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Experiments on the irrotational homogeneous distortion 

of gr id turbulence were conducted. Three types of strain were 

studied: plane strain, syrnmetrical contraction, and symmetrieal 

diffusion (or expansion). 

The results for plane strain (strain ratio 6 : 1) 

differ from those of Townsend (strain ratio 4 : 1) in that: 

(i) a higher degree of anisotropy was achieved, (ii) there was 

no ev1dence of an equilibrium structure, and (iii) there was a 

strong tendency for the turbulence to beeome less isotropie after 

straining. These results consequently fail to support Townsend's 

contention of the establishment of an equilibriurn structure in 

ordinary shear flows with flow patterns that are comparatively 

stable. 

For all types of strain, the rapid distortion theory pre-

dicted quite accurately the development of the total turbulent 

energy when a simple correction was applied for decay. The 

Reynolds stress structure agreed well with the theory in the 

initial stages of distortion. As streaming progressed, agree-

ment was less satisfactory: there was an apparent transfer of 

energy between components. No support was found for Rotta's 

hypothesis concerning this transfer. 
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This the sis represents a continuation of the work of 

Townsend 65 on the irrotational distortion of homogeneous 

turbulence. The results of his experiments form the basis 

of his theory (outlined j.n his monograph 66) on free turbulent 

shear flow. 

Bere irrotational strains are classified. In their 

effect on turbulence, it is postulated that three parameters 

are important: F, the type of strain; 11' the strain ratio; 

and l, the rate of strain parameter. 

Experiments were performp.(Î :in c111r.tS which produced 

t hree differe11t types of strain: plane strain (F = 0) , 

syrnmetrical contraction (F = -1/2), and symmetrical diffusion 

(F = 1) • Strain ratios ~l up to 6 were achieved wi th para­

meters .25SIA'S .97. 

Plane strain was produced in a duct similar to the 

distorting duct used by Townsend ~5 However, here strain 

ratios up to 6:1 were obtained compared with 4:1 obtained 

by Townsend. The results differ from those of Townsend in 

that: (1) a considerably higher degree of anisotropy was 

achie,ved, the structural measure K attained values of 0.62 

rather than the maximum of 0.42 which he found; (II) there 

was no evidence that an equilibrium structure was obtained; 

and (III) there was a strong tendency for the strained 
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turbulence to approach isotropy when the straining ceased. 

The failure of the present experiments to support the 

contention of an equilibrium Reynolds stress structure has 

been taken into consideration in Townsend's finite dis­

tortion model 61 of free turbulent shear flows. 

Good agreement between theoretical and experimental 

values of q2 (twice the total energy of turbulence) was 

obtained throughout aIl ducts; the theoretical values were 

obtaincd assuming rapid distortion of isotropie turbulence 

with a simple correction for decay. Comparison of the 

measured Reynolds stress structure with the theoretical 

structure (based on rapid distortion of the anisotropie 

gr id turbulence) showed good agreement in the initial stages 

of distortion; as the straining progressed there appeared 

to be a tendency for the turbulent eddies to become oriented 

more in a plane normal to the minimum rate of strain than 

that predicted by the theory. The distribution of turbulent 

energy between components did not agree with Rotta's55 

hypothesis (that the rate at which energy is transferred to 

a component depends on the energy deficit in that component 

below the mean energy level). 

The range of the values of lA in the present experi­

ments was not sufficient to show a definite dependence of 

the turbulent structure on thisparameter; however, com­

parison of the present results in the symmctrical contraction 

with the corresponding results of Uberoi 70 indicates that 
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the turbulent structure is influenced by the rate of strain 

parameter. This implies that strained turbulence acts as 

a viscoelastic media as suggested by Lumley34 and an equili­

brium structure is not possible unless l remains constant. 
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Ttc fi~st i8 r8lDte~ to Townsend's ~heory of frcc turbulent 

~.1; r.. r.', I~ f l o ',',i .\.,.1. •.• ".J:. C 1~ l:~ 0' , ..... l J" tî r,l ~ ~·Il" lr-'j <.. (195 r.) r.10r. () "'J" -.r"l ,·l~ 66 - ., _. • -, , .. Il -, •• , ~.l.i .. , l.._.~. . ' . .' • i:-: . <- ii .. J • 

I1C"lG1.ŒC!·:lents obtDinc~d \t.'hen ['1"iel tU.rbu1el1ce \vas Gub;jectec1 ta 

irrotGtional pleD8 strain. It 2Jreared thot the turbulence 

t3'(,oe of TO-V;:;i;O cl1d' ~ theor~', :it ':188 cor:sidered vJortLvibile ta 

repcat tbe uxperirncnts of Townscnd 65. and extend tteQ ta 

hicher str8in ratios, 8180 to o].8ssify irrot8tiona1 strains 

8nd cxtond t}·]c: 8xpcriDerJtn1 stuc);:,' to tnrce-dü:!ewJioYlU1 

~he second reaSOD for studyinG the effects of irrota-

t i oj18.1 s tr'f-; il1 OYl turb1.~le)Jc e ls rc:l&t ed to the first but is 

more fUl'Jùs';lel1ü'l, in i.bst ottGntio~1 :Ln t'!irccted to 1.mder-

t 1·.1~ t~r8'l:Lmt r:1Otiol1. ~'hlCh of our rl'eser;t Ur,(1CTSt~>1',cli:r1g of 

i. iCè.J studip.2 oi' dcccyirJg ,::-rid turbulcmce in l.miîc1rl flo,:.'. 
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The study oi' Crid "tt:.r11ulcncc i:J a uniform strê:lin field 

ofiers tbe O "l'Ol'tll'~l"",~ oi' r-tuc.!"'Y':'l'r tl'·:> e']Dr"y 1> J.' .• U u.J o..J .L ~ b J t: ! t: ë 

proceS2 in tLc prcsencl:; of C1JCl'CJ' p'olluctioYl, ,,:1"1ic11 is 

&voids the c:oJ:1plicati1'lg f2CtOl'f.l of diffusion Dnà wc8n rotéJ-

t iOli wJüch In.~:l·:e 8::ul~'siE, of ~(~ner31 sl';eLlr flov!s extre;:Jely 

è. il' fj cult. 

tio~ of turbulence is becausG of its practical iDrorta~ce in 

8u1)S01~ic wiric:-turmels, Ulld tl;p è'üstoric[.'l signific<.lrlCC (Jf 

1.J.. DcvE:lo}'1ic'?11i;c; leêlclil1g' to J:o\'msel1d '8 IIodel of }?ree 
Tur>':l1~: 8:;C2 

Intcn8ivcstud~ i~to turbulent motion b~g8n 8bout the· 

tr"~~l1 of the lH'oscnt cG{jtur;y \·.,11211 Re;y!101 ds .s a il1troduced illto 

t}le tbeory ttc fund2ruental notion of st2tistical rnean vslues 

trt111sfer of Le~·::t DDd tr8.nsfer of waSG in turbulent p.iotion. 

In tlu: ~'eDrs follo\Vj.11[~ I~E'~1!101às' (liscoverie~:, l:leDsure-

[dlr:1 liot tl1C <.!ctu81 t1.lT'lîulellt velocit;y or pre~,n',.\re fluctua-

t ion:::. ~1H:"orie;J [It tLis t ime had to rléJ};:e postl.JJélies about 

t b? !;'lturc of turlmlcn t mot ion ':/l1icb \'J(.:re bc:sed rurt ly on 

b<!scà on tLc concept of 8 "".1iXi"!ll~ ler)f':th" provcd io be tl!c 
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consists of eddies which locally are of nearly uniform size. 

This concept combined with the already existing ideas of the 

kjnetic theory of gases, led Prandt1 46 to introduce a 

mixing length into his formulation for momenturn transport, 

and led Taylor 58,6
0 independently, to introduce a similar 

length in his theory on vorticity transfer. The mixing 

lengths could only be defined in relation to the erroneous 

conception that Imnps of fluid behave like molecules of a 

gas, preserving their identity until sorne definite point in 

their path, when they mix with their surroundings. The 
1 

mixing length concepts were regarded, even by their origina­

tors, as a simplification of the true state of affairs in 

the highly complicated turbulent motion, and the resulting 

theories were always admittedly incomplete. A goodoaccount 

of the mixing length theory of Prandtl and its defects are 

gi ven by Batchelor.a 

In aIl applications of the mixing length theories it 

is necessary to make more or less arbitrary assumptions 

concerning the effect of turbulence on the mean motion or 

of the mean motion on the turbulence. The value of the 

mixing length theories has been that fairly simple assump­

tions regarding the mixing length in particular flows have 

led to practical semi-empirical relation, which have been 

useful from an engineering point of view. These theories 

have also served a purpose in providing a framework for 

further theoretical and experimental studies, and in 
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focusing attention on tbc processes \'!ld.ch tc-;}œ p18ce in the 

turbulent Dation. 

In ~ore r~cent ye8r8, considerable advonces have bean 

mE! de j n 

r;iOt ion. r,l"l'", 1',,-,,,,, 1 .. ,r", .. 'U·I··Ol,·,··!·'t ol'c"..1· ]'n l'rrt ~ Ll .... ) ..... ( .. ,J u{· .... t"' ... J.J '- ... ,:..; ! } )1..-tU,. ~ LJd , b;y tbe ir.~-

I):::,ove::J811t i11 Lot-vlire ir;strur:1ent3tioll, ':J}üch 'b..as ollO\·!ed 

8Dd216o bec8us8 of tte extensive theoretic~l and experi-

mentel stuc1;y ir; OLe verJT [>impIe fIo'~i, thDt of bO:.10[enC01.18 

decoyinB turbul~nce. The latter study W8S the result of 

S:8.;ylor's idee: of sil1'1pliî;yiriC tl1e pl'oblem 1\;: considering a 

llD i:"orn1 and ü,otroric fic Id of t 1.lrbul ont fIl Jctl.18t io:'î S; 3uol1 

s field C!:l11 be 1'e<:11iz(;(1, é:ri'ro::d.J':lr;tel~', in mliforl~l convective 

1'10\'101' gric1 turbulence; this proviàes t1iP }wssüli1it;y of 

e.xperiglenté:ll;y checking stetisticDl ide28. The introrluctioYJ 

Ïllto the theor;y of SI[1CC correlations by 1'Ei~,'lor 61 ~·}':d lot8r 

of the spectrw1 function 63 was 8ccOôp8nied by the corres-

pOlld:il1[ ::le8.Gl!relilents, sa th~].t tb(~ory 8nd czp8riment [Jl'ocecded 

turbulence W82 obtained. 

~he conditions for the study of the ordinory 2niso-

, J' 1 pr:;':;lîoLlClJO .OrlC~J tliCQr'ics, st~c1-. 8S 
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t Le l:ax~ng 1enutl' tlleories, [ï(1(l em.}liric'ü relatiol18 o1Jt~dl1p.d 

"'!}' • ll·r il"""'''''' t "'1 r .. ,.-, l '.'~' -i ,.. ....... 1· _l.i.\ .... .1. .. , • .-·J. .. __ ...... v" . ..L.io.J, 1:GiJeVCr, 1';J8 benefitec: greutl;:,r 

isotropie t~lrbuleDcc: lJ[Jve bcen Dssm.18d to apply to tbe 

8nicotropic flows. 

';lith the jnCl'C88Ed j,yiîor:llntion é:vailGt18 011 ordil1Dr:,/ 

\'11;ich 2re b8sed 01'l Ct :.101:'0 é~ccur<d;e 1'10081 of t1.'.rbulenec tk:l) 

::, 'll:r"-·'u--r~·.,- l'."''-;·!.'oi,·c.-a' lJ-~'- '.J..
I1 0'.'/1"JSC·""J(.'! ,06 ·"1..; .... '1-- J'~ '-~,..~c~ ."" n ''''od''l _ v"'; __ ' .... ~_' _ç • _ _ \'l..L<""U ,;::' )..:i::'~"'::;. Ül.J n,;, ,'-' 

structure of turbulence, obtajncd frem experinental obser-

vntiol1s i11 [.; fielf. of 11:;mo[enf'ous turhvlEmce sli.·bjected to 8. 

I~Dtely isotropie, t~rough a ~uct ~hoae cross-section varicd 

i~ shape (bllt not effective nTco) \'Iith distur.ce along it. 

The ~c~n velocity i:T8dicr::ts, l.:l'od'lleed bv tl;e cl!2Ylt:r "eG in the 
...... LI.A 

or cl j.r1E1ry t\'io-d i1:1(;)j ~ ir.n~ll ln ordin8~y shear 

'i.;:; hO~iO(ScrJ e0112 é:lYJà tl! e r:lenn flO\'1 i8 roto t iOrJ[j 1. 
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}!'rorJ this cy.pcri:Hcl1t:.,l StW1;Y, Tm·:nsend re:3clled the 

follo'dinG COT1cl1.1Gioi18 ~ (1) 1;llC st~:'11ctm:,e of turlllüence, 

rroduccc1 b;:; l1~Jifol':';l pl::r;(~ c1istortior:, is sübst::mtiBlly 

iDdepen~cDt of c0Jy interaction ~D~ transport, and in the 

ear1;-)' st':JL;CS of c11i:itortim.', , tYe 8t1:'1..1ctur8 ie esselJtially 

t h(> 3a::,8 CiS tl';[.!t ~.,roduced lJ;y instmrt8Tieous dis~.;ortio~l, ::or 

whicL <:1 theorJ' je [lv~d18ble; (2) t1J8 l~!CDn 8t1'oin establisl1es 

[~r; eqlülibrium stl'1 .. :.ctUl'r: in -tbe turbulent flo'vi, i\'hich :lE' 

cd die:.:.: of turbl).lelJ(:e o.re r~~lutivf~ly stable in structure, 

élnd hl the 8bsence of stl'DÜ1, tbe tinc 8cale for develop::lent 

l, c· 
.;;. rclotively IGr~e. 

t r[ms l)Ort in tbe s iI:1:üe 8r~eflr fI m .. " f:uggest ed 

tb.lt [; ei1:11101" structurl? \'!Ol:.1cl be cf::rtDblisheù in r.181J~{ or(li-

nary s~ear flows. Thereforc, he su[gested the corrcct 

appro::.cL r.ü[bt b;:: to conside1" the heh8viour of sTila1l volun:.es 

or r~:'Cl:ct:3 of fhlid trJ[lt interact to a ::-:il'JOr extent \'lith the 

surroul1c1il1g turl)uJ.el~ce, t1ïe turlJu1cl1t energ;y l'rodncec1 bjT 1.;Ye 

me811 flow being dicsipatcd locu11y. The idee of following 

the develo})nerlt of Cl volni:1c oi' fhüè, 18I'g~: elJou;h to 

eu oUG1: ta e,':Ji;nblisl1 l".!Uin vs hles for El l)oint, i::..; 1.1seful onl~/ 
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turbulent energy negligible. 

From eXé'T:1inatioll of scales, TmtnSe11d found that 

gradient type diffusiO!l :in free turbulent shear flovls (jet, 

\'Hlkes and I!lixing laYE;rs) ic usually negligible. !t'rom a 

sV.rvejr of mSl1y experimeritDl results, be found that ....... 
lJ~me 

aasociated with el1ergy tr8nsfer i8 longer tban the time 

associated 'I·lith the me8n rate of strain; this impliet~ i;ho"t 

in an interval of time suificient for elements of fluid to 

oecor:J.e higbly distcrted, tbe energy tr&nsfer to tbe elenlents 

by intensity gradient3 is negligible. 

In oràil1ary she8r flO\·!s neitl.er the turbulel'lt T!lotio11 

1101' the rne[:.l1 rl:~te of 81:r8in i6 uniforIT'. in spé.~ce. Hm-lever, 

hl free turhulent sbear flOi'H~ ~lo\\lnsel1d found thélt the sCéùes, 

associatcd with turbulent veloeitie~, were consi~er8bly 

smaller than the scales of the ~ean flow velocity varia~iol1s, 

which suggested tbat the effect of ~ean velocity gradients 

on turbulence is locally much 8S it \-lOulà be if the nean 

flow gradients were honogeneous. 

In ordin8ry she2r flows the local menn motion is 

rotational. For exam~le, in the c6~~on two-dimension81 

1.: ounc1ar;y-18~yer flov-ls, stra in8 vii th nprroxir:lat e princi p81 

rates of s'train iCoL/2);y), -~(oIT/ày), 0, are combil:ed 

\vi th npproxj.J :8t e rotation i(,oU/ à j') about the z axis 

Chcre' x is in direction of the' main flow and v ... is normal 

ta tte surface). ~iTIce DO direct il1fornation W8S available, 

IJ.10\ri:HJend é.'Is'Jll!:1ecl that in ordi!181'ji she::iT flO'."JS tbe effects 



of mean rotation on the development of turbulence are 

neglicible • 
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Assuming that in ord1nary free turbulent shear flows: 

grndient t.Y!Je diffusion of el1 er[~l 1s n cClir,ible, mean flovl 

gradients may be considered homogeneous, and mean rotation 

affects are negliŒible; t.'ben conditions in these· flo':JS are 

sirnilar to condition8 in flows subjected to uniform plane 

. distortion. Townsend, therefore, suggested that an equili­

brillm structure, of the type he observed ta exist after 

prolonged urliform l·Ùé:l!J e ct istort ion of i80trclüc tur:nü,;-mc e, 

would also exist in the ordinary two-dimensional free shear 

f lo':/s • 

Townsend then propoEed a simple model for the struc­

ture of ire:=: turbulent she8r flow; he divided the flo\'J 1nto 

1I1Llrge eeld ies" él11d the remaining fully turbulent fluid 

having a structure similar to tLat procluced hy uniform 

plane distortion. ft full occount of Townsenel's theory is 

contsined i~ his (1956) monograph~6 

Townsend's double structure of frac turbulent shear 

flo\-; ls, sàmi tt cdly, a s ir:lplificnt ion of the true etat e of 

affDirs. AIso, the assur2ptions relating the turbulent 

structure of free turbulent stea~ flowa te thnt dcvcloped 

ouring unj.form irrotatiol1ol è.istortion of grié turbulence 

are controvcrsial. However, tl1e assUï:lrtioD of constant 

eddy viscos:Lt~' TIor:::al to the !:18in flo",., ëirection lws been 

a succ:'~;-=s:r.i.tl i'/:iY of r.redicting free tur1:nüence al'Jel 
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observations in jets and wakes have shawn that the structure 

of turbulence i8 ::.tIjproxir::1ately unifol"m over ragions of 

uljiforl71 ~'tr8irl t;ypc, 1:Jhicb agrees \1itl~ '.i:o':JY1send's simple 

mOdel, if t~c ::::1Jip. ~Jtructure of the turbulellce is nsstuaed 

to be produced by the cean str~in and cODvected throughout 

trc l<.~rgp. eddi(?s co·,.üd account for tr81lsfer of trtrbulence 

produced by different .j.. • t SLr8J.11 ~'fes, .as for exemple, Beroes 

tbe central region of jets ~~d wakes. Townsend's oOdel, in 

a marmer siuilé:!' to tbe mixinG ~.erJgth rj~odel, has alre8dy 

provid ed [: fra;;H:vJorl<:: for a lTmnb er of ex~)eriT:lent8l and 

theoret iCéll studies, V/bicb lwve addeà ta the consic:.er::!1üe 

c:ci.wl:il1g infor!!1Elti'Jl1 on shear flo\'Js. 

IntereGt in the present Gtudy of the effects of 

irrotational strain on turbulence ar08e directly from 

'.l: c\"ilH::end 'D ,"5 expcri;;19!lts on the uniform pla!1e d ist ort iOTJ 

of hom6geneous turbulence. The nain conclusions from these 

experiwerJt2 have [ilre[:d~' beel1 give11. 

These conclu::3ions Gre of such far-reaching importance 

that it weB consi~pred wort~whiJe ta repcet Townsend's 

r::eusure::l':mts, especj.al1y sir)ce there \'Jere disagreeJ:1ents 

bctween the resvIts of Townsend ~nd those of earlier experi-

who used a sirnil~r type of distorting 

~uct capable of producing strain ratios up ta 2, cornpared 

'-'>' i th 4 att8 inrJ')le iD Towns end' s dlWt. In NacJlha il' s experi-

r:lents the turbulerJc'2 beC[lme 8r:isotropic r~e~lT the beginnil1g 
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of distortion, but returned towards the isotropie condition 

near the end of distortion, inste8d of approaching an equili-

brium structure as reported by Tow~send. It was, therefore, 

decided te repent Townsend's experiments in a similar type 

of distorting duct capabJe of 'producing strain ratios up to 

6; this would provide a region of uniforrn distortion longer 

than those in the other ducts, and extend the measure~ents 

from strein ratios of 4 ta 6, to determinc if, in fact, the 

structure of the turb1.llelJCe re?i1nins const8l'1t after str2il1 

ratios of 4, as assumed b;y TO\'ll1S8nd. It '.\las ulso dectded 

to extend the Experimental study to three-dirnensional 

cl istortions. 

] .2. 

Experimental study of irrotational distortion of 

turbulence also offers tl1e opportunJty to check tbe 

gcnera;tly held notions of the mecb8.l1ism by ,:!hich energy is 

transferred irom the mecn ta the turbulent motion. In aIl 

turbulent fluids, the kinetic energy associatcd with the 

turbulence is continual1y bcing dissipated; unless there is 

a continuaI supply of energy to the turùulent motion it 

vJill frm1unl1y dCCDy. An example of c1ecaying turbulence is 

th3t of grid turbulenc e tn uniforr.l mea!] flo\·}. Vlhere me811 

velocity GrDdients are preEcnt, energy is trensferred from 

the If:CDl1 to th8 turbulent motion, nnc] since tbe tram3fer of 

cJ:Jergy to the tlll"ee flvctu8ting velocit:y co:r:;ponents' i6 
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selective tl"le resulting turbulence bccomes anisotropie. 

In ordinary sheor flows, as for exanple in boundary­

layers, turbulent energJ' is gcmerstec1 bJ~ inter~3Ction of the 

meDl1 and the turbulent mot ion. HO\'Jever, tn such flovls i t 

i s cxtrcl:1ely d ifficul t to stud;y the proces s of energy pro­

d uct iorJ, sinee botb the r!lean grad ients and turbulenc e are 

n on-bomogeneous, ::Ind ener;S;y 18 trDl1sferred from one part of 

tbeoflo\'J to anotner by diffusion. The study is further 

complicated by the ruean rotation of the flow, which 18 again 

nOll-bomogeneous. Since it i8 extremel;}' dif'ficul t to study 

tbe JToduct1on of turbulence in ordinary shear flow, there 

1s considerable 1nce11tive to stuc';)' the production process 

in a simple homogeneous irrotation81 shear flow. ~his May 

provide insiŒllt into the production process Dnd offer a 

rocaDS of checking exiating ideas on the ~echanisn by whicb 

turbulent el1crgy 1s proc1uced. Because the s11::l.Fle flo\-': is 

far reioaovec1. from pro"blems of practical interest, tbe resnlts 

~re not directly applicable fron an engineering point of 

view, but May eventually lead to practical theories, as 

kno\-'Jled[e of tbe inf11lence of diîfusioll and menn rotation 

becomes available. 

The basic aasumption° of the rapid distortion theory, 

that of conservation of oirculation DB introduced by ïaylor,GZ 

o ffers an CXplD118tio11 of the meCl1ards:.1 lJ~r \'Jhicb el1 ergy is 

tr8tlsferrec1 fron the l:!e.'Jrl ta tl1e turbulent motion. For 

distortion which iD sufficiently rapid, the viscous effects 



v.'ithin the fluid T:1Dy be neglect'ed, and Kelvin' s theorem 

epplies, which stotes that the circulation in any circuit 

:7lovinC \·,itb tLe flnid ie invariable. J.\. result of this 
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theorem i3, that during distortion, the vorticity associated 

vJitll an element of a vortex line ren18i'rls pro:portional to the 

lc~gth oi the ele~ent. Vortex elements which ~re stretched 

by the Mean motion will increase in vorticity, while elements 

vll""dçh are controct (:'ù VJill dccrei.H. e in vort ici ty. Isotropie 

turbulence IJla~T be considerecl to consist of vortex elements 

having no fevoured direction, or as being uniformly oriented 

in space. ~lhen isotropie: turbnlcnce is subjected to an 

~~rbitrE\I'J' mean strain, the effect is' to orient the vortex 

eleme11tc tovJarda the direction of the maximum rate of strain, 

ond in 8[I'eement 'v!i th Kelvin' s theo:ce!!l to increase their 

vorticitJ'. The resu1t je alJ :increase of the kirletie energy 

of tl-:!e tllrlnüent motion, this energ~T of course cornes from 

the me'én; motion 'I.'hich strail1f- and orients the vortex clements. 

J.lthol1CL straining of isotrop:i.e turbulence a1\-18ys leads to 

en ilJC1'(:[!SC of t~le turbule11"t energy, this is r:ot neeesssriJ.y 

the C:;:2C '.vith turbulence \'!hich 1s initially anisotropie. If 

anisotropie turbulence is ~iGtorted in 8 way whicb tends to 

'ehan~e tbe turbulence towards isotropy, tben, st least in 

tbeor;y, cmerg~' is tra!1sferrec1 from the turbulel1t to t!1e 

rne8n mot ion. 

Altllough it is a centrel probJ.e,:.ï i11 turbulence, it i8 

still 110t l:novm in yJh&t \·mv e!lern"y is trnnsfcrred vJit.hin the ... t':.c..o 
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turbulel1t notion itself. At high lleynolds nunbers, it 

appears tlwt erJergy i8 tré311sferred from one eddy Si7.0 to 

8nother or from one 'tJ8ve ;')11rnber to arlOt'her by inertia forces 

and b:r !Jr€)SS1.lre forces, \<dth the viscou~ forces important 

only for tl~.e very high .... JéJve nw::.bers. One h;j'pothCGis haB 

t ecm propos ed by Obukoff, 44 v,bo as sU1;led thot the energy 

tr[l11sfer DerOBa t}~e ',\':.;;ve m.:e:!'h0:t k ie é:D810gous to the 

enert;y traYJsfer frcm the In8irJ motion to the tur1nùent motj.on 

elready di8cussed. The energy transfer would be in the 

è irection of the ldgher ",ave numbers Sir:C'2 the large eddies 

\vould strnin and tré:mzfer GrJergy to the 8!:1811er eddies vihich 

t'hey contehJ. 

The TI1f>cbanism of enerzy t1'2!1sfer bet'vleen different 

W[;'ve numbe,::,"f:j ~L8 1lOL fù.l.l~i lHlcl.81'Stood for the simple- Célse of 

lnùencc is eV8n :more cornpli.cated. It is "Jell knov1TI that, 

Et hi[;h ueynolds l1UElbers, t1..u"bulel1ce 1s r.lOre isotropic at 

high Vlave numbers (local isotro'DY); it ~~lJ'Pears tllere 1s El 

tr,n1sfer of energy fron one component to anotber, dne to 

8 tendency for eddie~ to beco~e oriented œore unifor~ly in 

space. It is generally ugreed that pressure fluctuations 

witbin the t1)I'~)1.üerJc:e are ir:l~)01't8.'rjt in this process. 

bnergy trm1sfer \I:il1 'be discussed later in the thesis in 

the li[ht of the experinental resu1ts. 
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1.3. Turbulenc e in \'fir,d -T urlnel COlrtre. ct ione, IIist crical 
DC\'t;lon~~jel1t of th? Distortio}; Ii'~;ecr;'/ and RelateQ...\'Jork 

Irrotetion::l1 distortion of turbulence 1'1::8 a direct 

applic[~tiOl1 in tbe desit;n of l3ubsol1ic \'lil1d-tunrJels, and it 

was initial intcre3t in this applicrtion which led to the 

develor~ent of the repid dj.s~ortion theory. 

In hI Ïl1L1-tul'Hlcls \'Jhicb aJ~e used to simulatc free flight 

conc1itiolJ8, it i8 i1ecess[!r~r to rech..lec the intensity of 

turbulence to its 10\'iEst rrncticable level, sinee turbulence 

effects the measul'ements :L11 the tUl1l1el, particularly thoRe 

SEl1sitive to tbe behaviom.1 of -the bounc1ary-layer. Tbe 

:r:~··ductiO"!~ in turbulence level is accor:rplü:lled by pessing 

t l'le flolt! th:cou[;l1 ho,', eycoI:lbs and damping s.cre er·; in a 10\'1-

s peed section crJlled a settling ChD~~lber, anù tbcm throUf'h a 

contraction to a higher spccd working-scction. The relative 

level of the turbulence in tbe working-section is greatiy 

reùucE~ beceuse of t~e rnean velocity increase, howeve~ the 

turbulence level in the tunnel iB clso inflvcnced.by the 

geometry of the screens ond boneycombe, and hy the mean 

streem distortioTI within the contraction. 

It is kno',·m t1'jat the \'dl1d-tmmel contrGctiO!l has 8 

selective effect on the turbulence coming from the honey-

COC11JS ::md Bcrcons. The o'bGolute value of tl;(; 101îgituc1inal 

c oillponent of turonlenc e 1s greotlj' reduc ed, \'Jhi18 the 

absolute v81ue of the IFlter~?1 cOl1pOnel1t8 r:18~7 '.mdergo a 

consi6eroble incrcDse. lr811dt1 49 obtained a simple estimate 

of the rcduetioYl in the Imi[:1 tudinrtl compol1t2nt by assuming 
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the kinetic pnergy incre8se, \tl11Icr. cornes irom the pres.sure 

drop in the contraction, is tte sarne for aIl elemcnts of 

fluid passins throUfh the contraction. Fbr the longitudinal 

C ompon ent s, l'réH1àtl n~ sUT:lec1 c onservntion of morr.entum for s­

small rotAtine cylinà~r of fluid with its axis in the 

direction of the main flow. Llthou[h Prandtl's results 

agrced appro:x:i;:1.:'1tely ':Jith tl10se obtained e:X:;:lcriment811y in 

wind-tunnel contractions, his method of nnalysis weB incon­

sj.stent, in that diffe:rent concepts ""ere used in treating 

the longitudüwl und Interal components of the tur1nllence. 

Taylor '-2. put l'ra1Jdtl's line of re8S0nÜ)g, tl'iet of 

rotation of elements of fluid, into a concrete form and 

laiCi tbe fOUlîctation of vlhat is uS'I.lally referred to as the 

" rupid distortion thcor;y". He aSBu~necl il'rot2tionnl l:J.ean 

flo\. alld cor~sidered tbe turbulence as be:i.ng due to vort:i,ci ty 

':Ji tb components Cùi. along the reference axes. TDylor 

shO\'Jed that for rapièl distortion, vihere tlle relative r.J.otion 

"b ct\~een tVIO nei[hbouring p:u·ticles of fluid due to the menn 

motion is l8rge comI1ared \<lith th8t dUE) to the turbulence, 

the vorticity in any direction renriins proportional te the 

lellEtll of t;)~.: elenellt :ln that direction. 1\he vortici ty 

equ~tion obt~i~ed by Taylor is the basie of the rapid 

d=l.~)tortioll ~Leor~: \'!r:icÎ1 13 outl1ned luter in t'hie thesis. 

t'urbulence \-1111c11 arJlolmt8à ta vortices i1': rect2t1tylar cellE; 

2 :::-l'::r:[;cd i:'1 ':1 regu18r tbree-dü:!cnsionEll array. The effect 
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of distortion on the initial turbulGnc~ was deternined 

using the vort:'ci ty and eleTlent 1enp:th relation 81re8d:,' 

ILe:ntioned. The firm1 ref1111tr-; of tte cY1nlysis consj.steà of 

expressj.ons for tLe root-!:'Jr.;Eli-sqllE1re vslues of the longi-

tudina1 and 18teral velocity co~ponents dowY1str~am of the 

dj.stortion, exprc2sed as ratios of tl:e corresponc1ing up-

st rear1 in :'.tia 1 values. Iri i t 1.:.: l is otropic turbulerlC e "IDS 

Th€~co L~re t,-JO objections to T8~rlor' S theor;y: firat, 

the àecE1Y i:roCef:ltJ \'Jbich re~n,.;lts in rec1uction of root-mea.n-

of the turbulence 8S j.t l.:asses tlœough the 

distortion i8 neelectce; second, he traat~d a rather arti-

f ici81 1!lod el of t urtl·,lGIlC e \,!hic b is not as rando!..1 :'n spélce 

èl~',d tlme 8;:j ~nJ uctuul turtu1en'li fielù, arHJ no chuice of 

secOïlc1 objecti.or: 1,0 tbe thcory 'l'Jas rr<îoved by Tn~Tlor' s 

by ~ibn0r ard Tuc~er;S3 bot~ groupe uEed T8ylor's vorticity 

equ3ti01n: to treat El Fourier integral rC'pre~ertGt;ion of a 

r8.lJè on t1.:rbulcnt field. The introàuct i011 .of the epectru!:; 

tGDSOr ~akes it pos~ible to calculote the cbange~ in the 

rù€'élî-SC?11~!re velocity cOI!!})onents; alEo detniled information 

concerninc the chbn~es in ony of the stntisticu1 propertics 

of "tr.e tllr"tnÜC1'1ce l1c{J' he obt~dned, for eX81:1plc, cbD11ges in 

th<? sl)ectrU1il tensor or correlation tensor. 

lti1)1~er étnd J:uclœr.53 dirr.cted t11.ë!ir [~tter.tiol1 to 
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findi11g the dC:'velopmellt of turbu1ence in s:YTlL'letrical vlind­

tunnel contractions. For ini tially isotropie turbulence, 

equations for changes in the three mean-square velocity 

co~yonents were o1tained, and also equations for the one­

dimensional longitudinal and J~teral spectra. They also 

sug;'cstcd a method of téJeil1g into nccount tl-Je effects of 

turbulent decay. Batchelor and })roudman S treated an 

arbitrury distortion and obtoincd equBtions for ehang~s in 

the threc mean-square velocity cornponcnts. IJec8y effects 

were n~ilectcd and no explicit r~slŒts were obtaincd for the 

d evelopr1ent of the spectre. 

In the ropid distortion theory of 3atchelor and 

Proud~aD, and also of Ribner and Tucker, ~xplicit results 

were obtained for the pbrticular case of initially ieotropie 

turbulence. Re~molc1s 51 has rcccntly extended the tl1eo~y ta 

include· initially anisotrorlic tur1Jl11crJce by considering the 

initial turbulence as t}l(~ product of u h:YIlOthetic81 rapid 

d i.stortion. Tlüs Gre8tl~/ tncrct-lses the applicability of the 

theory and cokes it valuable in predicting the development 

of anisotropic turbulence, especially in the initial stages 

of distortion. 

h theoretieal study of the behaviour of we8k homo­

gencous turbulence sul)jccted to uniform distortion \'laS 

c onduct eà by :Pearson. 41 Ee used. a linearized form of the 

Nnvier-StokcQ equations which includcd the viscous terns. 

Eenic1es uniform irrotutiol::al distortion t"'JO ot'her cases of 
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distortion, lmiforn rot[ltion and uniforP.1 sheal~, "Jere 

studied. 

j~ sj.milér th !;ore-t iCD J. stud~' of hOï:iogeneous turbulenc e 

in flov.' tbroueh s~n;unetrical controcti011S and expansions i'Jas 

carricd out by Dcisslerl5~ho startcd from tbe two-point 

correlation equations and reteincd the viscous terns. 

Deissler also studied the effccts of inhomogeneity and of 

shear flow in weak turrmlcnt fiE:lds. 

In the eqtH.:tioLS USE·d by both l'earf.'on and Deissler 

the non-linear turbulent inertia tcrms ',."er,:~ Ylezlectcd. IrJ 

··,lOst rœoblem; of engin l!":crtrJb int ('l'c.:~::t the l1e;Yi'Jolds number of 

turbulence io not sufficic~tly s0811 ta allow this; ut 

moderately larb~ ~te:ynoll~s numl)ers j:t is tllé: inertia of tbe 

turbulence and ~ot th~ viscosity which det~r~ineB the r8t~ 

of decay. 

Experiment~l etudies of grid turbulence in uniform 

irrototional plane strain (81rc~dy' rcferred to) were carried 

t b 1 . _. le- • ] .as ( " t· . t,.. ) d b n ~ " 5 
OU Y '1~;C.h!81. lor S L'81D rctl.N: np 0 t~ an ,,';l ... 01tmscna 

(for strain ratios up te 4). Results of si~ilar experi­

mcntol stud iN! bnve r:10re rec ently b CCl') r~port ed by Esréc ha1 37 

for strain ratios up to 13.3. The results of TO\<JllSCJld cmd 

Marechal are l8t~r cornp2Tcd witt results of the author wbich 

t{~ere obtail1ed il1 a simi18l' duct producing ::,traill ratios U1') 

t 0 6. 

l'iea SUl'éL!(;lJt s of [rid turbulcl~C e sull j C!Gt eà t 0 strain 
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contractions were used which produced strain ratios up to 

4, 9 and 16. Uberoi's results are later compared with 

corresponding results of the author which were obtained in 

a symmetrical contraction which produced strain ratios up 

to 6. Considerably higher ra~es of strain were achieved in 

Uberoi's contractions. 

Turbulent wakes in a mean flow of irrotational plane 

strain were studied by Reynolds~O Attèntion was directed 

to the existence of theoretically predicted self-preser­

vation and to production of turbulence by the wake shear 

and by the distortion. A similar investigation was also 

carried out by Keffer.28 

Attempts to generate homogeneous turbulent shear flows 

have been made by Rose 54 and more recently by Champagne, 

Harris and Corrsin~ In both of these investigations it was 

found that, at sufficiently large distances from the grid 

and the wall boundary layers, the component energies and 

shear stress attained essentially constant values. Complete 

homogeneity was not achieved because the scales continued 

to grow with downstream distance. These homogeneous rota­

tional flows are closer to ordinary shear flows than the 

irrotational flows studied here. 

Observations and a revised the ory on free shear flows 

are dontained in a recent publication by Townsend~T In his 

latest theory the equilibrium structure hypothesis, origi­

nally used to account for the observed Reynolds stress 
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structure of free shear flows, is abandoned and the structure 

is now accounted for by mean finite strain or effective 

strain. The effective strain is shown to vary from flow to 

flow. 

Lumley 34 has recently suggested that (at sufficiently 

high Reynolds numbers) the structure of turbulence subjected 

to irrotational strain depends on the (strain rate)(time 

scale) product. This product is the rate of strain para­

meter l which appears in the present thesis (I was introduced 

independently by the author and commented on by Dr. Reynolds 

in correspondence of Sept. 1969). Lumley points out, in 

effect, that equilibrium structure can only be obtained if 

l is constant. 



CH/.PTER 2 

A complete theor~r for the dev~lopment of homogeneous 

turbulence subjected to uniform irrotntional strain is not 

available. For turbulence ,,-rhich i8 distorted illstal1taneous-

ly the proble!;'"J. becomes linear and a solution exists. 

The tbeory preselJtec1 ber~ st8rts witb tensor rep­

resen~ation and the classification of irrotational strains. 

The single parameter representation of the type of Dtrain 

8S proposed b;;l Tovmscnd G6 W8S lJOt fOUl1d convenient a:nd a 

different strain tyre paraQet~r F is introduced here. A 

parameter l to rcprcsent the intensity of the strain is 

also introduced Dnd it is suggcsted that for high Reynolds 

nuniliers the parnrnritcrs F and l together with the strain 

ratio.R., , are the i:~lrort~mt v8riable~ '11.11icb d·~termi.ne tbe 

structure of turbulence Jroduced by irrotatioual strain. 

Equations arc developed from ~hicb the shape of a duct can 

be fotmd to producc Dl1 arbitrnry type of strain. 

Starting with the generDl vorticity equations, the . 
conditions for neglect of the inertie and viscous t~rcs arc 

considered; the nee1ect of thcs~ terms leads to tbe rapid 

distortion theory. An outline of the theory as dcveloped 

b;:/ :3atcheloT ~:ll1d l-rOll.àr:1D11 5 and :Ribner snd Tucker.5..3 is given 

21 
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and the results are presented and discussed. .A11 extension 

to the theory to include initially anisotropic turbulence 

as obtniDed by heynolc1s SI is outlinc-d, Dnd finally a simple 

ruethod ofcorrectine for dec3y is given. 

2.1. Represe~tation 8nd ClHssification of Strains 

2.1.1. l\~athe:rnutical .i."~I"~nresent;.::'tion of otrain Rate 

The velocity of a particle of f1uid at a point 

P (xi)' in the neighboll:d;ood of ~l :::-~fcrerJce particle" 8t 

Po(xi)o, ~ee Fig. l, 1s found fram Taylor's theorem, 

( ) 2 ,~? '\ 
8xj \0 Ui/o -- -"+ .. ,., \ . Clx 2 
~. j 

r;eglcc'tü')g quaàratic 81')(1 higher order terms in 8x ~ , 
J 

Eq. (1) becorr.es 

TI.; = (U.;) 0 + e .. x. +.,., .. X. ..... ..... ~J J 'l. ~J J 

':lhere 

(1) 

(2) 

(lJ.) 

Bere . eij represent the cOIlponents of the sym~!etrical rate 

of strain tensor &nd 11 ij the components of the onti-

sy:;li':letric~; 1 rotatiOll t ensor. 
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Eq. (2) shows that the velocity of an eleme~t near 

e rcfcrcnce particle may be considered as: (1) a' 

translation ',."ith vcloci ty compol1cnts (U.) equal to the 
J. 0 

velocity Dt Po' (2) a rigid body rotation about an axis 

throt,gb Po' 8lJd (3) a clci'ormation of the clement represented 

by (àUi/oxj)oB:i: j , the products of the rate of strain and the 

coordinatc distances between rand P. When the mean 
o 

flm·/ field is il. ... rotationul then the veloci ty of the element 

may be cons idered as a translt?tiol1 and a deformatiolî only. 

The experinental work in this tbesis is limited to 

irrotaticnal me an flow fields (pure strain fields) which 

are approximat el;,' bomogencous in space and time. 

li. homogen eous irrot8tional rJC81'J fla\\! field mny b e 

reprczented by 8 single rate of ctrain tcnsor wbich for an 

indiscriminate choicc of the reference axes syste~ will 

have nine compO~~Dts repr~scnted by 

prinCil)91 axes of the s;Y.i.nmetrical tensor 

Ho\-/ever, if the 

e.. are chosen 
J.J 

as the reference axes, the rate of strain ia repreecnted hy 

the tensor 

du./ox. 
J. J. 

0 0 

e· . - 0 aÜ')/àx,.. 0 
J.J ,.. ~ 

0 0 au
3
/ax3 

With the off-diagonal coruponents zero. Irrotational mean 

str8ins l:1ny thc!'efor~ he rrprCDcDt ec1. 1Jy 8. triple of rltmbcrs 
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::";ince the axes may be interchanged freely, 

the arder in wbicn the nunbers ar"peer in the triple is 

unimport<:mt from the point of vie·vI of represcntation of the 

rote of strein. Wc may therefore choose"the axes so that 

tbe nU::lbers appearing in the triples arc in decreasing 

ord el', tl-:8.t is àU, Jax] ~ of]''/OX2 ~ o ü
3
/iJx 7. ; i t follO\vs 

.J.. •• J:.. ;; 

that the strain ratios are also in dccreasing oracr, ie., 

A :> /J :> /J '·fl • ... t ft· t" 
"""1 - ~2. - .t::.3.liJ:~en cons~Qer~ng ra .cs 0 s ra~n n~s con-

vention is used throuchout the thcsis, and is convenient 

il1 treat il1b the rripid d ist ort ion theory and i11 COr.1parirJG 

the structures of turbulenc~ prodnceo by the sane type of 

strain. 

2.1.2. Clas::,j.fic8tion of Irrotatiorwl S.:t.r:~i..!l"§' 

Irrotr7.ltional straina r:lay be classifi~d as follo"-Js: 

(1) diffusi.on. (ex1181îsion), having t\tJO positive rates of 

strain, 

(2) ccmt::·ücli2J.2, having tvlO nC€;f::ltive rates of strein, and 

(3) r-18n0 __ ~~K?~~, hoving one positive, one zero and one 

ne gat ive rat c of strain. 

This classificatio~; i8 surrr:l(n~izcd in Table l belo\tl. For 

inconpressible fluids, continuit~ reQuires that 

oU. Jàx. = 0, émd t::erefore an irrot8tional strain is con-
~ ~ 

pletely specified if any two of the principGl rates of 

Gtr8i~ ure [;ivcn. i.E-; stm"m in T8ble l, the sign of 
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àU2/ aX2 is sufficient ta classify the type of straill. 

Classification of Irrotational Strains 

0' ;:,)l&n 

Strain Clas8 
OU1/axl aü2/ ax2 OUy /àx3 

diffusion positive positive 

C on"t;racJli ion positive lH':guti ve 

plane strain positive zero 

2.1.3. Para.met (~"r'B which Determill ~ the Effects of 
Irrotational :D"; stortioll on TurbulcI:lcé 

rJt'gat ive 

negflti ve 

negative 

In cOfJsidcring the effects of irrot:-1tion81 si;rain 

on turbulence it is necessary ta UEe par~metcrs which 

. characterize both the strain and the turbulence. Tbe 

, l' ~ i 

(2) 1." the strain ratio vl1::ich 16 a mensure of the extent 

of trle s'train; 

(3) 1, th~ stroÎlJ r,,-:.te- p:.:rameter, ',l/hic11 is a measure of 

the strain rate reJative to ttc rate of decey of the 

-l.:urbulcDce. 

The P[TêJ;:lctcrs ]' and 1, depend mll~' on the atrain, tlle; 

rar8m~tcr l depen6s on the ~train a~d el~o on the 
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turbulence. ';le ,."il1 nov! consider these p8rameters in more 

d et;:ül. 

An irrotatio1'Jal rate of strain i8 comuletel'l - .. 
;:;peci:':icd by èfUl/àxl and dD2/àxZ' tVl? rrh1Cipnl components 

of the rate· of st"cElin tensor. If àÜ1/oxl is chosen arbi-

trnrily a~ escale then the dimcnsionless quantity 

is a mensure of the type of strain. F j.s always of the 

S8r:lC siQ1 né' aü2/aX2 and thel'cfore th~ !.:'ign of F is 

sufficient to classify the strain; posi~ive P indicates 

1 • î..(' . C, 2 _ "L US 2 O!1 , negative F indicatcs contr8ction, zero F 

indicatos p18~e strain. 

The type of strain paran~ter F defined here, is 

siJ~~pler thé:m the par8Beter .n.$ proposcd by 'IO\vrJsend wbicb 

i8 defined as 

AS = 

nnè. aU'7./ax.- is re (ll.<ireà • :; :; 

~iith refer~l'lCe axes cbosen so tbnt oUl /èx1 ~ 

[;11d strain 

tte relative D8gnitudes of the tbr~e strain ratios are 

relGted to the type of 8train. If the ty~~ of strain ié 

specified, tte strain ratio 1, alone ie sufficicnt te 

meéJ.::n~re tbc e7.te!1t of tll{~ t'traü1. 
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As a measur~ of the rate ofstrain it is c1esiraclle 

of the turbulence witbin the dt!~ln rt~ld. A suit able 

p:1r:;J;neter l ül the r;::tio of the~ii:J.e :icale of the turou-

t~~:,:! t i,ll~ ~:cal~ of th~ rate of :3trélin. 

A time scal .. 'dh:i_cl~ c:harac:te-riz'!is the rate of strai.n 

is simply 

I l -, ) t = l'oU 'Ô" S / \ ::./ '<'1 (6 ) 

iJ_s él tirlC s()81e for the tl!rbulence, a logical. choice is tl1e 

'~:il~ time sC:::lle of the ~nergy-containing (~dc1ies :i.e the t:LJ:lë 

scal~ of the:! decay: \'1e can use 

1he timc sCDle t~ for grid turbulenc ~ l?êŒi~s '.'li tl~ c1istarJce 

fro~ the virtuel origin and with the menn velocitv as shown 
Il 

1· '()" ~ . ,. i;.p~e11C:1x ~~ •. 

Tbe TDte ")P ··"t"l·~t ",'r J .•. ~,. t _~.L. ~- ............. ~ clefined os 

l - t /t<~ = e .~ .. 

r'c l' ;~ :L::tor't c:d [;rid turbulenc ete a11d r.enc e- l vary 

tbroughout the diEtcrtion; bov!~ver, -S:or compariso11 of duct.s 

r,rcùvcü')G thl'! S2m~ typ~ of strain l L" the value at the 

beginning of the distortio'n, LiCy arbitrarily b~ cbof:len to 
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characterize the rate of Etrain. The parameter l . behaves liO 

s imil~~:.- to a U1/àXI til'~d v2ries from ~ero i11 ur!iform mean 

flo\'l to infi:ni ty for instantaneol1s distortion. 

The time scale of turbulence defi~ed above is 

c01)venierlt for tl'eatii1g" unifol~;,!l 6istortion of grid turbu­

lence reported bere, ~1ecause the g°l.1.anti ties q2 and dq2 jdt 

at the becinlling of t:-Je distortion are El"'Joilahle from the 

cxperiments. liowever, if the psrometer l is Dsed in more 

eener81 shenr fI O\-J 8 , [·my tioc scale assoc1ated "Jith t11C 

erJcrsy-conttürdng edëics can be Heed, for eX8nple tbe time 

scsle Lu /(q2)i, v/here lu 16 a lcngth scale aesociated 

with the energy-conteining eddies. 

ln summary, 8 uniform irrotatiol1al strain muy be 

T - . 
forT:! p[..trameter c1eterm:Lr.es the type of s"tr[-lin, and tbe rate 

of strain pal'umeter l includes a mecsur~ of the turbulence 

,oJjot:lijj th0 field. Tbe GtI'~tin r~Ji;io 1., provides 8 :"le::;surE: 
.l.. 

of the extent of the Etrain. 

2.2. ?uct. :}(:Û!!wtrJ tù rrcduce :::rJ ~trb:iotrary Irrotational 
,:;tr8JTl 

Ir tbe coordinute systeL~ (x.). and x. are ~efcrred 
J. i:" J. 

t 0 t~œ Sé):"J€ origil; !:1oving wi "t}; tbe I:1ean v eloci t~· cf El fluj.d 

r·ertj.cle as 2, tt~ pOBitio~ of the fluid 

eler.lcl1t Dt time t = (; ';r sot (x '1 :t"'d 
.l.o;). '>i'j,'-LJ itE positioll 8t 

tÜle t i6 at t 11 (::n the ... 
l)Cé~ :1.1. J.O!) of 3 fluid })orticle 
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l. 
(x . ) '. S. , (t ) 
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If the ter;1::or 0ij Ct) i8 uniîorm the:'l the \fector xi (t) 1s 

obtained irom (Xi)( by e IjneDr transformation of the axes - .. 
of rcfcre:lce. .Ls poi:::teè out .by l3atchelor f Si.; (t) is 

li 

'unifo~n ia exactly ~rue for 8 box tYDc distortion ~here the 

fluià :8 OOl'ltcdrJed \'lit1"d.n liotmdar1es sl';d the distortion i5 

caused by 8 linear ~otion of the bound2ries, sinee the fluid 

will then undergo 2 similGr lincar trausforoatien. However, 

il1 mest enGil1ce:r'in[ pro1:llems cJ i[:t or·t 10ï.1 of the fluic1 is 

c/:luseà b37 floVl rGst fixed boul'J0.aries; 1:18 for e:.:r:.r!1pl·~ i11 "iil1ë!-

tuni.el contr8ct:i..0l1f~. In thesc problc!::s tlie àietortion 

tensor ~ij(t) is not exactly uniforn sinee particlee of 
.. 

fI uid vI'1110h lie on a Interal p18ne 1.1pstl'cam of th~~ àistor-

tion will not lie or a rlanc after bcin[ distortE~, 88 ~n 

t1.,-· Céise of é} box type di.jtortio:J, but ';Jill lie on D curveà 

.Slll'f':we ·I..'~.t~· the l=artJcl+-::o neDr tne center of tbe tUT:jjel 

r~rther downstresrn tb8~ thcse near the wellE. The radius 

of curvat~rG of t~e c~rved surface will be of the order of 

tl.e tU11Tlcl vlidtr;, 80 thot for situations ':!l'icre tbe scale of 

distortion tenscr i3 ~pr~Gximately uniform. 

'ue (~1 ".' q "1 .: .•.•.•• (~ ",i ~';'I ..., (''; '" i' or"'- l' '"'J 0' S ccol: ion ",,, .•. ::,:,,.L.t~.~ ·._Vw. Go ..&. • .1..~... \J LJc: l: 

\.,',.. i (.~. .; < 1[1' "1· '.1." (1·) "., .",,; 1· ','j 1" Y',' .!: h" :~ >)1""" t)Y':L' ,:.c; "'1· 01' f~ ta te d 2 b av!·' _ 
.,. ~ J. _ .'. '... _ t . 1 • f __ li .. ... ""-" --- J: _-,.1 ..... _ ..... _.. li .... .... 
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. In desi b'11il1g f, tt~rrj('l -:;0 produce ê:1 given -type of strain, 

\-:e choose Cartesian coorèinntes far' 'the tUl1Llel aJ.onc '::11e 

oUI /à~.· 
1 ·-1 0 0 J. 0 0 

0 oU- /ax 0 :~u /Ov 0 p 0 '")1 ') - 11 ·'1 r~ I~ 

0 0 àIT3/oX3 0 0 - Cp+ 1) 

1''-8 ;::lr(-:é.:(:~' :Jtated in ~~ec. 2.1.1. è)Ül/OXl~aü')/ax?·~3U7/àx'7.; 
(~ ,-- .... ;> 

this C~Oi0~ of the axes 18 ~ece~u8ry in arder ta specify 

the type of strain br a single paramcter F. It i8 con-

venie~t tu locbtB the arigin on the center-line af the 

tmmel at the el1tran~e to the distortirlg section. The 

t.~1e 11JDin îlO'.·; ma;y- 've chosen èl~; nny on~ of the Xl' x end 
2 

X7 Jirections end in general three different duct geo~etries 
:J. 

',dll l'eoult, à8pl~Ylding on i;1H.~ .choic.;.,. In practice it 18 

not d8sil~able ta cboose the 1:1ai1": fla\-J direction in tne 

direct~:'!j ,-11' t1':ê "~".-rqi';\IP J''''':' ( .•. ' ")f '~'!'1~,:1~"1 hec,=",r.'e t\··J'':': J .• c~c ... 'J.~ ...... -.• li,.,.'" .... _ ~ ... I.J_. "_l .v .... i.A.O ff .•• l-: \-lould 

.2E'sul t :i.n atlverse pOtd ti Y.P pres (-::ure gradient.s '_,.'1:icl1 17J.ight 

Table l, there are t'lm duc;; [;eOlIJe tric;.:; -,~·:-:.:Lc1: i.1rOdl:.(Jt~ ,'=) 

geo~Etry Cor contrEction. ',ic \'l..l..":ll -J"J.'n'~ +:~l"" \.~ .. ,~~ ;:M'j eqU1~tions -- . ~~ .., .... '-' .. - ... ··-0 .. -

Îor tlïe c1l.1'vell f " SUI' 8Cf;)H 1)1 ~'~~o't~n ~l·"t ~or •.• J . .:: li r ,_ g ~t 1'-' .1. 

. .";' . 

.. 
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d trecti'on of X ... ,. 
"-

2.2'.2. l::itreaP11ine }~(pJ8.tions, Nai.n Flow in tbe x1-Directio.n 

st~8in types: diffusion, contr8ction and'pla~8 strain. Let 

the :nexirmm rtd; c ai' • • '::li. -l";), . 0::. _ ........ , -. 11 (;.1' .. v -.' - J.. 
.... 1.1 J. '-" .l- J." .". J.- , 

~ TI ,:;;/3 x ~ = - J..( F + l ) 
" ./ 

the!) flnid p;:,:ct:i.e les 

The partial deI':lvwl.ive:, rnGy 

then be rer18c~a ty tot~l dcriv~tiveA HDd Bq. (10) beco~es 

T'" (::"T) ul = ,l.'l I. 

U2 = 0 

ü~ = 0 
;; 

(lJ, ) .-...... , .... 1 
\. .1, L •. 

\\= À'{l + 

li f"'. = cl! ')~ .. ~ 
,-:, .. t..,. 

(- \ ù_ ) 
.L .h 

= cl,'-' -' 'J _~ = - ',J~ + _'.) ~.~,: 
) ~ 

F:~)~lyirJg the bounàary condit:i.oi1f:' 



' .. ' 

, , 

32 

dx .. /IT = ôx liT = <'Ix lIT 
1.' 1 2 ~~ ;i:3 . 

(16 ) 

If the distartinG duc"t i8 rectangu12r iD cross-section 'ditl; 

sièes of lengttè 2(x,",) End 2(X~)_", Dt the bez;irminF.' of ..... /'.,,./ .... 

d~I,'torti()lî (xl::' ü) ~ the~~ the v1811s of tt:e distortir.g d1.iC"t; 

8re deftned by fo"t:r-eamlincf.': passing tL1rough (r, ± (x 2 )J:..' x
3

) 

a~d (0, x2 , ±(x3)~). Integretion of Bq. (15) gives 

Similarly, 

(18) 

In the C2se of diffusion end plane strain, the m8in 

flo\·: ve1ocit~~ ]Y.8;Y be CLOSClj along t'te x
2

-directiol1 \·lit1::out 

adverse pressure gradients. ~ssuning box type distortion 

dU/(~x J (1Ü"'7 /.:,,. _"l,' dlÏ-/lal x_=-cl(F+1) (19) 1 ""1 = 0-, '" 2/ I..iJ'2 -t:1o.., j :5 • 
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lilor main f10\"/ in the x2-direction, the boundary conditi0i1S 

are: 

v - 0, U = (Ur» j •• 1""1 -
2 t:- iC. • 

xl = 0, U
l - 0 (20) 

x 3 = 0, U 3 = 0 

l~fter integration, 'Eq. (19) \'Jith th!3 boundary conditions 

given by ~q. (ZO), we obtain: 

TIl = ol.x1 

TI = J-1.1,. + riT ) 
2 "''''2 \ 1.. 2 J. 

1]3 = _J-(}l + 1 )x, 
} 

Introducing these values into the general Eq. (14) which 

defines the streD~lines, wc obtain: 

i'ssunilîg the èistorting duct is rectangu1cr in cross-section 

v,"ith sj.des of lel1gtl: 2(xl )p. Elnd 2(X3 ).L at the beginning of 

the distorti0l1 b:r)= 0), then the \'I811s of the c1istortin[: 
'-

d uct Eire defined b;y the stre8mlines p::lssing t'hrough 

«X1)f.'C, x,) und (Xl' 0, (X 3 )j.). IntegréJtion of :Bq. (22) 

for O~}~::'l gives 

(24) 
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Simi1arly, integration of Bq. (23) for 0< F!fl gives 

V/ben p+O, int'egrstiol1 cf Eqs. (22) 811d (23) with tbe 

boundary conditions, we obtaiti: 

Xl =. (xl).;',.. e (cl.x 2)/(U2 )A 

x
3 

= (x3).L1. e (-J..x2)/(Ü2)A 

(26 ) 

E(~uations (26) and (27) 'Clay also be cbtained from Egs. (24) 

al1d (25) by exp~~ndinC' the t er1:1S in bra c1t.:€ts lJy the Binomial 

tbeorem and thcn 1ûtting F..,. O. LQu8tions (17), (18) and 

(24), (25) give tbe duct geomètry for any. type of irrota-

tional strain P; the eQuations are approximate because a 

box type distortion WClS assumed. 

2.3. R:;lT)-in Distortion of. Isotroric Turr.n:Ùcnce 

A cooplete mé.!thelil.3.ticol solution to tbe problem of 

turbulence within 8 bor:1Ogeneous :pure 6t1"ai11 field appesrs 

at present to be irnpossibly diffic~lt. However, Taylor 

h:::s sl1OVJl1 that if the mean stn:in i.8 sufficiently rapiè, sa 

due to the TIenn motion is large compared with that due to 

turbulence, tl1e11 the ITavier-;3to1.ŒS equations are reduced to 

s il:lpl e line::::.' c(ft1ot. ions an d a complete solut 1011 C8n nc 

obtfiÏned. 
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2.3.1. ~imp1ification of the Vorticity Equa~ion for Hapid 
Distortion 

The implications contair.cè :tn the assumption of 

rapid distortion can be seen by examining the vorticity 

equations Ï'll1ich are obtaiYled b~ takiYlg the cur1 of the 

Havier-;:jtokes eqUo.timis to e1iminnte the 'pressure terms. 

The genera1 vortic~ty equation using Eulerian variables i8 

à(..ëi . ... Q) 
3. 3. 

ox. 
J 

For irrotatiOTIa1 mean f10'l1s ..Cl..= 0, Eq. (28) becomes 
3. 

where 

DCJ. 
-2= w. 
Dt J 

l 

àU. 
---1=. + W. ax. J 

J 

II III 

DCJ. a~. aw .. 
_2:. = ~. --2:. + (U . + U • ) ""-
Dt J ot J J ox. 

J 

IV 

(28) 

signifies diffcrentiation fol10wing a single f1uid particle, 

often referred to as the substar!tiative derivative or the 

L3gr311i;i3.n dcriv:ttivc. 'Squnti0l1 (29) states tbat the change 

(1) in vorticj.t,y of the turbulent Do'tion follm"ling a particle 

of fll.,:id is equéll ta (II) the pr~duction of vorticj,ty by the .. 

mean motion straining t1-.(:; tur()l.llent edc1ies, plus (III) the 

trn:1sf.~r of vortj.ci t~: arao11gst tbe turbulent eddies by one 



eddy straining another and through inertial interaction, 

plus (IV) the diffusion of vorticity by the influence of 

viscosity. For very rapid menn strains, (II) which contains 

the mean rate of strain aUi/aXj becornes dominant and the 

decay terras (III) <ü1d (rv) ma;/ be: neglected in Eq. ·(29), 

which then becornes 

.i.ccordil1g to Lamo.3'2(p.206) a line segment 8xi following the 

mean fluid !:lotion '_.,rill h8ve fi Lngrsngian derivative 

From a co~parison of Eqs. (3C) Dnd (31) it follows that for 

aIl tirne t, 

~l:is resul t is \rlell knowD, tbe cr:cnge in vortici ty components 

of an elol.1ont of fluid 1s proportional to the change in 

lengtb along the respective axes. When the term containing 

the viscosity is neglected in Bq. (29) the fluid becornes 

ideal, ~nd Kelvin's tbeorem for the conservation of cir­

culation 81so leBùs directl~' ta Eq. (32), \I;hich embodies 

the entirc dynvrnics of rapid distortion. 

The rapid distortion theory presented later gives 

a complete solution to Bq. (32). It will be shown that 

when the vcrtjcity which co~prises the turbulence is 

strained by the ruean motion, the vorticity atre~gth 
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increases in such D way 3S to maintain the constancy of 

circulation of the fluid eleLlents, and h1 this v-JaY energy 

is transferred from the me8n to the turbulent mo"tien. This 

is, in effect, a staternent of Eq. (30); the left hand side 

repre~erJtil16 the increase in vorticity fo11owing a fluid 

element and the rigbt hund' side Cùj OUi /3Xj represerdiing the 

production of turbulent energy OjT the me2n rat e of strain 

'OUi/()Xj acting on the vOl'ticity lA)j v/ithin the fluid clement. 

It is interesting to compare tbe rneBn production 

t erms (,,)j àUi/ox j and the inertial decay terms Wj OUi/àXj 

appearing in Eg. (29). Tbe inertial decay term may be cori-
. 
sidered as representil1g the transfer of turbulent energy by 

the straining motion of tbe turbulence i tself, the ~lotion 

of thelarger eàdies streins the 8];1811er turbulent ech1ies 

thUG tralJ8ferring energy from the larger to the smaller 

eddies. 

Condit~ons for Neglect of Inertiel Decpy 

In Bq •. (29) tbe inertial decay tern (À)j aUi/àXj may 

be l1eglected "\',hen :Lt j B small in com:t;LrÜWl'j \litll t::8 ;:")1"0-

'iT 1 -:...-: /~ :> 'ôd tt "';l-:.e princips.l axes chos eY1 so that à 1..'1/ o:Xl ~ olJ 2 uX2 -

~\.;3/~x3 then u sufficient cond i tion t 0 replac e Eq. (33) i8 

that 

-,. , 
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(34) 

ie., the turbulent veloeity gradients must be small in 

C omparison 'l;'1i th tbe maximum lr.ean velocj.t;y gradient. This 

i8 essentially the cO!1Ciition for rapid distortion stated in 

the originul paper of Taylor 62 tbat during the proeess of 

distortion the dis~18cement between any two fluid particles 
. 

sl'ïOuld be dctcrr:lÎYlE'cl unique1;)! by the ffie3n strain, \vhich 

:i.nplies that tbe i"rJ fluenc e of the turbulent !!lotion on the 

displaceme11t j.s negligible for aIl stages of the distortion. 

It is in this sense that the distortion i8 required to be 

Bufficiently ropid. 

as [1 time Berlle t s representine the mNIrl rate of strain. 

5irnilarly, l/(ê)ul/àx j ) may be taken as represe11ting a time 

s cà le as soeiat cd \'li th the turbulent r.lotion, or more exactly 

BS a tirne seale DssociHtcd with -thé energy-containing eddies 

sinee wj oUi/ÔXj determines the rate of energ;y transfer 

tbrough the energy-contDining ecldies. The ti:ne seale 

1/(àui/àXj) li1uy therefore bè replaced by tbe time scale 

2 ~? J t = - (1 1 (f1" - '\ lu'.l-e ':1 \ ~t •. .1 Id ". ~rom 3q. (34) the condition for rapid 

distortion then beeones 

The viscous decay terrn (IV) in 
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If: the randomturbulent notion i8 considered to be composed 

of. individual plane "'Il2:'leG, or Fourier components, then the 

viscous effects \"i11 aet on indi vidne1 \'Javes separately, 

v/ithout mutual interfer~:nee. Tbe effect of viscosity on a 

single wave', in the absence of distortion, mDy be obtained 

by cODsidering decay in a f1uid baving'uo mean motion. Tte 

compon ellt of 8 'dav e mD.~l oe 't!ri tt en as 

The viscous dec8y corresponding ta term (IV) in Bq. (29) 

beeoilles 

Cleerly, the viseous decsy affects bceome larger fer the 

highcr \'lave D1.1:"JOerS, that is, the smaller eddies. 

}'rom the Many experirnents on the dee8y of grid 

tu:rbulenee, for eX8I'1ple tLose reported by 33tel1e1or,6 it is 

found tl1Cit even at mot1erBte1y 11i[:11 He;ynold s l1umbers the 

rat e of d eeay 18 inc1 epci'j(1ent of t'b e viscosi ty in tlle ini t ia1 

period of decay. Apparcntly the timc Dcele of viscous 

decay is large ·co:npare.:l \'Jitb tbe time seale of tte enerbry-
') 

c ont<:dning ed(lic:::. If vie t8ke l/.'rlc~ to represent a time 

seale for viscous decDy of edc1ie::: 1~8.'lirJg '.-;2.ve number k, 

~h erefore, for grid turbulerlc e lmvüJg nod erat ely hi[h 
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Heynolc1s nUl;1bers D sufficümt condition for ins'tantaneous 

distortion i5 givcli liy Eg. (35) onl;y, si11ce in the energy-

C ol1tûil'üng range t}JC' visc:ous, decay is a re1sti vely slow 

proce~!:: • 

The'time ~:cE.le of viecolw cliêsipatiol1 1/'l'k2 

b e a bigh range of \'Jave l1umbers for which Eq. (38) is 110"t 

:!.'egarded as an energy sin1<: with tae rate of decay deterr.1Îl1ed 

by tL1C eddies il1 the energ-.f-cont[dning rr.ilJ[e. 

J!'or lov; i~eynolds rJUIIlber turbulel1c e, for examlüe in 

t 1:e final period of decay, the il1ertia1 decay term (III) of 

Eq. (29) becomes sms11 in conparison 'Vdth the viocous decay 

t erEl (IV). There io therJ VE:Y,'y li t'tle energy transferred 

from one eddy size to unother ond viscous effects are 

important for a11 edày sizes. Neg1ecting the inertiel decay 

terms in Bq. (29), it becomes 

]?or l.miform f.'le::u-: strains tbis eqlwtion i3 1inear and a 

solutio~) nay be obtail1ed for a fi!lite rute of strail1. As 

alre8d;y r:1eYJtio::1Cd s?lutions to this probJ.eEI ~eve been 

orè.i"n8r;y turbulent f10· .. :s st moderetely high l:~e;,;nolds 

nU=~:',)'2rs inerti81 decay terT:1S cannat 1.1e neglec"ted. 
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The insttmtDrJeous dir:tortion of isotropie turbulerJCe 

is nO!;1 treated. ~he metl;od first introdueed by Taylor ~eis 

follovJeà Ull to t.he point \>,ihcre the field of turbulenc e is 

repreSclîterl r:1ntheiilS r.ica11y, '::nll tnel1 the Fourier represen-

tatiol1of the turbulent field. following the method of 

Ribner and Tucker 53:.s used. ïhis metboà tre8ts tbe 

d ist ort io:n oi é1 sinGle 20urier CO!!lIJO!1cnt end tb F::l) tbc- eff ect 

of dist'Jl'tion on the t1.lrbulel'rt fielà is found 'by sut!mation; 

this is permissible since the prob1em becomes 1inear ·~lben 

il1stant8ne01.:.s clistortion is assumed. The metbod of' ltibner 

~1l1d Tuckr.n.,53providcs a [ood pbysic8.l insigl1t into the 

infl1:.ence of distortion on the' turbulent fluid but tbeir 

s olut ion io limi t eù t 0 symrJetrical p1a11(! cO~1tré\ct ion. 

Butchelor and Ï'rouêlman 5 treated'Eln arbi trBry distortion;, 

their resu1ts are introduced ne~r the end of the discussion. 

2.4.1. i!:ffect of :i.{atid Distortion of Isot:!. ... opic TurbuJence 
on the 1'·leq,~-;:ic.11.1S\re V c' oci t'\.7 COmn0l1el11: s 

Consider on arbitrary disto,rtion causeà by a pure 

strn1n iri a fluiù flo\'l \'lhere the me2.n stre'om -.,e10ci ty Ul i8 

changed to JI U1 in a snûll in~erval of time cornpareà with 

tbe tine required for appreciable turbulent Dotion. A cube' 

of i'1u:ï_d of finite dinensions è \'lill oe changed by tbe 

shoH11 in If we assune a coordinete e~ste~ rnoving 

\'li th the e lenent of f.lui!~, tll E.'11 ~ l'art 1c le of fI tdd 
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originally loca"'ved by the vector (xi) A vii thi~ the element 

will be loeat~d by vector xi after the distortion, where 

Xl = 11 (xl).:. 

} y.
2 = 12 ex 2 ) J~ (40) 

x
3 

= i~~ (x7,)A 
,./ ~ 

AssuDing inco~p~es~ible fluid, the eontinuity condition 

requ:'res that 11 12 1.3 = 1. 

The vortieity of the turbulent motion insiàe the 

volullia shown in FiC. 2 is carried along by the flow. If 

the tine interval for d.istortion by the menn floVJ is small 

conpared witb tbe ti~e for apprcciable decsy, then circu-

lation of the fluid elerncnt i8 oJoTlserved, orld tbe cbange in 

v ortici ty during dist ort ion c,::m ne found using Ce uc:by' s 

eql~ê\tion given by Lamb 32 

.Ir tbe distcrt icrJ tbl'OUfl: out tllc volume i8 l!.!liform, then 

froD Lq. (L~l), ' 

ox./(àx.). = C, . ~ J ..... 

(.JI:: 1.1 (wl ) ,c"., 

w,;, = i.',~ (LV') ,. 
..... '- 1- .... 

i :f j 
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The I~lethod u8ccl in the de~ivation of :Bq. (43) is essentially 

the sarne as t~et of ïDy1or~~ This equation 18 also the 

egui valent ta ~q. (32) obtai11ed ê3r1icr' in this thesis by 

neglectil1g the decay terrJs ÜJ the general vorticity eguation. 

3quation (LI-3) relates tlJ'2 vorticity at t > 0 to the ln5.tinl 

v orticit:i .ut t = 0, and cODt8ins the (:mtire cl;rnamics of the 

distortion effect •. Il) order to 8!)p1y Eq. (43) to determine 

the changes in intensities, we ~i11 fo1low the method of 

Ùilmer alld Tuc~:er53211d consider the effect of distortiol1 011 

a }\>1.1I'ier r:lOdel of the turbulent field. 

For a coordinate system ~oving with the fluid par~ 

ticle shawn il1 Fig. 2, tbe mean components of velocity 8re 

SUl)pressed and on1;y the cOTnl=,onel1ts of the turbulent veloci ty 

remain, which ut any given instnnt ~gn be represented by a 

s et of three-d imensional J!l ouricr int egra1s, 

or iu the ebbrcviated form 
CIl:> 

U · (" \ ~ fL . \/1,) _ .. i~.~ a'-J. :!;;, J - • -2 ~ 1:;: ~ 

coeffic iellts given by the conp3nion equation 

l 
- (2'1l')3 

1: h es e e Cl tW t i 011 S 
4-diocussed ty 3atchelor. 

(46) 

HatbcI:Jettically, u i (!) 8.rld Ai (k) ere ter!ned tbree-dimensional 

Poul'ler con2).'];] C:litU 0:;: ,~clcb other. For incol:lpressible fI 0\'1 , 
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the velocit.y components u. satisfy cOrJtirm_ity or ou./ax. = 0; 
~ . ~ ~ 

tbis togetl:er \Jith ~q. (45) givcs tbe continuity equation 

~~he physical interpretation of the Fourier model of 

a turbulent field is given by Ribner Bnd Tucker .S5 Equation 

(45) represents a superposition of plane sinusoïdal waves 

or Fourier components of aIl WBve lengths and aIl directions. 

The 110rmal to the \-Javes are in the directio11 of the \'lave 

numbe:r vector k and the length of the v:aves are 2'\'1'/k, 

\'lhere le is the VJBVe l1ulaber. These \-laVeS tire [JIl trpr:sve~:'Ge 

vector is perpendiculDr ta the wsve nor~al vector 

WC DOW consider the effect of Jiotortion, as shown 

in Fig., 2, on a typical Fourier compODcnt rcpresented et 

station J:. by 

The vorticity (~~)~ is obtained by taking the eurl of 
J. --

B Cl • ( h 7 ), t 1; 8 t '1 s 

C..., ,. C~ ) 
(.)1.. ) ~ = l E: 1.. J.'- kJ. 1>.,~ :~ 

... oS. K l~ -

1.·1- "; e ~A· ~A. 

frO;:l ;~q. (l;-3); t he ~c:.1.u,rt ions are 

,"" ) l .... I~. • 

r' • 'J" .. ". - '1' 1'- .N. 
U 

(48) 
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ar,d two simi1El.r equations for the ~2 anil W3 Gor:;.po:Jf~r.tl?, 

"""'1""- fo.) l·" J..'1P rad'; ;,; ,o~o. 1; \!: J,. :;, ll1 _ • .....us vector ta the fluid partic1e nt 

t: ime t:. 0 'Jihen the fluid e1eI!1ent i8 ut statio11 " 
.lI. • The 
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corresponding vector ta the fluid particle st t~ne t is 

~. "-LI c.; "1'- ':'-'111J c> n ~ .. _1 U V(..L.. -.~'" nf (X')f from Eq. , J. oLl 

y;here k 'vvith COlnporJ(·~nt8 (}~l)_l!./ll' (k2)j~/J2' (k3)j'/~3 

defincs a new W8.ve number ventor. The veloci ty 8.t time t 

(whose curl 18 given hy Eg. (49) and ~fuich satisfies con-

t im.üty) ~.s 

'\'Jlî ere 

..... u.. = 
1. 

ix 1·" .Ù. e ~'..;.l; 
~ 

It can be sel-=~J fro:n ~qs. (51) and (52) that th~ distortion 

, (,.). ... .;ove nUlliDE.'l' \lf ;. :L8 having cooponents 

( ) 1 ( ' 1 1.: ~ _. i· 1 -0'1 ;. 11' . ~ . 2 ' or./ 1::., (~-~), /A3 
10 -";1 ' .! l.1 ~ • 

~he ampli tude v~~o-t;or CA.:) j, 
.1. .-

i8 7.r8nsi'ol'r:1 l,::d ÏY;"to "trIe projection '(':" ) (":-') lA 
of \ 1"1 I./ LI' .1~2 j./ x 2 ' 

{r.-J, .' '\ b t' 
\.1--7) /1.-,-) on a pla:ne normal to trJe "lave l1UB er vec or. ~. 

:; J'. .> 

ECJ.u8t1o:n~ (SI) end (52) 'iJere obtained by cO'LIsider:Lng 

< 1 ... .; .', ,. "'L - J~;to ur'; er- ~ cv"" ('J' "J ' • .,.1- '.'-:-( )~' .l,',' '.',~J '": C CL1Il)' .. -,. 7:.., -.i? ") 1.'~_ .; er (,- .. :: J.,!.lt;;", t ... ·· ..l-' -. I~ :.:.:.L.,: _ ,~;,. 'J. :...~.:: ...... \le; - \J ... ot"..L 



.' be intGrnreted asd(u4 )" rr as d' 
1: .... .l~ i hi' 

r:-
I .... as 
~ 

. ·k .!·i C .• 

t hen ::;q. (52) b eccmes 

[
Ck1)dZ k:;:> dl k?) dZj ,.,1+.....:::. 2+-- 3 
1.. ~ J..-~ 2 .,... 1- il. l t:.. ) 

and t~o aimilür cquations for dZ2 and dZ3~ 
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(54) 

J?l'om the rel~:.tion bet",een the 1!'ourier coefficients 

of the turbulent velocity distribution before and during 

the distortion, it is possible to deduce t~e effect of the 

distortion OD aey of the statistic8l porameters describing 

the turbulence. Gf special iûtere~L le the c~Bn5e in the 

ener~?:y-spectrurn tel1S0r frOp.l \'lhich changes in tvrbule11t 

intensities may be found. 

In the m~8l~'sis :::1 number of \"ell kno·\:.Jl1 relations 

from the statistical theory of turbulence will be assumed, 

these relation~ are given and diocusscd in detail by 

Batchelor ~ ~be thrce-c1iIaensional 'energy··s})ectrun b ij (z) 

i6 relnt ed to dZi (k) oy 

lim 
àk+O 

(ss) 

* where dZ 18 the ciomplex conjugate of dZ. The correlation 

t erjSo:~ i8 defi:-leè by 

'. (S6) r:. . (r) = u. (:,:) 'Llo (x -+ r) 
~J - ~ - J - -
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and isrelated to the three-dimensional energy-spectrum 

tensor by the Fourier'equations: 

Rij (!.) ='J Ei j ('!:.) eik .r dk . (57) 

Eij (1!;) = (2~)3 f Rij (,E) e-i 1!;.,E dr (58) 

Also, continuity requires that 

(59) 

If the value of dZl and its conjugate from Eq. (45) 

are substituted in Eq. (55) then 

(60) 

Similarly equations for E22 and E33 are obtained and only 

the diagonal components Ell' E22 '. E33 have values other 

than zero. vie see from Eq. (60), that if the initial 

spectrum (Eij)A and the distortion li are specified, the 

spectrum after distortion Eij May be determined. 

The results are Most useful if the spectrum tensor 

. , ... 
• 1, _ 

'0·",' , 
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is integrated over aIl values of the wavenumberto obtain 

the effect of distortion on the energies associated with 

the different velocity components. The complexity of 

Eq. (60) makes the integration extremely difficult·unless 

[Eij (k)] A has a simple form, forexample in isotropic 

turbulence, where 

(61) 

(62) 

. . 
For this case of initially isotropic turbulence Eq. (60) 

becomes, after sorne simplification, 

and two similar equations for E22 (k) and E33
(k). As caD be 

seen from comparison of Eqs. (61) and (62), the turbulence 

is made anisotropic by the distortion. 

The effect of the distortion on the energies 

associated with the different velocity co~ponents may be 

obtained by considering Rij(~) at a single point in space. 

At position A, Eqs. (56) and (57) give for i = l, j = l, 

(64) 

Using surface area S and the radius vector .A to define 

the 1. space, we obtain from Eqs. (61) and (64), 
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Similarly, from Eq. (63) 

(66) 

2 "2 For isotropie turbulence in taking the ratio (Ul )A/ul 

the integrals containing E(k)A cancel and, as shown by 

Batchelor and Proudman 5 the remaining integration can be 

carried out over a surface of radius J to give . 

where 

A = f-> 1<, , 
.J< 

(67) 

Numerical tables of X and Y, for example those of Jahnke 

and Emde 26 are available. Usïng a similar procedure F2 
and f3 are obtained: 



... 
' .. ' -. , 

.... ', . 

Il -2 J -2 Il -2 ] À3 - l -.(2 
+ Y 
(~ 2-1 2)(} 2_j. 2)1 

2 3 1 3 

Equations (67), (68) and (69) give the effects of rapid 
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(69) 

distortion on the three components of the turbulent energy; 

the effect on the total turbulent energy may be found by 

addition. 

Using the above equations, the curves in Figs. 3, 

4, 5 and 6 have been plotted using the type of strain as a 

parameter and the strain ratio as the independen~ variable. 

As shown in Fig. 3" the effect of· plane strain, :h' = 0, on the 

turbulent components is similar to that of symmetrical 

fluid contraction, F = -t. In both cases the distortion 

tends to align the vortex elements in the direction of the 

maximum rate of strain and to increase the energy in the 
- -
u22 and u32 components of the turbulence and decrease the 

e~ergyin the u1
2 component which is in the direction of 

the maximum rate of strain. Symmetrical diffusion F = 1.0, 

tends to orient the vortexelements in a plane normal to the 

two positive rates of strain and to increase the intensities 

of aIl three turbulent components. 

The effect of strain is to transfer energy from the 

mean to the turbulent motion; as shown in Fig. 4 the total 
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turbulent energy of ini tially isotropie turbulence is 

always increased,by strain. 
\. 
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The local structure of the turbulence produced by 

rapid ,distortion is shown in Fig. 5. It is interesting 

that all types of strain tend to produce turbulence in which 

half of the total turbulent energy is contained in one of 

the components. 

The structural measure K, which is given in Fig. 6, 

shows that the structure of the turbulence produced by plane 

strain and symmetrical contraction is farthest removed from 

the structure produced by a symmetrical diffusion. The K 

curves for all types of strain become asymptotic for'high 

strain ratios. 

2.4.2. Effect of Rapid Distortion of Isotropie Turbulence 
on the One-Dimensional Spectra 

The elements of the tbree-dimensional energy-spectrum 

tensor Eij cannot be obtained from direct measurements but 

may be obtained by taking the Fourier transforms of the 

measured correlation tensor as shown in Eq. (58). The 

components of the correlation tensor are defined by Eq. (56) 

and are measured by correlating the signals from two' hot-wire 

probes separated by a distance ~. 

If a 'single hot-wire probe is placed in a moving 

stream ii will develop a fluctuating output voltage whose 

one-dimensional frequency spectrurn is related to a diagonal 

element of the three-dimensional spectrum tensor. The mean-

. :,'. ~ , 



square velocity component U12 may be considered as a 

diagonal component of the correlation tensor for vector 

distance !:. = 0, since from Eq. (56), 
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(70) 

The contribution to the mean-square velocity component is 

from aIl waves with wave number components in the direction 

of the xl-axis. From Eq. (57), 
QO 

Rn (0) = u/ JffEn (k) dkl dk2 dk3 (71) 
-00 CIO 

If following Taylor 63 we define u12 = fEl (kI)dkI where 
o 

El(k) is the one-dimensional spectrum tensor, then 
CIO <t>O 

l~l(kl)dkl = uI
2 = 21 LifEn(k)dk2dk3] dk1 (72) 

() _00 

(73) 
-co 

Th.e one-dimensional spectrum may be considered as aslice 

of the three-dimensional spectrum between wave numbers IkII 

and Ikll + l~kll 0 SimiIarIy, defi~ing u2
2 

= ~;2(kl)dkl 
and u32 = 1 E3 (kl )dkl' then 

o co 

E2 (k1) =. 2 ff E22 (k) dk2 dk3 (74) 
-co 
~ 

E3(kl ) = 2 fl E33 (k) dk2 dk3 (75) 
- CIO 

E2(~1) and E
3

(kl ) are conveniently measured using an X-wire 

arrangement of two hot-wire elements. 



]'or isotropic turbulence [Eij (k)] A is given by 

Eq. (63). If following Taylor and' Batchelor we let 

N 

where N and r are constants, then Eq. (63) becomes, for 

:.. = J =1, 

Using this value of [Ell(k)]A in Eq. (73), it can be 

integrated to give 

- 1l'N 
(k 2 ;. y2) 

l 
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(76) 

(77) 

Similarly the one-dimensional lateral,spectrum functions 

are obtained, they are 

(78 ) 

[E2 (kl ~ A and [E3 (kl
2 )] A are equal because of the isotropy 

of the turbulence. 

The effect of mean'distortion on these one-dimen­

sional spectra is found from determination of the spectra 

at time t. Equation (73) is 
00::1, 

El (kl) = 2 llEll (k) dk2 dk3 
-00 
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If k is expressed in terms of ~ by 

so that 

(79) 

then 

Two similar equations are obtained for E2 (kl 'A and E, (kl' A • 

The spectrum tensor elements Ell' E22 and E" for an arbit­

rary distortion have been evaluated in Eq. (6,). Integ~ 

ration of Eq. (80)·is best effected in polar coordinates. 

For the case of symmetrical plane contraction where 12 = l" 

the integration has been carried out by Ribner and Tucker:3 

The results are expressed in terms of a normalized wave 

number (k~A/Y' defining 

b = (kl)A
2 

-+ l 
yz 

c = [<'12
2
/11

2
) 

y2 

(81) 

(82) 

then the final result for the longitudinal spectrum in a 

symmetrical contraction is 



• 

The corresponding equation for the lateral spectra in a 

symmetrical contraction is 
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(84) 

2.5. Approximate Method of Treating Rapid Distortion of 
Anisotropie Turbulence 

The method outlined for determining the effects of an 

arbitrary·rapid distortion on initially isotropie turbulence 

could, in theory, be used for any turbulence where the 

components of the initial energy-spectrum tensor are known. 

However, the details of the turbulence, which are completely 

specified by the spectrum tensor, are in general not known 

and cannot be measured directly •. The initial spectrum 

tensor may be obtained by measuring and integrating the 

correlation tensor; however, this method is not accurate 

because of inherent errors in the hot-wire measurements. 

On the mathematical side, difficulty of integrating 

the initially anisotropie spectrum function over the wave 

number space to obtain the turbulent intensity ratios depends 

on the mathematical model of the initial energy~spectrum, 

but appears in most cases to be extremely difficult, except 
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perhaps if numerical methods are employed. The assumption 

of an initia11y isotropic turbulence greatly'simplifies the 

problem, since the spectrum tensor is then specified and 

also the isotropj.c spectrum t ensor, gi ven by Eq. (61), 

contains EA(k)A an arbitrary function which in the expres­

sions for int~nsity ratio Eqs. (67), (68) and (69) cancel 

making the integration relative1y simple. 

The exaét method of treating the distortion of aniso­

tropie turbulence which takes into account the spectral 

details of the initial turbulence is extremely difficult. 

However, an approximate method has recently been proposed 

by ReynoldsS1which was found to be valuable in the present 

work. The experimental grid turbulence at the beginning of 

distortion was anisotropie and correlation between the 

turbulent intensities and those predicted by the original 

instantaneous distortion theory were unsatisfactory during 

the initial stages of distortion; however, the correlation 

became satisfactory when the initial anisotropy of the 

turbulence was taken into account. 

The anisotropie turbulence at the beginning of distor­

tion in the present experiments may be considered as having 

been produced by the application of an axisymmetric hypothe­

tical in'stantaneous distortion (or more specifie a symmet­

rical diffusion) of strain ratio (ii)h to turbulence which 

vias ini tially isotropie. This anisotropie turbulence is 

distorted by the actual strain ratio ~i in passing through 



the tunnel. In the rapid distortion theory it is the 

cumulative strain which determines the character of the 
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distorted turbulence, independent of the manner in which it 

is applied. Therefore, the hypothetical and actual stresses 

need not be considered separately and the equations for 

rapid distortion of isotropie turbulence may be applied 

assuming an equivalent strain ratio of (11 )e where 

(85) 

(l i )h represents the anisotropy at the initiation of the 

actual straining process. 

In general the hypothetical type of strain (F)h and 

the actual type of strain F will be different so that the 

strain represented by (1i )e will not be uniform throughout 

th~ Eulerian space. However, the instantaneous theory of 

Batchelor and Proudman 5 will still apply if the requirement 

in Eq. (41) concerning uniformity (namely that oUi/(OXj)A 

must be uniform) is met. The distortion need be uniform 

only in the Lagrangian sense, ie., when the reference axis 

is moving with a fluid element the distortion must be 

uniform throughout the element. The size of the fluid 

element referred to is of course finite and sufficiently 

large to contain a sample of the turbulence. 

If the mean-square intensities of the turbulence at 

the beginning of distortion are measured, then the values 

of (Li)h may be obtained from Eqs. (67), (68) and (69) or 
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from the plotted values of these equations given in Fig. 5. 

For the actual distortion, 1. is known; determination of . 1 

(ii)e from Eq. (85) gives values for use in Eqs. (67), (68) 

and (69), froID which the intensities at any stage of the 

distortion may be determined. 

The equivalel1t type of strain Fe may be determined 

from the calculated values of (li)ee For uniform rates of 

strain 

and 

Usil1g these relations and Eqs. (13) and (17) for flow in the 

xl-direction or Eqse (21) and (24) for flow in the x2-

directicn we obtain 

We now define 

The equivalent type of strain F is simply the hypothetical 
e 

uniform strain required to produce the equivalent strain 

ratios (li )e. It should be noted that for uniform distor­

tion of anisotropie turbulence Fe, will vary throughout the 

di stortion. 

v/hen the illi tial turbulence is anisotropie comparison 
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of the experimental structure with the theoretical structure, 

from the rapid distortion theory, is more meaningful when 

Fe is used instead of the actual type of strain F. This 

is especially true when comparing the structures produced 

in the different ducts as shown later in the thesis. 

2.6. Approximate Method for Including Decay Effects in the 

Distortion Theory 

In practical turbulent fields, the decay effects are 

generally not small compared with the distortion effects, 

and there is considerable incentive to attempt to apply the 

theory outside the valid range by assumptions concerning the 

simultaneous effects of decay and distortion. This is 

especially necessary if development of quantities, such as 

2 2 d 2 ·d d 
.. ,the turbulent components ul ,u2 an u3 are cons~ ere • 

A simple method of combining the effects of decay and 

of instantaneous distortion is given below. The method is 
515 

essentially the same as that proposed by Ribner and Tucker. 

'We rewrite Eq. (29) for vorticity, which is 

DlJi oU. oUi 02U). 
= wj --.l:. + wj + 't-d ( 29) 

Dt OXj OXj ox2 . J 

.' 
l II III IV 

... v 
J 

Production Decay 

'vIe have seen that, neglecting the decay terms III and IV, 

the equation can be solved to give the effect of instan­

taneous distortion. If the production term II in the 
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vorticity equation is neglected, then the equation becomes 

(86) 

l III IV 

Decay 

This is the equation for decay of turbulence in uniform flow. 

A complete solution of Bq. (86) is possible if the nor.­

linear inertia terms III are n~glected. This would corres­

pond to turbulence in uniform flow at very low Reynolds 

numbers, for example grid turbulence in the final period 

of decay where inertia effects are negligible. A solution 

of the complete Bq. (86) has not yet beenachieved. However 

there have been many experimental stuàies of the decay of 

turbulence in uniform flow behind grids from which empirical 
.. 

relations are available. 

In the approximate method of treating Eq. (29) the 

decay and distortion are considered to odeur alternately in 

small steps starting from the initial turbulence. Each 

stream tube is considered to be distorted instantaneously 

and then allowed to decay without ·distortion, this process 

being repeated continually in.time. In effect, the decay 

and distortion are assumed to act indèpendently without 

interaction. 

This approximate method may be applied to the total 

turbulent energy q2. Let the change in q2 due to decay be 
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(~q2)d and the change in q2 due· to distortion be (d~)s. 

The effect of decay is a function of the decay time 

(87) 

The effect of distortion in the absence of decay is obtained 

from the instantaneous distortion theory as a function of 

the strain ratios, which for a given duct geometry and mean 

ve10city may a1so be expressed as a function of time, that is 

(88) 

The corresponding differential forms are 

or 

2 "2 [' J (dq )d/q = fl(t)/f1(t). dt (89) 

Similar1y, 
- -

(dq2)s/q2 = [f;(t)/f2(t) J dt (90) 

It is assumed that Eq. (89) app1ies to the decay effect per 

step, and Eq. (90) to the contraction effect per step, with 

the value of q2 between the steps being common to both 

equations. The total effect per step is then 

whence 

Integration of Eq. (91) between time t = 0 and t =t, gives 
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(92) 

That is, if the effect of contraction alone is expressed by 

flet), and the effect of decay alone by f 2(t), then the 

joint effect is expressed by the product flet) f 2(t). 

In this method of combining the effects of decay and 

distortion, it is assumed that anisotropie turbulence of 

intensity q2 will decay at the same rate as isotropie 

turbulence having the same value of q2. There is no data 

available on the decey of anisotropie turbulence, but from 

agreement of the actuel turbulence with Eq. (91), which will 

be shawn later ~ i t appea.rs tbat this assumption is valid. 

From the structure of turbulence determined from the 

rapid distortion theory and the calculateà values of q2 as 

outlined above the values of the individual components can 

be calculated. 

• • ~ •• 6 



CHAPTER 3 

EXPERIIvIENTAL EQUIPrvIENT AND INSTRU1\1ENTATION 

3.1. Experimental Ducts 

Experiments on uniform strain of grid turbulence were 

carried out in five different ducts which are shown in 

Table 2. Three of the ducts (the distortion duct no. land 

the two-dimensional contractions, ducts no. 2 and no. 3) 

were designed to produce plane strain, strain type parameter 

F = O. The equi valent symmetrical contraction (duct no. 4) 

was designed to produce strain of type parameter F =-1/2, 

and the equi valent symmetrical di ffuser (01.l.nt no. 5) to 

produce strain of type parameter F = 1. These nominal types 

of'strain were not achieved in the experiments because of 

the effect of initial anisotropy of the grid turbulence. 

In the distorting duct the values of the strain rate 

parameter were 0.24, 0.31, and 0.32; this was the resu1t of 

changing the grid which changed the location of the virtual 

origin of the turbulence. In the two-dimensional contrac­

tions, more wide1y differing yalues of the strain rate 

parameter (IA= 0.32 and IA= 0.97) were obtained by changing 

the duct geometry. The lower value of IAwas achieved in 

duct no. 3; this duct was formed by mod1fying duct no. 2 

making the contraction more gentle, thus reducing the strain 

ratio in the same length of duct. 
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TABLE 2 

Ducts used for the uniform distortion of grid turbulence 

Strain Straill Strain 
:;train type Duct Duct Gride ratio rate type 

no. l paralIIeter parameter 
(11187:. ) (I)A J! 

[9 A 6.0 0.32 

Plane atrain Diatorting duct l éCJ g B 6.0 ~ 0.24 
(1'lter!11) 

C 6.0 0.31 

~e~ Plane IItrain Tvo-dimenaional 2 r 0 A 5.4 0.97 0 
(long1 tud1nal) contractior. 

. 
J ~e 0 EV A 2.8 0.'2 

~G Symmetrical flu1d J:.qui v::Ilent 4 ?l 1 ï> s. 5.8 0.95 -1/2 
contraction sym~etrical 

contraction 

~d 0 Symmetr1cal fluid !::quivalent 5 Jo. 2." 0.25 1 
diffusion aymmctrical 

diffuser 

aUl 

aX1 

~Ul 
aX1 

aU l 
aX1 

e 

!tate ot 
atrain 
tenDor 

1 0 0 

0 0 0 

0 0 -1 . 

1 0 0 

o -1/2 0 

0 o .,.1/2 

l 0 0 

0 l 0 

0 0 -2 
0-
+=-
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The maximum value of the strain ratio for eaeh duet 

is shown in Table 2. The distorting duet produeed a strain 

ratio of 6 (determined from the duet design equations) whieh 

was higher than the strain ratio of 4 aehieved in Townsend's 

duet, but Iess than the value 13.3 aehieved in the duet used 

by Naréehal. Strain ratios in the remaining ducts were 

obtained from measured mean veloei ties, 11 = U/(U)c' U was 

the mean-veloeity near the end of the duct where the final 

turbulence measurements were taken. 

The design shapes of the ducts were obtained by 

ehoosing values of F, 1. land tl).e duet length, and applying 

Eqs. (17), (18) or (24), (25), or (26), (27), whieh were 

derived in Secs. 2.2.2. and 2.2.3. The dimensions were 

adjusted to allow for the growth of the boundary layer. 

Accurate prediction of boundary layer thiekness is 

difficult sinee the flo\'ls in the distorting duets are three­

dimensional with varying pressure gradients. As an approxi­

mation, the displaeement thiekness was ealculated for two­

dimensional turbulent flow over a smooth flat plate in zero 

pressure gradient: 

This formula and its notation are given in Schliehting~6 

As an approximation x was taken as the distance downstream 

from the grid and U~ the mean veloeity at the grid, whieh 

in the design was taken as 20 fps. 
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3.2. Grids 

The grids which were used in the experiments are· 

described and shown diagramatically in Table 3. Grids A, 

Band C were used in the distorting duct and grid A was 

used in the remaining ducts. 

The small square grid A was made of perforated steel 

which was commercially available from stock. Measurements 

of the bar and opening dimensions taken at ten random 

locations on the grid, showed that the grid was dimensionally 

close to homogeneous. The dimensions varied not more than 

±O.OOI in. as shown in the diagram of Table 3. 

The large square grid B was approximately geometrically 

similar to grid A. It was constructed from 1/2 in. by 1/8 in. 

engravers brass bars. Uniform mesh size and a uni-plane grid 

were achieved by milling slots in the bars which interlocked 

on assembly. The joints were fastened with countersunk 

machine screws. A dimensional check similar to that on the 

small square grid showed that the dimensions varied less 

than ±0.002 in. The mesh length ratio of the large and 

small square grids was 2.67. Both grids were geometrically 

similar except in thickness, the thickness of the large 

grid was 0.125 in. rather than the required 0.080 in. This 

deviation from similarity was not considered significant • 

. Grid C, the diamond grid, was made of expanded and 

flattened aluminum, which was commercially available from 

stock. Measurements of the bar and hole dimensions, taken 



Grid 

A 

B 

c 

TABLE 3 

Grids used in the experiments 

Mesh 
Harne & length 
Description M (in.) 

Sma1l sguare 0.687 
grid 
rerforated 
steel froIn 
commercial 
stock 

~qrge square 1.836 
grid 
Fabricated from 
engravers brasa 
bars 

Diamond grid 
Bxpanded and 
flattened 
aluminum from 
commercial 
stock 

Solid-
ity 
CT 

0.47 

0.47 

0.32 

Diagram 

r::l 
LJ 

*Equiva1ent mesh 1ength assumed as the square-root of the 
mesh area. 
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at ten random locations, showed that this grid was dimen­

sionally less homogeneous than grid A. The dimensions 

varied by ±O.002 in., as shown in the diagram of Table 3. 

3.3. Distorting "lind-Tunnel 

68 

Two different 'vlÎnd-tunnels were used in the experi­

ments. A special wind-tunnel was built incorporating the 

distorting duct no. 1; this tunnel is referred to in the 

thesis as the distorting wind-tunnel. A brief description 

of the tunnel construction and calibration is given here; 

more complete details of the tunnel are gj.ven in a separate 

report by the author.G8 

3.3.1. Description, Distorting 'llind-Tunnel 

The arrangement of the distorting wind-tunnel is 

shown in Fig. 10. Air entered the tunnel through a bell­

mouth and then passed through a curved bronze screen and 

curved aluminum honeycomb, located at the entrance of an 

8:1 two-dimensional contraction. Immediately downstream of 

the contraction a sealed slot was provided for inserting 

the different grids. The working-section consisted of a 

2 ft. long parallel flow section adjacent to the grid, 

followed by the distorting section, and finally a 4 ft. long 

parallel flow section. The length of this latter section 

was increased to 12 ft. in order to study the decay of 

anisotropie turbulence for longer decay times. After 
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passing through the working-section, the air entered a 3 ft. 

long metal transition section connected to a 39 in. diameter, 

7 bladed, axial flow fan driven by a 71 hp electric motor 

which exhausted the air to the room atmosphere. Vibrations 

from the fan to the working-se.ction of the tunnel were 

reduced by a neoprene flexible connection located between 

the main tunnel and the transition section of the fan. The 

air velocity in the tunnel could be controlled by adjusting 

damper blades at the fan outlet; this gave steady mean­

velocities up to 70 fps. 

The distorting section of duct shown in Fig. Il was 

designed to produce a strain ratio 1 1 = 6. In the design, 

the cross-sectional area, before allowing for the growth of 

the boundary-layers, was kept constant with the dimenoicns 

7.5 in. wide by 45 in. high at the inlet, changing to 45 in. 

wide by 7.5 in. high at the outlet, in a length of 8 ft. 

The actual dimensions of the distorting duct after allowing 

for boundary layers are shown in Fig. 10. 

The reasons for choosing this design were as follows: 

The strain ratio of 6 allowed measurements to be extended 

beyond the strain ratio of 4 possible in Townsend's duct, 

without the tunnel becoming too large. The 7.5 in. inlet 

width of the duct was chosen sufficiently small to keep the 

tunne.l size within practical limits and at the same time 

the width was considered to be reasonably large compared with 

the turbulent scales, estimated by the mesh length of the 
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grids; a possible exception was·when using g~id B. The 

aspect ratio of the distorting section at inlet, of 

necessity, was the same as the strain ratio and this fixed 

the height at 45 inches. The length of the distorting 

section was chosen as a compromise between desirable rapid 

distortion and acceptable transition angles between the 

parallel and distorting sections. A shorter duct would 

produce a higher rate of strain and larger transition angles 

which would increase the possibility of flow separation 

near the corners because of adverse pressure gradients. A 

length of 8 ft. was chosen for the distorting section which 

gave a maximum transition angle of 22ko approximately the 

same as the transition angle which had worked satisfactorily 

in Townsend's tunnel. 

The right walls (looking downstream) of sections 

3 and 4, as shown in Fig. 10, were constructed of 1/8 in. 

plexiglas which allowed good visibility for locating probes 

within the tunnel. The left walls of sections 3 and 4 were 

provided with large access doors with tight neoprene seals. 

The remaining curved surfaces of the distorting duct were 

constructed of 1/8 in. plywood supported on 5/8 in. plywood 

ribs as were the curved surfaces.of the throat of section 1. 

The remaining walls and flanges of the tunnel were cons­

tructed of 5/8 in. plywood. The bell-mouth of section l 

was made of 6 in. diameter cardboard tubes. 
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3.3.2. Traversing Eguipment, Distorting \'olind-Tunne1 

Two sets of traversing equipment were provided for 

the tunnel; the first to traverse the tunnel cross-section 

at the entrance of the distorting section and the second to 

traverse along the longitudinal center-line of the tunnel. 

The first traversing gear was mounted on an aluminum support 

outside the tunnel and the arm of the probe holder entered 

the tunnel through a slot, which after each location of the 

probe was sealed with cloth adhesive tape. Vernier scales 

allowed the probe to be positioned to within ±0.002 in. in 

the vertical direction and to within ±0.01 in. in the hori­

zontal direction. 

The second traversing gear allowed probes t~ be 

positioned at any point on the longitudinal center-line of 

the distorting section and adjoining parallel flow sect~ons. 

The probes were supported at the end of a 1/2 in. square 

brass bar, approximately 3 ft. long, which in turn was 

supported sa that its center-line was aligned with the 

longitudinal èenter-line of the tunnel. The supports for 

the brass bar were brass slider bearings which were fastened 

with screws to 3/8 in. diameter rods pas~ing vertically 

through the tunnel. Holes for the vertical rods were spaced 

approximately 15 in. apart, and when particular rods and 

bearings were not required they were removed and the holes 

were sealed with cloth adhesive tape from inside. A small 

braided metal cable, attached to the downstream end of the 
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brass bar and extending over pulleys to outside the tunnel, 

allowed the probe to be positioned by downstream movement 

from outside the tunnel. Accurate scales were marked along 

the center-lines of the plexiglas enà the opposite side 

walls; this allowed the location of the probe to be deter­

mined by sighting across the tunnel. 

3.3.3. Center-Line Meen Veloci t ies! Distort ing \llind-Tunnel 

Mean velocities along the center-line of the tunnel 

were measured using the separate total and static pressure 

probes. The velocities were made dimensionless using the 

mean ve10city at a point C located 18 in. before the entrance 

of the distorting section (6 in. behind the grid). The 

resulting dimensionless velocity distributions for gl'ld A 

and mean velocity of approximately 20 fps is shown in Fig. 

12. Velocity distributions for grid C at mean velocities 

of 20, 40 and 60 fps are shown in Fig. 13, together with the 

velocity distribution in the wind-tunnel at a mean velocity 

of 40 fps without the grid. 

The dimensionless velocity distributions are all 

approxjmately identical. The presence of the grid did not 

appreciably change the velocity distribution in the tunnel . 
as can be seen by comparing the dimensionless ve1ocities, 

at a mean velo city of 40 fps, with and without the grid. 

The mean velocity in the tunnel appears to influence the 

velocity distributions slightly; this can be seen by 



73 

comparing the values in Fig. 13 for grjd C at mean velocities 

of 20, 40 and 60 fps. At 20 fps the dimensionless velocity 

appears to be slightly higher in the downstream part of the 

tunnel; this was probably caused by the increased thickness 

of the boundary-layer at the lower velocity. 

In designing the working-séction of the distorting 

tunnel, equations were used which assumed that the longi­

tudinal mean velocity would remain constant. The actual 

longitudinal velocity peaked at the entrance and exit of 

the distorting duct. The streamlines, instead of having 

sharp transition angles in these regions as assumed in the 

design, were, of course, curved; this.decreased the cross­

sectional area of the flow and caused local high velocities. 

The high velocitias in the transition zones are natural to 

the flow and cannot be avoided but could be decreased by 

having a longer distorting duct; this of course would de­

crease the rate of strain and make it more difficult to 

.c ompare the actual turbulence wi th that predicted by the 

rapid distortion theory. 

The longitudinal velocity in the central region of 

the distorting duct was about 5 percent lower than the 

velocity directly behind the grid; the reason, most likely, 

was that the displacement thickness was over-estimated when 

the approximate formula was used. The velocity in the 

central region of the distorting duct varied about one 

percent in a length of 50 inches. This was considerably 
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better than the 20 in. of approxirnately constant velocity 

achieved by Townsend in his distorting tunnel, and may 

partly account for the different results which will be 

discussed later. Overall, the rnean longitudinal velocity 

throughout the working-sectiQn of the tunnel varied less 

than 10 percent; this was considered acceptable. 

3.3.4. Background Turbulence, Distorting \-lind-Tunnel 

The background turbulent intensi ties along the 

c enter-line 'of the ernpty tunnel Cie., wi thout the grid) are 

shown in Fig. 14 for rnean velocity Ûc of 20 fps. The back­

ground turbulence is lowest in the distorting section; the 

three cornponents of the turbulence are approxirnately equal 

and less than 0.3%, that is, 

u ' lu ~ 0.3 x 10-2 , 

These values were obtained after correcting for instrument 

noise using the rnethod described later in Sec. 3.6. The 

turbulent intensities increased downstrearn in the parallel 

flow section, and the u' and v' cornponents attained values 

of approsirnately 0.45% and the w' 'component ap~roximately 

0.40%. This increase in the background turbulence may 

have been due to acoustic noise and vibrations from the fan, 

or to· boundary-Iayer gro\'lth which allowed turbulent fluid 

to reach the center of the duct. 

The effect of mean velocity on the background 



75 

turbulence in the tunnel is shown in Fig. 1.5., where values 

of the relative turbulent intensities versus mean velocity 

at 36 in. from the entrance to the distorting section are 

shown. The values of u', v' and w' decreased slightly with 

increase in the mean velocity, the large decrease in ull U, 
vii TI and wtl TI was mainly due to an increase in u. 

When measurements of distorted grid turbulence were 

corrected for combined background turbulence and instrument 

noise, the corrections did not significantly change the 

results; therefore, the level of background turbulence in 

the tunnel was considered to be satisfactory. 

3.4. The Blower Wind-Tunnel 

The HcGill blower wind-tunnel VJas used to generate 

flow through the remaining three distorting ducts: the two­

dimensional contractions, ducts nos. 2 and 3; the equivalent 

symmetrical contraction, duct no. 4; and the equivalent 

symmetrical diffuser, duct no. 5. A general description of 

this tunnel is contained in a report by Wyganski and 

Gartshore /6 A brief description of the tunnel is given 

here before discussing its characteristics. 

3.4.1. Description, Blower Wind-Tunnel 

The general arrangement of the blower wind-tunnel 

is shown in Fig. 34. The tunnel was an open return type 

having an exit 30 in. wide by 17 in. high to which the 
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distorting ducts were attached. The tunnel ~ad a singIe­

stage centrifugaI fan (Buffalo 980 BL) driven at 700 rpm. 

The velocity in the tunnel was controlled by variable inlet 

vanes on the fan. The air was filtered by a 2 in. thick 

fiberglas filter wh:Lch formed the 'l'Jalls of a large box at 

the fan inlet. After leaving the fan, the air passed through 

a diffuser to a large settling chamber which contained an 

aluminum honeycomb and had provisions for three bronze 

screens. The upstream and center screens, which were used 

in the experiments reported, here were 14 by 15 mesh, of 

0.020 in. and 0.022 in. diameter wires; the Bcreen used 

downstream was 21 by 23 mesh, of 0.015 in. and 0.017 in. 

diameter wires. The contracting section which led to the 

working-section was a two-dimensional type having a con­

traction ratio of 6:1. 

3.4.20 Calibration and Background Turbulence, Blower Wind­
Tunnel 

A survey of the total and stntic pressure at the 

exit of the tunnel was made by \'Iyganski and Gartshore ~6 

At approximately 35 fps the mean velocity varied less than 

1.2% over the cross-section at the exit of the contraction 

and at approximately 130 fps the variation was less than 

0.4%. 
The longitudinal component of the background tur­

bulence in the tunnel was measured at the center point of 

the exit of the wind-tunnel contraction. The value of ut/U 



decreased from about 1.3% at a mean velocity·of 20 fps to 

about 0.4% at a mean velocity of 130 fps and appeared to 

approach this value asymptotically. 
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The background turbulent intensities which were 

measured along the center-lines of ducts nos. 2, 4 and 5 

(inlet velocities 20 fps) are shown in Figs. 37, 47 and 55 

respectively. The turbuience was approximately the same 

at the entranceto the distorting sections of duct no. 2 

and duct no. 4 with values 

The longitudinal component of the background turbulence 

remained approximately constant but the lateral components 

decreased in the downstream direction to less than 0.2%, 

ie., v'/Ü '.::1 w'/Ü ~ 0.2 x 10-2 • The corresponding turbulence 

was slightly higher in duct no. 5. This duct had a low 

pressure drop and hence required the control darnper at the 

fan to be more closed to rnaintain the duct inlet velocity 

at 20 fps. The high turbulence was probably due to tur­

bulence generated by the darnpers. 

At the beginning of the experimental pro gram it 

was thought that the background turbulence in the tunnel 

was not objectionable. It was felt that the character of 

the original background turbulence \'lould be lost in passing 

through the grid and that the characteristics of the tur­

bulence downstrearn of the grid would be approximately the 
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same as for low background turbùlence. However, it was 

found that during distortion the structure of the turbulence 

did not develop as expected, and it was suspected that the 

results were influenced by the background turbulence of the 

tunnel. 

An attempt was made to decrease the background 

turbulence by placing a perforated metal grid (~ in. 

diameter holes with i in. square spacing between centers) 

in the diffuser behind the fan. HO\'/ever, measurements of 

the root-mean-square values of the longitudinal component 

of turbulence at the center-point of the tunnel contraction 

at the exit, showed that the additional grid did not reduce 

the background turbulence. 

In order to investigate further the effect of a 

gr~d in reducing the background turbulence in the tunnel, 

a wire screen having a 14 by 15 mesh of 0.020 in. and 0.022 

in. diameter wires was placed at the exit of the tunnel 

contraction. With the two-dimensional contraction no. 3 

in position, measurements of the root-mean-square values of 

the three turbulent components were measured on the center­

line, 24 i11. downstream from the screen. When these values 

were compared with those taken at the samelocation and the 

same mean velocity with the screen absent, it was found that 

the screen had no influence on the background turbulence. 

Apparently the screen turbulence decayed to a negligible 

value in the 24 in. parallel flow (representing approximately 



e .. 250 mesh lengths), leaving the background turbulence the 

same as before the screen was installed. 
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A part of the background turbulence in the tunnel 

could be sound waves generated by the fan. Dryden and 

Schubauer lG have shown that when the level of the free-

stream turbulence in a wind-tunnel is reduced by screens 

and a contraction, the remaining fluctuations may be partly 

due to sound waves coming from the fan. These sound waves 

form a more or less continuous spectrum, which is probably 

dominated by the frequency of the fan blades. The pulsations 

of lOIlg wave lengths are not reflected from the tunnel walls 

and are therefore plane sound waves. 

In order to determine further the nature of the back-

ground turbulence on the tunnel, a spectrum analysis was 

made of the turbulence measured at a point on the center­

line of the parallel duct, 7 in. downstream of the tunnel 

contraction, with distorting duct no. 2 in position and 

mean velocity 20 fps. The results of the spectrum analysis 

are shown in Fig. 38. The spectrum of the background tur-
'. 

bulence was fairly continuous for k ~ 400, i.e., frequencies 

up to 1280 cps; at higher frequencies the measured values 

were probably due to instrument noise. Because of the 

limitations of the spectrometer, the spectrum below 20 cps 

could not be analyzed. However, assuming that the mean­

square value of the thermocouple type rms meter on the Disa 

anemometer represented the total turbulent energy, it was 
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found that 80% of the turbulent energy associated with the 

longitudinal component was contained in frequencies below 

20 cps. 

3.4.3. Two-Dimensional Contractions 

The two-dimensional contractions, ducts nos. 2 and 

3, were made by adjusting the flexible side walls of a 

single duct t v/hich is shown schematically in Fig. 35. The 

duct had an inlet 30 in. wide by 17 in. high to match the 

outlet of the blower tunnel to which'it was connected by 

flanges, with the turbulence generating grid located at the 

junction. A 2 ft. long parallel section was followed by an 

8 ft. long distorting section. In the experimental arrange­

ment, air was blown through the duct and exhausted directly 

to the room atmosphere. 

The duct was built using a base of 4 ft. by 10 ft. 

by lin. plywood, supported on a Dexion stand. The parallel 

flow section was made of 3/4 in. plywood. The sides and 

top of the contracting section were made of 1/4 in. plexi­

glas; the sides, which were strips of plexiglas approximately 

17 in. wide, were clamped between the base and the top by 

1/4 in. diameter threaded bolts. vlhen the bolts clamping 

the sides \'/ere loosened the 1/4 in ~ plexiglas sides, which 

were 'qui te flexible, could be shaped accurately by means 

of a number of adjusting screws. The shape of the contracting 

section was obtained using the method outlined in Sec. 3.1. 
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of the thesis. 

The probe support and traversing gear allowed probes 

to be positioned at any point on the longitudinal center­

line of the parallel and distorting sections of the duct. 

The arrangement was similar to that used for traversing 

along the longitudinal center-line of the distorting tunnel. 

The probes were hold at the end of a 3 ft. long by 1/2 in. 

square bar which was supported along the center-line of the 

duct on 3/8 in. vertical rods spaced about 15 in. apart, 

and extending through the duct. In this duct the probe 

holding bar was lengthened to extènd beyond the exit; this 

allowed the probes to be positioned from outside the tunnel. 

3.4.4. Equivalent Symmetrical Contraction 

The duct for the. experiments on symmetrical con­

traction is shown schematically in. Fig. 45. It was made by 

modifying the existing duct used for the two-dimensional 

contractions, described above. The parallel section of the 

duct remained unchanged and the distorting section was 

converted by placing liners of the correct shape inside to 

forro the top and the bottom of the contraction. The sides 

of the existing duct, which were'flexible, were adjusted 

to form· the sides of the contraction. The liners were made 

of 1/4 in. plywood fastened to 3/4 in. plywood ribs. 

The probe support and traversing gear were the same 

as used in the duct for longitudinal plane strain. 
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Measurements could be taken at any point on the center-line 

of the duct in the parallel and distorting sections. 

3.4.5. Equivalent Symmetrical Diffuser 

The equivalent symmetriéal diffuser, duct no. 5 is 

shown schematically in Fig. 53. The duct had an inlet 

17 in. high by 30 in. w:lde to matèh the out let of the blov/er 

tunnel. The 2 ft. long parallel section was followed by the 

distorting section. The duct was attached to the blower 

tunnel and the framed grid was located between the flanges. 

Air passed through the duct and was exhausted to the room 

atmosphere. 

The parallel section of the duct, including flanges, 

was made from 3/4 in. plywood except for the left wall 

lO?king downstream which was made of 1/4 in. plexiglas •. 

The distorting section of the duct \vas made of 1/4 in. 

plywood held in position by a number of flanges. The duct 

was supported by clamping 2 in. by 2 in. wooden legs to the 

flanges. 

The distorting section was designed to produce a 

uniform mean rate of strain with the Mean flow in the 

direction of xl. The design was based on a strain ratio 

of 2.5 in a length of 8 ft. The traversing gear wes the 

same ~s that described in Sec. 3.4.3. for the two-dimen-

sionsl contractions. 



• 
83 

3.5. Turbulence Measurements 

AlI turbulent intensities were measured using Disa, 

type 55A01, constant temperature hot-wire anemometers. 

Three anemometers of the same type were available in the 

laboratory, and during the run's the readings were checked 

using two units. Disa hot-wire probes were a1so used; these 

had platinum plated tungsten wires, 0.005 mm diameter, 

approximatel;y 1.0 mm long (the 1ength to diameter ratio of 

the wires was approximately 200). The tungsten wires were 

connected to nickel supports by a combined method of welding 

and electroplating. 

Measurements of the axial turbulent velocity component 

u' were made with a wire normal to the probe axis and to the 

mean flow. The static sensitivity to the u' fluctuations 

was determined, in effect, by obtaining the local tangent 

to the experimental curve of mean d-c voltage versus mean 

velocity. During calibration the air temperature was con­

stant wi thin ± O. 50 F. 

Values of the lateral fluctuating components v' and 

w' and the Reynolds stresses uv and uw were measured using 

a normal wire and a single slanting wire; the latter was 

located at approxirnate1y 450 to the probe axis and to the 

direction of the mean flow. To measure v' and uv the 

s lant'ing wire was located in the uv-plane, wi th the axis 

of the probe in the direction of the mean flow. Two 

readings with the slanting wire were obtained, one at angle 
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~ and one at -~t obtained by rotating the pr?be 1800 about 

its axis. The single normal and the two slanting wire 

readings gave three equations from which the three unknowns 

ut, v' and uv were determined. The derivation of the hot­

wire equations are given in Appendix B. 

The constants nI and nlr in the normal hot-wire 

equations (see Appendix'B, Eqs. (B.26), (B.2?) and (B.28)) 

were obtained from an E2 versus UC calibration as outlined 

in Sec. B.S. of Appendix B. The constant sl/s2 was 

determined by calibration of the hot-wires in a developed 

pipe flow which is outlined in Appendix C. As a check the 

constants sI and s2 were also obtained using Equations 

(B.22) and (B.23) of Appendix B: ~t the angle of the slanting 

wire, was measured directly; Ct the exponent in the hot-wire 

equation, was obtained by calibration; kt the constant which 

measures the caoling effect of the velocity component along 

the hot-wire, was assumed to be 0.20 as suggested by the 

separate results of Webster~6 ChampagneS and Patel~S 

Turbulence measurements based on the pipe calibration 

value of'sl/s2 were considered to be the more reliable and, 

unless specified otherwise, these measurements are reported 

in the thesis. Turbulence measurements based on the 

separate values of ~, c and k were slightly different than 

those based on the pipe calibration. In the blower wind-

tunnel these differences were relatively unimportant because 

of the possible larger errars due to background turbulence. 



In the distorting wind-tunnel the different methods of 

determining the constants did not (for.11 :> 2) effect the 

structural measure K but changed the values of u. 2/(U )2 
~ c 
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and Ui2jq2 slightly. This is discussed later in the thesis. 

The one-dimensional spectra were measured using two 

Disa type 55AOl constant temperature hot-wire anemometers, 

a Disa type 55A06 correlator, a Bruel and Kjaer spectrometer 

type 2112, and Disa X-wires. As a check on the X-wire 

measurements, the one-dimensional longitudinal spectra were 

also measured uSing a single normal hot-wire. Errors due to 

close spacing of Disa X-wires have been studied by Jerome and 

Burling ê1 and by Guitton and Patel: 2 

·3.6. Use of Filters, Background Turbulence and Noise 
Corrections 

The instrument noise of the Disa hot-wire anemometer 

was measured by obtaining the rms voltage reading with the 

wire enclosed in a small container, in which the turbulence 

motion was assumed to be negligible. It was found that a 

large proportion of the instrument noise was in the high 

frequency range; this suggested the use of low-pass filters 

to eliminate the high frequencies. 

For all the turbulence measurements the 20 kc/s low-

pass filter of the Disa anemometer was used. Observations 

of mea-sured spectra showcd that frequencies assooiated with 

grid turbulence 'tlere weIl below this value and hence not 

affected. The use of the 20 ko/s low-pass filter eliminated 

about 6~~ of the (no filter) instrument noise. 
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To obtain the background turbulence in the different 

ducts, readings along the center-lines of the ducts were 

taken without the grid and corrected for instrument noise 

by subtracting from each mean-square voltage, the mean­

square voltage of the instrument noise obtained at the same 

wire operating conditions. This method of correcting for 

instrument noise is perrnissible, since the turbulence and 

the instrument noise are uncorrelated. 

The turbulence intensity measurements which were 

taken in the ducts when the grids'were" present were corrected 

for background turbulence by two methods. 

Method 1: The 20 kC/s low-pass filter of the hot-wire 

anemometer was used in taking the measurements. Readings of 

the grid turbulence in the different ducts were corrected 

for combined instrument noise and background turbulence by 

subtracting from each mean-square voltage, the mean-square 

voltage obtained at the same location in the empty tunnel, 

under the same hot-wire operating conditions and using the 

same filter. This method assumed that the grid turbulence 

and the background turbulence behaved independently. 

Method II: The 20 kC/s low-pass filter and the 20 cps 

high-pass fil ter of the hot-wire anemometer were used in 

taki11g the measurements. The readings were corrected for 

instrument noise by subtracting from the measured mean­

square voltages, the mean-square voltages of the instrument 

noise obtained using the same filters and at the same wire 
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operating conditions. In the blower tunnel over 80% of the 

background turbulent enérgy was contained in frequencies 

below 20 cps. Only about 10% of the energy associated with 

the grid turbulence was contained in these frequencies. 

Method 1 was used t"o correct for background turbulence 

and instrument noise in duct no. l used with the distorting 

wind-tunnel. l'vlethod land method II were" used to correct 

for background turbulence and instrument noise in the 

remaining duct used with the blower wind-tunnel. 



CHAPTER 4 

EXPERI~ŒNTAL RESULTS AND DISCUSSION 

4.1. Decay of Grid Turbulence in Uniform Flow 

There have beel1 many experimental studies of the 

decay of grid turbulence in steady uniform flow. In most 

experiments especially constructed bi-plane grids were 

used, having square mesh and either round or square bars. 

Even when using similar bi-plane grids there have been 

discrepancies between the findings of different investi­

gators regarding the detailed structure of the turbulence 

.·produced by thé grids, and the experimental laws of decay. 

This is illustrated by the results of.different researchers 

which are compared in the report by Comte-Bellot and 

Corrsin~l 

The grids used in the present experiments were of the 

s·ingle plane type, two were commercially available from 

stock; these grids were chosen because they were cheap and 

each grid was approximately homogeneous in geometry. 

Unfortunately no information was available on the structure 

of the turbulence generated by the grids or on the behaviour 

of the turbulence during decay, and so experiments were 

undertaken to obtain this information. 

88 
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4.1.1. Experimental Arrangement and r'1easurements 

The experirnents on decaying grid turbulence in 

uniform flow were performed in the distorting wind-tunnel 

which had a long parallel flow section and the lowest back­

ground turbulence of the available wind-tunnels. The 

arrangement of the distorting wind-tunnel is shO\<Jn in 

Fig. 10. l'lind-tunnel details and the arrangement of the 

traversing gear which allowed measurements to be taken along 

the center-line of the working-section have already been 

given. For these experiments the grid was removed from its 

regular location in the slot at the entrance to the wind­

tunnel and was temporarily located at the downstream end 

of the distorting duct at the entrance of the 12 ft. long 

parallel flow section. 

Using the small square grid A, measurements were 

made with mean velocity Uc steady at approximately 20 fps. 

For the diamond grid C, the rnean velocity Uc was steady at 

approximately 20, 40 and 60 fps. These velocities were 

approximately the same as those used in the experiments on 

distortion, which are treated later. For both grids, 

measurement of the turbulent intensities ut, v t and w' and 

the mean velocity U were made'at points along the center­

line of the parallel duct, extending a distance of 10 ft. 

downstream from the grid. The turbulence readings were 

corrected for combined instrument noise and tunnel back­

ground noise by method l gi ven in Sec. 3.6. In aIl cases 



the corrections were small and changed the turbulence 

intensities ui2/Ü2 by i~ss than 3% for both grids. 

4.1.2. Turbulent Structure during Decay 
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It was found that the turbuience produced by both 

grids was anisotropie. The component ut in the main flow 

direction was higher than the turbulence components v t and 

w' in the transverse directions. The values of v t and wt 

were equal within the accuraey of measurement. 

A eonvenient measure of anisotropy of the turbulence 

is ut/v t whieh for isotropie turbulence has a value of 

unity. Values of ut/v' versus (x-xo)/M are shown in Fig. 7. 

The turbulence was anisotropie for both grids, but there 

was a definite tendeney towards iso~ropy at increasing 

distances from the grids. The values of ut/v' were approxi­

mately the same for bath grid A and grid C and were approxi­

mately independent of the mesh Reynolds number of grid C. 

It is interesting to compare the results obtained 

here for perforated type grids with those obtained by 

various investigators using the more conventional square 

mesh bi-plane grids of round rods; results of Corrsin, 

Wyatt, Kestler and Vrebalovich and Uberoi h~ve been reported 

by Comte-Bellot and Corrsin Il together wi th their own results. 

The figures used in their report to compare results is 

shawn as an insert in Fig. 7. The present results fall weIl 

within the range of the results of the other investigators; 
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they aIl obtained values of ut/v' which were.greater than 

unity. The tendency observed here towards isotropy agrees 

with theresults of Corrsin and Comte-Bellot and Corrsin, 

the results of Uberoi show a slightly opposite tendency. 

In the present results, if the constants sI and s2 

were obtained from the measured' values of c:\> and c and the 

a ssumed value of k = 0.2, then the values of u' Iv' would be 

0.92 of the values shown in Fig. 7. At 40 mesh lengths 

from the grid instead of 1.2 the value of u'/v' \'lould be 

1.1 and at 140 mesh lengths the turbulence would be close 

to isotropie with values of ut/v' near 1.0. 

4.1.3. Rates of Decay 

It has been customary to represent grid turbulence 

decay by power laws over various periods during the lifetime 

of the turbulence. Rere it was assumed that the equations 

for the u' and v' components of the turbulence were of the 

·form: 

-2/2 ( )n U U ::. B x-xo (93 ) 

(94) 

These equations allowed the virtual origins and the rates of 

decay of the u' and v' components of the turbulence ta be 

different. 

The values of n, B and x were obtained using the a 

experimental data in Eq. (95) which was obtained from 
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Eq. (93) 

(95 ) 

An initial value of n = l was assumed and the rma error was 

found for a straight line through the points (U2/u2);/n x. 

The value of n was then increaseà by increments until the 

smallest rms error was obtained. This gave the value of n. 

The value of xo was obtained by dividing the intercept 

Bl/nXo by the slope Bl~n The values of m, C and x~ were 

obtained from the experimental data in the same way using 

Eq. (94). It \lIas found that for any one grid xo and xd 

were nearly equal. In order to simplify the results a 

single value of xo was chosen and n and m were changed 

to the values obtained for the lines having this value of 

For grid A the experimental values of the relative 

turbulent intensities, u2/ü2 , v2/u2 , w2/Ü2 and q2/ü2 were 

·plotted against the distance from the virtual origin, 

x-xo ' on log-log paper as shown in Fig. 8. The points lie 

close to straight lines which indicate that the decay of the 

individual components of the turbulence and the total 

turbulent energy may each be represented by power laws. As 

the turbulence decayed it became more isotropie as indicated 

by the tendency for the u2/Ü2 and the v2/U2 (or w2/Ü2) lines 

to converge at increasing distances from the virtual origine 

The valu~ ~ of n and m are the negative slopes of the 
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TABLE 4 

Comparison of the decay of turbulence for perforated and bi-plane grids 

neference HeM U M cr Type of grid u2 - decay v2 , w2 - decay 

x 10-3 (fpso) (in. ) solidity 

Corrsin (1942) 805 33 0.50 0.44 

17 33 1.00 0.44 
26 49 1000 o 04ll-

Batchelor and 5.5 21 0050 0.34 
T ownsend 11 42 0.50 0.34 
(1947-1948 ) 

Uberci (1963) 2~ 56 1.00 0.44 

Baines and 24 26 1.75 0.44 
Paterson (1951) 

Comte-Bellot and 17 33 1.00 0.34-
Corrsin (1965) 34 66 1.00 0.34 

l'ucker 6.8 20 0.69 0.47 
(present values) 

5.8 20} Il.6 40 0.59 0.32 
17.4 60 

n 

Bi-plane ,round 1.30 
rods 

Il " 1.28 
" " 1.35 

" " 1.13 
Il " 1.25 

Il " 1.20 

Bi-plane ,square 1.37 
rads 

Il .11 1.33 
Il Il 1.27 

Perforated sq. 1.35 
grid 

Perforated 1.35 
dia:nond grid 

Xq-Xo 
m 

M 

1 1.22 

3 1.14 
1 1.16 

5 -
8 -

4 1.20 

3 -

1.5 1.27 
2·5 1.24 . 
4.7 1.17 

5·0 1.23 

xa-xo ---
N 

1.5 

2·5 
1 

--

4 

-

1.5 
2 

4.7 

5.0 

'" ~ 
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corresponding straight lines. 

Resulta for the three different mesh Reynolds numbers 

ReM of the diamond grid C are shown in Fig. 9. The lateral 

components of the turbulence VI and w' were equal within 

the accuracy of measurement, average values of (v2 + w2 )/2U2 

are plotted together with u2/Ü2 and q2jÜ2• The turbulence 

for grid C was similar to that of grid A. As usually found 

(for grid turbulence at high mesh Reynolds numbers) the 

Reynolds number effect was not significant. 

The constants in the decay laws which were found for 

the two grids used here are shown in Table 4, together with 

the corresponding constants for square mesh bi-plane grids 

of round rods and square rods reported in the paper by 

Comte-Bellot and Corrsin;' The values of TI, m and xo/r'1 

found for the square perforated grid A and the diamond grid 

C are not greatly different from those reported by Comte­

Bellot and Corrsin for the bi-plane grids. 

Because of the initial anisotropy of the grid tur­

bulence, it was necessary to account for this in the rapid 

distortion theory in order to obtain agreement bet\'leen the 

theoretical and experimental results in the initial stages 

of distortion. 

4.2.· Plane Strain (lateral), Strain Type Parameter F=O 

Plane strain having type parameter F = 0 was produced 

in the distorting wind-tunnel, the duct \'lhich produced the 
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strain is shown schematically in Fig. Il with reference 

axes xl' x2 , x3 as indicated. The distorting duct was of 

the same general shape as the ducts used by MacPhail;5 

Townsend 6s 'and Marechal36 in their separate experiments. 

4.2.1. Experimental Results Using Grid A 

The small square roesh grid A was placed in the grid 

slot of the distorting wind-tunnel. The tunnel had a 12 ft. 

long parallel flow section located behind the distorting 

section. Measurements of the turbulent components ui, u2, 
u3 and the longitudinal mean-velocity U2 were made at points 

along the center-line of the tunnel. During measurement 

the mean velocity (Ü2)c was steady at approximately 20 fps. 

Periodic checks of the mean velocity and temperature at 

fixed reference points behind the grid showed that during 

the run the mean velocity varied less than 0.7% and the 
o 0 temperature remained within the range 76 F. to 81 F. The 

temperature at which the hot-wires were calibrated was 

80±0.SoF. 

Values of the turbulent intensities ui2/(Ü2)c2 and 

q2/(Ü2)c 2 versus (x2-(x2)o), the distance from the virtual 

origin of the turbulence (obtained for decay in uniform 

flow), are shown in Fig. 16. In the absence of distortion, 

the total turbulent ~nergy and "the separate components of 

the turbulent energy decayed along the straight lines which 

are shown (reproduced from Fig. 8). 
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For plane lateral distortion, neglecting decay, 

the behaviour 'Of grid turbulence can be obtained, approxi­

mately, from the instantaneous distortion theory applied to 

isotropie turbulence. Turbulent energy is produced by 

distortion, as can be seen from the increase in q2j(q2)A 

shown in Fig. 4. Distortion acts selectively on the 

individual components of the turbulence, increasing the 

values of the u2 and ~ components and decreasing the value 

of the ui component, as shown for the parameter F = 0 in 

Fig. 3. 

In considering the behaviour of the total turbulent 

energy q2j2 during distortion, two opposing processes were 

present: the first was viscous decay which tended to decrease 

t he value of q2; the second was the production of turbulent 

energy by the distortion, which tended to increase its 

value. From Fig. 16, we see that in the initial stages of 

distortion the decay effects were dominant; as the tur­

bulence became distorted to higher strain ratios the pro­

duction effects became more significant until, for a strain 
"2 ratio near 3, the values of q reached a minimum. Rere the 

production apparently balanced the decay and the turbulence 

was in ~ state of energy equilib~ium. At higher strain 

ratios the production was dominant and the turbulence 

energy increased until distortion ceased at a strain ratio 

of 6. 

In the parallel flow section after the distortion 
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there was no production of turbulent energy ~nd the viscous 

decay caused q2 to decrease. Values of q2/(U2)c 2 fall 

approximately on a straight line of the same negative slope 

as that of grid turbulence in uniform flow. Apparently 

the rate of decay of the highly anisotropie turbulence was 

not too different than the rate of decay of the more nearly 

isotropie grid turbulence. This was the assumption made in 

order to correct the instantàneous distortion theory for 

decay. 

The theoretical curve q~/(Ü2)c2 shown in Fig. 16 

was obtained starting from the measured value at the 

beginning of distortion and assuming isotropie turbulence. 

The rapid distortion theory was used and corrected for decay 

by the method out lined in Sec. 2.6. Agreement between the 
- 2 

experimental and theoretical values of q2/(Ü2)c was 

remarkably good throughout the distorting section. Agree­

ment was not as good when the rapid distortion theory was 

applied to the actual anisotropie turbulence using the 

equivalent strain ratios (l i )e; this applied to aIl the 

ducts tested. 

The theoretical curves for the components of the 

turbulence, which are shown in Fig. 16 t were obtained using 

the rapid distortion theory appÎied to the actual aniso­

tropie turbulence to determine the fraction of turbulent 

energy in each of the three components (this gave the 

theoretical curves in Fig. 17 which will be discussed later). 



98 

The fractions were applied to the theoretical values of 

q2/(Ü2 )c2 to give the theoretical curves of the components 

shown in Fig. 16. There was good agreement between the 

experimental and theoretical values of u32/(Ü2)c 2 through­

out the distorting section, however, the experimental values 

of u12/(U2 )c 2 became higher than the theoretical values as 

the strain ratio increased while the experimental values of 
-2/(- 2 u2 U2)c became lower than the theoretical values. 

Apparently there was a transfer of turbulent energy to the 

lowest component. 

The energy transfer between the components of 

turbulence which determine the rate of decay of each com­

ponent of turbulence appeared to depend on the degree of 

anisotropy of the turbulence. This is illustrated by 

considering the experirnental values of U12/(Ü2 )C 2 in Fig. 16 0 

In parallel flow before distortion where the turbulence 

was slightly anisotropie, the values of U12/(Ü2)C 2 decreased 

during decay while in the parallel flow after the distortion, 

where the turbulence was highly anisotropie and the value 

of turbulent intensity u1
2 was small compared to the inten­

sity of the other components, there was an increase in the 

value of u12/(Ü2 )c 2 during the oyerall turbulence decay. 

The local structural measures Ui2/ q2 , versus strain 

ratio are shown in Fig. 17. At the entrance of the distor­

ting section the turbulence 'vIas anisotropie with u32/q2~ 0.41 
- - - -

and u12/q2~ u22/ q2 ~O .29; turbulence of this type is 



99 

produced by a rapid strain of type parameter F = land strain 

ratios (11 )h=(12)h=1.20, (13)h=O.70. The theoretical 

curves shown in Fig. 17 were obtained assuming that an 

instantaneous strain was then applied to this turbulence 

as outlined in Sec. 2.5. 

For strain ratios up to 1.5, the experimental values 

of u1
2jq2, u22jq2 and U32jq2 were close to the theoretical 

values. At higher values of the strain ratio the measured 
- -

values of u3
2jq2 continued to agree closely with the theory; 

however, at' values of 1 1 ~ 1.5, the measured values of 

u 1
2jq2 became higher and the measured values of u2

2jq2 

became lower than the corresponding theoretical values. 

The structure of the turbulence during distortion may be 

considered as the product of two opposing effects: the 

first effect is produced by the distortion which tends to 

orient the eddies in the direction of' the maximum rate of 

strain; the second and oppesing effect is a tendency of the 

turbulence te return towards isetropy which is an integral 

part of the decay process. 

The local intensity ratios' Ui2jq2 , although useful 

as a measure, give litt le insight into the structure of the 

turbulence. This deficiency may be removed by using the 

hypothetical strain ratios (11 )h' (12)h and (13)h to 

measure the turbulent structure. These ratios may also be 

considered as a measure of the direction of the eddies 

which comprise the turbulence as explained below. 
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If we imagine the actual turbulence as if it were 
produced by a hypothetical instantaneous distortion of 
(l~h' (R2)h and çf3)h applied to isotropie turbulence, the eddies 
of the isotropie turbulence which are uniforrnly distributed 
in space would tend to becorne 'oriented in the direction of 
the higher strain ratios, and hence the values of (ll )h' (12}h 
and (l~h could be considered to rneasure the space orientation 
of the eddies. For example, if the value of the structural 
triple ((.l'l)h, (12)\.'\, (13\) were (6, l, 1/6), the eddies could 
be considered as oriented mostly in the Xl-direction, less 
in the x2-direction, and least in the x3-direction, since 
this would be the result if a volume 1 X l X 1 units, 
containing vortex elements uniforrnly distributed in space, 
were distorted to a volume of 6 x l x 1/6 units. The triple 
«J~h' (l~h' (1~0 rnight therefore be considered as a rneasure 
of the orientation of the eddies in space. The triple 
could also be considered as a measure of the turbulent 
structure since it is obtained from the local intensity 
ratios U12/q2, U22/ q2 and u32/ q2 using the rapid distor­
tion theory, Eqs. (67), (68) and (69) or more simply using 
Fig. 5. 

We will discuss the turbulent structure shown in 
Fig. 16 in terms of the structural triple. The structure 
of the grid turbulence at the beginning of the distortion 
was (1.20, 1.20, 0.70). The eddies of the ,grid turbulence 
C ompared wi th isotropie turbulence, ".,hich has a structure 
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(l, l, 1), were oriented more in a plane pa+~llel to the 

grid. When turbulence is distorted, the rapid distortion 

theory for anisotropie turbulence, predicts a structure of 

(7.20, 1.20, 0.11) at the end of the distorting section. 

The actual turbulence at the end of the distorting section 

had an approximate structure (4.50, 2.46, 0.09). Apparently 

during distortion there was a tendency for the eddies of 

the actual turbulence to become oriented more in the plane 

normal to the minimum rate of strain than that predicted by 

the theory. 

In the parallel section located after the distorting 

section there was a tendency for the turbulence to become 

more isotropie; this is shown by the approach of the local 
- - - -

intensity ratios u12jq2, u22/ q2 and u32/ q2 towards equality.' 

This tendeney was greatest near the beginning of the parallel 

f,lov; where the turbulence was highly anisotropie. 

In order to compare the results obtained here with 

t hose of Townsend &.5 and Narécha1 31 the structural rneasure - - -- --2 2 22' 
K = (u max- u min)/(u max+ u min) was calculated for 

different strain ratios. The ducts used by Townsend, 

Maréchal and the present author were aIl of the same general 

shape and wcre designed to produae uniform plane strain of 

type F = 0; the rates of strain as measured by the parameter 

IAwere nearly the same in aIl duets, .54, .66 and .32 

respectively; the maximum strain ratios achieved in the 

three ducts were different, 4, 13.3 and 6 respectively. 



Experimental values of the structural measure K, 

obtained by the present author, by Townsend~~nd by 

Maréchal;7 are plotted against strain ratio in Fig. 18. 
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In obtaining the theoretical curve which is shown, the 

turbulence was assumed anisotropie at the beginning of the 

distortion to agree with the grid turbulence in the present 

experiments and the values of K were based on (1i )e. 

As shawn in Fig. 18 the experirnental values of K, 

for strain ratios great er than 1.5, are le"ss than the 

theoretical values and appear to fall on a curve which 

belongs to the sarne family as the theoretical curve. An 

empirical curve, K = 0 .63 Kt is shown. The subscript t 

indicates the theoretical" value obtained from the rapid 

distortion theory. It appears that the experimental values 

agree closely with this curve up to the maximum strain 

ratio of 6 where an experimental value of K':::! 0.62 was 

obtained. 

It is interesting to compare the present results 

with the results of Maréchal~1 whose distorting section 

produced strain ratios up to 13.3. Two geometrically similar 

grids were used in his experiments. The turbulent structure . 
as measured by Kwas approximately the sarne for both grids. 

Points from I-1are'chal 's curve are shown in the main Figure 

and his Figure is also shown as an insert in Fig. 18. The 

results of Maréchal agree closely with those of the present 

author up to the strain ratios of 6, the highest value in 
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the author's tunnel. A maximum K value of 0.62 was achieved 
., . 

by Marechal for a strain ratio near 8.7, beyond this strain 

ratio his K decreased slightly and at the end of his dis­

torting section was approximately 0.60. The falling off of 

Maréchal's K values beyond the· strain ratio of 8.7 may have 

been caused by flow conditions in the transition region 

near the end of the distorting duct. The falling off of 

Townsend's values of K may be attributed to the same cause, 

this is discussed below. 

Agreement of the present results with those of 

Townsend is not as satisfactory, especially for strain ratios 

above 2.5. Townsend's curve appears to reach an asymptotic 

value near 0.42 after a strain ratio of 4, the maximum 

obtainable in his tunnel. This isconsiderably less than 

K~0.55 at strain ratio of 4 achieved by Maréchal and by 

the present author. This cannot be explaineti as the result 

of differences in the· strain rate parameter; the value of 

IAin Townsend's duct was 0.54 compared with the ~resent 

value of 0.32, ·and might therefore be expected to give 

higher values of K which would be closer to those of the 

instantaneous distortion theory. 

The falling off of Townsend's values for strain 

ratios near 4 may possibly be the result of the failure of 

the experimental duct te establish the hypothetical uniform 

straining throughout its length. Fig. 12 of the mean 

veloci ty in the preserlt duct and the corresponding measure-



104 

ments of Townsend and Maréchal show that near the entrance 
. ~ 

and the exit of the distorting section the longitudinal 

distortion differed considerably from the hypothetical 

uniform value achieved in the central region. In Townsend's 

duct uniformity was achieved for a range of strain ratios 

1.5 to 3, in the present duct for strain ratios 1.5 to 4 

and in Maréchal's duct for a range of strain ratios 1.5 to 

8.7. Renee, Townsend's results, in particular, may have 

been influenced by the non-uniformity of the strain near 

the end of the distortion. 

Figure 12 and the corresponding curves of Townsend 

and Maréchal also show that the strain was not instantaneously 

reduced to the hypothetical zero on entrance to the parallel 

duct. The present results sho"l that the return towards 

isotropy took place only after the fluid had moved a short 

distance along the parallel duct corresponding approximately 

to the start of zero longitudinal strain. 

In the parallel flow following the distortion, the 

turbulence studied here showed a marked tendency towards 

isotropy as shown in the approach of the structural measure 

K towards zero. The return to isotropy was most rapid for 

the highly anisotropie turbulence and slower as fue trubulence 

approached the isotropie condition. 

The failure in the present experiments for the 

turbulent structure to reach an equilibrium value and the 

rapid return to isotropy after distortion is important in 
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relation to Townsend's theory of free turbulence and will 

be discussed more thorough1y 1ater in the thesis. 

The results of the experiments in the distorting 

wind-tunnel, which are shown in Figs. 16, 17 and 18 and which 

have just been discussed, were obtained using hot-wire 

constants from pipe calibrati-on. In order to show the 

effects of determining the hot-wirè constants from the 

separate values of ~ and c and k results using these 

constants are shown in Figs. 19 and 20. 

The variations in the local turbulent intensity 

ratios are shown in Fig. 20. When compared with the cor­

responding values in Fig. 17, it can be seen that the ca1-

culations based on 9 , c and k decreased the isotropy of 

the grid turbulence before distortion. When the turbuleilce 

was distorted to strain ratios near 6, values of u3
2/q2 

close to 0.55 were obtained, comparedwith values close to 

0.52 shown in Fig. 17. 

As already discussed in Sec. 2.4.1., the rapid 

distortion theory shows that no one component of the tur­

bulence can contain more than 0.5 of the total turbulent 

energy. Neglect of decay terms in the theory should not 

effect this limiting energy ratio, because the rapid 

distortion theory includes aIl types of eddy orientations. 

Assuming this, the pipe calibration method of determining 

the constants gave the more accurate turbulence measurements. 

It should be noted that the method of determining the hot-
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wire constants had no influence on the structural measure 

K for strain ratios greater than 2. 

Spec"tra of the longitudinal component of the 

turbulence at different locations along the distorting duct 

were measured using a single normal hot-wire; these spectra 

are shown in Fig. 21. Spectra measurements at the sarne 

locations using X-wires are shown in Fig. 22. The spectra 

at corresponding locations obtained by the two methods are 

almost identical. To show this more clearly sorne of the 

spectra from Fig. 21 are replotted as solid points in Fig.22. 

In the present experiments it appears that errors introduced 

in the measurement of the one-dimensional spectra by the use 

of Disa X-wires are not sufficient to influence the 

discussioll. 

The low Reynolds number grid turbulence studied here 

cannot be expected to have an equilibrium range charac­

terized by a spectrum curve of slope (-5/3). Comparison of 

.the spectrum curve at the beginning of distortion with the 

line of slope (-5/3) in Fig. 21, shows that at high wave 

numbers there is no agreement. 

Comparison of the measured spectra with spectra 

obtained for grid turbulence in uniform parallel flow (such 

as that obtained by Sato and reported by Hinze 24 and shown as 

an insert in Fig. 21) shows that the spectra of the distorted 

and undistorted turbulence behave in a similar manner. At 

increasing distances from the grid there is a tendency for 
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the spectrum curves in the high wave number range to be 

shifted in tbe direction of lower wave numbers. The reason 

for tbis is that the turbulence corresponding to high wave 

numbers decays at a faster rate than the turbulence of 

lower wave numbers. 

The one-dimensional spectra of, u12 and u32 , the 

lateral components of turbulence, are shown in Figs. 23 

and 24. Tbe lateral spectra are similar to the longitudinal 

spectra shown in Fig. 21. 
-2 

In order to detect small differences in the ul ' 

u 2
2 and u

3
2 spectra at the end of the distorting section, 

these spectra were plotted in Fig. 25. Tbe spectra of u2
2 

and u32 the high energy components are approximately 

identical. The spectra of Ul2 the low energy component 

'contains a relatively larger proportion of energy in the 

higher wave number range. It appears that the transfer of 

energy to the low energy component takes place mostly at 

the higher wave numbers. This is consistent with obser­

vations in isotropie turbuience that energy transfer takes 

place from low to higher wave numbers. 

4.2.2. Experimental Results using Grid B 

'For this experiment the mesh Reynolds number of the 

turbulence was increased by using the large mesh grid B 

in place of the geometrically similar small mesh grid A. 

It should be noted that changing the grid to one of a 
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different mesh size without changing its location with 

respect to the distorting section do es not significantly 

change rA the intensity parameter; also the other parameters 

il and Fare not changed. 

Grid B was located in the grid slot and, as before, 

measurements of ui' u2, u3 and the longitudinal mean velocity 

U
2 

were taken along the center-line of the tunnel with the 

mean velocity near the grid steady at approximately 20 fps. 

During the time the measurements were being taken, periodic 

checks of the mean velocity and temperature at fixed 

reference points behind the grid showed that the mean 

veloci ty varied less than 0.5% and that the temperature 

remained within the range 80°F. to 82°F. The temperature 

at which the hot-wires were calibrated was 81.5 ±û.50 F. 

2/- 2 2/- 2 Values of ui (U2)c and q (U2)c are plotted 

versus dimensionless distance from the virtual origin in 

Fig. 26. When compared with Fig~ 16 which contains the 

corresponding values for the small mesh grid A, it can be 

seen that the results for both grids are in approximate 

agreement, however, when using grid B the agreement between 

theoretical and experimental values of q2/(U2)c 2 and 

u3
2/(U2)C 2 is less satisfactory •. 

The local structural measures u. 2/q2 are plotted 
~ 

versus distance from the beginning of the distortion and 

strain ratio in Fig. 27. vihen. ~ompared with Fig. 17, which 

sho\'/S corresponding values for grid A, the results are 
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approximately identical. As before when compared with the 

theoretical curves obtained for the initially anisotropie 

grid turbulence, the values of u3
2/q2 agree close1y with the 

theoretical, while at the higher strain ratios the values of 
- -
u12/q2 are higher and the valu"es of u32/ q2 are lower than 

the theoretical. In the parallel duct downstream from the 

d istortiol1 the tendency for the turbulence to approa ch 

isotropy is again apparent. 

For comparison, values of the structural measure K 

for grids A and B are shown in Fig. 28. Both grids gave 

approximately the same values of K in both the disto~ting 

and parallel sections of the duct except near the end of the 

distorting section where lower values of K were obtained for 

grid B. This may have been due to ~he length scales of the 

turbulence becoming large in comparison with the width Qf 

the tunnel in this region. The same reason may in part 

explain the falling off of Townsend's K values and also 

those of Mar€chal near the ~nd of t~eir distorting sections. 

It appears that the structure of turbulence developed 

by lateral plane strain was not greatly affected by changing 

the mesh Reynolds number. This is as expected because there 

was no appreciable change in the important parameters F, lA 

and il. 

4.2.3. Experimental Results using Grid C 

In order to determine the effect of grid geometry, 

measurements were made in the distorting tunnel using the 
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diamond grid C. Two sets of measurernents were made at two 

steady Mean ve1ocities, and from the results the effect of 

changing the grid Reynolds number by changing the Mean 

velocity was determined. 

These experiments were'actua11y the first performed 

in the tunnel. The diamond shaped grid had a low solidity, 

cr- =. 0.37, which could be expected to generate homogeneous 

turbulence, however, the turbulence was of 10\'1 relative 

intensity and was difficult to measure accurately. 

Grid C was placed in position in the grid slot of 

the distorting tunnel, which had at this time a 4 ft. 

parallel section behind the distorting section and not the 

12 ft. length as shown in Fig. 10. Measurements of the 

turbulence intensities ui' uZ' ~ and the Mean velocity 

U2 were taken along the center-line of the tunnel. Two 

sets of readings were taken: one wi th Mean velocity stea.dy 

at approximately 20 fps and the other at 40 fps. During 

the time the measurements were being taken, periodic checks 

of the Mean velocity and temperature at fixed reference 

points behind the grid showed that for each run the Mean 

veloci ty varied less than 0.5% and the temperature remained 

within a 30 F. range. 

For the Mean velocity of 20 fps, the relative 

2/ - 2 2/(- ) 2 intensities ui (U2)c and q Uz c are plotted versus 

distance from the virtua.l origin as shown in Fig. 29. The 

straight lines which were obtained experimentally for the 
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grid C turbulence in uniform flùw are also shown for 

comparison. The relative turbulent intensities behaved 

similarly to those of the square grids A and B as shown in 

Fig. 16 and Fig. 26 respectively, but the actual values are 

lower because of the lower solidity of the daimond grid. 

As in the case of the square ~ids the two opposing processes 

of production and decay determine the behaviour of the 

turbulence. 

For comparison, curves of the component and total 

turbulent intensities obtained from the rapid distortion 

theory of the anisotropie grid turbulence with corrections 

for decay are shown in Fig. 29. As before, the measured 

values of q2/(Ü2)c 2 and u3 2/(Ü2)c 2 agree weIl \oJith the 

theoretical values throughout the distorting section. In 

the case of U12/(Ü2)c 2 and u22/(U2)c2 agreement is less 

satisfactory at the higher strain ratios. 

Comparing the relative turbulent intensities for the 

diamond grid of 20 fps shown in Fig. 29, with the corres­

ponding intensities for the same grid at 40 fps shown in 

Fig. 31, it can be seen that the plots are approximately 

identical. In both cases there is a noticeable tendency 

toward isotr6py in the parallel tlow after the distortion. 

Small differences which are noticeable near the end of the 

distorting section and in the adjoining parallel flow section 

are probably due to difficulty in measuring accurately the 

low turbulent intensities. During these readings the rms 



meter values fluctuated about 5%; this accounts for the 

scatter in the plotted values. 

112 

The local turbulent intensity ratios for velocities 

20 fps and 40 fps are shown in Fig. 30 and Fig. 32. The 

local turbulent intensities behaved similarly at both 

velocities. 

The structural measure K for velocities 20 fps and 

40 fps is shown in Fig. 33, together with the empirical 

curve K = 0.63 Kt. The measured values of K again agree 

approximately with this curve which shows that the structure 

of turbulence was approximately independent of the grid 

geometry. It is also evident that changing ReM by changing 

the mean-velocity did not change the turbulent structure. 

4.3. Plane Strain (Longitudinal), T;ype Parameter F =0 

Longitudinal plane strains having type parameter F = 0 

were produced in the two-dimensional contractions, duct no.2 

andduct no. 3, with strain ratios 11 of 5.4 and 2.8 and 

strain rate parameters lA of 0.97 and 0.32 respectively. 

Experiments were performed in these ducts to determine the 

effects of changing the strain rate parameter. Also, by 

comparing the results in the two-dimensional contractions 

with those in the distorting duct, the effects, if any, of 

cbanging direction of the mean flow relative to the strain 

could be determined. 
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4.3.1. Characteristics of the Two-Dimensional Contractions 

Mean velocities along the center-line of the two­

dimensional contractions (duct no. 2 and duct no. 3) were 

measured using separate total and static pressure probes. 

The resulting velocity distributtons with the small square 

grid in position and mean velocities at the inlet of the 

contraction, steady at approximately 20 fps, are shown in 

Fig. 36. Except in the transition region near the entrance 

of the contraction, the experimental points fall approxi­

mately on straight lines which shows that the rates of strain 

were nearly uniform throughout both contractions. 

With the grid removed from the tunnel the three 

components of the turbulence were measured at points on the 
1 

center-line of the ducts. Corrections were made for instru-

ment noise as described in Sec. 3.6. and the relative 

intensities u'/Ü, v'/Ü and w'/Ü were calculated using U 

the local mean velocity at each point on the center-line. 

The background turbulence in duct no. 2 is shown in Fig. 37. 

At the entrance of the contraction the relative intensities 

were 

the u' component remained approxîmately constant throughout 

the contraction. The v' and w' components decreased in the 

downstream direction and at the exit attained values of 

/
- /- -2 v' U ~ w' U '::::! 0.10 x 10 
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In comparison with the grid turbulence the p~ckground tur­

bulence was high and it was necessary to correct the readings. 

It is interesting to note that the background turbulence 

during contraction behaved differently than the grid tur­

bulence; when grid turbulence was distorted the component 

in the direction of the maximum rate of strain Cie., u'/Ü) 

was decreased more than the lateral components as shown 

later in this thesis. 

The spectra of the background turbulence in the 

b IOVler wind-tunne l is shown in :B'ig. 38. However, 80% of 

the total energy of the background turbulence was below 

20 cps which could not be analyzed by the spectrometer. 

4.3.2. Experimental Results 

With grid A in position, measurements of the tur­

bulent components ui, uZ' U3 and the longitudinal Mean 

velocity Ü were made at points along the center-line of 

duct no. 2 and duct no. 3. During the measurement the Mean 

velocity in the parallel section of the duct was steady at 

approximately 20 fps. Periodic checks of the mean velocity 

at fixed reference points behind the grid showed that during 

each run the mean velocity varied less than 0.5% and the 

temperature less than 6oF. 

The turbulence readings were corrected for combined 

background turbulence and instrument noise by method l of 

Sec. 3.6. and values of the turbulent intensities ui
2/(U1 )C

2 , 
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- 2 
and q2j(Ul )c were plotted against (t - to) the time from 

the virtual origin; the plotted values for duct no. 2 and 

duct no. 3 are shown in Fig. 39 and Fig. 41 respectively. 

Straight lines are drawn in the figures which show the 

decay of the turbulence in uniform flO\v; also curves are 

shown which were obtained from the rapid distortion theory 

as outlined previously. 

It can be seen from the figures that aIl the experi­

mental values fall close to the theoretical curves, especially 

near the beginning of the contraction. 

From Fig. 39 it can be seen that in duct no. 2 which 

had the higher contraction ratio the experimental values of 

u12/(U1 }c2 were higher than the theoretical values near the 

end of the contraction. Apparently there was a transfer of 

energy to this component. Similar behaviour was not 

noticeable in duct no. 3 where the strain ratios were lower. 

The experimental values of the local structural 

measures Ui2jq2 are plotted versus strain ratio for duct 

no. 2 and duct ~o. 3 in Fig. 40 and Fig. 42 respectively. 

Curves obtained for the instantaneous distortion of aniso-

tropic grid turbulence are also shown for cornparison. The 

measured values of u32/ q2 agree closely with the theoretical 

values for duct no. 3, agreement is less satisfactory for 

duct no. 2. The experimental values of U22/ q2 

in both ducts agree closely with the theoretical values near 

the beginning of the contraction, but near the end of the 
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contraction the experimental values of uI2/q~are hi gher, 

and the experimental values of U22/ q2 are lower than the 

theoretical values, es~ecially in duct no. 2 which had the 

higher contraction ratio. 

The structural measure· K versus strain ratio for 

the two contractions are shown in Fig. 43. A theoretical 

curve obtained by applying the instantaneous distortion 

theory to the anisotropic grid turbulence, is also shown. 

The experirnental values of K agree remarkably weIl with the 

theoretical curve except in duct no. 2 for strain ratios 

Comparing the values of K for duct no. 2, lA = 0.97, 

with those of duct no. 3, lA = 0.32, it appears that slightly 

lower values were obtained· in duct ·no. 3 which had the lower 

strain rate parameter, however, the possible error in the 

experimental values is such that no definite conclusions 

can be made regarding the effect of the strain rate para-

meter. 

In order to check the results obtained in duct no.2, 

careful measurements were taken near the exit of the duct 

using the filter system and correcting for background tur­

bulence by rnethod II in Sec. 3.6. The values obtained are 

shown as solid points in Figs. 40, 41, and 43 and are in 

good agreement with the values dbtained using method l to 

correct for background turbulence. 

The one-dimensional spectra of the longitudinal 
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component of turbulence at different distances a10ng duct 

no. 2 are shown in Fig. 44. The spectra appear to be closer 

to self-preserving than the equivalent u22 spectra in 

distorting duct no. 1 which is shown in Fig. 23. 

4.4. Symmetrical Fluid Contraction, Strain Type Parameter 
F = -1/2 

Symmetrical fluid contraction has a strain type 

parameter (F = -1/2); this is the minimum value of F. From 

the results of the instantaneous distortion theory app1ied 

to isotropie turbulence shown in Figs. 3, 4 and 5 it appears 

that the structure of turbulence produced by this type of 

strain is approximately the same as the structure produced 

by plane strain F = O. 

4.4.1. Characteristics. Equivalent Symmetrical Contraction 

Mean velocities along th~ center-line of duct no. 4 

(the equivalent symmetrical contraction) were measured using 

the separate total and static pre~sure probes. The resulting 

velocity distribution with grid A in position and mean 

velocity at the inlet of the contraction steady at approxi­

mately 20 fps i5 shown in Fig. 46. The experimental values 

fall close to a straight linc which indicates that the 

rate of strain oUI/oXI was uniform throughout the contraction. 

Vlith the grid removed from the tunnel, the three 

components of the turbulence were measured at points on the 

center-line of the duct. The values obtained after correcting 
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for instrument noise are shown in Fig. 47. The background 

turbulence was similar to that observed in the two-dimen-

sional contraction. The longitudirial component remained 

fairly constant al"ong the duct at values 

The lateral components decreased from values 

at the entrance to values near 2.0 x 10-2 at the exit. 

4.4.2. Experimental Results 

Vlith grid A in position the turbulence components 

ut, v', w' and the longitudinal meap velocity TIl were 

measured at points along the center~line of the duct. During 

the measurements the mean velocity in the parallel section 

of duct was steady at approximately 20 fps. Periodic checks 

of the mean velocity and temperature at fixed points behind 

the grid showed that during the run the mean velocity varied 

less than 1.0% and the temperature 'less than 30 F. 

After correcting the turbulence readings for combined 

background turbulence and instrument noise by method l of 

Sec. 3.6. the values of the intensities Ui2/(UI )c 2 and 

q2/(Üi)c 2 were plottcd versus the time from the virtual 

origin (t - to) as shown in Fig. 48. Straight lines are 

shown in the figure to represent the decay of the grid 
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turbulence in the absence of strain and also curves are 

shown which were obtained from the rapid distortion theory 

by the method outlined previously. 

The experimental values of q2/{Ul )c 2 , u22/(Ul )c 2 

and u32/ (Ul)c 2 lie fairly clos"e to the theoretical curves, 

especially for values of the strain ratio 11 from l to 2. 

For higher strain ratios the experimental values are slightly 

lower. The experimental values of u12/(Ül)c2also agree 

with the theoretical for strain ratios less than 2; for 

higher strain ratios the experimental values are considerably 

higher than the theoretical values. Again the disagreement 

between the experimental and theoretical values can be 

attributed to tral'lsfer of energy betv/een the components of 

turbulence which is neglected in t~e theory. 

From the minimum shown in the values of q2/(Ul )c2 , 

it appears that turbulence reached an energy equilibrium 

near a strain ratio of 2.5; here the energy produced by the 

mean strain acting on the turbulence was balanced by the 

loss of energy due to turbulent decay. 

Experimental values of ui2/ q2 are plotted against 

strain ratio in Fig. 49. Theoretical curves assuming 

instantaneous distortion of the anisotropie grid turbulence 

are shown for comparison. At the beginning of distortion, 

up to' strain ratio 2, agreementis good but there is less 

agreement at higher strain ratios. As already mentioned 

this 'lias caused by the transfer of energy bet\"een compo11ents 
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which re~ulted in the turbulence becoming more isotropie. 

Fig. 50 shows the experimental values of the 

structural parameter K and also a theoretical curve assuming 

rapid distortion of anisotropie grid turbulence. Again, 

agreement between experimental and theoretical values is 

good for low strain ratios, but the experimental values are 

lower than the theoretical for strain ratios above 2. 

A value of K::; 0.76 which was obtained from the 

experimental results of Uberoi 70 in a 4:1 symmetrical 

contraction (strain ratio ~l = 4) is shown in Fig. 50. 

This value falls approximately on the theoretical curve. 

The value of the strain rate parameter lA in Uberoi's duct 

was 5.0 compared wi th lA = 0.95 in the duct used by the 

author. This may be the reason why Uberoi's value of K is 

closer to the theoretical. Other values of Uberoi (K =0080 

for 1. l = 9 and K = 0.75 for 11 = 16) would fall belO\"l the 

theoretical if Fig. 50 were extended to show higher strain 

·ratios. 

Accurate measurements were made using a filter 

system and correcting for background turbulence by method 

II of Sec. 3.6. These values are shown as solid points in 

Figs.48, 49 and 50. As shown in Fig. 48 the values of the 

longitudinal component of turbulence U12/(Ül )C 2 are lower 

than the values obtained using method I. Differences due 

to the low ui component also appear in Fig. 49 and Fig. 50. 

There are obvious inherent errors in both methods 
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of correcting for background turbulence which influence 

mostly the low readings near the end of the duct and in 

particular the measurements of the lowest component of the 

turbulence. Measurements in duct no. 5, which are discussed 

later, show that correction by method II in particular are 

suspect. 

The one-dimensional spectra of u1
2 , u 2 and u 2 

2 3 
were measured at locations on the center-line of duct no. 4 

at 0 in., 36 in. and 72 in. from the entrance to the con­

traction. The spectra of u12 , the longitudinal component 

of the turbulence, is shO\'m in Fig. 51. The three spectra 

are approximately identical. 

The u22 spectra are shown in Fig. 52. The spectro­

meter readings for the u2
2 spectra were identicalto those 

for the u32 spectra which are not shown. 

4.5. Symmetrical Fluid Diffusion, Strain Type Parameter 
F = 1.0 

A section of duct in which the cross-sectional area 

increases in the direction of the flow is referred to as a 

diffuser. In a symmetrical diffuser the etrain form para­

meter F is 1.0. Duct no. 5, which is sho\'m schematically . 
in Fig. 53, is not a diffuser but a contraction, however, 

the strain type parameter produced in this duct is identical 

to that of a symmetrical diffuser and in this thesis is 

referred to as an "equivalent symmetrical diffuser". This 

type of duct was used to avoid the adverse pressure gradients 
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which exist in a real diffuser. 

4.5.1. Characteristics t Equivalent Symmetrical Diffuser 

The mean velocities along the center-line of the 

duct were measured by total and static pressure probes. 

The resulting velocity distribution with grid A located in 

the tunnel and mean velocity in the parallel section steady 

at approximately 20 fps is shown in Fig. 54. The experi­

mental values fall close to a straight line showing that the 

rate of strain oÜl/oxl was close to uniform throughout the 

distorting section. 

The grid was removed from the tunnel and the three 

components of the turbulence were measured at points along 

the center-line of the duct. The readings were corrected 

for instrument noise and the tùrbulence intensities were 

plotted as shown in Fig. 55. At the entrance of the 

distorting section the intensities were: 

u 'lU ~ v'/Ü ~ w'/Ü ~ 0.6 x 10-2 

The longitudinal intensity of the turbulence u'/Ü remained 

approximately constant throughoutthe length of the duct, 

while the values of the lateral" components v'/Ü and w'/Ü 

decreased and near the end of the duct were 

- - -2 v'/U ~ w'/U ~0.25 x 10 

The background turbulence in duct no. 5 was higher than 
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that measured in ducts no. 2 and 4. The pressure loss in 

duct no. 5 was lower than in the other ducts and this 

required a closing of the control damper to keep the overall 

pressure drop in the wind-tunnel constant to maintain the 

same mean velocity. The more closed damper setting may 

have caused the higher turbulence. 

4.5.2. Experimental Results 

Grid A was positioned in the wind-tunnel and the 

turbulence components ui, uz' u3 and the mean velocity U 

were measured at points along the center-line of the duct. 

The mean velocity in the parallel section of duct was 

steady at approximately 20 fps. Periodic readings of a 

pitot tube and thermometer at fixed locations behind the 

grid showed that during the run the mean velocity varied 

less than 1.0% and the temperature less than 30 F. 

The turbulence readings were corrected for combined 

background turbulence and instrument noise and the inten-

-2/- 2 2/- 2 
sities ui (Ul)c and q (U1)c were plotted against time 

from the virtual origin (t - to) as shown in Fig. 56. The 

straight lines show the experimentally determined decay of 

the grid turbulence in uniformflow. The theoretical curves 

were obtained from the instantaneous distortion theory as 

outlined earlier. It is seen that the experimental values 

of q2/(Ul )c 2 , u3
2/(Ui )c 2 and u2

2/(Ül )c2 agree approximately 

wi th the theory. Agreement beh,reen the u12/ (U I ) c 2 component 
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is 1ess satisfactory. 

The experimental values of the local structure 

measure Ui2/ q2 are plotted versus strain ratio in Fig. 57. 

Curves obtained for the instantaneous distortion of aniso-

tropic grid turbulence are also shown. Agreement between 
- -

the experimental and theoretical values of u3
2/ q2 is good 

for aIl strain ratios. At the beginning of distortion there 

is fair agreement between the experimental and theoretical 
- - --

values of u12jq2 and u2
2/q2 up to strain rat.io 1.5; at 

higher strain ratios agreement is less satisfactory. 

The experimental values of structural measure K 

are shown in Fig. 58 and also the theoretical curve for the 

instantaneous distortion of anisotropic grid turbulence. 

The measured values of K are lower than the theoretj.cal 

values. Approximate agreement is obtained if the experi-

mental values are compared with the empirical curve, 

K =0.85 Kt. 

Careful measurements were taken at three locations 

near the exit of the duct and corrected for background 

turbulence using method Il outlined in Sec. 3.6. The 

obtained values are shown as solid points in Figs. 56, 57 

and 58. In Fig. 57 the values are. lower than the theore­

'tical and in Fig. 58 the values of K are higher than the 

theoretical; one would not expect this and the experimental 

values corrected using method II are probably in error. 

T~e spectra of the longitudinal component of the 
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turbulence measured on the center-line at 0 ·in., 36 in. and 

72 in. from the entrance of the distorting section are shown 

in Fig. 59. The spectra appear to be close to self-preser-

ving. 

4.6. General Discussion of Results 

In the thesis the experiments in the different ducts 

have been treated separately. In this section there is a 

general discussion of results and also discussion rela.ted 

to To\'msend 's models of free turbulence and to turbulent 

energy distribution and transfer between components. 

4.6.1. Turbulent Structure Produced by lrrotational Strain 

An attempt is made here to present more general 

results of the effect on grid turbulence of irrotational 

strain. In Fig. 60 the experimental values of ~2/q2 are 

plotted against F, the solid points indicate values cor­

rected by method II of Sec. 3.6. Values obtained by other 

researchers in corresponding ducts are also shown for com-

parison. 

A higher degree of anisotropy was obtained by 

Uberoi 70in both his symmetrical contractions. This can be 

explained as due to the high values of lA in his contractions; 

lA = 5.0 and lA = 13.35 compared with lA = 0.95 in the present 

contraction. lt appears from this comparison that higher 

anisotropy is obtained for higher values of lA or as the 
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time scale of the turbulence becornes larger in comparison 

with the time scale of distortion. 

Comparison of the present results in the distorting 

duct with those in the two-dimensional contraction, which 

produces the same nominal type of strain, shows good agree­

ment. The degree of anisotropy achieved in the distorting 

duct for strain ratio of 6:1 was higher than that achieved 

by Townsend for strain ratio of 4:1. The values of Ui2jq2 

of Maréchal were not available for cOtnparison. 

Values in the equivalent symmetrical diffuser are 

shown. There are no known measurements by other workers 

available for comparison. 

Because of the anisotropy of the initial grid 

turbulence, cornparison with theoretical values is more 

meaningful when u. 2jq2 are plotted against the effective 
~ 

type of strain Fe as shown in Fig. 61. Unlike F the values 

of Fe vary throughout the ducts, and Fe (final value) 

indicates Fe at the position where the values of Ui2jq2 were 

measured. The values .RI and. lA were not the same in aIl the 

ducts; this must be kept in mind when comparing the experi­

mental values with the theoretical values from the rapid 

distortion theory which for conv~nience is shown for strain 

The theory indicates that close to 50% of the 

turbulent energy should be contained in the u3
2 component. 

Experimental values slightly higher than this were obtained, 
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the deviation was within the range of the errors of measure­

ment. The. energy contained in the lowest energy component 

was higher and the energy in the intermediate component was 

lower than the values obtained from the rapid distortion 

the ory. This was explained previously as a tendency for 

turbulent eddies to be oriented more in a plane normal to 

the minimum rate of strain than that predicted by the theory. 

The structural parameter K obtained in different 

experimental ducts is shown in Fig. 62. The broken line 

was drawn through the experimental points of the distorting 

duct and approximately through the experimental points of 

the remaining ducts. In the distorting duct the experimental 

values of the author are for 1. 1 = 6. Agreement wi th the K 

value of f.1aréchal for.1 1 =13.3 indicates that the structure 

of distorted turbulence is not highly sensitive to continued 

straining beyond strain ratios 6:1. 

4.6.2. Townsend's Models of Free Turbulent Shear Flow 

The conclusions reached by Townsend 65 in his experi­

ments on homogeneous irrotational strain t namely: attainment 

of an equilibrium structure characterized by a structural 

measure of K = 0 eJ~2 independent o"f the rate of strain; and 

slow return to isotropy after strain, are not supported by 

the results of the present experiments. Here, in a distor­

ting duct of geometry sirnilar to that used by Townsend, K 

values near 0.62 were achieved (Fig. 18); there was no 



128 

evidence of the establishment of an equilibrium structure; 

and after distortion there was a strong tendency for the 

turbulence to approach isotropy. The results were indepen­

dent of the mean velocity and the grid geometry (Fig. 33). 

The lower values of K = 0.55 obtained with grid B (Fig. 28) 

can be attributed to the fact that the mesh length and hence 

the turbulent scales were large in comparison with the duct 

size. The results in the distorting duct (excluding the 

return to isotropy after distortion) are supported by the 

results of Marécha1 31 in a similar duct and by the present 

measurements in the two-dimensional contraction (Fj.g. 43) 

which produced the same nominal type of strain. The failure 

of Townsend to obtain higher values of K (Fig. 18) can be 

attributed to the limitations of his apparatus, in parti­

cular to the low maximum strain ratio, 4: l available in his 

tunnel. 

There is no evidence in the present experimental 

results to support the author~ hypothesis that the rate of 

strain parameter l influences the structure of strained 

turbulence. This can be attributed to the fact that the 

values of lA for any one type of strain did not vary suffi­

ciently to produce detectable structural changes. In the 

two-dimensional contractions, ducts 2 and 3 where lA values 

of 0.97 and 0.32 were obtained respectively (Fig. 43), a 

strain ratio of only 2.5 was achieved in duct no. 3. This 

prevented comparison at higher strain ratios where 
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structural changes would be more pronounced •. When the 

present results in the distorting duct (rA = 0.32) are 

compared ",i th results in the corresponding duct of Maréchal 

(rA = 0066), as in Fig. 18, no difference in structure is 

apparent. Comparison of the present results in the sym­

metrical contraction (rA -::. 0.95) wi th those of Uberoi 10 in 

the 9:1 contraction (rA =- 13.35) shows that Uberoi achieved 

a higher degree of anisotropy; his K values reached 0.80 

compared with 0.62 in the present experirnents. This 

difference in structure can be attributed to the higher 

value of rA obtained by Uberoi. 

The observation of Townsend" that the Reynolds 

stress structure of turbulence in plane strain resembles the 

structure from rapid finite distortion is supported by the 

results of the present experiments. This resemblence is 

apparent for al1 the different types of strain investigated, 

especialJy in the initial stages of distortion, as can be 

·seen by cornparing the experimental and theoretical values 

shown in Figs.20, 27, 30, 32, 40, 42, 49 and 57. The 

present experiments support Townsend's contention that a 

process similar te that envisaged in the rapid distortion 

theory is preser.t in free turbulent shear flows. 

Taking inte consideration the high degree of aniso­

tropy found in the present distorting duct and the lack of 

evidence of an equilibrium structure (Tucker and Reynolds 6S
), 

Tewnsend'1 has proposed a revised theory based on turbulent 
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structure produced by finite strain. On exami:ning struc­

tures in different free turbulent shear flows, the mean 

total strain or the effective strain was found by Townsend 

to vary from flow to flow. 

~rownsend still contends that turbulent flows are 

comparatively stable and that eddies 10se energy and decay 

without considerable change in their flow patterns. As 

support for this observation Townsend "1 uses the experi­

mental results of Comte-Bellot and Corrsin 1/ for decaying 

grid turbulence in uniform flow. He found the index of 
- -

anisotropy' ul2/u2
2 - l decreased by a factor of two while 

the energy decreased by a factor of twenty. In the present 

experiments, in the parallel section following the dis­

torting duct where the turbulence was highly anisotropie, 

it was found that (~ax2/Urnin2)-1 decreased by a factor of 

2.64 while the energy q2 decrea~ed by a factor of only 1.25. 

These values were obtained for grid At Uc = 20 fps, using 

measured values at 12 in. and 44 in. from the entrance of 

the parallel section as shown in Fig. 18. It appears that 

for highly anisotropie turbulence the tendency towards 

isotropy is much greater than for the less anisotropie grid 

turbulence. In ordinary shear f10ws, where comparatively 

h1gh anisotropy exists, the structure of the turbulence may 

not be as stable and permanent as suggested by Townsend. 

Additional evidence of the strong tendency towards 

isotropy i8 the fact that the high anisotropy predicted by 
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the rapid distortion theory was not achieved~ For example, 

in the distorting duct, the anisotropy measure K attained 

a value of 0.62 rather than the value of 0.94 predicted by 

the theory. This can be attributed to the rapid rate at 

which eddies depart from the alignment produced by strain. 

4.6.3. Energy Distribution and Transfer between Components 

It is usually believed that pressure fluctuations 

tend to transfer turbulent energy from the more energetic 

to the less energetic components (see, for example, 

Batchelor4- and Hinze e4-). The viscous forces both dissipate 

and transport energy, Comte-Bellot and Corrsin 1/ speculate 

that dissipation destroys component energy at a rate pro­

portional to that energy and that the transport of energy 

by viscosity is negligible compared with the turbulent 

transport. 

As an hypothesis for the transfer of turbulent 

energy between components Rott~?proposed a linear dependence 

on the cornponent energy deficiency below the rnean energy 

level, in effect 

and two sirnilar equations for u2 and u3' C is a constant. 

Some support for Rotta's hypothesis is given by the results 

of Champagne, Barris and Corrsin~ and by Lumley~4-
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In the present experiments Rotta's hypothesis is 

best tested in a qualitative way ustng the results in the 

distorting wind-tunnel where the three components of the 

turbulence attained widely differing vlues as shown in 

Fig. 17. If Rotta's hypothesis were correct then one would 

suspect that applying a correction to the instantaneous 

distortion structure would lead to values in close agreement 

with the experimental values. Exarnination of Fig. 17 shows 

that, near the end of the distorting duct, approximately 

equal values of u22jq2 and U32jq2 predicted by the theory 

were not obtained in the experiments. 

In fact, the conception of energy transfer between 

components from high to low energy components may be mis­

leading. The success of the rapid distortion theory in 

predicting the development of the component energies in the 

initial stages of distortion would lead one to believe that 

the arrangement of the eddies which comprise the turbulence 

is important in determining the structure. In establishing 

a physical model te explain the deviation frorn the rapid 

distortion structure for high strain ratios, one may 

speculate that reorientation of eddies and spreading of 

vortex elements frorn elliptical towards circular forms may 

be responsible for the actual observed structure. The 

Reynolds stress structure supports the speculation that 

eddies tend to become oriented in a plane normal to the 

minimum rate of strain. 



CHAPTER 5 

CONCLUSIONS 

The results of the present experiments on homogeneous 

plane strain le ad to significantly different conclusions 

than those of Townsend 65 in his corresponding experiments. 

Extending the strain ratios to 6:1, from the 4:1 of Townsend, 

showed that the Reynolds stress structure of turbulence 

continued to develop throughout the distorting duct and 

a high degree of anisotropy was achieved; the anisotropy 

measure K attained values near .62 compared with .42 of 

Townsend. Results similar to those of the author were also 

obtained by Marechal.51 The present· experiments fail to 

support Townsend's conclusions regarding the establishment 

of an equilibrium structure in his experiments and con­

sequently fail to support Townsend's contention of the 

establishment of an equilibrium structure in ordinary shear 

flov/s. 

Townsend also claimed that the equilibrium structure 

was independent of the rate of strain. Significant in this 

connection is the high degree of anisotropy, K =0.82, 

achieved by Uberoi 10 in a symmetrical contraction with the 

rate of strain parameter l = 13.6. In the equivalent experi­

ments here wi th l = .92 a K value of only .62 was achieved. 

133 
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It appears that the turbulent structure 'depends on the rate 

of strain or more exactly on the rate of strain parameter l, 

and implies that an equilibrium structure can only be 

obtained if l ia constant:- a condition which is not satis­

fied (as shown by Lumley 34) in homogeneous shear flows. 

The results of the present experiments also differed 

significantly from those of Townsend in that here the 

strained turbulence rapidly became less anisotropie when 

the straining ceased. The index of anisotropy u12/u2
2 - l 

decreased by a factor of 2.64 while the energy decreased by 

a factor of only 1.25. This do es not support Townaend t s 61 

contention that turbulent flows are comparatively stable 

and that eddies lose energy in decay without considerable 

change in their flow patterns. 

In relation to the rapid distortion theory, it was 

found that development of the total turbulent energy for 

aIl types of strain was predicted quite accurately by 

applying a simple correction to allow for decay. In the 

correction i t was assumed that the 'ini tial rate of decay 

of q2 remained unchanged throughout the distortion and 

that the change in q2 due to stra1n was the same as for 

initially isotropie turbulence. 

The turbulent structure in the initial stages of 

distortion agreed well with that predicted by the rapid 

distortion theory applied to anisotropie turbulence. As 

straining progressed in the experiments on plane strain and 
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symmetrical contraction half the total turbulent energy was 

contained in a single component in agreement with the theory 

but the distribution in the rernaining components was more 

even than indicated by the thecry. 

No support was found in the present experirnents for 

Rotta's55 hypothesis that the rate at which energy is 

transferred to a cornponent depends on the energy deficit 

in that component below the mean energy level. 

,.- . 
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APPENDIX A 

CALCULA~lION OF THE STRAIN RATE PARANETER l 

A.l. Time Scale of Grid Turbulence 

The results of the present experiments on grid tur­

bulence in uniform flow show that the decay of the total 

energy of turbulence can be represented by the empirical 

equation 

x x p 
o A(- - -) 

M M 
(A.l) 

For a particular grid, A and p are constants. Rewriting 

Eq. (A.l) we obtain 

2 -2 P 
q _ U M (x - xo)-p 

A 
(A.2) 

The derivative with respect to time is 

È..9. 
2 

- È..9. 
2 

dt - li dx 
. )-(p+l) Xo (A.3) 

The characteristic time of the grid turbulence defined by 

te = _q2/( dq2/dt ) is, from Eqs. (A.2) and (A.3), 

te = x - Xo 

p U 
(A.S) 

The time scale of the grid turbulellce varj.es directly as 
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distance from the virtua1 origin but by definition here is 

t aken at the beginning of the distortion where x = 0; then 

(A.6) 

It is interesting to note that the tirne scale of grid tur­

bulence does not depend on the mesh 1ength M. 

A.2. Rate of Strain Pararneter It Distorting Duct 

Since x1/(xl)A = 11 and cl =oUl /ox1' then Eq. (26) 

for the distorting duct bec ornes 

(A.7) 

(A .8) 

The characteristic time of the ratOe of strain is 

x2 .(A.9) 

x2 and ...el are corresponding values at any point along the 

distortion. Using x, y, z coordinates in Eq. (A.9) for 

compatability with Eq. (A.6), then the rate of strain 

pararneter is 

I (A.lO) 
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The rate of strain parameter depends on the duct geometry; 

it also depends slightly on grid geometry, main1y because 

of change in the location of the virtual origin; it does 

not depend on mean velocity. 

~.3 Rate of Strain Parameter I, Remaining Ducts 

The rate of strain parameter in each of the remaining 

ducts (two-dimensional contractions, the equiva1ent symmet­

rical contraction and the equivalent symmetrical diffuser) 

may be obtained from the measured longitudinal mean velocity 

profile which is approximately linear 

àÜ Ü - UA 
oX = x (A .11) 

t s = l x 
au/ax 

= 
U UA 

(A .12) 

Since fi/UA = 1. 1 the rate of strain parameter 

= 
(A .13) 

Again the rate ofstrain parameter depends on the duct 

geometry, only slightly on the grid geometry and is in­

dependent of the mean velocity. 
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NONENCLATURE 

APPENDIX B 

A coefficient in hot-wire equation 

a cross-sectional area of hot-wire 

B coefficient in hot-wire equation 

C constant; Cl' constant in Hilperts equation; C2 , C3 , 
constants in hot-wire conduction equation. 

c exponent in hot-wire equation 

d diameter of hot-wire 

E voltage across the hot-wire; E, time-mean value; e, 
turbulent fluctuation of the voltage; el' ell' ellI 
values at orientation 1, Il, III of hot-wire to the 
mean flow. 

Gr Grashof number 

h coefficient of heat transfer between fluid and surface 

1 electric heating current; Ï, time-mean value; i, 
turbulent fluctuation of current. 

k coefficient; characteristic of the cooling by the 
velocity component along the hot-wire. 

kw,kr thermal conductivity; kw, of hot-wire; kr' at rnean 
film temperature. 

1 length of the hot-wire, ft. 

n sensi ti vi ty of the hot-wire; nI' nII , nllr , sensi­
tivity at orientations I, II, and III of t~e hot­
wire to the mean flow. 

Pr Prandtl number 
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q rate of heat transfer; qc' "by forced c~nvection; 
qk' by conduction; qr f by radiation; qt by combined 
conduction, convection and radiation. 

R inside radius of pipe 

r radial distance from pipe center-line 

Re Reynolds nQ~ber, dimension1ess. 

Rw electric resistance of hot-wire; ~, time-mean value; 
Rot at reference' temperature; Ra' at air temperature; 
r w' turbulent fluctuation. 

sl,62 hot-wire orientation constants 

T " absolute temperature, oR; Tw' of the hot-wire; Ta' 
of the air. 

t teruperature, oF; t w' of the hot-wire; t wm ' mean 
temperature of hot-wj,re; ta' of the air. 

U Eulerian veloci ty; li, time-mean value; J. = vez, root­
mean-square turbulerJ"~ veloci ty component; subscriptG 
l, 2, 3, i, j, k refer to Cartesian coordinates; 
UN' UT, the velocity components normal and tangential 
to the hot-wire respectively; UE , the effective 
velocity in cooling the hot-wire; U~= ~o, friction 
velocity. 

Xi . Eulerian Cartesian coordinates 

y. distance from pipe wall,y= (R-r) 

Greek Letters 

cÀ temperature coefficient of electrical resistance 

fw emissivity of hot-wire 

e (tw - ta)' oF. 

~ kinematic viscosity; ~f at mean film temperature. 

11' 3.lJ+16 
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p local electrical resistance of the hot-wirej Po' at 
reference ternperature. 

Pf fluid density 

() Stefan-Bol tzman constant 

~ angle bet'Vleen the hot-wire and the mean flow direction 

l' shear stress; ?"o' at wall o 



APPENDIX B 

TURBULENCE r~lEASURElvŒNTS USING NON-1INEARIZED CONSTANT 
TENPERATURE HOT-WIRE ANEMOMETER 

Sorne of the fundamentals of hot-wire anemometry are 

considered here and equations are developed for use in 

determining the turbulence intensities and shear stresses, 

taking into account the cooling effect of the component of 

the velocity parallel to the wire, and for arbitrary ex­

ponent in the cooling law. The experimental procedures for 

obtaining the constants in the equations are given. 

B.l. Reat 10ss from Hot-Wires 

The detecting element of a hot-".,rire anernometer is a 

very fine short metal wire, which is heated by an electric 

current. Under conditions of thermal equilibrium the heat 

generated by the electric current is equal to the heat 

transferred from the wire by the combined effects of free 

convection, forced convection, conductio~ to the supports, 

and radiation. The total heat 10ss may then be determined 

from the power input to the wire 'and is given by the 

equation 

q = t 
(B .1) 

The constant 3.413 is a conversion factor to change lZaw 
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watts to Btu/hr. 

B.l.l. Radiation 

For wire sizes and operating temperatures generally 

used, the heat 1055 due to radiation is negligible. In the 

experiments reported here a tungsten wire of nominal size 

0.005 mm diameter, 1.0 mm long (1.9685 x 10-4 in. diameter, 

3.937 x 10-2 in. long) was operated at a mean temperature 

neur 4000 F. in ambient air near 800F. The heat 10ss by 

radiation is estimated using the me an wire temperature and 

the emissivity of tungsten, Ew = 0.05, in the equation 

(B.2) 

This equation is equivalent to that given by McAdams~9 

The overall exchange factor for a small body in a large 

enclosure is approximately equal to ~w the emissivity of 

the small body. The estimated radiation heat loss from the 

wire is 2.13 x 10-7 Btu/hr. This is negligible compared 

wi th the minimum total heat loss from the wire, qt =- 0.109 

Btu/hr, which occurred at a velocity of approximately 20 fps, 

the lowest in the experiments. The total heat loss was 

obtained using experimental valu~s of land Rw in Eq. (B.l). 

B.l.2. Naturel Convection 

Under ordinary operating conditions and at reasonably 

high velocities, the influence of natural convection on the 
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heat loss from the wire 'is also negligible. Natural con­

vection heat loss depends mainly on the value of.the Grashof 

number Gr, while the forced convection effects depend on the 

Reynolds' number Re. According to Oollis and Williams:o the 

natural convection effects are' important only at very 10w 

velocities and are negligible when 

Re > Grl/3 (B.3) 

The property values are determined at the ambient tempera­

ture. This is in approximate agreement with the experi­

mental conclusions of Van der Heggs Zijnen (reported by 

Hinze Z4 ) who found that natural convection effects may be 

n eglected, when 

Re >0.5; Gr Pr <. 10-4 

with the properties also evaluated at the ambient 

temperature. In the present experiments, with the mean 

velocities generally greater than 20 fps and the ambient 

temperature near 800 F t 

Re ~ 1.94, 
-6 

Gr ~ 1.19 x 10 , Pr ~ 0.69 

These values are well within the range recommended above, 

where the natural convection effects may be neglected. 

B.l.3. Forced Convection 

There have been many experimental studies of forced 

convection heat transfer from heated cylinders placed normal 
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to the flow. The early experimental results.of Hilpert 

obtained in air are widely quoted in the literature, and 

are given by McAdams;'9 The experimental results are 

expressed in the following form, 

c 
Nu = Cl Re (B.4) 

The original results of Hilpert were expressed using inte­

grated mean property values (see comments by HSU 25 and 

Collis and Williams 10). In the equation, the values of c 

and Cl depend on the value of the Reynolds' number; as the 

Reynolds' number increases the exponent c increases and 

the coefficient Cl decreases. 

B .1.4. vlire Conduction and ~remperature Distribution 

Under operating conditions heat is conducted along 

the wire to the supports. This results in a non-uniform 

temperature distribution, with the wire being cooler near 

·the supports. A simple equation which represents approxi­

~ately the temperature distribution of the wire, may be 

obtained if the following assumptions are ·made: (1) the 

radial temperature gradients in the wire are negligible 

(2) the electrical resistance of the wire is a linear 

function of the wire temperature, ie., 

and (3) the film coefficient h is a function of the 
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ve10city but not of the temperature difference (tw - ta). 

For steady state conditions these assumptions 1ead to the 

fo11owing linear differential equation, 

(B.6) 

where 

e = tw - ta 

°2 = 
3.413 12 eod.. 1Ydh 

kwa2 -
kwa 

°3 = 
3.413 12 ~o 

k a 2 
w 

If the origin is taken at the center of the wire, and it is 

assumed that the temperature ùi::>trlbutiorJ of the wire is 

symmetrical and the temperature of the supports remains at 

the ambient temperature, then the following boundary 

conditions apply: 

de 
dx 

= o 

e = 0 at 

at x = 0 

The solution of Eq. (B.6) becomes, for negative values of 

°2' 

The heat conduction to the supports is 



tanh ~I 1 
'2 
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(E .8) 

Equations (B.?) and (B.8) are weIl known (King~O Davies and 

Fisher 15 and Hinzeê4
). 

B.l.5. Combined Effects of Conduction and Forced Convection 

Assuming the heat losses by radiation and free 

convection are negligible, the total heat loss from the wire 

is the sum of the losses by conduction and forced convection 

and is gi ven by' 

(B.9) 

The heat loss by forced convection is obtained from the 

equation 

(B.lO) 

where h is determined by obtaining the Nusselt number in 

Hilpert's equation (B'.4) • Since the temperature of the wire 

varies a10ng its 1ength, a mean wire temperature tmw is used 

in Eq. (B.IO) such that a correct qc is obtained. Using 

Eqs. (B.I), (B.4), (B.9) and (B.lO), we find that for a wire 

placed normal to the flow direction lil 

(B.ll) 

where 
C4 = qc . 

3.413 Hw ' 
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If the equation for forced convection, an equation of the 

form Nu = C6 + C7Rec , is used in place of Hilpert's 

equation, Eq. (B.ll) has the same form but additional terms 

are contained in C4 • 

It is not practical to determine the values of C4 

and Cs from the equations given above beca.use it is difficult 

to determine the quantities which appear in the equations 

with sufficient accuracy. It' is preferable to consider 

Eq. (B.ll) as a likely form of an empirical equation relating 

the current l, and the velocity UI and ~hen verify the 

equation and determine the values of C4 and Cs by calibration. 

In the constant temperature method of operation the calib­

ration is carried out using Eq. (B.12) which follows. The 

calibration should be carried out under the same operating 

conditions and over the same range of velocities as those 

existing when the hot-wire measurements are taken. 

B.2. Constant Temperature Operation 

In the constant temperature method of operation an 

electronic feed-back system is used to keep the resistance 

of the wire, and hence its temperature, constant. In a 

hot-wire placed normal to the flow, which is in the direction 

of xl' {he h~at 1055 from the wire represented by 12 depends 

on the velocity UI as given in Eq. (B.ll). In practice 

the bridge d-c voltage, which is proportional to the probe 

current, is measured so that Eq. (B.ll) becomes 
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(B.12) 

B.2.l. Effective Cooling of Slanting Wire 

The measurement of the turbulent shear stresses and 

lateral intensities requires that the sensitivity of the hot­

wire t when placed at an angle to the mean flow, be known. 

For a wire positioned at an angle ~ to the flow direction, 

wi th 200 ~ 4> <:: 90
0

, the cooling of the wire is deterrnined 

mainly by the velocity component perpendicular to the wire. 

The cooling effect of the component of veloci ty in tne 

direction of the wire is very small and has generally been 

neglected. An empirical equation for the effective cooling 

velocity, which includes the velocity component along the 

wire, i8 gi ven by Hin ze!.4 i t is 

(B .13) 

According to JIinze, the factor k has a value between 0.1 

and 0.3, and the value of k decreases as the velocity 

increases. More recently Webster'Sdetermined k to be 

0.20, with no dependence on the wire ~/d ratio, and only a 

weak dependence on veloci ty. The \'1ork of Champagne 8 on the 

directional sensitivity of hot~wires was more extensive. 

He found that k depended on the wire l/d ratio and for 

platinum wires of l./d = 200, the value of kwas 0.20; this 

is the same as the value found by Webster. In the present 

experiments tungsten wires of i Id = 200 were used; the value 
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of kwas assumed to be 0.20. 

B. 2.2. Sensi ti vit Y of S.l8nting Wire to Fluctuating Veloci ty 

Using Cartesian coordinates xl' x2' x3' with xl in 

the main flow direction, the instantaneous velocities are: 

Ul-ul , u2 ' u3 • For an inclined wire at an angle ~ to the 

mean flow, and located in the x2x
3 

plane, the instantaneous 

velocity component perpendicular to the wire, i8 

CB .14) 

Assuming weak turbulence, so that 

and neglecting the ternIs ùontai:riÎïig quadratic and higher 

powers of the fluctuating veloci ties, the above equation 

becomes 

CB .1S) 

Similarly, the longitudinal component is 

(B.16) 

Substituting Eqs. (B.lS) and (B.16) in Eq. (B.13), it 

becomes 

UE
2 

= [(UI+ul)sin~ + U2COs~J2 + k2 [(U+Ul)COS<I>- U2Sin ti>]2 

(B.l?) 

For the inclined wire, UE is used in place of U
I 

in 
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E q. (B .12), whi ch gi v es 

(B.18) 

If we'substitute UE froIn Eq. (B.l?) in Eq. (B.18), expand 

using the binominal theorem, and take the tirne averages and 

if we neglect the terms containing quadratic and higher 

powers of the fluctuating velocities, then Eq. (B.IB) becomes 

(B .19) 

If the corresponding mean-value equation is subtracted from 

Eq. (B.19), the following equation is obtained 

where 

n = 

S ::. 
2 

(B .. 20) 

(B.21) 

[1 + k:C cot 2c:t> + k4 , c(8-2) cot4cp + ... ] (B.22) 

cot <l>{ l_k2 [1 _ (C;;:2) cot2q,] + k4 c~t2<\> 

+ k4 CO~2q ~ _ c +. (C-2)~C-4) cot2~ +. }B.23) 

Eq. (B.20) is a general equation and may also be used for 

the normal wire if the angle ~ is taken as 90°. 
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B. 3 0 Measureme11t of Turbulent Intensi ties and Shear Stresses 

If a wire is located normal to the flow, as shown in 

position l Fig. B.l, and a single slanting wire is placed 

alternately in positions II and III in the Xl x2 plane, 

then from Eq. (E. 20) 

el = nI ul 

eII = nrI (Ul + ~ u2 ) 
SI 

eIII=nII(ul - s2 u2) 
SI 

CB. 24) 

If position III is obtained by rotating the wire 1800 about 

the axis of the wire support t then nII = nIII • Squaring and 

taking time averages, Eq. (B.24) becomes 

From Eq. (B. 25) 

-2 
u

l 
= 2/ 2 e n 

1 l 

(E. 25) 

CE. 26) 

(B.2?) 

CE .28) 
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The values of e I
2 , elI

2 and e II1
2 were obtain.ed by squaring 

the voltages which were read from the rms meter of the hot­

wire anemometer, with the wires in positions l, II and III. 

u,2 and ulu, were obtained by locating the slanting wire in 

the xl x, plane; the equations were (B.2?) and (B.2e) with 

u2 replaced by u,. 

In the present experiments the values of nI and nI! 

were obtained by calibration as outlined later in Sec. B.5. 

The constant (512/822) was obtained by calibration in 

developed pipe flow as given in Appendix C. As a check 

constants 51 and s2 were also obtained as outlined below. 

B.4. Determination of Constants sl and 52 

The values of SI and 52 were determined using c,~ 

and k in Eqs. (B.22) and (B.23); c was obtained by cali­

bration (see Sec. B.6), ~was me?sured and an empirical 

value of k wes used. 

For the wires used here (l/d = 200) a k value of 0.20 

was assumed which was in agreement with the published results 

of Webster;5 Champagne~ patel~6 Kjellstrom and Hedbergf9 The 

angle ~(assumed the same as the angle of the wire to the probe 

axis) was measured by positioning the probe in a slide pro­

jector and projecting the wire image on a paper screen. To 

minimize image distortion the wire was located near the cènter 

of the lens and the screen was posi tioned perpendicular to the 
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projector. Double the angle ~ was measured by revolving 
-0 

the probe 180 about the probe support axis. For each 

slanting wire the angle 2~ was measured ten times and q 

obtained by averaging. Repeatability of the measurement 

was good, for a typical slanting wire ten values of the 

angle cp fell within the range 440 -26' to 440 -38'_ 

B.S. Determination of the Constants nI and nII by 
Calibration 

The hot-wires were calibrated in the distorting 

tunnel with the turbulence generating grid removed. The 

no~mal wire was located perpendicular to the flow direction 

as shown in position 1 of Fig. B.I; the slanting wire was 

located at an angle c:\> to the flow direction, in position 

_-.II. The wires were placed beside a pair of straight static 

and total pressure tubes near the center-line of the tunnel, 

in a region of uniform velocity. The air speed in the 

tunnel was varied and static and velocity pressures and 

bridge d-c voltages were measured over a range of velocities 

c-orresponding to those in the main experiment. For any 

calibration the readings were obtained in a period of about 

20 minutes; the temperature in the tunnel remained constant 

during calibration within an estimated ± O.SoF. The cali­

brations were carried out at approximately the same tem-

peratures as those in the main experiments. 

The equation relating the bridge d-c voltage to the 

veloci ty Ul was assumed to be of the form 
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-2 (- 2 2 2- 2 2 c/2 E = A + B Ul sin ~ + k lil cos cp) (B.29) 

which after expansion becomes 

(B .;30) 

The values of At (B sinc~ sl) and c were obtained by 

calibration. The procedure was ta assume a value of c 

and then use the computer to find the equation af a straight 

line passing through the points of Ë2 and ÜC and the rms 

error. The value of c was varied until the rms error 

assumed a minimum value. The intercept of the straight 

line with the Ë2 axis determined the value of A; the slope 

of the line the value of (B sinc cP sl); the values of n 

were then determined using Eq. (B.21). For the normal wire 

For the slanting wire 

(B.32) 

B.6. Determination of the Exponent c by Calibration 

Measured values of thë exponent c for a nurnber of 

wires (0.005 mm diameter, l/d =200) are shawn in Table Bl. 

The values of c vary between 0.39 and 0.45 with an 

average near 0.42. The hot-wire equation 

2 - c E = A + slope Ul 
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contains three empirical constants; the rms error in Ë2 is 

not very sensitive to small changes in c if the remaining 

two empirical constants are adjusted. In the present 

experiment s a constant value of c::. 0.45 . was used for aIl 

wires, as shown in Table BI the rms errors in Ë2 are not 

increased appreciably. The effect on the turbulence values 

of using c = 0.45, instead of the calibration value, is 

n egligible. 

A typical calibration curve is shown in Fig. B.2 using 

the calibration valt;.e c = 0.43 and also the standard value 

c = 0.45. Both values of c gave resu1ts which fall approxi­

mately on straight lines. Sample calibration curves for a 

slanting hot-wire are shown in Fig. B.3. 

TABLE BI 

Experimental Values of Exponent c in Hot-\'lire Equation 

* 
Velocity Points of Best Fit c = 0.45 

Wire No. Range Calibration 
(fps) c rms Error rms Error 

N-6 12-82 8 0.40 0.156 0.231 
N-8 22-92 Il 0.43 0.093 0.096 
N-8 12-68 16 0.39 0.203 0.233 
S-3 18-82 14 0.45 0.130 0.130 
8-6 12-82 14 0.40 0.200 0.229 
s-6 12-72 Il 0.40 0.075 0.124 
8-6 18-75 Il 0.45 0.096 0.096 

* N indicates normal wire; S indicates slanting wire. 



APPENDIX 0 

CALIBHNfION OF HOT-WlRES IN DEVELOPED PIPE I!'LO\'l 

The experiments described here were carried out to 

calibrate the hot-wires by measuring a known shear stress 

distribution (obtained from measured pressure drop) in 

developed pipe flow. From the experiments the most suitable 

value of the constant appearing in the hot-wire equations 

wao determined (ie.,the constant ( s12/822) in Eqs. (B.27) 

and (B.28». The experiments were also useful as a means of 

gaining familarity with, and confidence in, the hot-wire 

measurement techniques. 

0.10 Exnerimental Eguipment 

A straight brass pipe of 3.004 inches inside diameter 

and l/d = 60 was cormected ta the laboratory supply of low 

pressure air as shO\liD in Fig. 0.1. This 'apparatus had been 

used in the early experiments of Patel, with a bleed at the 

inlet to the pipe; in the present experiments the bleed was 

c losed and the flow throttled at the blower outlet using a 

perforated plate. The pipe \'1as in three sections; these 

were butt joined and held concentric using hose couplings. 

The sectior.s were aligned accura.tely using two piano wires 

stretched along the pipe, one at the top and the other at 

the side. 
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The static pressures along the pipe were measured 

using the static pressure taps which are shown located in 

Fig. C.lo The total pressure at the outlet of the pipe was 

measured by traversing a 0.0625 inch diameter pitot tube 

across tpe flow. The pitot tube had sharpened lips formed 

by reaming the inside. 

The outlet of the pipe was traversed'using a traver­

sing mechanism with a dial guage (smallest scale division 

0.001 inches). To avoid backlash errors, measurement was 

made approaching the station from one direction. The 

reference location and alignment of each probe were obtained 

by polishing the inside of the pipe and observing the mirror 

image of the probe. Final alignment of the slanting hot-

wire was completed when no variation of the anemometer mean 

voltage occurred on rotation of probe about its axis. 

C.2. Results and Discussion 

The ~~an velocity of the pipe, obtained from the 

pitot traverse; is shown in Fig. C.2. The logarithmic 

velocity distribution 

ü/Uy = 

obtained by Nikaradse and reported by Schlichtingf6 for 

flow 'in smooth pipes at high Reynolds numbers, is shown for 

comparison; disagreement is noticeable especially near the 

center region of the pipe. The present results lie within 
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The range of results of various investigators which are 

reported by Patel. 
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The outlet'of the pipe was traversed, first with the 

normal hot-wire and then wi th the slanting hot-wire. The 

constant (s12/s22) was then obtained using the shear stress 

from measured pressure drop in Eq. (B.28), and nII from 

mean velocity calibration. It is interesting that ca1-

culation of the shear stress from constants sI and s2' 

determined using measured values of ~ and c and assumed 

value of k = 0.20, was less satisfactory than when k = 0.00 

was used as shown in Fig. 0.3. This could be due to errors 

in measuring ~ and c accurately. 

Measured values of u' /Ü, .v' /ü and w' iü are shown in 

Fig. 0.4 together with corresponding curves of Laufer. 

The measured values of u'/Ü are slightly higher and the 

values 'of w'/Ü are lower than those of Laufer~3 There is 

good agreement between the valu~s for v'/Ü. 

The author's results are compared with those of Pate1 46 

in Fig. C.S. There is good agreement for the u'/TI com­

ponent. Agreement is not good for the v'/Ü and w'/Ü 

component. 



r 

169 
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u 

Position l 

u 

Position II 

Position III . 

Fig. B.l. }1easurement of u
1

2 , u 2
2 and u1u 2 with the hot­

wire anemometer. 
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Fig. B.3. Calibration of typical slanting hot-wire. 
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Fig. C.2. Mean velocity distribution in developed pipe flow. 



1·4 
5 ... 

. ReD= 1.1 x 10 

• k=Q 

6. k= 0.20 

174 

1 ·2 Linear distribution from 
measured pressure drop 

r '0 

N~ 

~ 0·8 
I~ 

0'4 

0·2 -

O 1 1 0~----~0~·~2----~O~·~~~-----O~·~6------0~·8-· ----~I·O 
y/R 

Fig. Co3. Reynolds shear stress distributions in developed 
pipe flow. 



2·0 

~ 

~ 
~ 

~ 

.. 
d'-
"'-.. 
l> 

.. 
~ 
~ .> 
;:j 

1·0 

o 

~ 
A 

ut /U". 

V'/U1" 
Wt/U.,.. 

c 

'~ 

Present val~es 
ReD= lo1xlO 

o 
o 
1:::. 

o 

c 
o 

c 
IJ 

Â A .. 

9--0.- A ~ C 

175 

Laurer 
ReD= 5xl05 

, èJ--o._ A~.. C 
'0 "'0 A'-......... 

.... .0 ... _0 ~.fJ ~ c 

o 0·2 0'4 

y/R 

--~-~"'-­
o -L=~ 
. 0 é 

0·6 0·8 

Fig. C .L~ • Distributions of turbulent intensi ties in 
developed pipe flow (comparison with Laufer 33

) 

1·0 



e· 

2·0 

> 

c 

A 

u'/U r 

v'/U r 

w'/U,?," 

b. A. 

Present values 
ReD = 1.lx105 

o 
o 
6 

176 

Pàte1 
ReD = lo 93XI05

5 " = 3.16x10 

o 0 b. b. 
o 0 0----_ 0 0 A 
_____ 0 e 

-______ fj A 

_--------- -~ e A' ",' - ____ - ___ 0 fj 
; ~-~~~ 

"" --=" 

o ~ __ ~ __ l~. __ ~ __ ~ __ ~ __ ~~ __ J ____ J ___ ~~ 

o 

Fig. C.5. 

0·2 0·4 0·6 0·8 
y/R 

Distributions of the turbulent intensities in 
developed pipe flow (comparison with pate146

) 

',0 



Fig. 1. Velocity vectors at neighbouring points 
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Fig. 2. Distortion of a fluid elernent by irrotational strain •.. 
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Fig. Il. Schematic representation of the working-section 
of the distorting wind-tunnel. 
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Variations of the local turbulent intensity ratios 
in the equivalent symmetrical diffuser. 
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