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FREE-STREAM BOUNDARIES OF TURBULENT FLOWS1

11 STANLE I.CX(ORK.siN alnd ALA N L. KISTLRlfI

Al fi- .purem, o Ita an tIill t r( it Iial sf udy haots be tif iiad (of f/the 'I Th exerl'icitlita ii ieseai l'('l(51ie hvvi 1wl o'IiIIilicertw %'I it Iitllc

~ (~)Shoup an irregpital frn which is allal 1(aInerVisuretnt of signlificanttt staistic5 oal (jilli1t~tit ii' Witi thel

fmin to st(1a(11i ta,,bulut Nlaiii firom~ ('Wt 0ls )ii "nnara II that these will give' somei insight Inito tII( ll' iraitllisnit Ali

101ft faiuo at a felfui -letim bolundary. Th'ils disftinct dtnara I ul IVIp'ltt'it't' 011rugi '(t ig'ti od;i I~ thoetical1 alpproach'l.
lion, is Anwt, I0') o (/il' (IIi lftirmitto-tii Aar ac~t t to 1,of -(ci it

sifona/s ii, thet b, a,, a ty --oie. In I'(tit~v, hiowever', ever-Y t ijuhuletit flow iý bout uted t .\

'Ihe iortia/I b lhaior ofthe fit'ron~t is It scri bul sI at 1stica/Iy in fluidi riot inl 21 tllr'lmtl(ft s1ltate. If 114 ll( 1(itldal'-v spach(ing., (-all

If rii,s of* Its a-ritA/-.amiputlitd, gr'owth/ and ilafttrai propaqation beC Iflhlne veINlargi ('(Itjil comard wVith th characiiiterlit 2sti (.It .' l-itn -
ii fat ire to thet flu id ais fucin;o (/(nii'astit(, coordt(inaqte. t jolt lengths, of the tur11bulencev, for 'xilinple~I. ilm-itt'rlk seali' Iu(t

ISt ds a~'11I~( (ivi djli.vtifiuI hat the f/u w acli tu(t'ally/ co dtssiptS ~ escale (Illivroscale). thl'iart ''infinlite tild" approxi-

o fra ithii, / i, f/ iqleItr ii ll/ whic dirtlv' ('istvoIs fortes pla th 111110 lol t cal Ile litsed. lThis t il. 1 'cn po ss ib le jil li '5121iic til

ct itral rolf of teasiitii nat,,itn mea ad /1 actuaafitqi'oi'f iciy to tit(e decayving turhujierice 1,'luiild regularII grids. t rI'vasonl: l1l
Jul 'ItIusl ii n Iarbi/et I fuiil. Otsie f/ Is"lam~ 5I.i r -goodl likeness of lavior's ideal cl'01('( p of isot 1oj icI I IlI'lv~I'ilve

layer' (litro is priesuii'ab/(/ a field o 'f litroational reliteity rI-'f. I)

f/ilt icititon, (fIll '0 nopthiorblilt tit" f/ba') willh coil staofin at It Ito\% seellis prI'1)i)2( 11't11211 the clas5s1ic tiI IFulvi'r sllt''i
rt /ocitYI. Als Iiul/itld iiflit th 'ti//owiiiq ;iaratyrajl/s, theoretical flows, Itotndar.\ layer, vaike, jet . chttarivl, ando so forth haiiiXl

(10 ( ~isj ba std (,i f/ tis (/t II il pihysical p icttr gire it /iit its (P/f i t I'll fl5 yesisal ilte(gnil sc'l~leN nolt ve' t v smtall co pae \%-]tit''I ith

froint beharior iw/hich are in, plauasible agreelet with fl tJpti- theI(ir ch1i1at('t ('I'ist ' wvid tihs. Ttis hiats beenl shown I'X1)ri-

metafI tl rtsiilts foi I/ree tirii'iieii shear flgows: rouiv,/-Ii'a// metil ally, for' tIV lieound jet (ref. 2), thre plane half Jet ( ref. 3

boa 0 da i' layItr., pliine wak'e. and to itod jt tile, lIon Iil( lv1iv~i' ( ref. 4), land then clotiai ltI~ (Ic f. 5). 'IThis

It is s/ouit taohat t/e iaIt( of inc rease o*f wtrinle '/ a inp/ituv/ of 11111)1ies that t ite genle rat bllta vior. of the'se sI rear' flbows va trlltlo
f/he front call be ruhyipaitiet/ as a berniu ifai.(i ~ fullY inife r'red onl a) (still u311s1)1 e, I) llo )ogerteolus sIln flow II

jIroress, tisiii f(I th statistical prpet'ieJtfs of' tile furbltleice ill /ht rInsis buit mlust invXolve' the, boirrdar'v hl~lttotfCil(ea.

fp/il turJbale cut --one. TFir r'b ilent shealr' flow 1)0utndairie's call Ibe cil 'Issiti eo ill va riouis

I/ie trailsi'et'a/ propagationi ie/ociyfq of the f orbaltitte froti wi *avs. A conventioa one1)10 is the dIivision inito (at) solid a tnil

is predicted by the bt hai'ior of'I a p/Iqsiroitat/ieuatical model ftf (1)) free (or fr'I'( st realtm) hourioalarhs, dependilng up1)01 the
f/It lamtinau' slaperlayler. Th/e iiot/el is a gctleiati/ised Stokes- presenice or' absence of at solidl Avall aitrd e'xclurd ing possibleb

R~ayleigh infnt1 ie wtall, oscillatin lv in ts ownpa nci 1)tite rfail satito, sm erY pitinI'5 from conidei.iiration ats bIrnlldat ru's.
to !/ire con~stanilt itletli i'ottitity ait f/he boaodarij, j)/s Incat I A furtl irer 5It1)IXll 'ilt(i o can ' betlmade ill e'licit Illiss aco'ordllt

rol'licifi/ prod/uctioni anid auniform slittionfll oe"I(iti/. tto wihet her' theo' utl side flow or' NN-2111 is t ravlt~inrg, faste (''r)1

Fina-l/y, l'atiout. stafisfical propert its of f/he tutrbuleince bflnf slower' Ih Ithii le ttirburmlerit filuid juIst irtsid,' theto boundllar'v.
Iocta ion as a sta tioniary; rand/om li'iiiab/e (for jixetl do itO streatri butt this d~istinc'tionr is lpn'ohabl *vonlY it quarittitative Ifti,'

polsitioni ) hate beeti hI itet' dlirecli tly tislrt't/ or indtirect/ly infertred/ ( because of th ni'rottlittear'it v of t lie sYst Cr11). not afifect lug t-he
from ktiti'iitheoems t, aulssithi stochastfic proc)(esses; it is 1111ttireoftt ot(I' Ptelrt'lL iI'ttarsn f lk'

fo'uild that fot' bounitary layer, wakae, anid Jet tihe frouit /ocaf iom and1 jet boundairies wotuld illuist rate' tiltls r'etiar~k. One carl

is len; inear/ly Gaumissaui. Specific(illy, it is possible. theiref ore, also Visualize at lounilar'v stalte ill which this inv'ltr vO'lo('t v

it, estimatite the a atocnlrrelalioI fuiiction ii o the fronlt jiosit (0h, d iffer'ence is Zero. thaut is, d i e case of un riformn veloi'(jtY Iivi'
irtcludintg b~oth t trr'blent 1111( outside flow.

INTRODUCTION 'lThis lItnvest igaition is corncer'nedl solelY wvit IthIe free

Untl lthe last few years, b~asic- experimtental ait(d (especirillyv) houndar -vcontdit ion, Ilt pra(ct ice, thIis 'a-st' geruer'allY inv~olves
ltwon'et ical at tanks ulpon the problems of turbulent flow hiave J tIImeanl shear' st ress inl the fill]\- tonrbl-ail- region. red Iringm

':.%('~Is Al A N 3I~ 133, "'11w. Free-Stn-am o undaIl rliesii of urblenti' Ft.~s- by Stanley Ciorrsinl andu Alani L. Kis hr. l2'.51.
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to zero mono ton ically t-oward tile nontu rbtillent t frec-s Ireani lent fluid. For a fixedI v alt, o*f x, 1' is if in111iimint

flowa. randtomli variable, aiil

The outstanding observab~le chlairac'teristic of free bound14- -Y (y) t Iii'tlilt Y ! mI
aries is the relativelY sitarp instanitaneous dlemtarcationi
sirlfave betweenl t urb iilent anld non iturb iden t filit. iThIlis Sinte -' (i) ;I differeintiable (inl fat' t not dii fferentit a 1 t fi in -

shows uip ver~y clearlY, for examiple. inl sliort-durat ion sliadow- t ions valiliot he experimetit'ally so idet'tiified)l 0-i o 1 istlie,
graphs of the turbulent wakes behind hlighi-speed p~rojet'4iles probabilit ' densit ' of P).
(ftg. I). The sharpness of thle irregular bo untdarv ill ust rated A priori thle faict thIiat tlife free tilrb iliit'lce'14 tIolts In rl
persists its far downtstreamit s pictutres have beeni taken, (vorti'it 'v flwutnation botiltdarx- acem-di'tiii lto tepit( 1),,xsictif
about several hiundlredl wake dIiamfetetrs. pict'uire proposed h iere) retit aliis sharpti (-illi be tilt ii lteidi to

the t'ontinuous irregulaur sti-vi'chliii of i lle 14)411 ao)l-ictlN

gs~ratliemit inl tile- hollildarv. thtat is. to tile, fact thaIntlheiautll

propilgatiloll prlocess is ittitlinti-ar: for a1 givt'lt streletitig ril'
tlie production t ol4if ntew volt iitY IV s p0)1)4111imlatotiti lIl' 2i 'ttotttt
already pres'ent - This musIIt be balaniedl itil lite vi-ial-ttt
bY the( viscouis tdifrutsioil of the' ol i'i \- alll'i iltt -t fruIt,
It is obaviotus tlatt tile, raiiiomi am-(it- it afuuietlidtti aadI211.

vallel ttirbtileiice cali plopt"Igtle ottla lby dit-ici i-olitalt- :-
oppo~tsed( to titttioli lit at disitaitet'. fclit'e pit atlim icalt lie
t rtlistitit ted toit u t-tidlioialtl fltow (l an - It1t-4i11(g1t direiict iiit

stanices tile Iturbulenee fronit will :tilattias be' a-tt cmittisttol

L-81230 stirfate; thieire will be nlo islandis of t ii-bttlertsic ouit illtt1 Ilt tei

Fit - it II--Ttirtuttett -Ake of hut 1st - (Courtetsy of Baltlist ic't ssti~~rt'lt filla dhIlllce frmtl -al od. ) ilbiv

lUtlortit ores. Abe'rdeiet Prov-inig Grotund.)
1 fThe ailitilvt i('l est ilnatvs' awill Iiniludiet at lialtiltlini cast.

hin a mixed flow zolle of this type, a probe stationlarYrea in whlichi diel turtilttidt part1 of thle flowa field is also) ail Itiit
tive to tile dlistturbanc'e (e. g., tile wal-l ill ia tttrbtidltit bounidar * shear. Tins is perlitps the( simjpleýst i'iti-iiaaili Itise tttdet

Inavet' will be swept ove bY'' i succ'tessiv 'sect ions (if t n tb tient wh icihi tiil ibt ileta 'I ropligti i Iis intoi lii itit -it Iit i it Iilidi
antil non ur-bulenit fluid. Witha ax lant-wire aiwitiomet er 11 is j)1'1vittiml ditit 114 lin cIIt'gli'tt tit'lett'Si IVltt ~ilt itttfiIille(

Yi elids an ll tetrtmitt en t signial of tilie t a-pto aa-l wichletd to t; lie i tt'i''vS Ill tI i -bh' lit evf' ra Ps sttt lts. 1t411 f1d -tse

ilist '0very oif thiis chiaract'teristic' of free turit 'Ilen t boti ti Iatit's ('11llit ills it is Iri'oscItt hat 111 ti41w distinlit-Iioni iii' I aai 'l fiIl~lt i -

(ref. 2). 'l'llt re tlat i ve' time spent'by thlvIle p~robe ill Itu rbu lent lenti anttd 1141 iturbil el it zonies is t it'l ts'I ll. dlsciv iff ' a liii

flIti uIWas first nu'easureil by Town send (ref. 6) and14 calledI respecti ve'lya of Itt Hoi ~ vot'tivi'i a- flt ticlt t onS -

,\lotst 1 teatl v-stailt' she (at' zotitts Spread( withi incrleasinttg Ipractiet iit. s dIetsci' e t be'I1 ftirit: ;I shetirinh ttil -diii -l~It'lltt-

'omt gl o ver'all flow si Inilarit a it itlie'ss t ile average late tral Itn t Iiis caste, tilt' avea-tl'tgt pro pagalt iln veltoc'ity af ti Ilt' Itt-blti-
positio atalt tiIlie \ initklt' amtiplitutidIt of tlit'- sI itiip I mittilair I itic't frliit shoull IiI i so dept'lend Ii upl ilttli' titi4I n slit 'at-rt ess
bothtI inciease atiti itighl th le sani t' rate it' s doeits til lt i iola inttlitti ill thill.I iuri ittl'l fit l f I Ii i tien' l~e frot'iii.

svidt o)f' I t 'bIt Itlsh siear flotv S i(-(, it' isiwl it anotn tghaiti mot'-tI Ali slal' oilis s ott uir et' s itlit' 111 5ltio tut Inst i-lueatlid fil a t ittl it t

a.sitoe"t urtsbiulteni xt shea flows exh)ibit'lat it, Sou gi eal abitv' clsss i'ccurs glt ttile flanstilla Ip-ail of- i

-inp it ti*t v ait (tl l itr ieas ig aa lis he atil or i t ic.a v tha t itl lett P ltt'll. iliit'l hilt Wt iISt t it Iiail" t'1i ItXll t't e ittll, wbill a-dica

urii i I ente fr'ont tile t w4 if prdIi'ae eatv t'op c tPI 't ile lofcal s t'incit a ti li11iill. - - ktit ofi 1)15Ile f. a ha gi vt't got fiIt low, "IN,

ftii' itiletaue -st neta i lm faont popaae -yQ ll'l piiar'a-llt ahohrbtpredclrt b nalp
tatl co it'bustrible mixtur fund i(t) tif IW tea itst acoliet tituls t t'st'i'oltli frot.lSh eigvnh-Nltil i '(le.9)-I w
Ipltit'it e wo ift114 sincraspfing belit a -a-enIll rbt rilentaltv 1 1) ttiI Vl',iti a p letli S liltNlit-01 %\-It fei's hs tiuditt t'pei fmn ivis tit ,i v -.

The -explanartion's -o-rtfr ths 'rIrue euIrTto ptropeirt iei s. wi,,-sof Sit lClharters ('It. I) wshoti cntened ith"(at hs itipor ati tra st'l
11rr--ssr- lc fmolirtat ai rei two o ftas with (h, ex- icijtotv puro seistit,, i of thfeisi 2 b t' nintti t Iil lt Emmons (ref. S''io' - Atin lgio til p~ltt'o f tIeit'
a-in et- ig-taio n, ~s st To e t wottii4 10 irtoprht.-n tare-iifclis to teI~a~rait and-t~ metall' l eit' eni ce t' hat ntr.a- ns'ttion'14 frfl t tta i I] if l er to nsi' ti-blv l

ttit) -: be Im ltrwtvy1- 41$ tri-rea e Iiht't--tito p y ica proprti e l o fs it ti le:, of ilbii flwtot,'vlo c l.ilt i av sulv r n l1.- 111
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"gutil 1(111 niciltatshi is dlifferent. II Ii iirt icuit hi r it film b le 1, trainvii s id ~ ' Eeiiit 'i cu Itit

11t diit ion toi at (ransim issioit of 1211 idoil vo rt ic'itvb dIiVrilet L, 14-11111g11t iiig iSitde. I"LI

VISCOUlS IctiOti ait tilt' titIle-IIIlt-11latikiii iiiti'rflite. I'.L venat'. pulse' vlgiliig o~~f initermjittent ,Igllad
Whien t he presn'lIt work wats beguin, it wats hoped thait the Aletiliriiit'a cottst alit

prob~lem tif propaigationl of tirhilctii'e in1to at lntitittiihiiit mexpl)(~tllt of iioiiidlarýv-laver jptiwir-lam vc-

flow (could~ bei Stutdied ait tilie h~oii 11(11 vlIi. bt wevi t Ii ritdI- loIiitY profilie

gener lt, cI'I e iSo t ropic t iiri ilence a i I iii nat i iibuilenit flow N\, ave rage fri 'i' tltec of i ovell (dii ;11if 1\i

Iliovin, ait tihe sameli uniforml Speedl. This would elifinai' lat ittvPulcilir vaiotit, ofatidonii var1iable I' I
111hol"t fivlvll21rellatively 12pd v x.zen' fri'qiii'icN.of civrlv f) 11

iturbitelece-h'vel chan11ge due to Vis'ous5 (i'ipijttiott with ino Zero~, respect iv!~. .t Iltltfioii-lcitil \':III

It1)Icliblet ener rg product ion. .1bh' I /

Theii p i'li('ipall genera t il tmg a -1111-eligeneitt tried wats at 1111f gtid c *~clic freqtteticY
col tsist ilhg of at ('ottyti tiotia l1 1- iliclI-ItieslIl'4 -i 11(11-dowe "irid( Jr tolt hi Stliv P)lT'SSt ti'

iOVl'rilig, hlif tile tunhtlel crFoss Sectionl. with at titie Illesht /' 1 ~ lliliilteii c ttuhtei tdt~
Slre('ti of virtizi iva idit'tti('tl Stitt ic-jprssilre drloip coverinig tintlt till slltett vltigiý us. lcs t ivelv, ill

the other lhallf. Ulifortulfiltclv. aliolliallolts blioldary ,v, )v- lotitetfi~t tilt sigtil

hlavior. alrisilig, froml 'omtplexities ill titi' lo thi-roullll till' Joint l)titti vilocitY evi'iOt

rctIltaisnible aniotunt of effort. Th er'efore, th tItt il utleit cV qi 'iiat tii*ll tie 5ti ini Fiei 'I riatt i1f \% ill

plopagatitoll hias beein Studiedi('llt situ ilvi('fiv lit till' outettr Itll
ed-e of I low-speed !Ilrlitlilit lioudaiary hiver. with a1 fe 11I51 alit mittl';i1 rail.1 tim locl oll of, turblIlclitii

ltit'astlr~ellctill lita routnd jet for anl aidditiolail checki of Someti frotit inl rotid je't

loti-t ict iiir pIlietiotliet. F~or 10o11pleten ess, Somte of 'lown co A{tll 1:11111 litii 11 ft il ctioi I

peil ~limet'-a~tk( daita (ref. 1tf) hltve also heen ainalv~zed il shear cortelat ion coefivieijttt T-T )ir

tilw lighlt of this inivestigaItioi 10I1.1~. nt Ri'v vloli mistllttiiel5 iof lamilltla sillpirlvi'lk

The o' 'i'rald pur 1pose of this ittvest iia.tioii fials 1 enl to
Illenta r SIi'staltist 0iii propertt ies of thlie imlpligut i g t 111)1 ii Ili' alt ooi 11.1 ittlel

re.1' l v 011 l aXili tti tit ii of theii phIellollti('onti . I'l j- rfc u il

illV (' t k- hlis I) I Ct i c tid ci out t I t It I' I )' ait tactit (if .l 2 111 if pi i tl 5 ii ll :1 ltw it i iI l -it it Si 'I

f ill iie iall Ilissi5 Ia tici landi spontsorshti p of thle Nati ionaIf AtvSM * Vt ty totnal Shell.a ftiice victor ( per ultitI altrn at
( ottintiitti'e for Avronialliti('. Theli atitliors woiildltIike toi - til-irlui'it Siiii of s'lilperblvi't ivillg Iit
ttckttowledtig the' zsisstttice of Mliss, Vivian O'Brien, Mr. ti'ostiiilll
Aktisteltci s Siili'i s, N Ii'. 1)1 itiali Jo~ltltsoii 1 lind MIiss M.I AII lil pNtn of-le~~

('iii r fit'tntd D r. Mairk V. Niorkovin.I

SYMiBOLS Illit t tt ISigttal
f t 1110'

A claticteratistit' ordiittati itt Skietth (d) I .I ilii ii~ ~y til2i'ietiil
11 1r11t1ioill varl-itihi t' lprt'sc itt g, Some flo Ii i

Prit*tl)(It YiIllet i vi'ci on ottaxi of jet oit wauke
"T ~~~~~Saintet iiroiprty\. I aiki'i inl t tliiiiint fltiw onlY nei l rvSrtmo olln-

ftiti 1 skitl frict ion vclocitI,\ T"~ p

F~ F

Ii tigi t of wall tot il t ss begitninitg of workingi Secltiont ill hoitiol-
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::::::rew origin o waikeN, Sijo f:daibr la 71er rooMnEEFl t Inall) sfi' 10 t Th 0

alieof- jet a I ll liel ticIV (4fe li'W(i 111 -he . all vail4J c14-l'4' 1 4 N P t. li t v a-i' a

ills ailtalivfeoeiic y ) to ait i s4 'i of itioiii n 'e(e1 at intl~l' 1tur ilvl flu4''id m0v1 an 1 1.1( li'I-.:
fron4te Ifo boant ur ilei 51 ert ~ e'cl ti lad wtk x eleil p lltall duV parf of 21 f'I I I 41
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Vvector andi v is kittefilltic viscilsitv 111iliUiN-MIiiil N-ehO4itY thl~tuatitiioi III tilt, i1-direct iiil andi x Is
tintroducinig if Revitohis typv restrict ion: flit- Euleiiaiii microiscile.Fo bit l- h~e iiiiii viluiis. of J,ý.

thiere shiouldi exista itlino. lng conjaii'eil mith thatt chiarlo.-
teti'tittg tile mainl body of vorcitjllv hlit wilt ionls but shosrt

Q~rJ=Q()+qr~f ~ ()coimpared\-il iti that c'I.araictirizitig the largest scadse vvloit vl
__ _ -f lutue ationis, which diloiiinati. the convect vi\. priipiil iv, osf

equat Iioni (8) YieldIs the Ii ea n-vol-t ait v equation: thie I 11rlbiileiiev. Fors examiple. onle ('211 e\Ipeo

(Q*~~~~Dg±~x <<.)w (()4 ~~+ s 9 14)

(Mt lt racttiliZ equta tjtio (9 ) from equ 'at ion (8) leav es tis'(
equaht ion for von ic itYVI id liii. tionl: where ý' is the( rool-iiisaii-SqIiari* J.-ciiipsiviieii (if sori it ,v

JttolitsigX rod11in (Iscf. Ix) anidl With local1 isotropY. the

(~.V~q+ (w.)Q+ (w.V~q-Isotrop~i e slaltioni e'( I 'iiat ion (14) Isonihiss

The sialar. produlct of w with equlat ion (It)) gie thW4~( ~\<
equat ion foi- insItil antaeolis vorlt cily ml tenistt N I 7

l !)w2 w, V~-w (qVw (Vq or., inl Iernis of /,', tilie large I?,\ alpprox\imtiulion for. X X,\ gi vvý

2 Pt - -_(ref. 1S)
_0 (1) 2.4 KI(1)

lii artsia tenor lotltin. ItitkeeingV~tt~it 11 ii For flowss with e-utiiaton (I t valid, equaltion ) 1:, couild lie
vec totr ints tead of anl ant isvtnile trnc secolidlt-iou k tvensor i*UVe ratges over at W ei lo- vi g iii itg o i aveiits'vole i

- phoieislonna bit short for cotixvective vlociitv pilitinonitila:

wu (17)

Awei ewtdindlex indicates suimmat iou nd it .1x>tli Varvv I a t~ ' ~jiables.
eq~ ~ ~ ~ ~~~I Ia io iswhere ()( for t he fltii-stritievials

T~her aerepeaed v'I'lii)isTh velotitv derivative lias chiaracterist ic time like that

1~ -, -() 2

2~ r 2 ox, ' J Osinice thle obje-t ive is to show thi s'tepeim-irig uof Ilie W2

~ ~ ~ o~i.sV~ (12) graient inl tlis iahsence of is, otiiit the last termi ands writv
O(12

It was Tavdor (ref. 17) whIo first iihiit itied tt Of)as the %2 Of ~I
ralte of prodsllcut ioll of visit icitY x hhutuiitilolls 1) , thill rantdomI 'i eeo
st reticitig, of vot-tex lines. It is lir fvIlii' absetise of this 1 1) 0.2) oil~
effect that mtake.s fill] ,I- wo dimiensiotnal ituotioti I ivial itl the M 't ' Ou, ~y (U ox.1)I )
prob5Ilem~ of f`11l1 i(i0-'hii1 ed I IIIililiiici'.

To uleflioilst thle Owi tetiihstisv of at vsu-it iitv grad ient to 'oil,

Slei~ii m lii'pueslis' s~ ths VsitiitV lodtista tlis (ref. 17) has shown that ,.-->0 foi. iso)tropiv

csuiiinlsi this s4rilplitievl furili suf iquint ion (Iliti) forist f luow with I tit-hltlelice. hii fiaet, sitice this iiiitIiiuilitY Just expretssos the
tisi tiIleitt \Velos.it\v of. votticit v gtiletal tiviileniv for 1luli(! hues Ito h-1"leng il int uir-lsvitlet

Iw - ' ' flow, it seviiis cleat that >(), it >0 I flit\ Ibuilletis. hIlid),

Ju a tu + ý2u
ou l,2 ~ (I* if p, i itoa to nic itl Ii )2 , it follow\s fon((i~ si II

It appears thiat no0 coniclutsioln call be reachedi wit houtt fi tt lvie 1r .tI lit I he sae-ci - w,/i hc w ,a
reteSric t ioni. Sinlce ithe vort ivi ' v spectrumin vaieujs hike A2F(k In by) Yiesnesit s~ s iil eu

thti 1ii111uiti, secondl nIot'ent of tlie vehocit V speetrulii! sI eejeiiitg, of this W2 gradlient.
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The phlisicaI rttesott tor til( st eepenin1g lentuletici is, of FluCtuating potential flow

coilrse. jutst the fact t hat the( rat e of product ion of new .Lruo sproe
vort jeit ,v bY lilne s-techitnig, is proportional to til vol iitY Lmnrsprae

alrea(Iv prlesent at anlYI m)int ill thle fluidi. I felice the higher /,

Vortieltv regiotis experielice at greater rate of inicrease oif 7,>/'/"/"'> , 77

Vorticit y thtan the l4Ii Cl vort icitv re-iotis, thait is, tile/ 'j> / '' , '

gradlienits tend to steepentllt u . liiited fillall .v byv VISCOINl Turbulent flow
dhirtisioln and( dlissipatitolt. Of course, thle i.n-atil tet of cont-
cern htere is thiiat ill tilie zonle b e tween ftl thytnib itilent flii11 alid S ketc a).l

[lollt titrtlt'iiet fluidii. A steepenuing of thins, gratdient mleansl a
teittlic 'v t owardI a relatively shari) sitr-fa'-e of dlemarcat ion orw- o shear
bet weentilte two sttltes. 'ilW ablove d~iscusi~on dloes. itilt

treat thle questloln ot tile equilibrium thickntess 4Eot tihe latijintar
stiperla ' er that retsitlts; this will be est ilnateli lat er. ( f
courlse. for tilt, tnrbitleltc( front to be sharp at. observed
experimnittally. it mlimst lie shown that f<<5.

Althiough the analysi., is validi onilv for ext renielv hig01
valuies of R,\. far higher, in fact, titan thiose, thatt occur in thke Coordinate fixed in front
exlperinwltlts re~porte h'llere, thierte appeairs to be ito r'easont for and perpendicular to it
(lie situiat ion to change qital1itat ively ait lower %'alties, of /i',\,l~t

EýTruet Lominor I Potential Y
ats long its nonlinear eflects in the Navier-St okes, equ(tii 111 flow I superloyer I flow
remainilM iltportatilt. for examtple. IR.\> Mt.

~kvt ch (h)
LAMINAR SUPERLAYER

Vortiiitv ca(ltlt be t ransmtiitted'( to titan i i tro lttihna flo 01 While the( tt1ts1atittaltt'ous locall viscous. Shetir fintt lin a

titrottgii tile taligelti al forces due to viscosit v it caninot l`e 11111iinal* 511iblayt yer is pri(lot Illlilt IttlY Ilt ill( ire iilc tion Ilof tile
I tastn tte I t t t e rr tation l fow 1 n crosop H ~i- ntealt shtear force, fthat in th e siplt .c* lie t- in ist iIlave .t tiliich
trasilited o tleirrtatioal lo 1), vmal,01C~iclle ' it higitet filue ttat Itn level, ofte relicversin sr its di -et tin it. forui

oltd, tYpe shear forces. lt thetrefore follows that thle txtt~h.ltf* nafo ib i icls i ~clivoii
in~stanit aneouis border zone lvi hg bet weeni tuitrbulen t flitid and exml.Iifci aHwild itcosntia vocIY. I ~~~~~~~~~~evrVwI'hee ilt(, lprae.Vsol;serfre\oldlnt
irrotat lolad lutid niuist be a region in whicti t tfoeri'viesietlrvscissitr ot \(11( it\

Plal itcenralrole in-,pt(-of ile resnceof (-Io.it 11 Ileanvaluie ati till.
pltt a (it tral ide.itt pit of lieptt'iti~ OfThei discus~sion hetided "Sicepellitig of a Vorit it v ( .tltltl

fi ilettlaiii s tdom iict 111inalt e tilie gloss I ionetit cii trt a Iilisfer* With IiI oiid Prodution oi of V.n rt ik it i s j its p it t lintcll
of tile titrbiulent field. This border zonte mta ,v be termed (tite (nttt a p~roof) of titi' experlimtentaltl fact. that thell ((liltltlloll.S
Iatit ital siiiiSila~etd land1 ut is exile t Iv witat is also referred t()oi I in flid-hit l5le streltciit' dIie It) title veloci tv 1111 ttct initson toI nis
titis report as, the t luriillelNe front, 21t . altlttl tie hitter

'5 dli 1)1 ~~to Ist eepent utp tilie hut tiii ti sitpe tliivt. 'llThis s I cipe)linii
tIeslgliattoit itmplie emphisis Oil its o verallI belt axio. ra thter effec t is reintforced IX tit( tlteatol. an Itiust . of~ coluse.

thn tsdeaiedsticur.be balaniced su t.snelate b%- thte tlifttsiyi actit hu(f
'lThis Ihlt ill nat St Iperlayt'' tlr iffers ill flnt ll oll fromnthle wedll viscositIv, sokiI tiat diel sut tI tive r 111(1st ha~ive soiliocV ~~

kntownt taminiar stblaver at tile smioothi solid bolindary of at litess. oi t' .il.i iplr itili
channtlel. p~ipe, orI 1)tnimlt -la-Nrc flow. The sitbltiver is a quantity .e tt iso vystitt-oillo.grmi por httI

relati veIv fixeid reviot Iin wI i Wit In eati flow mlonlt .i t (tIll 1 S is qu lie ity fi ta is coltY uttittsall b tttI i 1ittI slii es

trantsporite d primitarilyN by alt' et mte tan viscoils (I amtiillalr) itto l.sneftI iVIi utIt il iV)i c V 1 1 IIii l

shearl forte. It trlansmit s littlte mleanl vort icit (heling a dev ice, its thItitkness shlin ld be less thI ian it ltngthI ihll I actor
Zonet of ro ttghl *v 'onistalit S (y ) ) atl d it remant is 'lift (atld 11im ci I'You t V fuctuaions1 oi the tubll t t sid tf t
liotre oIt less to ithe same I filit t part it1les. O n tile ot Itet bo(unIt Iii.i' ,.y for extmplllie, tilie'idissipa tiont scael1

i X 'hi vlor s
ItanidI, t ile sitperhayer is a (tolitvec five1 v) Itindlitlo ,lv Ilitv ) itticrosetile . lIn fact , as, at chariac teri'st ic visco. shiss at
img la~vert of flit it whtich probably ttamtsprttts. ri alt ively v ~ ~ it Ilitighit bet exp~ectedt to be tile samle order :ls

she arl forees ; its (list I tini isht il t fint itotn~ is t rtilispl.t; of Konigrf'sltiiii1111itGtI ) wicr 'siIt iIe
vort itit v flutctuia tiolns li11( ft etil Vort icity, witen prts'sct f of tdIissipat ion of till riilleltt entergy pe'r uit lit ll assý of I! ijid,
inito what was previouislY ani itrotatit oial fitlt, an ltill tt A setontt intutititvle spet'if'ltlt iou is t hat , as :I t deilv
toinig it contiltitonsl. propagates (relatively to local fluid) dlist tirbeti five latlmitir shear lay.A-er, its ('latacterisl ic 1(cvnolds
nlormall to its local '"plane."' numb iier sholOdti be oit thle orodIer of thle lower crit ical RevitobIs

Sktetchtes (a) and (bI) illuistrate tilie conicellt of lie sliper- 1ititniber for free hattittnat' shiear layers. A possible choice of
layerit as at vt'rv narrow zone in which tite volt itut v fIilticnat ion eltaractetrist ie inst ant aneoits Re Vnttlds numbller woulod he
level ali([tilte total shear (if ally) tdrop from valuies clitrac- thtat b~asetd on thiickntess antt itist aitalleotis t angenitt l
tt'rist ic of fnlly turbullent flow to plract ically zero. vtlotit v tdifferentce A across lthe superlaver. Whtein tlie(
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iisatawu isossea oeSýi prui av l A simple miathlemnatical mlodlel of the laijiitar s11 jei'lavvcr
iilsailaiioii visoussher fr~e S pr uit reaill will be taken up as a separate sect ion ill tie discussion1 Of

the plane of the front, has at nonzero average (i. v., a pre- propagat ion velocit v of tile tuirhuiitiie I roit.

ferred direction), at plausible average Reynolds number 'P,- following imiport ant iiifei't'nce call bet niade o)il Ilit basis
might be of til he iigh ly local ized chI arac ter of thle lamininr al' ipcivera

( in0) 1o app~reciab~le viscous effects ext end be~ond this thinl
I Itlayer, andI since.( oiilv v-iscou)s effect 1 al raisfillit vort i.i t .%

it follows that tht 11fl rcvltvc~it frrwhr 1/1 1/4 iI mboo,;v

wh-Iere A1 is the magnitude of .A. Of course, A1 andl e are part Of the fflow mii by contiaoi aliie v(qviv to) i/val oil *jti

doubtless negatively correlated, but inclusion of such a Ib is is ai co I IsequtI Iel(e of theI fakCt I I at tile I eaV3Iu V0olt ni~t .%i

refinement Wvould be inconsistent -with the crude. nature T)=a 0Y
of (lhe discussion. lhiis concluisioii will he 11anait ic all% t'uvpliasizvtl ill d iv

For t urbutlence fronts inl which there is lit tle or' no flltlai following" sect ion. It is ill co'ltrast with ti ll assilmlpt iv ll oif
Velocity difference across the stiperhi~ver. the above tiefiniition Town1send (ref. 10) that tile tnolit urbulent fli uit iv ing bet% ('evil
i., inapplicable and mnighit be replacetd bugsi h~ ibiint rn 's(tustriuelb r'it

gia1dieltt to Illtive at the( saille Illeali velocil v' ats thy' luid
21v -(21) in thle adjacent tiirlbulelnt bulg-es.

IRiROTATIONALITY AND) REYNOLDIS SHEAR
againl 9 1tt ingo I he impl))icattions- Of 1E correlati10n.

Inl view of tile eviteince itiat the( fIhiti atitins outsitde zi
Since, however, there still exists 110 analysis relatinig 4 ubie cfotat nta ~ ia ii ~'iinli oIal '~

it) tile p~ropertie's of the turbulence, a third definition, re- look ait thle v'ist omarv tirhiilent-flow et hiat ions (actualliv
p)liciIg ~.,R. aind includinig such p~roperties, is preferable: x blfi n tatinr Hiic tttl o thlt pailticuilar vaste

of irrotationlal tiuctniations. 'lt'V lioie i.s that !voii' dirastit'
I?=W(22) sivitplifit'ationl \ill ap~pear.

ivIn Cait esianl I ensor lit tat iiollii t'( R tvtllv iil equtjntion foi.

In fact.* this dlefinit ion is not too (lifl'ercnt, from the other two: sttatl nlealt l Ililtt itll is

Ae miust be of tile samec ordler as the neighboring turbulent I-
vorticity fluctuations. F, k - 11 (23~)

Given' anl order of magnitude of the lower critical Reynolds 6Xk p;. j6.

nlumber for free laminar shear flow plus af measuremient or The last term is the t uibuit'it alllareilt forc'e vt'vtom or

estimate of w' t2 + -17 + ill thle turbtulence near tilt front. Reynohlds vector.
aill estimate ('all be madle for 1.

The only informiation available for estinmatitng tile desired F'or irrl'tatiolial fluct uat ionls

Reynolds number is the partial analysis of Lessen (ref. 19).
at sniali-pert urbat ion analysis. Extrapolation of his. neutral .)(24

stability curve (a highly inatccurate protcess) suggesits aill teeoe
estimate 0 - IIo-

ft. ,<10 (377ii- ) =.j - - I
2x 3.r, 2 ax,

Trhe ineasurt' t urbuiient value of ý' foir at t~liclal ('ase wihsosta ieRvl sfrerdcst 1nra
(fig. 18) is about 40)0 per second, which gives w'-700 per. witl hw httt enlisfn'ittmcst llo'in

secondl. if ther' is alpproximftatelyN loc'ai isotro , v)~. With fThce Ron-ly, snequit is t caJl'tilt'a thel e giatit'nt fa t'iuiI

p 0.1 squajllre cent imtert' ('per setondtl te estimlate of supter- tit(Itio(iiltltnlt iitt'l

hiayer thlickness turnsi1 out to be

0.01.5<_e<t.05 ct'ntimeters bi- p (25)

This aippeairs to be' a r'easonab~le order' of niagnitiude siilt'e tint thlis form emiphasizt's tilt' fac' ht 011. rci't'ai'ths ovftht ill(-Iflvl

X =0.2 tent iitnet'tr ill thIiis pinrt of tilie Ilo. lilT'e Koiuii ogor i'o v'elocit v fietld, irnoiatilmal tluciu1at~ons u/;ry m) t 01 vpju it

leigtIi( ) is i'ougiiiy 0.03 evt'l t i iet er. f~lor'ces on a ,fluid ehmnipvi.
Ibis does; not net'tssarl'lY Ieali, however. tha t thlit Revnolvhs

itcncttitludling this sect ion it shioiiltd be' mlent ioned tHat, shai foi'ce onl at plane is zt'l't om' that the Re ynolds, strtess

althouigh lit systemnatic' measuremenetts of A have beten nmade, tensor -PvW-11, has toll~v leading" tliavouiai ter'ims. Also t here

i'oiugh estimahttts from oscillogm'anis iii tihe intermit tenit zont' iay still be at cont intuous "protluct ion" of fliitutiiating kinetic
of the bomiinarYv layer indicaitetd the Order' of 0.05 to 0.10 ene~rgy, thlat. is, at transfer ft'nt tile mean miot ion kinetit'

himes (7w. 'i'hiis averagt' velocity defect iudticates thet ( o
obvious fa('t that turbultent boundary bulges Originate fin a energy

region of loweu' mean velocity am I aiso represents the presetict'
of vorticity anti of locally laminar shear, Thi factz ww hitsivoiiv out by Dr. F. If. (iattsvr.

357 3SC-56--3
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Ciomiparison~ of eqjuations (23) and (25) for the( case, of Prohahi v thle highiest i t en~i t v iatndhil Irro tat jon al flucit-
mnot ion two-dfintensiotial in tile mleanl (three-dimlenlsional h iaii, 011 easily availabile Ill (lie, hihoratorv are' tihose ini l ilt
ir-rotational fluctuations) yields thle relations for thet ReYnolds I potentnial cot te'' of at io und tii tibilen t je.t. Thiese appareitn t lY
shear foree comnponenits get as,- high as W',T-5 peircent (ref. 2).

6T-r 1 0 -Eq4uationi (28) also (-all he delut-ed for thle spweial 4-ast Of
= -- -(c

2 + a 1 2) (26 ) at constanit men ii v eloci tv field %% .it I a phi -i Itiet ttt ioltS;
~~y 2~x pto'ov ed onlIv thiat tile Illeal ii vallies arie plaltit' ti iut is.

-~ bx ý-- y(U2+u-t_) (27) b -() -0.)

which may also be regardlediias a pair of tlitfretietial equtat ions THEORETICAL BEHAVIOR OF TURBULENCE FRONT
relating thie four nonzero components of thet Reynolds stress itte"ltVhitt)I'tooftieltd
tensor. L As menthionl1 ert inthe -ilt clta'aeerit iont's of t le relatide

Trwo provocative forms follow from alt ernative ('onibina- Il ehltill hictithi' pert inenl rhlnt andctrstc oii therhtlat' e II t%,

tion of quatons(26)and 27)are( (at) its mean rate of increase of wrinkle aini Jlittitlt' in lit(
y~ tdownistream tlirettioii and (b) its tiieali vt'lt(it v (if ~tprug-11

bi2- beL 1.2)b (28) t ion transversel, inito the( irrotatiotial fluid. The followling

kindt sectiotns rep~rese'nt crutle tlieoret ietil at temtstlt 1t) prit'tlt
- ~~thlese two chiaract eristics ill termis of the statistical propierties

Iy2+ ( Wi (29) Of tile ftdlvI turlbulenit flti(it Oil 011e side tif ilit' 60otiuidar-.

-7 w RINKUNG RATE

is uation(28) gives the interest ing conclusion tiltat if I -' I tirbuilent flows wihRgreat er thiati about 10, Owlitr is

at homnogeneous platte-wave equiationt withi characteristics ait to thte ttottutrhiutlo't state once it has become Itirlbtiltti11
4045 in the .ry-phane. Tli t'refoi'e. tilie piesence of 11i rho lencet in at smnall piece (if
Fotr thie particular flows stutlied in this report, tit( expei; lidcnh eadt sa ndlbetgig onwi ii

mental results show that 77 apptroaches zero faster than uY ha ri ht i cl(Ottat nat tei o o.iiee
as y (or r) is increasetd. This seemis to indicate that 7iTh- <0 I a ra htia otmnn.Wr tntfrtecn

in the potentnial fieldl. However, inisufficienit covteraget alid itos rpgt1) (ftetirtliefoniitoie lud
act'irav o '' ~* .. l it J)Osiblit ofthis front woulti always c'onsist of tile samle fil tid pairticles

11NIMUCY oftedtam preclul thle posbliyo checking anli Would obviously be susceptible to at Ilagranlgial s~t itly
this through equa tion (28). ,ince r -71 -- rt- = 0 for y hi terms1, of Tai lor's, thitorv of diffusionl by- tont mulonts nIove-
such a cheek wotuld require thiat. u` -rl throughout thle po- mitelts (i'ef. 26)), ats has b'eenl applhied to .thle wrinlh-liiig rate
tential field. (identical to turtirhtent difftisionl tate') of at vt'rv thin shIeet

Parenthetically, -i5('ous fluids with zero net shlear force ott of thermially taggedl fluidI in a ttirhtileiit flow (refs. 1 21nd1 is)
a flitd element but with nonzero shear stress are far fronm I at nfr iasa oa eoiyU
unknown niathemiatically: Atv irrotational laminar flowi of Infca .ffrntasainlvlctt - of the tagging.

at viscous fluid is suich a case (asidle from the trivial case of attribu te relattve to the fluid does not rendler ravyior's toil-
Q -onsant. Te rquiemet o a tres tnso O~k eelts Invalid; it dloes. however, require at generalizat ion of
(,i-~-onsant. Ie r~llirmelt o a tres tnso ~ the anialysis to at mixed Ettlerianl and Lagranlgianl t reatmuent,
thatit po~lue ony nomal orce is hatthought somewhat dlifferent ft'om tie relative dispersion rase

b0'tk6 6 -io) set ti) by Brier (ref. 21) andi by Batuhielor (ref. 22).
6X Z) Xi Clearly in the limiit of 1*>>N (e. g.. wrinkling of at Macli

wave propagating thirotugh low-speed ttirbuilence) it reth tces
where G is a scalar. to a simple Eulerian diffutsion problem. while it thle limit of

The principal significance of equatiomi (2.5)) in tie general 7*<r' the purely Lagrangiati analysis of Taylor appllies.
problem undler investigation is its follows: Assuming that For the present p~roblemf it appears, thiat 'neither of these
thet fltictuations onl the free-streamn side of the tutrbulence limiting conditions holds. althotigh the lat t er is (loser'.
front are actually irrotational, as both mneasuiremients arid Cotnsider the rough-wvall bouindary layer ait x 10(2 inchecs
heuristic reasoning indicate, the mean velocity there must as anl example:
be equal to that for y -~- -. This verifies thle phlysical infer-
enice (drawn in the previouis section from the concep~t of the T F (I d
localized laminar superlaver. V' 0. d1

It appears paradloxical that the mneani flow kinetic eniergy
should be unchanged in a zone where there has appearedl an where, v'71 is taken in the fuill *v tutrbtilent zonte adjacent to
appreciable kinetic energy in velocity fluctuations. How- the intermittent zone. This, formula is deduced in the
ever, the latter (can come from thle turbutlent, part of the field section ''Applications to Particular Turbulent Flows."
through nonviscous effects, leaving mean flow kinetic energy Sitnce, the basic p~rob~lem (diffusion of a front propagating
in the potential zone unchanged. This would he consistent through a liomiogeneotis turbulence) has yet to be analyzed,
with the inference that 7v=O. thle p~resent p~henomenlon will be estimate([ as, thiotugh
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12*<<t'. Subsequent approxuimat ions are colisistenlt 'lv rough. A particular example of the degree of valid itY of this,
Another peculiar property, of the present problem is that restrictioni Can be drawn front the case of decay Ning, .isot rolpi

the( Surface xwhost. turbulent diffusion is of interest has turbutlence, where I agranlgianl scales have actnaIlk been
turbulent flow onl only one( side; the thermnallY taggedl sur- mneasuredl (ref. 18). At 4:3 niesh length., behind a -itil
face ulsed inl conlvenlt ional diffusionl studies has the Samle square illesli grid of y4-inch dowel, with Iý 2-5.S feel per
kind of turbulence onl both sides. However, thle theory of second, it is found that c,'J '--2.0 percent, Al. 17 inches, aind
dliffulsion by continuous movements is simiply a kinematic d'drcrepnst hneo bu nf vra
analysiis based Onl thle presuflliabl)y given velocity Statistics IL

of the fluid particles in thle surface. If these are correctly x- interval (e(ual9 to Al.- ffwe%-er, tL/A is, omd- on tille
gfiven, no further information or- restriction is necessary, ode f .3
Therefore, since the purpose of this section is to predlict tlit' nms herfos terici

Ill ios shar lows tie rj, hanges will b~e slower.I t hall
form. of o~)z~(-' 2 in terms of the properties of the for this decaying isotropic turbulence while thle LL change1"S
full%- turbulent zone, the( only additional assumption tieces- inat be slightly faster. Ini genieral, it can be antirijpat('l thlat
sarv is, that the velocity fluctuations of the fluid particles in in the application of equation (34) to boundar ' la-Yer, 'et,
thle front are pro~port ional to those in tile fully turbulent fluid amid wake the requirement of slow .r-variat ions inl t urbulenice
near thle front. prop~erties will be satisfied at least as well as the( JprevionslY-

The analysis of one-(liniensional (diffusion by continuous mentioned restrictions for this I 'a-rangianl treatment. These
movemients for a hiomogeneous fieldl with no mean muot ion applications and( complarison of computed1 values of oh') withi
leads to experunental results will be p~resented further along, liiiierr L ) 1 31 tile appropriate sectioni headings._I_ -0 ) L() I :1

tit - .10,PROPAGATION VELOCITY BY DIMENSION AL REASONING~

where a is the standard deviation of thle distance t raveled du Thel( average velocity of propagat ion of tlie( laminiar silijer-
to turbulent convect ion and IA is thle Lagrangian correlation hI
ecoefficient. For times long compared with that for xihid1  yr(rtruec rn)rlaiet h oa li lms

0,ý, the familiar asymptotic form results:beintniwihteargenant ihofhensa-

iT(t) = r' -% 2 Lt (32) tanleouls (lamninar.) shear st ress in the superlaver ( proport ionnml

Where L, - ( EIt is thle Lagrangian. (time) scale. to H~i owever, the( ratio is, not at direct ly Ineismirihlc-b
(faantiltv and must be replaced by something inure tractable.

If a relatively high uniformn iean v-elocit v in the i-directioll Ashsbe etin2li i etin"juia llilavt

is introduicedl (l>>r'). equations (31 ) anl (32, canii be initer- whenl there is no mleanl shear stress Ai~e muist be of lie sauie

preted alpproximately in spatial ternis since ,r=ý for anly or-der as' the Vort icity fluctunat ions inl the( turbiulent fluid necar
plarticle (refs. 1. 18, anil 2:3). Thien tile front. Therefore V * shiouldl be mlonotonlic in W'. Sinle

"I this is a viscous lplieionllenlon, it must also depend upon Vn.
a, (J) 9- LAx () Ini fact, the inference that w~l* ') call be made onl at

mutch Iliore direct mind suplerficial level. SMince thle laini mar

where AL ( Lt Is anl app~roximuat e longitudinal Lagranigian, sulperlay er is at device for the( viscous, Jropiagiit [ilu of N-orticity
length Scale. fluctutat ions into anl irrot at ional fluid (in the( c-ase- of zero

It has beeii pointed out in previous p~ubllicationis (refs. 18 mean shear), the propagation velocity mtust dlependl at least,
aiit 24) that the most conicise representation iii such at flow onl w' andl on P. Furthermore, these alone are sufficient to
follows from introduction of a transversal Lagrangian length produce a parameter with the (dimensionis of velocity.
scale L,=iý'L,. Then The only combination giving the appropriate dimensions

a~f) /2 ()L~tgives, by inspection,

wVhichl gives the dlispersioin (identical to Surface wrinkle for zero mean shea~r stress.' Of course, 7* is directed per-
a'nplitude) at large dlistances fromt a fixed source of tagn, pentlicular to the local tangent plane of the turbulence front.

tagging, The effects of nonplanarity of the whole front will be notedl
when r(t) following a fluid particle is at stationary random later in this section.
variable and U, is constant,.qain(5 ol eepetdt plfreape

For the hypothetical case of tile turbulence front bounding qain(5 ol ~ xpcelt plfreapeinthe case of thle boundary between a homogeneous tur-
a itirbulent. motion homogeneous in the Stream direction, this bulence and a nontturbulen t 'fluid, with T' constant over the
asymptotic form would pertain; the "'source'' lies indefitnitely entire flow field.
far upstream. However, in virtually all turbulent flows of At the free boundary of a turbulent shear flow it is to be
interest, the statistical properties of the(, motion vary w~ith x. epce htteserfrevco ftelmnrspr
Conseqtuently, application of equation (34) to these cases layer will have a mean value which will also promnote 1ý*.
implies the further restriction that these x-variations be slow,
that is, that there be little change in anl .- interval comparable 'eft should also he noted that the assumption that R.,(where R.=ý2;'I) hasa "universar'

averge value corresponding to at lower critical Reynolds number coincides with the plausibhi
with AL. dimmensional hypothesis thai ;a V'il
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If the whole front were niearly flat, (his meanl Value would IPotentiol
be a funcetionl of y inl thlt suiperlaVer and also proportional to
the mean shear in tile tuirbulen~t fluid just intsidle thle tur-/
bulence front,' varying from eqluality onl the turbulent edge < J,

to zero onl the free-streami side. Sketch kb) includes this/ u~n

concept inl a Coordlinate system aittaiched to tile lamlinar.
superlayer. Sketch ic).

Inl this nmore general case, thle physical pictutre suggests nsngiiat sa niainta ierdlo
that 17* dlependls upon the avera~ge magnitude of thev total Thsngibltysanntctiotattlerdif r -
shear ill thle suiperlayer: 17*= 7-"), where S(t) =S+8(f) is thur of the front are.( large compared wit I ilte wav ltrigi Is.

liesher orc vcto o a nitara ot ~ -This nlieals, that 1* is dIirect ed v-erY nearly perpend ittl arI
of tilie suiperlaver. WVitht Cartesian coord int)tte system *. X 1 tilie )"(.r surin -v. 'or tw-dimiien sional Ilows Ii wi% i

and :1 fixed ili and alined withI thle t urbuleince front (y, p~er- bounldary-N'laye. ilppro.Xintat uiolf Jp)leS, tIiliS inl ili'lt is mr
lpenditlielar to front), tlie( fluct uat ion ': has only i'- and plarallel to thne ri'-plane, that is, 1V/'dx<<1. Thterefore, withIini
:,-comp~onents. Then, with ty ross mean sihear dlirectedi along a corres~pondin~g Itp)proxi ilia t ion, tilie surfacve art'a of dwli
X1 S

2
=S'%1<±. .. turbulence front onl a two-dimensional flow is equal to) it,

D~imetnsional reasoning gives project ion oit tile .r:-pilane. and thle average rate of conquiqest

1,4of new fluid bY the turbulent state is 17*, in uinits- of viluliite
7;C +. 2\ (36) per unit tine pei' unit area of contact. A similar 'oncept

p*' / S/ holds for tile axially svmmie trie flows.

If the random slope of thle turbulence front in tilte x-, It ois obif l thtihublntser91j (Jl ieiflil-t.X

antd :-coordinates is small onl tilie average. th i'- y] hn i]'ýi ,t o-(r) andl lYr, are( proportionial to d ie lltlaittrl v-
: 1-svstefli ~ ~ ~ Z -'l berpaet y.. ,ai , ii ei iolo- l r thickness &X (which, of course. Ilutist bet plopuort itnal

tional to thle mean shear stress in the itirbulence. Furthier- to anY- other characteristic thickness (letinlet ini terms of the
more, wvith local isotropy in the tunrbulence, ,;, k s hi mliiil velocity piv. fle . Stated inl differen t hilt reltehi d
the simpler (case, these are proport ionial to (W')2 . Th'len ternis, the aveirage rate of flow (of tutrbulent fluidt passing

equalltioni (36) (can be writ ten through any constant f-plane must be propot'tionfil to the
rat t of flow of boundary-layer fluid passing thrioutghi the plante.

7.(37) MODEL OF LAMINAR SUPERLAYER

Diniensional reasoning as employed in the( preceding" see(-
where B? is a numerical constant, probably of order' unity. tion, and in earlier ones. gives at biest the functional formis
This reduces to eqtuation (35) for a shear-free turbunlence. oftelin-spmayrcrceitcsnttnsfth
For each partictular type of turbulent shear flow, S., (-att Ie statistical pr'operties of the turbulence with which it is
taken propoirtioinal to sonic chiaracteristic mean shieiar stress, associated. Ful1l- quantitative results follow only thtroungh
No applicatioti of equationi (36) or (37) is niade later iii deductive anal~ysis, that is. actual solution of an appropriate
this report. boundar *y-valuie problemn. Since the actual problem appear's

Handlitng of tile ptropagation prolblenm in terms of a p~lanie to be too (complex for full solution at present, a simple
tu'rbulence ftront implies thlit Te is much smiiller than the iiisenalea clmodel will be used with tite expect at ion
radii of culrvature of thle front. The degree of validit.Nv of tatherslafr itlrttioinetsofptiiet
this assumnption is not easy to chieek (directly from thle sta- variables in the actual problem. wiill give a proper otdier-of-
tist ies of tilie turbu~tletnt flutiidh it r'equires fairly dletailedl infon'- niagnitude rela tion among these variables.
mat ion oii rl ) However, the uneasitrenients oit staitist i Thie mod)(el prlop~osedl is a generaliza tion of thit Stokes and

caldisribtio ofpuse eng It tomugou oft le ttiger Rayleighl probleni of tite infinlite wa;ll 11novilig ini its own
circuit t(fig. 29). transformed by I Uý front timev to ]euigthi, l'iue (I'f2).Teistetesonsth ldtinfa
give ilndire(ct indication thlit tlie( aISS11unpt ion is well sat istied. otsiitsiton eoi l'<O wthofcre, al

Conversely. since 1 ' is ntormal propagait ion velocitv of co't.tltscion' velocity ' v I'rcspontls tof poursega wallye
p~orosity.ThveoiyVcrepnstprpgin e

tlie frotnt (especially in tithe case withI zero micii sh ear), loci t of tile tunrb)ulence frontit. The diffreren tial equation. ls
propagation withi constanit 7*' over the( whole front would
tendt to introducee a skewness into the probability density of aret2[t

V.as iii sketch (c). This is the effect mentioned by Knrlovitz W+ -)2(3a
(ref. 26) in accounting for the skew nature of tite flame front Z 3n
as observed in a tutrbulent biuiseii flame. ~i I 2l

Thle highly symmetrical shape of Zn/by (indicated by + +11 ýV-- (38b)
linearity in fig. 32) shows that this effect, if present, is.1
negligible in the phenomenon considered here. Sinc'e the I' and 11' equations are independent they can be

3 In fact. F. ff. Ciaus~er proposes a propagation velocity, for the turbulent boundary layer, treated separately. In the absence of mean shear they n'e,
depending only on the mean shear stress In the turbulence: T 4jp ref. 25). identical, and only one need be considlered.
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Since equatntions (:38) are ii near. the. vox't iiit Y compjonents I withI at Si jiil al. xl-css r'5ion fori C. Ieli'r iii( e I lgattiv roo0 it hi s
7 _( ''oy anld -'=o, la~/y obeY the same equlations1 as tie benl chtosen So thalt equtat ion (45) redlive, to St Ioke,' sol ii
velocit ies: aZti'mn for l>-K= CD

6z+T a2 (: 1m) Fonti equ tationts (44ý and (45) it is ilesirnlle to extrzidv an
at ay(:39a) expiessioni for tihe thic.kniess of tile distIIorhedt Ila * ve. ki(.oil_

()ET;a:: 2'leiiclt fllcilsiil'i (f thiickuness is siiiplY the Ilivels oif fill.'

(;3Y, t'~ficHiieiit of -/ill titi' expotiii'itialls tf bohii siiit ionls.

lThese' e'qutiiions Ill'e to be snlved 'withi bouindairy coindititios 1 46)

Zf EY, 0(40a) 147

Z (t, 0) = Z,,j + sini at (401)) 1 I p

Z (t. 0) = t si I I t (40c,
App~licaltioni of equatlions (46) and1 f47) ito thei laiminai'-

Sýince has' otilv at fluctunating partlantid sinice hnteart'a tp''l\''p'lltlrqiie l l iIi't t i ' .lli
permits separation of thet ste'ady and fItlutuat ing parts of Z, ~i ivltilheVlill' t h tlliitfui illh

the piobleain becomes su~pe nIl 'vre
___~( () -VUý V, the propagat ion vi'ltiiit v.

=v Z (41) (2) a-ýý', the rt i)t-naval l-sq iiare vailiue (if alli oni (of (h
111 l1W t I ive o rthIogoniall turbln i)iii Ivort iiit 'v fliic tunti ion ioiipo-

-wit Ii 7 Z ( ) 111and (0) =z,., 11111 ieltls. Ill other wvordts, loot-tnv'ili-squllaie voritit'it ,v nIlm vb
regarde it~I s a1 chlat ritt ei'ist ic frequ lcyn vof it rh leici'm . For

3;_ + T (42) latrg-e %ait'II s o f fl.., 1) ' v Io i'aI iso t I-o 1)

with 11 (t, (0 antI ý(t.0) ~,sill at. Thiere is ililt identical1 (I (o) ) ).(-- i'lreI6'.1iei'
ItoLundil' 1-valu te pirobleml for ý(1y.y with local( isotro t(), v, K ' \5 is 11 Invi'isli l of tw hi' lti'Of

iTo get closer equlivalence to tilet filly three dimensional flii-11Strtcug
problem a pulrely mathematical extension call be mlaide, t'or- btilte itefaios4 ail47 h'i'gvi
responi (il roughbly to the( phYsical phienoinietion of cold Ui-

lions" vort icit v filiitt i tt ion lprodutlii' on (by flulid-linle stretch- E -(485)

ingr) ait a rate p~rop~ortionlal to thaitt alireldli Present. T[hiis.
is mlost simJipV (hne by adding" a linleari I eriia to thle ý equalII-

at oy o!r (49)

wb*ere K Is l ike at constant avt'racge vot'leN- l iei st retcthiingr A sinmpler', Iiln itir pprox ifint an forim for fý is at I aillel a fti'i
rate. in~spectionl or tite 'xptrilielit all crdvi'rs of lianit ltilde of 7*

No t'tr'i''51ontling, I el' is addedt: to equiat ion (411) hecaituse Mid ý' . 1'oi' ea )It'. 11 t lit' in tierI siV IcOf tOetW eit~i itteint
lt'e plant' forim of tlie lieanl-vort icity equatil.ion foir till'1)ii lent Zone, iii thle i'o ll i-waill hounliti rv invi'r at j-1012 inch'eits.

flow (eq. (9)) shows no term idtntimfiable its piroducittion of T* I .3 Inchies lpei'secont and ~'400 per' stecoinid. Tlit'rifore.
umeani vorticity (ldit'- to random tuirbuilteit stre'tc'hiing of it turns out t hiat eq~uat ion (49) call bet simplified hv liheral
Vortlex Jilies. vili ploy lilt'li t of vltoppei -off h iliioin ail cx pit sioi is. TheIi.

'['lie -solution of equation (41) is itoighest (and simplest ( resullt itig est itiltiIt' is

2727, ('Xi ('y (P<o) (4)(50)

hit' t~lliioii f t'tiiat (U) (:3) ~Sinie t it'le in iiia r so pt'ilii ex' canl he atsstinu ed to t'xist evenThe~~i isuto oftequatini(43)ti
inl tilt abseilce of a mt'aln vortic'itY fie'lt, iti esnbeto

FT; 1  rIIV2 Ta assumev that tht' fluteu atinag parlt of that supei'layt'r nmotdtl is
e'= p +N L ';1V ~ v' j±a) thle more pertinient one'. Then one4 may take E., to he e, griving

R 2 .T thle thieoireticadl i't'edic'tioni

at- - (5011)

(T; 2 K} 1/2y] (T<0; a. K>0) (4) s atn ortder of nmagnitutite. This is t'onsistt'nt withti(ealr
2vp olijeettilr' Ont thel ('onst~alit'v antI orderi of a possible Ri' nohis
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itiumiber I. R=ei V. It dlot's 1101 appear to be suscteptible to Wijth this rt'[lIeselital dli. tiii' 14)(211 sigiiai t'xpe~svdt III

direct exper1imlental Verifica tion, but, as ilient joned earlier, Is t('i'i15 of the otheri q uaiilit iv's is

of the same' ordt'r as tlie Kohuiogoroff (mniiiniumi) lenIgthl

t it(' fll all -Stjli'iir IC viilit' call) bet w Ii tl l it ,

whlichi followvs front equat ion (50a) tiill( tilt relatio 1111et wet'n 1 - - -
x al11( X. I a--Va~,72- 2Abal-b'oti)1ir-2AybfTi I 4 I ( L1

No 'st iniat e of T* follows fromi equlatio 1(50(t) anti, inisofair Th'ie object ivC is to express 57 it,~ it fuict'tion of 57 aind tf her
its at strictly' fluctuhating lamjinar suelyrIs COllCer1iledl thle n'ecessai' paranit't er's. ( bviuY j tis i isipsileVho
dlimensionlally indiceýd equlat ion (35) etniains as sole' prt'dic- ilntriodutc ing sofllt' fdivi, rtl estrI ictios, vseit l k-tls )it' dic it
tjonl of propagationi vd'ocitv%. stilt iSt it-al 1.elalt ' 1(14 bet wteeli (I T(f) I'lli(' bi l'(rent

Ilowt'ver, e'quatio01 (48) for the iean thickness giv-es ilssilflilt

Vr ~~(2 (a1) To-1.=I) (wlleilte brtl 7 . -0, silce `

(b) b(1a i 
1

T "hbT I2T2

If dhere is a single la~yei, I~ should be- the same for both fille-
ttating and average Vort icity. If fi happenedl to be of the A suficifhent but not) ilte'tsail'V cthu1 it iou for I lese Iist

samie order as E~, equations, (531) antI (52) wouil] give I *- that b(f) 1111(1 (ITt) 1)(h' statist itally indpltldetilllit.

06,W0, but there seenfis to hle inustfficieint at priori basis to With I rstri'tio'nbs (56), equtjition (55) iet'dlits to
make this guess a formal part of the analysis.

a 17a -Y 1 - A2 7i I

INFERENCE OF TURBULENCE PROPERTIES FROM INTERMITTENT SIGNAL

'lowns~ent ( refs. 1t0 and 28) IlaS suggvest et that it i111v bet andi ~l' te 1b ii h'ni't' plopelit Y 57. tan bie 1011 )litei fitom Ibe
i correisp~ondiiil totall-sigilal11i'property pllts illt'u1-iliin'!iielit

possiblt' to compute the statistical propert its of the tmiihti- 1 - an tI .
lence insideC the tolnvetx bulges of tit(e Iturbtulenc't fronlt fr'onI at For' somle phyls'ical vaiable4111s 0) it will tlir ou Itil iiiul
knowledge of thet i'ori't'poutling statist ic'al properties of the 1 i 11( lti '~itin(7 tiitisI)tlll ~
full initermlit tent sigrnal plus the intt'rmi t tennv factor 'Y. Ill Is

For '(Si1thei qaitit 7 tiflglllol h'aveoi vam ilah intI lietatioiiilt'Iit

Smpdwi iis Iht ill efr for
11 414 o g tolls bt' tont t ou s It'at 't'it( )tvscl v t'tt ilit it

t'whre a t) I is it rantdomii pr10peit .v tof theii flow andi aT is (t lit sail ie to leatd to illearllingfti restillts. thie follow illg res't I'itt lol iareIt

propertY hut t'onfinet to tilt turbiiltent [parts- of the( totatil sig,- ll1Ct't'tI'SrV:

ii ii. For t'xanh pit' Towns'i id I'i'ft'is to atý 'd ' I .ii (1 ~t Iiixi l ali ~t l it11 t 'lili ))1 l

filow.ltflw

lip[101 verY tI tfi nitet rest rut'Iiotis. I'll discuI ssioni p)lrpltom's. fltow musI b 105 1 ct'tl-l-vitt'r'a ti w ith thie Ioctio Itl o 01 f tlit' fiot.ll

mtiltent (0 or' I signlal. Obviouslyv, b =b =', tlit'- intt'lllut ttilbillt'nt andt Jotht-i'tiill flows for- lit'e sal~hlo' allett of I/

tt'ncY fattor. Also 177(t) isa it Ypotli't ital signall whotse lplis- I Thelu first ctndititon ililllt'lilvttiVtlitel l~iminiti' veloctYt'il v m-
ital niaturt' is the same as Of11 bill ap[plies It) turi'dlltnt fltuitd toat ions. fromn thissoi't of lreiit tllt'llt. Th'lis renders'l' uillttrtulili

distac t 'twet'n tilel Zero ln'o 1111(1 Of170 hitl' signal l'e'tl 1satisfv it. ats nillyt tt'lil''ltlilrt'r oil c'tnceiItlilrt iou fhio't 1111tIolls

SketIchi (d ) illulstrlates5lii th dtefinIit ions. Implici'it [it this fiol- ' T'e setondi I I'ti l'lht'I1t is p It)) iii)I lIt) silt isliv t'i all0tY

11111at itli antd sk(t't 'l is tw li'restriit Iion thiat a1 (OIII O) is aplillsi- varilablt's ill flows witlh trI'l ilspolt1t, int'ludinlg. tof cou)11rst'. tit

fact that, evel'Vl ill spat ial zon t's with 11Y I ever' 'Vwl trt'. Iit'er

I ~~~~arei gratdie'n ts ill aill of tilt' qua1nt1 it it's, wh'ich hIIav'e beii'l ili'll5-

Zero line of or -- - - - -- --- M _ 1t'(d. ('ollst'et l jl'ltlv, thet et' ire' t'ýollt't'[t of 72 lls it funt t itnl

Zero tine of whole A4 of floltiol il in siva51111 flowi must hi' st'viflltiilitita i ti~it best'5

stnlaIt set'ms tiillikt'iV that til t'h irdi requiiremenit is sat isfiedt hb'
all tof thei ph ,ysical varialellts, buit for mo~st of t ivle it Illayl he
tlost' t'ltlogh that t'tlilltiton (.57) would bt' upproximavii tel

Sketch (d). tirt'.
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F'iiia~ll *th Ile overrenice of at meill vallue bet wt'cii potl ilt ial The first stcp is~ the t( itl expi'riuni'iutal proictý, ofi v\-
andI tiffhiilent finl l tid ISt also (1pernld tlt)0i tile( part iculat atitilili tg ii ew aspect of t he di'egii of, ýiiltilat-\I' tn flie l'
phlisivaI variable Iliinh'r conisidleration)1. It ciiitainlY does ill thlt det ailed 51 trtict ns of I lie vatiiius t tifbiuliat slucir

o(1 nr for lon gitudin iial vi'hic it *v at t le11 boundary of at turbuItletnt flows.

slititi flow. It i'ertaitld .(N101's hut o(1111 for Z-'OlliiJolivilit Till.scon iil lts itis it, purtpoise tllc tiflj)Iillathti, veiti'imtt (I

veltl(it ' X inl iti sliir flow whi(lic is t wo-dimetcnsionaitl ill theu of tihe rather c'rudie If , pothisCS ~izldiiig to prctfiIt mit of11t
nitari with gradienits aill inl thle x- anid si-dirtectjotis. For ttirlbil('nci' front liclavior., biot i,;, iti cijiztt tills '114li ai., ý

iiiliallY l)1Vi1'aI variables its occ urreri cc or absence is inot a and (3-5.
p riorii obv io us. Ill all (,ease. it call be hantiledIcI by resort ilig ROUGH-WALL BiOU'NDARY LAVhER

to lttatiri . 57~is eltvcdto Fit ting the experiniuertad resutlts onl btlioitidr-hi, 11\i. t luik-
For 'ompillex cases, whien eveni equatiot loll sblivd t

be in ad equta te. possiblyl becaiuse t he, variable is niot Zeros ill' at sitmple )O wer-I aw relaut ion ("1 i iippind'iN 1.i it 11-1

the potentiall Zone, it is still possible to olbtairi statistical ot ht elctn iioisnunirifii
Information oft the( signal st ructutre withlini the t urbiileiit b~b* .c~- xj t

hir Ntts I) ,v laborijouts comnpuiitat ional p roceil t i for thle s(iliilo- itti11ri aldlY.
gra'lphic I race. . *-, i

A kmlore detailed quest ion n1r1av be raised tit thiiis point ats tot.
tih' in fluen'ce of ilitei tnit ten cy l pori th It ctaast red power UI. tI

spe('truni of velocit ,v fltictutationi Again tihe anlswer IS 0=0.026j ij, iiiJ
ceti'iitt to he simplle if the fotur conditions listed above are
sat isfied. Ini that case, with p~robe' signal a(h)=aT(fhb(f) , tin( The fit t ilig of a1 power law tIo at sct of piiitlt No witIhl lnit i rigi
anltocor-rel at ion funic tions of thle t il rec variables are related bv ill volvi'S I wo st eps (1I) A tll i'igil Ill i ust be a'1 ul sil ta lI r ill I ar ilI

error to give' tiii' clo)sest app)roimNtlat ion to liticatit )It

~t'~() =Ii%.(T)~(T)(58) lngtiritlitiic graphl papeir, tandl (2) thle -bvst- strutiglir1 11111
Ilittst be drtawn tltrogltol the restilt itig plot. Tl'IIS Iito'1iltt.

where' T is t an e in t t'val . Thei po)w et sp'c tral. tare sirn p1y thle wvas talso tip 11i'd to~ thn' fitllinrg of p we i-I w :111111 Nt 0a ioll,
Foturier cosine transforms of the correlaitionis atnd, sirnce tin'( to till' expeiinilii'itll tilita o ~' itil ()f(7., adYx j. Figitti 21
trantsformn of at prodIutit is equtalIII to ilie con voluittion inltelgraiI lttttt' t! iiet i iiapwrlwftti~ ~sies
of till' individutad transfornis, titi' three power spectrta are, fil.sTrIt'ltv ti'r' qttirit ito whicst~eh tu ivt t itifil, itic

reli'i ii by fu ait. il.'utvi LiS 11iis r 141 :icib il

Fj(n)= J , ~(i,i) Fh(, - n )dii (59) o t0.0220-x,,. y'' 7 
11 1 t. 6

w~r Fa t) canl be rnieasttret (I ifiec t I v f rom thel( out pit Iof tI if' t.(1.,)''I.a2
lint-wire atlernioroeter; Flo I =Fl a., the Slpectrtti)l of titi'

Schmlitt trigg~er ou11ltput ili the Thtettii "el'-ilt5 ig il'best'' c 01 ommon origi is .r,--20 inichies.
circtuit (see figr. 28, aill( FK (it) is, the spect r111i1 oif at ltvpo-

thiit ical lionlogenvotts t urbiuletice vairiable whic'h shloutld givi'e inrisi i 'ltliii ti ii~i t'tt~ it

flei mit tin'e of tlte, fluctuttationis wtithin th l' tilges olf till', sho ws thati withitir thIe pii'iisioit iif t It:ýexpe iN rimetat'ttl risitlti
wtrinkled fiont. : ti th tilrtnletici' ftiint liothI priigr'sses lztterall ,X aind iltcti';tsl'

Elitat ion (59t is at Frei'liolin inte'grail equttition of tlin first ilt itill pdit tle rlt thi' salti' rrit c ast, Iti' Initati bouinttttzi\--I:[ivvc

kind. t'etnlilvsolvi' ill princi'ple' by Fottrii'r illi'gtd e ti't Il ilbos- flow grows. The tltliert tutu li tablori' tiniiatv Id is a1 crtldi

"Ni) tit ti'rnpt lilt., beenl riitnle to) tiIpl) this ni'tIit Ib hit of ('ctmtsi' Verificatioin if 'quattrtion (:;4 requiires kniiow'led' iof bot il
tli' ixpeitii'rttt l''stltstill~ittrtOOtlti'it't~it ti ro'ri Strl I , tlnil iq, (1 ll(' ttttt'll 'istvi.Il la-ratgian scale) as fillitthiolts

sItildv (.tti he nitiile ill Itliti slititl-Iltw i'svi'atchi. p~)Stots itiosarss hil' boutndary laver tlt fiiit difli'rvi't x-
istatiotntrs (fig. 17), it is assumed foii thte stike of titls icalitulatio n

APPLIC'ATIONS TO PARTIC'ULAR TURBULENT FLOWS rI [ilt r'0c I ", ats dimiiensinattl retasonirng andi Lati1fir's pipe
measutreteneits (reýf. 1 5) jilso i td icait(e. 'I'iii I ', isoht iii'

A 11)1ictit loli of till' fori'go ing gt'tiirtil conceti'')ts atid tii'oit from fti hei tlt rni'stsl rl'iel(' its of O0,r : I " mr ", foi. li' r ge t~

lartit' i il an tti 'b i li'nt flows invxolvyes tw eiIixpl~ic it aseti)'( s: 1 ort ttin iat ely, theire exist tno nti'tisuvill'tetnts iof Im-at g itiig i
siali' inl tiirb ti li'ii sli iar flows. 11 owi'vi'r, Ili'Ie ttlo of I _i-

(a1 C'otnparisorn of di r'c thy In liitl l'i' I 0(.f) arni I7I.r with ghLllsbelIlnue sI
ilenil-dvatesofcarcel-stc harlvv-thckesefo I i'l'algi an to) E tIleritn sicale'I, LL ht eni 'itn' i
in 'l S Ire I~il ii' (f iitie lI'it ' ini' i-Ivir' iiiik i 'ses f funtti'ion of r' Lv fori isotrtopjici tur b iilenv (ii' rf. I 8. Tbhisi'
i'Narl ph, Or) ~ ~ ii li' h) in I ivlav t' Iiighi i si'atteri'i in iast renwen s sh iowt L, I. to be a sit w Iv

(bI) Comuparison o~f 0(r) andit I (I), its 'ompted~itit front Ilereasing funt~iiion of r" iv. Ill orderi to t'st iiftitv ,I' '
Iivtastirled utr'btilt'rii'r ilata., with riirt'itlY rnt'astri'i Values of fior stubstitutiotn inito) v('at ion (34) it is tssilltiii'i 111 thtIhis
a(r.) lit([ 70.)~. variation holds11 rtmighlY for- sht'ar flo-tv. Frl'inrer. thi're is

-A .. .. .. - -
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"g0od evidenctte I hatt for at given slivar' llow% thle EAideIiana 'watll, 'ttit'a' eajltlt loll 1 60~a ),1 4I-' 1 lIt( HTaI 1 I ad atil -- 1

is propor~at ion al to~ II e cihIaracterilstitc wilt I i of the si ieaa Zaone I
that is, ill thias citle, I. 6 atill( tie, c'onst ant of lroprtl)0it ti- j(~ t

alit v is taken fromn the( ;nitoothi-wall bouiadarvY lat'ver of /

Schuhaaauera aia Kiehataoti (aif. 4) lit at stall ola where dI'di'x 0. tkhitiattt ov-waiii.iittllt Ir i!
Thirca dat a give L It0. 1 76.it I (1jak1 1IlI I11 o 1 1 aI)I L)XIIIIatIt)II 11

W~ith titis estifllalte of /.6, r'I. v ill the pa'esa'rt hoaailanlatv lit' ba'~eatwav 0.70 (if tHc I -T77 h alo dollititt, ilta -qt at a,

lavr g es rom abo t 00 o 50 il fitprncialltes nra: andi 0.62 (if tiat' b*-tcrat doiaaa ilv-t'~ . ill fatat, if t~( prImaa I'-

20 jtainc as-_ x'< 1 10 inchles. Bill over this ralnge of r'L. a', toltl oltli fcpail ,d il1114 rm II

ti gal te :,4 a(af referena'lce ISx jt indiat es ( by ext rapol) atijont) litd dalt a' 12lnh-
"aI a1al ,Li L~.I. ThIeraefore, fora pta rposes of tile p lescl It 1 )I

arougha tSt initat . it is atsstirmed tihat L,. o L cc 6. Wit II
6 '2 " (eql. (60) ) Midta /' (X I ýTCCX' 1f

2 , the res titltw If tlais is usaed with eqlwfaolt tt 167 attitl WS to~ ta ot h
t heoeaat ica'l pl''lirt'iota fell. ý3)1 is

YIX) ý 0.ia i1 NO*xj

t ilt' a1relgat taatt with tilt' tiitt'tt v aala'aa-alaatal rva' 11 4- olitl
which iaaag aevs wit il tilea i tee tiv ailt"Ileas ra exponeant t ) q. (61it) (2 s oa

pealt t ps h' It e titan t ii a alva'ii ra' v atf a' ii lea'tat a'sl a[tale etat oa It sipareanhe Iaitaa-tk'al itttIaIYt ilI liltl
1  

.t alIt Ialit I alagl I It
Illet la Iia all al)pprox imtat atiota. qitalt' aneasatteataa'aats aaf 'YxJ..I/ alrt st iilaln t alvniillabla atli Ill

'ea'ifiaaatt itn (if e(Itaaatitat (3:5) arequiraeas ianformaaatriona onaly oail I attti-al llIti't tlatilv ltVt llitlaa aiia
altY at ta5)at c r~o ldit)g y-posi t io)S inl thle 1) bolittdalry lita a. i*afe)lt ilt 4 oa 8 fti')lao,\ froama appra i iwaa t cla

Siaaa'tit s ifis atiaa isnforatmaittionvtiltii'. (atis lg''enara la' a''t til'a'Iv'aittaat ll ta. ltai lowv l

tassmialas hat' Isotraopic' trtlattion Where~it''t r'1)f h ats bia'a'a fa''a'a :114 6()aaaltle la('ha' 'lX),Jaatl I i lt-ilta~lal-ta

aaaa'alsaaa'a'al~~~~11" artalt ill fill aait itaara'llyasi ta'ta'ikaa
ilivitatalti a nd W )s ctlt a ll be inere bv ) atat tsa illg well-known'ttat ita'attaa ttatalifa' i 1 talga ta

istoi esiiae ,p adasii, Qý.7 at. TWt)-DIMENSIIN AL. WAKiF
L ~ L TIitt' tala'lsil tt'lla'aa I tSaf Tom n cmatIal ) rf. 1 (1, ill t Ilaa' palala I i it1\

latfoat'. lsiaag t i x vilt'a' iaaa iaat'a idt vtitta' tf 6() r (('(I. (60~tal)) fattr b h]iltiiil at aijaiutilata road pro\a idtla alalt itat' acaa'v 1iaa 1 It Il

F0t' C0111ttpa216is 111 witit a' WIaerinla'tat tliai is, IWtXt t t'alslialta'a xt'ti-ifita pria'lia'titall.t iaaat fail- haa'iaiaaa l ti , talstalacla al t alalallriat

intoa 7(.'. ~i ta'a is proapagaltion velioc'it v tiat iva' tat till.t, watke spret'ad. als iaat' laiia'ativ 6h x " a'taal tiaatt Iliaa
I cers I )c f'

2 Il'a'f. ve tt.i v li lt't titiv. 111111.(ý I iaitic

wia~~~~~~~~~~~~~ (L' sitti I aa o'aa ''lotahvht tithaaata f*'att I F ", )aiiaa titt X ak'iaaaaia faa~ a talt'. w ia ' tiaa' fltli
'Fiat'~ ~ ~ ~ ~ ~~~~~~~~~~~Nak isartI stt'Ia't iat viai r ht -iaaa oa al'a' Iltt wonantk is viataiold aa'alaila'tl. m tia lt'ttt'taa hat d tati-q

Ea~ttttion 65) is ai~ia'aaiaaalta haa'aast') aW lits tlt' iows iat l))tlt itttl lItal\ t lltiplla 11ttt 1 faoaa it fli ta s t -ai boalt l tat-

whc Saa h oulda hoai ld fillt .I tl\ rel)la i .la /ubllfc frlt Fai bc id tc\~ -rdiil bIci,\~v il

Fata'e terila T istfliataa' iatvt'a'. lit is wai-l attawat tin tatydrcin 1 (. o v i 1 e c e .di ilc-ic v

(/6* (6) Satat Midaa' at aalmv t wail vlaaaiat vt tat' o.4111 fullt clavaiaamaa
(hIlatol (65aat)' it latasiatt tittls (it)'a itlsihl tatl aflowsaaiat aflittial

it\. ~ 'I law fIll' 6. 1. aimtad . l'ia lbY ' iatl aXlaaaa' t

frn istral~a it' ga'otv tla ant f(b' tii Y ti$ ital atlo 'a'l I- callt
iathe turblet'fid t ins siomewt aat less 1) 1 tha o il, nol

dr ( + d ~ ~ Sil v p IPlere ioraai to Il itt' 'haaat'l a is l i i ma' full 'ao'tv (aaaa'al-d

Noo-hich ~ ~ ~ ~ ~ ~ ~ ~ ~ t'~ti is vaiYsonfo h eiltolo *L eu t is itft''thatt' wit)tha' flv vka') so thata" '.r l,21cInthaist

'the~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~b tpointt'ttrtrnttnal ~ttuiaat rttratt ta aaatt~.a~ ts ) a il' stallt' , lit ' t'a d velopt tal ip. are i onsistenta' \\,afill
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qrl so thalit VIn( tan~.t 01. I IFiiiillt'i- N h wmhini saai su htco,'x

Withit l.rg i'J. lad one.cr x( i

flirtV Ctoist an)''ittit Rei t'itet'k Inultlt' ill'tijtivt'( J~I~'llri'lgll scile tIlle

Intulit .ct it'all to i 'uei'tas' Scaler iei' ( t ( I .o c cr ), (ref w it tilt, . itif it'iis ''iit''ittt tt ''sit t t ii

'Uhe (: e'4) then ivesti'e t'ts in d ctit' for tite t'l atli'5t t tis w tttink anid the itcm( li jl-J t'ii ~l.Sttl tiIttt. A 'iii

i iquttit i. (6 ) itv Iti t' a lltl f'lt ill tit' litil it't del ai flit'.'.. 411

ac (.r -Oc, 2(72) 1 vilteo only-It -li- w ha Ires pT ias Im eb tct n in fei're ttih

Ft'or tll co p rsI ofv lto 3 )w t xw ile otlit' Pr'1tttittiit l d is llih itihitef'tt ''iie

x~in i't' ,s equti on h~ (35''til wen dicl ni eq1 1i n(7)f reasonabl1 fstt e age ntt'it't Nith g Init's ill (76,. 11 flt 1.a 11.
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8-000 0
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t'v illll'rmlillsln' hi tboifitlary It.i\'r afX 102 iln'tIv.

separa'Itel in a111lss~lillill"g (a1 114 Illelill jumlp III IM, (bI)

llTb rb 0,. andl (vi bulo,7 ,1' b-'?ll' it follow's th~iia

Pil 6 -0

11 r'T- _/(SI)

IownstIn s~ll (ef. 28 ) haZs p~lotte IiCli -d' 'V ril Y.''1 w 1/ llt InI

lilt Cemptting a1 p Ist ifill.t116011.

F'igu~re :3I shows the resuilt of appivilig l'qual~tiolI (S I to
th IC IIClsI rCel Re CIIIlils sihCar Ist i'ss ill theI rI Itigh -widll
bondI l '11(1 Iv III 'vCI anld ill Townend' 115C11( 5)1 CwaIkeC (ref. 1It

Th I CIll~'11tal''of 1' -y vanii probalyl b e a)'lt trlibutell i~laglly

to) III on lIollim~iZhlvitY witilill till tillbi~llelt field.01.23
Ill ('olle~lldilg, this vl'-fionl it may hI' remakrke~d that,1 if till YW

till' aviiI'l'"It.l valiII( gei'Iralto'lit lIt 1 fixed point by raindoll ]lilt k1,1C\

1)11li- ic'11livill tihrougih Y(1') and1 thll Stall~lidlil lllvilltiIll aid-)

It Is (If lollrse possible for Y' to he 11 Ill lulit ipi-vaimn'td filli'-

.~Nonzero slope (corresponding to nonhomogeneily 111(se..fi.I - ,~lIilliottl~ tile ociIlll'rl'lll (If

Shion fII'('iei'te'l 111111 11 siligi('N-2lhi1w'l Y i's ;IppIivai'i %\ilt

good Ill l('( 1114(. ThIIis is 'spec'itillY trile forl till bilolinrll'

Rtgid p011cm fluctuotes
rondomly like YM~e y~ 1Wil~tl~ttI I 'al I I I('gI1is'Il i('lIIv

YAs iI stat ionaryl' ran~dom~ function I (f is stiswept iil( (If

Sketlch IIe). I ind(o'pl'(idCit. Perhai IIps thll tw WI I 11st ('litIol~l~ 111111 (111113

STATISTIC'AL DESC'RIPTION OF TURBULENCE FRONT ar tfidplden alll'rimt ilial repesn't llitr itls folrir tm1 va'a~lsfIlII,

'I'l1v positio(n1 (if tihl t lllrbIl('lll' front V'(r,I) is 11 rauldoill tile power spelt rum) andl the( prl'l bi~lhiit3  detisitv (or its

varillilil statio~nary ill t imle andl~ lnontl tionarY ill x. 'I'111' Fourlierl trlansfolrm, tile v'ialr'lllte(rist il funcition). Usually~

puhrpo(se' of this seet ion is to report soine fuirther nn'aHSure1- tile lowmr order molments of tile. den1sity' and speotrad funle-

nients whii(i hait,~' ilw('l- lildI' onl its stlt ist-4('li pro 'tis t i0115. ))at\.i1 s~I imple ph'y~i3 sicl'I jiltelprl'tlt ilis. fire till
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Th le pi'tlilii of acq hiirng dlailed statistical inft trla thit tn Gauissian PON papeof 11) Gq fi bround itaiy l ayetr anidt ft r l'T -

ot~ll Y(t) is novel in thle senlse t hat now here ill thle experimlienit send(I's wakle, as,, well a it, yr for ii* ( t riound11 jt't. ( 'It'air all
is there a signal which issiniply propitirtilnal to thestatioliary thoe distrhutioiis tire Gatiskuai W hit li t~etxjiTiiinitt

varabl i udr sud. Tlieefret ie '(ii eilt iii il sttit ial Prec'i sion except ini thle tail reggit I .

fuinctions ( above) aie not readlily measurable byv staindard Dev'iaittions froiii sytiiiit-t iv nilst, (iof tourist'. tttthii at lilt,

tlt- fields oil topposite side of Q)( gives suich at convenieiit vaist ly dil~rert'ii
mlet hod of iileastiiriig Probablility dlensity. II owever, the SicthneryGlsalcaatr14dprsmin"'
au t ocorrela tionl or' Powxer spect rilni lipparenit ly cannot lhe tl'(Iice the lea clV ( ii issti an cllaii i'm tt 'r 4t- istnly iit is in1i(t1
dircc tl ll neilstire(1 and thI erefore othIier direct statistical data to bpe expec ted thiat istillii he pnlic le In titet clit'e ¶ i llonv it is i
haeli%(been sought, ill Particular, thet Probability dlensity of hee ecdtlithi iiiiltrctiptx littititi
*lNi se I engt us,' iactuial ly the statistical niii itwi;i of ltheth) Mical he d'airifitd at Pi'tseiil Also. it iiin1st he t'ijiiiiisized lint1
betw~een sticcessi xe ovcl-eni e ces oif ally pait icitlar. valule if thei evenl ill (lie forniei cia'se it is, ii t t iecessal-l 1n*v ti that tii lit-

PriaryVarabl Y~. IProbaiblility densities are Precisely ( ianssiiili thet tiirrtiit tttn-

A ch all engung P robllem ill thle thI eory t
4 stotchiastic' Procse I clusioii is only that it G aussiani curlve fits lt'e dtlat as clotsely

is that of relating (if possilile) these devnsiie to the mitre con- it Pre'senit 'Xpt'iiiieiithall tvhi'tiiiitjits pitttliitt (liii1. Vcry
ventional statistical mleasurles. Up to the Present timei, oiiv liktlv it is tiit, deviationus (hllttwever s'iiall whic,%tli. ilt

at few fringe resuilts seeil to haiivie been otainet byi il't iv r ikt''s tinvt'll5 i rtd will shdIttl n te Igl igt 1i I lt lti(It centrtal piott Int tf

iii the fied: tMee will lit ii n t ited iln aplpirt ipri'ite t'Oi txt . t ii iiiilt ii ti, th litoittil ieari'it x

Batthelorta (ref. 32) his., Poinited ,lit that lit' ( #ilsia~llt tlis-
PROBABUIUTY DENSITY OFI'M il lT'isuiii Paittteii oblservtdtl ii vieiy lar ge' distancet tlttwti'i leanti

As has- betei ptiintet llttt in the ''Intrtidiit'fltn' (Q. Olt) froVm ii ttuitaiilliiiit sotirlct ill a t olbiltli'it flowt iii he sillply
tlit' int (inr it t t'iit' fatctoir y(y) is simiply the distribtititu it aolelnv(ftl( ho.,17a

ftiiittionl of )'t t and, therefore. &Y' 'y is its prthabilitvy t'ttiietienc tif Mtlit' t''it oil lrtittllt'tafierii tag" lit y bea It

dlenisi tyv. regarded as, the Sumn ( t it' inte'gral ) (Of a laige nlitnilbl ofi't
Calt'tVimaii of 01 dy shows tdiiit except in t h' twio tais of small tlisphlteant'nts. whiithl art'( ut least tintttiiliit't fori iittl-

the fullctitin, it is re'mairkailyl symmetrical, Fmii-tliermiore. t'iate iiite'ivals if intt exactly stiitistic'ally iiidepit'ioltn Ill
the Phiysit'al piettilre given htei'e oif front wvriiikling as- pii- fact. if this reasoining doesaplhy. it is doulyttiltlvti't't vt
mlanily at (I lagralngia n) t uil a lilent d ifflsitin plieltnil'litllo thl e 'a it itI d'tIisplaiicent.t t het I I i 'rincipl variabille. ýs itseIf tile

suggests at chie'ck to see liow nearl -,'y &v!pq illlrtiiates'ts y0 xi It intgral ttf parti'h Mt'li M) st liit inOleti- ilile dispiat-
(iaussianl function. sinte studie's oif scalar' diffiusionliin iso- iiient is t~le snim of ai'tcolectio (itaf stimis.
trtopitc ti-btillent'e Iha vet slitwn a cloisely GCatilssiilil I ens'ity. p)t''il i'c'itllnti itiiihi~ittIttl x

Figilre :32 shtowv this chieck. It incluiilts typical Plolts titi tt'ided toi ilitt'gi'is of cttittililltitti iaditloui vatiablels bunt sttime

-1.0 ~~~pvnhwneit wiik has li'ei dtoiit by Knut aiid Sh'tt (ef. nA 3

V ~ ~~~skt'x (Prtbabilivy de'nsity) iraiidotmi signatl thrlrttigi a lowt-piass
5k filtevr reduces thtt skewness. TiIls Predtictitniiilas biteet expt'ii-

miien tatllyv v -i'ifi' biy Jiistia in (riif. 34 I an itbyli Iiie hi'it'f. :85

a I a kointe griathion

PROBABILITY DiENSITY OIF PULSE LENGTHS

.5 i.V 4 E . Experimental results. -Fi'ttii a sketc hi of ~)~ i s a sill-
Iu titiniii' randttml variable, it is e'asily seen that tll fl'hterinlit-

10 0; tentt signal fi'tii at fixeid Prtobe Providles il dlirec't mleans ttf

between sticcesivt' t't'iiit'ittes of tiny pul itiliar vallit' t f Y.
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4-
.99 .95 .86 .50 .20 05 .04 Sk'tc M~ f.

I' JpobWiiY odae)

F i - F :12-Typiciti i utetruit It'iey (list ribtit ions for hotrinidiry Juat , ttirottwhts lt iatsslatt ttltiaraml atsI ltl.. ttt~t 111 i t t,tt jlmutttt (iniz i'il, t hat ntojemllwk Iot- ol-aisinprbbltysae
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Front lie fiLI id-nineciian~ical point of view t iiis gives ait ion veli- VIi rVes in figiurei 29 h av e beeni label ed with thiie 1', aclt! till.V

ient measure of thle wave lengt hs of tilt- miounltain~s ali( valleys given iiV thlese shtort salllples. anld the apparent discrepanic .es,

ill tile turbutlenice fr'ont. Th'le latiiilar superla 'ver is tbin (bI) and (c) are quaitlitat ively explainled. Ii ot her w iik. Li

enlouglh to be considered ai dis'onitinutity ill all of this anlalysis. shtoit samlple wvitb actuatl -I y drawni froum ali inifinite ictulrd
If T1' is tile duration of thle probie in a tutrbulent zone and with -Y -Y2 caLll lhv expetcted tti shotw ot her statist ical proper-

T.2, thle duration in a nontulrbulellt zone, figuire 29 gives thle ties reselnibliiig thIose' of gill infinilte retcordi w-it I '

problability densities p, ( T1  aiid P2( TO at thlree tlitrereit iTw oithler' stiurces ofut ill'rtaiilt ,v iii tilit. dlittai oif figiure 29
values of transverstý pos tition , thait is, t Ii ee different'i t-aiieits are (1) th lina tuLIral ii liert iii lilt v iot Inl easilt'! iieli It tn1'4

of the interlllittencev factor. pre'sence't of nil se, t'vell with pIler'tet't equipmenllt, it d 132) imn-

By definition (of prob~ability density), th lit'cuves, ill figture perfectionls In ntllelisiriigý t'tl ipmltnt anld techniliqutes.'
29 are normalized to unit areVa. A check oil their acchilat'v '[he first of thleste diffitcult ies tdfeicts l11il~t erviIlli t t liv linleis-

is giveli il thle mlore or less, obiviouls contditioni tirenlients and is ibasictillv iinsLrilloii~table. Of )t l-cuiie Oil

- - ='v ~~(82) staltistital 'assuf'llltitltlsO 31 bth Doitstv t"It sillIil. stiiio 'tI

Jtt 22~ ~ n wt secon t Illt e1ii,,IYtit% U i- ii tec y -ill Ands t, I' lilt 'ls.liastix-
w h r T f , , I T a d r . a m l e l t ' .s i p I l tor v s e r t i o u s l t l i' t' ' tif d i l v Yi II ) 3l t ' t 5 u ti s sei t s . F o s i et l l t

Tihe' terms Tl and T1 ate aver'age pulse duratit ons Ill unlits amlel~~' ftlt suitose ('St th Inll'hslt'it piicests. 'l'iis fa sitt ilbl

is nliintitoninuber. the~ assal oprtest t~ ttitl l-bilbel'n t l)ItIlst. Ttis hi'tiltlt till

Tble c'311 ptit tations from~l figurte 29 give' (for' 6 3.5 incies') (excey fsmll' part of.( thie total mt' o pullse.ths flto wil counte

-- ill~~oly chiange' the clttrticte it ofi /0 T) fori small vailuets tif T,' hllt
6 irtelly T.'. ste T~. sec fri 'M T , 12 il. alsol will chtang lg't l1ev el (If 2)12 TO for Itt r--v V 13111s it T2.. si ll"

bust int shote ont. Hence . tittls 0.72il wil t 2.7s
tl- -S 1). 1 l I 5S-0Q 07 . . aftfect T, ani(, thieriefor,,t' ' as omwll)itedl fromTl~ ' antI 7>

41 1: 0.: .111 I.tl2 It 0 4 . 7 Precisel v thIiis faLutlt is obseriv abl)1e till th os' citillt gralt1)3ii'tlic I tr c s.

.1), t0. 25 1 II. 1#ttq 0.0132 11.34 3. 1 35. Ot Ilet dIefectst 5 sIimilairly obserlvetd art' tilt,' ( telalit e
1  iltl-

overhiang tof tlt, t rigger signal bteyond tithe durla t ~ion of 11 tilt--
wherte 1, 1 T, and 1 I T, t'ire' approxHimate' niasures of biih'nt burst. The last tf tlies failIts atuftcts tilit dirtect -Y
the spatial extension of the( average inttervals ill tilis x' vicinlity. iatrne swl.
This interpre'tation of tlle- Ps as average intercetipt lengt hs fot' Ani obi)Vous wav around~~ someit tif t test diflitil ties, is thett
tile random v'ariablet Y(4) gets incre'tasinigly atctuirate as thle )1
velocitv fluctuation level decreases. Thlis tinit'-spact' trims- dliretct uIst' ot ý( or (it (t) tlstilltmgl'lItlls to complluitte pl tlatd p.>
formaition is, in fact, identical with thlat first protpolsedl by ro soime extenlt t his was dtine, and thle extrm i~~ted ((ioulsne'ss
'lavlorl for anl isotropic turbulence (ref. :36) anld dliscutssedt in of thlis lfl(tbo ii s~ exaS l t'XI IV lt th i 'Shill 1) LS procet'ssedt tirIt Sil
t110t1iretlttail by other'ls (rtefs. :17 and 18). i3lt

A c'omplarisoni between 2 (11 -- 12) ftor 'Y'=0.)50 and tilt stan- This initdequiatte stimlphl h'tgthI (faiult (3)) mlos steriouisly

dar dvitin o Y~t tt il- am xsttin ivs t ouh iffrt''ts lt'e resu lts in tillt I gT'F, antd T~ - langes. The rl 'Lllt i e
tiad dviaion~ f V (t l~ t~t'sait' r-satillgiv's i Ii~ili seriousness tif this I ittit nitit ",I ftor ltui i veirsus shoirilt puilstes is

measuire tof tile flatntess of tit(' wrinkledl 1lltubllt'l(' frtnt. n~ot givt'n (ats mnight bte gue(ssed at first buhI)isi by tlt' ratio ofli
Ftir this par'ticular' stat ioni in th litounLdarytl' laver, anl'l'g it us eg iiit1 i'rti 3 o tn it

2t 0.' 13 (8:j pargthili lto n Ith tit pulse oftll-t ruellv a f occurrenc iftil
1,711 Priuexarple.lt of Pi:-s''ulse(a octully gl'tiplit SanIIph'. tl iiesJOilt

Which Indlicatetts a ratihetri flat froint,. as- assumedt ill th li'eairlier' tFor exmpe t in a~ J -scjn 111( P cml't'h)1('Setl usamfe , UShelt pi'tso

I l1sjqt'ttioil of figuii't 29 shotws tilit' followvinii t raits of thi t hat tidVltIL' o agreemen 'tt letv litt vi'dnis of- ban e l')i ilgly gT lan( d

(1)The' pont ar.2 rather - 1)5 a sttse wit'i Ilili it t SI) 'tt W uSd tti interesti ng1 t otl ki intw wttithi er /)es iutill(]1wed~ o i'-

tbi t or -ti -0.50,'1' f~ia indt P2ly Sthot"gh all) a cll"'Vitbt' dfly. T Hofwtitverlit th l'igel' Oiltlv l ofthepui' y-4 0.( ill jus ' thisrl5('iis~t

Prtipet'iets (bi) andt (tc) ('all apparenltly bte hat itribted chief'ly inl a followving sec(tionl.
to thlt sbltrtness of toscillograpllic shltI plt'S;, theitreftoret th. li Siincet t li smnall 1T, 111( T, i'Ungt's of 1), anid I)2Rr (l''qiitt' Illi-
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(111italtt ly e aiialytical coinsidlerat ion of tilie ntiltici patted be- follow Vlasilv from" Rice's result. O f co uirse. ini the pailrliclair
havior iii this range is in order. These short seg'lilents arise case Whien successive intervals aire statistically iinIdaj~iutleit~l
whenever tile hot-wire passes juLst below a1 local Inaxinliuml thle occurrence iiumibers have a Poisson deiisit 'v, and tile.
(for turbulent fluid) or jutst albove at local in ininit i in (i ii. 1)0- inltcrvaI leingthis I iav e at si 'iiple c-x po nqienIiI pl-oblI ibi ilv
tential fluid) in Y(t) . density.

Tho, variable YMf mutst be differentiable (since it oeccurs in A mlore directly appllicable result. apparenit ly that- t Rice
it cont inunnh) ;therefore, its extremies have hiorizontal (ref. .38). relat es thet expected ra1te of (i((illitiile ,if 11ny*
tangents. rhus, a Taylor series expansion of Y Nb about ainy particu~lar ValueV of at GauIssianl Variable /it) to thle pr ibab li ivN
local extreme t =t,,~ starts with a termi proportional to (1- t )ý- (densityV of tile Variable and th lii ntoi'orrelaiition ftini toil
The limiting behavior of pa and J) c-an thbus be obtained by behlavior iin tilt- Vicinityv of Zero:
considering at parabola C = IFl as in sketch (g) . 'I'he( problem
is then as follows: Suppose C has al flat probability density I)

p, vli wat is t he pirobhability density p,, of D)= C? Au

C whlere 0) r) is thle iinol-iiioiahiZe(l aitiiciirre1-liitiiiii filitiieiiii

I(t)I(t+-r) andL it Prinlw inicalitis differenttiationi. lliie
proof of equation (86)I requires also that IM an Piit I i

uincorrelated-wliichi is aititoniaticallv satisfied for at statilon-
ary Variable.

Hlow ever, it m list beecii jl it Izied th a t tIile prist in e sill1)1 tv

oif t Iiis t I iioivll is dependen lt II p~ ui thle restricin t i iiIo it

Gaussian variable. Two of tbe seemlingly iiicxhialiustibIl
numiber of fortuhiotis propierties of thle (jaussitill probabilitY

____________________________________________ IdciisitY are:

D (a) If at variable is Gaussian. so Is Its derivativec.
8keth (g), (b ) If two Ta iissialn Variab1 le's ar tilcorrv(1itidat ci, it follow ov

In~~~~~ ~ ~ ~ hisrll i =()i ilqetbt til eV aliv stiltist icii I lY iid epend ci idt.

Iii geneal. if '(!)j s titi i~ tic.Withliouit thlese buLiil t-in ILuvc ii cii ces. it seelis Ii kely Vi tat

such a theooreml coulid b~e deduiced only wi lu tlt, geNekrall
P P ( ):/ (84) assunipt ions t hat thle Variable and its de'rivative are't statist i-

cally indepeiident

en c. fo t h is a i ic i lii' pobl iiiFoi- the expcctedl rate of zeros. equltioui (m~) redtnvcs to)

It follows from this calculation thiat thle probability do-11:ty A',,=1 F- 4' 1 (S7)
of the interrals betwceen mscces'sirc (cculrretices of (Illy Pairlticlar' 7 10

raluo, of a differentiable, raiiiliim iariabit, inuxit start out (a) IIpiaii aie.ai
-front thf ornigin aiid (b) linearly. Epqfcly i 1  id (uationi (87) hias bieei used by ipn n Ltfrad

P2( To) niiiist behave in this fashlionl, evenl ti liough the meastured Lemin(e.3 oliisietl iirsaeiia(eaiicurve hot ange(*O~*i((1 isot rop)ic tuirbiilecei. It wtll be iisi'd hi ci to dbtaillii 41"' 0)cuvs(ithot all show this tendency iii thle rag ovrd for thle tutrbuilence froiit YM.
By reasoning similar to the above it is obviouls thlat forl a

Co~ntiniiouis but niondifferentiaible Variable (correspondin~g to Measuiremlents have also beenl mlade of thle avru a ti, of

poiiited but uiictispe(1 extremeis) tilie corresponidiiig (Icisi ocrene of tilie ~'lisof Y(t ) coirresponin~iig toi 1ý021
starts, outt at a finite Valtie. and 0.75 in tlie intermiittenit Zone of t lie lotiglAI -wall boiiiidar-v

Status of random-variable theory.~-.'I'e niatlieiniat ieil lay er. Ill figuie 33, tilie thlree experimient al p~oiiit ' are
prioblelm (if relatinig thle probability dlensity of thle intervals Aoipie with eqiuatioin (86). Th Ie Y- location of t lie
betweenl Successive occurrences of ainy pairt ic ular Vallic, of a C
conitinulouis ranidomi Variable to tilie ordinarily miore accesib(~hle' three experimenit all poinits hasi beeni chosen iiccoirdinig to thle
statistic-al fuinctions (probability dlensity of thle primary Value of -Y of thle short samples (fromn which tile X\'s were
Variable, power spectrum, etc.) hias a)pparenitly 11ot beeni meiasuredl see tilie precedinig table) rat her thlaii thle t rue
solved, even for a Gaussian Variable. phlysicatl locations of tilie probe. Th'le agreenlient Is bet ter'

Rice (ref. :38) hias deduiced thle probability of it zero of a t han c-an be expected wvithI the iilcertaiit *y of thle nieliisiire-
Gaussian variable 1(t) in till interval (t, ±t 2 ,(1t, '+. (-dt) mierts and thuerefore fort uitouis. hhie( nittiber giveni for tbe
when there is a zero at t,. However, the probability denisity rate of occuirrence of zercos, Xo ý108 per second, is inter-
of iintervals between stuccessive zeros (or sticcessive occur- polated along the Gaiissiaii curve.
reilces of ally other particuilar valtie) does not aippeal- toI Measurements of the Piobability dlensity of Zeros ill thle

o rht- v#-ry smalil rnt'inget he itudled. thant ib. Just INh- ininhediai,' vicinitiy of an ,'xtrenie. fluctuating part of thle signal from at litinianl Voice have beenl
vraorlits apoximatirofng any small wgromeni of a flinlit probability dtensity by a vIistilti vaiiw1. repo'rted by D~avenport (ref. 40).
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where 1'i Y-1. Obviously il v I) - o2 and. siiit, N\, andi0,
are the measured quaintities. equiation (87) N wrijtteni

NY___1 ((I)) _ - 1Jr\"2(90)

SO where2

A') -i- z2 ve r0, Nee (90n)

-2- 2 For thle roug-h-wail tutrbul ent I 11un darv laye ti t r 102

inchtes, u-0 .557itiel and A.= 10 ( zeros pe"i sef'oinil so

FicRE. 33.-Frequtency of occuirrenice of zero and two other particular 4"' (0) =3.4 X 10' sq iii. see.2  (91!
valuevs of 1"(1) ill boundnary avrat x= 102 inches. Solid cuirve is
that of it strict lv ( a issiaui vii riahle..\ A Iýlg A correspon d ing lIt a rnut 't ri~ Ii cI engt I IFin Imll uIi tit nil V (I If liv a -

lent to the( dissipaive scale (in crosca le tin tiII'I)iiinc can(. iiI
POWER SPECTRUM OF SCHMITT TRIGGER OUTPUT be deduiced 1)V tile fiin e-51)ite tran lsformatUiot m(11lenti oned

As indicated in figure 61, the output of the Schmitt trigger earlier:
is in principle a random flat-top signal which is onl whenever X'-F '24011f'_ 2' (92)
thle probe is in t urbulent fluid and off whenever it is in poten- L j

tial flow. Obviously thle statistical properties of thtis signal
must have some relation to those of the primuary variable Fo this particuilar case,
Y~t). and therefore two convenient properties have beenl13
measuredi. The first is thle probability densit 'y of p)ulse 1.i.
lengthIs, tops and bottomis separately; these are, (if course, whcisabtslertanLnd1iniepeeinthi
just ji ( T, andl J2( 7') (fig. 29). The second is thle p~owefr for -Y=0.50).

spectrum of the trigger output, measured ait tile samie I'c- or low tutrbulience levels, one might expect tile quatiihtitv
tions as thle densities (fig. 28). "

The three spectra have thle same general shape, with power- Xy to be of thle order of tile Lagrangian spaltial nujeroscale
law dlecrease for high frequency as indicated in the figur'e. U~ '(e.1) hf sruhl ' ilt ltElra

ItmgthL xetd htarlto hol xs ewe microscale X over a wide range of IA in isotropic turbulence
the pulse-length densities of any flat-top signal and its power I,

spectrum. but a search of thle literature has uncovered nf) (ref. 18). In this case. l X') 0.0 om i(:. Thtis is tile Samei(

such analytical results except in special cases, one of which11)
is used below, order as X in tole neignoborlng ttirbultence. Sinice 11) for this

of te I ignls i corespndin to turbulence is rotughly 70, which (in isotropifc turbulence)
Tlhe simplest ofthetree sinl stbait corsodn o gives X,, aX thle conclusion here is thait

'Y=0.50, and in figure 28 this power spectrum is seen tfo agree
closely with that for a "Poisson type'' flat-top signal (see, '__(9
e.g. ref. 38): X,(4

1f
2

-- ~(88) or, since T (a, the Lagrangian tunie niocroscale of tilie
_lp+ 2112neighlboring turbulence is given rotighly by

where M1 is the average number of jumpsI~ pci' second and it:-

cyclic frequnc. For thsapplicaition a*-= .50 J1 O.') _12
the average number of zeros per second in Y-71. sinice thle TN"
distribution of zeros cannot be truly Poisson.

The very good( agreement in figtire 28 implies only thtat il Equation (90) gives only thle vertex curvature of thle auto-
this case p ( T1 ) and P2 (T 2 ) could b~e exponential awa frm Correlation function. Because of tile Gaussia~n character of
the origin, even though the directly meastired data are too I() ti osll oettlt h nie4()fo h pc
uncertain to permit any estimates. However, no( asserltionl truni of the trigger output. It has been showvn by N orthi
c-an be made, since the - 2 pfower spectral defrease is cliaraf'- (see ref. 41) that the( atitocttrrelation function of a strongly
teristic fof most signals with -'discontintiities."' clipped Gaussian variable is simuply related to the autocor-

relation function of the variable itself:
AUTOCORRELATION FUNCTION OF Y(t)

41,(T) ý2 . (T

Tlhe approximately Gaussian character of -Vpermits sill (0r L4(

application of equation (87) relating tile zero oc('Irrenfe rate 4 0 r 110
and thle autocorrelation. For this puirpose the nonnormal- A strongly clipped variable is just a flat-top signal whicht
ized atitocorrelation is defined bly changes sign whenever the primary variable passes through

_____________zerot- which exactly describes thle relation between thle trigger
44r) V ()Y1 t -t r)(89) outpuit and tile primnary variab~le Y(t).
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Since, as shown bWinr(ref. 42), thle aliti(oi'('elationi are sulfficienitly inacc i'urate' that furt her iiiaiiiuilat lol scarl-el
function of a stationary ranidomn variable is jutst the' Fourier seemls worth while.
cosine transform of its power spectrum (and vice versa), Other characteristic lengthus of the wrinkled titiirleuhuc

front c-an be estimated from tihe jintegral of k( T), mlathernat i-

C 7=Fk (n) (cos 211 T (/?1 (97) t'ally analogous to the integral scale of t urhidlence. hut these
\JJC ~~may he less pertinent thlan, for exampifle, 1, 1111 1'. the average

pulse lengthis:
F, (r)=4 J' , , (r) ('0s 2irn r (IT S( iI' 

2 ~~1-~ (
the auitot'orrelatioii of the trigger output is 'onmpuited fromnt) 0  ~ T~kJ 2~~(0
the measur'ed power spec'truim. The good agreement of
F,(a ) with thle form in equation (88) permits using at simple Wilit'i('(,
exponential fot' 41,(T) (ref. :18) 4 J (r) 7.4 in

4, (T) 2M, Q~
4',~98 wh)X~ich' tun outiS (1 to be the Salule oideri as Il and'2

Thien, equiation (94) gives the atitocorrelation fuincti Alentiey

the tutrbulenc'e front location: J. 41T d(/)0.5 il).

4,( ) ý S ill ? ,2f
(2(0 b ' ~othi val ties hb'ing for tile t' iugh i-waii Ii olu ildl a iv 1  .1 li

x= 102 in('ies;.
which is plotted in figure :34. The vertex osc'ulatinlg parabola
corresponding to 4,"(0) as given by equation (87) and the CONCLUDING DISCUSSION
dhirectly measured zero occurrence rate are drawvn in for coin- Fromt the analytical findl experi'imeniltiil rslt(M ls repor 'ted

parisoil. The formier parabola should give the or'igini be- here onl the problem (if tile relat~ivel 'v shadrp ilist lintanvol('(1

hiavior of 4,( r) more accuriately than equation (99). front separating tur'bulent fluiid fromt ioliturhullclt fluid (as
at a free-stream boundary), the following niew conclusionls

1.0 Nare dIrawn:
1 . The nont uribulenit regio n is af field( of irin t at lollal filue

\ tuations.
.8 \ ~ 2. Thie front separating tilil'hbtient from, potenitiail flow is

actually a very thin fluid layer. ill which viscouiis forces il-,of
.6- primary importance. The role iif this ''laminar stlper'laycl"' is

*IT tilie propagation of vortit'itv (hothi mean fhictu1 at ing) in to

.4- thei( potential field. It is mainitained itbin by priopagation
relative to the flittd and by the random stretching (if vortex

I lines in its local vorti('ity gradient.
.2- :1 . rhe 'ommion occuirrence of contim'iouis r'otat ionial aind

I I tirrotational velocity fluictutat ion fields underscores the uisefull-

005.00 ness of confining thei( word ''turbulent" to r'andom r'otational
-, 1.0 00'1 fields only.

-- ,o--I ec4. 'I'le rate oif incr'lease oif wrinkle aimplitud(' of the tur'bu-
lence front canl be roughly predicted iii tel'nis of af Lagrangian

FiulSEm 34.-Autoeorrelatioli fmtiic lol(f turbulence froit locat ion diffusion analysis, using the statistical properties of the
a-q a funictionl of time in uomiidar.N lover at x = 102 iniches. turbiulence ill the ftillV turbtillent zonle. The act ual estimate

As soul beexpcted th cacultio of ,"() fr eua- is given by equation (34).
As houd 1 epecedtli' 'al'tlatoli(if4"'0)for('qa- 5. By dimensional reasonling and, independe'ntly, thirowtIgl

tion (99) gives r
0110)a model of thle laminar stlp(rlayer, the thickness oif the 5(11W!'-

41 0)100) layer ('an be estimated. The simplest approximation is
4.(0) equation (.51), giving a thickness of the same oirder as- the

ide(ntical with equation (87), if .11-.V,. Kolmogoroff (mninimum) t urliulence lengthI.
lin fact, it found ('xperm('iinetally that Miý.2X, for this fin- 6. The propagation velocity T7* of the turbulence front is

v'(stigation. This is not surprising since( the differentiability taken by dimensional reasoning to lie proportional to <''

of Y,(t), whose zeros give thle sqtuare-wave jumips, leads to This is roughly verified by experiment.
a considerable deficit (if short pulses as c'(mpared with a 7. The downstream rate of growth of the tuirbulence froiit.
truly Poisson square wave (see the section "Experimental as imeasuired by standard (deviation a(xr) and transve'rsal
restults" under "Probability Density of Puilse Lengths"). position 1'(.r), is found to lie proportional to tile shear-zone

Of course, the power spectrtum (if V'I(f) 'ouild be calculated thickness, within the experimental pirecisioni, for plane wake,
by taking tile Foutrier cosine transform of 0'T) but thle (data round jet, anti rough-wall boundary layer. This is shown
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independlently ydrect experiment anid by application of chiaracterist ic dlifferente btetweeni tranisport rattes of vect I
the results outlined inl thel previous paragraphs. (momentum) and scalar (hevat, miassi p~roperties. III fact,

8. Tilie probability (lensit ' of the turbulence front locat ion since it is concludled that no mneanl fliolleritutill call he( t ran,~
at anl:y fixed dlownstreamt station is Gaussian within the ported beYond tile t urbulenice fronit it aippear's thait (for
precision of the measurements ever *ywhere except at thle tails. lamtinar Prandtl andl Scihmidt luibiilens riot very m iuch 111111ll.
This is found experimentally for all three types of t urbulent t han unlity) the front should apply eq uallv well to lienl or.
shear Hlow studied. chiemical composition. 0scillographic obiservat ions (riot

9. The probability (lensit 'y of the pulse lengths inl tile meritioned inl thle bodly of tile report ) inl at hln jet Sho%% at
intermit tent signal deviates st ronigly from the simple expo- temperature fluct uat ion intermlit telic ,V, presuitintalv voIMIli-
niential tv ,pe, presumab~ly becauise ) (t) is differentiable. (lent with thle vorticit 'vN initernli Itee eiiv. If this irifereince is

I o. 'rite autocorrelat ion function of 1V (f) for thel boundary true, t hen the vector versus scalar transport rate, liffl-enere
lay, er is fouind very indlirectly from experimient to he as will have to be explained inl terms of properties of thle (.11-

shw i igr :4 t irelv turb~ulent region.

It. teemis likely t hat thle p~r~esence of tilie t urblenleice front, I rs i pcii~ o si I ~(ifcti iIi l i
withI its at tenidaiit deta~iledl statistical properties will have 1 'wiei rf t) h ugssth ineitinii
to be included inl basic research omi turbtlenit shear flows I i rgelv, tranisported gYrltv lYtig wave mnilrmher hhijitnilz-
withI free-st reami boundaries. It. is not. qtiite so clear that t ioiis while heat is t ranisporte cl , N- hotiil low anid high WO X

it must he explicitly included i it semiempirical engineering number fltucturationis, thiit is, liv X jet coinvectioni and be.
estiu-a tes concerned onjlv with overall transfer; so filr no gradient t iifftisiori, respect ivel ,v. hlowever. t here alt I, 1%%
case has been encountered inl which the front grows at a (htbiolis mlinlor p~ostuldates in hI --,Iiis (iiieitiorindlen
rate dist inctlv different from thle gross shear-laver growth, in tile sectionl '1irfercriie of To rhrmlerice Protrert ies Fronii

It appears that ait present this new physical pit nt uermittentr ga' ula lec11o i ec n )~iira
iritroduces at least as mntariv ew questions as it, gives exphat- ~uely )arid also lie( hlos riot clarifieid thle lirinipiial

natins f oler bseratints.Insfar s i is 'orl'err~d assumption vis-h-vis tile known fact thaiit tile, shear' ciiri'lni-
nit iosf a le cobseitvatioit.tells frio liist alit iscnend tior i77-T appears to get ever iniereiisrinig ('0oltributtion.ll11 totwaird

l~u ia traspo thle low wave rnumbers (r'ef. 4:3). Firiiihlv, bus inlferencve 11liii11phenomena wvithin at t urbulent region. Yet, since t lie tl aeajt bhe)Cnetltl 01ildfl ileiilwvrinikle amplitutde a(x) and~ transversal travel VTr) of th li laea es(ugs ovc i h oIgi illInorei n
tirbulerice front appear to be governied by (or related to) appears, to he iii corit radict ion to the fact that thIle i ri Ii-

properties of thle contiguous truecan'y 'gross assumip- itnveotysgashwtlliprczbvlwrieil
in (lie turbutlenit segmients t hat iii the potenItial olies. atstiont ort these variables implies consequent relationts among seenl inl figur'es 9) a111(n 15.

Itet( turbiulence properties.
It should especially be pointed out. that thle present THE' JOHNS hIOPKINs UNivERusiTY.

investigation does riot a~ppear to shell any light onl the BALTIMORE, NI D., January11 20, P6'.3.



APPENDIX

GROWTH OF ROUGH-WALL BOUNDARY LAYER

Although the growth of turbulent boundary layers with an experimental check on the accuracy' of Ihe presentu crude

zero static-pressure gradient is better approxiniateol by a approach: Meaii velocity profiles, (fig. Ii ItI'ive 101 I 3.5.

logarithmic function (ref. 11), the exploratory purposes of Therefore, the anlsspredicts
this investigation are satisfied by the simpler and less
accvurate power-law treatment.

ThMe mnomlent um iiit egral relation for t urbulent boundary hra esrmnso oudr'ae rwhd- 2
laver with zero static-pressure gradient can be wvritten give
approximately as (ref. Mi 0 0 (jjjtL x")

deO I, .1 It shouild lbe p01Leoin (te out t hat bo1und ary Ilavers ini gV11cia I

(II. -~ cannlot have sunipic geomietricail similarity because 1 heir,
characteristic Reynolds nmbn ers increase withI X..

'['le following rough assumptions are mlade: ,ri atcli olhNvl"oudr ai.sflyrlIg
(a) Sipegoerclsmlrt nmean velocity profiles: Ti atclrriil-vl onaylyri ul o

Simpe gemetrcalsimiarit ~iall the way downst ream ( from x-= t(; tox 102. U1 VJ falls

Y fromt 200 to 145), if the peak-to-peak height (If the corrtiil-a
F Qa' tio 01 1 interpretedl as h,.

lb) - Fully rough'' wall conIiditionis:RF EN S

U~~h ~1. fa~vlor, G. I.: Stat ist ical Thttr~v of 'orblvittlete. I':rt- I-I '..>Ioo 1roc. Roy. Sot. (LAondtont) , ser. A, vt . 151. nto. 873. Septt. 2., 1935
pp. 421-478.

TIherefore, 2. ( orrsitt, St atle~y i tvest igatio jo~tf Flow int an Axiallyv S.\ tintittrittl
11ctedtx Jet of Air. NA N(' NA?1 W-9t4, 1 943. ( Formrit'l N AC A

wvhere h is effective roughness height. 3 re TiHainis Mixitmg. andC LTNfr J2hn: 1)147. tmi

(e) Pow~er-1aw velocity profile J4 Freti aTurit en r Mix Hait letang. t P.C TN 12-1 nv 1947t.ot f~i a

of ithe Ttirhzltitt BotntdarY 1,alvtr. N .X(A Rep. 10130, 19A1.1
(Supersedes N A( A TN 2133.)

-Q)5. Laiuftr, Johni: hitv-tstigatiott of Tiurbtutttt Flow itn a Twit-IDitnen-h

siottal Channel. N ACA RepI. 10153. 1951. (Supvirsvtýtlt N A(A

F'rom assumnpt ions (a) anid (c) TN 2123.)
i; ownsitsi, A.A.t: Loa Isotttrttpy in It Tu rbuilent Wa k, tof a

(h) hA2 (vllinder. Atitratliain .Jttir. Svi. IRes_ stvr. A, vol. 1. no- 2. Junet
(A2 11494, pp. j161-174.

No, ~~~~7. (Charters, Alex C.. Jr.: Tranitiont Ittie wit1amintiar antt Titrltilett

xviene hesecndasumtio gvFl ow b3- Transverse Contttm:itnajtiajon. N A ( TN 891I, 11913.
w~t 'ne t le sectIn(1 ssi iipt 1111 gi"~'~8. Emmonttos, fl. W.: Tht Lamin i ar-T iuhni Tlnt'ransit iott in a Bound ar)

I..,'La ver- Part 1. ,Iotir. Atrt. Sei., vol. 18, no. 7, -MtIN 1951, pp.

r.C , A391. Mitchiter, M. : Thet Propagat iott of Turbbttdiet Intto a Laittitar
Botiidarv Laver. lItterimi Ttect. Rep. Ntt. 3, Combtitlii'ont

Since 6 0 b. stuhst itutitn o(1(f equoation (A:3) intot equati tion (A I Tfutmll Ha. Iarva(rd Untiv., J une 19.152.
gives 10). Townsend, A. A. : The Fulfly 1)tvtloptd Tiirhilett Wake of a

-- 0 C ~)(ircular (M~inder. Atistraljant .Jttr. Sel. Res., svr. A. vol. 2,
dr ito. 4, Dec. 1949, pp. 451-46i8.

for ht= Constant Tlherfoe 11. Schlicht jog, Rerioitt: (;renzsclticltt -'fborie. GI. Utrato (Karls-
1t'iC~i(,,ridlt) , 1951.

12 mrm taiy aitd Uhvbroj, Maliniider S. : Spectra antd D)iffusiuon
00C (X-4,.)2m (A -) int a IL it td 'Timirletitt Jet. N A('A Rep. 1(040, 1951 . (Si p1r

Equaion A.5), asimle pwerlawpermts pproimaion edc N %C'A TN 2124.)
Equation ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~: (A) snp0poea, emt apoiato 1 Ltiszntt.v. L.. S. GI.: QuarterlY Progrets Report of Aerommituis

to the actual boundary-layer growth with accuracy adequate I )f-Iilt ittent. Conttratic NOrd-8(t3t-,J11 -31), The .Johnts
for bhie present investigation. l1iiikins Unitv., Jan. I-Mar. :31, 19501.

In fact, since both m and the exponent in equlation (A3) 14. Kistler, A. L.: The X'ortiefty Meter. NI. S. Thesis, The Johnts
have been measured independently, there is opportunity for 11 opkjin Unrtv .,Jutnet 1952.
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