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WAVENUMBER - FREQUENCY STRUCTURE OF TURBULENT
FLOW IN A CHANNEL FROM A DIRECT SIMULATION ~'

1. INTRODUCTION

Ini this work we p)resenit (let ails of the waveniiber - frequecyc structure of tur-

lbulellce ilia chalnel oljtaiiied froin a (lirect numecrical simulation. The work parallels,

in certain resptects. the expeimnital filliigs" of MNorrison anid Kromiauer' . \Iorrison et.

a1 and Bullock et. all: in which the dletailed structure of the streamuwNise comp~onenit

of turlbulece w--aas mnlves'tiga teo inl pipe flow. Ill these exp~erimental invest iga tions, evi-

denice is presenited for the exis, ence of a similarity famiily of waves which extenld from

the sublaver out into the logarlIthmnic region . Also inl that Nvork, a spectra dlecomlposi-

tionl of the velocitv field inl the subI)-cl e revell an eloimated structure whose spanwise

length is close to the generally accepttedh value for the streak spacing observed in flow

visualization stud~ies. Ini a1(l(hjt n . wve "(speeds ill thle stilblaver wvere found to be several

tliies"- high'ler tbiami thle local meiati veb cit v.

These exjperimnltal] fimidinmis ha1\v -;1lo wn thalt a liorizouit i spectral (lecomnipositiOn

of turbtleik1ce is reiarllkal dv revealing al mIt thle natutre of turbulent st ructutre. It should

b~e inotedl. however, t hat Ini thle eXpi-ili liits c it ed, onlyv thle strluwiN~se, colipicleit. of

tui )tmllelice was ieasiretl. Strictly speakiiig. howevver, to test thle \Irio-onmr

wave siinilarity hylpothlesis. veb icit v miieasttrememl(ilt must be iulade Ini thle wave svstenli of

('o( -orina tes. HW )weve-(r. as h orriso im and~ Krn iatier po int (tilt, it is only thle wvall-normall

c( tnipoiieiit o f tiol -i deu1ce which reiiiaiiis imivaimit ill wveI Coordina tes so that aI strict

test of the "i11mihuritvy itIasi cam mlv h e 111,1(he by (le'teilili imilg thle strtictutre of

Ihlls ('0iipoiieit (if thli veloceityv. ExLcilii ntal difficilt ics iiiake thle (letc(rilliliat ionl of

the wall-tioritial comliit veiy difficult neca- the wl.This is one motivation for

tho (letcl-lmiiiiatioii of thc e (tails of the spectIral stitietire- of tillbitleiice iilga (hircct

iitlliieiICNIl "i1111ila160ou.

This wor)k is fithier iiot ivatted by a need~ for)I an:on' detailed iuiforunationl onl the

ilmtuil-e of the' sotm-ces of w;ll111~ tu( fhuict~lilt jwui. Ill lhiii(llei. et. '1.1 it wats shownlJ

that a z-clhtilvl 1(mv ii "(dltiom calcIajatouij c.lJhit.s iiiitli\ of thc'f'tue of thme w1all
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pressure~ field obser'vedl in e'xperimienits. However, no (let ails of thle t nil uleii t velocit v

structure which gives rise to the Nvall pressure structure wvere givenl. It is wvell known.

howvever, that the wvall pressure is the result of turbullence liltevra ct i~iis tlir()iliolit t li(

entire flowv domain. Specifically. thle priessure. p( j?, t ), for 'an iiieolinpres-sile flow is ~vi

by the Poisson epiationl:

Vp(rt) (17))
p)

where p is the denlsitv anid T. the Reviiolds stress tenisor. is gn-ive by:

anld W till(n, is the velocityv. (In1 the Currenit work. the the subscripts 1. 2. aiid 3

wvil de(s*(igte. for all varil Ucs. thle sti raiiiwise. wvall-i1l-1riiia, aiid spalNvise co)ilpoiceits

respectively. ) If the velo)city Is, t hen decoiiipo (e iinto its enseiilble averaged C'oimplonent

denoted 1by < >. wvhiich for ai statis'tically stat ionary flow is indlependlent of t huec, anld it,,

fluctulat itig coinl)( ilt s. we ol t a in f~ 11 thle 1iessilre filuetlua t loll,' i~ )

p___ 'jI-O ( (3)

NNWicr i( llc- 1) il5 lic1t e aI t il ohileiit or1 fiuic-t uia tlig, Coimponeint and U1 is th li eanl vc .

locitv which isisuie to vaIry ol iin th . ietin1thsbcl n-ldb

lKriichiini . icechi atnd T~tvis'' ) thatt the se tiil teii oil the right iil "1ihle (d,

C~~~j11;1tj()ji~ ~ ~ ~ ~ 3.te7' ~~, u-ucic ~ihlic T ) silc.Is of Sceida ~V impm.

rail1ce ( to Ili firs't . I Ia t illleuie--Iii( 'a1n11 shear ( T -11) term. Chase s liaf'saI l

ra ti Po(f 7' - -'t to 7' -- T is about 2..-). It is" ''c1iiIlv accep1tedl. limvever . tha)t the 7' - 1

is d nim m1t( 11 1,11 (It(rtili('(l 11W I-r i l i ~ (1tl iV 1111 id '1;11

Since the T em1 ic(lm1c miii\ h the \v;1ll-1ioiiii1;h (01111)011(111 od tuilmireiice.
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its structure call 1be readlily c-oii 1)t(1(. This motivates, inpart, tedirection oftie%

present wvork. no

2. COMPUTATIONAL PARAMETERS AND DATA ANALYSIS

The Naieri,-Stoke-s (uat ions ale( sol ved In rotation formin a channel flow geometry

using a pselud~spectra1 proc)(eduire which is described inl Orszag and K%-ells. In units of

tile channel hialf-wvidth, /I . the cliaiiiiel (dilnensions are 5 x 5 x 2 inl the x1 , X3 , and

x., directions respectively. The flowN% is, coiiil)ltte(l at 64 x 64 evenly spaced grid points

inl the horizontal (.11 - *r3 ) planie and( 63 p' lits, wvith Chebvsliev scaling, are used in V

tihe r,9 direction. The Initial inca i vclt )i ty profile Is parabolic to which two and three

dlimenlsional finite aiplit iide inodes have 1 )eeliiadd Tile Reynoldls number ( R) is -

5000 b~asedl oti b and U(), the Inlitial laiiiiar cenlterline velocity. and( since 11 and LT0 are

definedl as uniity, Ri is 11vi' where v' is the kinieniatic-viscosity. The Reynolds numbler

R? is conlstalnt for the (iir-a t ion of tHie calcuilat ion. The Reynolds numbller R* is defined k.N

as it * h/v where I/ * is the friction velocity (lefilmed by T/plf, and~ T is the mean shear

stress a, the wall.

As discussed Iii (letail Ii ( )rszi2. a1l1(l Pate('a t . thle flo )\v wll ill(lro t ransit ionl to

tillbilelice onl a conv-ct ive t i ic scale. It Nvil1 th 1( remalIni a quas,1i-st ationarv state

and~ t 11I(1(ecavN to sm( itle butI1 st a t( ((11 a i(( 1, t lil, scale. The finial state is dletermninedl

Iv thle Initial diviii fol(( xr wilch is fixed Ii t his calcumlat ion at 2/R. Ill thle presenit case,

a quiasi-st at a tarv stalte is reachied at al )ott tlt' = - 30. At t his timne. d1at a is storedl

at 512 tuine steps,- with at siiilliiig tiliei(. Att/ , f 0.031-3. The ciiittoa timeI

step) (1iiiratiollis 0.00152-. Dturiiug thi's qlRs-tti vpro.I* vaisfromn 20(0 to

1SG Nvithli n ax Tagec valuei( od itltolt 193.

TFhuc pi11111 iptal lllctllod l toS'l ( luiltlct thit' (lta geiieraItet(l III the( preseiir calcen-

Iatioii Is spec(tral;iuavj. T11. rcalcl is refer redI to [2] for)i n thioroughi (iscilssioll of

thev 1ifettlles fciuviu .atie (l('o;1i1:(s1t1oil ;is ojttoseth to. ;I\-. thec spa1ce-tullet

coiehttMt *i tc 1jaji2 til c teIpi ctaltili of ttiltillcit struci(tiire. Ili thec present wor)ik.

30
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it is natural to take Fourier transforms of the rawv space-timne data inl the homogeneous

(Xi - X3 ) plane at selected di-stanIces, Xr2 , from thc wall. The spectral function of interest

in the current wvork, (bij, is defincd by:

4,( A Ui ! L ,))(k, w,2 X2 (4a)i

and,

+ or- + Oc + S

whelre U, ( : X2 1,, t) ite Fourier t r;anisform of a (F t ), k is t he wavemimber vector in the

hiorizonital plane. ,w is the radiazi frequiency, L is the length (or wvidth of the domaini),

T is the runi time for one realization, and( U' is the complex conjugate of U. Here,

the overbar is (lehulledl by eq(ujat ion go with an averapiv- tinic T,. equal to 9.6 aildl 11

relireselits the Nvehocitv \ vithl its illeanl, 11i, remfovedl.

Ill the lrsNt ork thleesu~e average is taken over two realizations each of

dulrat ion Oi/l[= 9.6. Althoug h this gives a oretimiate of (Di, the projecilis(cta-

dlefilled loh w h ave' 11111(41 snufller rani(l(i tul erors. Ne n iote that the (data set Is limi1ted

inl t eriiis ( f total1 1n11 t ili iie U tiii r(l to 1)xper-ilients so that if a shorter averagingp timei(

w;s111 h'ii to ii icre,(;I.se thle Imijil her o f 1realiza t iolmn. t he low fr-eecies co(l 11( ot b e

1eISilyt d. A mol te (h t aile h (1 (liculsUii ()f thle limi tat ionis of the calculhat ion Is givenl ill

\Ismli>J' tillit'. t* 1*211'. ;Ili(1 sylilie1, of the iiale

44
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and

+00,+00+00J J / I Idk d k3dw* =1,()

-00-00-00

where k* =kl*, and w* wt*. The projection spectra are then defined, as in [2], by

+00

- %

+0

-00

+030k tjCL (7c)

In this work, it is mlost Ilseful, for reasons given in [1) and 12). to compute the spectra

Aj dfinedby

(SaS

5
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3. RESULTS

A. Stationarity of the Flow and Turbulence Profiles

The scaling arguments given ill [9] show that the flow being simulated evolves onl a

viscous time, 1/V. That is, a truly steady state cannot be achieved unless the integration
time is very long. However, diiuring transition to turbulence there does exist a quasi-

equilibrium between the inner layer and the core of the flow. Classical arguments show

that under these conditions a logarithmic layer should exist simultaneously with a well

developed inner layer. Though the inner layer develops rapidly, the core continues to

evolve slowly. It is during this quasi-equilibrium state that the following results have 0

been obtained.

In figure I (a-d) we present the mean velocity profile, and the streamwise, nor-

inal. and Reynolds stress intensity )rofiles. For each plot, there are four curves which

are obtained by performing. for a fixed distance above the wall, an average over the /
•'a

horizontal plano and a temporal average over one quarter of the total time used in the

analysis. This averaging 1)rocedure is represented by:

1 to+T .

ll(.1'.,O) = , < 11(Zi, t) > (It. ( a ",T. %'

< i (.2 t) >1 t)dX1d, (95)

whcre the averaging time.T,,. is 4.8 and each curve is distinguished by to which has -

vatu,,s 39.2. 44.0. 48.8 ;and .53.6 as indicated in figure 1. Also, the data in each t int"

interval is sca led 1)v the a Iw/rage a* for that t iine interval.

The 111c111 veloeity Ir )nfiles (fig. 1-a) slmw a well devel)ped sul layer in the region"

0.23 < _r, <' 3.7. A hi ;iit hiiiic region exists for 65 < .r.* < 150. The flow in this region

i s (4iny ;r si-static)! 18rv asimhie;,t cd 1hv tl Sh'4)\%d decrease in tht bie111 veloci t with

time,'. Howevr,. to a g;I 10(1lapprximation, the exp'iessioii n11/1* .41.5-' .r.2I G.. .-

dc es ,ibes t h, I m n Iii v ,cloity 1 ,i ,flr ill this regic.

6
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The streamwxise andl waill-nloriml turbulence itensity p)rofiles are shown in figures

1-b and 1-c. These results may be compar-ed wvith those of Kreplin and Eckeli-mn 1

who made iieasurenieiits in a chainnel wvith a) Reynolds number based oin half-width

and centerline velocity of 3S30 coiparied wvith the someiowhat lowver value of 3680 in the. .

p~resent studyV. The coinpariison is good for it ..... .lit* for K 5 and for zt.'l u* for

. < 40. The root -memi-sqImare vallue of a fluctuating (lllutit ,fris , is (ieflled here a~s

frms .The experimientail resuilts indiite a peak vau o u*of 2.85 at

.1 2* - 13 and a peak for it~u ... . a of 1.0 ait x* 40. The clculationls show peak values

for ?I',*""/?/* rnigfromi 3.04 to 2.28 ;it,. x* 63 and peaik values for it7' /itrnging
20

fromn 1.91 to 1.2S. which occuris at or niear thle ceniterline. Inl figulre 1-d, the 1 lit 2 / 1* 2

profiles ;1r( Inl good agreieicit Inl thme core regilon Ivi th the a~sympItotic (R* --* 0c) hlmit

for the second hailf of thle calclat ionl but the stresses aIre too high early in the run. N

These (lisagreIlnenlt s bet w(enl exp~eriment and calculation are due primlarily to two

fiactors. The first is thle relaitively short, duration of the quasi-stationary turb~ulence.

During this time the outer reilsof thie flow~ are not well developed. This prob~lemf

canl only 1be reiiiedied by coinput mio' mnuch furthei oult inl timec. This has been dhone

ill aI recenit h1iher re"( )llit i() di(irect calet(IatioMRn 1  which alIso starts with Ilaiim Inmit ial

conitins.Il t~t cl~illtio. Icol"'mitdrvin foceis chosen so that the steady

stat wal shar s res achieves at value signifficant ly higher than the iiii tial laillla

valuec. At thle (11(1 of the calcuci~t i i t lie peaik iiii "'n/I occurs att x*) __ 23. The

run11 tilie of thle higher res( uhut ii ii (N cu1t ii wl be sigiiificiit ly ilicreaIsedl to see if

colivigelie wNit ii eXperliii'it Is oibr iledl. Wue ;IIsii iii( it Imt ill [11] itis shown.. HIM the

md *(')p( )ra It (i of suhl gi(l sead ho l((ll ) ) iio l ;I n reilo riiiliza t onl group aiiallysis

gives till] )llll(io' p1k' iiimhi l'i to thle Nva11 ll i (' l ivelv slit t iiie starting fromn

I;liml nu1t ial coidiihtioiis.

The see 111(1 ()are f hm'-. CC ei a 'ut is t Il l' ack of, g~ ood( spailise r'(5i llit ioll. Or-szag.

('t. ;1I. Il;Iv'( sl 1iW'ii I IhuI It ()()I sp SI I mnisc n fl'o lt Iml is crliciih Ild t his is du1 e to t he

i l'(o ssmt if ca ptuiuiug the 'i ' 'uuhl ilviaiiui' of-1,111" the liis.tlig process'5. Receint i''sIhts

70
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of Leighton" 2 , however, using the identical data set uised in obtaining teresults of tis

paper, show that the bursting process is at least nonminallv Captured by the Current

spainwise resolution of about 13 viscous units. With1 these qjualificat ions in inld, the

structure of the til-illelit field wi-1llnow' he (lescrjbeo-l.

13. Visual Observations and Spectra

Certain structural features of the streainwise andl wall normal velocity fields cani be

dtrieat latq liatiey byvevug Contour plot,, of the velocity in horizontal

planes at a fi-xed instant Ii time. In figures 2(-,i-d) and 3( a-d ) wve have exhjilte,(l such

plots for the a ;11(l 112 fieldIs, respectively. For the u I comnlenit . we plot the conitours

"Il-< "I >hi~u~ a (/1-< Ill >h )-(0.23xu' ) and~ fo u) we plot the c nt mi's

112 + u.... .~ and u.)1 + (0.25) x u.~" .That is. the(. sti'eailiwise velocitv conitours' Corresp~ond

to fluctutitions inl the o)pp )site (lrc't ion t~o the mleanl flow anid the wvall-nlornmal velocity

cointouirs represenlt fluictuiatIioIns awaly froml thle wall1. These contour' levels are chosen to

corresloiild to low speed rinq)1ls of lie flov which. iiear the wvall, are normally observed

inl flow visimaliza t iollt mde as st meaks. Ini effect, two Such plots, onle of 11 and onle of 112?

ait sa inc ('leva t a u aboi ve thei Wit 11. will giv(' ins"t alit alie( )1i cont otmi's o f secondi~ (jiladlralit

Reynolds stres-ses.

Ini hfi1re 2-iI. (.I* -= 2.11) we hot e tha;t thle ill velocityv st met tilre Is c'lear'ly elon-ia ted

iii thi( flomv (hj(et ion. Thec (oil('sjol(hiiig 1)1lot of Iv, ill fi-imme :3-a also) shows ain clomi-atecl

s trimettieaiii \ev t1)1iv (11( cunlc; vi d Ni t Ii t lie ( resP0l( hng 111 stimet tirev. Hwever.

tie la()r1l n la itit'li crtill'ic I.- lL11 t lv diffl-eiit 10)11 thle s'treaMniis st rimet re Ill

di ,t it icir ..- \l.t 1v. 2 'TT Nve ol)-'cerve a I/ I stlil('tle ait a ,'pa1mlvl loca;Il bIt

'11iIlt 3.~tha"t uxWel1nl t~ll ('lit ill' lo'lnlhil )f' hic flow doi;i.No stlilh stlmltille i

elt';1ilt' et'jhlellt Mi tia' 1 hilol. .-\It*, = 9-1.7-3. the 'ihi(e of tll(' logatil iiiic lny )i. iiv

x 0
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rv, rwl.- l%

inl the corresponding" a 2 plot the structures are hlot necarly as large. W\e also note at lack

of anyv sim-nificanit correla tion bet weenl il anld 1/., at this level above the wall.

Before dliscuissing t lie spectral structure of these fields, it is appropriate at this

pitto Indicate the bun 1ta1t io is of thle p)resenlt ('alculla t i(11. Ili ad~lit il i to( the lprolhleis

associated with illIll-st at jonarit v iid the early state of' develophmienit of thle t urbuileie

(lisciissc(l ear-lier. These co uiit ia :.ts 5are till()-( I51jilpoI by thle 'ompuIlt at ionial dIomlain

Size aiidI gil pclg- whichl (let erlil1ill iehW(S and~ highest resI v;il Ie wavelinh ers.

andl to t-al 'ompu~lta t ional t iie a 11 itilei stecp size , which (11 teriie the lowest and hi1ghest

reso lval Aefc ieice III thle (lirreilt (al1cila t ioll. thle gridl 1.(-1(lilt I ' iin he hiorizont al

plaiie is, a) ) )lt 15.2 Inl vise ais unlits am thle lh rill ntitaI plattec is a 1 nit 973 x 973 ill

these sa nlie units. These dimnions give 0.0004 anid 0.205 . for th lo1west and hget-.

\va;lVeIll iililbers /-* . respe(c tively. Sinmilarly. thle total 11111 t iiiie ill viscou m15 ilits U s 146 and --

tie sa iiipliiig t imie Is 0. 285. lins, gives 0.04:3 and 11.0 f r)l thle lowest anid higheist radiani

fr(qii('ies, re *. ()ect ivelv.

However, thIese Iliit t (Ini lie range~ of tw lie dtal Iinwviuo e-rqii coorhi-

tia v te 11reLtmlified ()fais 1 2li)12tcr 12iH'moPlT1 111111 Lttioiis Ill the roesof cornl-

puit iig ti pect ia; fro tnhe raiw d;it a. These limiit s. agin*i Ii visc()is units. ,(r .00644 and -

0.0906 forU thle h(wcsh a iid 1 gis streaiiwise and( spanlwise waeiii ers and 0.0S6 1

aIli 11.0 for thle b )v('st 'Ii d highlest i'll iai fre(piiies. The anaysi i t licre-(fol e oil- '

finll to aII,\IlItltv ;1 011(2 01121(f iliiagiititldc vaIriatioii ill \Vmiliilraidl two

()~el f nilgit odce Ili frenuetiecv. We aIlso hio)te tHat spalnwise structurtes with wave-

lciit tlis.. A. ott thc 0(1(21 (If 100. The "() callecd ,ld)lIl- stre;ik spil iiit. all'e ('xlectedl

to) IpII(8t ;It k 0 .003 Sm) t~lit ,1(iic ifo)iiit(IIot is witluilt ( tltoiuji ;I(lluuittcd(lv at the

V(T iv ,, ltirj e )of t 1lie (.IlII lhhIt('(l I p( ciii . NN\\ ; ls( ohsrv tha ; t illc\i c. eXWiiitS 1.3. at

Is( ;IS~~~ Lot ; Iai t w 1(1 fle ljli2i IS )111w~,c t).e-c Ill 1il i) I ItIs I t( I Tinstia

N 0
p ()I I 1( 1 If I vIt Ill t lc , 11; 11't 1lic II (" Ilc II-t 1c w l 11 1 1 1 I - ( I' ict I11,('s,( d)."rve

ill~~~ ~ ~ ~ il( ..1c I l i l )f t1. ..tv. ..dh II. .I) IIti ilIIt -, - ctIr

'I--( f w ; I II Ifro. .'1. .P. ..c." v I(I w I d t 1l c,4 o t
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this region of the spectrum inl the p~resent study. However. cell aii qiialit ativ 1ywhelavior

of the spectral structure can be discerned.

With these limiitat ions Ii mind, examples of thle proj('ct i(l .ui spetl1 ia . 1ai(l

are shown ili figures 4 (a-I) and~ 5 ( a-d ) res~pectively. Ill t liese ploits t lie~) (r lipa

are those, for which x) * x>*) Ini the siiblaver. at x.;, 35. S4. lhe u) fici*d (xlii lits

a dlefinite peak in the k* -w spectrum, but the convective r'i(e i ot well defiuied.

The k't - k* spectrum exhibits a well definecd peak at 0t 0.09 and 4-1 -- 0.02G. Thiese

values corresp~ondl to a spainvise waveleng-th of 69.7 anld a sriwiewaveleiigt l of '

243, indicating structures which are Clearly elong -a ted. It NNvou1l be eiptngto st ~lt(

at this poit that this peak Inl 51 ectrin11 corresponds to the Streaky Strucetutre ob~served

experiment ally by miany investigators. The spainwise wavelength of 69.7. however, is;

considleral lv smialler t han tw he generally accepted value oif about 100. M orris( in ai 1.(1

Kriiiir-obtainled A~133 in thieir exl)Werflt, using the samle Spectral analysis. OnI

the other hand. somei inivestigatiors have found valu-es forles thn10,nt3l h

meaIlsuremenlcit of Runlstadler '. Though wve caninot draw a dhefinite conclusion as, to the F

orl,,ii of this, peak at the present tilne, it is encouraging that the k* - k* spectrum

corriespoil(lS t~o the visual evidenice of anl elonigated structure shown inthe cointour plots.

Mo( re de(t ailed aiialvsis, of hig"her resolutioni data is currently ill progress to deterI'it in0

MOP Cl,111v he uii"iii of this pea'~k.

At .c 27.7 wve See that thle I~-~setnnof the st reaiilwise1 velo cit v Coimponieint

hias a (.ca nv definled conivective ridgec. It Is also clealr froml the( k* - tspectrumil. thlat

lie fl mt uat i ii ('iierov I egimis" to slift to loel we\aveililluleis at tihis ous"ta;iice 11rom1 tihe

al.Atj 6*= 4. thle iottoill i'olg of the( loganritliiciv aer. this, shift i' evidenit. A

sjec rl ek is, ccly' l (lehucl oh i t lie c* spectruin at At 0.028 ()1- 22~.:3..

There Is ai fut ther spectral shilft at x.) 166.4. thle oter c)I pa t (f tll l 1-Iit hiiic lyr

to ahiolit k.* = 0.019 or A* = 331.. Tins wvligIicorrespondIs rollilly to thlat (if the(

N\vidt ii of the ('llil(l. 2b~. A ti-iitioll frouii leig0tli s-ce onI the orde(r (If the streak%
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buffer layer.

Tis t ralisitim (o) f leiigthi scales is ails-o clealv e'vidlent ill thle t ranlsitioli of the

local ('onlveetioll Ne ci ties as s1iomvii ill i "iiie 6. Ill tis hgrNve have comlpluted the

covet ilvehl(it v (f ithles eiie fillt a t jOis at set ll atHHsal mve thle wall11 by

selecting. at VaiouMis wViulill w111rs. thle feecywhich'l ct )resloiilds to thle malihifllui

ill the At-*w spet't ii. Ani (st ilmiatc ('0)f t lt ohe v C tli e()' cali tOlin e~ iiiade usinig

the ax'aevaluec of c* = k, /'ral at sevcta i~at i( 11 along thle (ivect ive ridge. Inl figure

6. wve plot c~ the CiV'itl 'ttit.c. iioriiimlized withi I/* ) alil the ratio c/ < 111 >

where < ill > is thle 1 )ca;l t liws Vt ' \t('i (.tNV which is o)i)t aiiiedl 1by averaging bothi

liorizoiit ally aniid over. thle twtal t not ( if thli riini Tlh it'wl c )liVt ct j() i e(iitVis clealyh

iiuicli larger. t ha i thle local it an spceed inI thltetl l r This is iioim lt(iitlt with

('Xlperilliclit al resu lt s [21 which ntlatt'that thle co IIiVeet i(Hil veh -ioities ltHiaiz'lwtl

lie loca-;l inieamilo ci vary.N flii l io )lit 3 ait .. 1.32 to 2 at r*, 3 .93. The valules

o1)t aiied hlere are somio'wlia t high.1er. ralignig" fr (illi 6.8 at i.*, 2.1 to( 2. 7 a t -1 3 .04.

The calciilat ions also show that thle cor c ivt'ltwit les il r lie suiyaer ale remiarkably

cohistalit at al )01t c* - 14. This is hiighitr t han thlit expt'iliniita~l result o)f [2] iii whlich

cis found to he( abiut 'SO. huit the t'xpt'iliilits ilS) slittw that this -pteedu Is uiicliaiiged

throughouwt the sl ae.For x1* > 10. thlit cailciilaiti)i Hustt c* gradliallv ucrae

~'lct.All o)f tlicet results" are t'oisistt'it. alt least4 qua~litaltively,. w\ith the texperiimiental

rt'simlts though(,I it Is itit pttsihl' ohl ft'he i ofdte t' iliittctipiaiia cexlict' to

art' III filcot (hlilt to ;I pWiil~mi' ~ m

soilit' o's tt' t f'iitiii f Iji I/ fl t he a. i liouhotIml tt'llct I 1.( fit i 1 I lt ol it Ill

'. .-

k-41111 lc~puc , fl()ll ll(-I/, ,ll lld ccit1111N.hc c p(.tc~lf~p.'l

(hI (. (IIc ., , v)vII IIt w (. l t( l I d ) T 1 11 ) I 11 t I h l,, (I C Iw I )c w ) a1
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Spectrum for x* 11.4 indicates a p)ossible peCak at a 03 coordinate imich higher thmani
2 3.

that found the it, field. Also, at .r* 64, the edge of the logarithmic layer, the u2'

energy begins to sitnicalto rdlarge length scales. The energy has clearly

shifted to scales onl order of the chiaiiiel size at il~ = 166.3. It therefore appears that

the it, fil~l has generally a silialler structure than~ u Iand this is comphlletely consistent

with visual observation. The author. however, is nlot aware of anly exp~erimlent al dlata

onl the wall normal velocity which canl be uised for comparison.

C. Structure of the Wall Pressure Field

As (discussed inl [13] and [16]. wve may exp~ect, fromn theoretical conlsiderationis

certain (differences b)etwveen the structiire of the wvall pressuire field inl a channel flow

anid its strulctulre Iin a l)ollu(llarvN layver flow. Inl particular, inl strictly incomplressib~le

flow wve exp~ect the 'Sle('tril denisity of the prssr field to vanish ais the wavenumi-lber

applroachles zero. This (hoes not appear t~o be the case inl a channel flow. Nevertheless.

wve should nlot. expect signlificant (iflerilices inl the overall structure of the wvall pressure

field.

Inl figure 7 (a-c). we show the space-time correlations of the pressure field obtainled

ill t he presenit calcuult a ln. Thes.e co rrelat ions are (lefihiedl by:

%

./ / '~,W

Ililas cxprcl'I() the . Ia 1)ctrll 1111 f t lie Nva~ll pressuin"' 11I'p is (lefiuledl ill all

;Iu;Iogoh.fai,, to the s eT1iillii o)f thle veclocity field. Top givenl illuuai 7. It

12



is convenient to examine the pr1essure' field inl space-time coordinates (rather than in

transform space) for present purposes simply because i these coordinates the gross

behavior of the results ale more)-( easily inlterp~reted andl comp~aredl with the available

experimental results. (Ili [16] the prlessuire field structure is given iln sp~ectr al coordinates

and the ratio of the root meiani square prlessure' to the wall shear stress is found to Pe

be 3.915.) The function R)(ArAt* ) shows a, clearly dlefined convective ridge. A

line showing the approximate posit ion of this ridge shows clearly that the convection%
%-

velocity, c* dAx*/dAt* . (that is the( slope of the line defining this ridlge), is not

constant. The convection velocitv at very smlall streani1WIse1 Spatial separat iolls is ab~out

12.1 and at very large separations. (say 2\x > 300)) it is aibout 13.4. The ratios of these

velocities to the centerlinie velocity are 0.64 at smnall sepa riat io)Is anid 0.70 at large

separations. These results., are certainly iii quali t ttive agreeiieiit 'withI thle results of

Blake",. Bull"', and~ \Vilhlart h' '. It is also conisisteint withl thle P lea that since the

p~ressulre field is driven by sources that exist t hr uili( )Iit thle flow (I( iiaiii. oneo expects

smlaller convection speeds at small separations (say. se'parat ions that are at least anl

order of mnagnitud1(e siiialler than thle large)st sca les of t lie flow ) sinlce t his region of the

spcet ilneC Correla tion iiav be iil( re represenltative of st ruct ure., whose c*(liters are close

to thle wall where local conivect ioni speis a'Ire siliall.

Also. fromi cleiiieit a iv thclietdica 1 coli-sidera ti(n W11 we iist exp~ect that if thle

l )bulec('c-iwi~ai1 shear souilrce t eriii is doiiiiiianlt , t ha t thle factor A 1 co.,O. where 9;

k = JkI and 60 is thle angple 1 )t weenci k and the flow direct ion, will doninat e thle spec-

tr;il cliaracterist ics. This st rict 1ilre is Ind~eedl ob servedl In the experiments of Bull 17 N\.io .N

llicaslR((lI?,( A.1*. AY ) . Foi ii conistanit correlation valuie of 0.1 he ob t ainied a conitourmi

whose e lnga tion In thle slmanwise dhirect ion was ab out 2.7 times,, tht li e st reaniwise

direct ion. The pi-eseiit calm ila t ions av ;i a li iut we.Ii dii~l V otV tha t

lie calcmlaL tloi, g"ive a pIpuxiliiately conicenitric co rrecla t il conltoumrs for Rtop( Axi~ *1 . :1.

at smnall sepa rat ioiis illhica t img aI iiea rlv isotroic .. ml scl f . This Is aloi ex-

lenlt agivoilieiit wvith ('x1)crijuieltal reuilts. Fimallv. the IJ, z\r. A* coitiolirs shuow no

13
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indication of spanwise convection and are almost )erfcctly synnetric al)olut -At* = 0.

In general, the qualitative agreement 1between these wall-1)ressure results and available

experiments is excellent, but the ilature' of the sources of the pressure field call oil be

obtained by complittitig the depeiienme of the velocity correlations on the wall-normal

coordinate. To this end. pr ,limimlary r(sults on the wall-normial structure of u._ 2i ave

been Computed anmd are pi)rshlt ed next.

D. Wall-normal Structure of the V;ertical Componenit of Velocity w

As indicated in the introduction, the structure of the 119 velocity colniponecnt de-

terimijiies the structure of the T-M source of the wall pressure field. As a preliminary

it( lication of this structire, we cotnpute both the broadband correlation coeficint,

*J,2, aMid the correlation coefficient in narrow frequency bands, o,,,. These funictions

al, d iled by:

+00 +0c

2 ' -1"'

J, 2 1 .r ) (llb)

"c

( 1c) %4

w hi lc r ' ' 1"., i . 1h fi ll e'd 1,v c p lii ml j( 4 ). W e', ;d ,() t , ll u i thl, .,.< dlill ''nlclic . 0,

,"iV' ll lv - .1.2 ,) ----~r (12)

, i( 2 I 2  2' . 1 ', I
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l figure ( Sit) wve plot -1220 '. .x For each X!iv , z is fixed at 11.4. 64.03. 129.31.

and 166.39 Ii viscous umits and x, is varied. The asvN1il11xetQ' of ,12 is clear. That is, for

each curve. the rate of' decay of thle correlationi coefficient is larger for .2 < .1-!2. We also

nxote that 3-)- IS p)oitive('across tl~ leit iie widlthi of thle ciaiil. These t wo characteristics

are quali ta tively Co( nsistent withl th 1w xlerilinit al mneasuiremenit s of C'oxut e- Bel lot 2 0 . For

clarity at smaller separations, this saine (data is shown on a semii-log plot Ii figure S(b1).

InI figure S(c). the samle data is is plotted against a 2 xc, where 2r 19i the fixed

reference coordinate for each plot. It is clear that the b)roadbandl correlations cannot

be forced to collalpse over the enltire, width of the chianniel although there appears to be

a. hlmited regionl of Collapse for -64.03, 129.31 anid 106.39 fox' X2 /X ( < 1.

The wave similarity hypothesis p)rop~osed l i [1] and [2], however, suggests that u;

mxay be used to constrain I k 1, at least approximately. This led Bullock. et. al. [3] to

p)rop~ose that (A." could be reduiced to a (lelidence on only two p~aramieters, x 2 l /x2 1

anld 2' f. WVith this as motivation wve p)lot, Inl figure 9( a-c), (-k22 for three values Of

* though the value of this p~arame'ter cold not b)e held absolutely Constant because

of the discrete nlatulre of the danta. The collap~se is not xiearlvN as good as thec experimental

dlat a givenl hli [3] but part, of thli reason for tis call clearly be at tribuhtedl to the lack of

sxlithcli. 't dat a xiveed to ehcestatistical sca tter inl thle spectral estinmates. However.

it is clear. froml thlese p)lots t ha t thle co rrela t ion leigthl is decreasing with increasing.
fS

-which Is conisistexit wVithl thle exlpeiiiieit al results givenl ill [3j. Iii figure [10] wve

plot thle phause(.ohia1ig. N. giveni 1y eq(ulat ion 12, agaiiist x 2 fo~ r§ G 4.05 for four

dhifferenit frequelicies,. This ;uga inI sho( ws a t ~pical asiic(tr ivVith Iirespec't to thle sidle

of lie chiauiiie1l ahove and belowv the fixed xe(fexui.ce. jpomit . We als.o niote largerl 1)hi'Is

dh f'lnuices fo u lii g.. 'r fA quei i-. 's. These results arxe als( qiiahitat ively (l'0 Isist(lt withI

he 1 results ( f [3]. tho high Ill t hat wo rk oiily thle st rca iii\ise comiponienit o f turnil uh(iice

%%";Is iiiouis1IIio'r
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4. SIUMMARY AND CONCLUSIONS

TIhe wvavNenin1)el-fr-('(1liencvN st ructuire of at quiasista tioiiarv tuiii )leit flow ha 1)cci'1

coiiputedl fron (da ta generatedl fromn at direct simulation inl a channtel. . it hi igl thle

tilllelieiC Is inl an ealyN stage.( of (levelolpililt, certaili feat ilres of thle velocit \ struictuire

comiipare favorably with experimntal results. Ii p)articullar, the spanxvise lperiodlicit v

of the strvamwise veoit oponent inl the sulblaver is cleairly evident Inl contour
veIct cot s tsalw'

plo0ts of the field anid Ili the ('orre5s)onding k1 - A'3 spec'(trinnl WhiCh *indlicae pmw

wavelenigth of G9.7 (Ii viscous units) for this structure. The local wave speeds compu~ltedI

from the k, - wSl)ec(t i'unil of thle st i-aiiiiiis(' velocity Compilonent are as mlich itas G.S t jiesiI

the local average streaniuwise ve(i Iin the sublaver. The ratio of the wave speed to

lie local 1 niean speed ilereases a cr( )s thle buIlfI(,' layver an(l Is appro)ximia tely eqIi il to ()11('I

Ii the logarithiic layer. Also. thle ratio of the wave sped to fr~ic.tion) veclocity 1reilills

cotnstanit at ab out 14 thlro upghiut the subllaver. Inl genecral, these, result's aie U itisis t('lt

with the experimenvital results describ ed Iii [1] and [2]. The spectra and conitour 1plo ts

for thle wall-niorl-1 co mnpoiient of velocity Indicate a structunre which is mlore fiuielv
iiiled ti thait of' thte st ti-calli, el'oci ty cmoen. Aiionaly the wtail -nirmal

c(iipIucitlacks a ci'irv(efili(1 pe rio dic "pl i\ise strutc tutre Iii thle suil a vc %i

FIII pacc '-timei( conleitiflhis ()f thei N;Illl- presur( field reelfeatures, which arc I-c-

mita ik~tl vciot to ('X 1 )Iiiiilital olisel~vatimiis First. NN*I%*ve(ls at siial eparatloI( ls1

0l' )IOWii(lia t lo we r tli I I; eeds1' at larIge, ',ep a rat V)ios. whi IcI IIs c( isist ('IIt %Nit ii li(lost ('N-

Iw 1 '1 lI -'IIIs 1 I a' lwise-st reainwime corl-clat Wols reveal aii isot ropic1'

stru'ict Ilr( a It s I I I;alI I spa Iat I(oII,, aiid IghyI IN a II Is trn)p'siiitit at la rg('I )ea r; It I I I

A\t la!,sj);tiat i()n, the j),11ii\w~ l('ml2tlt scale is alut .3 tliiit's the str('aliiec( c.

iscul 1 11 wth cxIwi'ii-lit. ;I- tvelh aI. with ('l'ilii('italY tliemreticail co)II'.ider-

;Itu1mi-.. AI,().. the \v;I1-1IIuiiila '-tilictluiie of 1/2, which (l(teiiiie the "-tilicitli o)f' the

tilll eli(c-tiie;Iti slme;tr '.omicc,' w ~;11l 1)1(1"111te. is Aamnie l.. i as,yuiiiiiti i'xi''ts Ill

thi' liiaulh;iio iela;tI( w~i~fiiit~ithl e,'Ict to the( fixedl Niit . F', )1o)N

uI I.f. the I c'oi )I ct 1 I' postula;ted ill [:3j. the (.(II ielat Ioii (ocffici('iits oi" u ii iI;1Ii YMV

fivejiclicy lial ;11ii')1 t tril ;iudiue w/'' Ith Ix -,x ti A .AIo ll td to ]I(,
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da tt ist (OMleitha tat ' lume li 'arl W1ItI Ciiipddeaya) t cmrllion for holigei' vhle l).r"(

AitIihugh st'vcrl. 1 CCtS f thlis N W Ik, ilic'lidl ig it liolist ati ht v t ii ill'lielct and1

the i( liiit etI lallg(' t f the lit itsiit at Itv 1W it qltQitS and wave'niliiIberS. hlmit its ift1es

('XIt'l'11ilt'it to \vaiiaiit theit list t) d(ire'ct simlulla tion dlata to elucidafte the nature1 of thlit

Otfir''s l( the ti wall su fich . Ill pariular1, dat a obItained in l l(IIu1 higerret01itlll

direc't sililul1at olswl NX1)0 uclsed ill the( flitutre to st udv the~ detailed str'ucturie of bo0th the(

111111 llli hi'- 11101 ii shlea r a iid t ill )il( lit'e - tuif)ileii('t st auce-s of thle wiall Irel(,sliue field1
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