test case for turbulence 
modelling. Engineering Turbulence 
Modelling and Experiments, Rodi and 
Martelli Eds, Elsevier Publ., 499-508, 
1993. 

3. K. CORENFLOS. Etude expérimentale 
d'écoulements de Couette-PoiseuiUe 
turbulents a faible nombre de Reynolds. 
PhD thesis - Lille, France, 1993. 

4. A. KURODA, N . KASAGI and 
M . HIRATA. Direct numerical simulation 
of turbulent plane Couette-PoiseuiUe flows: 
effect of mean shear on the near waU 
turbulence structures. Symp. on Turb. 
Shear Flows 9, Kyoto, Japan, 8-4-1, 1993. 
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Test Case 2 

2D model hill flows — Experiments by 
Almeida et al. 

case A case B 

170 mm 
single hill 

'>»m»»>»»'^ 
-100 mm 

'»»»»»»»>»»»». 

recirculation zone 

X 

500 mm 

multiple hills 

54 mm 

28 mm 

^^^^ 

recirculation zone 
126 mm 

Flow description 

Flows over 2D polynomial-shaped obstacle(s) 
mounted on a flat plate with recirculation region 
in their wake. 

In the first configuration, case A, a single hiU 
is mounted on the bottom of the channel. In the 
second one, case B, a periodic flow is achieved 
over a series of consecutive hiUs mounted at 
the same location. The channel height is i f = 
170 mm and the maximum height and length 
of each hiU are respectively h^^x = 28 mm and 
IR — 108 mm. In the case of consecutive hiUs, 
the space between each of them is 4.5/imaa;-

The shape of the hiUs was to be the inverse of 
a fourth-order polynomial but the actual shape 
is a bit different. The actual values of the height 

h{x) of the two-dimensional hiUs are stored in 
file geom.dat. 

Flow characteristics 

The hUls are located about 6 m downstream of 
the tunnel inlet where a fuUy-developed channel 
flow is achieved in the absence of the obstacle(s). 
In case A, the measurements have been made 
around a single hiU and, in case B, between two 
consecutive hiUs (the 7th and the 8th) located 
within an array of 10 equally spaced hiUs. The 
flow separates in the region of unfavourable 
pressure gradient on the downstream surface 
of the hiUs and, in the case of multiple hiUs, 
reattaches at an obUque angle on the upstream 
surface of the next hill . Very high levels of 
velocity fluctuations have been measured in 



2D model hill flows T E S T C A S E DESCRIPTIONS 

the shear layers surrounding the recirculation 
bubbles. 

Flow parameters 

Water with a kinematic viscosity: 
u = l x 10-« mVs. 
Reference velocity: Uo = 2.147 m/s in case A 
and UQ = 2.66 m/s in case B 
Mean centreline velocity at inlet in case A: 
Uo = 2.147 m/s. 
Reynolds number: Uoh/u = 60,000. 

Inflow conditions 

The following measurements are provided for a 
fuUy-developed channel flow in the absence ofthe 
hill(s) and at the same location. The centreUne 
turbulence intensity is about 3%, the friction 
factor is Cf = 0.0027 and the wall friction 
velocity is Ur = .079 m/s. 

Velocity measurements 
Profiles of: (stored in file chOOO.dat) 
First order moment 
F 
Second order moments 
Reynolds stresses: 

u'v' 

Measurement techniques 

Velocity measurements have been carried out 
using a Laser-Doppler Velocimeter up to 2 mm 
from the surface of the hill(s) and the bottom of 
the channel. 

Measurement errors: 

For a 95% confidence level: 

(5(Mean values) 0.5% 
(^(Reynolds stresses) 3% 

Available measurements 

The foUowing profiles are available at 14 
locations in case A (files lh*.dat) and 11 
locations in case B (fUes 2h*.dat). 

Velocity measurements 
Profiles of: 
First order moments 
F , F 
Second order moments 
Reynolds stresses: 

u'v' 
Turbulent kinetic energy: 
k/U^^f {k estimated ?iSvP + 2v^) 

Instructions for calculations 

• C a s e A: single hil l 

Upper wall: 

In both cases, the computational domain extends 
to the upper wall of the channel, y = H = 
170 mm. 

Inlet conditions: 

The calculation of the channel flow should be 
started at a; = -100 mm, upstream ofthe station 
a; = -50 mm (where the flow is influenced by 
the presence of the hül), using the experimental 
values provided as inlet conditions. 

Outlet conditions: 

The outlet section must be placed sufficiently 
far downstream of the single hiU (a;>500 mm) 
in order to have the possibihty of assuming zero 
streamwise gradients for the flow variables. 

• C a s e B: consecutive hills 

Periodicity: 

Ideally the calculation of the channel flow should 
be performed using periodicity conditions for the 
flow variables. 

• Presentat ion of results: 

For both cases, the foUowing results should be 
plotted and compared with the data: 

- At x/hmax = -1.785, -0.714, 0, 1.071, 1.786, 
2.5, 3.214, 4.286, 4.786, 5.357, 6.607, 8.036, 
10.714, 17.85 in case A and at x/hmax = 0, 
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0.536, 0.714,1.071,1.786, 2.25, 2.715, 3.25, 
3.429, 4.143, 4.5 in case B: 

• mean velocity, Reynolds stress and k 
profiles against y, normalized by UQ 

— In the whole computational domain: 

• streamlines 

Main references 

1. G.P. ALMEIDA, D.F.G. DURAO and 
M.V. HEITOR. Walie flows behind two-

2D model hill flows 

dimensional model hiUs. Exp. Thermal and 
Fluid Science, 7, 87, 1993. 

2. G.P. A L M E I D A , D.F.G. DURAO, 
M.V. HEITOR and J.P. SIMOES. LDV 
measurements of fuUy-developed turbulent 
channel flow. Proc. 5th Int. Symp. Appl. 
Laser Techniques to Fluid Mechanics, 
Lisbon, pp. 9-12, 1990. 
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Test Case 3 

Swirling boundary layer in conical 
diffuser — Experiments by Clausen et 
al. 

Flow description 

Swirling boundary layer developing in a conical 
diffuser. 

The conical diffuser is placed 100 mm 
downstream of a rotating swirl generator of 
diameter D = 260 mm and discharges into 
the atmosphere at X = 510 mm. I t has a 20° 
included angle and an area ratio of 2.84. 

Flow characteristics 

The swirhng fiow is created by a rotating 
cylinder including a honeycomb screen at its 
inlet. At its outlet, the inlet swirl is close 
to soUd-body rotation. Along the diffuser, the 

swirl is of sufficient magnitude to prevent 
boundary layer separation but just insufficient 
to cause recirculation in the core flow. The 
axial pressure gradient and the curvature of the 
streamlines have been found to be the dominant 
perturbations imposed to the swirhng boundary 
layer as i t exits the cyUndrical part and enters 
the conical diffuser. The swirl is responsible for 
severe radial gradients near the wall for most of 
the turbulence quantities. 

Flow parameters 

Air with a kinematic viscosity: 
1/ = 1.5 X 10-5 mVs. 
Average axial velocity at inlet (a; = -25 mm): 
Uo = 11.6 m/s. 



T E S T C A S E DESCRIPTIONS Swirling boundary layer in conical diffuser 

Reynolds number: UQDIV = 202,000. 
Atmospheric pressure at outlet. 

Inflow conditions 

The foUowing measurements are provided at 
station -25, located at a; = —25 mm, 75 mm 
downstream of the swirl generator and 25 mm 
upstream of the diffuser entrance. The swirl 
is close to soUd-body rotation with a nearly 
uniform axial velocity in the core region outside 
the boundary layers. The swirl number is 
WmaxlUo = 0.59 where Wmax is the maximal 
circumferential velocity. The waU shear stress is 
TwxIU^ = 0.00282 in x direction and T^^JU^ = 

0.00190 in z direction. The wall streamUne angle 
is f}^ = tsin-\W/U)y=o = 34°. 

Velocity measurements 
Profiles of: 
First order moments f rom waU to centreUne (files 
U-25.dat^and W-25.dat) 

u/u,, w/Uo 
Second order moments for y ranging f rom 
4 to 20 mm (files usq-25.dat, vsq-25.dat , 
wsq-25.dat, uv-25.dat , uw-25.dat and 
vw-25.dat) 
Reynolds stresses: 

u'v'IVl , u'w'IV^ , v'w'lU'l 
Turbulent kinetic energy: 
klU^ (deduced) 

Measurement techniques 

Hot-wire velocity measurements have been 
carried out using a single wire probe for the 
mean quantities and an X-wire probe for the 
turbulence quantities. I t has been possible to 
measure aU Reynolds stresses using the technique 
of rotating the probes ±45°. I t is worth 
mentioning that the velocity measurements are 
made in traverses normal to the diffuser wall 
along y axis (y is perpendicular to x but not to 
X ) . 

WaU stress Tu; estimated using the logarithmic 
law of the waU. The two components r^x and 

are deternained using the value of /3u,. 
Static pressure measurements using wall taps. 

The pressure coefficient is defined as Cp = 
2plpUl 

M e a s u r e m e n t errors: 

6{W) 2% 
(5(Reynolds stresses) 10% 
(5(positions) ±0.01 mm 

Available measurements 

The foUowing measurements are available at 7 
stations along the diffuser: x = 025, 060, 100, 
175, 250, 330, 405 mm ($$$ in the file names). 

Ve loc i ty measurements 

Profiles perpendicularly to diffuser wall of: 
First order moments from wall to centreUne 
(files U$$$.dat and W$$$.dat) 
VIUo, WIU, 
Second order moments for y ranging f rom 4 
to 20 mm (fUes usq$$$.dat, vsq$$$.dat, 
wsq$$$.dat, uv$$$.dat, uw$$$.dat and 
vw$$$.dat) 
Reynolds stresses: 
^ U ^ , ^lU! , ^jui 
u'v'lUl , u'w'lU^ , v'w'lUl 
Turbulent kinetic energy: 
klUl (deduced) 

Distribution along the diffuser of: 
/?„ (files Mm$$$.dat) 

Distribution of the wall shear stress: 
r,,.lUl, r,,,lUl (files Mm$$$.dat) 

The foUowing measurements are available along 
the diffuser. 

Pressure measurements (file Cp.dat) 

Distribution of the static pressure coefficient: 
c; 

Instructions for calculations 

C o m p u t a t i o n a l domain: 

The calculations should be performed for the 
whole diffuser (not only for the boundary layer). 
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Swirling boundary layer in conical diffuser T E S T C A S E DESCRIPTIONS 

Inlet conditions: 

The calculation ofthe duct flow should be started 
at station a; = — 25 mm using the experimental 
values provided as inlet conditions. 

Outlet conditions: 

The diffuser discharges to the atmosphere at 
X = 510 mm. Zero gradients may be assumed 
for the flow variables. 

Presentat ion of results: 

The following results should be plotted and 
compared with the data. 

At a; = 025, 060, 100, 175, 250, 330, 405 mm: 

• normalized mean velocity, Reynolds stress and 
k profiles against y (perpendicular to diffuser 
wah) 

Along the diffuser wall: 

• Cp distribution 

• TwxjUg and r^uzlUg distributions 

Previous numerical studies 

Armfield et al. (ref. 2.) have used & k — s and 
an algebraic Reynolds stress turbulence model 
wi th a two-layer wall function to calculate this 
case. The use of a two-layer, rather than a 
single-layer, wall function has been found to be 
necessary to accurately predict the level, location 
and the axial variation of the near-wall peak in 
turbulence quantities. 

Main references 

Descr ipt ion of experiments 

1. P.D. CLAUSEN, S.G. KOH and 
D.H. WOOD. Measurements of a swirhng 
turbulent boundary layer developing in a 
conical diffuser. Exp. Thermal and Fluid 
Science, 6, 39, 1993. 

Prev ious numer ica l studies 

2. S.W. ARMFIELD, N.H. CHO and 
C.A.J. FLETCHER. Prediction of 
turbulence quantities for swirfing flow in 
conical diffusers. AIAA Journal, 28, 3, 
1990. 
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Test Case 4 

Wing/body junction with separation 
— Experiments by Fleming et al. 



Wing/body junction with separation T E S T CASE DESCRIPTIONS 

Flow description 

Turbulent flow at the junction of a flat 
surface and a normaUy-mounted cyhndrical wing 
dominated by the presence of a horseshoe vortex. 

The cylindrical wing has a maximum thickness of 
T = 71.7 mm and a chord length of C = 305 mm. 
It is situated 18.24xT downstream from the 
inlet and has its chord aligned with the x axis. 
Its cross-section consists of a 3:2 elliptical nose 
(major axis aligned with the chord) and NACA 
0020 tail joined at the maximum thickness, x 

and z coordinates of the cross-section are given 
in file geowing.dat. 

Flow characteristics 

The adverse pressure gradient in the plane 
of symmetry causes the boundary layer 
approaching the wing to separate. Upstream of 
separation and in the vicinity of the separation 
point, mean velocity and Reynolds stress profiles 
are Hke those in a 2D boundary layer separating 
in an adverse pressure gradient. The junction 
vortex is observed as an intense approximately 
elliptical recirculation zone in this plane, 
centred about one-tenth of the undisturbed 
boundary-layer thickness f rom the wall. But 
this zone also appears as a region of intense 
turbulence production resulting from the large-
scale unsteadiness of the flow. This unsteadiness 
is characterized by a bimodal velocity probabiHty 
density function. According to the authors this 
feature is ükely to make turbulence models 
assuming a Gaussian shape of the velocity p.d.f. 
perform poorly in this region. 

Flow parameters 

Air at temperature 6 = 25°C 
and pressure 94500 Pa. 

Reference velocity: Uref = 26.75 m/s. 
Reynolds number: Rer = UrefT/u = 115,000. 

Inflow conditions 

At x/T = -18.24, the following measurements 

are provided for the two-dimensional boundary-

layer which has developed under zero pressure 

gradient conditions after being tripped. 

Velocity measurements (stored in file 
etabl .res) 
Profiles at ^ = 0 for y/T ranging from 0 to 0.87 
of: 

First order moment 

U/Uref 
Second order moments 
Reynolds stresses: 

Measurement techniques 

Ground plate and wing wall static pressure 
measurements by Devenport and Simpson 
(WJD) through 1 mm tappings. Cp is defined 
as (p - Pref)/(Po - Pref) where Po and p^^f are 
respectively the stagnation and static pressures 
ofthe undisturbed free stream. Results are stored 
in files ebody.dat and ewing.dat. 
Velocity measurements by Fleming (JLF) using 
a boundary-layer type single-hot-wire probe. 
Results stored in files f *. dat. 
Velocity measurements by Devenport and 
Simpson (WJD) using an argon-ion LDV system. 
Results stored in files l* .dat and el*.dat. 

Measurement errors: 

Uncertainty in wall static pressure measurements 

(by WJD): 

S(C^) ±0.005 

Uncertainty in single-hot-wire velocity 
measurements (by JLF): 

6(U/Urej) ±1 .5% 

6{W/Uref) ±3.0% 

S(V^/Uref) ±1 .5% 

6iV^/Uref) ±5.0% 

ê{^\lFW\/Uref) ±5.0% 

Uncertainty in LDV velocity measurements (by 
WJD): 
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T E S T C A S E DESCRIPTIONS Wing/body junction with separation 

mUre}) 

S{W/Urej) 

±0.035 
±0.035 
±0.035 
±0,0002 

±0.0007 
±0.0004 

±0.0002 

±0.0009 

Availability 

Available measurements 

• I n the s y m m e t r y plane: 

Velocity measurements (files el*.dat) 

Velocity vectors: 

Contour maps of: 

Second order moments 
Reynolds stresses: 

u'v'jUlf 

Third and fourth order moments 

Skewness and Flatness 

Sit 1 Sti 

Fu, Fv 

plane files files components 

number l* .dat 1*.dat 
05 + + V, w 

06 + w 
07 + u, w 

08 + V, w 
09 + u, w 
10 + + ^1, V, w 
11 + u, w 
12 + u 
13 + u 
14 + u 
15 + u 

• W i n g wall: 

Pressure measurements (file ewing.dat) 
Contour map of pressure coefficient around wing 
waU for yiT ranging from 0.133 to 1.726 

c: 

• G r o u n d plate wall : 

Pressure measurements (file eboby.dat) 
Contour map of pressure coefficient for s / T 
ranging from -2.0 to 4.75 and zjT up to 3.18 

c: 

9 In y — z planes: 

Velocity measurements (files f*.dat and 
l* .dat ) 

Secondary velocity vectors mZ y — z planes (05, 
08, 10): _ 

V/UreS , W/Uref 

Contour maps in 11 y — ^ planes of: 
First order moment 

Second order moments 

Reynolds stresses: 

u'v'lUlf , WW/Ulf 

Turbulent kinetic energy: 
k/U^f (deduced) 

Instructions for calculations 

Inlet conditions: 

The calculation of the boundary layer should be 
started at x/T = -18.24 using the experimental 
values provided as inlet conditions. These values 
are provided for the symmetry plane and 
correspond to a zero pressure gradient 2D 
boundary layer. Assume that the non-measured 
quantities V and W are negUgible as expected in 
a 2D boundary layer. On the other hand, v'^ can 
be estimated as 2w'^ — u'^. 

S y m m e t r y : 

Due to geometric symmetry with respect to the 
z = 0 plane - the plane containing the chord of 
the wing - one can use a computational domain 
including only one half of the wing. 

D-16 E R C O F T A C Workshop, April 3-7, 1995, University of Karlsruhe, Germany 



Wing/body junction with separation T E S T CASE DESCRIPTIONS 

Outlet conditions: 

The outlet should be placed sufficiently far 
away, at a; = 10 x T , so that the vortex is 
developed and the boundary layer recovers its 
two-dimensionality. Zero gradients may be then 
assumed for the flow variables. 

Condit ions for the boundary paral le l to 
the ground plate wall: 

This boundary should be placed at z = SxT. 
Symmetry condition for the flow variables may 
be assumed. 

Condit ions for the boundary paral le l to 
the s y m m e t r y plane: 

This boundary should be placed sufRciently far 
away, z — 3.5xT, so that symmetry condition 
may be assumed for the flow variables. 

R e m a r k on outlet and s y m m e t r y 

conditions: 

Computors are encouraged to also do 
calculations with these boundaries moved further 
away from the wing. 

Presentat ion of results 

The following results should be plotted and 
compared with the data: 

- On both wing and ground plate walls: 

• Cp contour maps 

- In planes 12, 13, 14 and 15: 

• U/lire! and W'^lU^j contour maps 

- I n planes 06, 07, 09 and 11: 

. U/U,.,,,W^lUlf,WyUlj and W j U ^ j 
contour maps 

- I n planes 05, 08 and 10: 

• mean secondary velocity vectors 

• U/Uref, normalized Reynolds stress and 
k/U^f contour maps 

- I n the symmetry plane, in front of the nose: 

• mean streamwise velocity vectors 

• u''^/Ulp v''^/Ulf and u'v' /U^j contour 
maps 

Main references 

1. W.J . DEVENPORT and R.L. SIMPSON. 
An experimental investigation of the 
flow past an idealized wing-body 
junction: prehminary data report. Version 
5. Report of Virginia Polytechnic Institute 

and State University, 1990. 

2. W.J . DEVENPORT and R.L. SIMPSON. 
Time-dependent and time-averaged 
turbulence structure near the nose of a 
wing-body junction. / . Fluid Mech. 210, 

23, 1990. 

3. J.L. FLEMING, R.L. SIMPSON, 
J.E. COWLING and W.J. DEVENPORT. 
An experimental study of a turbulent wing-
body junction and wake flow. Exp. in 

Fluids U, 366, 1993. 
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Test Case 5 

Developing flow in a curved 
rectangular duct — Experiments by 
Kim and Patel 

D2 y D1 75 

Section view 2D contraction 

Flow description 

Developing turbulent flow in a 90 deg. curved 
duct of rectangular cross-section. 

Duct wi th two straight and one curved sections. 
Rectangular cross-section of the duct with a 

width of i f = 20.3 cm and a height of 6xif. 
Inner radius of curvature of the bend: 
Ri = 3xH. 
Straight upstream section with a length of 
7.5xH = 1.52 m. 
Straight downstream section with a length of 
25.5xir = 5.18 m. 



Developing flow in a curved rectangular duct T E S T C A S E DESCRIPTIONS 

Flow characteristics 

The initially 2D boundary layers developing on 
the vertical lateral walls are subjected to strong 
streamwise curvatures and associated pressure 
gradients along the bend. On the other hand, the 
pressure-driven secondary motion in the corner 
regions eventually leads to the formation of a 
longitudinal vortex on the convex wall. The duct 
aspect ratio is such that these two features of the 
flow develop more or less independently, without 
interaction. 

Flow parameters 

Air with a kinematic viscosity: 
u = 1.45 X 10-5 mVs. 
Freestream velocity at station Ul (a; = 
-4.5X.H'): Uo = 16 m/s. 
Reynolds number: UoH/v = 224,000. 

Inflow conditions 

At station Ul (a; = - 4 . 5 x i f ) , the velocity is 
uniform in the core flow, outside the boundary 
layers, within a deviation less than 1%. On the 
vertical lateral waUs, the boundary layers are 
of flat-plate type with a momentum thickness 
Reynolds number of 1650, a boundary layer 
thickness of ^ = 0.08 x i f and a friction coefficient 
of Cf = .0038. The 2D wind-tunnel contraction 
located 3Xjff upstream of Ul introduces a 
secondary motion in the boundary layers on top 
and bottom flat walls but its magnitude reaches 
only 5% of the freestream velocity. The following 
measurements are then provided for a shghtly 
three-dimensional duct flow but are sufficiently 
detailed to be used as inlet conditions. 

Velocity measurements 

Velocity vectors: (files mulOQQ.dat) 

V/Uo , W/U, 

Contour maps of: (files mulOQQ.dat) 
First order moment 
U/Uo 

Second order moments 
Reynolds stresses: 

w^/u! ,^/u: ,w^/ui 
u'v'/Ul , u'w'lUl 

Turbulent kinetic energy: 
kjUl (deduced) 

Wall friction coefficient distribution on each 
wah: 
Cf (files s u l i n . d a t , su lou t .da t and 
sulup.dat) 

Measurement techniques 

Hot-wire velocity measurements have been 
carried out using a miniature X-wire probe for 
the turbulence quantities. 
Mean velocity measurements have been carried 
out using a five-hole pressure probe of a diametre 
of 3 mm. 
AU. velocity measurements have been made 
in the upper half of the duct divided into 
5 different domains, namely i n l , u p l , o u i , 
i n 2 , ou2 (see file readme.doc). 
WaU stress Tu, measurements using two pressure 
probes in combination (only the magnitude is 
actually measured). The friction coefficient is 
defined as C/ = 2Tyj/pU^. 

Static pressure measurements using wall taps. 
The pressure coefficient is defined as Cp = 
2(p - Po)/pUo, where po is the static pressure 
at (0,0,3x^). 

Measurement errors: 

6(U) _ 1.5% 
(5(F), KW) 3% 
6(u'^) 5% 
(5(other Reynolds stresses) 10% 

Available measurements 

The foUowing measurements are available at 1 
station upstream of the bend: U2 (a; = -0.5x5"); 
3 stations along i t : 15, 45, 75 and 2 stations 
downstream of i t : DI {x = Q.SxH), D2 (a; = 
4.5xfr). 

Velocity measurements 
($$ is the station and 0 9 9 the domain name) 

Velocity vectors: 
V/Uo , W/Uo 
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T E S T C A S E DESCRIPTIONS Developing flow in a curved rectangular duct 

Contour maps of: (files m$$®Q(a.dat) 
First order moment 

Second order moments 
Reynolds stresses: 

w^/u^ ,w'yui 
u'v'lUl , u'w'lUl 
Turbulent kinetic energy: 
kjV] (deduced) 

WaU friction coefficient distribution on each 
wall: 
Cj (files s$$in.dat, s$$out.dat and 
s$$up.dat) 

The foUowing measurements are available along 
the inner and the outer walls, in the plane of 
symmetry. 

Pressure measurements (files pressure.dat 
and pressure.tab) 

Distribution of the static pressure coefficient 

Instructions for calculations 

Inlet conditions: 

The calculation of the duct flow should be started 
at station Ul using the experimental values 
provided as inlet conditions. The non-measured 
quantity v'w' may be assumed as negUgible. 

S y m m e t r y : 

Due to geometric symmetry with respect to the 
z = Q plane, one can use a computational domain 
including only the upper half of the duct. 

Outlet conditions: 

The outlet should be placed sufRciently far 
away (a ;>30xif ) so that zero gradients may be 
assumed for the flow variables. 

Presentat ion of results: 

The foUowing results should be plotted and 
compared with the data: 

- A t all locations: 

• mean secondary velocity vectors 

• mean streamwise velocity, Reynolds 
stress and k contour maps, normaUzed by 

• circumferential distribution of C/ 

- In the symmetry plane, along the lateral waUs, 

• Cp distributions 

Previous numerical studies 

Sotiropoulos and Patel (ref 3.) have performed 
calculations of this case with the two-layer k — e 
model using two different numerical methods: the 
"finite-analytic" and a finite-difference method. 
In both cases, the overaU structure of the fiow 
is weU predicted but both the strength of the 
secondary motion, and consequently its effect on 
the streamwise flow development, and the effects 
of wall curvature on the turbulence within the 
lateral boundary layers are underestimated. 

Main references 

Descr ipt ion of exper iments 

1. W.J. K I M and V.C. PATEL. Origin and 
decay of longitudinal vortices in developing 
flow in a curved rectangular duct. J. of 
Fluids Engineering, 116, 45, 1994. 

2. W.J. K I M . An experimental and 
computational study of longitudinal 
vortices in turbulent boundary layers. 
PhD Thesis - Mechanical Engineering, 
University of Iowa, 1991. 

Prev ious numerica l studies 

3. F. SOTIROPOULOS and V.C. PATEL. 
Flow in curved ducts of varying cross-
section. Institute of Hydraulic Research, 
University of Iowa, IIHR Report No. 358, 
1992. 
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4th ERCOFTAC Workshop on Refined Flow Modeiiing ASC 

Description of Numerical Methodology for Test Case #2a 

• O r i g i n a t o r : G o r d o n D . Stubley 

• A f f i l i a t i o n : Advanced Scientific C o m p u t i n g ( A S C ) L t d . 

• G e n e r a l d e s c r i p t i o n : 

The calculations were pe r fo rmed w i t h ASC's uns t ruc tu red g r i d code. Th i s code uses a finite 

element based finite vo lume me thod to descritize the t ranspor t equations. The code is f u l l y 

conservative, i nc lud ing the t reatment of boundary node cont ro l volumes. The code allows 

for m i x e d element types and uses an efficient coupled algebraic m u l t i g r i d solver. 

• C o n v e c t i o n s c h e m e : 

Blending between U D S and CDS based on the g r i d Peclet number was used. 

• M e s h : 

A st ructured quadr i la te ra l mesh w i t h 150 nodes i n the streamwise direct ion and-188 nodes 

i n the transverse d i rec t ion was used. The first in te r ior node at the inlet was located at a t/+ 

of approx imate ly 70. 

• T u r b u l e n c e m o d e l s : 

Calculat ions were pe r fo rmed w i t h the s tandard isotropic k — e mode l { C ^ , Cei, Ce2, o"*, C e } = 

{0 .09 ,1 .44 ,1 .92 ,1 .00 ,1 .30} and a linear f o r m of the f u l l y realizable k - e model developed by 

Shih et al [1]. The realizable mode l is ident ica l to the s tandard k - e model except fo r the 

f o r m of the m o d e l coefficient . For 2 dimensional flows the mode l coefficient is given by 

where Sij is the de fo rma t ion rate tensor, and Qij is the ro t a t i on rate tensor. The mode l 

constant AQ is set t o 6.5. 

• N e a r - w a l l t r e a t m e n t : 

The near w a l l flow is resolved w i t h a f u l l y conservative wa l l f u n c t i o n f o r m u l a t i o n . The w a l l 

shear stress is calculated by applying the log law veloci ty prof i le between the w a l l element 

centroid and the w a l l . T h e d i f fus ion o f k t h r o u g h the w a l l is neglected and the diffusive 

flux o f e at the w a l l is set to ensure a flux o f e i n t o the first in ter ior control volume tha t is 

consistent w i t h loca l e q u i l i b r i u m . These approximat ions close the control volume equations 

fo r m o m e n t u m , k, and e at boundary nodes and are analogous to the s tandard w a l l f u n c t i o n 

f o r m u l a t i o n . 

• I n l e t C o n d i t i o n s : 

The in le t profi les fo r the streamwise velocity and k were in terpola ted f r o m the exper imenta l 

data. The in le t p rof i l e o f e was set to k^^^/Lt where is the m i n i m u m of Ky/Cl^^ {Cfj, = 

0.09) and 0 . 3 5 i ï . 

• R e l a t e d p u b l i c a t i o n s / r e p o r t s : 

[1] T . H . Shih , J . Zhu , and J . L . Lumley, ' A new Reynolds stress algebraic equat ion mode l ' , 

N A S A Technical M e m o r a n d u m 106644, Augus t 1994. 

1 
(1) 
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4th ERCOFTAC Workshop on Refined Flow IVIodelling ASC 

Description of Numerical Methodology for Test Case #3 
• Originator: Mirjam Sick*), Georg Scheuerer*) 

• Aff i l i a t ion : 
*)Sulzer Innotec AG *)Advanced Scientific Computing GmbH 

CH-8401 Winterthur Miinchner Str. 3, D-83607 Holzkirchen 
Switzerland Germany 

Telephone: +49 8024 8852 
Telefax: +49 8024 49304 

• General Description: 
The calculation is carried out with the element-based finite volume method TASCflow. 
TASCflow uses non-orthogonal numerical grids in combination with Cartesian velocity 
components and a co-located (non-staggered) variable arrangement. The mass and momentum 
equations are solved in a coupled manner, while the turbulence model equations are updated 
in a segregated, sucessive fashion. The linearized equation systems are relaxed using a 
solution algorithm based on incomplete LU factorization. For convergence rate enhancement, 
an algebraic multigrid scheme is incorporated. 

The fluid flow is assumed to be incompressible. The calculation for the grid described below 
converged to maximum residuals of 10""'*, corresponding to an iteration accuracy of four 
significant digits. 

• Convection Scheme: 
The discretization scheme for the convective fluxes is based on the linear profile skew-
upwind differencing method (LPS) (Raithby 1976), combined with the "Physical Advection 
Correction" (PAC) (Raw, 1994) method in order to obtain second order truncation error. 

• Mesh: 
The computational mesh is a block-structured, non-orthogonal grid. As the problem is 
considered as twodimensional, only two nodes are used in circumferential direction. Two 
solutions are calculated on a coarse and a fine grid, respectively, in order to estimate the 
numerical solution error. The fine grid consists of a total of 13616 nodes. Only results 
obtained from the fine grid are submitted. 

• Turbulence Models: 
The standard k-e turbulence model is used (Launder and Spalding, 1974). 

• Near-Wall Treatment: 
In the near-wall regions a logarithmic law model is applied (Peric and Scheuerer, 1989). 

• Related Publications/Reports: 

Raithby, G.D., 1976, "Skew Upstream Differencing Schemes for Problems Involving Fluid 
Flow", Compui. Meth. Appl. Mech. Eng., Vol. 9, pp. 153-164. 

Raw, M.J., Galpin, P.F., Hutchinson, B.R., Raithby, G.D., Van Doormaal, J.P., 1994, "An 
Element-Based Finite-Volume Method for Computing Viscous Flows", Internal Report, 
Advanced Scientific Computing Ltd., Waterloo, Ontario, Canada. 

Launder, B.E. and D.B. Spalding, 1974, "The Numerical Computation of Turbulent Flows", 
Comp. Meth. Appl. Mech. Eng., Vol. 3, pp 269 - 289. 

Peric, M. and G. Scheuerer, 1989, "CAST — A Finite Volume Method for Predicting 
Two-Dimensional Flow and Heat Transfer Phenomena", Technische Notiz SRR-89-01, 
Gesellschaft fiir Reaktorsicherheit GmbH, Garching. 
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4th ERCOFTAC Workshop on Refined Flow Modelling ASC 

Description of Numerical Methodology for Test Case # 4 
• Originator: Achim Holzwarth, Georg Scheuerer 

• Aff i l ia t ion: 
Advanced Scientific Computing GmbH 
Miinchner Str. 3, 83607 Holzkirchen 
Telephone: +49 8024 8852, Telefax: +49 8024 49304 

• General Description: 
The calculation is carried out with the element-based finite volume method TASCflow. 
TASCflow uses non-orthogonal numerical grids in combination with Cartesian velocity 
components and a co-located (non-staggered) variable arrangement. The mass and momentum 
equations are solved in a coupled manner, while the turbulence model equations are updated 
in a segregated, sucessive fashion. The linearized equation systems are relaxed using a 
solution algorithm based on incomplete LU factorization. For convergence rate enhancement, 
an algebraic multigrid scheme is incorporated. 

The fluid flow is assumed to be incompressible. The calculation for the grid described below 
took 47 iterations to converge to maximum residuals of 10""*, corresponding to an iteration 
accuracy of four significant digits. 

• Convection Scheme: 
The discretization scheme for the convective fluxes is based on the linear profile skew-
upwind differencing method (LPS) (Raithby 1976), combined with the "Physical Advection 
Correction" (PAC) (Raw, 1994) method in order to obtain second order truncation error. 

• Mesh: 
The computational mesh is a block-structured, non-orthogonal grid consisting of three subgrids 
Two solutions are calculated on a coarse and a fine grid, respectively, in order to estimate 
the numerical solution error. The fine grid, which is obtained by doubling the number of fiux 
elements in every grid direction, consists of a total of 92387 nodes. Only results obtained from 
the fine grid are submitted. The infiow and outflow boundaries are located at x/T = —18.24 
and x/T = 51, respectively. The plane parallel to the symmetry plane is moved further 
outwards to z/T = 10. Results, however, are presented only in the range z/T < 3.5. The 
height of the wing is y/T = 3. 

• Turbulence Models: 
The standard k-e turbulence model is used (Launder and Spalding, 1974). The empirical 
constants in the model equations have the standard values given by Launder and Spalding. 
They are compiled in the following table. 

Ce2 

0.09 1.44 1.92 1.0 1.3 

Table 1: Constants used in the k-e turbulence model. 

• Near-Wall Treatment: 
In the near-wall region a logarithmic law model is applied (Peric and Scheuerer, 1989). The 
law model is based upon the wall function approach derived by (Launder and Spalding, 
1974). However, the wall function equations given by Launder and Spalding become singular 
at separation points. In order to avoid this problem, three assumptions are made which are 
consistent with the logarithmic profile. These are: 

— Couette flow 

— Local equilibrium (production equals dissipation) 

— Constant stress layer 
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These assumptions produce the following relation between the wall shear stress and the 
kinetic energy: 

Tw = pcy^k (1) 

Using this equation, the following explicit equation for the wall shear stress can be derived: 

Tw = T,Uc^ (2) 

where 

Tvisc = put/An 

n* = pcl^H'/^An/n 

u+ = -ln(n*) + C 
K 

Tw = wall shear stress 
Ut = known velocity tangent to wall, at a distance An from the wall 

K, C Constants depending on wall roughness 

Thus the form of the wall functions used in TASCflovir is based on a function of n*. The 
constants of the logarithmic law model for smooth walls are « = 0.41 and C = 5.2. 
In the viscous sublayer very close to the wall, the logarithmic profile no longer holds. 
Therefore, the near wall region is devided into three sections, and the following definitions 
of •«+ and the asssociated regions of application are given below: 

= n* n* <5 (3) 

u+ = dm*^ + d2n*^ + dan* + di 5 < n* < 30 (4) 

= ^Hn*) + C n*>30 (5) 

The coefficients rfi... ^4 are determined such that the three equations are continious in value 
and first derivative. The coefficients depend on the values of n* at which the equations are 
matched. For the values given above, the coefficients are as follows: di = 6 4264 x 10"^ 
d2 = -5.2113 X 10-2, ^ 1 4729, and d^ = -1.1422. 

• Related Publications/Reports: 

Raithby, G.D., 1976, "Skew Upstream Differencing Schemes for Problems Involving Fluid 
Flow", Compui. Meth. Appl. Mech. Eng., Vol. 9, pp. 153-164. 

Raw, M.J., Galpin, P.F., Hutchinson, B.R., Raithby, G.D., Van Doormaal, J.P., 1994, "An 
Element-Based Finite-Volume Method for Computing Viscous Flows", Internal Report, 
Advanced Scientific Computing Ltd., Waterloo, Ontario, Canada. 

Launder, B.E. and D.B. Spalding, 1974, "The Numerical Computation of Turbulent Flows", 
Comp. Meth. Appl. Mech. Eng., Vol. 3, pp 269 - 289. 

Peric, M. and G. Scheuerer, 1989, "CAST — A Finite Volume Method for Predicting 
Two-Dimensional Flow and Heat Transfer Phenomena", Technische Notiz SRR-89-01, 
Gesellschaft fiir Reaktorsicherheit GmbH, Garching. 
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Description of Numerical Methodology for Test Case #5 
• Originator: Mirjam Sick#), Georg Scheuerer*) 

• Af f i l i a t ion : 

#)Sulzer Innotec AG *)Advanced Scientific Computing GmbH 
CH-8401 Winterthur Münchner Str. 3, D-83607 Holzkirchen 
Switzerland Germany 

Telephone: -|-49 8024 8852 
Telefax: +49 8024 49304 

• General Description: 
The calculation is carried out with the element-based finite volume method TASCflow. 
TASCflow uses non-orthogonal numerical grids in combination with Cartesian velocity 
components and a co-located (non-staggered) variable arrangement. The mass and momentum 
equations are solved in a coupled manner, while the turbulence model equations are updated 
in a segregated, sucessive fashion. The linearized equation systems are relaxed using a 
solution algorithm based on incomplete LU factorization. For convergence rate enhancement, 
an algebraic multigrid scheme is incorporated. 

The fluid flow is assumed to be incompressible. The calculation for the grid described below 
converged to maximum residuals of 10"^, corresponding to an iteration accuracy of four 
significant digits. 

• Convection Scheme: 
The discretization scheme for the convective fluxes is based on the linear profile skew-
upwind differencing method (LPS) (Raithby 1976), combined with the "Physical Advection 
Correction" (PAC) (Raw, 1994) method in order to obtain second order truncation error. 

• Mesh; 

The computational mesh is a block-structured, non-orthogonal grid. The grid is refined 
towards the walls and also towards the symmetry plane. Two solutions are calculated on a 
coarse and a fine grid, respectively, in order to estimate the numerical solution error. The 
fine grid consists of a total of 163053 nodes. Only results obtained from the fine grid are 
submitted. 

• Turbulence Models: 
The standard k-e turbulence model is used (Launder and Spalding, 1974). 

• Near-Wall Treatment: 
In the near-wall regions a logarithmic law model is applied (Peric and Scheuerer, 1989). 

• Related Publications/Reports: 

Raithby, G.D., 1976, "Skew Upstream Differencing Schemes for Problems Involving Fluid 
Flow", Comput. Meth. Appl. Mech. Eng., Vol. 9, pp. 153-164. 

Raw, M.J., Galpin, P.F., Hutchinson, B.R., Raithby, G.D., Van Doormaal, J.P., 1994, "An 
Element-Based Finite-Volume Method for Computing Viscous Flows", Internal Report, 
Advanced Scientific Computing Ltd., Waterloo, Ontario, Canada. 

Launder, B.E. and D.B. Spalding, 1974, "The Numerical Computation of Turbulent Flows", 
Comp. Meih. Appl. Mech. Eng., Vol. 3, pp 269 - 289. 

Peric, M. and G. Scheuerer, 1989, "CAST — A Finite Volume Method for Predicting 
Two-Dimensional Flow and Heat Transfer Phenomena", Technische Notiz SRR-89-01, 
Gesellschaft für Reaktorsicherheit GmbH, Garching. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2A 
2D SINGLE MODEL HILL FLOWS 

Originator: 
R Issa, W U A Leong and R Sanatian 

Affiliation: 
Computational Dynamics (STAR-CD) Limited 
Olympic House, 317 Latimer Road, 
London W10 6RA 

General description: 
STAR-CD is a general-purpose thermofluid analysis code with extensive flow, heat and mass transfer 
capabilities including compressible, multiphase and chemically-reacting flows. It also has f u l l 
pre/post processing facilities, encompassing mesh generation, results display and interfaces to 
external CAD systems. The code solves the Navier-Stokes' equation by employing an efficient 
finite-volume solution methodology in conjunction with a highly-flexible unstructured mesh system. 
This calculation simulated flow over a two-dimensional polynominal-shaped obstacle (hül) mounted on 
a flat plate with recirculation region in tis wake. 

Convection scheme: 
Extended versions of the SIMPLE algorithm was used for steady- state calculations, in conjunction 
with either up-wind differencing or high order differencing (including central differencing) scheme. 

Mesh: 
The calculation meshes used for these simulations were based on unstructured grid with local mesh 
refinement. Calculations were performed for three different mesh resolutions, they were; 

Gr id l : 15600 cells 
Grid 2: 37700 cells 
Grid 3: 48100 cells 

The near wall treatment for calculations using Grid 1 and 2 was log-law based waU function. The 
inlet channel length in Grid 2 and 3 was extended from the specified 100mm to 300 mm. Although the 
number of cells used in Grid 2 was double the amount used in Grid 1, no significant change was 
observed in the results. The additional ceUs used in Grid 3 was the result of the grid refmement 
at the near wall region (for applying the two-layer near wall treatment). The presented results 
were believed to be practically grid independent. 

Turbulence models: 
The model used the 'RNG' variant of k-epsüon turbulence model [1]. 

Near-wall treatment: 
A 'two-layer' variant of k-epsilon, in which the near-wall flow is simulated via a so-called 
one-equation low Reynolds number model [2] consisting of a transport equation for k and an algebric 
prescription for the turbulence dissipation rate; and the solution is matched to that of the 
standard k-epsilon equations at the 'edge' of the viscosity-influenced region. The f_mu coefficient 
of the turbulent viscosity equation is used as a basis for switching between the near-wall flow 
region (where viscosity dominates) and outer flow region (where viscous effects become 
negligible). The default tiansition is set at f_mu = 0.95. 

Related publications/reports: 
[1] Yakhot, V, Orszag, S A, Thangam, S, Gatski, T B and Speziale C G (1992) 

'Development of turbulence models for shear flows by a double expansion 
technique', Phys. Fluids, A4, No. 7, pp. 1510-1520. 

[2] Norris, L H and Reynolds W C (1975) 
'Turbulent channel flow with a moving wavy boundary' Report No. FM-10, 
Department of Mechanical Engineering, Stanford University, USA. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2B 
2D MULTI HILLS MODEL FLOWS 

Originator: 
R Issa, W U A Leong and R Sanatian 

Affiliation: 
Computational Dynamics (STAR-CD) Limited 
Olympic House, 317 Latimer Road, 
London WIO 6RA 

General description: 
STAR-CD is a general-purpose thermofluid analysis code with extensive flow, heat and mass transfer 
capabilities including compressible, multiphase and chemically-reacting flows. It also has ful l 
pre/post processing facilities, encompassing mesh generation, results display and interfaces to 
external CAD systems. The code solves the Navier-Stokes' equation by employing an efficient 
finite-volume solution methodology in conjunction with a highly-flexible unstructured mesh system. 
The results presented here represent the simulations of flow over ten consecutive polynominal-shaped 
obstacles (hills) mounted on a flat plate with recirculation region in their wake. Two sets of 
results were produced. The first set (in directory hül2_l-dir) was obtained Irom calculations based 

( on a domain which comprised the nine consecutive hüls plus an inlet channel (which length is 
300mm). The experimental inlet flow conditions used in the single hül case was used in this 
calculation. The results presented were extracted from a region between the 7th and 8th hills. The 
second set of results (in directory hill2_2-dir) was obtained from calculations using the cyclic 
boundary conditions which were applied at the inlet and outlet of the calculation domain (between 
the peaks of the 7th and 8th hiUs). 

Convection scheme: 
Extended versions of the SIMPLE algorithm was used for steady- state calculations, in conjunction 
with either up-wind differencing or high order differencing (including central differencing) scheme. 

Mesh: 
To start with, we developed a grid for simulating the flows between hiU no. 7 and 8, using cyclic 
type boundary conditions. This grid was based on the coarse grid used in the single hül case (with 
log-law based wall function) in which the results were almost independent of the grid 
refinement. The number of cells used was 13230 ceUs. For the fu l l domain model which comprised the 
first nine hüls and the inlet section, the total number of cells used was 116039. 

Turbulence models: 
The model used the 'RNG' variant of k-epsüon turbulence model [1]. 

Near-wall treatment: 
This model used the log-law based wall function. Details of the assumptions and resulting formulae 
can be found in [2]. 

Related publications/reports: 
[1] Yakhot, V, Orszag, S A, Thangam, S, Gatski, T B and 

Speziale C G (1992) 
'Development of turbulence models for shear flows by a 
double expansion technique', Phys, Ruids, A4, No, 7, 
pp. 1510-1520. 

[2] 'Manuals for STAR-CD Version 2.2', (1994) 
Computational Dynamics Ltd., Olympic House, 317 Latimer Rd., 
London WIO 6RA. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 4 
WING/BODY JUNCTION WITH SEPARATION 

Originator: 
R Issa, W U A Leong and R Sanatian 

Affiliation: 
Computational Dynamics (STAR-CD) Limited 
Olympic House, 317 Latimer Road, 
London WIO 6RA 

General description: 

STAR-CD is a general-purpose thermofluid analysis code with extensive flow, heat and mass transfer 
capabihties including compressible, multiphase and chemically-reacting flows. It also has fu l l 
pre/postprocessing facilities, encompassing mesh generation, results display and interfaces to 
external CAD systems. The code solves the Navier-Stokes' equation by employing an efficient 
finite-volume solution methodology in conjunction with a highly-flexible unstractured mesh system 
These calculations simulated three-dimensional flow over a surface-mounted cyUndrical wing. Due to 
geometric symmetry, only one half of the wing was used in the computational domain. The 
calculational domain was extended to 25 times the wing's thickness in the x-direction and 7 times 
the wing's thickness in the z-direction. 

Convection scheme: 

Extended versions of the SIMPLE algorithm was used for steady- state calculations, in conjunction 
with up-wind differencing scheme. 

Mesh: 
The calculations were performed for three different mesh resolutions, thev were-

Grid 1:67290 cells 
Grid 2: 129760 cells 
Grid 3: 177365 cells 

A l l the calculations performed with these meshes were based on log-law type wall function. The 
refinements were the results of our attemps to capture the development of boundary layer near the 
wall and the development of vortex near the wing/body junction. The results presented here were 
based on Grid 3. 

Turbulence models: 

The model used the 'RNG' variant of k-epsilon turbulence model [1], 

Near-wall treatment: 

This model used log-law based wall function. Details of the assumptions and resulting formulae can 
be found in [2]. 

Related publications/reports: 
[1] Yakhot, V, Orszag, S A, Thangam, S, Gatski, T B and 

Speziale C G (1992) 
'Development of turbulence models for shear flows by a 
double expansion technique', Phys. Fluids, A4, No. 7, 
pp. 1510-1520. 

[2] 'Manuals for STAR-CD Version 2.2', (1994) 
Computational Dynamics Ltd., Olympic House, 317 Latimer Rd., 
London WIO 6RA. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASES 2 AND 3 

Originator: 

Dr.-Ing. R. Kessler 

Affiliation: 

DLR - Goettingen, Bunsenstr. 10, 37081 Goettingen 

General description: 

Finite-Volume method for non-orthogonal grids, non-staggered variable arrangement, SIMPLE algorithm, 
incomplete LU-decomposition, multigrid acceleration. 

( 

Convection scheme: 

3rd order QUICK scheme 

Mesh: 

case 2a: 328 x 152 contirol volumes, typical y-f: .08 - .5 
case 2b: 180 x 152 conti-ol volumes, typical y+: .16 - .6 
case 3 : 248 x 152 control volumes, typical y+: .13 - .2 

Turbulence models: 

different two equation models implemented. 

all present calculation are done with the k-omega model of Wilcox. 

Near-wall treatment: 

Related publications/reports: 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2B 

Originator: C. Maafi 

Affiliation: DLR, Institut fiir Physik der Atmosphare D-82230 Oberpfaffenhofen 

General description: 

The numerical scheme integrates the full primitive equations of motion for incompressible flows 
in three dimensions and as a function of time. The subgrid-scale (SGS) fluxes are determined by 
means of eddy diffusivities as a function of the grid scale and the square root of the SGS kinetic 
energy. The latter is computed from a separate transport equation including shear and dissipation. 
The differential equations are approximated by finite differences in a spatial staggered grid. The 
momentum equation is integrated in time using the Adams-Bashforth scheme. The mean velocity 
Um is defined as the average velocity in the a;-direction across a y-z plane. After each time step 
A i , the actual mean velocity is tested and a mean pressure gradient in the ax:ial direction is 
determined such that Um remains constant. At the lateral boundaries, periodicity conditions are 
used. At the rigid surfaces, the frictional momentum flux is computed locally from the horizontal 
velocity in the lowest grid cell using the Prandtl relationships for a rough surface. The initial 
conditions prescribe uniform velocities with additional random perturbations. The LES Method 
is explained in detail in Krettenauer and Schumann (1992). 

For this test case various boundary conditions, grids, and Smagorinsky constants have been 
considered but no set of parameters allowed the prediction of this reversed fiow correctly. The 
presented results of Almeida et al. as well as the discussions at the workshop have shown that 
the fiow in case of the consecutive hills is not fully periodic. In the simulation we consider a 
time dependent flow. If we define U.j = A/J/j, where Ui, is the bulk velocity, then there will be 
an approximate equivalence between the channel flow at distance n A from the start of the waves 
and the spatially periodic simulated flow after a time nUef. We will assume this similarity in 
comparing simulation and experiment. We find that results at an early stage corresponding to the 
location of measurement (7th trough) match the experimental results much better as the results at 
a later state, which would correspond to the 40th trough. We conclude that parts ofthe differences 
between the experiment and the simulations are due to this instationarity. 

Convection scheme: Second-order upwind scheme. 

Mesh: 

The equations of motion arejormulated for the Cartesian velocity components (u, v, w) as afunction 
of curvilinear coordinates {x, y, z) which are related to the Cartesian coordinates according to the 
transformation x = x,y = y,z = T]{X, y, z). Here, 

^ z - h 

maps the domain above the model hills and below a plane top surface at z = H onto a rectangular 
transformed domain. In this simulation we use 96 x 48 x 48 grid cells. The computational domain 
extends over 4 hills. The horizontal grid spacings are refined near the walls. 
Turbulence models: Second-order closure for the SGS fluxes using a separate transport equation 
for the SGS kinetic energy. 
Near-wall treatment: 

Flat wall: Boundary condition from Werner and Wengle (1991) with u+ = 10.6(z+)V9, 
Wavy wall: - |u|«;/ln(2r/zo) with roughness height zo/H = 0.0002. 
Related publications/reports: 

K. Krettenauer and U. Schumann (1992), Numerical simulation of turbulent flow over wavy terrain. 
J. Fluid Mech. 237, pp. 261-299 
A. Dörnbrack and U. Schumann (1993), Numerical simulation of turbulent convective flow over 
wavy terrain. Boundary-Layer Meteorology 65, pp. 323-355 
Werner H. and H. Wengle (1991), Large-eddy simulation of turbulent flow over and around a cube 
in a plate channel. Proc. 8th Turbulent Shear Flow Symp. Munich, Sept 9-11, pp. 19.4.1-6 
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D E S C R I P T I O N O F N U M E R I C A L M E T H O D O L O G Y F O R T E S T 

C A S E l A 

Originators: Stanislas M., Hannani K. S. , and Deldicque A. 

Aff i l ia t ion: Ecole Centrale de Lille, Laboratoire de Mecanique de Lille, 

URA CNRS-1441, BP-48, F59651 Villeneuve d'Acsq, France 

General description: 

A Galerkin finite element formulation is used to study the development of a two dimensional 
Couette-Poiseuille turbulent flow in a rectangular channel. To specify the eddy viscosity a two 
equation ^ - e model is implemented and solved in conjunction with the Reynolds averaged 
mcompressible Navier-Stokes equations. The near wall region is also modeled and resolved using 
a "low Reynolds number " extension ofthe k-e model. 
Bilinear elements for velocity components and constant pressure elements are employed. A penalty 
function approach has been used to eliminate the pressure at the element level. Bilinear elements 
have been also used for the k and e. The system of steady state non-linear equations is solved using 
a Newton-Raphson and Picard method. At the walls no-slip boundary conditions are imposed for 
the velocity variables and i = 0 and (e - £)) = 0 where D = Ivk/y'^ (see below). At the 
outlet boundary the streamwize gradients of all variables are set to zero. For the inlet boundary 
condition, experimental profiles did not seem to be consistent with the model used. Therefore, 
one-dimensional calculations are done for the pure Poiseuille flow in order to obtain the numerical 
inlet boundary profiles. The calculations are also performed with experimental profiles as inlet 
boundary conditions. Using experimental profiles, the kinetic energy profiles oscillate in the region 
-.235 < a; < 0 and before reaching the moving wall they switch back to the profiles predicted by 
the model. It seems that results at the developed section (developing length) are not sensitive to 
the inlet boundary conditions. 

Convection scheme: Standard Galerkin finite element (centered) scheme. 

Mesh: The computational domain has been discretized by 8000 (80 x 100) non-uniform elements 
between x=-.235 m and x=2.673 m. The mesh system consists of 101 points in the y direction and 
81 pomts in the x direction. The mesh system is highly refined in the wall region and at a: = 0.0 
where the lower wall starts moving. A moving wall length of 2.673m (90 times the channel height) 
IS needed to obtain a fully developed fiow (fully developed velocity, k, and e). Using a moving wall 
length of less than 70 times the channel height, the kinetic energy will not reach a fully developed 
condition and will be under-estimated compared to the fully developed case. 

Turbulence model: Standard k-e turbulence model has been opted. 

Near wall treatment: The near wall region is modeled and resolved using a "low Reynolds 
number » extended version of the A - e model. In this study Chien's model (1982) is used . This 
is indeed a ^ - ê model where the ê goes to zero at walls. The two ilr - ê transport equations are 
written as: 

KV*) ,u - V.((/z + / Z i M ) ( V ^ ) ) = 

/j(Vë).u-V.((/z + ^</t7,)(Vè)) = 

Ht{Wu + { V u f ) '.Vu- pë-D 

CeiPi€/k{Vu + ( V u f ) : Vu - c,2fe^/k - E 

where 

D = 2iJtk/y^ 
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€ = e-[- D 

Ce2 

0.09 L35 L88 LO L3 

h ƒ2 

(l-ea;p(-.0115u*y/j/)) (1 - .22ea;p(-(fe76j/è)) exp{—.hu*y/v) 

Recenlty, Michelassi, Rodi and Zhu (1993), based on the DNS data, recommended the following 
f f j : function: 

^ = (1 - ea;p(-2.10-V - 4 .5 .10-V ' ) ) 

In the same reference the value of (Tk is changed to 1.3 to predict correctly the turbulent kinetic 
energy at the center of the channel. Here, calculation are also performed with the above and 
(Tfc implemented to the Chien's model. 

References: 

K.Y. Chien, " Predictions of channel and boundary-layer üow with a low-Reynolds-number turbulence 
model", AIAA Journal, Vol. 20, No. 1, January, 1982. 
V. Michelassi, W. Rodi, and J. Zhu, " Testing a low Reynolds number k-e turbulence model 
based on Direct Simulation Data ", AIAA Journal, Vol. 31, No. 9, September, 1993. 
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D E S C R I P T I O N O F N U M E R I C A L M E T H O D O L O G Y F O R T E S T 
C A S E I B 

Originators: Stanislas M., Hannani K. S. , and Deldicque A. 

Aff i l ia t ion: Ecole Centrale de Lille, Laboratoire de Mecanique de Lille, 

URA CNRS-1441, BP-48, F59651 Villeneuve d'Acsq, France 

General description: 

A Galerkin finite element formulation is used to study the development of a two-dimensional 
Couette-Poiseuille turbulent flow in a rectangular channel. To specify the eddy viscosity a two 
equation k-e model is implemented and solved in conjunction with the Reynolds averaged 
incompressible Navier-Stokes equations. The near wall region is also modeled and resolved using 
a "low Reynolds number " extension ofthe k - e model. 
Bilinear elements for velocity components and constant pressure elements are employed. A penalty 
function approach has been used to eliminate the pressure at the element level. Bilinear elements 
have been also used for the k and e. The system of steady state non-linear equations is solved using 
a Newton-Raphson and Picard method. At the walls no-slip boundary conditions are imposed for 
the velocity variables and k = 0 and (e - D) = 0 where D = 2pk/y'^ (see below). At the 
outlet boundary the streamwize gradients of all variables are set to zero. For the inlet boundary 
condition, experimental proflles did not seem to be consistent with the model used. Therefore, 
one-dimensional calculations are done for the pure Poiseuille flow in order to obtain the numerical 
inlet boundary profiles. The calculations are also performed with experimental profiles as inlet 
boundary conditions. Using experimental profiles, the kinetic energy profiles oscillate in the region 
-.235 < K < 0 and before reaching the moving wall they switch back to the profiles predicted by 
the model. It seems that results at the developed section (developing length) are not sensitive to 
the inlet boundary conditions. 

Convection scheme: Standard Galerkin finite element (centered) scheme. 

Mesh: The computational domain has been discretized by 8000 (80 x 100) graded elements 
between x=-.235 m and x=3.58 m. The mesh system consists of 101 points in the y direction 
and 81 points in the x direction. The mesh system is highly refined in the wall region and at 
X = 0.0 where the lower wall starts moving. A moving wall length of 3.58m (120 times the channel 
height) is needed to obtain a fully developed fiow (fully developed velocity). However, even using 
a moving wall length of 120 times the channel height, the turbulent kinetic energy did not reach a 
completely fully developed condition. 

Turbulence model: Standard k-e turbulence model has been opted. 

Near wall treatment: The near wall region is modeled and resolved using a "low Reynolds 
number " extended version of the - e model. In this study Chien's model (1982) is used . This 
is indeed a, k - ë model where the ë goes to zero at walls. The two fe - ? transport equations are 
written as; 

KVfe).M-V.((/z + /z«M)(Vfe)) = 

/^<(Vu -I- (Vu)^) -.Vu- pë- D 

p{Vë).u-V.{{p + fXt/(r,){Vë)) = 

Ceifitë/k{Vu + ( V u f ) : Vw - c^a/f^/fe - E 

where 
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D = 2fik/y' 

e = € + D 

E = n^e/y^ 

Ce2 

0.09 L35 L88 LO L3 

fl ƒ2 

{l-exp{-Ml5u*y/u)) (1 - .22exp{-{k^/Qpë)) exp(—.5u*y/u) 

Recenlty, Michelassi, Rodi and Zhu (1993), based on the DNS results, recommended the following 
f f i function ; 

^ = (1 - exp{~2.10-^y+ - 4 .5 .10 -^ ' ) ) 

In the same reference the value of (Xk is changed to 1.3 to predict correctly the turbulent kinetic 
energy at the center of the channel. Here, calculation are also performed with the above and 
(T). implemented to the Chien's model. 

References: 

K.Y. Chien, " Predictions of channel and boundary-layer flow with a low-Reynolds-number turbulence 
model", AIAA Journal, Vol. 20, No. 1, January, 1982. 
V. Michelassi, W. Rodi, and J. Zhu, " Testing a low Reynolds number k — e turbulence model 
based on Direct Simulation Data ", AIAA Journal, Vol. 31, No. 9, September, 1993. 
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D E S C R I P T I O N O F M E T H O D O L O G Y F O R T E S T C A S E S l A A N D 
I B 

Originator: Stanislas.M, Deldicque A., Hannani S. 

Aff i l ia t ion: Ecole Centrale de Lille, LML URA CNRS 1441, BP48 F59651 Villeneuve d'Ascq 
FRANCE 

General Description: When the flow is developed, the problem reduces to the one dimensional 
problem: 

d f,,d^\ „ 
^ i f — + 5 = 0 
dy \ dy J 

Using a flnite volume formulation, at a node j the discretized equation is obtained (a second order 
scheme is used for the derivatives) 

+ B^j + C^i-i = D 

Using Thomas Algorithm, the tri-diagonal set of equations for $ is solved. 

Convection sheme: No scheme has been used because of the absence of convection when the 
flow is developed. 

Mesh: The mesh used to perform the calculation for the two cases is symetrical and exponential 
. The number of nodes used in the y direction is 199. For example, near the fixed wall, ten points 
lie in the viscous layer (the first point is about 0.4 viscous length) and thirty points in the buffer 
layer. 

Turbulence model: The model of JAKIRLIC k HANJALIC (proceedings ofthe 5 International 
Symposium on refined flow modelling and turbulence measurements) has been used to perform the 
calculation for the case la and lb . The equation of e has been slightly modifled; (7̂ 4 has been set 
equal to zero. Their model differs essentialy in the expression of the e equation from LAUNDER & 
SHIMA's model. The stress transport model is a version of LAUNDER k SHIMA model though 
the anisotropy of the dissipation tensor is explicitly modeled. Severals constants are made function 
of the invariants of the anisotropic stress tensor aij and of the anisotropic dissipation tensor e.̂ . 
The wall reflection effects are taken in account through the pressure strain term. The way to model 
this phenomena involves the use of wall function based on the turbulent energy k, the dissipation e, 
and a characteristic length. In the present case, at a location, the length to consider is the nearest 
normal distance; that means that only the nearest wall is felt at a location point. 

Near wall treatment: For each wall, mirror conditions have been used to impose the no slip 
condition on the flrst moment and the second moments. At each wall, the dissipation e is deduced 
from the kinetic energy k through the relation: 

o (dk^l'^V 
^waU = — 

References: 

Jakirhc S., Hanjahc K., Durst F. Proc. 5th Symposium on Refined Flow Modelling and Turbulence 
Measurements 

Set of equations and constants: 

Stress transport equation: 

§^muj = Pij + 4 + + $5 .̂1 + + - | - ( _ J . + , _ | _ ^ ) _ . 

UjUk 
.dUi 

dxk 
+ UiUk 

.dUj 

dxu 

$ 1 . 
e ( 2 \ 
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w2 

-C2 ( Pij - ^PSij 

^ e ( , 3 3 \ fc3/2 

( 3 3 
^tj' = Cn>2 {^ImnkTlmèij - -^^iknkTlj - ^^jk^kU, ed 

J ^ k duiUj 
e 0x1 

fse:j+{l-fs)^e6ij 

e {ïHüj + {üïükTijnk + ü7W".nifc + UkUinknininj)fd) 

e transport equation 

D_ 
Dt 

ee k 
e = Celj^P - Ce2fe~ + Ce3V-WÜk 

d ' k e 

^dxk \ ^ e^'''^'dxi '^^dxk 

e dxjdxi dxkdx] 

de 

Classical constants: 

Other constants: 

Cs Ce2 Ce3 

0.22 0.18 1.44 1.92 0.3 

G = 2.bAF^i'^f 

F = mm(A2,0.6) ƒ = min[{Rt/m)^, 1] 

C2 = 0.75A1/2 = 2/5-4C/15 
= maa;[4/15-1/(15C2),0] fs 

= 2/5-4C/15 

h = 1/(1 + 0.1^,) fe = l - S ^ ( e x p { - § ) ) 

where 

f ^ = 1 - 9A2/8 + 9A3/8 A2 — dij dij 

A3 = aijajküki aij = UiUj/k — 2/3(5jj 

< Rt = e / v e 
E = 1 - 9/8^^2 + 9/8£'3 E2 = e,-j Cij 

Ei = eijejk^ki eij = eij/e-2/S6ij 
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Descr ipt ion of methodology for test cases l a and l b 

Originator: Stanislas.M, Deldicque A., Hannani S. 

Aff i l ia t ion: Ecole Centrale de Lille, LML URA CNRS 1441, BP48 r59651 Villeneuve d'Ascq 
FRANCE ^' 

General Description: When the flow is developed, the problem reduces to the one dimensional 
problem: 

dy \ dy J 

Using a finite volume formulation, at a node j the discretized equation is obtained (a second order 
scheme is used for the derivatives) 

Using Thomas Algorithm, the tri-diagonal set of equations for # is solved. 

Convection sheme: No scheme has been used because of the absence of convection when the 
fiow is developed. 

Mesh: The mesh used to perform the calculation for the two cases is symetrical and exponential 
. The number of nodes used in the y direction is 199. For example, near the fixed wall, ten points 
lie in the viscous layer (the first point is about 0.4 viscous length) and thirty points in the buffer 
layer. 

Turbulence model: The model of SHIMA (&LAUNDER) (proceedings of the eight symposium 
on turbulent shear flows session 8-2) has been used to perform the calculation for the case la and 
lb. The wall reflection effects are taken in account through the pressure strain term. The way 
to model this phenomena involves the use of wall function based on the turbulent energy k, the 
dissipation e, and a characteristic length. In the present case, at a location, the length to consider 
is the nearest normal distance; that means that only the nearest wall is felt at a location point. 
Near wall treatment: For each wall, mirror conditions have been used to impose the no slip 
condition on the flrst moment and the second moments. At each wall, the dissipation e is deduced 
from the kinetic energy k through the relation: 

^ /dfeV2^2 

dy /wall 
References: 

Shima N. 1991 Proc. 8th Symposium on Turbulent Shear Flows 
Launder B.E. & Shima N. 1989 AIAA J.27, 1319-1325 
Set of equations and constants: 

Stress transport equation: 

p / dUi , dUj 

= - C i l ( w ü j - l k 6 i j ^ 

^ = -C^lPij-^PSij'^ 

(Bu,i _ ^ e f . 3 3 \ fe3/2 
'^ij - Cwlr UkUmnkUrnOij - -UkUinkUj - -UkUjUkUi ] •— 

V ^ i J 2.oed 

T ^ k öïïJïïT 
Jijk = -C,-UkUi 

e dxi 
2 , 
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€ transport equation 

D 
-e 

nt 

Classical constants: 

Other constants: 

Ce Cel C£2 

0.22 0.18 1.45 1.9 

Cl = 1 + 2.58^^2''^ [1 - exp-{0m67Rtf 
C2 = 0.75^1/2 

C„i = -2Ci / 3 + 1.67 
Cw2 = maa;[2(C2-l)/3 + 0.5,0]/C72 
* i = 1 . 5 A ( f - l ) 
*2 = 0.35(1-0.3A2)ea:p(-(0.002i?t)i/2) 

where 

A = 1 - 9A2/8 + 9A3/8 A2 = aijOi; 
A3 = aijüjkaki aij = üïüj/k - 2/i6ij 

Rt = k^ue 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originator: 
P.Debaty, J.F.Brison, G.Brun, O.Leroy 

Affiliation: 

laboratoire de mecanique des fluides et d'acoustique 
Ecole Centrale de Lyon 69131 ECULLY Cedex France 

General description: 

- NATUR : Navier-stokes TURbulent code 
- elliptic solver of the Navier-Stokes equations using rsm model of turbulence for calculating flows 
with complex geometries with or without swirl 
- finite element discretisation with two grids (Pl interpolation of pressure on a coarse grid, 
PlisoP2 interp. of aU other quant, on finer grid) 
- non stationary formulation, semi-implicit time scheme ensuring linearisation of the differential 

( operators 
- resolution of linear systems by a CGS method 

Convection scheme: 

streamline-upwind finite element technique[TJ.Hughes] 

Mesh: 651 nodes, 1200 triangular elements on pressure grid 
2501 nodes,4800 triangular elements on the finer grid 

Inlet conditions 

boundary conditions at the inlet(located at x=-25 mm) are taken from experimental profiles(some of 
them are extrapolated to reach y = l mm) 

Turbulence models: 

standard simplified form of Launder,Reece,Rodi [1974] model with Cl=1.5 and gama=0.6, using 
isotropisation of production hypothesis (IP model) wall echo terms are discarded here 

Near-wall treatment: 

wall functions 

logarithmic law for velocity 

the first point is located at y = l mm from the wall to ensure a y+ value between 40 and 80 

Related publications/reports: 

P.Debaty "Performances des modeles de turbulence au second ordre appliques a des configurations 
axisyme- triques simulees par elements finis" these E.C.L. 16/12/94 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 1A_1D 

Originator: Laurence D. 

Affiliation: EDF-LNH, 6 quai watier, 7840 Chatou, France. 

General description: 

I D fmite difference code for fully developed channel flow The diffusion and elliptic operators are 
solved as coupled tri-diagonal systems : k and epsilon, u2 and phi22 etc. 

Convection scheme: 

none 

Mesh: 

200 nodes, with clustering in the near wall region. 

Turbulence models: 

IP second moment closure of Lunder-Reece-Rodi with no wall echo terms. 

The dainping of the redisttibutive pressure-strain terms is obtained by an elliptic relaxation of the 
latter which is most effective in in the near wall layer (y+<50). 

The timescale k/epsilon is prevented from going to zero by setting a lower bound based on a 
Kolmogorov time-scale. 

The rotta constant is decreased from it's standard value to capture the log-law without wall echo 
terms: C l = 1.22, C2=0.6, sigmak=1.2, simaeps=1.65 cepsl=1.44, ceps2=1.9 

Near-wall treatment: 

elliptic relaxation avoids use of damping functions, k and u2 are parabolic at y+=0 and dissipation 
floats to whaterver level is needed to balance diffusion, uv and v2 decrease as y**4. 

Related publications/reports: 

. P. Durbin 

A reynolds Stress model for near-wall turbulence. JFM (1993) vol 249 p465. 

. D, Laurence, P. Durbin 

Modelhng near wall effects in second moment closures by elliptic relaxation. Center for Turbulence 
Research, Proceedings of the 1992 summer program. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 1 &2 

Originator: 

N.E. Bouciiama, E . Razafmdrakoto, D. Laurence, G. Pot 

Affiliation: 

EDF-LNH, 6 quai watier, 7840 Chatou, France. 

General description: 

- Finite element N3S code, 

- Time and space discretization : Fractional steps method with convection step, diffusion step and 
pressure-continuity problem. Convection step is solved by characteristics method and the two 
remaining stages are solved by a Galerkin finite element method with Pl-IsoP2 triangles (pressure is 
Pl on the element and other variables are Pl on each sub-element), ( 

Convection Scheme: 

Characteristics method 

Mesh: 

200 nodes, with clustering in the near wall region. 

Turbulence models: 

Launder Sharma low Re k-epsilon model 

Near-wall treatment: 

I 

U=0., k=0., epsilon tilda=0. 

Related publications/reports: 

- CHABARD, METIVET, POT, THOMAS : "An efficient finite element method for the computation of 3D 
turbulent mcompressible flows". Finite Element in Fluids , Vol.8,1992. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2 (RSTM) 

Originator: 

N.E. Bouchama, E . Razafmdrakoto, D. Laurence, G. Pot 

Affiliation: E D F - L N H , 6 quai watier, 7840 Cliatou, France. 

General description: 

- Finite element N3S code, 

- Time and space discretization : Fractional steps method with convection step, stress step and 
pressure-continuity problem. Convection step is solved by a characteristics method and the two 
remaining stages are solved by a Galerkin fmite element method with Pl-IsoP2 triangles (pressure is 
P l on the element and other variables are P2 on each sub-element). The Re Sttesses equations are 
solved coupled with the momentum equations, under an incremental linearized form. The linear system 

( is solved by a conjugate residual method. 

Convection scheme: 

Characteristics method. The upstream trajectory is computed by Runge Kutta, and advected variables 
interpolated by the quadratic P2 discretization. 

Mesh: 

3721 P l nodes, with clustering in the near wall region. 

Turbulence models: 

IP version of the LRR Reynolds Stress Transport model, without "wall echo" terms. The "law of the 
wall" is applied for the shear stress and constant values are given to the normal stresses. 

Near-wall treatment: 

High Re form U(y)=f(y,u*) => u* => Re stresses 

Related publications/reports: 

- CHABARD, METIVET, POT, THOMAS : "An efficient fmite element method for the computation of 3D 
turbulent incompressible flows", Finite Element in Fluids , Vol.8,1992. 
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structured Mesh for Test Case 2A 
13536 Pl Nodes (pressure) 
53671 P2 Nodes (velocity) 



structured Mesh for Test Case 2B 
3721 P l Nodes (pressure) 
14641 P2 Nodes (velocity) 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 5 

Originator : J.D. Mattei, J.P. Minier 

Affiliation : EDF/DER/LNH 

General description : ESTET is a multi-purpose software using single block structured mesh. 

Coordinates are cartesian or orthogonal curvilinear. Laminar and turbulent flows can be simulated 

using k-e or k-e low Reynolds modelling (Launder-Sharma model). Compressible or incompressible 

can be computed, a Lagrangian treatment of the dispersed phase (if any) can be used as well as 

radiative transfer, porous media . . . . The numerical scheme is based on a half-staggered grid 

and makes use ofthe separation of operators (advection, diffusion -|- source terms, mass balance). 

Advection for velocity components, k and e is performed by the characteristics method. The 

k-e system is solved in a coupled manner. The mass balance step is treated by Finite Volume 

discretization while for scalars a quick-upwind Finite Volume discretization is applied. 

Convection scheme : Characteristics method with cubic interpolation at their feet. The interpolation 

scheme is based on Hermite interpolation. 

Mesh : Structured single block mesh. 

Turbulence models -.k-e standard model with constants egal to Cei = 1.44, 0^2 = 1.92, crj = 1, 

<Te = 1.3 and = 0.09. 

Near-wall treatment ; Use of wall functions with a logarithmic law for the velocity based on two 

regions : 

if 2/+ < 5 then u = 0,k = 0, ^ = 0. 
on 

i f J/+ < 5 then wall functions. 

Related publications/reports : 

[1] Gabillard, M. and Viollet, P.L., 1988, "The 3D computation of secondary flow and density 

currents in a curved pipe", 3rd International Symposium of Refined Flow Modelling and Turbulence 

Measurements, Tokyo 1988. 

[2] Peniguel, C. and Rupp, I . , 1993, "A Numerical Method for Thermally Coupled Fluid and Solid 

Problems", 8rd International Conference on Numerical Methods in Thermal Problems, 11-16 July 

1993. 

[3] Mattei, J .D., Lionnet, B. and Laurence, D., 1994, "Computations of Turbulent Mixed Convection 

in Square Cavities", International Symposium on Turbulence, Heat and Mass Transfer, 9-12 August 

1994. 

[4] Peniguel, C , 1994, "Numerical Study of a Thermally Stratified Flow and its Interaction with a 

Conducting Wall", 4th International Symposium on Stratified Flows, 29 June-2 July 1994, 

[5] Bailly, C, Lafon, P. and Candel, S., 1994, "Computation of Subsonic and Supersonic Jet Mixing 

Noise Using a Modified k - e Model for Compresible Free Shear Flows", Acta Acustica 2 (1994), 

pp 101-112. 
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DESCRIPTION OF N U M E R I C A L M E T H O D O L O G Y FOR TEST CASE l A , B & C 
"Developing flow" 

Originators: 
Jean-Bernard CAZALBOU and Florence TORRES. 

Aff i l ia t ion: 
ENSICA, Département de Mecanique de Fluides, 
49 avenue L. BLUM, 31056 TOULOUSE Cedex. 

General description: 
An "artificial compressibility code" is used to generate all developing-flow results in Case lA, IB and IC. The 
steady Reynolds-averaged Navier-Stokes equations, written for an incompressible fluid, are supplemented 
with fictitious-time evolution terms including a pressure temporal derivative in the continuity equation. 
Time-marching until convergence gives the solution for the steady incompressible flow. The method is based 
on a flnite-volume spatial discretization of the partial-differential equations written in vector form for the 
dynamics and in scalar form for the closure transport equations. Approximations to the diffusion terms are 
centered while that of the convection terms are based on a flux-difference splitting procedure that can be 
precise up to the third order. Time discretization is explicit. ( 

Convection scheme: 
Roe's approximate Riemann Solver [J. Comput. Phys., Vol.43,1981] implemented with the MUSCL approach 
(Van Leer, J. Comput. Phys., Vol. 43, 1981] limited to first-order precision. 

Mesh: 
Two orthogonal grids are used: 
- Grid # 1 for Cases A and B, (96,102) points in (x, y) clustered in the ^-direction at the beginning of the 
moving belt and following a cosine distribution in y, (Cartesian grid); 
- Grid #2 for Case C, (52,102) points in {x,y) evenly spaced in the a;-direction and following a cosine 
distribution in y, (non-Cartesian grid). 

Turbulence models: 

The (k, e) model with the standard set of constants [Launder and Sharma, Letters in Heat and Mass Transfer 
Vol. 1, 1974]. 

Near-wall treatment: 
Low-Reynolds-number version ofthe (fe,e) model according to Launder and Sharma (Ibid.) 

Related publications/reports: 
J.-B. CAZALBOU, 
"Calcul d'écoulement turbulents de fiuide incompressible par une méthode de compressibilité artificielle" 
Internal rpt. ENSICA/DFR/MF, 1991. 
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DESCRIPTION OF N U M E R I C A L M E T H O D O L O G Y FOR TEST CASE l A & I B 
"Developed flow" 

Originators: 
Jean-Bernard CAZALBOU and Florence TORRES. 

Aff i l ia t ion: ENSICA, Département de Mécanique de Fluides, 
49 avenue L, BLUM, 31056 TOULOUSE Cedex. 

General description: 
A "One-dimensional channel flow code" is used to generate all developed-flow results in Case l A and IB. I t 
is based on a simple flnite-volume spatial discretization of the differential equations of the 1-D case (obtained 
from the Reynolds-averaged equations). A fictitious-time marching is performed that gives the solution after 
time convergence. All approximation are centered, diffusion terms are implicitely treated and, in order to 
improve convergence, the evaluation of the source terms is either explicit or implicit depending on their sign. 

Convection scheme: 
No convection terms in the 1-D differential equations. 

Mesh: 
100 discretization points with a cosine distribution (clustered near the upper and lower walls) ensures grid 
independence. 

Turbulence models: 
The (k, e) model with the standard set of constants [Launder and Sharma, Letters in Heat and Mass Transfer, 
Vol. 1, 1974]. 

Near-wall treatment: 
Low-Reynolds-number form of the {k, e) model in two versions: 
1) Launder and Sharma (Ibid.) 
2) Yang and Shi [AIAA J., Vol. 31, 1993] 

Related publications/reports: 
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DESCRIPTION OF N U M E R I C A L M E T H O D O L O G Y FOR TEST CASE I C 
"Developing flow" 

Originators: 

Jean-Bernard CAZALBOU and Florence TORRES. 

Aff i l ia t ion: 

ENSICA, Département de Mécanique de Fluides, 
49 avenue Leon Blum, 31056 TOULOUSE Cedex. 

General description: 

A code solving the compressible two-dimensional mass-weighted averaged Navier-Stokes equations is used to 
generate results in Case IC. The numerical method is based on a finite volume formulation of the explicit 
implicit Mac Cormack scheme, which is second order accurate in time and space. At each time step, forward 
or backward approximations are used for the inviscid terms whereas viscous terms are centered. The implicit 
operator implemented leads to the inversion of a block-matrix which is performed by a line Gauss-Seidel 
relaxation technique. 

Calculations are performed at Re^ = U,,6p/p = 4000, with = 30m/s and 6 = 7.5mm. The initial 
conditions assumed a uniform flow at Mach number 0.10 with pressure and temperature set everywhere 
The initial temperature equals 225K and p is calculated with the Sutherland's law. I t was necessary to 
adopt such values for the different parameters in order to perform the calculations with a compressible code 
we believe that the low value retained for the Mach number allows a valid comparison with experimental 
data. 

Convection scheme: 

Mac Cormack's predictor-corrector scheme implemented with the flux sphtting procedure of Steger and 
Warming [AIAA Paper 81-0110, St Louis Missouri, 1981]. 

Mesh: 

The grid used is orthogonal and contains (52,102) points m {x,y) evenly spaced in the ic-direction and 
following a cosine distribution in y, (non-Cartesian grid). 

Turbulence models: 

The [k, e) model with the standard set of constants [Launder and Sharma, Letters in Heat and Mass Transfer 
Vol, 1, 1974], ' 

Near-wall treatment: 

Low-Reynolds-number version of the {k, e) model according to Launder and Sharma (Ibid.) 

Related publications/reports: 

F. PAVIE-TORRES, J.-B. CAZALBOU, A. KOURTA, H. HAMINH "Numerical study of heat transfer 
for unsteady viscous supersonic blunt body flows", Proceedings of the flfth International Symposium on 
Numerical Methods in Engineering, Lausanne, Sept. 1989, Springer Verlag, Vol. 1, p.595-600. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2 

Originator: T. Jongen & Y. Marx 

Affdiation: EPFL-IMHEF 

General description: 

Finite-volume method/ Cell-centered / Artificial compressiblity method Fully implicit / A D I method 
for the implicit step Nine-points molecule for the diffusive terms 

Convection scheme: 

High order upwind (Roe scheme + kappa scheme) 

Mesh: 

85x100 points, made of trapezoids. 
Bottom: 1st point y/h_max=1.09e-3 (cell-center) 
Top : 1st point y/h_max=6.23e-3 (cell-center) 
Towards the center of the domain: geometrical progression of ratio 1.07 (top) 
and 1.08 (bottom) 

Turbulence models: 

Low Reynolds formulation of the k-epsilon turbulence model. The k-epsilon equations are solved 
every iupdate steps for the momentum equations, (here, iupdate=2) The equations for k and for 
epsilon are treated in a coupled fashion. A l l the terms are treated implicitely. The A D I method is 
used to solve the linear systems 

Near-wall treatment: 

Combination of Lam_Bremhorst damping functions and the ones proposed by C.G. Speciale and al. in ' A 
Critical Evaluation of Two Equations Models for Near Wall Turbulence", AIAA 90-1481: 

f_mu=(l+3.45/sqrt(Re_t))*tanh(y'^-l-/70) 

fl=(l+0.05/f_mu)'^2 

f2=(l-2/9*exp(-Re_t^2/36))*(l-exp(-y'^+/4.9)) 

and Re_t=k'^2/nu/epsilon 

Related publications/reports: 

Yves P. Marx,"Time integration schemes for the unsteady incompressible Navier- Stokes equations", 
Joumal of Comput. Phys., Vol. 112, No. 1, May 1994. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 1 

Originator: Vahe' Haroutunian 

Affiliation: Fluid Dynamics Intemational 
500 Davis Street, Suite 600 
Evanston, I L 60201, USA 

General description: 

Computations are performed with the general purpose fmite element CFD code FIDAP. FIDAP employs a 
range of solution algorithms and linear equation solvers. Turbulence modeling capabilities are 
primarily based on two- equation models. The two-equation models in the current version of FIDAP 
include: the standard k-e model of Launder and Spalding (1974), the extended k-e model of Chen and 
Kim (1987), the RNG k-e model of Yakhot et al (1992), an anisotropic version of the standard k-e 
model (1995) and Wilcox's k-omega model (1988). These two-equation models may be used in 
conjunction with one of three available eddy-viscosity models. These are: the linear (isotropic) 
Boussinesq EVM, the nonlinear (anisotropic) EVM of Speziale (1987) and the nonlinear (anisotropic) 
E V M of Craft et al (1993). The four k-e model variants in FIDAP are of the high-Re type and are 
used with a two-layer near-wall model. Wilcox's k-omega model is a low-Re model and does not require 
the use of a near-wall model. Wilcox's model is primarily intended for use in internal flows at low 
Reynolds numbers (say, Re < 10,000). The near-wall model in FIDAP is a finite element implementation 
of a two-layer approach. This consists of a single layer of specialized fmite elements which fully 
contains the viscous sub-layers. Specialized shape functions based on the universal near-wall flow 
proflles are used to accurately resolve the flow profiles, van Driest's low-Re mixing-length model 
is used to predict the variation of the turbulent viscosity in the layer of special elements. This 
near-wall model is fully described by Haroutunian and Engelman (1991). A segregated solution 
algorithm is used to solve the discretized flow equations resulting from case 1. The algorithm which 
is a consistent fmite element implementation of the SIMPLER algorithm is fuUy described by 
Haroutunian et al (1993). The systems of linear equations resulting from the discretizations can be 
solved using either a direct Gaussian elimination solver or a choice of conjugate gradient type 
iterative solvers. Test cases la and lb are simulated only. Owing to the low Reynolds numbers 
involved Wilcox's k-omega model is used to simulate these examples. Boundary conditions for u, k and 
omega at the inlet to the computational domain (x=-0.235 m) were obtained from a separate 1-D run of 
fully developed Poiseuille channel flow. The pressure drop was iteratively adjusted to obtain a mean 
flow velocity of U_q=2.3906 m/s. The velocity profile obtained in this manner compares closely with 
the experimental velocity profüe available at x=-0.235 m. For test case la, two separate runs were 
performed to obtain the fully developed 1-D flow at x = infinity. The first case corresponded to the 
DNS simulation of Kuroda et al where a prescribed normalized pressure gradient of a = -1.33e-3 is 
used. The second case was simulated using a = - 1.18e-3 which corresponds to the experiments of 
Corenflos et al. One separate ran was performed to obtained the 1-D estabUshed Couette flow of 
case 1-b. The pressure drop was set to zero. 

Convection scheme: 

A purely streamline upwind scheme is employed. This scheme is described by 
Hughes and Brooks (1979). 

Mesh: 

A regular Cartesian grid of 13800 4-node elements is used. 69 elements are placed across the flow 
and 200 along the flow direction. Grading is applied towards the walls and the x=0 location on the 
bottom wall at which the velocity jump occurs. 30 elements are used between -0.235 < x < 0, and 170 
elements are used between 0 < x < 1.4. The y4- values of the fnst grid points removed from the 
walls are everywhere less that 0.3. 
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Turbulence models: 

Wilcox's k-omega model 

Near-wall treatment: 

Wilcox's k-omega model used to integrate through viscous sub-layers. The wall boundary condition of 
omega is applied based on the recommendation of Menter (1993). 

Related publications/reports: 

Launder and Spalding, (1974), "The Numerical Computation of Turbulent Hows", Comp. in Apphed 
Mech. and Engng., Vol. 3, 269-289. 

Chen and Kim, (1987), "Computations of Turbulent Hows Using an Extended k-e Turbulence Closure 
Model", NASA CR-179204. 

Yakhot et al, (1992), "Development of Turbulence Models for Shear Hows by a Double Expansion 
Technique", Physics of Fluids, A4, 7, 

HDAP 7.5 Update Manual, (1995), Fluid Dynamics Int. Evanston, IL . 

Wilcox, (1988), "Reassessment of the Scale-Determining Equation for 
Advanced Turbulence Models", AIAA Joumal, Vol., 26, No. 11. 

Speziale, (1987), "On Nonlinear k-1 and k-e Models of Turbulence" 
JFM, Vol. 178. 

Craft, Launder and Suga (1993), "Extending the Applicability of Eddy Viscosity Models Through the 
use of Deformation Invariants and Nonlinear Elements", Proc. 5th lAHR Conf. on Refmed Flow Modehng 
and Turbulence Measurements. 

Haroutunian and Engelman, (1991), "On Modeling Wall-Bound Turbulent Hows Using Specialized 
Near-Wall Finite Elements and the Standard k-e Model", Advances in Numerical Simulation of Turbulent 
Hows, ASME Pub. FED-Vol. 117. 

Haroutunian, Engelman and Hasbani, (1993), "Segregated Finite Element Algorithms for the Numerical 
Solution of Large-Scale Incompressible Flow Problems", Int. J. Numerical Methods in Fluids, Vol 17. 

Menter,^(1993), "Zonal Two-Equation k-omega Turbulence Models for Aerodynamic Hows", A I A A Paper 

Hughes and Brooks, (1979), "A Multidhnensional upwind scheme with no cross-wind diffusion", in 
Finite Element Methods for Advection Dominated Hows, ASME Pub. A M D - V o l . 34. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 4 

Originator: Dr. Vahe' Haroutunian 

Affiliation: Fluid Dynamics Intemational 
500 Davis Street, Suite 600 
Evanston, I L 60201, USA 

General description: 

Computations are performed with the general purpose finite element CFD code FIDAP. FIDAP employs a 
range of solution algorithms and linear equation solvers. Turbulence modeling capabilities are 
primarily based on two- equation models. The two-equation models in the current version of FIDAP 
mclude: the standard k-e model of Launder and Spalding (1974), the extended k-e model of Chen and 
Kim (1987), the RNG k-e model of Yakhot et al (1992), an anisotropic version ofthe standard k-e 
model (1995) and Wücox's k-omega model (1988). These two-equation models may be used in 
conjunction with one of three available eddy-viscosity models. These are: the linear (isotropic) 
Boussinesq EVM, the nonlinear (anisotropic) E V M of Speziale (1987) and the nonlinear (anisotropic) 
EVM of Craft et al (1993). The four k-e model variants in FIDAP are of the high-Re type and are 
used with a two-layer near-wall model. Wilcox's k-omega model is a low-Re model and does not requke 
the use of a near-wall model. Wilcox's model is primarily intended for use in internal flows at low 
Reynolds numbers (say. Re < 10,000). The near-wall model in FIDAP is a fmite element implementation 
of a two-layer approach. This consists of a single layer of specialized finite elements which ful ly 
contains the viscous sub-layers. Speciahzed shape functions based on the universal near-waU fllow 
profiles are used to accurately resolve the flow profiles, van Driest's low-Re mixing-length model 
IS used to predict the variation of the turbulent viscosity in the layer of special elements. This 
near-wall model is fully described by Haroutunian and Engelman (1991). A segregated solution 
algorithm is used to solve the discretized flow equations resulting from case 1. The algorithm which 
IS a consistent finite element implementation ofthe SIMPLER algorithm is fuUy described by 
Haroutunian et al (1993). The systems of Hnear equations resulting from the discretizations can be 
solved using either a direct Gaussian elimination solver or a choice of conjugate gradient type 
iterative solvers. Two simulations of test case 4 were performed using the standard k-e and the 
extended k-e models, respectively. The near-wall model was employed in both simulations. 

Convection scheme: 

fig^gf^ ^^^^"^^"^ upwind scheme is employed. This scheme is described by Hughes and Brooks 

Mesh: 

A non-regular mesh comprising of 114686 nodes is constmcted using 8-node brick elements. Grading is 
applied towards the wing and body surfaces. 

Turbulence models: 

The standard and extended k-e models. The extended model in FIDAP employs slightiy revised values 
for model coefficients c l and c3. Chen and Kim recommend cl=1.15 and c3=0.25. In our testing of this 
model m FD^AP, we fmd that cl=1.35 and c3=0.05 gives consistently better results over a wide range 
of flows. (Chen and Kim's recommended values of c l and c3 produce significantly underdiffuse 
predictions). The revised values which are the defaults in FIDAP are used in the simulation of test 
case 4. 

P-52 
University of Karlsruhe 



4th ERCOFTAC Workshop on Refined Flow Modelling FluiDyna 

Near-wall treatment: 

The two-layer near-waU model of FIDAP 

Related publications/reports: 

Launder and Spalding, (1974), "The Numerical Computation of Turbulent Flows", Comp. in AppUed 
Mech. and Engng., Vol. 3, 269-289. 

Chen and Kim, (1987), "Computations of Turbulent Flows Using an Extended k-e Turbulence Closure 
Model", NASA CR-179204. 

Yakhot et al, (1992), "Development of Turbulence Models for Shear Hows by a Double Expansion 
Technique", Physics of Fluids, A4, 7. 

FIDAP 7.5 Update Manual, (1995), Fluid Dynamics Int. Evanston, I L . 

Wilcox, (1988), "Reassessment of the Scale-Determining Equation for Advanced Turbulence Models", 
AIAA Joumal, Vol., 26, No. 11. 

Speziale, (1987), "On Nonlinear k-1 and k-e Models of Turbulence", JFM, Vol. 178. 

Craft, Launder and Suga (1993), "Extending the Applicability of Eddy Viscosity Models Through the 
use of Deformation Invariants and Nonlinear Elements", Proc. 5th lAHR Conf on Refmed Flow ModeUng 
and Turbulence Measurements. 

Haroutunian and Engelman, (1991), "On ModeUng WaU-Bound Turbulent Hows Using Specialized 
Near-WaU Finite Elements and the Standard k-e Model", Advances in Numerical Simulation of Turbulent 
Hows, ASME Pub. FED-Vol. 117, 

Haroutunian, Engelman and Hasbani, (1993), "Segregated Finite Element Algorithms for the Numerical 
Solution of Large-Scale Incompressible Flow Problems", Int. J. Numerical Methods in Fluids, Vol 17. 

Hughes and Brooks, (1979), "A Multidimensional upwind scheme with no cross-wind diffusion", in 
Finite Element Methods for Advection Dominated Hows, ASME Pub. AMD-Vol . 34. 
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ERCOFTAC Workshop 
CASE 3: SWIRLING BOUNDARY LAYER 

I N CONICAL DIFFUSER 

Originator & Affiliation: 

T.C. Yu GE Hydro 
795 George V, Lachine, Quebec, H8S 2S8 
vutc@hydro.ge.com 

W.Shyy University of Florida, Dept. of Aerospace Eng., 
Mechanics and Eng. Science. 
231 Aerospace Bldg., Gainesville, Florida, 32611 
wss@tiger.aero.ufl.edu 

General description: 

The code used for the test case 3 has been developped by the authors to predict 3D flow 
characteristics and energy losses in hydraulic turbine components: spiral case, distributor (radial 
cascades), runner (Francis and Kaplan) and draft tube (elbow diffuseur). Since the code is used for 
a wide range of applications, the original k-epsilon turbulence model is adopted. 

Convection scheme: 

The conservative control volume formulation and the Semi-Implicit Method for Pressure Linked 
Equations (SIMPLE) algorithm are extended and implemented in a general curviUnear coordinate 
system. A staggered grid arrangement is adopted for the discretization. Both Cartesian and 
contravariant velocity components are located at the midpoint of the control volume faces and the 
pressure is located at the arithmetic center of the volume. The second order upwind scheme, cast in 
a conservative form, has been adopted for the convection terms, and second order central difference 
schemes have been applied for all other terms. 

Turbulence models: 

The original k-epsilon two equation turbulence model is adopted as the closure form. Constants used 
for the standard k-epsilon model are as follows: 

C_mu = 0.09 
C _ e p s L l o n _ l =1.44 

C_epsi lon_2 = 1.92 

sigma_k = 1. 
sigma_epsilon = 1.3 

Near-wall treatment: 

WaU function 

Mesh: 

The test case 3 was analysed in 3D with 4 different grid sizes: 23x23x55, 27x27x75, 35x35x75 and 
45x45x75. Numerical result obtained with the 35x35x75 grid is presented here (Figure 1). 

University of Karlsruhe P-55 



GEHydro 4th ERCOFTAC Workshop on Refined Fiow Modelling 

Three-dimensional, instead of two-dimensional, geometry is used here mainly to assess whether a 
tmly axisymmetric flowfield can be obtained on a streched quadrilateral mesh system. Since our 
computations are based on stmctured grid in all three directions, it is of interest to ensure that, 
for example, the comer meshs on a circular cross section do not adversely affect the solution 
accuracy. This issue is practically important. As can be observed from our solutions, the present 
approach, while cosdy, has not prevented us from obtaining solutions with poor spatial 
resolutions. It does help us answer question about both turbulence models and complex geometries. 

Inlet condition 

The proflles of U and W are specified following Mm-25.dat file and are normaUzed by Uo= 11.6 m/s. 
The turbulence kinetic energy is defmed as k=0.5*(u**2-i-v**2+w**2)/3 where u,v and w are specified 
in usq-25.dat, vsq-25.dat and wsq-25.dat. The turbulence kmetic energy dissipation at the inlet is 
calculated as epsilon=C_mu*k**(3/2)/.0075 

The profile of V (radial component) is set equal to zero at the inlet for the submitted 
solution. This assumption is not a reahstic one because the specified inlet section is too close to 
the divergence section (x=-25mm), therefore V can not be zero at this location. 

The proflle of V can be estimated numerically by the following manner. First, a prehminary flow ^ ' 
analysis is performed for the conical diffuser, but the inlet is extended further upstream to 
x=-100mm where the radial component is specified as zero (Figure2). Then from the preliminary 
solution, we could determine tiie radial component profile at x=-25mm for the final flow analysis 
with the original inlet (Figure3). 

Related publications/reports: 

Vu, T.C. and Shyy, W., 1988, "Viscous Flow Analysis for HydrauUc Turbine Draft Tubes.", Proceedings 
14th Symposium of the lAHR, Trondheim, Norway, 1988, pp.915-926, also published in the Joumal of 
Ruids Engineering, Vol. 112, 1990, pp. 199-206. 

Vu, T.C, Heon, K. and Shyy, W., 1994, "A CFD-based Computer Aided Engineering System for Hydraulic 
Turbines", Proceedings 17th Symposium ofthe lAHR, Beijing, China, Vol. 1, pp.329-340. 

Shyy, W., 1994, "Computational Modeling for Fluid Flow and Interfacial Transport", Elsevier, 
Amsterdam, The Netherlands. 

Braaten, M.E. and Shyy, W., 1986, "A Study of Recirculating Flow Computation using Body-fitted 
Coordinates: Consistency Aspects and Skewness.", Numerical Heat Transfer, Vol. 9, pp.559-574. 

Shyy, W., Tong, S.S. and Correa, S.M., 1985, "Numerical Recirculating How Computation Using 
Body-Fitted Coordinates", Numerical Heat Transfer, Vol. 8, pp.99-113 

Shyy, W. and Vu, T.C, 1991, "On the Adoption of Velocity Variable and Grid System for Fluid Flow 
Computation in Curvilinear Coordinates", Joumal of Computational Physics, Vol. 92, pp.82-105. 
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D e s c r i p t i o n of Mtunerical Methodology f o r T e s t Case 2 

O r i g i n a t o r : Dr . M i l a n S e d l a r 
Pump R e s e a r c h I n s t i t u t e of Olomouc 
Kosmonautu 6 a , C2-77223 OLOMOUC 

A f f i l i a t i o n . ; Independent R e s e a r c h Worker 
CFD B r a n c h 

G e n e r a l d e s c r i p t i o n : NEPTUNE i s the f i n i t e c lement based system 
f o r the s o l u t i o n o f two-dift iensional , q u a s i - t h r e e - d i m e n s i o n a l 
and t h r e e - d i m e n s i o n a l v i&cous i n c o m p r e s s i b l e f l o w problems , 
e s p e c i a l l y i n hydromachinery a p p l i c a t i o n s . I t has been d e v e 
loped i n the Pump R e s e a r c h I n s t i t u t e of OlomDUC a s the e n t r y -
l e v e l system atf ie %o run on p e r s o n a l comjiuters . 
As a f i n i t e e l e m e a t » the q u a d r a t i c t r i a n g l e i s used f o r the 
t e s t case 2. To e l i m i n a t e the p r e s s u r e unknown from the sys tem 
of e q u a t i o n s , the p e n a l i s a t i o n and reduced I n t e g r a t i o n method 
i s a p p l i e d . The code enab le s t o use b o t h the s t r u c t u r e d and 
the u n s t r u c t u r e d and h y b r i d g r i d s . 

C o n v e c t i o n scheme: Th© n o n l i n e a r e q u a t i o n s a r e s o l v e d by the s u c 
c e s s i v e approx imat ion and u n d e r - r & l a x a t i o n . The upwinding >ne-
thod i s based on the a r t i f i c i a l v i s c o s i t y o p e r a t o r t h a t i s 
c o n s t r u c t e d so as to operate i n the f l ow d i r e c t i o n o n l y and to 
e l i m i n a t e any c r o s s w i n d a r t i f i c i a l d i f f u s i o n ( S e d l a r , 1 9 9 3 a , 
1993^) . 

Mesh; Case 2A: the s t r u c t u r e d non-uniform g r i d of 3000 (50x30x2) 
q u a d r a t i c e l ements {101x61 nodal p o i n t s arrangement) 
Case 2B: the s t r u c t u r e d non-uni form g r i d of 2340 (39x30x2) 
q u a d r a t i c e lements {79x61 nodal p o i n t s arrangement) 

T u r b u l e n c e models: The turbu ience i s HiodeJled through the h i g h 
Reynolds k - c model: 

V 

(«.'i?)k = V. [ {v + — } y k ) 4 p " c 
k 

1/ 

k e i €?, 

V - C — , P = V (Vu + ( 7 u r ) - ^ u 

C 0 . 09 , (T = 1,0, <r = 1 .3 , C^, - 1 ,44, C . = 1 . 9 2 

To p r e d i c t b e t t e r eddy v i s c o s i t y d i s t r i b u t i o n i n the s e p a 
r a t i o n r e g i o n , the Goldberg*s modei f o r s e p a r a t e d f l o w s can be 
used {Goldberg , 19921. 

Another t u r b u l e n c e model used i n t h i s s tudy i s the n o n l i n e a r 
k - E EEiodel o f S p e z i a l e ( S p e c i a l e , 19873, The s i m p l e form f o r 
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two-dirftenaional f i ow tAcharya et a L , , 1*^94] has been adopted 
i n the t e s t c a s e 2. 

N e a r - w a l l t rea tment ; w a l l f u n c t i o n s 

u 
- y* f o r y' < 12 

T 

1 
...2. s i JLn(Ey'') f o r y* > 12 , E - 9 , f t ^ 0 .4 

Q T jit O t 

I n l e t bo^mdary c o n d i t i o n s ; 

mean v e l o c i t y i n x d i r e c t i o n Ü , . . . f r o u f t the e x p e r i w e n t a i d a t a 

mean v e l o c i t y i n y d i r e c t i o n V , . . . z e r o v a l u e 

t u r b u l e n t k i n e t i c energy k from the exper imenta l d a t a 

{k = (u'u"" + vW"'")/2) 
3 / 2 3/A 

d i s s i p a t i o n r a t e e c » k C / I 
1 = Ky f o r y s C $/K 

(Tl p-

1 ï= C <S f o r y > C 3 /< 
ra (U ^ M 

R e l « . t e d p u b l i c a t i o n s / r e p o r t s : 

A c h a r y a , S . . D u t t a , S . , M y r u m ^ T . A , . B a k e r , R . S , , 1 9 9 4 , " T u r b u l e n t Flow 
Past a S u r f a c e - M o u n t e d T w o - D i ï i i e n s i o n a i R i b \ Journ . F l u i d s E n g n g . , 
V o l , 1 1 6 . pp. 238-24&. 

G o l d b q r g , U . C , , 1992, '̂A N e a r - W a l l Model f o r S e p a r a t e d T u r b u l e n t 
Flows" . J o u r n . F l u i d ï J E n g n g , , V o l , 114, pp. 694-697, 

S e d l a r , M . » 1 9 9 3 a , " C a l c u l a t i o n of Q u a s j - T h r e e - D i r a e n s i o n a l Incowpres -
s i b l e V i s c o u s Flows b y the F i n i t e Eiiement Method", J o u r n . Num.Metb. 
F l u i d s , V o l , 16, pp, 953-966, 

S e d l a r , M . , 1 9 9 3 b , "Using Q u a s i - T h r e e - D i m e n s t o n a l V i s c o u s Flew Model
l i n g i n Pump Des ign". P r o c 8 t h I n t . Conf . n u m e r i c a l Methods i n L a 
minar and T u r b u l e n t F low, Swansea, p p . 924-934. 

S p e z i a l e , C . , 1 9 8 7 , "On N o n l i n e a r k - i and k - e p s Models of T u r b u l e n 
ce", J o u r n , F l u i d H e c h . , V o l , i 7 S , pp, 459"47f5. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2. 

Originator; Pieter Biom* and Robert Booij** 

Affiliation: 

* Hokkaido River Disaster Prevention Research Center 
S-1, W - 1 , Chuo-ku, 2nd Yuraku BIdg. 
Sapporo City, Hokkaido, Japan, 060 

** Department of Civil Engineering 
Delft University of Technology 
P.O. Box 5048, 2600 GA Delft 
The Netherlands 

General description: 

The calculations were made using the PHOENICS flow-simulation software, PC version 2 1 of C H A M 
Limited. PHOENICS is a computer code which simulates fluid-flow, heat-transfer, chemical-reaction 
and related phenomena. It is a 3D finite-volume system that solves convection-diffusion 
equations. It is equipped to be used for two-phase flow whüe up to 50 dependent variables can be 
solved. PHOENICS solves sets of algebraic equations which represent the consequences of integrating 
the differential equation over the finite-volume of a computational cell and over a finite-time and 
approximating the resulting volume, area and time by way of interpolation assumptions. 

Convection scheme: 

The default interpolation assumption is the "fully-implicit upwind" scheme. This implies thaf 
In tune-dependent terms, all fluid properties are presumed to be independent of position within 

the cell. 

In the convection term, all fluid properties are uniform over cell faces; "new" values are 
supposed to prevail throughout the time interval; and the values prevaüing at the cell face are 
those at the nearest grid node on the 'upwind' side of the face. 

In diffusion terms, the property gradients and the transport properties are uniform over cell 
faces; "new" values are supposed to prevail throughout the time interval; the gradients are based on 
the supposition that the properties vary linearly, and the transport properties are arithmetic 
averaged of those on either side of the cell faces. 

In source terms, the nodal values are supposed to prevaü over the cell volume; "new" values are 
supposed to prevail throughout the time interval. 

Mesh; 

Case 2a, Staggered grid, 480*50 elements. 

Case 2b, Staggered grid, 180*50 elements. To avoid influence ofthe outflow boundary at the location 
X = 126 mm, the outflow boundary is located half way the 8th and 9th hill . 

Calculation time; 
Case 2a, 8 hours on Compaq Pentium 66 MHz 
Case 2b, 24 hours on Compaq Pentium 66 MHz 

Turbulence models: 
Standard k-epsilon turbulence model 
Coefficients: Von Karman coefficient = 0.41 

Cmu = 0.5478 
Cd = 0.1643 
Cmucd = Cmu*Cd 
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Cle 
C2e 

= 1.44 
= 1.92 

Near-wall treatment: 
BOTTOM: "Law of the wall" to calculate the friction velocity. 
U_tauf = (ul * Karman)/(log(dl/z_0) - 1) with u l velocity in element 
closest to the wall, d l hight of element closest to the wall, z_0 
roughness length. 
- Source term in momentum equation in flow direction to simulate the 

friction. 
S = U_tauf*abs(U_tauf)*rho, rho is the density. 

- Prescribed values for the turbulence energy and the dissipation, 
k = (U_tauf^2)/(Cmucd'^.5) 
epsilon = (U_tauf'^3)/(Karman*z) 

WATER SURFACE: 
- Symmetry condition for the turbulence energy, 

dk/dz =0. 
- Prescribed value for the dissipation to counteract large length scales 
near the water surface, 
epsilon = (Cmucd'̂ .VS * k'^l.SyCKarman * (z + 0.07 * h)) z is the 
vertical coordinate and h is the water depth. 

- Adaptation of the rigid water surface, by iterative calculations of the 
new water level. 
delta D = delta p / (rho * g), delta D is rise of the water surface, 
delta p is the excess pressure with respect to pressure in the inflow 
element at the rigid lid, and g the gravitational acceleration. 

Apart from the adaptation of the surface a source term has to be 
introduced to simulate the hydrostatic pressure due to the rise of 
the water: S = rho * g * delta D. 

For Case 2a as well as for Case 2b at both walls the BOTTOM near-wall 
ti-eatment is used. 

Inflow condition: 
Case 2a 

- Velocity: measured velocity proflle 
- k : measured velocity profile 
- epsilon : calculated from an assumed parabolic eddy-viscosity proflle, 

epsilon = (Cmucd * k'^2) / viscosity, with the 
viscosity = (U_tauf * Karman * z * (1 - z / h)) 

Case 2b 
- Velocity, k and epsilon of the location x = 126 mm. 7 calculations were 
made, the 7th calculation is presented. 

Related publications/reports: 

P. Blom, "Turbulent flow over a sill". Proceedings X X I V lAHR congress Madrid, 1991. 

P. Blom, "Turbulent free-surface flow over sill". Ph. D-thesis Delft University of Technology, 
Faculty of Civil Engineering, Communication on hydraulic and geometrical engineering 93-1, 1993 

P. Blom, R. Booij, J.A. Battjes, "Turbulent free-surface flow over a sill". Proceedings Second 
National Mechanics Congress Kerkrade, Kluwer Academic Publishers, 1993. 

P. Blom and R. Booij, "Turbulent free-surface flow over sills", submitted for publication in Joumal 
of Hydraulic Research. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originator: 

Dipl.-Ing. Jochen Gier, Dipl.-Ing. Uwe Krueger 

Affiliation: Institut fuer Dampf- und Gasturbinen, 
RWTH Aachen 
Direktor: Univ. Prof Dr.-Ing. D. Bohn 

General description: 

Program FL0W3D. Fully implicit, stmctured finite volume scheme for body-fitted, multiblock 
meshes. SIMPLEC pressure correction (Van Doormal and Raithby) algorithm on non-staggered grid 
together with improved Rhie-Chow interpolation method to avoid checkerboard oscillations. Central 
differencing for diffusion terms. 

Inlet Conditions: 

Given physical mformation was used for the inlet boundary condition including the turbulence 
quantities. For determination of epsilon the following relationship was employed-
epsilon=k'^1.5/((CMU^0.75)*(D*0.01)) with CMU=0.09, D=0.26 

Convection scheme: 

Higher-order upwind differencing 

Mesh: 

Algebraically generated mesh with appropriate refmement near the wall. (Cylindrical coordinate 
system) 

Turbulence models: 

Algebraic Reynolds Stiress Model (Clarke, D.S. and Wilkes, N.S. (1987), 'Turbulent flow predictions 
usmg Algebraic sti-ess models', AERE-R 12694) (based on work at UMIST by Launder) 

Near-wall tteatment: 

One layer logarithmic velocity proflle 

Related publications/reports: 

Van Doormal, J.P. and Raithby, G.D. (1984), "Enhancements of the SIMPLE metiiod for predicting 
incompressible fluid flows", Numer. Heat Transfer, 7 pp 147-163 

Thompson, CP. and Wilkes, N.S. (1982), "Experiments with Higher-Order Finite Difference Formulae" 
AERE-R 1(M93 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originator: 
Dipl.-Ing. Jochen Gier, Dipl.-Ing. Uwe Krueger 

Affiliation: Institut fuer Dampf- und Gasturbinen, 
RWTH Aachen 
Direktor: Univ. Prof. Dr.-Lig. D. Bohn 

General description: 

Program FL0W3D. Fully implicit, structured finite volume scheme for body-fitted, multiblock 
meshes. SIMPLEC pressure correction (Van Doormal and Raithby) algorithm on non-staggered grid 
together with improved Rhie-Chow interpolation method to avoid checkerboard oscillations. Centi-al 
differencing for diffusion terms. 

Inlet Conditions: 
( Given physical information was used for the inlet boundary condition including the turbulence 

quantities. For determination of epsilon the following relationship was employed: 
epsilon=k'^l.5/((CMU'^0.75)*(D*0.01)) with CMU=0.09, D=0.26 

Convection scheme: 

Higher-order upwind differencing 

Mesh: 

Algebraically generated mesh with appropriate refinement near the wall. (Cylindrical coordinate 
system) 

Turbulence models: 

Differential Reynolds Sti-ess Model (Clarke, D.S. and Wilkes, N.S. (1989), 'The calculation of 
turbulent flows in complex geometries using a Differential Steess Model', AERE-R 13428) 

(Launder, Reece, Rodi (1975) 'Progress in the development of a Reynolds Sttess Turbulence Closure', 
J. Fluid Mech.) 

Near-wall treatment: 

One layer logarithmic velocity proflle 

Related publications/reports: 

Van Doormal, J.P. and Raithby, G.D, (1984), "Enhancements of the SIMPLE method for predicting 
incompressible fluid flows", Numer. Heat Transfer, 7 pp 147-163 

Thompson, CP. and Wilkes, N.S. (1982), "Experiments with Higher-Order Finite Difference Formulae", 
AERE-R 1(H93 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originator: 
Dipl.-Ing. Jochen Gier, Dipl.-Ing. Uwe Krueger 

Affiliation: Institut fuer Dampf- und Gasturbinen, 
RWTH Aachen 
Direktor: Univ. Prof. Dr.-Ing. D. Bohn 

General description: 

Program FL0W3D. Fully implicit, structured finite volume scheme for body-fitted, multiblock 
meshes. SIMPLEC pressure correction (Van Doormal and Raithby) algorithm on non-staggered grid 
together with improved Rhie-Chow interpolation method to avoid checkerboard oscillations. Central 
differencing for diffusion terms. 

fillet Conditions: 
Given physical information was used for tiie inlet boundary condition including the turbulence 
quantities. For determination of epsilon the following relationship was employed: 
epsilon=k'^1.5/((CMU^0.75)*(D*0.01)) with CMU=0.09, D=0.26 

Convection scheme: 
Higher-order upwind differencing 

Mesh: 

Algebraically generated mesh with appropriate refmement near the wall. (Cylindrical coordinate 
system) 

Turbulence models: 

RNG k-epsilon model Modification of standard k-epsilon model, derived from a renormaUzation group 
analysis of the Navier-Stokes equations. 
Constants: 
CMU 0.09 
C l 1.42 
C2 1.68 
BETA 0.015 
ETA04.38 

Near-wall treatment: 
One layer logarithmic velocity profile 

Related publications/reports: 

Van Doormal, J.P. and Raitiiby, G.D. (1984), "Enhancements ofthe SIMPLE metiiod for predicting 
incompressible fluid flows", Numer. Heat Transfer, 7 pp 147-163 

Thompson, CP. and Wilkes, N.S. (1982), "Experiments with Higher-Order Finite Difference Formulae", 
AERE-R 10493 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originators: Charles Hirsch and Andrei E. Khodak 

Affiliation: Department of Fluid Mechanics 
Vrije Univeriteit Brussel, B-1050 Brussels, Belgium 

General description: 

Full Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver EURANUS (EUropean Aerodynamic Numerical Simulator) Equations are formulated in 
generalized non-orthogonal coordinates for Cartesian velocity components This code has essentially a 
compressible time-marching formulation with Runge-Kutta time integration. The low-Mach- number 
computations apply a preconditioning technique with an artificial compressibility approach. 

Convection scheme: 

Central schemes with fourth order numerical dissipation 

Mesh: 

64x32 non-orthogonal. Unknown parameters are placed in the cell centers 

Turbulence models: 

Standard high-Reynolds-number turbulent kinetic energy - dissipation rate turbulence model. Original 
constants 

Near-wall treatment: 

Wall functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0.42, E=9.0. Friction velocty is obtained firom Üie solution of the ti-anscendental equation 
for the velocity in the center of the furst inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the first inner cell according to the standard formulas. 

Inlet conditions: 

Experimental data for stireamwise and swirl velocities and turbulent kinetic energy. Radial velocity 
equal zero. Dissipation rate is obtained from three-layer approach as described in Hirsch and Khodak 
(1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex Intemal Flows with Reynolds Sti-ess Algebraic 
Equation Model" A I A A Paper 95-2246 
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DESCRIFTrON OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originators: 
Charles Hirsch and Andrei E. Khodak 

Affiliation: 
Department of Fluid Mechanics Vrije Univeriteit Brussel, B-1050 Brussels, Belgium 

General description: 
Full Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver EURANUS (EUropean Aerodynamic Numerical Simulator) Equations are formulated in 
generalized non-orthogonal coordinates for Cartesian velocity components This code has essentially a 
compressible time-marching formulation with Runge-Kutta time integration. The low-Mach- number 
computations apply a preconditioning technique with an artificial compressibility approach. 

Convection scheme: 
Central schemes with fourth order numerical dissipation 

( 

Mesh: 
64x32 non-orthogonal. Ünknown parameters are placed in the cell centers 

Turbulence models: 
Reynolds stress algebraic equation model or non-lmear turbulent kinetic energy - dissipation rate 
turbulence model (Shih, Zhu, and Lumley, 1994) Original constants exept Al=4 . 

Near-wall treatment: 
Wall functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0.42, E=9.0. Friction velocty is obtained from the solution of the transcendental equation 
for the velocity in the center of the furst inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the first inner cell according to the standard formulas. 

fillet conditions: 
Experimental data for stireamwise and swirl velocities and turbulent kinetic energy. Radial velocity 
equal zero. Dissipation rate is obtained from three-layer approach as described in Hirsch and Khodak 
(1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex Intemal Flows with Reynolds Stiress Algebraic 
Equation Model" A I A A Paper 95-2246 

Shih, T.-H.,Zhu, J., and Lumley, J.L., 1994 "Modeling of the Wall-Bounded Complex Flows and Free 
Shear Flows" NASA T M 106513 
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DESCRIPTrON OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originators: 

Charles Hirsch and Andrei E. Khodak 

Affiliation: 
Department of Fluid Mechanics Vrije Univeriteit Brussel, B-1050 Brussels, Belgium 

General description: 
Full Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver EURANUS (EUropean Aerodynamic Numerical Simulator) Equations are formulated in 
generalized non-orthogonal coordinates for Cartesian velocity components This code has essentially a 
compressible time-marching formulation with Runge-Kutta time integration. The low-Mach- number 
computations apply a preconditioning technique with an artificial compressibility approach. 

Convection scheme: 
Centtal schemes with fourth order numerical dissipation ( 

Mesh: 
64x32 non-orthogonal. Unknown parameters are placed in the cell centers 

Turbulence models: 
Reynolds stress algebraic equation model (Hirsch, and Khodak, 1995). Original constants 

Near-wall treatment: 
Wall functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0.42, E=9.0. Friction velocty is obtained from die solution of the tiranscendental equation 
for the velocity in tiie center of the furst inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the first inner cell according to the standard formulas. 

Inlet conditions: 

Experimental data for sti-eamwise and swirl velocities and turbulent kinetic energy. Radial velocity 
equal zero. Dissipation rate is obtained from three-layer approach as described in Hfrsch and Khodak 
(1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex 
Internal Flows with Reynolds Sttess Algebraic Equation 
Model" A I A A Paper 95-2246 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 5 

Originators: 

Ciiarles Hirsch and Andrei E. Khodak 

Affiliation: 

Department of Fluid Mechanics Vrije Univeriteit Bmssel, Brussels, Belgium 

General description: 

Reduced Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver - called CF (Channel Flow) in partially-parabolic approach (Hirsch, and Khodak, 
1995) Equations for incompressible flow are formulated in generalized orthogonal coordinates. This 
code has implicite time-marching formulation with approximate factorisation and artificial 
compressibility approach. 

Convection scheme: 

QUICK 

Mesh: 

96x16x32 orthogonal. Unknown parameters are placed according to staggering representation 

Turbulence models: 

Standard high-Reynolds-number turbulent kinetic energy - dissipation rate turbulence model. 
Original constants 

Near-wall ti'eatment: 

Wall functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0.42, E=9.0. Friction velocty is obtained from tiie solution of the ti-anscendental equation 
for the velocity in tiie center of the furst inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the first inner cell according to the standard formulas. 

fillet conditions: 

Experimental data for velocity and turbulent kinetic energy. Dissipation rate is obtained from the 
assumption of the constant tiirbulent mixing length as described in Hirsch and Khodak (1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Application of Different Turbulent Models for Duct flow Simulation 
with Reduced and Full Navier-Stokes Equations" ASME Paper 95-GT-145 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex Intemal Flows with Reynolds Stiress Algebraic 
Equation Model" AIAA Paper 95-2246 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 5 

Originators: 
Ciiarles Hirsch and Andrei E. Khodak 

Affiliation: 
Department of Fluid Mechanics Vrije Universiteit Brussel, Brussels, Belgium 

General description: 

Reduced Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver - called CF (Channel Flow) in partially-parabolic approach (Hirsch, and Khodak, 
1995) Equations for incompressible flow are formulated in generalized orthogonal coordinates. This 
code has implicite time-marching formulation with approximate factorisation and artificial 
compressibility approach. 

Convection scheme: 
QUICK 

Mesh: 
96x16x32 orthogonal. Unknown parameters are placed according to staggering representation 

Turbulence models: 

Reynolds stress algebraic equation model or non-linear turbulent kinetic energy - dissipation rate 
turbulence model (Shih, Zhu, and Lumley, 1994) Original constants exept A l = 4 . 

Near-wall treatment: 

WaU functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0,42, E=9.0. Friction velocty is obtained from the solution of the tiranscendental equation 
for the velocity in the center of the first inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the first inner cell according to the standard formulas. 

Inlet conditions: 

Experimental data for velocity and turbulent kinetic energy. Dissipation rate is obtained from the 
assumption of the constant turbulent mixing length as described in Hirsch and Khodak (1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Application of Different Turbulent Models for Duct flow Sknulation 
with Reduced and Full Navier-Stokes Equations" ASME Paper 95-GT-145 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex Intemal Flows with Reynolds Stress Algebraic 
Equation Model" A I A A Paper 95-2246 

Shih, T.-H.,Zhu, J., and Lumley, J.L., 1994 "Modeling of the Wall-Bounded Complex Flows and Free 
Shear Hows" NASA T M 106513 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 5 

Originators: 

Charles Hirsch and Andrei E. Khodak 

Affiliation: 

Department of Fluid Mechanics Vrije Univeriteit Brussel, Brussels, Belgium 

General description: 

Reduced Reynolds averaged Navier-Stokes computations were performed with the three-dimensional 
Navier-Stokes solver - called CF (Channel Row) in partially-parabolic approach (Hirsch, and Khodak, 
1995) Equations for incompressible flow are formulated in generalized orthogonal coordinates. This 
code has implicite time-marching formulation with approximate factorisation and artificial 
compressibility approach. 

Convection scheme: 

QUICK 

Mesh: 

96x16x32 orthogonal. Unknown parameters are placed according to staggering representation 

Turbulence models: 

Reynolds sttess algebraic equation model (Hirsch, and Khodak, 1995). Original constants 

Near-wall tteatment: 

WaU functions: velocity field is connected with a log-law dependence near the wall. Von Karman 
constant 0.42, E=9.0. Friction velocty is obtained from die solution of the ttanscendental equation 
for the velocity in the center of the furst inner cell. Turbulent kinetic energy and dissipation 
rate are imposed in the center of the fu-st inner cell according to the standard formulas. 

Inlet conditions: 

Experimental data for velocity and turbulent kinetic energy. Dissipation rate is obtained from the 
assumption of the constant turbulent mixing length as described in Hirsch and Khodak (1995). 

Related publications/reports: 

Hirsch Ch., and Khodak A., 1995 "Application of Different Turbulent Models for Duct flow Simulation 
with Reduced and Full Navier-Stokes Equations" ASME Paper 95-GT-145 

Hirsch Ch., and Khodak A., 1995 "Modeling of Complex Intemal Flows with Reynolds Sttess Algebraic 
Equation Model" A I A A Paper 95-2246 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR 
T E S T CASE 2 

Originator: 

Jerome Renard, Dominique Gresser, Sven Perzon and Lars Davidson 

Affi l iat ion: 

Thermo and Fluid Dynamics 
Chalmers University of Technology 
S-412 96 Gothenburg 
SWEDEN 

phone: (+46)31-7721404/1400 
Fax number : (+46)31-180976 
E-mail : lada@tfd.chalmers.se 

G e n e r a l description: 

The CALC-BFC code [1, 2] is used. It is a general three-dimensional finite volume computer 
program CALC-BFC (Boundary Fitted Coordinates) for three-dimensional complex geometries. 
The program uses Cartesian velocity components, and the pressure-velocity coupling is handled 
with the SIMPLEC procedure. Collocated grid arrangment is used, which means that velocities 
are stored along with all scalar variables like p, k, e at the center of the control volume. 

Convect ion scheme: 

The QUICK scheme is used for the velocities and a second-order bounded scheme of van Leer (see 
Ref. 3) is used for the turbulent quantities. 

Mesh: 

128 X 100 interior cells (128 in streamwise direction). 

Turbulence models: 

k — e and k — UJ models. 

Near-wal l treatment: 

Two-layer k — e model: 

The standard k — e model is used in the fully turbulent region. The one-equation model by Chen 
and Patel [4], is used near the walls. In this model, the standard k equation is solved and the 
turbulent length scales are prescribed. The matching line between the two regions is defined as 
where the damping function in the expression for the turbulent viscosity takes the value 0.95. 

Low-Re k — £ model: 

The low-Re k — e model of Lien & Leschziner [5] is used 

Low-Re k — u> model: 

The low-Re k - ui model of Wilcox [6] is used. 

Inlet conditions 
Inlet conditions was taken according to experiments except for e which can be set as 
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References 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR 
T E S T CASE 2 

Originator: 

Sven Perzon* , Lars Davidson* and Mats Ramnefors** 

Affi l iat ion: 

*Thermo and Fluid Dynamics 
Chalmers University of Technology 
S-412 96 Gothenburg 
SWEDEN 

phone: (-^46)31-7721413/1400 
Fax number : (-^46)31-180976 
E-mail : svpe@tfd.chalmers.se 

**Volvo Data AB 
2620 CAE 
405 08 Gothenburg 
SWEDEN 

G e n e r a l description: 

The commercial code, CFDS-FL0W3D [1] was used. I t is a general three-dimensional flnite volume 
computer program using body fitted coordinates for three-dimensional complex geometries. The 
program uses Cartesian velocity components, and the pressure-velocity coupling is handled with a 
SIMPLEC algorithm. A non-staggered grid arrangement is used, which means that velocities are 
stored along with all scalar variables like p, k, e etc. at the center of the control volume. 

Convect ion scheme: 

The QUICK scheme is used for the velocities and a second-order upwind scheme named Higher-
order upwind, (HUW), (see Ref. [1]) is used for k and c. The Reynolds stresses, in the diiferential 
stress models where solved for using the first order accurate Hybrid scheme. This was due to 
stability problems. 

M e s h : 

The grids used where created using the ICEM-CFD mesh generator. The dimensions are for the 
different near wall treatments, 

• Wall function models: 122 x 50 

• Low Reynolds number models: 128 x 100 

The work has been focused on test c£ise 2a only. 

Turbulence models: 

Two equation models: 

The standard k — e model [3] has been used with constants as follows: 
Cel = 1.44, = 1.92, = 0.09, CTJ = 1.217 and crj, = 1.0. A low Reynolds number formulation 
of the modél hcis also been tried. 

Reynolds Stress Models (RSM): 

Two pressure strain models have been used in the Reynolds stress model which are adopted for 
high Reynolds number flows and these are: 
A common and simple linear proposal based upon the slow pressure strain term by Rotta [8] and 
the rapid pressure strain term by Naot et al. [7]. The model is described thoroughly in [2]. 
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The non linear proposal by Speziale, Sarkar and Gatski [9] (the SSG-model) has also been used. 
The LRR [5] linear pressure strain model has been used for low Reynolds number flows. 

N e a r - w a l l t r e a t m e n t : 

Wall functions: 

Standard wall functions [3] are used in the standard k-e model and the model is summarized in [1]. 
k is solved for the node adjacent to the wall using modified production terms, s is set according 
to. 

£ = 
KXri 

at the node next to the wall. All is default settings in CFDS-FL0W3D [1]. For the high Reynolds 
number RSMs the wall functions of Lien and Leschziner [11] are used for the stresses together with 
the procedure described above for the mean-velocities and e. 

Low-Re k-e model: 

The low-Re k-£ model of Launder and Sharma [4] was used, 

Low-Re formulation of a Reynolds stress model. 

The low-Re RSM of Hanjalic and Launder [6], also referenced to as the HL-model, was used. This 
model was slightly modified though and the turbulent diffusion was instead modeled according to 
Daly and Harlows gradient hypothesis [10]. 

I n l e t c o n d i t i o n s 

Inlet conditions was taken according to experiments except for e which can be set as 

.dU 
J-, 
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DESCRIPTION OF N U M E R I C A L METHODOLOGY 
FOR T E S T CASES l A AND I B 

• Originator: Guillaume Houzeaux, Wagdi G. Habashi and Guide Baruzzi 

• AffiHation: CFD Lab. Concordia University and CERCA, Montréal (Canada) 

• General description: Navier-Stokes compressible solver based on a finite element approximation 
with equal order linear interpolation for velocities and pressure. The scheme is stabiliz;ed by 
the addition of a second order explicit artificial viscosity in the momentum equation, and an 
explicit artificial dissipation in the continuity equation. The nonlinearity is treated with a Newton 
linearization; its convergence is based on the norm of the residual of the governing equations. 
For simplification, the energy equation is replaced by a constant total enthalpy approximation. As 
the test case flow is incompressible, simulations were carried out with a Mach number= 0.8 x 10~^. 

• Mesh: Grid convergence was tested in both x and y directions; to achieve grid independence, 
five grids were tested {{x) x (y)): 100 x 60, 200 x 60, 200 x 70, 350 x 80. The computations were 
finally carried out on the 200 x 70 structured mesh, for which convergence was achieved (residual 
below 10~^^ for all equations including turbulence). 

• Turbulence model: k-u turbulence model: k and w were solved at the four nodes of the 
quadrilaterals. The low-Reynolds number Wilcox corrections were implemented to capture the 
sharp peak of the fluctuating quantities near the wall. The k and u) systems are decoupled from 
the momentum and continuity equation and are solved sequentially. The turbulent viscosity was 
underrelaxed, as well as the w value on the boundary. 

• Near-wall treatment: k and w were integrated up to the wall. On the wall, k was set to 

zero and w to oj^aU = ^SR, where UT = is the friction velocity and SR is given in 
V wall 

terms ofthe sand-grain roughness k^: SR = ( S O / A ; ^ ) ^ . As suggested by Wilcox, k% was set to a 
value below 5; in the present computations, k'^ = 4.0. 

• Inlet conditions: The inlet conditions for all variables were computed for a fully-developed 
channel flow at üe = 5000; they do not affect the flow in the region of interest (i.e beyond the 
point x=0). 

• Related publications/reports: 

• G.S. Baruzzi, W.G. Habashi and M . M . Hafez (1995):"^ Second Order Method for the Finite 
Element Solution of the Euler and Navier-Stokes equation^', Invited paper in special issue of the 
Int. Journ. Numer. Meths. in Fluids. 

• G.S. Baruzzi, W.G. Habashi and M . M . Hafez {1991):"Finite Element Solutions of the Euler 
Equations for Transonic External Flows", AIAA Journal, 29 (11), pp.1886-1893. 

• W.G. Habashi, G.S. Baruzzi, M.F. Peeters and M . M . Hafez (1991):"finite Element Method 
in the Solution of the Euler and Navier-Stokes equations for Internal Flows", Journal Num. Meths. 
Part. DifE. Equ., 7, pp.193-207. 

• Wilcox D. C. (1993): "Turbulence Modeling for GFU', DCW Industries, Inc. 
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VU: G r i d f o r t e s t case I B . D i s t a n c e s on y a r e m u l t l p l i c a t e d by 25. 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling, April 3-7, 1995, 

University of Karlsruhe; Karlsruhe, Germany 

Description of the Models and Computational Method 

Originators I, H a d z i c ^ K . Hanjal ic^ and S. Jakirl ic^ 

Aff i l iat ion ^Faculty of Applied Physics, Delft University of Technology, The Netherlands 

^Lehrstuhl für Strömungsmechanik, University of Erlangen, Germany 

G e n e r a l Descr ipt ion Computat ion of the considered test cases have been performed w i t h a 

finite volume 2-dimensional Navier-Stokes code which uses body-fi t ted mesh, cartesian vector 

and tensor components, and colocated variable arrangement, [1]. The cell face values of variables * 

and gradients featuring in surface integrals are approximated using linear interpolation and central 

differences, respectively. The equation are linearised and solved sequentially using I L U method 

after Stone (1968). A pressure-correction method based on S I M P L E algori thm (Patankar and 

Spalding, 1972) is used for pressure-velocity coupling. Outer iterations w i t h under-relaxation 

are used to account for non-linearity and coupling of transport equations. Upwind differencing 

scheme (UDS) is used for convection of all properties. Computed were the test cases 1 and 2, 

each w i t h several turbulence models, as outlined below. 

Test case 1: Couet te flow w i t h plane and wavy fixed walls The solutions were obtained 

by using a non-uniform numerical mesh, clustered near the walls and i n the middle of the channel 

(cases l A and I B ) . The number of control volumes for each sub-case is shown i n the table below: 

Case A and B 

developed 

A and B 

developing 

C 

x-direction 

y-direction 

5 X 100 

un i fo rm 

non-uniform 

100 X 100 

non-uniform 

non-uniform 

180 X 80 

uni form 

non-uniform 

C V 

The grid dependence test was performed w i t h grids: 50x80, 100x100 and 90x60 and 180x80 CV 

for the cases l A , I B and I C respectively. The f u l l y grid-independent solution was not achieved. 

Presented are the results obtained w i t h the fol lowing models of turbulence: 

• Launder and Sharma low Re-number k — e model (LS low k — e), [1], [2], 

• Hanjalic and Jakirlic low Re-number f u l l stress model (HJ low RSM) , [3], [4 . 

The latter model is summarised i n the Appendix. 
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Test case 2; 2 D model hi l l flows The solutions were obtained by using a non-uniform numeri

cal mesh, clustered near the walls w i t h 136x60 and 56x60 CV for the cases 2A and 2B respectively. 

The gr id dependence test was performed w i t h grids: 68x30 and 136x60 C V for the 2A and 28x30 

and 56x60 CV for the 2B (other grids have also been used in some cases, as explained below). 

The f u l l y grid-independent solution was not achieved, though the differences between the results 

for two considered gr id sizes is tolerable. Presented are the results obtained w i t h the fol lowing 

models of turbulence: 

• Standard k — e model w i t h wal l functions approach (k — e -\- W F ) , 

• Launder, Reece, Rodi and Gibson f u l l stress model w i t h wal l functions approach ( L R R G -|-

• LRRG -f- W F -|- Sl. The t e rm Si, introduced specifically to deal w i t h the separating and 

reattaching flows, is the additional source te rm in the dissipation equation: 

This t e rm has been described i n more details i n [5]. 

The test case 2B was computed i n three different ways, which differ i n the treatment of the flow 

development, i.e. i n the specification of the inlet conditions: 

• Approach 1: The fiow was considered as fully developed and periodic conditions have been 

applied, as suggested by the Workshop organizers. 

- Computational grid (Fig. 1): 56x120 CV 

- Inlet conditions: irrelevant 

• Approach 2: Developing fiow over a series of hills: The computational domain covers a 

sequence of 9 consecutive hills (Fig. 2). 

- Computational grid: 243x60 CV (in x-direction fa 8.5 x 28) 

- In i t i a l conditions: Solution of the f u l l y developed channel flow imposed at the channel 

inlet cross-section (a;=-100 mm). 

• Approach 3: H i l l -by -h i l l consecutive solutions of the fiow domain covering a valley between 

the two neighbouring hills, un t i l the 7th valley is reached. For each valley a convergent 

solution was achieved. For the first valley the solutions at the h i l l top for the case 2A 

(isolated h i l l ) , preceded by a f u l l y developed channel fiow, were used as the inlet conditions. 

The convergent exit profiles were then used as the inlet profiles for the next valley, etc. A 

small error is introduced here since the exit boundary conditions are defined i n terms of 

zero gradients, which is not f u l l y correct, considering that the flow is developing. However, 

the w i d t h of the last control volume i n streamwise direction was made small, min imiz ing 

the error. 

W F ) , [5], [6] and 

Cl = 2.5; / = 
e 

(1) 
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The solutions w i t h the two latter approaches agree well i n between (peak k w i th in the 10%), 

i n spite of approximations in the Approach 3 regarding the inlet and exit conditions, and twice 

coarser gr id i n the Approach 2 in the s-direction. Although these solution differ considerably 

f r o m the measurements, part icularly i n the near-wall region, they are qualitatively much closer to 

experiments than the f u l l y developed solutions obtained by the application of the f u l l y periodic 

conditions. A fur ther confirmation to this is the streamline field which shows in both lat ter cases 

that the boundary layer grows steadily. 

References: 

1] Peric M . (1993): Private communication, 

2] Jones W.P., Launder B.E. , (1972): Prediction of laminarization with a two-equation model of 
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4] Hanjalic K . , Jakirlic S., Hadzic I . , (1995.): Computation of Oscillating Turbulent Flows at 

Transitional Re-Numbers, Turbulent Shear Flows, Vol. 9, pp 323-342, Eds. F.Durst et al. . 

Springer Berlin, 

5] Jakirlic S., Hanjalic K . , (1994.): On the Performance ofthe Second-Moment High- and Low-

Re-Number Closures in Reattaching Flows, Proc. In t . Symposium on Turbulence, Heat and Mass 

Transfer, Lisbon, 9-12 August, 

6] Launder B.E. , Reece G.J., Rodi W . , (1975): Progress in the development of a Reynolds-stress 
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Turbulence model: 
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Mesh arrangement for Test cases l A and IB (100x100 CV) 

Mesh arrangement for Test case 10 (180x80 CV) 
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Mesh arrangement for Test case 2A (136x60 CV) 

Mesh arrangement for Test case 2B (56x60 CV) 
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Figure 1. Approach 1: Gr id 56x120 CV 

Figure 2. Approach 2: Gr id 243x60 CV 

mgh~Re k~ £ Std 
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S r i d No, I 

Time - 0. 

Figure 3. Approach 3: Gr id 56x60 C V 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR 2D MODEL HILL FLOWS 

Originator: 

M. Zijlema 

Aff i l ia t ion: 

Delft University of Teclmology 
Faculty of Technical Mathematics and Informatics 

P.O. Box 5031, 2600 GA Delft, the Netherlands 
Email: m.zijlema@math.tudelft.nl 

General Description: 

Results have been obtained with the ISNaS code (Information System for solving Navier-Stokes 
equations) developed by our group at DUT. A list of our recent publications is [2], [8], [5], [3], [7], 
[11], [13] and [14]. 
The ISNaS code is based on a coordinate invariant finite volume discretization on a staggered non-
orthogonal grid of the incompressible Reynolds-averaged Navier-Stokes equations. Three types of 
eddy-viscosity models are embedded in the code: the standard high-Re k-e model with wall functions 
[1], an RNG based k-e variant [10] and the Wilcox's k-uj closure without viscous corrections near a 
solid wall [9]. 
The governing equations are solved numerically using a finite volume technique on a staggered grid in 
the computational domain. These equations have to be recast in a form in which both independent 
and dependent variables are invariant with respect to change of coordinates. The mean flow equations 
are integrated over a cell to yield the equations containing unknown cell-face fluxes, which necessitates 
the use of central differences and bilinear interpolations. Discretization of the turbulence transport 
equations is done similarly, except that the convection terms are approximated with a third-order 
accurate TVD/ISNAS (Interpolation Scheme which is Nonoscillatory for Advective Scalars) scheme, 
recently derived by the present aiithor [12]. 
Time discretization is done by the implicit Euler method and linearization is carried out with the 
Newton method. A second-order pressure-correction scheme [6] is used to obtain a divergence-free 
velocity field. The three linear systems, namely momentum, pressure and transport equations, are 
solved in each time step by a preconditioned GMRES solver [4]. For preconditioners we use incomplete 
LU factorizations. In every time step first the momentum and continuity equations are solved and then 
each turbulence equation. The whole process is repeated until convergence to a stationary solution is 
achieved. 
The inlet boundary conditions for the longitudinal velocity and the turbulent kinetic energy are 
prescribed according to the experimental data. The inlet dissipation of the turbulent energy and the 
specific dissipation rate are estimated from 

3 / 4 , 3 / 2 n— 

Sin - ^ , Win - — ^ 

where the length scale / is given by: 
/ = min(K2/,0.1ff) 

with K = 0.41 the Von Karman constant and H is half the inlet depth. At the outflow section it is 
assumed that the tangential and normal stresses and normal gradients of turbulence quantities are all 
zero. 
Convection scheme: 

• Mean flow: central differences 

• Turbulence quantities: TVD/ISNAS 

Mesh: 

For the single hill case the number of grid points is 110 x 60 for the k-e model, whereas for the k-u 
model a 110 x 80 grid has been employed. The solutions are then found to be nearly grid-independent. 

Turbulence models: 

• Standard high-Re k-s model; { c ,̂ c^u Ce2> (Tk, } = { 0.09, 1.44, 1.92, 1.0, 1.3 } 

. Wilcox's k-u model; { a, /?,/?*, t , ( t * } = { | , A , ^ , i , i } 
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Near-wall treatment: 

For the standard k-e model log-law based wall laws for a smooth wall, as described by Launder and 
Spalding [1], are used. In the case of the k-uj model standard boundary conditions are employed, i.e. 
for the momentum equations noslip conditions are imposed on the solid wall, whereas for turbulent 
energy a homogeneous Dirichlet condition is taken (in order to avoid non-positive values oik,k = 10"^ 
may be taken as boundary condition on the wall). Due to the singular behaviour of w at the wall, a 
special condition for w has been used, which is given by 

where y is the distance perpendicular to the wall, i/ is the kinematic viscosity and /3 is a closure 
constant belonging to the k-uj model. 

Related publications/reports: 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2 

Originators: 

Vittorio Mictielassi and David Ciiiaramonti 

Affdiation: 

Energetics Department Engineering University of Horence Via di S.Marta 3, 50139 - Florence ITALY 

General Description: 

The flow over the single hill (Test 2, Case A) has been solved by the twodimensional solver 
"tdns". The solver is based on the knplicit approximate factorization technique. Mass conservation 
is enforced by the artificial compressibility method. The conservation equation are discretized by 
means of centered finite differences. The Continuity and Momentum equation are decoupled from the 
turbulence model equations which are solved in a decoupled manner, thereby lagging one time step 
with respect to the flow field solution. Particular care is devoted to the Imearization of the 
turbulence model source terms which are accounted for implicitly to improve numerical stability and 
robustness. Artificial dissipation terms are introduced in the artificial compressibility equation 
because of the natural tendency of this formulation to produce pressure wiggles. The artificial 
terms, which are also included in the impUcit side of the operator, do not increase the overall 
mass conservation error which is kept under 0.1% inlet-outlet. 

Convection Spheme: 

Centered Finite Difference Scheme (second order accurate) with Artificial Dissipation. NO UPWIND is 
introduced. 

Mesh: 

The mesh that was used to simulate the flow over the hill has been stretched in the vertical 
direction by a factor of 1.08: it means that the fust grid point is located at approximately y+ = 
2.1, whereas the refined one places the same grid point at y+=0.9. Along the x-axis (direction of 
the flow entering the tunnell) mesh size has also been reduced approaching the hill: it has been 
then kept constant over the hil l and then it has fmally been increased after the bill . Two grids 
have been investigated. A furst 160x71 and a refmed 291x136. No significative differences are 
detected between the two grids, so that only the coarse solution is presented. 

Turbulence Models: 

Five different turbulence models have been studied. A l l the models are based on the transport of two 
quantities. Four k-epsilon models are used which allow the integration down to the sohd wall, and 
the k-omega Model by Wilcox. A l l the models belong to the Low-Reynolds Number forms. Among the five 
models, three of them follow a two-layer formulation. This form defines an inner layer close to the 
sohd boundary in which the dissipation rate is computed by means of an algebraic expression which 
replaces the dissipation rate transport equation. This algebraic expression is based on a lenght 
scale disti-ibution which changes in the three models (TL, TV, KI) Observe that the near wall model 
proposed by Norris and Reynolds was integrated with the k-eps model by Rodi who proposed to solve 
for the standard dissipation rate equation in the outer layer. The dissipation rate equation is also 
kept unchanged in the outer layer by the other two models too, namely TV and K I . 
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Near-Wall Treatment: 

TL: Norris-Reynolds 

TV: Rodi-Mansour-Michelassi (see ref. [4]) 
KO: WÜCOX 
K I : S.W.Kim 
NH: Nagano-Hishida 

Related Publications/reports: 
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Factorization Technique", International Journal of Numerical Methods m Fluids, vol.7, 1987. 

[2] MarteUi, F. Michelassi, V., "Using Viscous Calculations in Pump Designs", 3-rd Joint ASCE/ASME 
Mechanics Conference, July 9-12 1989, San Diego, and Transaction of Üie ASME, Joumal of Fluids 
Engmeering September 1990, Vol.112, pp.272-280. 

[3] Michelassi, V., MarteUi, F., "Efficient Solution of Turbulent Incompressible Separated ' 
Flows". Eigth GAMM Conference on Numerical Methods in Fluid Mechanics, September 27-29, 1989 
(pubhshed m the series "Notes on Numerical Fluid Mechanics", by Vieweg Verlag). 

[4] Rodi, W., Mansour, N.N., Michelassi, V., "One-Equation Near-Wall Modelling with the Aid of Dhect 
Simulation Data", ASME Joumal of Fluids Engineering, vol.115, June 1993, pp.196-205. 

[5] Michelassi, V., "Testing of Turbulence Models by an Artificial Compressibility Solution Method", 
University of Karlsmhe, report SFB 210/T/49,1988. 

[6] Michelassi, V., Shih, T . -H. , "Elliptic Flow Computation by Low Reynolds Number Two-Equation 
Turbulence Models", NASA TM-105376, ICOMP-91-28, CMOTT-91-11. 

[7] Michelassi, V., "Adverse Pressure Gradient Flow Computation by Two-Equation Turbulence Models", 
Proceedings 2-nd hiternational Symposium on Engineering Turbulence Modellmg and Measurements", May 
31-June 2, 1993, Florence, Italy. 
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DESCRIFnON OF NUMERICAL METHODOLOGY FOR TEST CASE 3 

Originators: 

Vittorio Miciielassi and Stefano Mugnai 

Affdiation: 

Energetics Department Engineering University of Florence Via di S.Marta 3, 50139 - Florence I T A L Y 

General Description: 

Tlie flow in the swirhng diffuser (Test 3) has been solved by the twodimensional solver "tdns". The 
solver is based on the implicit approximate factorization technique. Mass conservation is enforced 
by the artificial compressibility method. The conservation equation are discretized by means of 
centered finite differences. The Continuity and Momentum equation are decoupled from the turbulence 
model equations which are solved in a decoupled manner, thereby lagging one tune step with respect 
to the flow field solution. Particular care is devoted to the linearization of the turbulence model 
source terms which are accounted for implicitly to improve numerical stability and robustness. 
Artificial dissipation terms are introduced in the artificial compressibihty equation because of 
the natural tendency of tills formulation to produce pressure wiggles. The artificial terms, which 
are also included in the implicit side of the operator, do not increase the overall mass 
conservation error which is kept under 0.1% inlet-outlet. The solver intiroduces the angolar momentum 
equation in the axisymmetric form whic is solved decoupled from all the other transport equations. 

Convection Scheme: 

Centered Finite Difference Scheme (second order accurate) witii Artificial Dissipation. NO UPWIND is 
intiroduced. 

Mesh: 

The mesh that was used to simulate the diffuser flow has been stretched in the vertical direction by 
usmg a geometiic expansion ratio. Two curviUnear grids have been used. A first coarse 209x75 grid 
places the first grid point at the wall at y-l-=24, while the second refined 419x150 has the first 
grid point at he wall at y+=0.075. The results obtamed with the furst grid where still largely grid 
dependent, so that only tiie refmed grid calculations wi l l be reported. 

Turbulence Model: 

The Low-Reynolds-number form of the k-eps proposed by Jones and Launder is inti'oduced without 
changes in the constants. The model allows the integration down to the sohd wall. 

Near-Wall Treatment: 

JL: Jones-Launder 

Related Publications/reports: 

[1] Michelassi, V., Benocci, C , "Prediction of Incompressible Flow Separation with tiie Approximate 
Factorization Technique", International Journal of Numerical Methods m Fluids, vol.7, 1987. 
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[2] Martelli, F. Michelassi, V., "Using Viscous Calculations in Pump Designs", 3-rd Joint ASCE/ASME 
Mechanics Conference, July 9-12 1989, San Diego, and Transaction of the ASME, Joumal of Fluids 
Engmeering September 1990, Vol.112, pp.272-280. 

[3] Michelassi, V., MartelU, F., "Efficient Solution of Turbulent Incompressible Separated 
Flows". Eigth G A M M Conference on Numerical Methods in Fluid Mechanics, September 27-29, 1989 
(pubhshed in the series "Notes on Numerical Fluid Mechanics", by Vieweg Verlag). 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 2A 

Originator: 

Jaroslaw Kaczynski, M . Sc. 

Affiliation: 

Institut of Fluid Flow Maciiinery (IFFM) Polisii Academy of Sciences ul.Fiszera 14 80-952 Gdanslc, 
Poland 

General description: 

Tiie numerical solution procedure is a conservative finite - volume method in primitive variables 
using non-staggered variable arrangement (Peric, et al., 1988). 

Convection scheme: 

Monetized Linear-Upwmd Scheme (Noll, 1992) 

Mesh: 

131 (in X direction) x 51, non-orthogonal, generated with an algebraic method 

Turbulence models: 

standard k-eps model (Launder and Spalding, 1974) 

Near-wall treatment: 

"wall functions" (Turner and Jennions, 1993) 

Related publications/reports: 

Peric, M. , Kessler, R., Scheuerer, G., 1988, Compt. Fluid, 16, 389-403. Noll, B., 1992, A I A A J., 
30, 64-69. 

Launder, B.E., Spalding, D.B., 1974, Comp. Meth. Appl. Mech. Eng., 3, 269-289. 

Turner, M.G., Jennions, I.K., 1993, J. of Turbomachinery, 249-260. 
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D E S C R I P T I O N O F N U M E R I C A L M E T H O D O L O G Y 
F O R T E S T C A S E 4: 

Originators: C. Mains, S. Muzaferija and M. Peric 

Aff i l ia t ion: Institut fiir Scliiffbau, Universitat Hamburg, Lammersietli 90, D-22305 Hamburg 

General description: Calculation is performed with the COMET (COntinuum Mechanics Engi
neering Tool) computer code. The method is based on the finite volume approach and allows the use 
of unstructured grids with control volumes of arbitrary shape. Working variables are the cartesian 
velocity components and pressure, leading to a fully conservative discretisation. The solution 
method is iterative and solves sequentially linearized equations for each dependent variable using 
a preconditioned conjugate gradient solver. The coupling of pressure and velocity is achieved via 
SIMPLE algorithm using colocated variable arrangement. Discretization is based on midpoint rule 
integration, while the interpolation and differentiation are based on polynomial fitting functions 
whose one formulation leads to second-order approximations of convective and diffusive fluxes on 
non-uniform grids. 

Convection scheme: Convection fluxes are calculated by blending the first-order upwind and a 
second-order scheme, which reduces to central differencing on cartesian grids. Results presented 

( here are obtained using 80% of the second-order and 20% of the upwind scheme. 

Mesh: The mesh is unstructured and composed of cells with different topology (hexaedra and 
prisms). Three meshes were used: 10478 CV, 98199 CV and 525018 CV. The results from the 
finest grid are presented. Monotonic convergence towards grid-independent solution is observed. 
Discretization errors are estimated to be below 5%. 

Turbulence models: Standard k-e model and its RNG version (see Yakhot ei al, 1992) were 
used. Presented are results with the RNG-version, which show slightly better agreement with 
experimental data. 

Near-wall treatment: Standard wall functions are used for modelling near-wall effects. 

Related publications: 

Demirdzic I . , Peric M.: Finite volume method for prediction offluid flow in arbitrarily shaped domains 
with moving boundaries, Int. J. Num. Methods in Fluids, Vol. 10, pp. 771-790 (1990). 

Yakhot v., Orszag S.A., Thangam S., Gatski T .B., Speziale C . G . : Development of turbulence models for 
shear flows by a double expansion technique, Phys. Fluids, A4, No.7, pp. 1510-1520 (1992). 

Demirdzic I . , Muzaferija S.: Finite volume method for stress analysis in complex domains. Int. J. Numer. 
Methods Engineering, Vol. 37, pp. 3751-3766 (1944). 

Demirdzic I . , Muzaferija S.: Numerical method for coupled fluid flow, heat transfer and stress analysis 
using unstructured moving meshes with cells of arbitrary topology, Comput. Methods Appl. Mech. Eng., 
in print (1995), 
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Description of numerical methodology for test easel [a, b and c 

Originators: Zaky ( El-Said Mohamed Zaky Barghouth) 

Affil iation: Inst i tute for Hydromechanics, University of Karlsruhe, 

Kaiserstr. 12 . Postfach 6980, D-76128 Karlsruhe, Germany 

G e n e r a l description: 

Code: FAST2D (Flow Analysis Simulation Tool of 2-Dimensions) 

• 2D Finite-volume Navier-Stokes code for calculating 2D or axisymetric flows w i t h 
or without swirling, 

• designed for use of non-orthogonal, curvilinear, boundary-fit ted numerical grids, 

• strong conservation f o r m of the governing equations, 

• cartesian velocity and tensor components, 

• non-staggered variable arrangement, w i t h cell-face velocities determined by momentum 
interpolation, 

• pressure-correction method (SIMPLEC) for pressure-velocity coupling, 

• The equations are linearised and ssolved sequentially using the strongly impl ic i t 
procedure (SIP) of Stone. 

• used relaxation factors: velocities and viscosity:0.6; kinetic energy and its 

dissipation rate:0.5; pressure and pressure correction: 1.0; 

Convect ion scheme: 
Hybr id central/upwind differencing scheme 

Mesh: 

Structured quadrilateral smoothly spaced (0.93 < X i / x i + i < 1.07) mesh. 

Case a/b: developing flow: 101 * 121 nodes, developed flow: 81 * 81 nodes; 

Case c: 81 * 81 nodes. 

Turbulence model: 

Standard k — e turbulence model (Launder and Spalding, 1974) 

w i t h Cf, = 0.09, Cle = 1.44, Cie = 1.92, ak = 1, = 1.3 

Near wall treatment: 
Two-layer model (Rodi, 1991): 

The viscosity-affected near-wall region is resolved w i t h the one-equation model of Norris 

and Reynolds (1975) while the outer region is determined w i t h the standard k-e model. 

The two model components are matched at locations where the damping funct ion = 

0.95 or f X t / f i = 36 which corresponds to ?/+ = 80 — 90. I n the one-equation model the 

turbulent kinetic energy k is calculated w i t h the k equation of the k-e model while the 

eddy-viscosity fit and the dissipationrate e are calculated by 

1 
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where f „ = 1 - exp (-0.0198 i?^;), Ry = 

C' = 0.084 Ce = 13.2 L = CDK^ CD = 6.41, K = 0.41 

R e l a t e d publ ica t ions /reports : 

1. Fletcher, C.A.J . , 1988, "Computational Techniques for F lu id Dynamics", Springer-

verlag, V o l . 1 , Chapter 6. 

2. Launder,B.P. and Spalding, D.P., 1974,"The numerical computation of turbulent 

flows", Comput.Meths.Appl.Mech.Eng., Vol.3,pp.269-289. 

3. Majumdar , S., 1986, "Development of a finite-volume procedure for prediction of 

fluid flow problems w i t h complex irregular boundaries", Report SFB 210/T/29, 

University of Karlsruhe. 

4. Rodi , W . , Majumdar , S. and Schönung, B . , 1989, "Finite-volume method for two-

dimensional incompressible flows w i t h complex boundaries", Comput. Meths. A p p l . 

Mech. Eng.Vol.75,pp.369-392. 

5. Stone, H . L . , 1968, "Iterative solution of impl ic i t approximation mult idimensional 

part ial differential equations", S I A M J. on Num. Analysis, pp.530-558. 

6. Van Doormal , J.P. and Raithby, G.D., 1984, "Enhancements o f t h e S I M P L E method 

for predicting incompressible fluid flow", Numerical Heat transfer, Vol.7, pp.147-163. 

7. Rodi , W . , 1991, "Experience w i t h two-layer models combining the k-e model w i t h 

a one-equation model near the wal l , " A I A A 91-0216. 
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Grids for test case 1 a/b 
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Grid for test case 1 c (wavy fixed wall) 
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Description of numerical methodology for test case 2 [a and b 

Originators: Tobias Buchal (Tobias.Buchal@bau-verm.uni-karlsruhe.(le) 

Affi l iation: Institute for Hydromechanics, University of Karlsruhe, 

Kaiserstr. 12 . Postfach 6980, D-76128 Karlsruhe, Germany 

G e n e r a l description: 

Code: FAST2D (Flow Analysis Simulation Tool of 2-Dimensions) 

• 2D Finite-volume Navier-Stokes code for calculating 2D or axisymetric flows w i t h 
or without swirling, 

9 designed for use of non-orthogonal, curviUnear, boundary-fltted numerical grids, 

• strong conservation f o r m of the governing equations, 

• cartesian velocity and tensor components, 

^ • non-staggered variable arrangement, w i t h cell-face velocities determined by momentum 
interpolation, 

e pressure-correction method (SIMPLEC) for pressure-velocity coupling, 

• The equations are linearised and ssolved sequentially using the strongly impl ic i t 
procedure (SIP) of Stone. 

• used relaxation factors: velocities and viscosity: 0.8; kinetic energy and its 

dissipation rate: 0.7; pressure and pressure correction: 1.0; 

Convect ion scheme: 
H y b r i d central/upwind differencing scheme 

H L P A ( H y b r i d Unear/parabolic Approximation; Zhu 1991 ) 

M e s h : 

Structured quadrilateral smoothly spaced (0.93 < Xi/xi^i < 1.07) mesh. 

Wall-fuction: single h i l l : 101 * 121 nodes ; periodic conflguration: 153 * 225 nodes 

( 12 < Ï/+ < 60 at the first interior node at inlet 

two-layer model: 153 * 225 nodes. ( for configuration a and b ) 

2/"*" < 1 at the first interior node at inlet 

Turbulence model: 

Standard k — e turbulence model (Launder and Spalding, 1974) 

w i t h C„ = 0.09, C l , = 1.44, C2e = 1.92, cik = 1, a, = 1.3 

Near wall treatment: 
standard wall-function (Launder and Spalding, 1974): 

The resultant wall shear stress TW is related to the flow velocity vector V at near-wall 
point P by 

r pCl/'^/k; K/\niEy+) i f > 11.6 
Tyj = -XwVp w i t h Xw = \ 

(J./yp otherwise 

1 
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wliere 

y p = pCy^\/^ y p / f i , K = 0.41, E = 8.43 

The diffusive f lux of k is set to zero at the wall . The near-wall of the generation G and 

the dissipation rate e are determined f r o m 

U p — r , £p = 
K f i y ^ Kyp 

Two-layer model (Rodi, 1991): 

The viscosity-affected near-wall region is resolved w i t h the one-equation model of Norris 

and Reynolds (1975) while the outer region is determined w i t h the standard k-e model. 

The two model components are matched at locations where the damping funct ion = 

0.95 or = 36 which corresponds to ?/+ = 80 - 90. I n the one-equation model the 

turbulent kinetic energy k is calculated w i t h the k equation of the k-e model while the 

eddy-viscosity Hi and the dissipationrate e are calculated by 

, . = , / , a , V k x , e = — ^ l + ^ j 

where = 1 - exp (-0.0198 i?,,), Ry = ^ f ^ ^ 

C' = 0.084 Ce = 13.2 L = C^KJ/^, CD = 6.41, K = 0.41 

Per iod ic boundary conditions: 

I n the periodic case 2 additional columns of control-volumes were added at the inlet 

and outlet. The equations were not solved for these control-volumes, but al l variables 

(velocities, pressure-correction, k and e) were updated by copying their counterparts f r o m 

inside the solution-domain after each sweep of the solver. To achive a constant to ta l 

massfiow (the one of the experimental inlet profile), the massflow had to be corrected 

regularly. The residuals decreased in less than 2.000 iterations nearly to their f inal values 

(mass and v-velocity: l .E-6, u-velocity, k and e : l .E-4) , while the flowfield s t i l l changed 

slightly up to 20.000 iterations. But after 2.000 Iterations the best agreement w i t h the 

experiment was reached, while for larger iterationnumbers the m a x i m u m of the u-velocity 

was shifted to the upper wal l . This might be a hint that the measured flowfield was not 

fu l l y periodic. 

R e l a t e d publ icat ions /reports : 

1. Fletcher, C.A.J. , 1988, "Computational Techniques for F lu id Dynamics", Springer-

verlag, Vol .1 , Chapter 6. 

2. Launder,B.P. and Spalding, D.P., 1974,"The numerical computation of turbulent 

flows", Comput.Meths.Appl.Mech.Eng., VoI.3,pp.269-289. 

3. Majumdar , S., 1986, "Development of a finite-volume procedure for prediction of 
fluid flow problems w i t h complex irregular boundaries", Report SFB 210/T/29, 
University of Karlsruhe. 
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4. Rodi, W . , Majumdar , S. and Schönung, B . , 1989, "Finite-volume method for two-

dimensional incompressible flows wi th complex boundaries", Comput. Meths. A p p l . 

Mech. Eng.Vol.75,pp.369-392. 

5. Stone, H.L. , 1968, "Iterative solution of impl ic i t approximation multidimensional 

part ial differential equations", S I A M J. on Num. Analysis, pp.530-558. 

6. Van Doormal, J.F. and Raithby, G.D., 1984, "Enhancements o f t h e S I M P L E method 

for predicting incompressible fluid flow", Numerical Heat transfer, Vol.7, pp.147-163. 

7. Zhu, J., 1991, " A low diffusive and oscillation-free convection scheme", Communications 

i n Apphed Numerical Methods., Vol.7, pp.225-232. 

8. Rodi, W . , 1991, "Experience w i t h two-layer models combining the k-e model w i t h 

a one-equation model near the wall ," A I A A 91-0216. 
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Description of numerical methodology for test case 4 

Originators: Tobias Buclial (Tobias.Buchal@bau-verm.uni-karlsmlie.de) 

Affi l iation: Inst i tute for Hydromechanics, University of Karlsruhe, 

Kaiserstr. 12 . Postfach 6980, D-76128 Karlsruhe, Germany 

G e n e r a l descript ion: 

Code: FAST3D (Flow Analysis Simulation Tool of 3-Dimensions) 

• 3D Finite-volume Navier-Stokes code, 

• designed for use of non-orthogonal, curviUnear, boundary-fi t ted numerical grids, 

• strong conservation f o r m of the governing equations, 

• cartesian velocity and tensor components, 

• non-staggered variable arrangement, w i t h cell-face velocities determined by momentum 
interpolation, 

t pressure-correction method (SIMPLEC) for pressure-velocity coupling, 

• The equations are linearised and ssolved sequentially using the strongly impUcit 
procedure (SIP) of Stone. 

• used relaxation factors: velocities and viscosity: 0.8; kinetic energy and its 

dissipation rate: 0.5; pressure and pressure correction: 1.0; 

Convect ion scheme: 

Hybr id central /upwind differencing scheme 

H L P A ( H y b r i d linear/paraboUc Approximat ion; Zhu 1991 ) 

Mesh: 

Structured quadrilateral smoothly spaced (0.93 < X i / x i + i < 1.07) mesh. 
81 * 81 * 81 nodes. 

Turbulence model : 

Standard k — e turbulence model (Launder and Spalding, 1974) 

w i t h = 0.09, Cu = 1.44, C 2 . = 1.92, ak = 1, a, = 1.3 

N e a r wall treatment: 

standard wall-function (Launder and Spalding, 1974): 

The resultant wal l shear stress is related to the flow velocity vector V at near-wall 
point P by 

f p C i / W « / l n ( ^ 2 / ^ ) i f y ^ > 1 1 . 6 
Tw = -XwVp w i t h \w= { 

fi/yp otherwise 

where 

y^ = p C y ^ ^ y p / l i , « = 0.41, E = 8.43 
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The diffusive flux of k is set to zero at the wall . The near-wall of the generation G and 

the dissipation rate e are determined f r o m 

R e l a t e d publ icat ions /reports ; 

1. Fletcher, C.A.J . , 1988, "Computational Techniques for F l u i d Dynamics", Springer-

verlag, Vol .1 , Chapter 6. 

2. Launder,B.P. and Spalding, D.P., 1974,"The numerical computation of turbulent 

flows", Comput.Meths.Appl.Mech.Eng., Vol.3,pp.269-289. 

3. Majumdar , S., 1986, "Development of a finite-volume procedure for prediction of 

fluid flow problems w i t h complex irregular boundaries", Report SFB 210/T/29, 

University of Karlsruhe. 

4. Rodi, W . , Majumdar , S. and Schönung, B . , 1989, "Finite-volume method for two-

f dimensional incompressible flows w i t h complex boundaries", Comput. Meths. A p p l . 

Mech. Eng.Vol.75,pp.369-392. 

5. Stone, H . L . , 1968, "Iterative solution of impl ic i t approximation multidimensional 

part ial differential equations", S I A M J. on Num. Analysis, pp.530-558. 

6. Van Doormal, J.P. and Raithby, G.D., 1984, "Enhancements o f t h e S IMPLE method 

for predicting incompressible fluid flow", Numerical Heat transfer, Vol.7, pp.147-163. 

7. Zhu, J., 1991, " A low diffusive and oscillation-free convection scheme", Communications 

i n Applied Numerical Methods., Vol.7, pp.225-232. 

Gp = ep = 
Kyp 
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DESCRIPTrON OF NUMERICAL METHODOLOGY FOR TEST CASE la,b 

Originators: 

T.J. Craft 

Afflliation: 

UMIST 

General description: 

Tiie flow is computed using an elliptic solver applying fully periodic boundary conditions between 
the inlet and outlet boundaries. 

The code is a modified version of STREAM [4] which is a finite volume solver employing a ful ly 
collocated grid arrangement. 

A Reynolds stress model is used in the region away from th wall, and is interfaced to a 
low-Reynolds-number k-e model in the near-waU region. The switch-over between models is placed 
where the turbulent Reynolds number is around 150. 

Convection scheme: 

QUICK for mean quantities; MUSCL for turbulence quantities. 

Mesh: 

120 (cross-stream) x 80 (streamwise) 

Turbulence models: 

In die fuUy turbulent region away from the wall, tiie Gibson- Launder RSM is used in conjunction 
with the Craft-Launder wa l l - reflection terms. (Referred to as the Basic model in results file) In 
the near-wall region, tiie Launder-Sharma k-e model is used. 

Near-wall tireatment: 

Employing a fine near-wall grid, with the Launder-Sharma low-Reynolds number k-e model used in the 
near-wall layer where viscous effects are important. 

Related publications/reports: 

Craft T.J., Launder B.E. 1992 AIAA J. v30 p2970. 

Craft T.J. 1991 PhD Thesis, Faculty of Technology, Univ. of Manchester. 

Gibson M.M. , Launder B.E. 1978 J. Fluid Mech. v86 p491. 

Lien F-S., Leschziner M.A. 1993 Turbulent Shear Hows 8, p205. 
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D E S C R I P T I O N OF N U M E R I C A L M E T H O D O L O G Y FOR TEST CASE 2 

Originator: 
F.S. Lien and M.A. Leschziner 

Affiliation: 
UMIST 

General Description: 
Results have been obtained v/ith the general 2D/3D-flow code STREAM (Lien k Leschziner, 1994). 
This is bcised on a non-orthogonal, structured-grid, collocated finite-volume method. The solution 
is advanced, iteratively, towards the steady state via a pressure-correction algorithm. Convection 
is approximated by the quadratic QUICK scheme or UMIST/TVD scheme (Lien k Leschziner, 
1994), the latter applied principally to the turbulence-model equations. Various turbulence models 
are embedded in the code, including linear/non-linear eddy-viscosity models and second-moment 
closure variants. A FAS multigrid convergence acceleration scheme is an optional feature, as is a 
shock-capturing methodology for transonic conditions, based on density-retardation. 

( 

Convection scheme: 
QUICK and UMIST/TVD 

Mesh: 
150 X 60 for high-Re models and 150 x 90 for low-Re models 

Turbulence models: 
standard high-Re k-e model, low-Re ^ - e model of Lien k Leschziner (1993), high-Re RNG k-e 
model of Yakhot et al (1992) and Reynolds-stress model of Gibson k Launder (1978) 

Near-wall treatment: 
wall function: 
using wall laws constants: kappa = 0.4187 and E=9.7930 
The 2/+ value at outlet for high-Re model is 60.0. 
The J/+ value at outlet for low-Re model is 0.65. 

one-equation model of Wolfshtein (1969): 
the interface Wcis chosen at j/+ value at outlet equal to 70. 

Related publications/reports: 
F.S. Lien and M.A. Leschziner (1993), "Computation in Diffusers and Complex Ducts With Non-
Orthogonal FV Procedure", 2nd In t . Sym. on Engineering Turbulence Modell ing and 
Measurements, May 31-June 2, Florence, Italy. 

F.S. Lien and M.A. Leschziner (1994), "A General Non-Orthogonal Collocated FV Algorithm 
for Turbulent Flow at All Speeds Incorporating Second-Moment Closure, Part 1: Computational 
Implementation and Part 2: Applications", Comp. Meth . A p p l . Mech. Eng., Vol. 114, p. 
123 and p. 149. 

F.S.Lien and M.A. Leschziner (1994), "Multigrid Acceleration for Turbulent Flow with a Non-
Orthogonal, Collocated Scheme", Comp. Meth . App l . Mech. Eng., Vol. 118, p. 351. 

F.S.Lien and M.A. Leschziner (1994), "Upstream Monotonic Interpolation for Scalar Transport 
with Application in Complex Turbulent Flows", In t . J. Num. Me th . Fluids, Vol. 19, p. 527. 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 5 

Originators: 
Peter Hedberg / Chi Hang Chung 

Affiliation: 
CERCA / McGill University 

General description: 

A RSM model using a control volume/ fmite difference method. Symmetric conditions are applied 
at tiie midspan position. Fully developed outflow boundary conditions are apphed. 

Convection scheme: 

J. Zhu,"COMMUNICATIONS I N APPLIED NUMERICAL METHODS", VOL 7,225-232(1991) 

Mesh: 

Stmcttu-ed, 148 X 30 X 25 (longitiidinal, ttansverse, spanwise). 

Longitudinal 

upstteam 40 regularly spaced contirol volumes in the bend 30 regularly spaced conttol volumes 
downstteam 78 conttol volumes (non regular) 

Transverse 

2 sets of geomettically increasing conttol volumes firom walls, symmettic about centteline 

Spanwise 
geometiic ally increasing conttol volumes from waU 

Turbulence models: 

Gibson & Launder "Ground Effects on Pressure Fluctuations in the Atmospheric Boundary Layer", 
Joumal of Fluid Mechanics, Vol 86 pp 491-511 (1978) 

Cs=0.22 , Cl=1.8 , C2=0.6 , Clw=0.5 , C2w=0.3, Cel=1.45 , Ce2=1.9 , Ce3=0.16 

Near-wall tteatment: 

wall function 

k=(utau)^2 / Ctau utau = friction velocity 
Ctau = (Cmu)'^0.5 

Kappa = 0.400 
B = 5.05 

Sttesses in the stteamwise / near wall local coordinate system 
uu= 1.098 k vv = 0.247 k 

-UV = 0.255 k WW = 0.653 k 
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g r i d geometry - s e c t i o n view (x d i r e c t i o n ) 

( 

( 
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DESCRIPTION F I L E FOR CASE 2 

1 Originators: 

F. A. Castro and J. M. L. M. Palma 

2 Afflliation: 

IDMEC - Instituto de Engentiaria Mecnica, Department of Meciianical Engineering and Industrial 
Management, Faculty of Engineering, Rua dos Bragas, 4099 Porto, Portugal 

3 General description: 
Finite differences (finite volume formulation). SIMPLE algorithm for non-staggered mesh in a 
curvilinear non-orthogonal coordinate system. 

• Case 2A: The outlet boundary condition was zero axial gradient for all variables. At the inlet 
boundary the experimental values of U, V, and k were used. The experimental values of k 
were obtained using the experimental values ofthe normal Reynolds stresses. The dissipation 
of turbulence kinetic energy at the inlet boundary was specified using e = Sk^-^/{Dh/2), 

{ where Dh is the hydrauhc diameter. Standard k-e model of [1], 

• Case 2B: Three simulations were performed 

1. Using periodic boundary conditions and the standard k — e model. 

2. As above, but using a correction of [2] to account for streamline curvature. 

3. Fixed values (experimental data) for U, V and k at the inlet and outlet boundaries. 
The e boundary condition was periodic. Standard k — e model. 

4 Convection scheme: 
Hybrid 

5 Mesh 

Along the vertical direction the mesh is concentrated near the bottom boundary. 

• Case 2A: The horizontal domain goes from x = -100 mm to a; = 600 mm (321 x 141 grid 
nodes). Along the horizontal direction the mesh is concentrated around a; = 0 mm. 

• Case 2B: In all meshes the grid is regularly spaced along the horizontal direction. 

1. 241 X 161 grid nodes 

2. As above 

3. 181 X 181 grid nodes 

6 Turbulence models: 
• Case 2A: Standard k-e model. The constants of the standard turbulence model are C l = 

1.44, C2 = 1.92, = 0.09, cr̂  = 1.0 and = 1.22. 

• Case 2B: Three simulations were performed 

1. Standard k — e model. 

2. Standard k — e model with a correction of [2] to account for streamline curvature. 
The limits of variation of were 0.03 and 0.12. 

3. Standard k — e model. Values of k fixed at the inlet and outlet boundaries, according 
to the experimental data. 
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7 Near-wall treatment: 
At the solid boundaries we use wall functions with a switch criterion of ?/+ = 11.63. At the first 
node near the wall it is assumed that the flow is parallel to the wall. In the momentum equations 
we calculate the shear stress at the wall, 

Twau = for y+ < 11.63 (1) 

and 
Twaii = pkc]J^ for y+ > 11.63 (2) 

where U// is the velocity parallel to the wall. In the calculation of the production of k the shear 
stress at the wall is computed in agreement with equations (1) and (2). The dissipation rate is 
calculated using, 

„1 .3 /2 3/4 + 

pedV^f"" " AV (3) 
y ^ ' I 

where, 

i+ = - log (Ey+) for y+ > 11.63 (4) 
K 

and 
u + = y + / o r y+ < 11.63 ' (5) 

with K = 0.4187 E = 9.793. In the transport equation of e the value in the first node near the wall 
is prescribed using, 

€ = 4/̂ 3/2 
Ky 

8 Periodic boundary conditions: 

(6) 

For simulations (1) and (2) of case 2B we use periodic boundary condition for all variables. For 
these cases the first vertical line of grid nodes (1=1) is located to the left of a; = 0, and the last 
vertical line of grid nodes (l=Nl) is located to the right of a; = 126 mm. NI is the grid dimension in 
the longitudinal direction. The 1=2 and I=NI-1 indexes correspond to vertical lines of grid nodes 
passing at a; = 0 mm and x = 126 mm, respectively. 
At the beginning of the simulation the experimental data for [/, 7 and k are fixed at 1=1 and 
I=NI until a percentual error of 1 x 10~^ is obtained for all variables. During this stage we 
apply periodic boundary conditions to e and extrapolate the pressure to the boundaries. After 
the error has decreased to levels below 1 x 10~^ periodic boundary conditions are applied to all 
variables. This error is the sum of the absolute values of the residual over the all field, and made 
nondimensional using the inlet fluxes. 
The periodic boundary conditions are applied simply by copying the values calculated at I=NI-2 
to the 1=1 section and the values calculated at the 1=3 to the I=NI section, for U, V, k and e. The 
inlet pressure (P/=i,/) is calculated imposing that P/=i , j - Pi=2,J = PI=NI-2,J - PI=NI-I,J and 
the pressure at the outlet boundary {PI=NI,J) is calculated imposing that P I J N I - I J - P I = N I J = 

Pi=2,J-Pi=s,j. 

References 
[1] B. E. Launder and D. B. Spalding, Mathematical models of turbulence. Academic Press Inc. 

(London) Ltd,, 1972, 

[2] M. A. Leschziner and W. Rodi. Calculation of annular and twin parallel jets using various 
discretization schemes and turbulence-model variations. Journal of Fluids Engineering, 
103:352-360, 1981. 
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Developing Flow in a Curved Rectanguar Duct (Test Case 5) 
Originators: 

Hui-Liu ZHANG and Xin Z H A N G 
Affiliation: 

Department of Aeronautics and Astronautics 
University of Southampton 

Southampton S017 I B J , United Kingdom 

General description 

The CFD software FL0W3D version 3.3 by AEA Industrial Technology, Harwell Laboratory, UK, has 
been used to predict the flow field in a curved rectangular duct. 

Governing equations 
The basic set of equations used to describe incompressible turbulent flow are the continuity and Navier-
Stokes equations. Applying the so-called Reynolds averaging, we have: 

V'C^ = 0, (1) 

-Öi + v-{u®u) = s7-{(T-irwii) (2) 

with 

where p and p are the pressure and density, respectively, the molecular viscosity, U the mean fluid 
velocity and 0 denotes the tensor product. The Reynolds stresses, u 0 u, can be obtained by using 
different turbulence models. 

Reynolds stress turbulence model 
In the differential form of the Reynolds stress turbulence model [1], üWü satisfies the following 
equation: 

^^Jf" + Viu®u®U)-\7- {—-u 0 ti(v^F®ir)^) = p + ,̂  - |eJ, (3) 
ot (TDS £ o 

where Cs and (TDS are two model constants, and P is the shear stress production given by 

The pressure-strain correlation, <f>, can be divided into two terms, <f> = (f>i + (j>2, which are given by: 

g 2 

h = -C2s(P - ^ P I ) 

where P is the shear production of turbulence kinetic energy: 

P = -u®u- s/U, 

and Cis and C 2 5 are another two turbulent model constants. 
As the turbulence dissipation rate e and turbulence kinetic energy k appear in the stress equation (3), 
two equations for e and k are still required: 

| £ + v( t /£) - V • i^'^irmve) = c^'-p - c ^ j , (4) 

dk _„,rr,. „ .Csk, 
— = V ( C / f c ) - v ( — - w ® ^ i V ^ ) = P - £ ^ (5) 

where Cs, <Te and (T\. are turbulent model constants. Therefore, Equations (1), (2), (3), (4) and (5) 
are closed for solving the incompressible turbulent flow. 
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In the algebraic Reynolds stress Turbulence model [2], Equation (3) is replaced by an algebraic relation: 

{l-C2s)k{P-lPI) 
u®u = -kl+ — —-

3 -l)e + P 
(6) 

with e and k obtained again from Equations (4) and (5). 

Near-wall treatment 
To avoid using an excessive number of grid points to resolve the steep velocity gradients near the wall, 
a wall function is used to relate the velocity to the wall shear stress r, turbulence kinetic energy k and 
the distance from the wall y: 

^ log(%+) , when j / + > 11.225; 

1 y+, when y+ < 11.225, 

where K is the Karman constant and 

y^ = C-h^. ' u+ = Cu 
ki' - - ( H / P Y 

The standard transport equation for the turbulent kinetic energy k is solved as usual, but the dissipation 
rate e in the wall region is explicitley determined from a prescribed length-scale distribution: 

£ = ki/ciy (8) 

In equation (8) the value ofthe model constant ĉ , is listed in Table I , together with all other constants 
appeared in the turbulence model thus far. 

Cs (TDS Cis C 2 5 <7s (Tk Cu, 
0.22 1.0 1.8 0.6 1.375 1.0 0.065 

Table I . Constants in the Reynolds stress turbulence model. 

Numerical Implementation 
A multi-block structured grid system is applied in the software. The grid is non-orthogonal and non-
staggered, with all variables stored at the centers of the grid cells. A total of 163,625 cells have been 
used in three blocks (15(upstream)x, 30(bend)x and 40(downstream)x35x55, respectively) and the size 
of the smallest cell in the yz-plane is 0.00154irx0.00052F, see Figure 1 for the mesh on one section. 
The discretisation of the advection-dilfusion type equations (l)-(5) is straightforward on the non-
staggered grid. The diffusion terms are discretised by the central differencing, while the convection 
terms by the HYBRID differencing. A fully implicit backward difference time stepping procedure is 
implemented to the time terms. After discretisation, the sets of linearised difference equations are 
solved iteratively with a line relaxation algorithm. 
The treatment of pressure is different from the other governing equations, since i t does not obey a 
transport equation. In fact, the momentum equations are substituted into the continuity equation and 
thus a Foisson equation governing the variable pressure can be derived. The SIMPLE algorithm was 
used to give the pressure and velocity corrections. 

Inlet boundary conditions 
The incoming flow measured at the section Ul in the experiments was used as the inlet boundary 
conditions in the computation. 

Computer resources 
The software was installed on a SUN SPARC 2 workstation. Totally 500 iterations are necessary to 
reduce all residuals by three orders of magnitude within about 36 hours CPU time (260 seconds for 
each iteration). Total real, integer and character workspaces used are about 21.5mB, 7.5mB and 0.5kB, 
respectively. 

References 

[1] Clarke, D.S. and Wilkes, N.S. (1989): The Calculation of Turbulent Flows in Complex Geometries 
Using a Differential Stress Model, AERE-R 13428, Harwell Laboratory Report 

[2] Clarke, D.S. and Wilkes, N.S. (1987): Turbulent Flow Predictions Using Algebraic St ress Models, 
Using a Differential Stress Model, AERE-R 12694, Harwell Laboratory Report 
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DESCRIPTION OF THE NUMERICAL METHODOLOGY FOR TEST CASE 4 

Originator: 

A. Rupreclit 
Institut für Stromungsmectianrk und Hydraulische 
Strömungsmaschinen 
Universitat Stuttgart 
Pfaffenwaldrmg 10, 70550 Stuttgart 

Numerical method: 

Galerkin-fmite-element method 

Type of elements: tri-lrnear 8-node brick elements with constant pressure 
segregated solution algorithm 
ELU-preconditioned conjugate gradient method (BI-CGSTAB2) for non-symmetiic sparse matrices [1] 
Streamline upwinding. 

Mesh: 

Unstmctured mesh with 340,000 nodes. 

Turbulence models: 

Modified k-epsilon model, hybrid model [2], which is a combination of standard k-epsilon model and 
the k-epsilon model with Kato-Launder correction [3]. 

The weighting factor was choosen to be 0.85 similar to [2]. 

Near wah tteatment: 

Two-layer approximation according to Mohammadi [4]. 

Computer: 

CRAY C94 
Time (4 processors): approximately 8 h startmg from a 2D solution. 

Literature: 

[1] Van der Vorst, H . A.: Recent Developments in Hybrid CG Methods, High-Performance Computing and 
Networking, 1994. 

[2] Chen, W. L., Lien, F. S. Leschziner, M.A.: Computational Modelling of Turbulent Flow tn 
Turbomachine Passage with Low-Re Two-equation Models, ECCOMAS, 1994. 

[3] Kato, M. , Launder, B.E.: The Modelhng of Turbulent Flow around Stationary and Vibrating Square 
Cylinders, Proc. Turbulent Shear Flows, 1993. 

[4] Mohammadi, B.: Complex Turbulent Flows Computation whh Two-Layer Approach, 
Int. Num. Metii. Fluids, Vol. 15,1992. 
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D E S C R I P T I O N O F N U M E R I C A L M E T H O D O L O G Y 
F O R T E S T C A S E 2A 

Originator: Bernhard Huurdeman 
Affiliation: Institute for Computer Applications, University of Stuttgart, Pfaffenwaldring 27, 

D-70569 Stuttgart 

G e n e r a l descript ion 

The spatial discretization ofthe transport equations for momentum and scalar quantities is derived 
using a variational formulation by employing finite element approximations. The application of 
the weighted residual method requires suitable weighting functions. Here the streamline upwind / 
Petrov-Galerkin method is adopted, which is appropriate for convection dominated flows (Argyris 
1993). In order to satisfy the Babuska-Brezzi condition we use piecewise linear interpolation for 
the velocity and scalar components and let the pressure constant on each element (Ql-PO element). 

The time discretization follows a first order semi-imphcit scheme. Then a linearisation of the 
equations at each time step is possible and only momentum and continuity equations are coupled. 
So all scalar variables can be solved successively in order to minimize memory requirements. 

For the iterative solution of the linear systems for the momentum and scalar transport equations 
a SSOR preconditioner and a BCGS accelerator is used. The solution of the pressure correction 
equation can be obtained with an direct solver using a Cholesky method for banded matrices. 

Boundary conditions are Dirichlet conditions at walls and at the inlet for Velocity and turbulent 
properties and a constant pressure condition at the outlet, achieved by a weak formulation for the 
pressure deviation. 

At inlet, for u and k the experimental values were used. 
For e the following formula was used: 

e+ = (0.1 + 0.0032/+^)/(1.0 + 0.00125?/+ )̂ with e+ = ei / /< and Ur = 0.079 m/s (exp. value) 

Convect ion scheme 

Streamline upwind / Petrov-Galerkin formulation (Brooks 1982) 

M e s h 

Model 1: 211 x 101 grid points (21000 QUAD4-Elements) 
Model 2: 173 x 87 grid points (14792 QUAD4-Elements) 
Turbulence models 

Model 1 (kepsw): Standard k-epsilon model with wall functions (Launder 1974) 
Model 2 (kepslay): Inner region: Standard k-epsilon model (Launder 1974) 

Upper wall : wall functions 
Lower wall : Two layer tnodel (Chen 1988) 

Near -wa l l t rea tment 

Wall-functions for k-e model 

A modified form of the standard wall-function method is used. The Dirichlet boundary conditions 
for [/, and e at the near-wall grid points are given as: 

U^Ury+ for 2/+ < 11.6, U = Ur-HEy+) for j/+ > 11,6, 

fc = 0,05u?j/+^ for y+<8,12, = 3,3u? for y + > 8.12, 

€ = Mm , 0.2̂ —^ 

\ yK n J 
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where Ur = ^/r^/p is the wall friction velocity, TU, is the wall shearing stress and y+ = UTVP/H is 
the non-dimensional wall coordinate. The wall shearing stress is obtained from the flow properties 
at the point next to the near wail point with: 

r . = ^ for , + <11.6, r . = ^ ^ . ^ / ' ^ ' f for > 11.6. 

The constants are given by ĉ^ = 0.09, K = 0.41 and E = 9. 

Near wall region in two-layer k-e model 

In the near-wall region, which comprises the viscous sublayer, the buffer zone and a part of the 
fully turbulent region, only the transport equation for k needs to be solved. The dissipation rate 
and the eddy-viscosity are specified by e = k^/'^He and = pCftVïclf,, where the length scales le 
and I f , are obtained in terms of the turbulent Reynolds number Ry = p^/ky/fi 

It = C(2/[l - ex^{-Ry/Ae)] and = c;j/[l - exp(- i ïy /^^)] . 

The model constants are given by c; = Kcji^^'^, Ae = 2cf and A,, = 70. 
In the outer region, the standard k-e model is applied and the match boundary between the near-
wall region and the outer region is chosen along a line where the Reynolds number Ry exceeds the 
value of 250. In the course of the calculation, the location of the dividing boundary is repeatedly 
checked and, if required, the near-wall region will be expanded or decreased. Thus, even for 
complex geometries, the correct fitting ofthe dividing boundary is always ensured. 

R e l a t e d publ icat ions /reports 

J. Argyris, H. Friz, B. Huurdeman and A. Laxander, Turbulent fluid flow and its incorporation 
into combustion processes, Comp. Meth. Appl. Mech. Engrg. 110 (1993) p. 1 

A. N. Brooks and T.J.T. Hughes, Streamline upwind / Petrov-Galerkin formulations for convection 
dominated flows with particular emphasis on the incompressible Navier-Stokes equations, Comp. 
Meth. Appl. Mech. Engrg. 59 (1982) p. 199 

H.C. Chen and V.C. Patel, Near wall turbulence models for complex flows including separation, 
AIAA J. 26 (1988) p. 641 

M.M. Gibson and B.E. Launder, Ground eff'ects on pressure fluctuations in the athmospheric 
boundary layer, J. Fluid Mech. 1978 , Vol. 86, p. 491 

B. E. Launder and D.B.. Spalding, The numerical computation of turbulent flows, Comp. Meth. 
Appl. Mech. Engrg. 3 (1974) p. 269 

S. Obi, M. Peric and G. Scheuerer, Second moment calculation procedure for turbulent flows 
with collocated variable arrangement, AIAA J. 29 (1991) p. 585 
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DESCRIPTION OF NUMERICAL METHODOLOGY FOR TEST CASE 4 

Originator: 
Olof Daunius 

Affiliation: 
Volvo Data corp., Gothenburg, Sweden 

General description: 
Three different calculations are submitted. Two of them uses tiie same mesh and are a comparison of 

RSM with and witiiout wall correction to the pressure- sti-ain correlation. This wall reflection is 
described in [1]. The thhd calculation is on a mesh derived firom tiie furst two, but with the outlet 
located further downstream (at x=60*T). The wall reflection terms are included in this case. 
The flow solver used is CFDS-FL0W3D [2], a stmctured multi-block finite volume solver using 

boundary-fitted coordinates and collocated variable storage (Rhie-Chow). The SIMPLEC pressure 
correction algorithm was used. 
The measured miet values of u, uu, vv and uw at x/T=-18.24 were interpolated to the inlet 

boundary. The quanthy vv was taken as max(2.0*ww-uu,1.0e-3) to prevent negative values. The energy 
dissipation at tiie inlet boundary was derived from an assumed length scale of 0.1 *T. At the outlet 
boundary, zero axial gradients were imposed. 
The axial velocity residuals were converged to 0.1% of inlet momentum. 

Convection scheme: 
CCCT scheme [2]: a bounded thhrd order upwind scheme of QUICK-type. 

Mesh: 
Mesh 'rsm' and 'rsmrfl' are C-type meshes, wrappmg tiie wing profile, embedded in an H-type 

stiucture. They consist of three blocks, and 160 000 interior ceUs. There are 24 cells in the 
y-direction. Mesh stretching were kept below 1.1. 

Mesh 'rsmrfl2' was created by adding a fourth block and placing the outiet at x=60*T. Some 
coarsening of tiie original three blocks were made to restrict this mesh to 176 000 interior cells 

Turbulence models: 
A standard RSM [2] witii 'slow' pressure-stirain term from Rotta [3], and 'rapid' isottopization 

from Naot et al. [4]. 

Near-waU tteatment: 
Log-law based wall function and near-wall correction to pressure- sttain terms as described by 

Clarke and WiUces [1]. 

Related publications/reports: 
f 

[1]: Clarke, D.S. and Wilkes, N.S., "The Calculation of Turbulent Flows in Complex Geometiies 
Using a Differential Sttess Model", AERE-R 13428, 1989. 

[2]: GFDS-FL0W3D Release 3.3 User Manual, 1994. 

[3]: Rotta, J.C, "Turbulente Sttomungen", B.G Teubner, Stuttgart, 1972. 

[4]: Naot, D., Shavit, A. and Wolfshtein, M. , "Interactions Between Components of tiie Turbulent 
Velocity Correlation Tensor due to Pressure Fluctiiations", J. of Technology, 8, pp. 259, 1970 
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K E Y TO TEST C A S E l A 

' . " c • . : " Key-Wame Gr. Name (Affiliation) 'I\«rbu!ence Modei Near-'Waii 'fteatmect 

ECLiiie RSr/iJaHe S 

RSfii?_LaSh S 

hKE-std-:-Chi 1, 2 

hKE^té+mm 1, 2 

Stasisias/Ha,Ea.aai/DeiGicqae (Ecoie Centrsie Lille) Reynoids-Stress Mcdei .Jakirlic-lianjaiic 

Rey.GoIds-Stress Model Launder-Shima 

tvvo-lzyer k-£ 

two-i?-yer k-e 

Chien 

Ptodi-MansouF-Micheiassi 1 eq. 

EDFlNHLa RSP.1-lRR.-Nf- S 

IKE_LaSh i 

Laiitesce et al. (EDF-DER-LNH) RSM Launder-Reece-Rodi 

iov.'-Re k-s Launder-Sharma 

elliptic relaxation 

IKEJYsSh 1 

iKEJ.aSh(arco) J 

!KE-LaSh 

Ca^alboffi/TorrBs (ENSICA) low-Re k-t- Yang-Shi 

"iovï-Re k-e Launder-Sharma 

icvif-R,e k-e Launder-Sharma 

FSsjIDyrsa kOmJft'il S, 1 ' Haroatamias (Fhiid Dyaarnks list.) k-LJ 

U Concord kOir.Mll 2, 1 Horazeaax (CERCA) k-u 

j UDeiftHa RSM_HjH 2, 3 

iKE-LaSh 1 

Kaajalic/H.adzi:c/JaHrU.c (TU Dslft, Appi. Physics) RSM IIanjaiic-jakiriic,-l.lad2.!c 

x-vi'-lle k-e Launde,r-Shar-na 

UKarisru hKE^^td+MoRe i , 2 Zaky (Uaiv. of K.irisrulie) two-ia,yer k-e Norris-Reynolds 1 eq.-model 

UMISTCra RSM_Cybi-2eq 3 

RSMXrLa-i-2eq 3 

Craft (UMIST) Reynolds-StrïïKS iVIodel Csibic 

Reynolds-Stress Model Craft-Launder 

k-e Launder-Sharma 

k-e Launder-Sharma 

I K E Y T O T E S T C A S E I B ] 

\ Contributor Key-UBma Gr. Name (Afiiiiation) Turbulence Modei Near-Wait lYeatment 1 

i 
RSMJsKa 3 

RSy.LaSh 5 

hKE^td-FChj 1, 2 

hKE^td-f-RIVIM 1, 2 

Stanisias/Eaanarst/Deldicq-iie (Ecole Ceri:t-aiK Lille) Reynolds-Stress Model Jakirlic-lianjaiic 

Reynoldfi-Sifess Modei Launder-SIiinia 

two-!a.yer k-e 

two-ia.yer k-e 

Chien i 

Rodi-Maasour-Micheiassi 1 eq. 



NHL; 

'. --MSiCA 

fKE-LaSh 

IKE-LaShfar 

T T 

; S -^-zr-lbou/Torr;.. (ïONSiCA) 

iow-R,e k-£ La tJ.-ir!: 

•••fi;:ri' 

low-Re k-£ Launder-Sharn-

:m:yv=. 

; -.'Concord ' ^Oni_Wii (C£-. ':A) 

RSM-HJ! 

KE_LaSr 

irüc-Hadzic 

r-Sharma 

2 l Zaky (Univ. of K. - r k - i 

i RSy_CrLa+2eq 

•„•••fi, (L-MISl-. 

Reynoids-Stress Mode). Craft-i 
i :.,nind=T-ï-:-.:?.rrria 
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Vû /Ub 

0.02 0,04 0.06 0.08 0,1 0.12 0.14 0,16 0,18 0.2 

0 0,02 0.04 0.06 0.08 (Ll 0,12 0,14 0.16 0.18 0.2 

fixed waU 1 \>/^<><^/////A^^>F?7??:\ 

moving wall 0 \ 

Developed flow 

Experiments • 
ECLille RSM LaSh -
ECLille RSM JaHa - -
UDelftHa RSM HJH • -• 

UMISTCra RSM CrLa+2eq — 
UMISTCra RSM Cub+2eq — 

1B- 19 

4th ERCOFTAC/IAHR Workshop on Refined Fiow Modelling 

^prii3-7,1995, University of Karlsruhe, Germany 
Couette fiow with plane fixed wall, Re=5000 

Group 3: Reynolds-stress models 

University of Karlsruhe 1B-19 



( 

I 







4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 1C 

t 

5 

I B 

0.8 

0.6 

0.4 

0.2 

0 
0 0.2 0.4 0.6 0.8 

U/U. 
1.2 1.4 1.6 

1 ffl^ 

0.8 

0.6 

0.4 

0.2 

0 
0 0.02 0.04 0.06 0.08 0,1 0.12 0.14 0.16 0.18 0.2 

Vu/Ufe 

Profiles at x/L^O (a=-90 ) 

wavy fixed wau Experiments • 

UKarlsru hKE std+NoRe 
UDelftHa IKE LaSh - - -

ENSICA IKE LaSh •-
ENSICA IKE LaSh (arco) — 

UDelftHa RSM HJH 

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a = 0 a, =90 a =180 moving wall 1 C - 1 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

Couette flow with wavy fixed wail, Re=4000 

University of Karlsruhe 1C-1 



Test Case 1C 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

X —' 

0.2 0.4 0.6 0.8 
U/Uv 

1.2 1.4 1.6 

0 0.02 0.04 0.06 0.08 ( i l 0.12 0.14 0.16 0.18 0.2 
Vu/Uv 

Profiles at x/L=0,125 (a=-45 ) 

wavy fixed wall Experimeiits • 

UKarlsru hKE std+NoRe 
UDelftHa IKE LaSh - - -

ENSICA IKE LaSh 
ENSICA IKE LaSh (arco) 

UDelftHa RSM HJH 

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a=0 a =90 a =180 moving wall 1C-2 
4th ERCOFTAC/IAHR Workshop on Refined Fiow IVlodelling 

April 3-7,1995, University of Karlsruhe, Germany 
Couette flow with wavy fixed wail, Re=4000 

1 C - 2 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 1C 

X 

t 

X 

t 

I B 

0.8 

0.6 

0.4 

0.2 

0 

0.2 0.4 0.6 0.8 
U/Uv 

1.2 1.4 1.6 

• 
! > • 

1 • 

: g 
/ / • 

/ .' • ^ 
\ 

' • 

0 0.02 0.04 0.06 0.08 (Ll 0.12 0.14 0.16 0.18 0.2 

Profiles at x/L=0.25 fa«0 ; 
wavy fixed wau Experimezits • 

UKarlsru hKE std+NoRe 
UDelftHa IKE LaSh - - -
ENSICA IKE LaSh 

ENSICA IKE LaSh (arco) — 
UDelftHa RSM HJH — 

0 .125 .25 .375 .5 .625 .75 ' .875 x/L 

a = 0 a =90 a =180 moving wall 1 C - 3 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

Couette fiow with wavy fixed wail, Re=4000 

University of Karlsruhe 1 C - 3 



Test Case I C 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

I B 

0.8 

0.6 

0.4 I-

0.2 

0 

0.6 0.8 
U/Uv 

1.2 1.4 1.6 

• 

.^^-^-'i . r 

0 0.02 0.04 0.06 0.08 a i 0.12 0.14 0.16 0.18 0.2 

Profiles at x/L=0,375 (a^45") 

wavy fixed wau Experiment s • 

UKarlsru hKE std+NoRe 
UDelftHa IKE LaSh - - -

ENSICA IKE LaSh 
ENSICA IKE LaSh (arco) 

UDelftHa RSM HJH —-

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a = 0 a =90 a =180 moving wall 1 C - 4 

4th ERCOFTAC/IAHR Workshop on Refined Fiow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

Couette fiow with wavy fixed wali, Re=4000 

1 C - 4 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 1C 

X 

t 

0.8 

0.6 

0.4 y 

0.2 

0 

\ 

0 0.2 0.4 0.6 0.8 
U/Uv 

1.2 1.4 1.6 

I B 

0.8 

0.6 

0.4 

0.2 

0 

• A 
',11 • 

W Q \ 

\ i • \ 

1 . — • • f-

0 0.02 0.04 0.06 0.08 (11 0.12 0.14 0.16 0.18 0.2 

Profiles at x/L=0,5 (a=90 ) 

wavy fixed wau Experiment8 • 

UKarlsru hKE std+NoRe 
UDelftHa IKE LaSh - - -

ENSICA IKE LaSh 
ENSICA IKE LaSh (arco) 

UDelftHa RSM HJH 

.125 .25 .375 .5 .625 .75 .875 x/L 

a=0 a =90 a =180 moving wall 1 C - 5 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 
Couette flow with wavy fixed wail, Re=4000 

University of Karlsruhe 1 C - 5 



Test Case I C 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Profiles at x/L=0.625 (a=135°) 

Experiments • 
UKarlsru hKE std+NoRe 

UDelftHa IKE LaSh - - -
ENSICA IKE LaSh 

NSICA IKE LaSh (arco) — 
UDelftHa RSM HJH 

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a = 0 a =90 a =180 moving wall 1C-6 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karisruhe, Germany 

Couette flow with wavy fixed wali, Re=4000 

1 C - 6 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 1C 

0 0.02 0.04 0.06 0.08 a i 0.12 0.14 0.16 0.18 0.2 
Vu/Ub 

Profiles at x/L=0,75 fa^ISo'^; 

Experiments • 
UKarlsru hKE std+NoRe 

UDelftHa IKE LaSh - - -
ENSICA IKE LaSh 

NSICA IKE LaSh (arco) 
UDelftHa RSM HJH 

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a=0 a =90 a =180 moving wall 1 C - 7 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

Couette flow with wavy fixed wail, Re=4000 

University of Karlsruhe 1 C - 7 



Test Case 1C 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

X 

1 [i 

0.8 • 

0.6 • 

0.4 

0.2 

0 
0 0.2 0.4 0.6 0.8 

U/U. 
1.2 1.4 1.6 

0 0.02 0.04 0.06 0.08 a i 0.12 0.14 0.16 0.18 0.2 

Profiles at x/L'^Q,875 (a=225 ) 

wavy fixed wall Experiment s • 

: UKarlsru hKE std+NoRe --

UDelftHa IKE LaSh - - -

ENSICA IKE LaSh 
ENSICA IKE LaSh (arco) 

UDelftHa RSM HJH —-

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a = 0 a =90 a =180 moving wall 1C-8 
4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karisruhe, Germany 

Couette flow with wavy fixed wail, Re=4000 

1 C - 8 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 1C 

0.08 

0.07 

0.06 

0.05 f 

0.04 

0.03 

0.02 • 

0.01 • 

0 

• 

• ^ v ^ -

0 0.2 0.4 0.6 
x/L 

0.8 

0.04 

0.02 

0 

f -0.02 

-0.04 

Y^-
^ ^ ^ ^ 

0 0.2 0.4 0.6 
x/L 

0.8 

Distributions along wavy wall 

wavy fixed waU ExperiffleJltS • 
UKarlsru hKE std+NoRe 

UDelftHa IKE LaSh - - -
ENSICA IKE LaSh 

ENSICA IKE LaSh (arco) 
UDelftHa RSM HJH 

0 .125 .25 .375 .5 .625 .75 .875 x/L 

a = 0 a =90 a =180 moving wall 1 C - 9 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karisruhe, Germany 

Couette fiow with wavy fixed wail, Re=4000 

University of Karlsruhe 1 C - 9 



( 

( 



P 

I ' 
O 

O 

ICO 

.3 

l l 

o 
O 
H 

1 

a. 

a. 

I 

D 

i .'; 

«5 llD! j &-J lo -̂ (f. Irti i 



UC::-,sl< -.rn-.'/.y •• •} ('.i:; .. ; 1 : non-stand :.r;i ' .Mi.- • • • .^ 

hK^_r.;:MNc~.;. '•i:<:h.-:'. "'v-'w. • ' •[s.ri:,'- . ' 1 
1 tmy 

••>= r k •• i N:)rris-iv.-;'r:.')lds !•.'•;.-in-: ; •: 

hKE^id+«¥f 1 I 1 stan dard k-£ f-..-.-. ions 

: UX'. Z'. :.es RSM-GtLa+Wol •;• Lien/Lasclizine:;- (UMIST) 1 Rev 
noids-Strcss Model Gibson-Launder , . -Jsh ••• • : i :t , . model I 

RSM_GiLa+v/f 
Lien/Lasclizine:;- (UMIST) 

^ H / . - ss %' .;" •! -.-.-[..ai;. ..'i:: ' ••..A fiir:.:-

,f j! kid - i . ... ~; '.; ;• j wali funct ions 

i hKE^std+wf dard k-e '.Ji-.S 

fKEJ.lLe ! low- •. k - • :!• Ï. '.!!!'•: ( 

i U Porto hKt-sts-i-m i Castro/Palma (Uaiv. of Porto) I stan dard k-t" I wali funct ions 

• üSt-LLga .? i"!iiufde-.'iii.ii {i'v'.v. of St-.-it^art} . , l ; ;>r k- •• J : ii.'i!-;';.: ! 1 r-.q. .i'.odi'i , 

hKEj5td4-wf_nstd stan : - d 
j non-stanL 

» experirn^entai vaiues. of k evaiuatsd as k = |(3Ï?2 - 2^72) 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 2A 

T E S T CASE 2A 

Group Turbulence Model Separation Reattachment 

(xlhmax) {x1hmax) 

Exp 0,43 4,82 

Group 1: standard k-e model with standard wall functions 

UChalmer hKE_std+wf 1.24 2.32 

UDelftHa fiKE-std+wf 0.55 3.13 

UDelftZi hKE_std+wf 0.46 3.61 

UKarlsru hKE_std-fwf 0.68 3.16 

UMISTLes hKE_std+wf 0.6 3.9 

UPorto hKE_std+wf 0.52 3.57 

Group 2: k-e model with wall functions, non-standard 

ASC hKE-std+wf-nstd 0.68 2.64 

lOlomouc hKE_std+wf_nstd 0.74 3.34 

RCHokkai hKE_std+wf-nstd 0.83 2.52 

UGdansk hKE-std+wf.nstd 0.48 4.72 

UStuttga hKE_std-|-wf_nstd 0.5 5.6 

UMISTLes hKE_RNG+wf 0.55 5.50 

Group 3: two-layer models 

UFlorenc hKE-std+NoRe 0.40 4.80 

UKarlsru hKE_std+NoRe(HLPA) 0.32 5.34 

UKarlsru hKE_std+NoRe(Hyb) 0.36 4.92 

UChalmer hKE-std+ChPa 0.30 4.62 

UStuttga hKE_std+ChPa 0.3 6.0 

Group 4: two-layer models 

UFlorenc hKE_std+RMM 0.34 4.94 

lOlomouc hKE-std+Gol 0.73 4.26 

UFlorenc hKE_std+Kim 0.35 6.23 

CompDyna hKE_RMG+NoRe 0.31 6.36 

Group 5: low-Re k-e models 

UChalmer IKE.LaSh 0.35 5.42 

E D F L N H L a IKE-LaSh 0.41 4.29 

EPFLausa IKE-LaBr 0.21 6.62 

UChalmer IKE-LiLe 0.29 5.41 

UMISTLes IKE.LiLe 0.40 4.50 

UFlorenc IKE.IMaHi 0.32 4.64 

Group 6: non-linear k-e and k-w models 

ASC nKE_SZL+wf 0.68 2.36 

lOlomouc nKE-Spez+wf 0.55 5.22 

UChalmer kOm_Wil 0.24 6.54 

UDelftZi kOm_Wil 0.14 6.43 

UFlorenc kOm_Wil 0.33 6.38 

DLRGoett kOm-Wil 0.3 6.3 

Group 7: Reynolds-stress models 

UDelftHa RSM-LRR+wf 0.45 4.13 

UChalmer RSM_LRR+wf 1.29 2.21 

UMISTLes RSM_GiLa+wf 0.55 5.60 

UChalmer RSM_SSG+wf 0.95 3.52 

UMISTLes RSM_GiLa+Wol 0.40 6.00 

UChalmer RSM_HaLa 0.36 3.89 

University of Karlsruhe 2 A - 0 
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2D Model Hill Flow - Case 2A: Single Hill 
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2D Model Hill Flow - Case 2A: Single Hill 

Field Distribution of Stream Lines k-epsilon model with wall functions, non-standard 
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2D Model Hill Flow - Case 2A: Single Hill 

Field Distribution of Stream Lines two-layer models 
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2D Model Hill Flow - Case 2A: Single Hill 
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2D Model Hill Flow - Case 2A: Single Hill 

Field Distribution of Stream Lines non-linear k-epsilon and k-omega models 
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2D Model Hill Flow - Case 2A: Single Hill 

Field Distribution of Stream Lines Reynolds-stress models 
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Profiles at x/h„=-3.57 
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Profiles at x/h„^ =-1.78 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 
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2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

2A -124 University of Karlsruhe 
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4th ERCOFTAC/iAHR Workshop on Refined Flow IVIodelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hlll flow (single hill) 

Group 7: Reynolds-stress models 

University of Karlsruhe 2A-125 
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4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodelling 

April 3-7,1995, University of Karlsruhe, Germany 
2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

2A-126 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 
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2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

University of Karlsruhe 2A-127 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 
2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

2A-128 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

University of Karlsruhe 2A-129 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (single hlll) 

Group 7: Reynolds-stress models 

2A-130 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (single hill) 

Group 7: Reynolds-stress models 

University of Karlsruhe 2A-131 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hlll flow (single hill) 

Group 7: Reynolds-stress models 

2A-132 University of Karlsruhe 



K E Y T O T E S T C A S E 2 B 

Contributor Key-Name Gr. Name (Affiliation) Turbulence Model Near-Wall Treatment 

CompDyna h K E . R N G + w f 2 

hKE-RNG - | -wf(7th) 4 

Issa/Leong/Sanatian (Computational Dynamics) RNG-modifided k-e 

RNG-modifided k-e 

wall functions 

wall functions 

DLRGoett kOm-Wil 2 Kessler ( D L R Goettingen) k-w — 

DLROberp L E S 3 Maass ( D L R Oberpfaffenhofen) 2nd-order for S G S fluxes ( L E S ) logarithmic law 

E D F L N H L a IKE.LaSh 2 

R S M . L R R 3 

Laurence et al. ( E D F - D E R - L N H ) low-Re k -e model L a S h 

R S M Launder- Reece-Rodi wall functions 

lOlomouc hKE-std-t-Gol 2 

hKE_std-fwf_nstd 1 

nKE_Spez+wf 2 

Sedlar (Pump Research Institute Oloniouc) two-layer k -e 

standard k-e 

non-linear k-e Speziale 

Goldberg model 

non-standard wall functions 

wall functions 

RCHokkai hKE_std-fwf.nstd 4 Blom (Hokkaido R. D. P . Res. Center) standard k-e non-standard wall functions 

UDelftHa RSM.LRR-hwf 3 

RSM.LRR-twf(7th) 4 

hKE_std- |-wf 1 

hKE-std+wf(7th) 4 

Hanjalic/Hadzic/Jakirlic ( T U Delft, Appl. Physics) R S M Launder-Reece-Rodi 

R S M Launder-Reece-Rodi 

standard k -e 

standard k-e 

wall functions 

wall functions 

wall functions 

wall functions 

UKarisru hKE_std+NoRe 2 

hKE-std+wf 1 

Buchal (Univ. of Karlsruhe) two-layer k -e 

standard k-e 

Norris-Reynolds 1 eq.-model 

wall functions 

UMISTCra RSM_Cub-|-2eq 3 

RSM.CrLa-f2eq 3 

Craft ( U M I S T ) Reynolds-Stress Model Cubic 

Reynolds-Stress Model Craft- Launder 

k-e Launder-Sharma 

k-e Launder-Sharma 

UPorto hKE_stdH-wf 1 

hKE-std-t-wf(fix) 1 

hKE_LeRo-|-wf 2 

Castro/Palma (Univ. of Porto) standard k-e 

standard k -e 

Leschziner-Rodi-niodif. k -e 

wall functions 

wall functions 

wall functions 

In key-names: 

(fix): k value fixed at inlet and outlet 

(Hyb 2000): H Y B R I D numerical scheme after 2000 iterations 

(Hyb 12000): H Y B R I D numerical scheme after 12000 iterations 

(Hyb.30000): H Y B R I D numerical scheme after 30000 iterations 

Notes: _ 

• experimental values of k evaluated as k = i (3t i '2 + 2t; '2) 
• stream lines not equally distributed according to stream function values 





4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 2B 

T E S T C A S E 2B 

Group Turbulence Model Separation Reattachment 

(a; /hmax) 

E x p 0.71 3.43 

G r o u p 1: k-e m o d e l w i t h w a l l f u n c t i o n s 

UDel f tHa hKE-std+wf 0.75 3.54 

UPorto hKE-std+wf 0.93 3.05 

UKar i sru hKE-std+wf 0.85 3.05 

lOlomouc hKE-std+wf.nstd 0.85 3.50 

UPorto hKE^td+wf_(k fixed) 0.42 3.57 

G r o u p 2: var ious t w o - e q u a t i o n m o d e l s 

CompDyna l iKE- RNG+wf 0.72 3.35 

UPorto hKE.LeRo+wf 0.61 3.45 

E D F L N H L a IKE_LaSh 0.52 3.61 

lOlomouc hKE_std+Gol 0.75 3.52 

UKar i sru l iKE^td+NoRe 0.34 3.75 

D L R G o e t t kOm.Wil 0.5 3.7 

lOlomouc nKE_Spez+wf 0.64 3.50 

G r o u p 3: R e y n o l d s -s t re s s m o d e l s a n d L E S 

E D F L N H L a R S M . L R R + w f 0.52 3.61 

UDel f tHa RSM_LRR+wf 0.36 3.43 

U M I S T C r a RSM_CrLa+2eq 0.40 3.60 

U M I S T C r a RSM_Cub-|-2eq 0.59 2.03 

D L R O b e r p L E S 0.56 3.18 

G r o u p 4: n o n - p e r i o d i c c a l c u l a t i o n s 

UDel f tHa liKE_std+wf_(7th hill) 0.75 3.54 

R C H o k k a i hKE-std+wf_nstd.(7th hiil) 0.45 3.49 

CompDyna hKE-RNG+wf. (7th hill) 0.39 3.46 

UDel f tHa RSM.LRR+wf . (7 th hill) 0.46 3.59 

D L R O b e r p LES-(7th hill) 0.47 3.36 

University of Karlsruhe 2 B - 0 





4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 2B 

2D Model Hill Flow - Case 2B: Consecutive Hills 

Field Distribution of Stream Lines k-epsilon model with wall functions 
y/Vax 

max 

Experiments 

UPorto:hKE_std+wf 

3„ir 4' 

IOlomouc:hKE_std+wf_nstd 

3h 

2h 

•"o r r 2 
Exp. 

3 J 4 x / h ^ 
Exp. 

UPorto:hKE_LeRo+wf 

T l L I I I , l l 

3 J L 4 ^ 

UDelftHa:hKE_std+wf 

5F 

4 

Exp. 

UKarlsru:hKE_std+wf 

CompDyna:hKE_RNG+wf 

Q l I I I , , ; I I ^ ^ l ^ , I I I 

Exp. Exp. 

UPorto:hKE_std+wf(fix) 

University of Karlsruhe 28-1 



Test Case 2B 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

2D Model Hill Flow - Case 2B: Consecutive Hills 

Field Distribution of Stream Lines various two-equation models 

0 

x/h, max 

T 2 T 4 
Experiments 

" Ö ~ i r i 2 3 j r 4 x / h ^ 
Exp. Exp. 

IOlomouc:hKE std+Gol 

yK 

"'OTT 2 3 j r 4 x A ^ 
Exp. Exp. 

DLRGoettikOm WU 

yK 
5 

4 

3 

2F 

EDFLNHLa.'lKE LaSh 

yK» 

3 i ' 4 xAi_ 
Exp. Exp. 

UKarlsru'.hKE std+NoRe 

yK 

" o ^ T T 2 
Exp. 

3 ir' '4' x A ^ 

IOlomouc mKE_Spez+wf 

2 B - 2 University of Karlsruhe 
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2D Model Hill Flow - Case 2B: Consecutive Hills 

Field Distribution of Stream Lines Reynolds-stress models and LES 

max 

Experiments 

yK 

4 

31-

3 4 iJh^ 

UDelftHa:RSM_LRR+wf 

yK 

3 h 

UMISTCra:RSM_Cub+2eq 

yK 

EDFLNHLa:RSM_LRR+wf 

yK 

o f i i'J' '4' xA, Exp. Bxp. 

UMISTCra:RSM_CrLa+2eq 

yK 

oin _ . .. 
Exp. Exp. 

DLROberp:LES 

University of Karlsruhe 2 B - 3 
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2D Model Hill Flow - Case 2B: Consecutive Hills 

Field Distribution of Stream Lines non-periodic calculations 
y%ax 

0 

x/h, max 

Experiments 

OJT 2 3 ir 4 x / h ^ 
Exp. Exp. 

RCHokkai:hKE_std+wf_nstd_(7th) 

yK 

3 J 4' x / h ^ 

UDelftHa:RSM_LRR+wf_(7th) 

yK 

o f i 
T l I , . 1 1 1 l l 

3 X 4 x/lu, 
Exp. Exp. 

UDelftHa:hKE_std+wfJ7th) 

yK 

0 f l 2 
Exp. 

CompDyna:hKE_RNG+wf_(7th) 

yK 

0, 0 in 2 3 j r 4 x / h _ 
Exp. Exp. 

DLR0berp:LESJ7th) 

2 8 - 4 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

University of Karlsruhe 2 B - 5 
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4th ERCOFTAC/iAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 
2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

28-6 University of Karlsruhe 
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Profiles at 0.71 

Experiments 
UDelftHa hKE std+wf 

UPorto hKE std+wf 
hKE std+wf (Hyb.2000) 
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mrto hKE std+wf (inlet k fixed) 
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2B -7 

4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

University of Karlsruhe 2 8 - 7 
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Profiles at ^ / ^ i n a x ' 0,71 
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Experiments 
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2 B - 8 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 
2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

2 B - 8 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

University of Karlsruhe 2 8 - 9 
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4th ERCOFTAC/iAHR Workshop on Refined Flow tviodelling 

April 3-7,1995, University of Karlsruhe, Germany 
2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

28-10 University of Karisruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

University of Karlsruhe 28-11 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

2B-12 University of Karlsruhe 
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4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

2D model hill flow (multiple hills) 

Group 1: k-epsilon model with wall functions 

University of Karlsruhe 28 -13 
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Contributor Kay-Name Name ( A f f i i i a i i o a ) 'rurbii!{:.:;cc iVIodei Near-m/ai! Treat i rKïnt 

ASC hKE_std-rwf Scheuerer/Hoizwarth (ASC) staiidard k-e wal i funct ions 

CompDyna hKE-RNG-l-wf j-ssa/Leong/Sanatsan (Coirtputationai Dynamics) s iNU-inodil ieci k-e wai l fcinctions 

FlusDyna hKE-mod-fCeq 

hKE^td-!-Oeq 

liaroUituniarL (Fluid DyaarRics hilerna.t!.oruii) twG-layer jnodi l ied k-e 

twc-iayer k-e 

0 eq.-mociel 

0 eq.-model 

UHamburg hKE_RfyG-hwf MaiLRs/Maaaferija/Peric (Univ. of Hamburg) RNG-moGif ied k-e wa l l f t incl ions 

UKarisru hKE_std-rwf Buchai (Univ. of K.arisruh.e) .stars d ard i:.;-e wall funct ions 

UStuttg2 hKE_KaLa-!-leq R-^iprecht (Univ. of Stuttgart) tvvo-iayer k-e + Kato-lyS-undo.!- mod i f . Moharnmad i 1 eq. 

Volvo RSfVI.LRR-t-wf Dauiiius (Volvo Data AB) 1 ?..S IVI IJ au i:t d er- Ilee c:s - Ro d i 
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Wing/Body Junction with Separation 
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Developing Flow in a Curved Rectangular Duct 
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Developing Flow in a Curved Rectangular Duct 

Secondary velocity vectors 

Plane x/H=-0.5 

0.2 

Exp 
0.0 0.5 1.0 

0.0 U ' l i ' 

0.5-

1.0-

1.5 

2.0-1 

2.5-̂  

3.0-

0.2 

UBrussel:nKE_SZL+wf 

0.0-

0.5-

1.0-

1.5-

2.0-

2.5H 

0.0 0.5 1.0 

3.0 

0.2 

USouthamASM ClWi 

0.0 
0.0 0.5 1.0 

0.54 

1.04 

1.5-

2.0-

2.54 

3.0-

0.2 

UBrussel:nKEJIiKh+wf 
0.0 0.5 1.0 

0.5-

1.0 

1.5-

2.0-

2.5-

3.0 I ' ' ' ' I 

0.2 

UMcGill:RSM_GiLa+wf 

5 -2 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Developing Flow in a Curved Rectangular Duct 
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Developing Flow in a Curved Rectangular Duct 

Reynolds shear stress uw 

Plane alpha=75 deg. 

EDFLNHMi:hKE_std+wf 
0.0 0.5 1.0 

UBrussel:nKE_HiKh+wf 
0.0 0.5 1.0 

3.0-" 

UMcGill:RSM_GiLa+wf 

45 

15 

U2 

UBrussel :hKE_std+wf 
0.0 0.5 1.0 

3.0-f 

UBrussel:nKE_SZL+wf 
0.0 0.5 1.0 

3.0-1 

USouthamASM ClWi 
5 -44 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangidar Duct 

Reynolds normal stress uu 

Plane alpha=75 deg. 

0.0 0.5 1.0 

0.007 

0006 

O005 

OOOt 

O003 

O002 

OOOl 

UBrussel:nKE_HiKh+iuf 

3.0J 

UBrussel:nKE__SZL+wf 

3.0-" 

45 

15 

U2 

3.0J 

UMcGiU:RSM_GiLa+wf USouthamASM ClWi 

University of Karlsruhe 5 -45 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress w 

Plane alplia=75 deg. 

0.0 0.5 
0.OU 

UBrussel:nKEJIiKh+wf 

3.0J 

45 

15 

U2 

UBrussel:nKE_SZL+wf 

3.0J 

UMcGill:RSM_GiLa+wf USouthamASM ClWi 

5 - 4 6 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress ww 

Plane alplia=75 deg. 

O.OM 

OOOS 

O007 

O0O6 

0005 

0004 

0.003 

O.OOl 

0.001 

OOOt 

O0O3 

2 O0O2 

1 0001 

3.0-" 

3.0-» 

UBrussel:nKE_SZL+wf 
0.0 0.5 1.0 

0.0-t 

3.0J 

45 

15 

U2 

UMcGill:RSM_GiLa+wf USouthamASM ClWi 

University of Karlsruhe 5 -47 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Developing Flow in a Curved Rectangular Duct 

Secondary velocity vectors 

Plane x/H=0.5 

0.2 

Exp 
0.0 0.5 1.0 

-i 0.2 

45 

15 

U2 

ASC:hKE_std+wf 
0.0 0.5 1.0 

0.2 

EDFLNHMi:hKE_std+wf UBrussel :hKE_std+wf 

5-48 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Rofined Flow Modelling Test Case 5 

UBrussel:nKE_SZL+wf UMcGill:RSM_GiLa+wf 
0.0 0.5 1.0 

3.0 

USoutham:ASM_ClWi 

University of Karlsruhe 5 -49 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Developing Flow in a Curved Rectangular Duct 

Streamwise mean velocity 

Plane x/H=0.5 

3.0-1 

ASC:hKE_std+wf 
0.5 1.0 

3.0J 

45 

15 

U2 

3.(h« 

EDFLNHMi:hKE_std+wf UBrussel:hKE_std+wf 

5 -50 University of Karlsruhe 



4th ERCOFfAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Streamwise mean velocity 

Plane x/H=0.5 

0.0 0.5 1.0 

3.0J 

UBrussel:nKE_SZL+wf 

USouthamASM ClWi 

45 

15 

U2 

3.0JI 

UBrussel :nKE_HiKh+wf 
0.0 0.5 

0.0-

0.5-i 

i.(H 

1.54 

2.04 

2.54 

3.0-11 

UMcGill:RSM_GiLa+wf 

University of Karlsruhe 5 -51 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modeiiing 

Developing Flow in a Curved Rectangular Duct 

Turbulent kinetic energy k 

Plane x/H=0.5 

0.0 0.5 1.0 
0.04-MT 

2.54 

3.0-I 

45 

15 

U2 

3.0-" 

EDFLNHMi:hKE_std+wf UBrussel :hKE_std+wf 

5 -52 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Turbulent kinetic energy k 

Plane x/H=0.5 

0.0 0.5 1.0 
0-0 IJ ii.' ' t -'- ' -' 

3.0J 

0.0 

UBrussel:nKE_SZL+wf 
0.0 0.5 

2M 
3.0J 

USouthamASM ClWi 

45 

15 

U2 

UBrussel:nKE_HiKh+wf 

S.OJ 

UMcGill:RSM_GiLa+wf 

University of Karlsruhe 5-53 



T e s t c a s e s 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Exp EDFLNHMi:hKE__std+wf 
0.0 0.5 LO 

UBrussel.-hKE _std+wf 

5 - 5 4 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 6 

Developing Flow in a Curved Rectangular Duct 

Reynolds shear stress uv 

Plane x/H=0.5 

3.0-1 

0.0 
O.O 

3.0J 

UBrussel:nKE_SZL+wf 

3.0J 

USouthamASM ClWi 

45 

15 

U2 

3.0J 

UBrussel:nKE_HiKh+wf 
0.0 0.5 1.0 

3.0-" 

UMcGill:RSM_GiLa+wf 

University of Karlsruhe 5-55 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Exp EDFLNHMi:hKE_std+wf 

UBrussel :hKE_std+wf 

5-56 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Reynolds shear stress uw 

Plane x/H=0.5 

0.0 0.5 
0.0-

0.5H 

I.OH 

1.5H 

2.0H 

2.5H 

3.0J 

s.o-f 

UBrussel:nKE_SZL+iuf 
0.0 0.5 1.0 

0.0 U I • .1 

3.0J 

USouthamASM ClWi 

3.0-" 

UBrussel:nKEJIiKh+wf 
0.0 0.5 1.0 

0.01, I I I I I I 1 I I I 

UMcGill:RSM_GiLa+wf 

45 

15 

U2 

University of Karlsruhe 5-57 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

D2 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress uu 

Plane x/H=0.5 

D1. 

0.0 0.5 1.0 

0.5^ 

l.(H 

1.5H 

2.0H 

2.54 

3.0-1 

0.0O7 

0.006 

0005 

OOM 

0003 

0002 

OOOl 

0007 

O006 

O005 

OOM 

0.O03 

0.002 

0.001 

UBrussel:nKE_SZL+wf 
0.0 0.5 1.0 

O007 

O006 

O005 

0004 

O003 

0002 

OOOl 

USouthamASM ClWi 

75 

45 

15 

U2 

0.007 

0.006 

0.005 

O.m 

O003 

0.002 

OOOl 

UBrussel:nKE_HiKh+wf 
0.0 0.5 1.0 

UMcGill:RSM_GiLa+wf 

5 -58 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

/ y D2 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress w 

Plane x/H=0.5 

D1. 

0.0 0.5 
0.0-

0.009 

OOOS 

0.007 

0006 

OOOS 

OOM 

O0O3 

0002 

OOOl 

3.0J 

0009 

0.008 

0.007 

0006 

0005 

OOOl 

0003 

0002 

OOOl 

UBrussel:nKE_SZL+wf 
0.0 0.5 1.0 

2.0^ 

2.5H 

3.&J 

75 

45 

15 

U2 

3.0J 

UBrussel:nKE_HiKh+wf 
0.0 0.5 1.0 

0.0 ba^ iUt^Ui i i>....J 

3.0J 

UMcGiU:RSM_GiLa+wf 

USouthamASM ClWi 
University of Karlsruhe 5-59 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress ww 

Plane x/H=0.5 

0.0 0.5 1.0 
0.01, ij^.'. ' 

0.54 

1.0̂  

2.(H 

2.54 

3.&J 

0.009 

0.008 

0.007 

0.006 

0.005 

O.OOl 

0.003 

0.002 

0.001 

0.009 

O.OOS 

O007 

0.006 

0.005 

O.m 

o.om 

0.002 

0.001 

3.0JI 

UBrussel:nKE_SZL+iuf 
0.0 0.5 1.0 

45 

15 

U2 

UMcGill:RSM_GiLa+wf 

5-60 University of Karlsruhe 



4th ERCOi=TAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Secondary velocity vectors 

Plane x/H=4.5 

0.0 0.5 l.( 

0.2 

-t 0.2 

45 

15 

U2 

ASC:hKE_std+wf 
0.0 0.5 1.0 

0.0 U 'l I i ' J 

0.5-

1.0 

1.5 

2.0 

2.5 

3.0-

. 1 I 
. r I 
. ; / 
. / / 
.- / / 

0,2 

EDFLNHMi:hKE_std+wf UBrussel :hKE_std+wf 

University of Karlsruhe 5 -61 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

/ y D2 . 

Developing Flow in a Curved Rectangular Duct 

Secondary velocity vectors 

Plane x/H=4.5 

0.2 

0.2 

UBrussel:nKE_SZL+wf 

0.2 

USouthamASM ClWi 

45 

15 

U2 

UBrussel:nKEJIiKh+wf 

0.2 

UMcGill:RSM_GiLa+wf 

5 -62 University of Karlsruhe 



4th ERCORAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Exp ASC:hKE_std+wf 

EDFLNHMi:hKE_std+wf UBrussel:hKE_std+wf 

University of Karlsruhe 5 -63 



Testcases 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

UBrussel:nKE_SZL+wf 
0.0 

0.0^ 

UMcGill:RSM_GiLa+wf 

USoutham:ASM_ClWi 
S-64 University of Karlsruhe 



4th ERCOFTAC/iAHR Worl<shop on Refined Flow Modelling Test Case 5 

/ y D2 , 

Developing Flow in a Curved Rectangular Duct 

Turbulent kinetic energy k 

Plane x/H=4.5 

0.0 0.5 1.0 

3.0-" 

ASC:hKE_std+wf 
0.0 

O.̂ fe* 

3.0J 

45 

15 

U2 

0.0 0.5 1.0 

O.OM 

O013 

O012 

OOU 

0010 

O0O9 

O0O8 

O0O7 

OOOS 

O0O5 

aoot 
O0O3 

0002 

OOOl 

3.0J 

EDFLNHMi:hKE_std+wf 

UBrussel:hKE_std+wf 

University of Karlsruhe 5 -65 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

D2 . 

Developing Flow in a Curved Rectangular Duct 

Turbulent kinetic energy k 

Plane x/H=4.5 

i.o-i 

2.5H 

3.0-" 

UBrussel:nKE_HiKh+wf 

2.5H 

3.0-" 3.(>J 

UMcGill:RSM_GiLa+wf USouthamASM ClWi 

5 - 6 6 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case ó 

Developing Flow in a Curved Rectangular Duct 

Reynolds shear stress uv 

Plane x/H=4.5 

0.0 0.5 
0.0+^ 

EDFLNHMi:hKE_std+wf 

3.0J 

UBrussel:nKE_HiKh+wf 

5 0.0O3 

4 0.0O2 

3 O.OOl 

2 OOOO 

1 -OOOl 

3.0J 

UBrussel:hKE_std+wf 
0.0 0.5 1.0 

O.O-l 

3.0J 

UBrussel:nKE_SZL+wf 
0.0 0.5 1.0 

o.o -Uteu**j , 

3.0J 

USouthamASM ClWi 

45 

15 

U2 

University of Karlsruhe 5 -67 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

UBrussel:hKE_std+wf UBrussel :nKE_HiKh+wf 
0.0 0.5 1.0 0.0 0.5 1.0 

UBrussel:nKE_SZL+wf UMcGill:RSM_GiLa+wf 

3.0J 

USoutham:ASM_ClWi 
5-68 University of Karlsruhe 



4th ERCOi=TAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress uu 

Plane x/H=4.5 

0.0 0.5 
0.04 

0.007 

O006 

O005 

O.OM 

0.003 

O0O2 

OOOl 

3 .0J 

1.5H 

2.0H 

2.5H 

S.OJ 

0.0 0.5 

o.o-t 

o.H 

45 

15 

U2 

UBrussel:nKE_HiKh+wf UBrussel:nKE_SZL+wf 

O0O7 

0.006 

0.0 0.5 1.0 
0.0 I . 1 ' M I 

0007 

0006 

OOOS 

OOOl 

O003 

O0O2 

OOOl 

3.0J 

UMcGm:RSM_GiLa+wf USouthamASM ClWi 

University of Karlsruhe 5 - 6 9 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

/ y D2 . 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress w 

Plane x/H=4.5 

0.0 0.5 
0.0-fe 

I.CH 

2.(H 

2.H 

3.&J 

0.009 

0008 

0007 

0006 

0005 

OOM 

O0O3 

O0O2 

OOOl 

UBrussel:nKEJIiKh+wf 

1.04 

1.54 

2.0H 

2M 
3.0J 

O0O9 

O003 

O007 

O006 

O0O5 

OOM 

0003 

O002 

OOOl 

3.0-«-

UBrussel:nKE_SZL+wf 

2.m 
2.54: 

3.(>J 

UMcGill:RSM_GiLa+wf USouthamASM ClWi 

5 - 7 0 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

Developing Flow in a Curved Rectangular Duct 

Reynolds normal stress ww 

Plane x/H=4.5 

0.0 0.5 1.0 
O.Ot- jgUUiiUri 

3.0-» 

2.5-1 

3.aJ 

UBrussel :nKE_HiKh+wf 
0.0 0.5 1.0 

UBrussel:nKE_SZL+wf 

3.0J 3.0J 

UMcGill:RSM_GiLa+wf USouthamASM ClWi 

University of Karlsruhe 5 -71 



( 



j 





4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

0.006 

0.005 

0.004 
-a 

~> 0.003 

I 
" 0.002 

0.001 

0 
0 3 4 

s/H 

Distribution at X/H--0.5 

/ y 75 

3 H 

Z 

45 

15 

U2 

Experiments 
hJKE std+wf 
lüCE std+wf 
iiKB std+wf 

nKE HiKh+wf 
nKE SZL+wf 

USoutham ASM ClWi 
UMcGill RSM GiLa+wf 

ASC 
EDFLNHMi 
UBrussel 
UBrussel 
UBrussel 

5-73 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modeiiing 

April 3-7,1995, University of Karlsruhe, Germany 

Developing Flow in a Curved Rectangular Duct 

University of Karlsruhe 5 -73 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

Distribution at a=15 
D2 

D1 Experiments 
hKE std+wf 
hKE std+wf 
hKE std+wf 
nKE HiKh+wf 
nKE SZL+wf 

USoutham ASM ClWi 
UMcGill RSM GiLa+wf 

ASC 
EDFLNHMi 
UBrussel 

UBrussel 
UBrussel 

5-74 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modeiiing 

April 3-7,1995, University of Karlsruhe, Germany 

Deveioping Flow in a Curved Rectangular Duct 

5 -74 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

0.006 

0.005 

0.004 

"> 0.003 

I 
0.002 

0.001 

0 
0 3 4 

s/H 

Distribution at a=45 

/ F T 

3 H : 

2 

Experiments " 
hKE std+wf 
hKE std+wf - - -
hKE std+wf 

nKE HiKh+wf 
nKE SZL+wf —-

ÜSfouthain ASM ClWi ----
UMcGill RSM GiLa+wf 

ASC 
EDFLNHMi 
UBrussel 
UBrussel 
UBrussel 

5-75 

4th ERCOFTAC/IAHR Workshop on Refined Flow iVIodeiiing 

April 3-7,1995, University of Karlsruhe, Germany 
Developing Flow in a Curved Rectangular Duct 

University of Karlsruhe 5 -75 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

0.006 

0.005 

0.004 

~> 0.003 

0.002 

0.001 

0 

I I I I 

^\'r"'\ 

0 3 4 
s/H 

Distribution at a-75 

75 

r " 
3 H 

45 

15 

U2 

Experiments 
hKE std+wf 
hKE std+wf 
hKE std+wf 
nKE HiKh+wf 
nKE SZL+wf 

USoutham ASM ClWi 
UMcGill RSM GiLa+wf 

ASC 
EDFLNHMi 
UBrussel 

UBrussel 
UBrussel 

5-76 

4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodeiling 

April 3-7,1995, University of Karlsruhe, Germany 

Developing Flow in a Curved Rectangular Duct 

5 -76 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling Test Case 5 

0.006 

0.005 

0.004 

I 
0.003 t 
0.002 

0.001 

0 

- - - - » . s 

0 3 4 
s/H 

7 

D2 
D1, 

45 

15 

U2 

3 H 

z 

y 
UI 

DistriJbution at x/H=0.5 

Experiments " 
ASC hKE std+wf 

EDFLNHMi hKE Std+wf - - -
UBrussel hKE std+wf 
UBrussel nKE HiKh+wf — 
UBrussel nKE SZL+wf 

USoutham ASM ClWi ----
UMcGill RSM GiLa+wf — - 5-77 

4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodeiling 

April 3-7,1995, University of Karlsruhe, Germany 

Deveioping Flow in a Curved Rectangular Duct 

University of Karlsruhe 5 - 7 7 



Test Case 5 4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

0 . 0 0 6 

0 

0 7 
s/H 

D2 
D 1 

rs 

3 H 

z 

45 

15 

U2 

Distribution at x/H-4.5 

Experiments " 
ASC hKE std+wf 

EDFLmmi hKE std+wf - - -
UBrussel hKE std+wf 

UBrussel nKE HiKh+wf 
UBrussel nKE SZL+wf 

USoutham ASM ClWi ----
UMcGill RSM GiLa+wf — -

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

5-78 

Developing Flow in a Curved Rectangular Duct 

5 - 7 8 University of Karlsruhe 



4th ERCOFTAC/IAHR Workshop on Refined Flow IVIodelling Test Case 5 

0.4 

0.2 

0 

A -0.2 

-0.4 

-0.6 

- 1 0 5 10 15 20 25 30 35 40 
x/H 

D2 

45 

15 

U2 

Distribution along inner wall 

Experiments ' 
ASC hKE std+wf 

EDFLNHMi hKE std+wf - - -
UBrussel hKE std+wf 

UBrussel nKE HiKh+wf — 
UBrussel nKE SZL+wf 
USoutham ASM ClWi ---

UMcGill RSM GiLa+wf — 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modeiiing 

April 3-7,1995, University of Karlsruhe, Germany 

5-79 

Developing Flow in a Curved Rectangular Duct 

University of Karlsruhe 5 -79 



Test Case 5 4th ERCOi=TAC/IAHR Workshop on Refiiiei: Flow Modelling 

75 

Distribution along outer wall 

Experiments ^ 

3 H 

z 

AS 

15 

U2 

ASC 
EDFLNHMi 
UBrussel 

UBrussel 
UBrussel 

hKE std+wf 
hKE std+wf 
hKE std+wf 
nKE HiKh+wf 
nKE SZL+wf 

USoutham ASM ClWi 
UMcGill RSM GiLa+wf 5-80 

4th ERCOFTAC/IAHR Workshop on Refined Flow Modelling 

April 3-7,1995, University of Karlsruhe, Germany 

Developing Flow in a Curved Rectangular Duct 

5 -80 University of Karlsruhe 


