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rcmpudl Th. Bouerinesq nypolh.rs
ir us.d ir dE SpdrtAlh@ nod.l
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.Dprooh, Rhse lhc nod.l .qurtior is
otrii.d by rh! tulbulsr kiiclis
.neql/ o.c. h pldiculu in $e Sp.ld
rnd AllDlEs model $e egurtior is
g.r.tuLd tom soar.hi ,si!s
lmpniei3 ud drEume.b or
dimeisioml srElysh 14l

Th. Spillll. llnaEs nodel wrs
d.i8n.d spc.illlt ror aerosp&e
applialions involviiC,allbounded
flow iM hd b..n shoq b siv.
Sood r.sults ae bounit ry !ry6s
strbj@ad to rdvre pcuE
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vhcn the gEdictrb ol rlt tmrsponed
variabb h rhe model !re nuclr
snallor lhd the sadiots of fie
ra4sported v.riabl.s in Ih. k-€
dbdeL Ill, This mishl na*c $e
dodel le$ sersltive Io rume .at
eror wh.n DoNltryercd ni.sh.s rts

llE simplest c.frFl.te ,Ndels" ol
trbnl.nc. aE r*t,.qmtion modrls in
whi.h the sotrion ol t*o spad.
tmnsport eqoationsalL* d.ldrbulent
velocity and leiAh sc,les ro be
independ.ntly dclcrnincd. Th.
slrndard k.e model ialls wilhin thk
cla$ of torbulen.e noJel dnd h&s

btconte lhe yo ihoN ol pracriral
engineerir,g llos calcrlatiois in rh.
rine si..e it wa poposd by Joncs
.nd Liuid.r [6]. Ir is a se'ni{mpnical
mod.l, and the derilarion of fie
model cqu ios r.lier on
pheromenolo8icll.o.siderations and

As rhe $reigrhs dd seaknesr! ol
lhc srandard k{ tudcl hrve become
kroM. impr.vcmens halc b*n
maCe td rhe mo,lel lo irprove ks
pedomance. Twd of $rsc ruisils
ats availablc ii dE prsenr eudy,
RN6 k s model [7] 0d the nandfd

Tlc ptrpo( oallre prcEfi nudy is
thc 8sslhem of lud,ulent mode
Spilad and lne $o vehions ol l{
SG d.rd and RNO mod.le usiirg
Fluent cods In lnh plper the
algorirln ol lhe go!3nirg equrions
is *rll known, bur (hd mxin poi s we
enp$erizc arc Iie $ay ol usins rhe

Pftsenr Erbul3d n,odel, 1,\e

effioiencv, md veiificRiioi .f thc
validit, in sotvine taE.ri! IloB.

The Stm rd k+ Modcl TElqtor1
Eqnatiotr! to. tt.Slrnda.d k.s

ArdoL \!ii K.!:on q shod!"d, Nlra ud

ou&ekd c

'fte 3tdddd k{ hodel is a semi-
slnlirical model hsed on model
rranspoft .qualiors lor dE turbulent
kinetic ent.sy {k) and ib dissipation
Ele (t). Th. slandard k{ model h
lherelore valid onll aor lullr rurhulenr
irows. h tlE sEidaN (, .)nodel,
* ,nd ,de obhined lron the
tolovin8 lemi.enrpnioat ranspd
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cocfa'cicnts, a.ddr mdd. de the

tuhnle PEndtl/ Sonnidt nuEb.rs
ror, and t, respellvcly. Th.lcms

c:lc -a c/1|i" i:r\r,
r.pressi lhe shea gen@lion md
vhous dissiparior p@oess of e,
resp*lively. C h a rhcar Aen.Etion
tenn G = A.t: itar Bpresenk rlE
prcnud ion ol tudulc tineiic cncrsj/
.esultine f.oo inteEdiois h.Ne.
rhs mean fiow aid rhe rudulence
fieks *lErc S is the lDdultrr cflhe

'n*i nr...f{tain i.f$r d.fi edrs
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IIrc crtr. Iem in (4) ehploys de
praneter ,, which repftsft tne

Brio oachdaclerhtic ilmc scales of
torbulene and dre meln flow fields,

Yakhot c7 al I1 lrre psposed
aiothq vuhir ofo,o (r-,) hodcr
lhe perfomai* chdaclerktics of
whioh m ihpioved rclative ro llr
$,ndard mo'lel. The propo*d nodel
is basrd on rcnomdized group rheory
ilol. &d is rdorcd io a! rho "lNG"

(t ,)hoder emproys "! ad,lnioml

sorri.4ink lnn lr fi. . .qudion.

It m hc shoM th.t ?is.lhcdon of
tho i!ti6 of Eenoiadon ro di$iplion
ol * and cd be rqifletr ,s

...:-;1",.-
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cha€ct.rkiics ot ihe rurbi lc trcc fie ld.

fie pnnhry celfidinb ol the RNG
m.del lor ierrlemal Rlws 6e
C,,,C,.C,, dx,.ndd.. The dLrre.

tqo coofficieflts.ro nrdl, can be

obhi,rd dic l! tom the PrinD.y
model 4!fioienrs ard rh!

TlEs. v.luos ftn 1 in raluds ol,1.l3
md0.012tor 40 3ndP. Especlively,

and .E reaftd io ,s the i.riginali set
ol coeficie s, Tle qhtilies
dt,and a, drc the nle*e efectiv.
Plmdtl trumbcs lor k nnd a cqulr
r.r9r respsctiv.ly. Y.kn ar ,l [7]
Eoommend nre lnllosinB valEs for
rhe primary sotof modrl@eftici.nB.'

,' "!."!'
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yicrds is varid lor y'>r1.2?5. when
rhe m.sh i: $ch liai t* < ll.2?5 at
rho *alldjacenr Nlh, lhc Irmine
strc${imio relllioNhip riat 6! be

Spd*t-Allf,rBModel

The Sprld a.d Allrnad nodel
belonBs b de familv ol edal)
vi:co6ity modoh. Irk family of
frodek i. bed on th. a$unplion

.hat Reymlds slF$ lensor -Prv is

elaied ro de mean ihain or€ Ihrcuei
.i a pparcnt lurb r lotrr li$osity called

visoosiq (v,l il tho spdrd snd

AUMas nodel, the cddy visesily h
compured throuSh r portidl

r'a, ,:,\

ln panicule the eddy vi$osrly is
compded hy an inlemedi.ie vaiable

the above modek hnve 3imihr foms
with banspon equalionr ior k and €

.The mejor difler.n€s i', tlo nod.ls

. the me$od ol mlculainrs

t thc hrt'olerr lradd nuhbc*
gov.ming rhe tu$ule t

of k s'l . rh. gmemlion dod
dei.u.tion tems iir rhc (e ) equ.lion.

the londed *nlt f "c 
0B ate

b6.t! o the ptutosal ot Ldoltht

damping fimotion The inlermediale
v.riabl. is comruted by solving !
diFrrentill equaliln ihal can be
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The La*-6tuhe-wall lG m*n rel.clN



i&ntical to rhe .urbulenr li'Hdis
vi*iry *epr in ih. n.i{v!ll
(visus rndal) EFi,n I l3l.
l. .qdion (, O, n rhe phi@ion of
rurSulcn. vindiry J y1 ie rhc
dcnddis! dlturb .ni viJ.6iry thar
c{6 in tic n€e-e.ll Eaion du. to
shll blmking and vieou! dopiru,
in Bnicular.dr an.l Ch: deiota rh.
n'lbulem Pdndd Nnblr md d
cilibrdrion consbnt dnd r is rltr
holecul ki.enarics v is.!s iry

Mod.ling ar TurLuLnt Vircoiry

TIE nriul€nr viscosity,/ri, io

t" = i4\ \6.)
Whqe dE risoE ibopin8 funclion,

1r,=-- (r.)

t3'l

The rrsh nlmti.r !f rhe fts+stElo
now is 0.?2. Th. RcJ.onb nuhh.r
based on .had lc!3lh ot rhc rirfoil
afd ie!'snsr flow @ndiliotri h
6.2110'6 Her.c tu noa k nr$trkfi
and compEsible. Vlscosir, 1.981
r10"s ld*, Conducrivii,. 0,0242
w/nrK. spe.ific hear 1006..43 J/ks-
K sei. pEs!@ t er to 4J?65 fo,
sialic @mpe tud G 299.5 K ond rh.
losle ofuek G.qu!l to ? I d.rBs.
'lubuledt kineric end8] $ !h.
p6Ffa-fi.td ir C l2J n^lrs^1
and 1fi. tuitul.nr di$ir{io e le
€quaj to 7.12 n^rs.]- Th.$ ullcr
.e tu*o nd rctocne 041. Ih.

rin'i96x.€I*il6sild'Nc&l
selMTutll4liddiUi4^

oa6blflrcid

rBh pEsE E mpucd b{Ed
dd tlF 3pc.ifEi R€)mlds nmh€r rnd
Men nnfrb.r:rd an &sbed td*
of fli. Lmtmruc. TIE
comDlrrlional ,]o, aBld is inni.Iad
lilh unifom 0o$ .ors9otrdi,s io
U.* lB 3n.M 6ndni@s

Canprhrlo!.I Dom.tn tld
,oud{ryCodlliors
Ihc comp{tatioml dotuln lor lhis
erL i, bomdcd b, ! non{lip oirfoil
surlace lDd , f.r ficld boudar,
ph.!d a siSrificlil distance rron rhe
.irtoil a {hom in FiE. l, In .n
?xt.hd flow suclt as ih{ over !n
rirloil. rvu h.r. 1o denne ! ,.r ncu
bolndrry lnd mcsh $e Egion
h.nen d$ rirfoil gmnErry dd lhe
for fi.ld boun&ry, II ir a eold i&' Io
plsc. $c f- f.ld toudry \dl ,Pay
fbn li. iirf.il rine Mll ne rh.
mbi.nr sidllid$ ro ddm ln.
bound.ry corniioni ar rte f& fEld.
Thc d6.in ld &c an.t G is chom
ect rhi rh. pleE of e.i{oil it
ior fcl I th. ooi€r bourdlr, of lhc
domnin. Tn. f.r fcld bod.ry n the
lincaBCDEfAln Fi6l.

Succ.sfol con$&tiors or uirhulcnl
flok equiF sme mnsiddrron
do ig fi. desh ge&6iion. Sinc.
tlrbulcdc. (th@u8h rhe gpatially-

vrrying etlac'iva viscosny) plars r
domin! ol. ir rh. haGprn ol
m. mom.ntum .nd olhs s@lats for
Uc uujo ry of comDlex turtul€nr
no(i yo! mue enain ihor
rur[uloe q@titi.s @ pepsly
lslvd, if hign remcy is Equire!.
Duc i6 th. frng int Ectior ol it.
na! flN md srt{ldce rn

tnd b b. '@ s6*Fibk to g.id

331



dependency rhln rhose for lamimt

It is iherefoE recomnreDdcd rhai ie
:hould rsolve, qfth luficiendy 6!e
meshes, iho regiods !hc.e rhs heai
llow uh ges npidly !trd lhere nrs
shear hleE with n la(e mem are.f

Thn .e hrs boci du'nc dlll
re$eil Nder rle tl.w cotrdki0f,s dBr
geNmte a rhr$nic, htrbuletr! and a
drccl.i' uced &parared flor
dNironmol TIE srdcru.d g.id
tir thh c6. hds 6€cn Bene.ated using
i|c Brld aonedld GAMBIT, Ir order
lo arply the prrdudion ve6ion ofth.
Srid gelemtor ikl the iorv $her
suiiablE lor soiifrensioml floq.
Th. grid h6 bes generated wirh tlE
objc.tive orpe.fomins a lall
fuorion-bed lubulent llow
an,l)s\ T[. nodll spoin! .a rhe
ihnEdirre 0odes otl lhc surfa.e has
b.ctr spscifie{ to yield w{a$ Y+ =
50 (lor 3 Reynolds nD,ber =
6 2x10"6). Should clrn$ grid point
in region oahigh gEdleib, rin.s rhc
nu&$ical ei&r tends to ircrc5ss i'r
hish sadis .ecions sld N. .e
co0pcnjate for this by deureasir!
4r. .nd A),. lr iich gndic s

regioE cllseil€ letrds io dErease
nuD,crical cdo.. Alsd the vsrialioD ll
grid sFcinB mun bo BhdM| non
gBdual sreehes in ca* nuheri.,l
eror ord degrnde coNeBerce,
senei?lh ior trD ddjr.enl Srid celh we

hu{ roto$ 0,8<irr!t.: !l

Thc io* lieLd amlysis i'1 llE
p'cse l)aps hs hdn rst d
n0,neically cor.spoidiiS ro rh. tre
rftrn' flos, d a Mach umbq ot

0.72. an8l.-ofrnack of2.8. and a
RerroL'ls nnnber of6 2 nillion bde!
o the unit clrcrd of ih. anfoil. The
flo, smFnatio.s rqui*d 1200
iterltions looonlerg.. AI rhe c.d of
lhG ruD. flo* residn. has been
dued by nore th.n Ihreg orde6 of
ma8tritude Conv.rg.n.c of rhe
compurarions via ihc hhlory of lhe
loveninE equ.licn. residuc ar.
shosn i', Iigues 3, I, d 5

This @s h6 b..n nune.ielly
tested under $e no!/ @ndnions tlEt
Sherare r ransonic, brbulont, Nd t
shock'iMuced *panr.i flor
eivircimcot, The nruclur.d grid lor
this c6e has be gercr.t d using lh.

TlE rcsults e pre*lred in a oo out
ol M.ch ntrnber shoM in Figures.6,
7. ud I rospotivcly. Thcss resulis
sho*ed har lhe shock save is clsady
li.ibG on rhe upp.r suface of .he
airloil Plor ofveldi! profiLe along
dE xpp* \$fie ol d,e airfoil dr
diftreni position Aives , rodd viow rd
ihe Llundory hyn rhicl,ies 6 shown
in Figtrrs 9, l0 sd ll. TIP resullsoI
prc$ue disnihition as showi in
FBures 12. ll and l{ give a good
indi.alion rorhe p.silioi md nreng01
or dr shock \rav. ln tho diilctonl
n]lbule nodeh in ric saDe

Iior ihG ce, r shock is pressnl on
rhe upp.r surfdce ol the airroil Bnich
leads !o a 6Eior oi epsmred floN
imdediahly ,n ol &e snm( A
oomlarietr of the prc$uB
disn'ib.tion of lhe Spalan aid k-
cpsildtr (RNC) nm'lels resuks wilh
p blishcd dea de shown i'r Figurc 15
anJ 16 TN wake region behind
r.ilins edge of 2322 airloil qn b.
vkuali"fd by plotii[ !M zooninE



^r 
Assndr .l Imtuirc Fror oi NAC

^nirir 
wih x.Epsiion lbJod RNc.d
srd,n rkbuhr Md& rlrlia^

odr j.r, cdd

Esults l{3!ly .epm$|. lo tte
*ida lr-.prilo! mddel, Thur, the
RNO modcl ic ,Drc rcspmti!. lo rhe
etfeb of hpid s6ii ,nd sk$Dlircs
cuMtue $s dB n!M.d k nod.l.
trtich .xphins dr. .up6ior
Frfdm&E of de RllC nod.l for
.*in cl.s*! of now,, .nd tlh
e$im.tion c.tr bc aprsv.d iheush
compdisoi whh iE publiih.d dde 6
shM in FiguEs 23 aid 24.
To as$ rhc pcrflm'G of rh.
Iufbrl.@ mod.k k..Djlo
(Mn&d r RNc v.Riotr) ud
Spalan mod.l widl the lmn$ilc flo*
i 2322 .irtiril h s.lecrcd for
edprDliom, md r .xpsiMrd
dda !a.r.ii.hL h tik6trE. Tl'.
srid h.s lcn s.n@ted *iU rte
.bjectr. olp.domitrs r *ell
au.dioi,6.!ed t,6uldr Uow
anrlysis. Th. i.dal spscinS of lh.
im.dir'. n.d* ofl s:e surtu. na
b@ speiaEn lo yield rn.v. E! Y+

=50 $im r=1./6; (rq a

lo}nolds nurhbq = 6.2x10^6) as
sho$i in Fi825. I. k conclud.d fial
rlE slnrk le.rion ohrrikd airg both
d. SFld-allmm. uJ rh. K-
.psilon (S|ndlrd rnd RNC)
turtlLne nodcl. .gr€s rcll *idr

compll.rloul E[on; cPU tlD.

ln rdr of €npuhrion. dE Sr.l.n-
AllnM modri h lhe ld .xpmsiw
rlrbul.nce nod.h, sine only on.
tulstrl.nE nrnspon eluctiotr n

Th. s.dird l+ n.iel .ldly
rqlic n@ @E d.rioml rtrd
than t. spllln'AllniB modcl 5inE
rn addhinrl trdspon .qu.don k
.6lved. tlo*.vc'. d$ to rh. crk

tl'c \.lolity rqior 5 $o*n in ficue
t?.
An cxlmination .l thr rkir iiclion
coglli.idns in lilurc 13. 19 md 20
irdicare! dlr th. no* $Frdo
inmedi .ly dsnslrtlm of ri.
$ct. th. Itdr conrputat *i.t il!.
Spllon.Allmeol' rodcl modeh E.
athclios d.r$stlitr' .a Il,. sh..[
bllorc sepaEtirg rr tic lriili4.dge.
A c6opR.ien of N@i.al
pr.ii i.it of dr skin frictioi
c.lllldie (cl ) trirh rlc Publiiicd
drr! is shown irr fjgurus 21. nE
lgrocdsn! b!1wdro th! curcit
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