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This pI9tI" .. new. lIUIlIlIIlI:al prediajoo to lk wake flow after aubI 
11:(:-' .1 I llnite diffucncc propam. Two MbuIcnt4 models (t-, .... I 
.,d R.l.uation Time Model) wen! employed. Two ,irfoil oedionJ (NACA 
00 12 aDd NACA 24 U) were IeSlcch! clift"lIftnl &!IF g( IIIK.k IIId. ditrc.-. 
&ee strum ~. ~ baUCIl * ruuIts obI-.t by !be two 
IIIOdds aIId !be Dl'thlldUi mulu wa'e maOo. TIle !Medic''''' ~ 
_ velocuy IDd ~ rale by the modified model ...- with 
e>q>erimental ,""Ita. The pn!dicted l\IfbukInI:e quanIIIleI (""J .. jj;) by If1U 
....en: rOUDd 10 be llilbdy bitber!ball expperIIKIIIal resuIaI .. the _ -.kc 
fqioa. Selr-simillriry &:.r _ ..... Ioo:ity .. OIlCtlldJnC ...eIoc-.y IIId. sbear __ 
-... predicted in !be fir wake ~OIL Theel!Octofinaeuinallle ..... of 
Ilt3I:k .lId RcyooIdI aumber 011 the wuc «-elofllllenl by 1M adWiI .... ' .... 
was Jndicted IlCIfTetl iy by !be modi6ed IIIOdel. TIle -as Iel!ieYed Ibow 
~ this modei is ac.c ,..,the InIIb b" wake fIowt Us bocb _ ...ale, mel fM 
wake fCp:IIIS. 

IJl!tRODIIOJON· 

The !low 1ft the ..... wake 01_ ar ...... mrd twtHtiJJ _,, body poVIda • 
1111~k aDd )'CI I aiueaI lest of die JCDCfIIity of twbulcnce mil jel. _ 

wculation procedures SiDoe it is • ~,;o.. or ",laUlIOII &om waII-OomuIIIed 
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turbulent boundary (a~ 10 I single equilibrium shear la~r (the asymplotiC or 
far wake) • large distance from die nltipg edge. A1mosl &II turbultnce 
models evolved lTom!he extensive data bases in boundary layen and fully lTee 
shear flOW1; ~ <IS wakes and jets. Tbc:: near wake, being the regiqn of 
lIdj\OOJ1ent between two extreme states, therefore offers an in!lepcndeOI teSt of 
the generality of turbulence models. Tbc:: predH:rion of tIR near wake flows is 
of caaidcrable practical interest because the near wake participates in the 
viscous-inviscid interaction near 1M niling edge of lbe airfoil. 

'I'bIl k.~ modo:l has been shown to simulate well lbe ncar field of symmerric 
wakes behind thin platesl1,2]. Patel and Scheuerer (2] uve applied tbck·~ 
IOOdeI to the caIeulation of !be asymmetnc wakes past the trilling edge of nal 
plates with one sroooth and one rough W311 , 'The calculated velocitY and shear 
stress profiles III ~ diSlll)Ces &om the ttailing. are compared with 
those srudied up¢mentally by Rmnaprian et a1 (3 ]. The Wlocll}' profiles arc 
prediaed _U by tile model. Tho shear stress profiles an: also In reasonable 
a~1 With the d.ua in the near field, but deteriorates furlher downstream 
where !be $bear stress level is WJderprer:ticted and the profiles become: 
syounmieaI faster than in the txpermw. II is lIOtCWonhy that the initial shear 
stress peak on the SItIOOth·W8lI.side is reproduced well by the model. In the 
far 6eld, the toodeI pmiias low ~ S~ level wlDch is oonsistent Wtth the 
observation that the statldard k·1f model underprcdiCles the asymptotic 
~graleo{plane wakes [3,4}. 

A viscous-inYe$Cid algorithm is developed by Baker ct 111.. [5) roc- the 
predielioo of t~ional meaD and fllll:ruating velOl;lty dislributiollS in 
the wake immediately downstream of the trailing edge ofairfoil NACA 6J. 
012. They defined a composite pres5UrC field and a Poissoa equaaioo is solved 
for in.nSvene preSSU/t! distributiOlU. A par1Ibolized fQmi o(me rime- Ivcnt~ 
51eady Navier-Slockes cqIIoIIiQO$ ., 30Iwd in COIIjllllClion wilh a viscous­
aug;rno::Oled. two-4imensioual potel\tial flow analysi s. They applied a tCllSOT 
coostitunve equation to predict Reynolds $treSS dislributions fiom IOlutioos of 
turbulem kinetic enetiY two eq\IItion ~losure model . The elgorithltl is equally 
Ipp~cable to IIOnsep&raled wah flow ]lf1edictioos <11 IIOJUCro &!laic of _k. 
They IXIOlpared!he experitucnlaI and tile ptedicted profiles in the wake al zero 
&a&1e of atta~k. Their eomplllison WM coofioed to a very narrow region 
between 0 tu:Id 0.1 ~hord IeIIgth bchiod the airfoil. 

HorsImaII [6] used the Iow-Reynolds-number ~enlOO of the k~ modd fO 

predict Incc ... sfuUy We asymmca-ic wake behind the 1TIilina; edge of an airfoil. 
mvolving a smell sepamioo region. The calculation were carried out with 111\ 

dliptKo solution procedure. The resulting profiles of mean velocity, shear 
strCS$ and IUrllulent kinetic eneli)' agree faitly weU with me measurements. 



LaWllkr et aI [I] calculated the lXISytnmtlnC wake mnsured by Oarumades 
[1] U$lRg various twbuknce models wlllch arc: one eqUiUIOII rnodrl , nuxmg 
length hypothesis, slarWaJd !l -E model and modi~ k~ model WIth ef.l 
fun<:non of (pIt) (41. The re$Ulnnll develop!llef11 of the o;enter-line velOCIty 
we~ compared willi the e~ data (1). When !hey used ef.l 
funebon. given by Rod! [41. the data ~ well sunulated. It should be 
meullODl:d hete that the mixing length and one-equation model were $ttfI to 
fail ~---",--II . . ~:. <lidO' .......... y m u= case. 

vouisinas 0:1 al [81 bas used an approach whK:h taD be termed as mulU­
paramemc wake modeling. They bas coupled a linear vortex model Wltb I k.-t 
Vl5CO\lS model 10 aoaIyze the characteristics of the near wake region of I fOior. 
The far field profiles are tllen obIaioed thtou8b Dlatcl\lng across the inJ« pI~ 
of tbe far wake repoo seleeled II an ul&l distance ofapproxune!dy )-4 
rOlor diameter$. The use of a vortex method for the evaluation of Ihe ~Ioclly 
profiles, JUS! downstteam lbe rotor. give$ an 3OOOW11 orlbe effect ortbc l"OIor 
~uy. As a resuh, the far wake seLf·suu.ilar velocll)' profiles are no longer 
depcDdiDg on ooIy ooe panntcter, Le. Ihe millll deficit. lnsIcad!bey depc:Dd 
011 the CIrCUlation disrriburion defined by Ol0;a8S of the vortex model. 

SuryavalllShi et aJ [9J investipl<:d tbe prediction orlbe flow field iDeluding 
wakes IIIId mixing in axial flow compressor rQlOI'$. The wake behavior in a 
moderalely loaded COIllJ)USSOI" roIor has btto studied numerically uSlllg a 
three-dimenSional incompressible Nalllef-Stokes solver Wl!.b a higb Reynolds 
r'IIImber form of !.be k~ nubulence model. The equations are solved using a 
limc-dependenl impliciltecb.nique. The agreemall between !.be measured data 
and !be predictions is good, including !be blade bowxWy layer mCin velocity 
profiks. the near and far wake profiles and its decay cllarxt~stics. An 
analysis of !.be. passage -averaged velocities and the pressure coeffieients 
shows \hal !.be mixIng in !.be doWO$!l"eam regions away &urn t.bc hub and 
annulus waUs IS dolninaled by wake diffusion. In regions away ft"om t.bc walls , 
Ibc radial mixing is prclontinaDdy caused by Lbe transport of mass, 
IDOmentum and energy by the radial component of velocity in t.bc wake. 

Agoropoulos and Squire (101 investigated !.be wteraaion between turbulent 
wakes and boundary layers by \WO models. They applied the AJgebraie Stun 
Model (ASM) and an improved version of !.be k-emodello predicl five cases 
of two-dimcnsJOrlal nubulent wakes mixing wi!.b boUndary layers. They 
compared the predicled profiles WIth !.beir mca5uumcnIS. !hey found that the 
ASM prediets the mean velocity U more accuralely than the k-tmodel. 



M. ~s M. S. Mol ... rd 

The resullS obtat.ned by P""OUI iDvcstitllQll sua I ch., lhe milJIll' 
cllaraclemlit:l of 1M ~i "''1''lItllic • weD as U)'IIII1lcmc near ... nkc <;an ~ 

prccUclod WlI/I RIIWlaOl'J' lCCW1Cy The qreema~ between pred!ebon and 
elptiiollti~ deta ... 1IU WIIb dilUDCe &om !he InWI& eel • • and the 
lUymplOlK p'O""tb ..... es .,., ~Ied.. The purpose of t.bis pllpef '5 10 
predtcl tbe fIIrbuIent _....u ~ or airfoil MCtions by ~1Di lIIe 
Relaulion TLme Model (R7){) ~ by Moh'med 1111. The RTM 
rqlfesentl a oe ... ~ 10 tile IUnd:ard k·, Iha, .iltallbtet tbejet 00'" in 
Sl~gn.at II.IITOIaIIIIin TIM Rcl._ Time MoOd recannend$ tbe U$e ofllle 
"Eddy Rclualioo' effea wbtc:b has !lilt _ ~ Vi$COSity" Issumprion 
with c: <:OIH13nt III tile InWvenc diftetion. but e ll adjI:51ee1 al cadi 
dO>'llStreata Shoo. by the 1oc:aI8ow pWlllleteB. 

l.Goy[RNI NG mHAIIONS· 

The mean flo ... field 15 ~ by UIc CORM!I.IIJI&..t stream WIlle momenl\llD 
et;u.ations. Assuming tile mtllll flow 10 til: ~e~, plaDe, IWO dimmslOOlII and 
ItICOOlpI'cslibie !low; !be: tIu.n $beu-6ow eq\YUOn5 UJl dt~ribe Ibis flo .... 
The!le equatlons apply: 

'" ,U -
~ 

.u 
• • " " • • _ ........................ ( I) 

The lerm :- IS CGIW 10 z.en) IiDcc tItere is 110 prasurt ........ while the '­

~ at IS usually negleaed ...... ..d.ry ltyer ~ since it is small 

compared 10 !be other lenns ill tq,.,r' . (2). Equacioo (2) in dDc:uc= Iab:s!,be 
fonn: 

... here!he: she.- smu 't .. ~ ~, :- • (-9jj;) iafac_olNooter1lla..!,be 

VI~0U5 and IUtbv.ltnt ~. The la~r ;;; nowWIy called tile RI)'ftOIds 
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shear stress, represents the rate oftrallspon of ~-momenhlm In the y-dircction 
produced lD tbe flow as a result ofrurbulent eddy motion. The purpose of a 
"rurbulelll model" is to determine thll. level of this imponaOl corre lation. 

The standard /t-E model (12] calculal.es the shear stress with the eddy viscosity 
h.ypoth""i~ in the following way: 

ltV - D, where ( D, · C., ('J 

where k is the nu-buieOl kinetiC energy, E is its dissipation rate and e)l is an 
empuical constant. The local values of k and E are determined fi"olll tranSpOrt 

equations, whicb have the fOllll : 

. ,~ 
'" 

_ .2... (J1. 

'" o. 
", 
'" 

P. - . 

, 
.. t (c" P. - c " t) 

the tcrm P. is the production term of k and is given by 

P • • -iJU -; -; au 
·_--(u -v) -'" .. 

(5) 

(6) 

.... .. . ... (7) 

The second (undeiiined) t~ in equation (7). whicli involves the irrotaional 
Strain rate au/a., is neglected. For the empirical CODStants the values CI' -
0.09, eEl - 1.44, C£1- I.92, 0".1 ~ 1.0 and 0"~ - 1.J given for instance by Rodi 
[4] have been adopted. 

The standard k-1; model employs the asswnption that CI>- is COI\Sl3Ilt that 
produces fairly good results for relatively simple flows in which only one 
Reynolds stress component is of importal.let in the momenrum equation. 
However, Rodi [4J showed that C~ cannot ever be considered constant in all 
simple shear flows. The standard /t· s{employing the cddy viscosity concept 
with a conStant C~) lacks the universaljty required for shear flows because of 
the inadequate representation in this model of the convective and diffusive 
transpon of ;W . 

The Relaxation Time Model uses the PrandtJ-Kolmogorov relatIOn between 
shear and strain: 
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but wllb ehaopll <;. wilh !he IocaJ flow parameters. nus prodl.tl:C5 a 
variation of CI' III !be ui&I dincrion but not LlI ~ radial direcnon This is 
desirable because CI' IS reasoNlbly tonsWIt aeross me IheaJ ~yers In RTM. 
C,. takes !he fonn: 

where 1.\ is !hc rdaxauon time oodfieient wlueh was found to be I 2 fOf Jd 
flows, and 

[il !he aveT1lge lengUt,;;_ and *_ arc the WilJWUWD shear suess and 
turbulent kinetic energy respecrively. U_ IS the conveaioo velOClty fOf the: 
tddica: 

Tbc scope of !be paper 1& to eha:k the validity of the RelaxatlOO r~ Model 
lOr wake flows and how LI predicts !be flow parametcu. 

J .SOUITIQN PROCEDURE: 

Equations (I ). P l, (j) and (6) rep-cstlll the aovernillg equation to this flow. 
The above Ie! or cqlllUkma b p"'tIbotic. A lIumerical.tOlutlon to !his set is 
obtained llIin,. computer progan developcd to ukWMc !lie development or 
!be wake in III.temaJ flows witb and witbout pressure gradient. The paniaI 
difrCRlltiai ~ were transfunned iDlo a system of fin.ite-ditfemace 
equations. The finite-difl"eKlICC eqo..oo... goYCnlia, the eon.sider flow are 
solved by the computer prognn II!. .. impIic:iI IIIIIDCI"iuI 5clIcme 1.IJu.a .. 
efficient Tn-Diagonal-Matrix Algorilbm (TDMA) 1J3) (Of Thomas 
AIjoriIbm). wlli<:b involves. ooce-and-fOf...u appliation of • Q.ussi .. 
FII ....... II!. proeas. 

The IOIUlioII RepS Start by malcioll • forwMl I tcp. UplUcam IllfQmllbolllS 
~ to acljl.lJ! the 1It~ of thc domain over !he IICxt forward step based 
oa at! IIpprOlWlIlte balance of 1II(IIDmtUnI over the cdI acljac:ent to the fJce 



..... 
boundary. The V-ve!oc'f>' IS obIauIed by solVIng the contlfluily £quanon. The 
coc:ffie,enls and sources of the U-momentum cqualIon, the tu.bulent la.netie 
energy " and Its dissipahOl1 £ equation IrC eak:ulated IISlDg upstream 
conditions. The booodary conditions are ineoI"ponted lillO the coeffieients and 
finally the equations are solved. AI !his wgt, lhc: available upweam 
eonditioos arc already used. Then !he Reynolds SlTess can be obtained using 
the BoUSSIIICsq visco5ny _pc. The calculated downs~am values for U, V, 
k and & can be Slored as upstream utformation (oobe next step. lfin-stcp 
ilerntioos are required, the procedure would be repeated from the caJeulal10n 
of the coefficmlls and sowus of Ihc gowming cquaDOIlS, wlril a converged 
state bas been ob4ained. For the next forward SICp, the soIunon llIust be started 
from the begiunwg. 

The iruriaJ conditioGs rtCeded in the pr«tiebOo proudurc: were jmsaibed from 
the experimental lllcasun:mcnts carried 0\11 by Mohamed et aJ [14J at xlc­
om for both airfoil sectioru; NACA 0012 and NACA 24 1S. Thcrncanand 
OuctuallDg Ioogitudin.aJ velOCIty components (U and 11.') were available in the 
measur~ts. The turbulent kinetic energy Ie was considered equal to 

[k - JJ1( 11.' J] .since 11.' - v' - w'. The dissipation nile t was obtained 

from the approximate expression relating the dissipation rate 10 the turbulent 
lanetic energy and the milling length I givtnin the le-e[ 12Jas c ~ k V,/C;'I, 

The m.ix.io.g length I fOT wake flow is equal 10 (0.5 oS) where Ii is the upper or 
lower boundary layer thickness of the wake. 

For the bolllldary conditions, we need 10 prescribe the values of U, Ie and G 

along the upper and lower edges of the wake. In the presenl investigation, the 
elOemal velocity U at the upper and lower boWKIary is kepI CODS\alJt with x 
and equal to the fru stream velocity, The tulbuJeDt kinetic energy Ie and its 
dissipation rate (; in the extcmaI flow are remained as prescribed initially. The 
inilial distribution of the traosvcrse velocity V is uro at all the nodes and the 
V-Seld can be obtained from tbe U-Seld aOO the contiouity equation. 

The grid for the finite differelJCl: scheme has got N Dwnber of nodes that 
divides the now width inlo (N-l) control volwnes. The node positions are at 
6xed value of (ylli) where Ii is the wake width. The space between the nodes 
increases with the increase of the shear layer thickness liS the flow advaru:es 
downstream. At all the slatiollS, the first and last nodes lie on the lower and 
upper boundaries respectively. The grid is not uruform but becomes ~ 
dense in the reIPDruI where the now variables change rapidly in the y-direction 
. Thirty nodes are needed in each test run, fifteen nodes in each boundary layer 
of the wake. The nwnl)cr of iterations reqwred in each step is specified by 



preliminary leSt. Tlw: lI:SCS show that len ileralions are large cnooaJ! 10 malte a 
eooverging solution. 

4.RESIII.IS; 

Comparisons ~II tile ~ iU>d p<ediCted wake profiles in !he near 
MIke rcg>on of woo srai<w. (NACA OO lh,nd NACA 241 S) are madtlo 
~hec k the validity of the !([If lOr tbiJ flow. The same C"OllIWIIs used in Jet 
now [111 were employed in th, prueDt work. figun:: (I) reprcseolS lite 
WUl~son beI .. ,,«o the mcasumd (1 4] and prediclcd longiTUdinal meUI 

velocity U pto6les thll w= prediGted by both originiLIk·nnodel and RTM 
model for NACA 00 12 aI&ee.aw.mvelociIyU _ IO,JOandSO (mls) al8n 
angle of attack - 00. Figure (2) I'CprCsents the eompanson bdweeII the 
measuml and predicted I .... girudi.llal Ouctuating velocity /I' IlIlr was prediCted 
by the TWO III>Odels for NACA 0012 81 the _1Jee stream velocities . Figure 
(3), also, repr=ls a comparison between the measured and predicted shur 
SIJeSS ;; profiles al the srune COIIditioos. Both IDOdcls predicled romctIy !be 
!I\tID "clOl:ity profiles, bYl RTM ~Cled s~ghtly lower eetller..Jine veloeitin 
specially at !be rwo ~Slream. WSI_ (xii; - 0.2 and 1.8). WhIle it 
predicts hip oe~..jioe Ydocibes after sI_ 2.0, lIS shown in tigurc{4-b). 
Both models predicted Iowtr ot!UCr·/ine velocitY than thc exweoUJJe/lW 
re.rnJ11 1M Retaxarion Time Mode] also predio;ted higher "lIhIes of 
IongitudiDal 1IuetuaOl, Yelocitic:s than standard k.( mo<kl. The ...allieS 

prcdio;tad by the R1U &&rees mild! better with the expperimcmal results !ban 
$Iandard k_1 mClde] SJ*Ul]y afte\' .,}c • 2.0, u shawn IJI ~ (4~). The 
predicted shear suus values by RTM at aU MaIlOllS ~ over estimIIIed. 
OrigiIW k-node! predicted ~nable \IiJ~ ofshcar SUesl (figure 404). 

The reasoo of the ,b<M behlviour ol the Rfluujoo Time Model may be 
explained by eumining the eddy villCOSity eoeffieient C,II ~YQi ill thiJ 
1I1Odd. FLpn (') sbows the varil.tion of C,II .,..;th the downstream diJtance. 
The DIOde! uses difIiImoI values of ell aoccrdiaa: 10 local flow parameters in 
the down!1mIOI dirc;(:noa while bttq kepi OClIIWlIlt ill the ~ OI'IC. At 
!he bcginnillg rugber values of C,II WCfe pmlitled ~ or !he bigheJ vaIua 
of !he shear Slrel;S. then it arad\llllly d«reases \lllril ;1 reaches C,II - 0,09 III 'NC 
'" 5.0 aod SUJ15 constant aIoIIglIIt doWllStrtam distance. Incfeasing C)' causes 
the Mease of MlIleDl kmctic encrp- mel CONequeuUy ir.;~uin8 tbe shear 
streSs It tbescs sratiOOJ. 

In order 10 indicate !he tff~ of in<:reasin& Re)'IIClds Number R" on the IIow 
developmcrn, tine veloeiuc:s wm; ~d U • ]0, 30. and W (1111's) lhal 
=spoodJ 10 R •• 6.66 x 104.2,0 x 10' and 3.33 x 10' ~tivdy. figure 



(6) shows the iSO<OlltOUB for !he ~fXity disttibutions thai shows !he 
development of !be wake IWf-WidIh WIth !be dowftstream distance as well. 
t ilt; figure iodictcs!hat I/lCreasing the R. reduces the wake half-widlJllIDd that 
!be wake elongateS as R. iocreases, wluch agrees with cxpperimemal results. 

Due to !be '0'51,11 behaviour of the airfoil, particularly in the low angle of 
attack, four an&Je ofanacks (a - 00, 2°, 4° aDd -2") we~ investigated in aa 
Incmpt 10 telt !be wake. Figure (7) shows the islrcoot0ur5 for the vclocity 
di$lJibution in the wake for airfoil NACA 00 12 at the above aaglcs ofauack 
aad at &ee strc.am velocity U · )O (mls). It repteSe!IlS!be effcct ofincrCaslGll 
the angle of attack 00 the devclop<DCnt of wake b.a.U"-width Y 112 with IIIc 
dOWUSlrCam dislaDCC x. The fipe indicates IlIat the wake half-width inc~1$CS 
Wltb the wcrcasc of auglc of mack. The faster scpar.uion thaI OCCUl"$ as lIle 
angle of ,naek ma-eases, causes wider walec-balf width V m. II also indic:aICS 
!hat the wake disappears mucb WICI'" as lIle angle of atta(:k a U"lCreases. 

ODe of the interesting aod important issues that arise in the diSCIISSIOR of wake 
devclopDlcnt IS CQDCCI1led with the do ... -ostrea/Il distance from the tnu.ling edge 
beyond whK:b lhc wake can be regarded as llaving reached aa asymplotic 
stale Associated with this ISsue lhc labeling oflhc wake as "ntaJ wake" aad 
"far wake". Inruitively. !.be wakc can be said 10 have reacbed an lSyulpiotiC 
fill-wake stalc if all flow propenies, both mcao aad turbuic-nt, attain universal 
disttibutioos iodcpeodcm of trailing edge conditions. Fipe (8) shows !.bat 
IongiTUdinat mean vdocity, longitudinal fillCtuating velocity and ~taJ streu 
profiles become self-similar after x1c ·'.0. II was tbereforc coocl\1lled thai the 
region xlc< 7.0 could be regarded IS "ntaJ walee" and the rest IS "far wakc". 

Figure (9) indicates the response surface for IIIc predicted Iongitudioal mean 
velocity U, 100girudioaJ fluctuating velocity u' and shear stress;;; by RTMfor 
airfoil section NACA 0012 al f=; sucam velocity U · 50 (roIs) and anglc of 
anack 2°. The figure shows the development of the above values willl!.bc 
downstream WSIaIK:e. 

similar results _re obtained for the airfoil section NACA 2415, but lIley are 
DO( shown bere bec.ause of the limited spacc. 

S. DISCUSSION-

The models that use the eddy viscosity concept with constant cddy viscosity 
coefficient C 1-1 can predict consistent results for mixing layers and for plane jet 
as well as wall boundary tayen., but the round jet and particularly 1M ncar 
wake req~s different value. The new model (RTM) suggested the 
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employmenl of a modified eddy vi~lity coefficient C. thaI vanes wnh the 
IoeAI flow patlltUotCI3 in !he do'oVT\$l'cano dire"';"" ... lUk be'na k~pt O()n:>t ..... in 
the !Ja/I3~ OM 

In the UymptotlC wake, !he ntllO of tile producllOn to disstparion of kimtic 
energy drops to considerably below UIl/!)' If C ;s taken cons!a!1t and equal 
to 0 .09 In order to ""prove th~ predictions. it'odi (4) Introduced an empirical 
C(l{I'ectioo that makes the coefficie(lts C p and Cc functions in the center­
line velocity. According to these funcnons. the oytraU producuoo of /< differs 
significantJy frOl.ll the dinipalJQn and the coefficient C p was f<.>UIKI 10 differ 
from 0.09. Tbercfore. Rodi (4) proposed to make C" lisa funcuon of the 
average value 0( (Pf~) lICross the free shear layer, ThaI is of pracl1cal 
imporWloe in the t.mpCOvernenl of the Wiwlation of a:~jsynutleInC wake5 

Launder cl III [ II found tha~ the averagc rallO of produchOn to disslpauon of 
the Icioeuc eoerJY. P/~ iJ only .00... 0.1'. so dUll the w.lue C,,- 0.09 
determined frtm the local equilibrilllll $beat byers ('II'IIere PI,-l). gives rather 
poor ~S\lIts. When the Cpo fuoctioo. givn by Rod; [4J, is used instead, tbe 
wake Oows wen: well mnuJated. 

Aaoropoulo$ and SqW-e (10) found lhat IllQQI the cenlcrWx- of the wakc, 
whac the difference between produdion fnd dissipation of k is largc Md 
wcreaSCI under flow dc«lcrarioo, the ASMpredicts the mean velocity U more 
acCWlIleiy than the /<·£modeI. They attributed this to Cp because WM.us CI' 
is constanl for /<.£. the same parameter effectively becomc:s II function of Pt 

Md t under Ihe ASM. 

FrOID the above res..tts, il IS po$Sible to identify !he vanous SlBgeS ttl 

developmenl of tbe wake of llUfoil sectioo6 a.:;; f"llows: 

The uymptlllic stale (far wake) iJ reached at quit large distaooes ('fJe> 7.0) 
from the trailinfI ed~ . Beyond this disWlCe, the lUltJulCllt IUUCture becomes 
;nd","'MeIll n ( the ;nillal condirion$l!nd !he g:rowth ",lieS ..... well predicted by 
classic.1 far-wake analysi5 and simple turbulen1 models as .t_6and RelaxatiDII 
Tune Model (RTM). III thaI "'IPoa,1he eddy viSCOfity coefficient c. .. e,,­
.09 mal means no ebanre in die predicted mean veloc:ity profiles and spreading 
rale becllLSe the original .t-, responds eorrectly in thi1 ~&ion. 

The region lIt;twoen the niling edge md the begiMing of the asymptOtic stale 
may be ClUed the "near wake.' This regiQn can lit; fwtber dividtd into two 
repllfl&. 



The first ~gion. called Ihe "developlflg wake", is characterized by 
development of an inner wake and is the region influenced by the wall layer of 
the initial boWldary layers. The rates or growth of(Ylrlc) and (UMi.,fU) in ttus 
region are large compared with the asymptotic growth rates. The developing 
wake extends from the trailiJ'lg edge to ('tr,/c ;;; 2,0), The now in the immediate 
neighborbood of the trailing edge IS also influenced by the geometry and the 
thickness of the ttailing edge of the ainoil section. In this region. the RTM 
produces a desired inc rease in CIl and thll5 an increase of the spreading rate of 
the wake. a region in which the original t-t!! knOWil to perform badly and 
predicts slower spreading rates. The inc~ase in CIl increases the sbear stress 
and the tW'bulent kinetic energy. 

The next region Q_O<xfc<7,O) of the near wake may be called !be 
"intennediate wake,ft In this region, influence of the upstream wall layers 
becomes insignificant and the wake evolves as a free turbulent flow. Local 
"similarity" of !be mean-velocity profiles is observed in tbis region. The 
intennewate wake is also characterized by lower increase in C". therefore. tlte 
RTM predicted slower rates of growth of tile wake width and slower decay of 
the centerline defected velocity than occur either in tile developing wake 
reglon (xfc < 2.0) or w the far wake regioo (>iJc> 7.0). 

In pbysical terms, the three zones of wake development may be described by 
the level of mixing berwceu the two individual boundary layers at tile trailing 
edge. The mner layer of the near wake is the region of small-scale mixing 
between the upsueam wall layers_ In this regioo, mixing is confined 10 the 
inner wake, the outer velocity defcctlayers remaining practically uncbanged. 
The intennediale wake is the region over whic!! mixing occurs between the 
outer layers. The asymptotic state is reached when this mixing is complett:d, 
where all memory of the boundary layers on ~ body is then destroyed 
(forgoneu). The dynamics of we large-scale mixing !bat determines evolulIOn 
of the near wake into the asymptotic far wake have 10 be well understood in 
order to preWCI the flow in this regioo with reasonable accuracy. The large­
scale mixing in the intennediale woe of the wake has not been studied and 
would be worthy offutW'e lllvestigations_ 

6.CONCLUSIONS: 

The (KIM) model predicted correctly !be wake flow af\er the airfoil se<:tions 
with a realistic behavior even in such details as mean velocity profiles, 
turbuleD! kinetic energy profiles and sh~ar stress profiles in both near wake 
region and the self-prcscrviDg regiOfl . II can be seen that the prewcted 
minimum velocities are slightly lower and the width of the wake is slightly 
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hight:r than the experimen!~ values. Also, I! may be seen !.hl!!he !1ucruaring 
\'doC'l\y and the shear stress profiles are slighlly higher than tile cxperimenw 
,-.lues Ho_vcr, <:OOSideriD,!he uncertainties Ulvol""d In !.he cueawcmeIH of 
mean ""Iacities, !1uetuariDII 'l(:loc>fy ilDd shear SD"C55 in iI highly ruriuJent flow 
WIth a ho!-WU"e, the agreement betweeD the rwo ~sults can be e()ISldered is 

"ery satisfactory overall . Tle re!>ults $U88est tha! the "n(,Of wokt' region of 
airfoil seebOOS ends at xle " ' .0 and consists of rwo interntl regi~ns. These 
regioos are the "tkw!opi"f ~. ("IIi(. a 2.0) and the "l"ltrm~tiiau wah" 
(2.0<11/(.</.0). The rest of the:: wake is the "jaf waJu" region .mere self­
oimil3rl1y for ............ loc:ity:..d tUJbul....,., q ...... "riu """" aebieved . 

1.NOMENCLATURE : 

, 
C.,C. 

C~I> Cn 
C, 
C. , 
I 
p. 

'. 
Tt , T. 

ift'_ 

'" . , 
y~ , 
• . , , 
, 
0"L.1'O"U 

• , 

Cord \e!lgth of airfoil. 
HoI WIre IiIlearu:CI" constants. 

COIlS!a:m in the k·o model. 
Eddy viscosity codlicicnt, 
Modified eddy viscosity coeffiCIent. 

Turbulent kineti(. _gy. 
MixIng length. 
ProduCtion tmn UI!.he Ir.II1IlISpOTt equation. 
Reynolds nwnber (R. _ <U l u) . 
Diffusion !erm in k traDspor1 equation and C1mOSpon 
equanOll respecrivcly 
l.caguudinal turbulence Oucnutioo component. 
Eltemal mean velocify_ 

Longirudinal mean velocity. 
Mirumum longitudinal mean velocity. 
Exocs.s ""Iociry (U, _ U, - U_) . 

Reynolds shw- stress. 
Maximum Reynolds shear Stn::SS 

Longitudinal and trans""rse dimmsional ro-ocdin.alel. 
Noodimensional diuanGe alona chord . 
Wake half-width. 
Fluid dynanuc Vl5'osiry. 
Fluid kincmab(: vi$COSify . 
TutbuleDl eddy viscosity . 
Shear S!reSI. 

DimpanOO11l1e of the twbuie/lllcinetic enerJ)' Ie. 
T\lrbuICl1! Ptandtl1lUlTlbet in k and t transport ClqUl.tiOll$. 

Angle of aUlCk. 
Relautiocl tiJDe coefficient. 
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