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Experiments on the irrotational homogeneous distortion
of grid turbulence were conducted. Three types of strain were
studied: plane strain, symmetrical contraction, and symmetrical

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 evidence of an equilibrium structure, and (iii) there was a
strong tendency for the turbulence to become less isotropic after
straining., These results consequently fail to support Townsend's
contention of the establishment of an equilibrium 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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SUMMARY

This thesis represents a continuation of the work of
Townsendss'on the irrotational distortion of homogeneous
turbulence. The resulté of his experiments form the basis
of his theory (outlined in his monographse) on free turbulent
sheér flow.

Here irrotational strains are classified. In their
effect on turbulence, 1t is postulated that three parameters
are important: F, the type of strainj ll’ the strain ratio;
and I, the rate of strain parameter.

Experiments were performed in ducts which produced
three different types of strain: plane strain (F=0),
symmetrical contraction (F=-1/2), and symmetrical diffusion
(F=1). Strain ratios.ﬁl up to 6 were achieved with para-
meters .25=1;= .97 .

Plane strain was produced in a duct similar to the
distorting duct used by Townsend?s However, here strain
ratios up to 6:1 were obtained compared with 4:1 obtained
by Townsend. Tﬁe results differ from those of Townsend in
that: (1) a considerably higher degree of anisotropy was
achieved, the structural measure K attained values of 0.62
rather than the maximum of 0.42 which he found; (I1) there
was no evidence that an equilibrium structure was obtained;

and (III) there was a strong tendendy for the strained

ii




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 mode167'of free turbulent shear flows.

Good agreement between theoretical and experimental
values of &é (twice the total energy of turbulence) was
obtained throughout all ductss; the theoretical values were
obtained assuming rapid distortiorn of isotropic turbulence
with @ simple correction for decay. Comparison of the
measured Reynolds stress structure with the theoretical
structure (based on rapid distortion of the anisotropic
grid 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 %o the minimuﬁ 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 I, in the present experi-
ments was not sufficient to show a definite dependence of
{1 he ﬁurbulent structure on this parameter; however, coOm-
parison of the present results in the symmetrical contraction

with the corresponding results of Uberoi @ 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 Dby LumleysA'and an equili-

brium structure is not possible unless I remains constant.
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NOMENCLATURE
(Main Text)

Fourier coefficient of uj(x); K&(g) is the
Fourier coefficient of Uj(x).

coefficient in equation for decay of u2 component
of grid turbulence in uniform flow.

guantities appearing in spectra equations for
symmetrical contraction, defined in text.

coefficient in equation for decay of v2 and w2
components of grid turbulence in uniform flow.

substantiative or Lagrangian differential operator.
length of a cube of fluid before deformation.

deformation tensor; eij==% (g%l + ;%l).
i i

spectrum tensor of turbulent kinetic energy.
strain type parameters
strain rate parameter

structural measure of turbulence;

2 2 2 2
K =(u max — 4 min)/(u max ¥ ¥ min); Ko value

from the rapid distortion theory of anisotropic
turbulence.

wave number 2wn/U; k, wave number vector;
subscripts 1, 2, 3, 1, j, k refer to Cartesian
coordinctes.

constant which measures cooling effect of
velocity component along the hot-wire.

length scale; Ly, length scale associated with
energy containing-eddies.

strain ratios; coordinates are chosen so that
L= 0o = L35 (23 )9 nypothetical strain ratio to

generate turbulent structure by rapid distortion;

xvii



RGM

(£;), equivalent strain ratio; (£3)e=21iiln
(no summation).

mesh length

— —

exponent in v? and w2
decay law.

component of turbulence

constant in empirical spectrum equation.

exponent in u2 component of turbulence decay law.
reference point in space

second order velocity correlation tensor

uy w4 = twice kinetic energy of turbulence; qz,
time-mean value.

Reynolds number based on M the mesh length
distance between two points; I, vector.
dx3/(d%3)n, Lagrangian deformation tensor.

time; tgy characteristic time of rate of strain;
te) characteristic time of turbulent energy decay.
Eylerian velocities; U,V,W, time-mean values;
u,v,w, fluctuating components; ut,vt,w', root-
mean-square values.

Eulerian velocity; u, fluctuating component;
u', root-mean-square value; subscripts 1, 2, 3,
i, j, k, refer to Cartesian coordinates.
Eulerian Cartesian coordinates

Eulerian Cartesian coordinates; subscripts 1, 2,
3, i, j, k refer %o coordinates; coordinate

. X
distance to grid; xo, coordinate afstance to

virtual origin of turbulence; X virtual origin
of v and w components of turbulence.

elliptic integrals appearing in equations;
available in tables.

xviii




Subscripts

A

B

i,3:%,
1,2,3,

reference point on the center-line at the entrance
of the distorting ducts.

reference point on the center-line at the exit
of the distorting ducts.

reference point on the center-line 18 inches
upstream from the entrance of the distorting
ducts.

value resulting from decay without distortion.

refer to Cartesian coordinates, repeated sub-
scripts indicate summation.

value resulting from rapid distortion without
decay.

reference point, also used to indicate virtual
origin of turbulence.

Greek Letters

A

BNV

s 2 M43

<

97, /?x;, maximum rate of strain.

quantities appearing 1in equations, defined in text.
pertial differential operator.

Laplacian operator, Bz/Bxibxio

constant in the energy equation.

difference

cyclic coefficient; zero unless i,J.k, are all
different; 1 if in order 123123; -1 if in order
13213%2. : _

) 1 Uy BUj
rotation temsor; Lij==% (555 ~ s;;).

turbulent component ratios ﬁzz/(ul)Az, u22/(u2)A2
and u32/(u3)A2 respectively.

kinematic viscosity.
vorticity; &4 =€4i3jk gHE; o, time mean value.
X4 ‘
J

xXix




strain type parameter proposed by Townsend.

turbulent vorticity component;

XX



CL/AWwall 1

The present study of the effcets of irrotstional
gstrain on turbulence ie ilmportont for threce reasons.
The first is reloted to Townsend's theory of free fturbulent

ahear flow which is outlined in ris (1954) monogra ;66

Pownsend'e modal of turbulence ic based on a single set of
measurenents obtained when grid turbuvlence was subjected to

irrotational plane strain. It eppesred that the turbulence
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developed an equilidbriuam structure which wts assur to
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tarce of Towngend's theory, it wes considered worthwhile to
repcat the crperiments cf Yowncend 65 zna extend threnm té
higher struin retios, also to classify irroteticnal stralins
and cxtend the experimental study to three-dimensional
straivs.

he second reason for studying the effects of irrova-
tional strain on turbulence is related to the first but is
more fundauentoel, in 4hat attention is dirccted to under-
srocess Ly which energy is transferred within
motion. Tuch of our yresent ur.derstending of

this procsss has Ls

W
"‘

=, obtained from experiuentsl and theore-

{icel studies of decoving grid furbulence in uniforn flow.



The study oi grid turbulence in a wniforn s% a:n field
offers the opportunity of studying the enerzy tronsfer
process in the presence of eucrsy production, which is
clozer to the zituwation in ordinary shear flows, but still
avolds the complicating fectors of diffusion and mean rota-
tiecn which moke snalysis of general shear flows extremely
¢ifficult.

The third rezeon for studying the irrotetional distor-
tion of turbulence is hecause of its practiczl importance in
gubsonic wind-tunnels, and the historicel significence of

this applicztion in the development of the theory

1.1, Develoyrents Leading to Townsend's lodel of Free
m

Turhulance

"o

Inteonsive study into turbulent meticn began a2bvout the
.turn of the present century when Reynolds % introduced into
the thecery ithe fundanental notion of stetistical mean values
and recoguniczed the analogies between momentum transfer,
transfer of heat arnd transfer of mass in turbulent motion.
In the years following Feynolds' discoveries, measure-
ﬁents were made only of mean vaiues of velocity &nd pressure
and not the 2etual turhulent velocity or pressure fluctua-
tiong. Yheories at this time had to make postulaies about

Fa)

the rature of turbunlent motion which were based purtly on

intuition. ‘mong the theories that werce developed, those
bigeo on the concept of 2 "uixing lensth" proved 1o be the

most fruitful., The idea crose that the turbulent motion



consists of eddies which locally are of nearly uniform size.
This concept combined with the already existing ideas of the
kinetic theory of gases, led Prandt1*® to introduce a
mixing length into his formulation for momentum transport,
and led Taylor Se’soindependently, 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 lumps of fluid behave like molecules of a
gas, preserving their identity until some definite point in
their path, when they mix with their surroundings. The
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 good ‘account
of the mixing length theory of Prandtl and its defects are
given by Batchelor.®

In all applications of the mixing length theories it
is necessary to make more or less arbitréry assumptions
concerning the effect of turbulence on the mean motion or
df 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



focusing attention on the processes which take place in the
turbulent motion.

In more recent yesrs, congiderable @dvences have bheen
made in our underztanding of tre nmechonisns of turtvlent
motion. %his hias Leen brought sbout, in part, by the in-
provement in bhot-wire instrumentation, which has allowed
detailed experinmental siudies in neny different shetr flows,

and.clso becuuse of the extensive theoreticel and experi-

mentcl study iv one very simple flow, thatl of homogeneous

decaying turbulence. The latter study was the resuli of
Taylor's ides of simplifying the problem by considering a

uniform and isotroniec ficld of turhulent fluctustions; such
& field c2n be realized, approxinstely, in wmiform convective
flow of grid turbulence; this provides the possibility of

experimentally checking stetistical ideas. The dintroduction

into *the theory of spoce correlations hy Taylor ol cpnd loter
0f the spectrum function €3 \zs uwccompanied by the correc-

ponding measurements, so that theory znd experiment proceeded
closely togetlter and much insight‘into_the mechanism of
turbulence was obtained.

The conditions for the study of the ordirary eniso-
tropic shear flows were not cc fortunite. Mathemetical
analycis is cziremely complex feor anisotrovnic furbulence,
so il.o%t there is no develowed theory gimilar to the existing

-

iheories of igtoronic turbulence. Our trestment of ordinary

et

shensr flow dejends on pheno 25

b

wenologieal whcoriecs, suc



ihre mixing length theories, and empiricnl relations obtained
from experimentol stuvdics.
sxperimental snalysis, however, bas benefited greutly

frow the stuay of isctronic turbulence, €ince

rr

=nuce correla-—
tions and spectrur nensurements, originally introduced for
sotrepic turbulence, have becn extenced o many ordinor]

wtad g

vhear flowes; also meny of

ct
s

e theoretical relations for
isotropic turbulence have been assuned to apply to the
anjcotropic flows.

With the dncreased information aveiletle on ordinary
stiear flows, there have been attempts to develop theories
which are bosed on a more accurate rodel of turbulence then

the mixing length model. COne of the most pronising has heen

o
o

J
D
jan)

1 3
which 1

1 ¢n a model

u;
(Y

& tlheory bvroevosed by Yownsend
étruoturc of turbulence, obtained from experimental obser-
vations in & field of homogereous tur%ulence subjected to &
prolonged wniform plane stroin.
fPownsena ©° vossed prid turbulence, which was approx
huelv isotropic, throush @ duct whose cross-section ve ricd

iv shape (but not effective arca) with disterce along it.

3
pa—
T

12 mean velocity gredients, produced by the chenges in the
cross-scelion, acted on the turbulence passing through the
duct, diztorting it in & similer way to the distortion cf
ordinary two-dimensicnal gheanr flows. In ordinary she
flows, of course, neither the turbulence nor tlie distortion

i3 houogcneovs and the mean flow is rotational,



From this experimentsl study, Townsend reached the

following conclusions: (1) the structure of turbulence,

m

rroduced by uniform plone distorticor, is substontislly
indeperdent of eddy intermcticn and transport, and in the
distortion, itre struvcture is essentially
the same as thet wroduced by instentaneous disvoriion, for
whrick a theory is svailable; (2) the meon strain establishes
an equilibrium structure in the turhulent flow, which ie

indevendent of rnite of strain; (3) the encrgy-conteining

o,

g

(@]

iex of turbulence cre relutively stable in structure,
and in the absence of strain, the time scale for development
ie relatively lorge.

The aprerently rapid cstavlishment of on gquilihrium
structure, substanticlly independent of eddy action and

) . . &6
transport in the simvle shear flow, suggested to Townesend
1 . b B

that 2 sinilar structure would be esteblished in many ordi-
nary shear flows. Therefore, he suggested the correct
appfoach night be to consider thre hehaviour of small volures
or packets of fluid that interact to a'minor extent with the
surrounding tuvrhulence, the turbulent energy produced by the
mean flow being digsipated locally. The idea of following
the development of & volume of fluid, large enough to
contain & reyprescotative sauple of the turbulence and small
erough to ewiablish mesn values for a point, is useful only
in citustions where the intensity grodients within the shear

Tflow are sufficiently smaell to make the diffusion of



turbulent energy negligible.
From GX“HlnduiOH of scales, Townsend found that

‘ i <

gradient type diffusion in free turbulent shesr flows (jet,

mixing layers) ie usuvally negligible. From &

any experimental results, he found that time
longer then the time

this implies {thet

q

wtkes and

r 18

survey of
energy transfer

associated with
with the mean rate of sirain

egssociated
in an interval of time sufficient for elements of fluid to

become highly distcrted, the energy transfer to the element

by 1ntens*tJ gradients is negl i cible.
In ordinary shear flows neither the turbulent motion
However,

nor the meesn rate of strain is uniform in space.
‘ownsend found that the scale

1
W8

in free turbulent sheasr flo
nt velocities, were considerably
variations,

associated with turbu
21ler than the scales of the mean flow velocit

) D
n suggested that the effect of wean velocity grazdients

whic
on turbulence is locally much as it would be if the nean

flow gradients were honmogeneous.
In ordinary sheer flows the local mean motion is

For examnle, in the common 4$wo-dimensional

mate princinsl

rotational.
toundary-layer flows, strains with approxi
are combined

"E(a" /3y), O,
axis

‘ates of strain £(3U/3y),
with approxinate rotation £(3T/33y) about the z a
is in direction of the -mein flow and y dis normal
mation wasg available,

(here' x
effects

10 tre surface)
suned that

ags

wvince no direct infornmat
~y shear flows the

in ordinary

Townoend



of mean rotation on the develdpment of turbulence are
negligible. | N

Assuming that in ordinary free turbulent shear flows:
gradient tyve diffusion of energy is nepgligible, mean flow
gradients may be considered homogeneous, and mean rotation
effects are negligible; then conditions in these flows are
similar to conditions in flows subjected to uniform plane
“distortion. Townsend, therefore, suggested that an equili-~
brium structure, of the type he observed to exist after
prolonged uniform plane distortion of isotrecpic turdulence,
wbuld also exist in the ordinary two-dimensional free shear
flows.

Townsend then proposed a simple model for the struc-
ture of frce turbulent shear flow; he divided the flow into
"lorge eddies" and the remaining fully turbulent fluid

aving a structure similar to that produced by uniform

o

evlane distortion. £ full account of Townsend's theory is
contained in his (1956) monograph &€

Townsend's double structure of freec turbulent shear
flow is, admittedly, a sinplification of the true state of
affeirs. Also, the assunptions relating the turbulent
structuré of free turbulent sheay flows tc that developed
duringz uniform irrotational distortion of grié turbulence
are controversial. However, the assumption of constant
eddy viscosity vormal to the main flow direction has been

a successlul way of predicting free turbulence and



observations in jets and wakes have shown that the structure
of turbulence is aprroximately uniform over régions of
uniform strain type, which agrees with Townsend's simple
medel, if the main structure of the turbulence is assumed
to be produced by the mean stirain and convected throughout
the flow by the larce eddies. Llso, the mixing motion of
the large eddies could account for transfer of turbulence
produced by different strain tyres, as for example, across
the central rezion of jets ard wakes. Townsend's model, in
& manner similer to the mixing length model, has already
provided @ framework for a number of exrerinental and
theoretical studies, which have added to the considerabhle
existing information on shear flows.

Interest in the present study of the effects of
irrotational strain on turbulence arose directly fronm

es experinents on the uniform plane distortion

Teovinsend's
of homogeneous turbulence. The main conclusions from these
experimernts have alrealdy been given.

These conclusions sre of such fer-reaching importance

that it was considered worthwhile to repeat Townserd's

~

measurenants, especially since there were disagreements

{

between the resvlits of Townsend and those of earlier experi-

. s 35

nents by HacePhail, who used a similer type of distorting

duct cepatle of producing strein rztios up to 2, compared

with L attainabhle in Townsend's duct. In Mzelhail's experi-

ments the turbulence became snisotronic rear the beginning
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of distortion, but returned tbwar 8 the isotropic condition
near the end of distortion, instead of approsching an equili-
brium structure as reported by Townsend. It was, therefore,
decided to repeat Towrnsend's experiments in & similar type
of distorting duct capable of producing strain ratios up to
6; +this would provide a region of uniform distortion longer
than those in the other ductes, and extend the measurenents
from strzin ratios of 4 to 6, to determine if, in fact, the
structure of the turbulence remains constant after strain
ratios of L, as assumed hy Townsend. It was a2lso decided
to extend the experimental study to three-dimensional

distortions.

1.2. Preoduction of Turbulent Energy by Distortion

Ixperimental study of irrotationsl distortion of
turbulence also offers the opportunity to check the
generally held notions of the mechanism by which energy is
transferred from the mean to the turbulent motion. In all
turbulent fluids, the kinetic enmergy associated with the
turbulence is continuzlly being dissipated; unless there is
g coniinual supply of energy to the fturbulent motion it
will gradually decéy. in example of decaying turbulence is
thst of grid turbulence in uniform mean flow. VWhere mean
velocity credients are present, energy is trensferred from
the 1eon to the turbulent motion, and since the transfer of

energy to the three fluctuating velocity c mponents is
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selective the resulting turbulence becomes apisotropic.

In ordindry shear flows, as for exemple in boundary-
layers, turbulent energy is generated by interaction of the
mean and the turbulent motion. However, in such flows it
is extremely difficult to study the process of energy pro-
duction, since both the nean gradients and turbulence are
non-homogeneous, and energy is transferred from one part of
the flow to another by diffusion. The study is further
complicated by the mean rotation of the flow, which is again
non-homogeneous . Since it is extremely difficult to study
the rroduction of turbulence in ordinary shear flow, there
is considerable incentive to study the production process
in a simple homogeneous irrotational shear flow.. This nay
provide insight into the production process and offer
Jmeqnﬁ of clhecking existing ideas on the mechan iem by which
turbulent encrgy is produced. Beceuse the ginmple flow is
far rsmoved from problems of practical interest, the results
are not directly applicable from an engineering point of
view, but may eventuglly lead to practical theories, as
knowledge of the influence of diffusion and mean rotation
becomes available.

The basic azsumption of the rapid distortion theory,
that of conservation of circulation as intrcduced by Taylor,ea
offers an explanation of the mechanisn by which energy is
trersferred Trom the mezn to the turbulent notion. For

distortion which is sufficiently rapid, the viscous effects
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within the fluid may be neglected, angd Kelyin's theorem
applies, which states that the circulation in'any circuit
moving with tle fivid is invarisble. A4 result of this
theorenm is, that during distortion, the vorticity associated
with &n element of a vortex line remains prorortional to the
leagth of thne element. Vortex elements which are stretched
by the mean motion will increase in vorticity, while elements
which are contracted will dccrease in vorticity. Isotropic
turbulence may be considered to consist of vortex elements
ﬁaving no favoured direction, or as being uniformly oriented
in space. When isotropic turbulence is subjected to an
arbitrary mean strain, the effect is to orient the vortex
elenents towards the directicn of the maximun rate of strain,
end in agreement with Kelvin's theorem to increase their
vorticity. The result is an increase of the kinetic energy
of the turbulent motion, this energy of course comes from
the mean motion which straine anad orients the vortex elements.
L1lthougt: straining of isotropic turbulence always leads to
an ivncrecase of the turbulent energ‘, this is not necessarily
the cszse with turbulence which is initially snisoiropic. If

enisotropic turbulence is distorted in a way which tends to

L.

‘change the tuvrbulence towards isetropy, then, at least in
tkeory, cnergy is transferred from the turdbulent to the

mean motion.

w

Llthougl: it is a central problem in furbulence, it i
o

still not Ilmown in what way energy is transferred within the



turbulent rnotion itself. At high Reynolds numbers, it

appears that energy is transferred from one eddy size to
apother or from one wave number to another by inertis forces

and by vressure forces, with the viscous forces important

m
jng
&
0w

oenly for tke very high wave numbers. One hypothesl

Leen prorosed by Obukoff,“* who assuned that the energy

transfer across the wuve nurher ki analogous to the

[&]

energy transfer from the main motion to the turbulent motion
slready discussed. The energzy transfer would ve in the
Girection of the higher wave numbers since the large eddies
would strain and transfer energy to the smaller eddies which
they contailn.

The mechanism of energy trensfer between different

s
58 OL

U‘

w

wave nwibers is not fully understood for the simple cas
decaying isotroric turbulence. Deca; ying anisotropic tur-
bulence is even more complicated. It is well known thst,

£t high Reynolds nunbers, turbulenée is more isotropic at

high wave pumbers (local isotropy); it appears there is &

transfer of energy from one component to another, due to

a tendency for eddies to become oriented more uniformly in
spoce. It is generslly agreed that pressure fluctuations
within the turbulence a2re lmporia nt in this process.

Lnergy transfer will be discussed later in the thesis in

the lignt of the experimental results
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1.3. Turbulence in Wind-Tunnel Contractions, Iisterical
Develontent of the Distortion “hweory and Related Work

Irrotstional distoriion of turbulence has a direct
application in the design of subsonie wind-tuvnels, and it
was initial interest in this appliication which led to the
developrient of the rapid dis*tortion theory.

Iﬁ wind-tunnels whicl are uged to simulate free flight
conditions, it ie necessary to reduce the intensity of
turbulence to its lowest practicable level, since fturbulence
effects the measurements in the tunnel, particularly those

sensitive to the behaviovr of the boundary-layer. The
reduetion in turbulence level is accomplished by passing
the fiow through hoieyconbts and danping screerss in a2 low-
speed section culled a settling chamber, and then through a
contraction to a higher spced working-secction. The relative
level of the turbulence in the working-secction is greatly
reduced hecause of the mean velocity increase, however the
turbulence level in the turnel is 2lso inflvenced. by the
geometry of the screens onad honeycombs, and by the mean
streem distortion within the contraction.

It is known that the wind-tunnel contraction hnas 2
selective effect on the turbulence coming from the honey-
combs 2nd screens. The ogbeolute value of the longitudinal
com\onent of turbulence is areﬂtly reduced, while the
zhsolute value of the lateral components nay undergo &
considersvle increase. Lpapdtl4® obtained s simple estimate

of the reduction in the longitudinal component by assuming
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the kinetic energy increase, which comes from the pressure
drop in the contraction, is the same for all elements of
fluid psssing through ithe contraction. Fér the longitudinal
conponents, I'rondtl agssumed conservation of momentum for a
small rotating cylinder of fluid with its axis in the
direction of the main flow. Although Prandtl's results
ced approximstsly with those obtained.experimentally in
wind-tunnel contractions, his method of anslysis was incon-
sistent, in that different concepts were used in treating
the longitudinal and lateral components of the turbulence.
faylor ©® put Frandtl's line of reasoning, that of
rotation of elements of fluid, into a concrete form &nd
laida thie foundation of what is usually referred to as the
"raopid distortion theory". He assumed irrototional mean
flow and considered the turbulence as being due to vorticity
with components @; along the reference axes. Taylo
showed that for rapid distortion, vhere the relative motion
beitween two neighbouring porticles of fluid due to the mean
motion is large compared with that due to the turbulence,
the vorticity in any direction remdins proportional to the
length of the elenent in that direction. The vorticity
eguation obtaired by Taylor is {he basis of the rapid
distortion theory which is outlined later in thie thesis.
‘Taylor assuned a mathematicel model of the initial
turbulence which enmounted to vortices in rectangular cells

errorged in 2 regular three-dimeunsional arra y. The effect
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of distortion on the initial turhulcence was deternined
using the vorticity and elernent length relation glresdy
:ntioned. The finazl results of tre enalysis consisted of
expressions for the root-mean-square values of the longi-
{udinal and leteral velocity comporentis downstrcam of the
istortion, expresseé as ratios of the corresponding up-

strean in‘tizl values. Initicl isotropic turbulence was

&
——t
ol

roroxinated by aspuming the vortex partitions to be cubical. |
There ure two objections to Teylor's theory: first;
the decay [rocess which results in reduction of root-mean-
square valu of the turbulence as it passes through the
distortion is mneglecteod; second, he treated @ rather arti-
fiecial model of turbulence which is not as randowm in space
&vd tipe as an actuul turbulent field, and no choice of
‘varsneters in Teylor's model corresponds to isolrepy. i'he
second objection tc the theory was reuoved by Taylor's
co-workers Lstchelor and Troudn an , S  &nd also independently
by Hibner ard Tucker; 5° both groups used Taylor's vorticity
equatione to treat a Fourier integral rerresertstion of a
randon turbulent field. The introduction of the spectrurn
tcwsof makes it posegible to coleulete the chenges in the
mezn—-sguure velocity components; also detelled information
concerning the chenges in any of the statistical properties
of the turbulence may bhe obtained, for example, changes in
the s

cctrum tensor or corrclation tensor.

i)

Ribner and Tucker 93 dirccted their scttention to
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finding the development of turbulence in syrmetrical wind-
tunnel contractions. Tor initially isotropié turbulence,
egquations for changes in the three mean-square velocity
comuonents were obtsined, and also equations for the one-
dimensional longitudinal and lateral spectra. They also
suggested a method of taking into accounf the effects of
turbulent decay. DBatchelor and Proudman S freated an
arbitrary distortion and obtained equations for changes in
the threc mean-square velocity components. Decay effecté
were ncglected and no explicit results were obtained for the
development of the specira.

In the rapid distortion theory of Batchelor and
Proudman, and also of Ribner énd Tucker, explicit results
were obtained for the particular case of initially isotropic

turvulence. Reynoldss'

has recently extended the theory to
include - initially anisoiropic turbulence by considering the
initial turbulence as the producﬁ of & hypcthetical rapid
distortion. This greatly increases the applicability of the
theory and nakes it valuable in predicting the develonmens
of anisotropic turbulence, especially in the initial stages
of distortion. A

I theoretical study of the behaviour of weak homo-
gencous turbulence subjected to uniform distortion was

41 Le used a linearized form of the

conducted by Fearson.
Novier-Stokes eguations which included the viscous terms.

Regides wniform irrotational distortion two other cases of
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distortion, wiform rotation and wiform shear, were
studied.

I3

/o similer theoreticel study of homogeneous turbulence

in flow through symmetrical controactions and expansions was

carried out by Deis sler'®who started from the two-point

ot

correlation equations and retained the viscous terns.

cXi

H)
I

Deissler also studied the

o

ccts of inhomogeneity and of
shear fiow in weak turbulent fields.

In the equations used by both Yearscon and Deissler
the non-linear turbulent inertia terms wers neglectcd. In
w08t problems of enginecring interest the Reynolds number of
turvulence is not sufficiontly snell to allow this; at
moderateiy larze deynolds numbers it is the inertiz of the
turbulence and>not the vigcosity which deternines the rate
of decay.

Lxperimental studies of grid turbulence in uniform

irrotatioral p strain (2lready referred to) were carried

(9

.35, . : - . 65
out by MscFhail™ (for stirain rotice up to 2) and by Townsend

{for strair ratios up to 4). Lesults of similar experi-
mental stiudies have more recently teoon reported by Hargchal®’
for strain ratios vp to 13.3. The results of Townsend and
Harechal are later compared with results of the author which
were obtained in & similsr duct producing sirain ratics up

to 6.

Heasurencnts of grid turbulence subjected to strain

in symmetrical contractions were made by UberoilJ? Hhrec
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contractions were used which pfoduced strain ratios up to
Lk, 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 rates of strain were achieved in
Uberoi's contractions.

Turbulent wakes ip a mean flow of irrotational plane
strain were studied by ReynoldsS°® Attention 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.2®

Attempts to generate homogeneous turbulent shear flows
have been made by Rose 3% and more recently by Champagne,
Harris and Corrsin? 1In 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 heré.

Observations and a revised theory on free shear flows
are contained in a recent publication by Townsend 8 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 éf effective
strain. The effective strain is shown to vary from flow %o
flow.

Lumley 3% 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 I which appears in the present thesis (I was introduced
independently by the author and commented on by Dr. Reynolds
in correspondence of Sept. 1969). Iumley points out, in
effect, that equilibrium structure can only be obtained if

I is constant.



CHATTER 2
TEEZORY

A cémplcte theory for the development of homogeneous
turbulence subjected to wniform irrotational sitrain is not
available. For turbulence which is distorted instantanccus-
ly the problem becomes linear and a solution exists.

The theory presented here starts with tensor rep-~
resentation and the classification of irrotational strains.
The single parameter representation of the type of strain
as proposed by Townsend ® was not found convenient ard a
gifferent strain tyre parameter P is introduced here. A
parameter I 10 redvresent the intensity of the strain is
also introduced and it is suggested that for high Reynolds
numbers the parameters T and I .together with the strain
ratio £, , are the iuportant veriables which determine the
structure ol turbulence produced by irrotational strain.
Zguations ere developed from which the shape of a duct can
be found to produce an arbitrary type of strain.

Starting with the general vorticity equations, the
conditions foxr neglect of the inertia and viscous terms are
considered; the neglect of thgse terms leads to the rapid

istortion theory. 4in outline of the theory as developed

d
by Batchelor and Froudman® and Ribner sund Tucker 53 is given

21
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and the results are presented and discussed. 4£n extension
to the theory to include initially anisotropic turbulence
&5 obtained by Heynoldss' is outlined, o2rnd finally a simple

method of correcting for decay 1s given.

2.1. Herresentation and Clasgifiication of Strairs

2.1.1. Mathematicael denresentotion of Strain Rate

The velocity of a particle of fluid at a point
P(xi), in the neighbourl:cod of 2 reference particle 2t

Polxy)o, w2e Pig. 1, is found from Taylor's theoren,

2,.2 ‘
. . Ts . 241 )
Us Gro8) = (U3)g + 800800 (8%5)"(37Wido, (1)
a}fj 2 'an“

Yegleeting quadratic and higher order terms in Ox,

J
Eq. (1) vecones
i (Ui)o i3 *3 *'nij xj (2)
where
..=13-[3L ::. +5U./3xi]o' (3)
='|§[ "{ L aUa,/a.\ ]O (L")

Here i represent the components of the symuetrical rate
of strain tensor and Ylij the components of the enti-

symetriczl rotation tensor.
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Eq. (2) shows that the velocity of an element neezr
2 reference particle PO may be considered as: (1) a‘ 
translation with velocity components (Ui)0 equalvto the
velocity at P, (2) a rigid body rotation about an axis
through Po, and (3) a deformation of the element represented

by (an/ij)ng the products of the rate of strain and the

J’
coordinate distances between I and Po. When the mean
flow field is irrotational {then the velocity of the elenent
may be considered as a translation and a deformation only.

The experinental work in this thesis is limited to
irrotatioral mean flow fields (pure strain fields) which
are approximately homogeneous in space and time.

A homogeneous irrotational mecen flow field may be
reprecented by a single rate of strain tensor which for en
”indiscriminate choice of the reference axes system will
have nine components reprcscnted vy 3£j. However, if the
principal exes of the syametricel tensor Egj are chosen
as the reference axes, the rate of strain is represented by

the tensor

an/Bxi 1¢ 0
0 0 3U3/333

With the off-disgonal components gzero. Irrotational mean

strains may therefore be represcnted by 2 triple of nurbers
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534 = (3Ty/0xy, 3Tp/oxy, 9T5/0x3)

Gince the Xyy Xy and x3 axes may be interchanged freely,

the order in which the numbers appe

[}

r in the triple is

unimporiant from the point oI view of representation of the

rate of strain. We may therefore choose the axes SO that

{the numbers appearing in the triples arc in decreasing

order, that is 9U,/dx, Z 35,/dx, = dU,/dx,; it follows
1 1 2 2 3 )

that the strain ratios are also in dcereasing order, ie.,

£

, 2 L= Z.. Wen considering rates of strain this con-

vention is used throughout the thesis, 2nd is convenient
in treating the rapid distortion theory and in comparing
the structures of turbulence produced by the sane type of

strain.

2.1.2. Clasczification of Irrotational Strains

Irrotational strains may be classified as followe:
(1) daiffusion (expansion), having two positive rates of
strain,

(2) consraction, having two negetive retes of strain, and

(3) plsne strain, having one positive, one zexro and one
negative rste of strain.

This classification is surmerized in Table 1 below. Tor

inconpressible fluids, continuity recvvires that

bii/axi = C, and thercfore an irfotetibnal strain is con-

pletely specified if axuy two of the principal rates ol

strain ars given. Ag shown in Teble 1, the sign of
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‘ bﬁ:z/a,:\'g is sufficient to classify the type of strain.

Classification of Irrotational Strains

Sign
otrain Class — — —
9T, /dxq 3T, /0%, 3T5/dx3
diffusion positive positive negative
contraction positive negative negative
plane strain pogitive %exro negative

2.1.%5. Parameters which Determine the Zflects of
Irrotational Dicstortion on Turbuleuncs

In considering the effects of irrotationsl strain
on turbulence it is necessary to uce ﬁarsmeters which
" characterige both the strain and the turbulence. The
foliowing paramsiers are uvsed here:
(1} P, the strain type paramefer;
(2) £,, *the strain ratio which is a measure of the extent
of the strain; | |

(

AG ]

) I, thz ztroin rate peraméter, which is a measure of
the strain rate rclative to the rate of decay of the
turbulence.

The perameters I and £, depend only on the strain, the

. paremetor 1 depends on the strain and 2lso on the
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turbulencs. We will necw consider theéc péramcteré in more’
detail.
£n drrotational rate of strain is completely
specified by bﬁl/axl and aﬁz/aXé, two principal components
of the rate of strain tensor, If aﬁl/éxl is chosen arbié

trarily as 2 scale then the dimecnsionless guantity
= (9T / T /A Lear
P o= (abz/axZL/(an/axl), -3217 =21 (5)

ig a measure of the tyve of strain. I is always of the
sane sign as 9T,/dx, eand therefore the cign of F is
sufficient to classify the strain; positive F indicates

diffusion, negative I' indicates contraction, zero F

The type of strein paramster F dJdefined here, is
simpler than the parameter Qg  proposed by Townsend thch
is defined as |

( aﬁl/axl)( aﬁg/axzﬁ( Bﬁé/aKB)
( 9Ty/3x)% + (3Tp/0x%,)% + (3T,/3x5)7

No epecial arrangemenl of the components aﬁl/axl Bﬁz/ax2

With reference axes chosen so that aﬁl/bxl >
T /a:<2 = b?z/bxs snd strain ratios £, = £,= L,
relative negnitudes of the three strain ratios are
related to the type of strain. If the type of strain is

specified, the strain ratio £, alone is sufficient to

measure the extent of the ctrein.
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hts 3 measurs of the rate of strain it is desiratvle

t0 nse a diaensionlass parameter whish includes a measure

Iy

of Lthe turbulence within ths stesin Mield. 4 suitable

+i0 of the tine scale of the turvu-

[
Ry

paraneter I 1is the
TLenoe amd ihe tias ucale of the rate of strain.

L time scale which charscterigzss the rate of strain

= 1 /03T ‘v £y
t, = 1/(7,/0x,) (6)

is a tine scale for the turbulence, a logical choice is the
tiue scale t, associated with the energy~containing

sddies. However, for turbulzuce of high Heynolis nuioers

L

‘e time scale of the energy-containing eddies ig the Hine
C. )

gcals of the decay, we can use

~1
p

€

te = _qZ/ [(dq‘)ﬁ/d't;] = .%_ . (

The time scale %, for grid turbulences variss with distance

Trom Lthe virtuzl origin and with the mean velocity as shown

-
s
‘

in Aprendix £L.

&

The rate of ztralin 0u:n1nt~r ig Aefined as

Py
(ge]
~.

1= tc/ts = -y (aul/av]\/ EC )@/ﬁé]

rer distorted grid turbulence t, eand hence 1 vary

throughout the distortion; however, for comparison of ducss

rroducing the seme type of strain I 4, the value at the

]

beginning of the distortion, may arbitrarily be chosen %0




28

characterize tlLe rate of etrain. The paremeter I , behaves

similar to 3Ui/axl and veries from zero in urniform mean
flow to infinity for instentaneous distortion.
The time scale of turbulence te defined above is

convenient for treasting uniform distortion of grid turbu-
lence reported here, because the quantities é@ and d&?/dt
at the beginning of the distortion are avsilable from the
cxperiments., HNHowever, if the parameter I is used in more
general shear flows, any time scele associated with the
energy-containing eddies cen he used, for example the time
scale Iy /(;§)é, where L, is & length scale associated
with the energy-containing eddies.

In summary, & uniform irrotational strain may be

J I T cxy dees - vy manes o 1 e
epresented by two parameters I oond I, The sign of the

form parameter determires the tyve of strain, and the rete

of strain parameter I includes a mecsur~ of the turbulence

within the field. The struin ratio L, provides a nessure
4.

0f the extent of the sirein.

2.2. Duct Geometry to Trecduce su srbitrary Irrotational
strain

2.2.1. Zecien Coneiderntions

If the coordinute sysiens (Xi)‘ and x; are referred
: 41

to the same origin noving with the mean velocity of a fiuid

varticle &s shown in My, 2, the position of +the fluid
elenent at time % =0 is at (xi)r ond its position 8%t

time ¥ dis at x



29
+ithin the elenent is given by
\ \ / N\ <t
x.b) = {x;); SA0x. L] = %) g

S8y = q)“[?xl/\ <o) (}’J)A ij(t) (9)
If the tensor bij(t) is wniform uhCJ the vector x;(t) is
obteined Irom (Xi)ﬁ by & lineur transformation of the axes
of reference. #3 pointed out .by Bat ;chelory | ~.\t) is

3
aniform is exaclly true for a tox type distortion where the
fluid is contained within boundaries and the distortion is

ceused by @ linear motion of the boundaries, since the fluid
will then undergo & similar linear trarvsformation. However,

<

in most engincering prohlems distortion of the fluid is
caused by flow ypast fixed bounderies; as for example in wind-
tunrnel contractions. In thesc préblems the édistortion
.tensor bij(t) is not exactly uvniform since particles of

Tiuid which lie on & lateral plane upstreem of the distor-

tion will not lie or

jaY]

rlane after being distorteé, as in

A

Vo case of & Lox type distortion, but will lie on o curved

.surface witl. the particles near the center of the tunnel

1:ro.,r dovnetrean tharn thcse near the wslle. The radius

o -

of curveture of the curved surfzce will be of the crder of
t1e tunnel widih, so thet for situations where the scale of
tl.e turbulence is smoll compared with the tunnel wi idth the

di to“tlon tensor iz spyrroximately uniform.

A tunpel may be designed with a distorting section

whose geemebry is copable of providing any type of strain

rs

~- . . . < 8 . R NPT 4 e o Y Py
Powdtiel Gz unifor: within the eprroximztion atated gbove.
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In designing o turnel %o preduce a given type of strain,
we choose Cartesizn coord inates for he %tunael along the

principal axes of the rote of strain tensor so that

3Ty /84 0 0 1. 0 0
o ¥l Jex, o =™ x| 0 F 0

" 0 -(F+1)

0 _ 0 Qi /dx

ig alreszdy stated in Sec. 2.1.1. aﬁl/axlzzbua,Bwﬂ._3fz/ax3;
his chicice of the uzxes is necesgsary in order to specify

“the type of strain by a single parameter T. It is con-

venient to locste the origin on the center-line of the

tunnel at the entrance to the distorting section. The

longitudinal axis of {the tunnel which 1s the “Sirection of
the main flow may Ve chosen as any onc of the Xy z? and
x3‘directions and in general thr different duct geometries
w11l result, de dlnh on tné.ohoic&.' In practice it is

not desirable to choose hhe wain flow direction in the
directlicu of the negabtive roias of aira id veczuse this would
sesuly in adverse pogitive pressure gradienss which might
cause instability in the Tflow and zeparation. =feferring to
Tabvle 1, there are two duct geomeiries whielr produce 2

given diffusiern or # given plene.sfrsin, and a single duct

geometry for contrection. ‘e will Tind the Jdesign equztions

for thne curved surfaces ol ihe distorting duct for the two

e
=
—
B
S
L))
ot
e
i)
L]
D
L~
et
e }
[
@
P
=
|.
},_.
@]
e
w
e
=
<
et
s
o

eneral chaan

. . - s 4o e 3 1%
direclion of x.3 Ghe second where lhe mailn flow is In wne
SN
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direction of x..
'S

-

2:.2.2. bStreamline Frguations, lMain Flow in the x.,-Direction

"These design ecuations will apply to all possible

If we asoswme

then fluid par

21 diffusion, contraction and-plavne strain. Let

sahe of shaoin 31 /Ou.= dy Hhen

v

Bz, =, 8T,/dx,=dF, 0Uz/0z; =-AF+1) (10)

m

thst the mean flow in the tunnel produces 2

Gistortion, an gpproxinmtion discussed zreviously

ticles on 2 plane x,=0 will rewiln on a plane
oL .

throughout the distortion and Uy = ‘1( 1) similarly

T

then be repleoc

L= Un %) aud U= Ur(Ka}- The partial derivalives may
¢ i ~ - _I
2d by total derivatives and kg . (1C) vecoues
= R - = ooy \ -
dly/dxy =&, A, /dx, = hT, GL~3/0>,5——3~('+1) (11)

with voundary conditions

X1=

Integrating

(12 pives:

-t
.

0,. T,=(¥
0, T,=0 : (12)

¢, TG,=¢0

Bg. (11) and andlying the boundary conditions




The differential equation of thé streanlines ared
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If the distorting duct is rectangular in cross-section with
sidee of length 2(x,), end 2(x5); ot the beginning of
distortion (x1= C), then the walls of tre distorting duct

y strezmlines passing through (e, i(xg)ha X3)

b
and (0, %, *(x-).). Integration of Eq. (15) gives

S | X5
(1/4) 1n(dx1-+(Ul)A 0]- = (1/4F) 1n =,

- F
ity = (xg), e [T, ] x)

L1

™o

Oimilarly,

(P +1)

xp = (), (L [T, ] %) (18)

W

N
.
[AD)
3
A
.

Strezmline Zguctions, Hain Tlow in the x,-Direction

In the cese of diffusion and plane strain, the mein
flow velocity mey be chosen along the xz—direction without

adverse pre

n

sure gradients. ~ssuning box type distortion

in ths tunnel, U,=C.{x ), U, =1 (xz) and U, = UE(XZ)’ end

3

al, /éx, = &, U,/ ax, =d¥, dU.j/dx3= - (T +1) (19)
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Por main flow in the xz—direction, the boundary conditions

ares

x;=0, U =0 (20)
X = O, D3 = 0

Lfter integration, Bqg. (19) with the boundary conditions

given by Lg. (20), we obtain:

U1= a\xl
UZ = AF::Z + kUZ)A : (21)
T, = - .

5 (1-+1)x3

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

defines the streamlines, we obtain:

dxz/(Asz-(ﬁz)A) = dxl/&xl . | (22)
-ax,/ [et(i%‘ +1)}(3] = ax, /dxy (23)

sssuning the distorting duct is rectanguler in cross-section
with sides of length 2(x1)£ and Z(XB)A at the beginning of
the distortion (xp= 0), then the walls of the distorting
duect sre defined by the streamlines passing trrough
((x,)., C, %) and (x,, C, (x ). ). Integration of Iq. (22)
1:1 9 1 3.£;

for C<€i £l gives
X

2 = in %q
o

x = (i), (1 [a/T), Jx) MY

(1/7) n{d¥x, + (Uy),)

b4
1
X

(

Vs (21)




. © Similarly, integration of Bq. (23) for 0<F<1 gives
- ﬁ. ] —' _(P.'.l :F .k
X5 = }:3(1 + [‘LI‘/(UZ)A]X,Z) . )/ (25)
, : .
YVhen F=0, integration of Egs. (22) anad (23) with the
boundary conditions, ﬁe ohtain?
X, = (X ) e(olXZ)/(ﬁz)A (26)
1l 104 )
x5 = (x5), e(=4%2)/(Tp)y - (27)

Equetions (26) and (27) may also be obtained from Bgs. (24)
and (25) by expending the terms in breckets by the Binomial
theorem and then letting F+0. ZEquations (17), (18) and
(24), (25) give the duct geometry for any. type of irrota-
tional strain P; the equations are approximate because a

box type distortion was assumed.

2.3. XRepid Distortion of Isotropic Turbulence

L complete mathemetical solution to the problem of
turbulence within a homogeneous vpure sirain field appeers
at present to ve impossibly difficult. However, Taylor
nas shown that if the meen strain is sufficiently rapid, so
that the relative motion hetw¢én two neighhouring particles
due to the mean motion is large compared vwith that due to
turbu;ence, then the Vavier-Stokes equations are reduced %o
simple linesr equetions and a complete solution can te

obtained.
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2.3.1. Simplification of the Vorticity Equation for Rapid
Disteorticn '

The implications contained in the assumpiion of
rapid distortion can be seen by examining the vorticity

equations which are obtained by taking the curl of the

(=]

=

lavier-Stokes egquations to eliminate the pressure terms.

The general vorticity equation using EBulerian variables is

- N = —- 32(5.
a(ni+wi)+ T \a(.n.it 65\.) —(m) 3(Ui+ui) o (ﬂl+wi) (26)
3t j+uj' bxa \nj+ J axa ij

For irrotational mean flows LfL.= C, Eg. (28) becomes

DO, T, du. - 2.
—==W, —= 4O, — VY —F (29)
Dt J 9x. Jd 9x. 9% . '
J J J
I II 11X v
wnere
—— . mt—— kT . ....._.-L

signifies diffcrentiation following a single fluid rarticle,
often referred to as the substantiative derivative or the
Lagrangian derivative. Equatidh (29) states thet thie change
(1) in vorticity of the turbulent motion following a particle
of fluid is equal to (II) the production of vorticity by the
mean motion straining tre turbulent eddies, plus (III) the

temnsfer of vorticil:y smongst the turbulent eddies by one
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eddy straining another and through inertial ;ntéradtion,'
plus (IV) the diffusion of verticity by the infiuencé of
viséosity.,'For very rapid mean strains; (11) which.céntains
the mean rate of strain Gﬁi/axj becomeé.dominant and the
decay terms (III) znd (IV) may be meglecfed in 2q. (29),

which then becomes
Doy /Tt = w; 3T, /3x; (3¢)

iccording to Lamb>?(p.206) a line segment 8x, following the

nmean fluid motion will have & Lagrangian derivative
D8x; /Dt = Bxj 3T, /x5 - (31)

From a comparison of Egs. (3C) ana (31) it follows that for
a1l tinre %,

This result is well known, the change in vorticity components
of an element of fluid is proportional to the change in
length along the respective axes. VWhen the term containing
the viscosity is neglected in IEg. (25) the £fluid becomes
ideal, end Kelvin's theorem for the conservation of cir-
culation =2lso leads directly to Eg. (32), which embodies

the entire dynamics

f rapid distortion.

The rapid distortion theory presented later gives
a complete solution to Xg. (32). It will be shown that
when the verticity which comprises the turbulenqe is

strained by the mean motion, the voriticity strengih
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increa es in such a way as to mdlntaln the constancv of
01rcu1ut10n of the fluid elements, and in this way energy
is transferred from the mean to the turbulent mob cn; This
is, in effect, a statement of Eq. (30); the left hand side
reprecenting the increase in vorticity following a fluid
elenent and the rizht hand side uﬁ an/axj represeniing fhe
production of turbulent energy by the meén rate of sirain
B_'D"i/axj acting on the vorticity wj within the fluid element.
It is interesting to compare the mean production
terms w; AU, /6 end the inertisl decay terms wj duy /9%
appearing in Eq. (29). “he inertial decay term may he con-
sidered &5 representing the transfer of turbulent energy by
the straining motion of the turbulence itself, the motion
of the larger eddies strains the smaller turbulent eddies
thus transferring encergy from the larger to the smaller

eddies.

N

3.2, Londitions for Neglect of Inertisl Decey

In Eg. (29) the inertial decay ternm W 'aui/éxj may
be neglected when it is small in comparison with the »ro-

duction termtoj bﬁi/axj; that is,‘when
. T, /3x. . dus /d%-
w; Dl/b)\‘.jl.>>|c.o;j bul/axal (33)

Witl the principal axes chosen so that Bﬁl/ahl._auz/bxn-

oL

3/
st

av then a sufficient condition to replace Lg. (33) is

'D

1t



BU1/6“1>> lbul/bx | L N (34)‘

ie., the turbulent velocity gradients mﬁst be small in-
omparison with the maximum mean velocity gradient. This
is essentially the condition for rapid distortion stated in
the original paper of Teylor62 that during the process of
distortion the displecement between any two fluid particles
sliould be deternmined uﬁiquely by the mean strain, which
inplies that the influences of the tufbulent motion on the
displacemént is negligible for 2ll stages of the distortion.
I+ is in this sense that the distortion is required to be
gulficiently rapid.

Ag introduced earlier, 1/(3U1/a/1) nsy be considered
as a time scale t representing the mean rate of strain.
Similarly, 1/(Bul/axj) may be taken as representing a time
scédle associated with %the turbulent motion, or more exactly
s a Lime scale associated with the energy-containing eddies
since wj aui/bxj determines the rate of energy transfer
through the energy—-contsining eddies. The time scale
1/(B"i/bx-) nay therefore be replaced by the time scale

te= ~g / [13 H ]. Prom Zg. (34) the condition for rapid

-

Gdistortion then becones

1/ (0 /ax; Y <<~/ [(2g®)y/at] or T2 (35)

2.3.%., Ceonditions for Neplect of Viscous lecayw

The viscous decay term (IV) in Eg. (29) is linear.
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.Ifdthe rendom turbulent mo*‘on ia‘concidered to be éomposed 
of.individual rlane waves, or Fourier component , then the
viscous effects will act on individual waves separately,
without mutual interference. The effect of viscosity on a
31ng1e wave, in the atsence of d;stortlon, may be obtained
by congidering decay in & fluid having no rmean motion. The

component of & wave may ve written as
wl = L1 81'1:.}—&' (36)

Yhe viscous decay corresponding to term (IV) in Eq. (29)

becomes

v{bzuﬁ/asz) =‘rkaai (37)

Clearly, the viscous decay effects become larger for the
hlghcr wave pumbers, that is, the emcller eddies.

From the many experiments on the decay of arid
turbulence, for example tlose reported by Batchelorf it is
found that even at mcderately high Reynolds numbers the
rate of decay is independent of the viscosity in the initial
periocd of decay. Epparently the time sczle of viscous
decay is large compared with the time scale of tke energy-
contoining eddicc. I1f we take 1/*&2 t0 represent a time

scale for viscous decay of eddies having wave nuumber k,
-2/ [(dq 1;] « 1/vk® (38)

Therefore, for grid turbulence having noG¢erately high
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Xeynolds numbers & sufficient condition for instantaneous
distortion is given by Eq. (35) only, since in the energy-

containing runge the viscous decay is a relatively slow

process.

O

The time scele of viscous dissipation l/vk2
decreases for %the higuer wave numbers and there will always
be a high range of wave numbers for which Lqg. (38) is not
satisfied. There eddics of higher wave nwsbers may be
regarded as an energy sink with the rate of decay determined
by the eddies in the energy-containing range.

For low feynolds number turbulence, for example in
the final period of decay, the inertial decay term (III) of
Eq. (29) becomes small in comparison with the viscous'decay
term (IV). fThere is then very little energy transferred
from one eddy size %o anothef and viscous effects are
important for all eddy sizes. Negiecfing the inertial decay

terms in %g. (29), it becomes

Dw/Dt = o aﬁi/a;,;:j + v(a?-,wi/azj) (39)

Por wniform nean stroins this equotion is linear and a
solution may be obtained for & finite rate of strain. As
already nentioned solutions to this problem 'ave been

" obiaired by Fearson?' Deissler'Sand Fox ! However for
ordinsry turbulent flows at mederstely high teynolds

nunbers inertisl decay terms cannot be neglected.
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pid Distoriion “heory

The instantaneouvus distortion of isotrovic turbulence
iz now itreated. “he method first introduced by Tayloreeis
followed up to the point where ithe field of turbulence is
represented nathematically, &nd then the Eourier represen-
tation‘df.the turbulent field, following the method of

S3: 5 used. “hiis method treats the

Ribner and Tucker
distortion of a single Tourier comporent end then the effect
of distortion on the turbulent Field is found by summation;
this is permissible since the problem hecomes inear when
instantaneous distoriion is assumed. The method of Xibner
and Tuckersaprovides a good physical insight into the
influence of distortion on the turbulent fluid out their
solution is limited to symmetrical plance contraction.

Batchelor and Proudman® treated an arbitrary distortion;.

their resulis are introduced near the end of the digscussion.

2.4,1. Bffect of Harid Distortion of Isotropic Turbulence
on the Hesn-Sauare Velocity Components

1

Consider an arbitrary distortion caused by & pure
strain in a fluid flow where the mean stream velocity ﬁi is
changed 1o llﬁl in a snmall inﬁerval of time compared with
the time required for apprecizble turbulent motion. & cube’
of fluid of finite dimensions & will be changed by the
strain to a parallelipiped of sides £qd, fLpd :nd 036 as

shown in Pig, 2. If we assume & coordinate systen moving

with the element of fluid, %hen 2 particle of fivid
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‘ - originally locatved by the vector (Xi)A within the element
will be locatz2d by vector X5 after the distortion, where
Xl = zel(xll..

*2
X

3
Assuming incompressible fluid, the corntinuity condition

requires that fl fé 4. =1.

3

The vorticity of the turbulénﬁ riotion inside the
volume shown in Fig. 2 is carried along by the flow. If
the time interval for distortion by the mean flow is small
compared with the time for appreciable decay, then circu-
lation of the fluid element is conserved, aund the change in
‘e

vorticity during distortion can be found using Cauchy's

equation given by Lamb 22

Qs = (“)j ) [B:;i/ (B}:j )‘] | (41)

If the distorticn throughout the volume is uniform, then

from kg. (L41), ‘

Bxl/(a:cl)'.; =11, 3242/(3.712)}; = 12, 3.7.'3/(6}(—9)‘& = 13

Y
b};:.L/(a:»:j)‘,1 =C, 143 (42)
#nd combining Lags. (1) zna (42) we obtain:
wy = L (04 |
' We = Iz(wg)n (43)

W; = 2’5 (‘*53 Ja

~
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The method uscd in the derivation of EBg. (43) is essentially
the same as tuzt of Taqur?a Thie eguation is also the
equivalent to Zq. (32) obtained earlier in this thesis by
neglecting the decay terms in the general vorticity equation.
Squation (43) relates the vorticity at t >0 to the initial
vorticity .at t+ =0, and contzins the entire dynamics of the
distortion effect. In order to apply Lqg. (L3) to determine
the changes in intensities, we will follow the method of
Libner and TuckerS3and consider the effect of distortion on
a Fourier model of the turbulent field.

For a coordinzte system moving with the fluid par-
ticle shown in Fig. 2, the mean components of velocity are
suppressed and only the ccmponents of the turbulent velocity
remain, which at any given instent c2n be represented by a

set of three-dimensional Fourier integrals,

. (L)
or in the abbreviated form
w = [r) HEFar (45)

Where the coefficients ars given by the compsnion eqguation
oo . ’
\ -l
hi(k) = e J[ u, (x) e &% ax (46)
-— l —
o
.. ) ) . . . a
fhese equations are given end discussed Ly Satchelor.

Hathemotically, ui(g) and Ai(g) are termed three-dimensional

Fouricr componcuts of sach other. For incowpressible flow, .



'thé velocity cdmponents ui saiisfy continuity»or §ui/8xi=;é;
this togetkher with aq. (45) gives the continuity egquation
& iki = 0,

The physical interpretation of the Fourier model of
a turbulent field is given by Kibner and Tucker.’® Eguation
(Ls) represents & superposition of nlzne sinusoidal waves
or Fourier components of all wave lengths and all directions.
The normal to the waves are in the diréction of the wave
number vector X and the length of the waves are 2w/k,
where X 1is the wave number. These waves are all transverse
because fron the coutizuity condition Liki==0; the magnitude
vector & is berpendicular to the wave normal vector k.

Vie now consider the effect of distortion, as shown
in Tig. 2, on a typical Fourier componcant ropresented at

station £ by

(¥;), = (73), eiba-za (47)

The vorticity (%i}¢ is obtaiuned by taking the curl of

-

Bg. (L7), that is

‘(U- )i = eijk (B?)fk/axj )J.“

1 e
whence
0.), = = ) N . olka «Za a)
(Oi/.é:. - eldk ‘{J (nk);x ¢ (L"u}

n
'

The voriicity at any station downstiresn from 4+ is obtained

—— -\ . .
from Ig. (U3); the cguations are
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and two similar equations for the &, and &, conponents,
/ . . : P
mere {x);, is the radius vector to the fluid porticle at

“time t =0 when the fluid element is at station A. The
corresponding vector to the Tluid particle at time t is

X. Using valuen nf-(xi)ﬂ from Eq. (40), (g.z)ﬁ becores

(l;‘_'.)j,. _ (i".- )_,-.lxl +(k2)‘;~}f2 +(k3)_{;‘3{3=:£.2£ (5,\>

~

ihere kK with component (il)i/fi, (kz)é/f ’ (kg)ﬁ/ﬂg
defines a new wave number vector. The velocity st time
(whose curl is given by Bq. (49) and which satisfies con-

tinuity)

)

1
L=

1

(51)

‘where

Tp= (@ -\ kg ke - s2)
2y 2,2 2

It can be seen from Hgs . (51) and (52) that the distortion

-

o s . . - A
2lvers the initial plane wave given bty Ig. (47) so that the

wave number (g)A is orped into X having components

tr
(xp)./0y, Gepli/iz, (:? _413 The amplitude vector (EA)A

’

Vg J/l~} on a plane normal to the wave n wber vector . k.

. 4 s . . I ~ ’
is transforned into the projection of \(hl)ﬁ/zl’ (hz)h/ﬁz,
~

Laguations {(51) and (52) were obtained by cozgidering
o single Pourier component. For the complete Fourier

integral representatior of the furbulani field, (u )

;.\}
Q(l
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berlnterpreted BS-d(ui)s u; as duj, (Ai)ﬂ aS (Ai QK)A and

£ 1
v e T |
44 88 -4 2K, .r we (q' ,.!" i ~
i 88 44 € e deiin
. \ PRVIRRY .

4z, = 3..(@21)“ -~ *“12- (’fl—.,?_dzl L X2 azg :‘1:.2de3 (54)
ll ll’l’i" ll 12" 13 ¥:8

and two similar cquations for dZ, and dZB;

From the relotion between the Fourier coefficients
of the turbulent velocitly distribution before and'during
the distertion, it is possi®le to deduce the effect of the.

distortion on any of the statisticsl parameters describing

@

the turbulence. Uf specizl ipteresl is the chenge in th
energy-spectrum tensor from which changes in turbulent
intensitics may be found.

In the anslysis @ number of well known relations
from the statisticsl theory of turbulence will be assumed,
these relations are given and discussed in detail by
=~ A [\ . Y v 3 qb . -~ S I (_)
Batchelor. "he three-~dimensional energy-—-spectrun Lij ¥

is related to dZ;(k) vy

8. (0)= lim az; () az; () (55)
k>0 J

* k) . . . , .
where 4Z is the complex conjugate of d4Z. The correlation

tensor is defined by

B, () = w(z) ulx +x) . (56)
+d _ ,




and is'relatgd“to the three-dimensional enefgy-spectrum.

tensor by the Fourier‘e@uations:
Rij(r) = [ Ejj(k) elk-T ak - (57)
Also, continuity requires that

ky Byg(k) =0 (59)

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

are substituted in Eq. (55) then

2/, 2 2 .
1 (g0, 1)a ( 2 k3‘)( 1 2 2) (1 2 1.)
ll— 11/A+ + IR N < ]
7 2l 2
432 g2 \,27 52 )\ 0,27 0.2 4,2 I

/

k 2 2 4o 2 2
(Ell)A"'"(Z'z'%I{)% (5%- 4" ) (g "7+ !-3-2 k52) (Bpp)y

2 2 ‘ ‘
k g
* (zsz)ﬁb (2%~ 15%) (k12+:,%2 k% ks2)a(Bs3),  (60)

Similarly equations for E22 and E33 are obtained and only
the diagonal components Ej;, E22a E33 have values other

. than zero. We see from Eq. (60), that if the initial
spectrum (Eij)A and the distortion ﬁi are specified, the
spectrum after distortion Eij may be determined.

The results are most useful if the spectrum tensor



is infegrated over all valﬁes of the wéﬁe hum£é¥'to obtéih t'
the effect of dlstortlon on the energies a53001ated w1th
the different velocity components. The complex1ty of

Eq. (60) makes the integration extremely difficult-unless
[Eij(ki]A has a simple form, for example in isotropic |

turbulence, where

[Eij(k,)h = :%ﬁ(c%) (k2 833 - k4 kj)]A (6'1)
[B @] = [2wx® Bys )]s (62)

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

becomes, after some simplification,

By (k) - [E ()a [pﬁC& k3){ %1) | (63)
A

b dy 2 () 2 TR

an& two simi;ar equations for Ezz(k) and E33(k). As can be
seen from comparison of Egs. (61) and (62), the turbulence
is made anisotropic by the distortionm.

The effect of the distortion on the energies
associated with the different velocity components may be
obtained by considering Rij(E) at a single point in space.

At position A, Egs. (56) and (57) give for i=1, j=1,

Ry, (0) = (\?)A= /[Ell(k) dk]A o (64)

Usihg surface area S and the radius vector Y to define

the 4 space, we obtain from Egs. (61) and (64),
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| | oo » < |
E(k)a 2
(ul Jp = [W dl'ésn.n ed S (k)  (65?.

Similarly, from Eq. (63)

__é E(k)A 1 > Y 452 Ag
u ad L 4 A3 2 A3
1 lwr(k) 2 £2 [1 (ﬁ‘* 13 )+<122 13

+(‘4 LR A ) ] (66)
as
2
12 /2 13 |
For isotropic turbulence in taking the ratio (ulz)A/ul2
the integrals containing E(k), cancel and, as shown by

Batchelor and Proudman® the remaining integration can be

carried out over a surface of radius dé to give

w? sl R4
n 3[ 4y~ Lo 75y (D (67)

) (E'l' ), ¥ 02 T e 124(112 75
where
3 oo
(1+A2>%(1-wx)’=* ol 1A%
£ =% £42_4,2
)\:(S—IJ ﬂ':l'——é" ‘//a=————1 2

Numerical tables of X and Y, for example those of Jahnke
and Emde®® are available. Using a similar procedure Pz

and P3 are obtained:
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e 2 2,2 g2 [ 42 52 \]
P2 = =2 =3[- £ + s Mt (x-jl ~45 Y)

(wp2)y U2 6505%) (P 2) (0 22p2)\ 742
v . (68)
2 2 -2 g - - -
py= -2 = 3 42 + A5 h Ay Y] (69)
(ug?)y HRR(2052)  (4,2-07) (2= 05202 |

Equations (67), (68) and (69) give the effects of rapid
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 independent variable.
As shown in PFig. 3 the effect of plane strain,-E‘=O, on the
“turbulent components is similar to that of symmetrical
| fluid contraction, F=~%., 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

2 2

u,® and uz components of the turbulence and decrease the

ehergy'in the ul2 component which is in the direction of

the maximum rate of strain. Symmetrical diffusion F =1.0,
tends to orient the vortex elements in a plane normal to the
two positive rates of strain and to increase the intensities
of all 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



tﬁfbﬁlentvenergy of iﬁitially iéétfopicutufﬁulencé«is
always increased by stra}h.. |

‘ The 1océl structﬁre 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
nalf of the total turbulent enmergy is contained in one of
the components.

The structﬁfal 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 & symmetrical diffusion. The K

curves for all types of strain become asymptotic for high

strain ratios.

o.4.2. Effect of Rapid Distortion of Isotropic Turbulence
on the One-Dimensional Spectra

The elements of the threeQGimepsional energy-spectrum
teﬁsor 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 ?he signals from two hot-wire
;‘probes separated by a distance g,

If a single hot-wire probe is placed in & moving
stream it will develop a fluctuating output volfage whose
one-dimensional frequency spectrum is related to a diagonal

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

o
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~ square velocity component ul2 may be considered as a
diagonal component of the correlation tensor for vector

distance r=0, since from Eq. (56),

Rll(o) = ul2 (70)

The contribution to the mean-square veloci’cy component is
from all waves with wave number components in the direction

of the x;-axis. From Eq. (57),

Ry7(0) = ]/[Ell(k) dky dk, dky (71)

If following Taylor®® we define u12= )[El(kl)dkl where

o
El(k) is the one-dimensional spectrum tensor, then

fE (1, )dky —ul = 2/ jf 1(k)dk2dk3:| dk, (72)
o

Ey (k) = // 11(k) dk, dky (73)

The one-dimensional spectrum may be considered as a slice

of the three-dimensional spectrum between wave ;‘Lwnbers |kl|

———

and |k1| + Similarly, defining u22 = sz(kl)dkl
and u3 jE3(k1)dkl, then ° |
E,y(ky) = 2 /[Ez'z(k) dk, dk, (74)
2 /fE33(k) dk, dkz (75)

Ez(kl) and E3(k1) are conveniently measured using an X-wire

arrangement of two hot-wire elements.
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For isotropic turbulence [Eij(ki]A is given by
Eq. (63). If following Taylor and Batchelor we let

[E gk)] - N
bkl (k233
where N and Y are constants, then Eq. (63) becomes, for
1=3=1, '
2 2
Nk k
(1200 s = (p” * X5 ) (76)
Using this value of [Ell(k)]A in Bq. (73), it can be
integrated to give

Similarly the one-dimensional lateral.spectrum functions

are obtained, they are

| 2
[Ez(kl)]A = [E3(k1)]A_ _ TOE t Y (78)

2(k % + Y2))°

EEZ(klﬂ.A and [E3(k12)]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

E, (k) = 2 /fEll(k) dk, ak,
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If gﬁis expressed in terms of EA by

ky = (kl)A/ fyr 2= (kz)A/ Ly g (k)4
and Ei(kl) is defined.by
Ey(ky) = 45 By (ky)y

so that

fo[Ei (k) oY , =[Ei (k)) aky (79)
. o :

- 2 K, Koy K ~ (80)
B, (k) = __...__..//E [(._1.’ 2’ _3_)dk dk]
1k 11 2 dkzly
Ly 4y 45 J L L 23 |

Two similar equations are obtained for Ez(kj)A and E3(ka .

then

The spectrum tensor elements Ell’ Eso and E33 for an arbit-
rary distortion have been evaluated in Eq. (63). Integ-
ration of Eq. (80) is best effected in polar coordinates.
For the case of symmetfical plane contraction where 12==£3,
the integration has been carried out by Ribner and Tucker &°
The results aré expressed in terms of a normalized wave

number (kl)A/Y , defining

2 : -
b = (E%%A + 1 . (81)
. [(fzz/leZ) - 1) ()2 (82)
f

then the final result for the 1ongitudinal spectrum in 2

symmetrical contraction is
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£ 2w N l 2 é' ‘ v 23b b I
E, (k] )= £ |3 +bc+cc+ _2.,5+(2+4b+20+bc+__)1n (’5—)'

112Y203 .
‘ - (83)

The corresponding equation for the lateral‘épectra in a

symmetrical contraction is

, |
_ o § | (3p-2)c? oy 2b
Ez(kl) EB(kl) = zvzfzzczl: b222:~ 4(171;5)(b-1) ( 2;0

2 2
+ E—;c 1n(520) + l-ﬂzc/«fl {6‘0;50 + (b+c?((}3b+c) ln(bzc)}ﬂ

(8%)

2.5. Approximate Method of Treating Rapid Distortion of
Anisotropic Turbulence

The method outlined for determining the effects of an
arbitrary rapid distortioﬁ on initially isotropic turbulence
could, in théory, be used for any turbulence where the
cohponents of the initial energy-épectrum tensor are known.
However, the details of the turbulénce, which are completely
specified by the spectrum tensor, are in general not known
apnd 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 th? hot-wire measurements.

On the mathematical side, difficulty of integrating
the initially anisotropic 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 assumﬁtion
of an initially isotropic turbulence greatly:simplifies the
problem, since the spectrum tensor is thén specified and
also the isotropic spectrum tensor, given by Eq. (61),
contains E;(k)p an arbitrary function which in the expres-
sions for intensity ratio Egqs. (67), (68) and (69) cancel
making the integration relatively simple.

The exact method of treating the distortion of aniso-
tropic turbulence which takes into account the spectral
details of the initial turbulence is extremely difficult.
However, an approximate method has recently been proposed
by Reynoldss‘which was found to be valuable in the present
work. The experimental grid turbulence at the 5eginning of
distortion was anisotropic and correlation beiween the
turbulent intensities and those predicted by the original
inétantaneous distortion theory were unsatisfactory during
thg initial stages of distortion; however, the correlation
became satisfactory when the initial anisotropy of the
turbulence was taken into account.

The anisotropic 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 instantaneous distortion (or more specific a symmet -
rical diffusion) of strain ratio (£;)n to turbulence which
was initially isotropic. This anisotropic turbulence is

distorted by the actual strain ratio ﬁi in passing through
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the tunnel. In the rapid distortion theory it is the
cumulative strain which determines the character of the
distorted turbulence, independent of the manner in which it
is applied. Therefore, the hypothetical and actual stresses
need not be considered separatély and the equations for
rapid distortion of isotropic turbulence may be applied

assuming an equivalent strain ratio of (11)e where
(zi)e = (4)y £y (po summation) (85)

(Ii)h represents the anisotroby 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 (ﬂi)e will not be uniform throughout
the Eulerian space. However, the instantaneous theory of
Batchelor and Proudmen® will still apply if the requirement
in Eq. (41) concerning uniformity (namely that bﬁi/(axj)A
musf 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 (Zi)h may be obtained from Egs. (67), (68) and (69) or
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from the plotted values of these equations given in Fig. 5.
For the actual distortion, ji is known; determination of
(£5)e¢ from Eq. (85) gives valueé fof use in EQs. (67), (68)
and (69), from which the intensities at any stage of the
distortion méy be determined.

The equivalent type of strain F, may be determined
from the calculated values of (£;),. For uniform rates of

strain

£y = x/(xy = U/ ()

and

xz/(xz)A

Using these relations and Egs. (13) and (17) for flow in the
xy-direction or Egs. (21) and (24) for flow in the X~

directiocn we obtain

F =1n ﬁz/ln 4
We now define

P = 1n(Ly)e/In(4y)g

Tﬁe equivalent type of strain Fe is simply the hypothetical .
uniform strain required to produce the equivalent strain
ratios (ﬁi)e.v I+ should be noted that for uniform distor-
tion of'anisotropic turbulence Fg, will vary throughout the
distortion.

When the initial turbulence is anisotropic comparison
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of the experimental structure with the theoretical structure,
from the rapid distortion theory, is more meaningful when
F, is used instead of the actual type of strain F. This
is especially true when comparing the siructures 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 no% small compared with the distortion effects,
and there is considerable incentive to éttempt to apply the
theory outside the valid range by assumptions concerning the
simultaneous effects of decay and distortion. This is
especially necessary if devel&pment of quantitiés, such as
.the turbulent components ;12, &;é and ;;é are considered.

A simple method of combining the effects of decay and
of instantaneous'distortion is given below. The method 1is

essentially the same as that proposed by Ribner and Tucker:s3

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

Dwy aU, du, 2w,
—_— = wj. — + ‘A)J —L + Y 21 ‘ (29)
Dt aXJ an dxX j .
I I1 ITI Iv
\______V_-—/
Production Decay

We have seen that, neglecting the decay terms III and IV,
the equation can be solved to give the effect of instan-

taneous distortion. 1f the production term II in the
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‘ vorticity equation is neglected, then the equation becomes
Duw; ou. 320
i i i
—— = Oy —— 4 YT
D% J dx dx 42 (86)
J J
I IT1 IV
Decay

This is the equation for decay of turbulence in uniform flow.
A complete solution of Eq. (86) is possible if the non-
linear inertia terms III are neglected. 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 Eq. (86) has not yet been achieved. However
there have been many experimental studies of the decay of
turbulence in uniform flow behind érids from which empifical
relations are ézailable.

| In the approximate method of treating Eq. (29) the
decay and distortion are considered to occur alternately in
small steps étarting 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 indépendently without

interaction.

This approximate method may be applied to the total
2

2

‘ turbulent energy q Let the change in q“ due to decay be



61

(dqz)d and the change in q2 due- to distortion be (d;z)s.

The effect of decay is a function of the decay time
(%90 = £1.08) (87)

The effect of distortion in the absence of decay is obtained
from the instantaneous distortion theory as & function of
the strain ratios, which for a given duct geometry and mean

velocity may also be expressed as a function of time, that is
(0%/9,%)g = f5(t) (88)

The corresponding differential forms are

—

7 /
(aa%)y = ay° £3(t) at

or

(aad) g/ = [fL6)/5 (1)) et (89)
Similarly, :

(D) /@ = [£5(8)/2,(%) | as o (90)

T+ is assumed that Eq. (89) applies 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

a9%/q? = [(a{%d v (ae®)y] /e
whence

a2/ = [£)/8(8)] at + [¢,(6)/8,(6)) a8 (91)

Integration of Eq. (91) between time t=0 and t =%, gives
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/g% = £(8) £(5) - (92)

That is, if the effect of contraction alone is expressed by
£1(t), and the effect of decay alone by fz(t), then the
joint effect is expressed by the product £ (%) fz(t).

In ihis method of combining the effects of decay and
distortion, it is assumed that anisotropic turbulence of

intensity q2 will decay at the same rate as isotropic
turbulence having the same value of ;é. There is no data
available on the decay of anisotropic turbulence, but from
agreement'of the actual turbulence with Eqg. (91), which will

be shown later, it appears that this assumption is valid.

From fhe structure of turbulence determined from the

—

rapid distortion theory and the calculated values of q2 as
“outlined above the values of the individual components can

be'calculated.



CHAPTER 3
EXPERIMENTAL EQUIPMENT AND INSTRUMENTATION

3.1. Experimental Ducts

Experimehts 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. 1 and
the two-dimensional contractions, ducts no. 2 and no. 3)
were designed to produce plane strain, strain type parameter
F=0. The equivalent symmetrical contraction (duct no. 4)
was designed to produce strain of type parameter F =-1/2,
and the equivalent symmetrical diffuser (dvct no. 5) to
produce strain of type parameter F=1. These nominal types
of strain were not achieved in the experiments because 6f
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 result of
changiﬁg the grid which changed the location of the virtual
origin of the turbulence. In the two~dimensional contrac-
tions, more widely differing values of the strain rate
parameter (I,=0.32 and I=0.97) were obtained by changing
the duct geometry. The lower value of I,was achieved in
duct no. 3; this duct was formed by modifying 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 | Strain Strain hkate of
Strain type Duct Duct Grids ratio rate type strain
no, parameter | paremeter tensor
(mex.) 1)y ¥
6.0 0.32
Plane strain Distorting duct 1 @ J 6.0 _ i 0.24
(lateral)
6.0 0.31
Plane strain Two-dimensional 2 @ ﬁ A R 0.97 0 W io o
(longitudinal) contraction Bx.
1 0 -1,
s | & 63 ED | o | we | ome
1 o 0O
‘Symmetrical fluid | tquivalent L @ —y h 5.8 0.95 -1/2 BUI 0-1/2 0
contraction symrmetrical 3. .
contraction 1l o o0
(o}
Symmetrical fluid | Yquivalent 5 @ A 2.3 0.25 1 )
diffusion symmetrical —2] 0
diffuser ax]
c =2

9
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The maximum value of the strain ratio for each duct
is showﬁ in Table 2. The distorting duct produced a strain
ratio of 6 (determined from the duct design equations) which
was higher than the strain ratio of 4 achieved in Townsend's
duct, but less than the value 13.3 achieved in the duct used
by Marechal, Strain ratios in the remaining ducts were
obtained from measured mean velocities, £ =T/(U),, T was
the mean-velocity near the end of the duct where the final
turbulence measurements were taken.

The design shapes of the ducts were obtained by
choosing values of Ey.él_and the duct length, and applying
Egs. (17), (18) or (24), (25), or (26), (27), which 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 thickness is
difficult since the flows in the distbrting ducts are three-
dimensional with varying pressufe gradients. As an approxi-
mation, the displacement thickness was calculated for two-
dimensional turbulent flow over a smooth flat plate in zero
pressure gradient:

§,(x) = 0.0462 x (Tx/v)"L/5

.

This formula and its notation are given in Schlichting.56
As an approximation x was taken as the distance downstream
from the grid and ﬁ;,the mean velocity at the grid, which

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,

B and 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
+0.001 in. as shown in the diagram of Table 3.

The lérge 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 interlqcked
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



Grids used in the experiments

TABLE 3
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Mesh Solid-
Grid | Fame & lepgth ity Diagram
Description M(in.) | o
. -
A Small square 0.687 0.47 L I - *Lﬂ
grid
Perforated Q:500" jgan
steel from =000 000!
commercial -
stock
0-688 "¢ 0-030
B Large square 1.836 047 - ‘———i'
grid
Fabricated from me 0-500
engravers brass t0-002" 10-00
bars
C Diamond grid 0.593% | 0.32

hxpanded and
flattened
aluminum from
conmmercial
stock

*Equivalent mesh length 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 *0.002 in., as shown in the diagram of Table 3.

3.3. Distorting Wind-Tunnel

Two different wind-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 given in a separate

report by the author£®

3.3.1. Description, Distorting Wind-Tunnel

The arrangement of the distorting wind-tunnel is
shéwn in Fig. 10. Air entered the tunnel through a bell-
mouth and then passed through a curved bronze screén 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 sectioh 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

anisotropic 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 7% hp electric motor
which exhausted the air to the room atmosphere. Vibrations
from the fan to the working-section 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 Pig. 11 was
designed to produce a strain ratio.ﬂl=:6. In the design,
the cross-sectional area, before allowing for the growth of
the boundary-~layers, Qas kept constant with the dimensiocns
7.5 in. wide by 4s in. high at the.inlet, changing to 45 in.
wide by 7.5 in. high at the outlet, in a length of 8 f%.
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
tunnel 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 ﬁsing grid B. The
aspect ratio of the distorting section at inlét, 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
producé 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 22‘§O approximately the
same as the transition angle which had worked satisfactopily
in Townsend's tunnel.

The right walls (looking downstream) of sections
% and 4, as shown in Fig. 10, weré'cohstructed of 1/8 in.
plexiglas which allowed good viéibility for locating probes
within the tunnel. The left walls of sections 3 and L were
provided with large access doors With tight neoprené 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 1

was made of 6 in. diameter cardboard tubes.
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3.3.2. Traversing Equipment, Distorting Wind-Tunnel

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 to be
positioned at any point on the longitudinal center-line of
the distorting section and adjoining parallel flow sections.
Thé probes were supported at the end of a 1/2 in. square
brass bar, approximately 3 ft. long, which in turn was
supported so that its center-line was aligned with the
longitudinal center-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 passing vertically
through the tunnel. Holes for.the vertical rods were spaced
approximately 15 in. apart, and when particular rods and
bearings were not reguired 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 downsfieém movement
from ocutside the tunnel. Accurate scales were marked along
the center-lines of the plexiglas and the opposite side
walls; this allowed the location of the probe to be deter-

mined by sighting across the tunnel.

3.,%.3., Center-Line Mean Velocities, Distorting Wind-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
meen velocity 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 grid 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 PFig. 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
approximately identical. The presence of the grid did not
appreciably change the velocity Qistribution in the tunnel
as can be seen by comparing the dimensionless velocities,
at a mean velocity 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
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comparing the values in Fig. 13 for grid 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-section 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 velocities in the transition zones are natural to
”the flow and cannot be avoided but could be decreased by
ha%ing a longer distorting duct; this of course would de-
crease the rate of strain and make it more difficult to
compare the actual turbulence with 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



74

better than the 20 in. of approximately constant velocity
achieved by Townsend in his distorting tunnel, and may
partly account for the different results which will be
discussed later. Overall, the mean longitudinal velocity
throughout the working—sectioﬁ of the tunnel varied less

than 10 percent; this was considered acceptable.

3.3.4, Background Turbulence, Distorting Wind-Tunnel

The background turbulent intensities along the
center-line of the empty tunnel (ie., without the grid) are
shown in Fig. 14 for mean velocity U, of 20 fps. The back-
ground turbulence is lowest in the distorting section; the
three components of the turbulence are approximately equal

and less than 0.3%, that is,
o -2 = -2 ' /T -2
w'/G<0.3 x 107, v'/T<0.3 x 107°, w'/F<0.3 x 10™%,

Thése values were obtained after correcting for instrument
noise using the method described later in Sec. %.6. The
turbulent intensities increased downstream in the parallel
flow section, and the u' and v! cohponents attained values
of approsimately 0.45% and the w"component approximately
0.40%. This increase in the background turbulence may

have been due to acoustic noise and vibrations from the fan,
or to boundary-layer growth which allowed turbulent fluid
to reach the center of the duct.

The effect of mean velocity on the béckground
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turbulence in the tunnel is shown in Fig. 15, where values
of the relative turbulent intensities versus ﬁean 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 u'/ U,
v'/ U and w'/ U 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 McGill blower wind-tunnel was used to generate
flow through the remaining three distorting ducts: the two-
dimensional contractions, ducts nbs.'Z 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 repbrt by Wyganski and
Gartshore.”® 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 had a single-
stage centrifugal fan (Buffalo $80 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 which formed the walls of a iarge 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 screen 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.

3.4,2, Calibration and Background Turbulence, Blower Wind-
Tunnel

A survey of the total and static pressure at the
exit of the tunnel was made by Vyganski and Gartshorel®
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/U7
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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. |
The background turbulent intensities which were

measured along the center—lineé of ducts nos. 2, 4 and 5
(inlet velocities 20 fps) are shown in Figs. 37, 47 and 55
respectively. The turbulence was approximately the same
at the entranpe’to the distorting sections of duct no. 2

and duct no. 4 with values
w' /U ~ vt/ ~ w'/U = 0.5 x 1072

The longitudinal compoﬁent of the background turbulence
remained approximately constant but the lateral components
decreased in the downstream direction to less than 0.2%,
ie., v'/U ~w'/0 < 0.2 x 102, The corresponding turbulence
was slightly higher in duct no. 5. This duct had a low
pressure drop and hence required the control damper at the
fan to be more closed to maintain the duct inlet velocity
at 20 fps. The high turbulence was probably due to tur-
bulence generated by the dampers. |

At the beginning of the ekperimental program it
was thought that the backgrouﬁd turbulence in the tunnel
was not objectionable. It was felt that the character of
the ofiginal background turbulence would be lost in passing
through the grid and that the characteristics of the tur-

bulence downstream of the grid would be approximately the
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same as for low background turbulence. 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 (3 in.
diameter holes with % in. square spacing between centers)
in the diffuser behind the fan. However, 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
grid 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 foot—mean—square values of
the three turbulent components were measured on the center-
line, 24 ir. downstream from the screen. When these values
were compared with those taken at the game location 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
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250 mesh lengths), leaving the background turbulence the
same as before the screen was installed. |

A part of the background turbulence in the tunnel
could be sound waves generated by the fan. Dryden and
Schubauer '° 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 long 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-
lihe 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 analygis
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

apemometer 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, which 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 pase of 4 ft. by 10 ft.
by 1 in. 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 bolté. When the bolts clamping
the sides were loosened the 1/4 in. plexiglas sides, which
were ‘quite 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. 3.1l.
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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 held at the end of a 3 ft. long by‘l/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 extend beyond the exit; this

allowed the probes to be positioned from outside the tunnel.

34,4, 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 pérallel section of the
duct remained unchanged and the distorting section was
converted by placing liners of the correct shape inside to
form the top and the bottom of the contraction. The sides
of the existing duct, which were‘flexible, were ad justed
to form the sides of the contraction. ?he liners were made
of 1/4 in. plywood fastened to 3/4 in. plywood ribs.

The probe support and traversing gear were the sanme

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, Eguivalent Symmetrical Diffuser

The equivalent symmetrical diffuser, duct mno. 5 is
shown schematically in Fig. 53. The duct had an inlet
17 in. high by 30 in. wide to match the outlet of the blower
tunnel. The 2 ft. long parallel section was followed by the
distorting section. The duct was attached to the blowef
turmel and the framed grid was located between the flanges.
Air paésed 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
looking downstream which was made of 1/4 in. plexiglas..

The distorting section of the duct was 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 Xy The design was based on a strain ratio
of 2.5 in a length of 8 ft. The traversing gear was the
same as that described in Sec. 3.4.3. for the two-dimen-

sional contractions.
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3.5. Turbulence Measurements

A1l 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 runs the readings were checked
using two units. Disa hot-wire probes were zalso used; these
had platinum plated tungsten wires, 0.005 mm diameter,
approximately 1.0 mm long (the length 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
veiocity. During calibration the air temperature was con-
stant within +0.5°P.

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 approximately u45° to the probe axis and to the
direction of the mean flow. To measure v' and uv the
slanting wire was located in the uv-plane, with 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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4 and one at -4, obtained by rotating the probe 180° about
its axis. The single normal and the two slanting wire
readings gave three equations from which the three unknowns
u', v' and uv were determined. The derivation of the hot-
wire equations are given in Appendix B.

The constants ny and nyj in the normal hot-wire
equations (see Appendix B, Egs. (B.26), (B.27) and (B.28))
were obtained from an B2 versus U® calibration as outlined
in Sec. B.5. 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 sy and s, were also obtained using Equations |
(B.22) and (B.23) of Appendix B: &, the angle of the slanting
wire, was measured directly; c, the exponent in the hot-wire
equation, was obtained by calibration; k, the constant which
measures the cooling effect of the velocity component along
the hot-wire, was assumed to be 0.20 as suggested by the
separate results of Webster}® Champagne® and Patel?®

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 ¢, ¢ and k were slightly different than
those based on the pipe calibration. In the blower wind-
tunpel these differences were relatively unimportant because

of the possible larger errors due to background turbulence.
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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 ;;é/(ﬁc)z
and uiz/c;—z slightly. This is discussed later in the thesis.
The one-dimensional spectra were measured using two
Disa type 55A01 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. ZErrors due to
close spacing of Disa X-wires have been studied by Jerome and
Burling?®'and by Guitton and Patel 22

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 ﬁoltage 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 measured spectra showed that frequencies associated with
grid turbulence were well below this value and hence not
affected. The use of the 20 kc/s low-pass filter eliminated

about 60% 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 permissible, since the turbulence and
the instrument noise are uncorrelated.

The turbulence intensity measurements which were
taken in the ducts when the grids'wefe'present were corrected
for background turbulence by two methods.

Method I: The 20 k¢/s low-pass filter of the hot-wire
anemometer was ﬁsed 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 filter of the hot-wire anemometer were used in
taking the measurements. The readings were corrected for
instrument noise by subtracting from the meésured 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 tunnellover 80% of the
background turbulent energy was contained in frequencies
below 20 cps. Only about 10% of the energy associated with
the grid turbulence was contained in these frequencies.

Method I was used to correct for background turbulence
and instrument noise in duct no. 1 used with the distorting
wind-tunnel. Method I and method II were used to correct
for background turbulence and instrument noise in the

remaining duct used with the blower wind-tunnel.



CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4,1. Decay of Grid Turbulence in Uniform Flow

There have beeﬁ 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 beén
discrepancieg between the findings of different investi-
gators regarding the detailed structure of the turbulence
»producéd by the 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? '

The grids used in the present experiments were of the
gingle plane tjpe, two were commercially available from
stock; these grids were chosen because they were cheap and
‘each grid was approximately homogeneous in geomeiry.
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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L,1.1. Experimental Arrangement and Measurements

The experiments 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 shown in
Fig. 10. VWind-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. TFor 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. loﬁg
parallel flow section.

Using the small square grid A, measurements were
made with mean velocity ﬁc steady at épproximately 20 fps.
For the diamond grid C, the mean velocity U, was steady at
appfoximately 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 u', v' and w' and
the mean velocity U were made'af 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 I given in Sec. 3.6. In all cases
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the corrections were small and changed the turbulence

intensities ui%/ﬁz by less than 3% for both grids.

k.1.2. Turbulent Structure during Decay

It was found that the turbulence produced by both
grids was anisotropic. The component u' in the main flow
direction was higher than the turbulence components v' and
w' in the transverse directions. The values of v' and w'
were equal within the accuracy of measurement.

A convenient measure of anisotropy of the turbulence
is u'/v' which for isotropic turbulence has a value of
unity. Values of u'/v' versus (x—xo)/M are shown in Pig. 7.
The turbulence was anisotropic for both gfids, but there
was a definite tendency towards isotropy at increasing
distances from the grids. The values of u'/v' were approxi-
mately the same for both 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 have been reported
by Comte-Bellot and Corrsin'' together with their own results.
The figures used in their report to compare results is
shown as an insert in Fig. 7. The present results fall well

within the range of the results of the other investigators;
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they all obtained values of u'/v' which were greater than
unity. The tendency observed here towards isotropy agrees
with the results of Corrsin and Comte-Bellot and Corrsin,
the results of Uberoi show a slightly opposite tendency.
In the present results, if the constants Sq and 8,
were obtained from the measured values of ¢ and ¢ and the
assumed value of k=0.2, then the values of u'/v' 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' would be
1.1 and at 140 mesh lengths the turbulence would be close

to isotropic with values of u'/v' near 1.0.

L,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. Here it was assumed that the equations

for the u' and v' components of the turbulence were of the

form:
52/02 = B(x-xg)" (93)
w2/v% = C(x—x))" (9%)

These equations allowed the virtual origins and the rates of
decay of the u' and v' components of the turbulence to be
different.

The values of n, B and X, were obtained using the

experimental data in Eq. (95) which was obtained from
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Eq. (93)

(T2/uR)/n = pl/n 4 _ gl/n Xq (95)

An initial value of n=1 was assumed and the rms error was
found for a straight line through the points (ﬁz/ﬁz)}/n Xe
The value of n was then increased by increments until the
smallest rms error was obtained. This gave the value of n.
The value of x, was obtained by dividing the intercept
Bl/nxo by the slope Bl{n The values of m, C and xs were
obtained from the experimental data in the same way using
Eg. (94). It was found that for any one grid x, and xj
were nearly equal. In order to simplify the results a
single value of x, was chosen and n and m were changed
to the values obtained for the lines having this value of
Xge '

For grid A the experimental vélues of the relative
turbulent intensities, ;é/ﬁz, ;E/ﬁz, ;E/ﬁz and ;z/ﬁ2 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 isotropic as indicated
by the tendency for the 5?/32 and the ;é/ﬁz (or w2/32) lines
to converge at increasing distances from the virtual origin.

The valu~- of n and m are the negative slopes of the



TABLE 4
Comparison of the decay of turbulence for perforated and bi-plane grids
Heference Rey U M o Type of grid u®~ - decay v2, 2 - decay
x 1072 (fps.) | (in.) |solidity n [fa ¥ o Xa™%0
M M
Corrsin (1942) 8.5 33 0.50 0.4k Bi—plane,rougd 1.30| 1 1.22 1.5
rods

17 33 1.00 O.Lk " " 1.281 3 1.1k 2.5

26 49 1.00 0.l " " 1.35 | 1 1.16 1
Batchelor and 5.5 21 0,50 0.34 " " 1.131 5 - -
Townsend 11 L2 0.50 0.3 " " 1.25| 8 - -
(1947-1948)
Uberci (1963) 29 56 1.00 0.k " " 1.20 | 4 1.20 | &
Baines and 24 26 1.75 0.44 |Bi-plane,square | 1,37 | 3 - -
Paterson (1951) rods
Comte-Bellot and| 17 33 1.00 0.34 " a 1.33{ 1.5 1.27 1.5
Corrsin (1965) 3k 66 1.00 0.34 N " 1.27 | 2.5 1.24 2
Tucker 6.8 20 0.69 0.47 |Perforated sg. 1.35] 4.7 1.17 b,7
(present values) grid

5.8 20
11.6 L0 0.59 0.32 |Perforested 1.35] 5.0 1.23 5.0
17.4 60 diamond grid

¢6
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corresponding straight lines.

Results for the three different mesh.Reynolds numbers
ReM of the diamond grid C are shown in Fig. 9. The lateral
components of the turbulence v' and w' were equal within
the accuracy of measurement, average values of (;2-+;§)/2ﬁ2
are plotted together with Eé/ﬁz and ;é/ﬁz. 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 L, 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 Corfsinl’ The values of n, m and Xo/M
found for the squaré 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 anisotrdpy of the grid tur-
bulence, it was necessary to account for this in the rapid
distortion theory in order to obtain agreement between the
theoretical and experimental results in the initial stages

of distortion.

4.2. . Plane Strain (lateral), Strain Type Parameter F=0

Plane strain having type parameter F=0 was produced

in the distorting wind-tunnel, the duct which produced the
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strain is shown schematically in Fig. 11l with reference
axes Xy, Xp, Xz 8S indicated. The distorting duct was of
the same general shape as the ducts used by MacPhail,s5

Townsend ° and Marechal3® in their separate experiments.

4,2.1. Experimental Results Using Grid A

The small square mesh 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 uf, ué,
u% and the longitudinal mean-velocity ﬁz were made at points
albng the center-line of the tunnel. During measurement
the mean velocity (ﬁé)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 lesé than 0.7% and the
temperature remained within the range 76°F. to 81°F. The
temperature at'which the hot-wires were calibrated was
80 £ 0.5°F.

Values of the turbulent intensities uiz/(l—fz)c2 and
;Q/(ﬁz)o2 versus (x,-(x,),), 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 energy 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 obtainéd, approxi-
mately, from the instantaneous distortion theory applied to
isotropic turbulence. Turbulent energy is produced by
distortion, as can be seen from the increase in &é/(éé)A
shown in Fig. 4. Distortion acts selectively on the
individual components of the turbulence, increasing the
values of the uj and u% components and decreasing the value
of the u{ component, as shown for the parameter F=0 in
Fig. 5.

In considering the behaviour of the total turbulent
energy éé/z during distortion, two opposing processes vere
present: the first was viscous decay which tended to decrease
the value of ;é; the second was the production of turbulent
energy by the distortion, which tended to increase its
value. PFrom Fig. 16, we see that in the initial stages of
distortion the decay effecté were aominant; as the tur-
bulence became distorted to higher strain ratios the pro-
duction effects became more significent until, for a strain
ratio near 3, the values of ;é reached a minimum. Here the
production apparently balanced the decay and the turbulence
was in a state of energy equilibrium. 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 ahd the viscous
decay caused &é to decrease. Values of &2/(ﬁ2)c2 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 anisotropic turbulence was
not too different than the rate of decay of the more nearly
isotropic grid turbulence. This was the assumption made in
order to correct the instantaneous distortion theory for
decay.

The theoretical curve ;?/(52)02 shown in Fig. 16
was obtained starting from the measured value at the
beginning of distortion and assuming isotropic turbulence.
The rapid distortion theory was used and 6orrected for decay
by the method outlined in Sec. 2.6. Agreement between the
experimental and theoretical values of c;é/(l—lg)c2 was
remarkably good throughout the distorfing section. Agree-
ment was not as good when the rapid distortion theory was
applied to the actual anisotropic turbulence using the
equivalent strain ratios (fj),; this applied to all the
ducts tested. '

The theoretical curves for the components of the
turbulence, which are shown in Fig. 16, were obtained using
the rapid distortion theory applied to the actual aniso-
tropic 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).
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The fractions were applied to the theoretica; values of
qZ/(ﬁZ)c2 to give the theoretical curves of the components
shown in Fig. 16. There was good agreement between the
experimental and theoretical values of ﬁ;é/(ﬁz)cz through-
out the distorting section, however, the experimental values
of ;;é/(ﬁz)cz became higher than the theoretical values as
the strain ratio increased while the experimental values of
u22/(32)02 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
anisctropy of the turbulence. This is illustrated by
considering the experimental values of &Ié/(ﬁz)cz in Fig. 16,
In parallel flow before distortion where the turbulence
was slightly anisotropic, the values of ;Ié/(ﬁz)cz decreased
during decay while in the parallel flow after the distortion,
where the turbulence was highly anisotropic and the value
of turbulent intensity &I? was small compared to the inten-
sity of the other components, there was an increase in the
value of ;;é/(ﬁz)cz during the overall turbulence decay.

The local structural measures &;é/;é, versus strain
ratio are shown in Fig. 17. At the entrance of the distor-

ting section the turbulence was anisotropic with u32/q2=:0.41

and ulz/qzezuzz/qzzz0.29; turbulence of this type is
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produced by a rapid strain of type parameter F =1 and strain
ratios (£y), =(£p)y =1.20, (23)h=o.7o. 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.

Por strain ratios up to 1.5, thevexperimental values
of ;;é/éé, ;;é/éé and d;é/éé were close to the theoretical
values. At higher values of the strain ratio the measured
values of u32/q2 continued to agree closely with the theory;
however, at values of £ >1.5, the measured values of
&12/&5 became higher and the measured values of ggé/éé
became lower than the corresponding theoretical values.

The structure of the turbulence during distortion may be
considered as the product of two opposing eftects: 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 opposing effect is 2 tendency of the
turbulence to return towards isotropy which is an integral
part of the decay process.

The local intensity ratios'azé/éé, although useful
as a measure, give little insight into the structure of the
turbulence. This deficiency may be removed by using the
hypothetical strain ratios (L) ys (£5), and (fé)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 &s explained below.
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If we imagine the actual turbulence as if it were
produced by a hypothetical instantaneous distortion of
(fﬂg,(fzm and(%3h1applied to isotropic turbulence, the eddies
of the isotropic turbulence which are uniformly distributed
in space would tend to become ‘oriented in the direction of
the higher strain ratios, and hence the values Of(jﬂh’Cﬁﬁh
and(égy\could be considered to measure the space orientation
of the eddies. For example, if the value of the structural
triple «Ilm,(ﬂgh;C!Qk) were (6, 1, 1/6), the eddies could
be considered as oriented mostly in the X,-direction, less
in the xp-direction, and least in the xz~direction, since
this would be the result if a voluﬁe 1 x1x1 units,
containing vortex elements uniformly distributed in space,
were distorted to a volume of 6 x 1x 1/6 units. The triple
«4Qk,649h,(f§k) might therefore be considered as a measure
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 &Ié/éé, ﬁ;é/dé and &;é/éé using the rapid distor-
tion theory, Egs. (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

compared with isotropic turbulence, which has a structure
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(1, 1, 1), were oriented more in a plane parallel to the
grid. When turbulenee is distorted, the rapid distortion
theory for anisotropic 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 isotropic; this is shown by the approach of the local
intensity ratios &zé/éé, ;;é/éé and d;é/éé towards equality.-
This tendency was greatest near the beginning of the parallel
flow where the turbulence was highly énisotropic.

In order to compare the fesults obtained here with

those of Townsend *® and Marechal3®” the structural measure

2 2 2 2

K=(u g~ u min)/ (W pax + 1 ) was calculated for

min
different strain ratios. The ducts used by Townsend,
Marechal and the present author were all of the same general
shape and were designed to produce uniform plane strain of

' type F =0; the rates of strain as measured by the parameter
Ipnwere nearly the same in all ducts, .54, .66 and .32

respectively; the maximum strain ratios achieved in the

three ducts were different, 4, 13.3 and 6 respectively.
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Experimental values of the structural measure K,
obtained by the present author, by Townsende3and by
Maréchalf7 are plotted against strain ratio in Fig. 18.

In obtaining the theoretical curve which is shown, the
turbulence was assumed anisotropic at the beginning of the
distortion to agree with the grid turbulence in the present
experiments and the values of K were based on (ii)e.

As shown in Fig. 18 the experimental values of K,
for strain ratios greater than 1.5, are less than the
theoretical values and appear to fall on a curve which
belongs to the same 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
“égree closely with this curve up to the maximum strain
ratio of 6 where an experimental value of K~0.62 was
obtained. |

Tt is interesting to compare the present results
with the results of Maréchal?’ whose distorting section
ﬁroduced strain ratios up to 13.3. Iwo geometrically similar
grids were used in his experiments. The turbulent structure
as measured by K was approximately the saﬁé for both grids.
Points from Marébhal's curve are shown in the main Figure
and his Pigure 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 Maréchal for a strain ratic 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 6f
Townsend's values of X 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 is considerably less than
K~0.55 at strain ratio of 4 achieved by Maréchal and by
the present author. This cannot be ekplained as the result
of differences in the strain rate parameter; the value of
IAih Townsend's duct was 0.54 compared with the present
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 ToWnéend's values for strain
ratios near L4 may possibly be the result of the failure of
the experimental duct to establish the hypothetical'uniform
straining throughout its length. Fig. 12 of the mean

velocity in the present duct and the corresponding measure-
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menis 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 L
and in Maréchal's duct for a range of straim ratios 1.5 to
8.7. Hence, 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 show 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 anisotropic turbulence and slower as the trubulence
approached the isotropic 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 thoroughly later in the thésis.

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 calibration. In order to show the
effects of determining the hot-wire constants from the
separate values of ¢ and ¢ and k results using these
constants are shown in Figs. 19 and420.

The variations in the local turbulent intensity
ratios are shown in PFig. 20. When compared with the cor-
responding values in Fig. 17, it can be seen that the cal-
culations based on ¢ , C and k decreased the isotropy of
the grid turbulence before distortion. When the turbulence
‘was distorted to strain ratios near 6, values of ﬂ;é/&é
close to 0.55 were obtained, compared with 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 all 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.

Spectra of the longitudinal component of the
turbulence at different locations along the distorting duct
were measured using 2 single normal hot-wire; these spectra
are shown in PFig. 21. Spectra measurements at the same
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 some 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 no% sufficient to influence the
discussion.

“ The low Reynolds number grid turbulence studied here
cannot be expected to have an equilibfium range charac-
terized by a spectrum curve of slope (—5/3). Comparison of
+the spectrum curve at the beginning of distértion with the
line of slope (-5/3) in Fig. 21, shows that at high wave
ﬁumbers 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®*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 the direction of lower wave numbefs. The reason
for this is that the turbulence corresponding to high wave
numbers decays at a faster rate than the turbulence of
lower wave numbers.

The 6ne—dimensiona1 specira of‘dlé and &;2, the
lateral components of turbulence, are shown in PFigs. 23
and 24. The lateral spectra are similar to the longitudinal
spectra shown in Fig. 21.

—

In order to detect small differences in the ulz,

— —

u22 and u 2 spectra at the end of the distorting section,

3 —
these spectra were plotted in Fig. 25. The spectra of u.2

—

and u32 the high energy components are approximately

jdentical. The specira ol &Ié the low energy component
"contains a relatively larger proportion of energy in the
higher wave number range. 1t 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 isotropic turbulence that energy transfer takes

place from low to higher wave numbers.

4.2.2. Experimental Results using Grid B

‘Por 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 secticn does not sighificantly
change I, the intensity parameter; also the other parameters

ﬁl and F are not changed.

Grid B was located in the grid slot and, as before,

2
ﬁz were taken along the center-line of the tumnel with the

measurements of ui, u!, u% and the longitudinal mean velocity

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
velocity varied less than 0.5% and that the temperature
remained within the range 80°F. to 82°P. The temperature
at which the hot-wires were calibrated was 81l.5 iQ.SOF.

Values of uiz/(ﬁz)c2 and qz/(l—lz)c2 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 (?/(ﬁz)c2 and
u32/(ﬁ2)c2 is less satisfactory. B

The local structural measures &;é/qz are plotted
versus distance from the beginning of the distortion and
strain ratio in Fig. 27. When,qompared with Fig. 17, which

shows 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 anisotropic
grid turbulence, the values of ;;é/éi agree closely with the
theoretical, while at the higher strain ratios the values of
ulz/q2 are higher and the values of &;é/éé are lower than
the theoretical. In the parallel duct downstream from the
distortion the tendency for the turbulence to approach
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 distorting
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 the length scales of the
turbulence becoming large in comparison with the width of
the tunnel in this region. The same reason may in part
explain the falling off of Townsend's K values and also
those of Maréchal near the end of their 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
wvas no appreciable change in thé important parameters F, I,

and /el.

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 measurements were made at two

steady mean velocities, and from the results the effect of
changing the grid Reynolds number by changing the mean
velocity was determined.

These experiments were actually the first performed
in the tunnel. The diamond shgped grid had a low solidity,
o =0.37, which could be expected to generate homogeneous
turbulence, however, the turbulence was of low relative
intensity and was difficult to measure accurately.

Grid C was placeﬁ in position in the grid slot of
the distorting tunnel, which had at this time a 4 f%t.
parallel section behind the distorting section and not the
12 ft. length as shown in Fig. 10. Measurements of the

1
ﬁz were taken along the center-line of the tunnel. Two

turbulence intensities u{, ué, u% and the mean velocity

sets of readings were taken: one with mean velocity steady
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
velocity varied less than 0.5% and the temperature remained
within a 3°F. range. |

For the mean velocity of 20 fps, the relative
intensities uiz/(ﬁz)c2 and qz/(ﬁz)c2 are plotted versus
distance from the virtuel origin as shown in Fig. 29. The

straight lines which were obtained experimentally for the
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grid C turbulence in uniform flow are also shown for
comparison. The relative turbulent intensitieé behaved
similarly to those of the square grids A and B as shown in
Fig. 16 and Pig. 26 respectively, but the actual values are
lower because of the lower solidity of the daimond grid.

As in the case of the square gids the two opposing processes
of production and decay determine the behaviour of the
turbulence.

Por comparison, curves of the component and total
turbulent intensities obtained from the rapid distortion
theory of the anisotropic grid turbulence with corrections
for decay are shown in Fig. 29. As before, the measured
values of éé/(ﬁz)cz and ;;é/(ﬁé)cz agree well with the
theoretical values throughout the distorting section. In
the case of &;é/(ﬁz)cz and ﬁ;z/(ﬁé)cz agreement is less
satisfactory at the higher strain ratios.

Comparing the relative tﬁrbulent intensities for the
diamond grid of 20 fps shown in Pig. 29, with the corres-
ponding intensities for the same“grid at 40 fps shown in
Pig. 31, it can be seen that the plots are approximately
identical. In both cases there is a noticeable tendency
toward isotropy in the parallel flow 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
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meter values flﬁctuated about 5%; this accounts for the
scatter in the plotted values. .

The local turbulent intensity ratios for velocities
20 fps and 40 fps are shown in Pig. 30 and PFig. 32. The
local turbulent intensities behaved similarly at both
velocities. .

The structural measure K for velocities 20 fps and
LO fps is shown in Fig. 33, together with the empirical
curve K= 0.63 K,. 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 chahge the turbulent structure.

4.3, Plane Strain (Longitudinal), Type Parameter F =0

Longitudinal plane strains having type parameter F =0
were produced in the two-dimensional contractions, duct no.2
and ‘duct no. 3, with strain ratios £, of 5.4 and 2.8 and
strain rate parameters IA 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
changing 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 distributions with the small square
grid in position and mean velocities at the inlet of the
contraction, steady at approximately 20 fps, are shown in
Pig. 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
center-line of the ducts. Corrections were made for inétru—
ment noise as described in Sec. 3.6. and the relative
intensities u'/T, v'/U and w'/T 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

w'/T ~v'/T ~0.45 x 1072, w'/T =~ 0.30 x 10™%

the u' component remained approximately constant throughout
the contraction. The v' and w' components decreased in the

downstream direction and at the exit attained values of

Vi /T ~w'/T ~0.10 x 10~%
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In comparison with the grid turbulence the background 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 (ie., u'/7)
was decreased more than the lateral components as shown
later in this thesis.

‘ The spectra of the background turbulence in the
blower wind-tunnel is shown in Fig. 38. However, 80% of
the total energy'of the background turbulence was below

20 cps which could not be analyzed by the spectrometer.

L,3.2, Experimental Results

With grid A in position, measurements of the tur-

ué, u% and the iongitudinal mean

veiocity U were made at roints along the center~line of

bulent components u!,

duct no. 2 and duct no. 3. During the measurement the mean
velocity in the parallel section 6f the duct was steady at
approximately 20 fps. Periodic checks of the mean velocity
at fixed reference points behind the gria showed that during
each run the mean velocity varied less than 0.5% and the
" temperature less than 6°F.

The turbulence readings were corrected for combined
background turbulence and instrument noise by method I of

Sec. 3.6. and values of the turbulent intensities uiz/(ﬁl)cz,
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and czé/(l_ll)c2 were plottéd against (t - to) the time from
the virtual origin; the plotted vélues for duct no. 2 and
duct no. 3 are shown in Fig. 39 and Fig. 41 réspectively.
Straight lines are drawn in the figures which show the
decay of the turbulence in wniform flow; also curves are
shown which were obtained from the fapid distortion theory
as outlined previously.

It can be seen from the figures that all 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
;Ié/(ﬁl)cz 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
meaéures ;;é/;é are plotted versus strain ratio for duct
no. 2 and duct no. 3 in Pig. 40 and Fig. 42 respectively.
Curves obtained for the instantaneéus distortion of aniso-
tropic grid fturbulence are also shown for comparison. The
measured values of &;é/&é agfee closely with the theoretical
values for duct no. 3, agreement is less satisfactory for
duct no. 2. The experimental values of ;—é/éé and azé/éé
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 &;é/éé .are higher,
and the experimental values of ;;é/éé are lower than the
theoretical values, especially 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 experimental values of K agree remarkably well with the
theoretical curve except in duct no. 2 for strain ratios
Ly > L.

Comparing the values of K for duct no.2, IA=¥O.97,
with those of duct no. 3, Ip=0.32, it apbears 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 définite conclusions
can be made regarding the effect of the strain rate para-
metér.

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 corredting for background tur-
bulence by method 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 cobtained using method I to
correct for background turbulence.

The one-dimensional spectra of the léngitudinal
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component of turbulence at different distances along duct

no. 2 are shown in Fig. 44. The spectra appeaf to be closer

to self-preserving than the equivalent u22 spectra in

distorting duct no. 1 which is shown in Fig. 23.

b.b, Symme}rical Fluid Contraction, Strain Type Parameter
=-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 applied
to isotropic 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=0.

L.4,1, Characteristics, Equivalent Symmetrical Contraction

Mean velocities along the center-line of duct no. b
(the equivalent symmetrical contraction) were measured using
the separate total and static pressure 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 is shown in Fig. 46. The experimental values
fall close to a straight linec which indicates that the

rate of strain Bﬁl/ax was uniform throughout the contraction.

1
With the grid removed from the tumnel, 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 Pig. 47. The background
turbulence was similar to that observed in the two-dimen-
sional contraction. The longitudinal component remained

fairly constant along the duct at values
u'/U ~ 4.5 x 1072

The lateral components decreased from values
v /T cwt/T ~ b.5 x 1072

at the entrance to values near 2.0 x 102 at the exit.

L.,4,2, Experimental Results

With grid A in position the turbulence components
u'y v', w' and the longitudinal mean velocity U, were
measured at points along the center~line of the duct. During
the measurements the mean velocity in‘the parallél 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 3°F.

After correcting the turbulence readings for combined
background turbulence and instrument noise by method I of
Sec. 3.6. the values of the intensities izé/(ﬁl)cz and
iz/(ﬁi)cz were plotted versus the time from the virtual
origin (%t - t,) as shown in Fig. 4B8. 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 rapld distortion theory
by the method outlined previously.

__ The experimental values of ;é/(ﬁl)cz, Q;é/(ﬁl)cz
and u32/(ﬁl)02 lie fairly close to the theoretical curves,
especially for values of the strain ratio £; from 1 to 2.
For higher strain ratios the experimental values are slightly
lower. The experimental values of &12/(ﬁl)cz'also agree
with the theoretical for strain ratios less than 2; fof
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 transfer of energy between the components of
turbulence which is neglected in the theory.

From the minimum shown in the values of ;é/(ﬁl)cz,
it appears that turbulence reached an'enepgy 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 &;é/éﬁ are plotted against
strain ratio in Fig. 49. Theoretical curves assuming
instantanecous distortion of the anisotropic grid turbulence
are shown for comparison. At the beginning of distortion,
up to strain ratio 2, agreement is good but there is less
agreement at higher strain ratios. As already mentioned

this was caused by the transfer of energy between components
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which resulted in the turbulence becoming more isotropic.

Fig. 50 Shows the experimental values of the
structural parameter K and also a theoretical curve assuming
rapid distortion of anisotropic 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™

in a 4:1 symmetrical
contraction (strain rétio 21 = 4) is shown ih Fig. 50.
This value falls approximately on the theoretical curve.
The value of the strain rate parameter I, in Uberoi's duct
was 5.0 compared with I) =0.95 in the duct used by the
author. This may be the reason why Uberoi's value of X is
closer to the theoretical. Other values of Uberoi (K =0.80
for{,=9 and K=0.75 for 1’1:16) would fall below 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
longltudlnal component of turbulence uj /(Ul)C are lower
than the values obtained using method I. Differences due
to the low uj component also appear in Fig. 49 and Fig. 50.

There are obvious inherent errors in both methods
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of corrécting for background turbulence which influence
mostly the low readings near the end of the dﬁct 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 u12, u22 and u32

were measured at locations on the center-line of duct no. 4

at O in., 36 in. and 72 in. from the entrance to the con-

traction. The spectra of ulz, the longitudinal component
of the turbulence, is shown in Fig. 51. The three spectra

are approximately identical.

The u 2 spectra are shown in PFPig. 52. The spectro-

meter readings for the uz2 spectra were identical to those

for the u32 spectra which are not shown.

L.5. Symmetrical Fluid Diffusioh, 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 strain form para-
meter F is 1.0. Duct no. 5, which is shown schematically
in Pig. 53, is not a diffuser buf 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.

b.5.1, Characteristics, 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 aﬁl/bxl 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 imstrument noise and the turbulence intensities were
plotted as shown in Fig. 55. At the éntrance of the

distorting section {the intensities were:
u'/Ta v /T ~w' /T ~0.6 x 10~

The longitudinal intensity of the turbulence u'/U remained
approximately constant throughout the length of the duct,
while the values of the lateral components v'/T and w'/T

decreased and near the end of the duct were
v'/T ~w' /T ~0.25 x 1072

The background turbulence in duct no. 5 was higher than
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that measured in ducts no. 2 and L, 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

pave caused the higher turbulence.

4.5.2., BExperimental Results

Grid A was positioned in the wind-tunnel and the
turbulence components ui, ué, u% and the mean velocity U
were measured at points along the center-line of the duct.
Phe mean velocity in the parallel section of duct was

steady at approximately 20 fps. Periodic readings of a
pitot tube and thermometer at f;xeo locations behind the
grid showed that during the run the mean velocity varied
less than 1.0% and the temperature less than 3°F. |

The turbulence readings were corrected for combined
background turbulence and instrument noise and the inten-~
sities uiz/(l—ll)c2 and ;é/(ﬁl)cz were plotted against time
from the virtual origin (t - t ) as shown in Fig. 56. The
straight lines show the experimentally determined decay of
the grid turbulence 1ip uniform'flow. The theoretical curves
were obtained from the instanianeous distortion theory as
outlined earlier. It is seen that the experimental values
of ;é/(ﬁl)cz, 2/(U Do 2 and u22/(U1) 2 agree approximately

with the theory. Agreement between the ulz/(Ul) 2 component
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is less satisfactory.

The experimental values of the local stfucture
measure ;;é/éé 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 énd theoretical values of d;?/éé is good
for all strain ratios. At the beginning of distortion there
is fair agreement between the experimental and theoretical
values of &I?/;é and &;é/éé up to strain ratio 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 theoretical
values. Approximate agreement is obtained if the experi-
mental values are compared with the.emﬁirical curve,
K=0.85 K.

Careful measurements were taken at three locations
near the exit of the duct and corrected for background
turbulence using method II outlined in Sec. 3.6. The
obtained values are shown as solid points in PFigs. 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.

The spectra of the longitudinal component of the
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turbulence measured on the center-line at O 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 fhe different ducts
have been treated separately. In'this section there is a
general discussion of results and also discussion related
to Townsend's models of free turbulence and to turbulent

energy distribution and transfer between components.,

b.6.1. ZTurvbulent Structure Produced by Irrotational 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 ;;é/;é 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 ®in both his symmetrical contractions. This can be
explained as due to the high values of IA in his contractions;
I,= 5.0 and Ip=13.35 compared with Ip=0.95 in the present
contraction. It appears from this comparison that higher

anisotropy is obtained for higher values of IA or as the
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time scale of the turbulence beéomes 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 oflhzl. The values of &;é/éé
of Maréchal were not available for comparison.

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, comparison with theoretical values is more
meaningful when &;é/ié are plotted against the effective
type of strain F, as shown in Fig. 61. Unlike F the values
of F, vary throughout the ducts, and Fe (final value)
indicates P, at the position where the values of &;é/ié were
measured. The values.ﬁl and I, were not the same in all 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 convenience is shown for strain
4= .60.

The theory indicates that close to 50% of the

2

turbulent energy should be contained in the Uz component.

Experimental values slightly higher than this were obtained,
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the deviation was within the rénge of the errors of measure-
ment. The enérgy 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
theory. This was explained previously as & 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 poinfs of
the remaining ducts. In the distorting duct the expérimental
values of the author are for.ﬂl==6. Agreement with the K
value of Maréchal for,€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 ®° in his experi~
ments on homogeneous irrotational strain, namely: attainment
of an equilibrium structure characterized by a structural
measure of K=0.42 independent of 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 similar to that used by Townsend, K

values near 0.62 were achieved (Fig. 18); there was no
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evidence of the establishment of an equilibrium structure;
and after distortion there was a strong tendency for the
turbulence to approaech isotropy. The results were indepen-
dent of the mean velocity and'the grid geometry (Pig. 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 Maréchal3’” in a similar duct and by the present
measurements in the two~-dimensional contraction (Fig. 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 4:1 available in his
tunnel.

There is no evidence in the present experimental
results to support the authors hypothesis that the rate of
strain parameter 1 influences the structure of strained
turbulence. This can be attributed to the fact that the
values of I, 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 I, values
of 0.97 and 0.32 were obtained fespectively (Fig. 43), a
strain ratio of only 2.5 was achieved in duct no. 3. This

prevented comparison at higher strain ratics where
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structural changes would be more pronounced.. When the
present results in the distorting duct (IA==O.32) are
compared with results in the corresponding duct of Maréchal
(Ip,=0.66), as in Fig. 18, no difference in structure is
apparent. Comparison of the present results in the sym-
metrical contraction (Ip=0.95) with those of Uberoi’ in
the 9:1 contraction (Ip =13.35) shows that Uberoi achieved
a higher degree of anisotropy; his K values reached 0.80
compared with 0.62 in the present experiments. This
difference in structure can be attributed to the higher
value of I, 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 all the different types of strain investigated,
especially in the initial stagés of distortion, as can be
‘seen by comparing the experimental and theoretical values
shown in Pigs.20, 27, 30, 32, 40, 42, L9 and 57. The
present experiments support Townsend's contention that a
process similar to that envisaged in the rapid distortion
theory is presert in free turbulent shear flows.

Taking into 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 ¢°),

Townsend ¢ has proposed a revised theory based on turbulent
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structure produced by finite stfain. On examining 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.

Townsend still contends that turbulent flows are
comparatively stable and that eddies lose energy and decay
without considerable change in their flow patterns. As
support for this observation Townsend °’ uses the experi-
mental results of Comte-Bellot and Corrsin' for decaying
grid turbulence in uniform flow. He found the index of
anisotropy.t;;z/uzj2 - 1 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 anisotropic,

it was found that (umaxz/uminz)—lVdecreased by a factor of
2.64 while the energy éé decreased by a factor of only 1l.25.
These values were obtained for grid A, ﬁc==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 anisotropic turbulence the tendency towards
isotropy is much greater than for the less anisotropic grid
turbulence. In ordinary shear filows, where comparatively
high 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 is 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.

4L.,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,
Batchelor* and Hinze®*). The viscous forces both dissipate
and transport energy, Comte~Bellot and Corrsin !’ 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 Rottgsproposed a linear dependence
on the component energy deficiency below the mean energy

level, in effect

1 u > >
STP T =~ 0w - 1/30%)/1/34°

o

1
and two similar equations for u, and Uz C is a constant.
Some support for Rotta's hypothesis is given by the results

of Champagne, Harris and Corrsin® and by Lumley“?4
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In the present experiments Rotta's hypothesis is
best tested'in a qualitative way using 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 exﬁerimental values. Examination of Fig. 17 shows
that, near the end of the distorting duct, approximately
equal values of d;é/éé and d;é/éi 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
pfedicting the development of the component energies in the
initial stages of distortion would 1ead one to beligve that
the arrangement of the eddies which comprise the turbulence
is important in determining the structure. In establishing
a‘physical model to explain the deviation from the rapid
distortion sfructure for high strain ratios, one may
speculate that reorientation of eddies and spreading of
vortex elements from elliptical towards circular forms may
be respohsible 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 lead to significantly different conclusions
than those of Townsend % 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?’ 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 én equilibrium structure in ordinary shear
flows.

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” in a symmetrical contraction with the
rate of strain parameter 1 =13%3.6. In the equivalent experi-

ments here with I =.92 a K value of only .62 was achieved.

133



134

It appears that the turbulent structure depends on the rate
of strain or more exactly on the rate of strain parameter I,
and implies that an equilibrium structure can only be
obtained if I is constant:- a condition which is not satis-
fied (as shown by Lumley3%) in.homogeneous shear flows.

The results of the présent experiments also differed
significantly from those of Townéend in that here the
strained turbulence rapidly‘became less anisotropic when
the straining ceased. The index of anisotropy ;;E/ﬁgi -1
decreased by a factor of 2.64 while the energy decreased by
a factor of only 1.25. This does not support Townsend's €7
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 distorﬁion theory, it was
found that development of the total furbulent energy for
all types of strain was predicted quite accurately by
applying a simple correction to allow for decay. In the

correction it was assumed that the initial rate of decay

of q2 remained unchanged throughout the distortion and

that the change in q2

due to strain was the same as for
initially isotropic turbulencé.

The turbulent structure in the initial stages of
distértion agreed well with that predicted by the rapid
distortion theory.applied to anisotropic 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 remaining components was more
eveﬁ than indicated by the thecry.

No support was found in the present experiments for
Rotta's 5% 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.
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APPENDIX A
CALCULATION OF THE STRAIN RATE PARAMETER I

A.l. Time Scale of Grid Turbdbulence

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
g° (x X, p :
—_ = A — o Smm A.l
32 - (A.1)

For a particular grid, A and p are constants. Rewriting

Eq. (A.l) we obtain

q° = _UAM_ (x - x,)7P - (A.2)

The derivative with respect to time is

2 2 =3P
49 _ Fda” - -pUM" - y-(p+1)
dt U ax R ¥ - %) (4.3)

The characteristic time of the grid turbulence defined by

te= —q2/(dq2/dt) is, from Egs. (A.2) and (A.3),

| e = X~ Xo | © (4.5)

p U

The time scale of the grid turbulence varies directly as

1hk



1hs
distance from the virtual origin but by definition here is

taken at the beginning of thé distortion where Xx =03 then
te = =x,/(p T) (A.6)

It is interesting to note that the time scale of grid tur-

bulence does not depend on the mesh length M.

A.2. Rate of Strain Parameter I, Distorting Duct

Since x3/(x1)p = 4y and & =37,/0xy, then Eq. (26)

for the distorting duct becomes

X2 20
£y =e F2la o (2.7)
n gy - X2 30 . (4.8)
(XZ)A bxl

The characteristic time of the rate of strain is

by = 1 - X2 (A.9)
aﬁl/axl (UZ)A h’)fl'
X, and —ﬁl are corresponding values at any point along the
distortion. Using x, y, 2 coordinates in Eq. (A.9) for

compatability with Eq. (A.6), then the rate of strain

parameter is

1_te _% Ik © (4.10)
tg pPX



146

The rate of strain parameter depends on the duct geometry;
it also depends slightly on grid geometry, mainly because
of change in the location of the virtual origin; it does

not deperd on mean velocity.

A.3 Rate of Strain Parameter I, Remaining Ducts

The rate of strain parameter in each of the remaining
ducts (two-dimensional contractions, the equivalent symmet-
rical contraction and the equivalent symmetrical diffuser)
may be obtained from the measured longitudinal mean velocity

profile which is approximately linear

T U -1y
t, o= b = X (4.12)
8 aU/ax U - Ty
Since U/U, = 7 the rate of strain parameter
1 =fe o XU (A.13)

ts PX

Again the rate of strain parameter depends on the duct
geometry, only slightly on the grid geometiry and is in-

dependent of the mean velocity.



APPENDIX B
TABLE OF CONTENTS

(Turbulence Measurements Uéing Non-Linearized
Constant Temperature Hot-Wire Anemometer)

Nomenclature ’ 4 148
B.l. Heat Loss from Hot-Wires 151
B.l.1l. Radiation ' 152
B.1l.2. Natural Convection 152
B.1.3. Forced Convection ' 153
B.l.4. Wire Conduction and Temperature
Distribution _ - 15k
B.1l.5. Combined Effects of Conducticn
and Forced Convection 156
B.2. Constant Temperature Operation 157
B.2.1. Effective Cooling of Slanting
Wire 158
Bo2.2. Sensitivity of Slanting Wire
to Fluctuating Velocity 159
B.3. Measurement of Turbulent Intensities
and Shear Stresses . 161
B.4. Determination of Constanis s; and s, 162

B.5. Determination of the Constants
ny and nj; by Calibration 163

B.6. Determination of Exponent ¢ by
_Calibration ) _ 164

147



Pr

NOMENCLATURE
APPENDIX B

coefficient in hot-wire equation
cross-sectional area of hot-wire
coefficient in hot-wire equation

constant; C;, constant in Hilperts equation; CZ’ 03,
constants in hot-wire conduction equetion.

exponent in hot-wire equation
diameter of hot-wire

voltage across the hot-wire; E, time-mean value; e,
turbulent fluctuation of the voltage; ey, ey, €111
values at orientstion I, 11, IIl of hot-wire %o the
mean flow.

Grashof number
coefficient of heat transfer between fluid and surface

electric heating current; I, time-mean value; i,
turbulent fluctuation of current.

coefficient; characteristic of the cooling by the
velocity component along the hot-wire.

thermal conductivity; k., of hot-wire; kg, at mean
film temperature.

length of the hot-wire, ft.

sensitivity of the hot-wire; Nyy Nyps NyTTs sensi-
tivity at orientations I, II, and III of the hot-
wire to the mean flow,.

Prandtl number

148



Xy

Yy
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rate of heat transfer; q,, by forced convection;
dxs by conduction; qn, by radiation; ay by combined
conduction, convection and radiation.

inside radius of pipe
radial distance from pipe center-line
Reynolds number, dimensionless.

electric resistance of hot-wire; R, time-mean value;
Ry, at reference temperature; Ra, at air temperature;

Ty turbulent fluctuation.

hot-wire orientation constants

absolute temperature, OR; Tw, of the hot-wire; Ta,
of the air.

temperature,.oF; ty» of the hot-wire; %,,, mean
temperature of hot-wire; %5, of the air.

. . = . ’ 3
Eulerian velocity; U, time-mean value; 11=\A§5, root-
mean-square turbulent velocity component; subscripts
1, 2, 3, i, j, k refer to Cartesian coordinates;

Uy, Up, the velocity components normal and tangential

to the hot-wire respectively; Uy, the iffective
velocity in cooling the hot-wire; U,= ?g, friction
velocity.

-Bulerian Cartesian coordinates

distance from pipe wall,y = (R-r)

Greek Letters

A
€w
6
.

w

temperature coefficient of electrical resistance
emissivity of hot-wire

(ty, - ta), °F.

kinematic viscosity; Yy at mean film temperature.

3,1416
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local electrical resistance of the hot-wire; p,, at
reference temperature.

fluid density

Stefan-Boltzman constant

angle between the hot-wire and the mean flow direction

shear stress;

76, at wall,



APPENDIX B
TURBULENCE MEASUREMENTS USING NON-LINEARIZED CONSTANT
TEMPERATURE HOT-WIRE ANEMOMETER
Some 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. Heat Loss from Hot-Wires

The detecting element of & hot~wirc anemometer 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, conduction to the supports,
and radiation. The total heat loss may then be determined
from the power iﬁput to the wire ‘and is given by the

equation
q, = 3.413 IR (B.1)
t . w

The constant 3.413 is a conversion factor to change IZRw
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watts to Btu/hr.

B.l.l; Radiation

For wire sizes and operating temperatures generally
used, the heat loss due to radiation is negligible. 1In the
experiments reported here a tungsten wire of nominal size
0.005 mm diameter, 1.0 mm long (1.9685 x 107 in. diameter,
3.937 x 1072 in. long) was operated at a mean temperature
near 400°F. in ambient air near 80°F. The heat loss by
radiation is estimated using the mean wire temperature and

the emissivity of tungsten, €,=0.05, in the equation

gp = ceywdl(,t -~ 12" (B.2)

This equation is equivalent to that given by McAdams 2

The overall exchange factor for a small body in a large
enclosure is approximately equal to & the emissivity of

the small body. The estimated rédiation heat loss from the
wire is 2.13 x 10~/ Btu/hr. This is negligible compared
with 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 values of I and R, in Eqg. (B.1).

B.l.2. Natural 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 valué of .the Grashof
number Gr, while the forced convection effects depend on the
Reynolds' number Re. According to Collis and Williams,/® the
natural convection effects are important only at very low

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®%) who found that natural convection effects may be

neglected, when
Re > 0.5; Gr Pr < lO‘u'

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 80°F,

Re =~ 1.9%4, Gr ~ 1.19 x 10"6, Pr ~ 0.69
PThese 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?? The experimental results are

expressed in the following form,

Nu = G, Re® ‘ (B.4)

The original results of Hilpert were expressed using inte-
grated mean property values (see comments by Hsu 2% and
Collis and Williams '°). In the equation, the values of ¢
and Cq depend on the value of the Reynolds' number; as the
Reynolds' number increases the exponent ¢ increases and

the coefficient C1 decreases.

.B.l.b. Wire Conduction and Temperature Distribution

Under operating conditions heat is conducted along
the wire to the supports. This resulfs in a non-uniform
temperature distribution, with the wire being cooler near
the supports. A simple equation which represents approxi-
mately the temperature distribution of the wire, may be
obtainéd 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.,
e(t) = eo(1 4 4%) (B.5)

and (3) the film coefficient h is @ function of the
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velocity but not of the temperature difference (%, - ta);
For steady state conditions these assumptions lead to the

following linear differential equation,
2 2 —
d°6/dx” + C,6 + C5 =0 (B.6)

where

6 = t, - ty

c _ 3.413 1% o_a wan
k,a% k&

3.41% ;290
ka4

C3 =

If the origin is taken at the center of the wire, and it is
assumed that the temperature distribution of the wire is
symmetrical and the temperature of.the supports remains at
the ambient temperature, then the following boundary

conditions apply:

a0 _ _
ﬁ-—.o at x=0

=0 at x = %
'z
The solution of Eq. (B.6) becomés, for negative values of

CZ’

(B.7)

o - 92 [ cosh anglx 1]

C, | cosh J|52|2/2-?

The heat conduction to the supports is
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o = 2k, a 3 tann \f|c,| £ ' (B.8)
VARSPY 2

Equations (B.7) and (B.8) are well known (King3° Davies and

Fisher'®and Hinze®%).

B.l.5. Comhined 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 given by

Q4 = Q9 + Q¢ | (B.9)

The heat loss by forced convection is obtained from the

equation
q, = hwdl (b, - ta) (B.10)

where h is determined by obtaining the Nusselt number in
Hilpert's equation (B.4). Since the temperature of the wire
varies along its length, & mean wire temperature i, is used
in Eq. (B.10) such that a correct g, is obtained. Using
Egs. (B.1l), (B.4), (B.9) and (B.10), we find that for a wire

placed normal to the flow direction Ul

1 = ¢y + 05Uy ° | (B.11)
where : : c
'\kacld g
b~ 3113R, ¢ 57 R, 3.513 veo om0 @
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If the equation for forced convection, an equation of the
form Nu = Cg + C7Rec, is used in place of Hilpert's
equation, Eq. (B.1l) has the same form but additional terms
are contained in Ch'

It is not practical to determine the values of Cy
and 05 from the equations given above because it is difficult
to determine the quantities which appear in the equations
with sufficient accuracy. It is preferable to consider
Eg. (B.1ll) as a likely form of an empirical equation relating
the current I and the velocity U1 and then verify the
equation and determine the values of Cy and 05 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
'bonditions 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
eiectronic 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 X1 the heat loss from the wire represented by 12 depends
on the velocity U, as given in Eq. (B.11). In practice
the bridge d-c¢ voltage, which is proportional to the probe

current, is measured so that Eq. (B.1ll) becomes
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E° = A +BU°% _ (B.12)

B.2.1. Effective Cooling of Slanting Wire

The measurement of the turbulent shear stresses and
1ateral intensities requires that the sensitivity of the hot-
wire, when placed at an angle to the mean flow, be known.

For a wire positioned at an angle ¢ to the flow direction,
with 20q<<b<:90°, the cooling of the wire is determined
mainly by the velocity component perpendicular to the wire.
The cooling effect of the component of velocity in the
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, is given by Hinze 2* it is

u? = gt k2Up” - (B.13) -
According to.Hinze, the factor Xk has a value between 0.1
and‘O.B, and the value of k decreases as the velocity
increases. More recently Webster S determined k to be
0.20, with no dependence on the wire £/d4 ratio, and only a
weak dependence on velocity. The work of Champagne8 on the
directional sensitivity of hot-wires was more extensive.

He found that k depended on the wire 4/d4 ratio and for
platinum wires of £/d =200, the value of k was 0.203 this
is the same as the value fourd by Webster. In the present

experiments tungsten wires of £/d =200 were used; the value
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of k was assumed to be 0.20.

B.2.2. Sensitivity of Sianting Wire to Fluctuating Velocity

Using Cartesian coordinates Xy, Xp, X3, with x; in
the main flow direction, ﬁhe instantaneous velocities are:

Ul—ul, Uy, Uz e For an inclined wire at an angle ¢ to the

mean flow, and located in the x2x3 plane, the instantaneous

velocity component perpendicular to the wire, is
Uy = {[(ﬁ1+ul)sind> + u2cos~=k->]2 + u32}% (B.14)

Assuming weak turbulence, so that

and neglecting the terms containing guadratic and higher
powers of the fluctuating velocities, the above equation

becomes

Uy = (U] + uy)sine + uzéos<¢ (B.15)
Similarly, the longitudinal component is

Up = (U + uj)cose -~ upsin <t>. (B.16)

Substituting Egqs. (B.15) and (B.16) in Eq. (B.13), it

. becomes

2 _ - _ _
Uy = BU1+ul)sin4>+ uzcosdgz + kz[kU+ul)cos<b- u2s1ndqz

(B.17)

For the inclined wire, UE is used in place of Ul in
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Eq. (B.12), which gives
EZ = A + B U° | (B.18)

If we substitute U; from Eq. (B.1l7) in Eq. (B.18), expand
using the binominal theorem, and take the time averages and
if we neglect the terms containing quadratic and higher

powers of the fluctuating velocities, then Eq. (B.1l8) becomes

B2 4+ 2fe = A + Bﬁlc(sinzcb + k200s24>)°/2

+ C ﬁ(c"l)(B sind 1) (ug + Z_i.uz) ' (B.19)

If the corresponding mean-value equation is subtracted from

Eq. (B.19), the following equation is obtained

8o
e = n(u, + _2 u,) (B.20)
1 Sl e ' . .
where ( )
=(c~-1
n = (B sin®s 1) e U~~~

2E - (B.21)

2

i} 2
cot d>{1-k2 [1 -(e-2) cotzcb] + Kt CotT®

9]
i

2
2
+ kY 0012:4’ [2 - ¢ _,,-(.‘ﬁ_)_[gﬁ:&) cot2¢:]+..(B.23)

Eq. (B.20) is a general equation and may also be used for

0
the normal wire if the angle ¢ is taken as 90 .
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B.3,

Measurement of Turbulent Intensities and Shear Stresses

If a wire is located normal to the flow,‘as shown in

position I Pig. B.1l, and a single slanting wire is placed

alternately in positions II and III in the Xy xé plane,

then from Eq. (B.20)

eI = nI ul
—_ S
ery= nII(u1 + Eg u
1
errr=r1r(u; - 22 u
S1

5)

2)

(B.24)

If position III is obtained by rotating the wire 180° about

the axis of the wire support, then nyy=ngyg-

taking time averages, Eq. (B.24) becomes

Squaring and

eI2 = nI2 ul2 .

err’ = niy (‘::2 + 2 -Z—:% ‘Iflz + 2—12- uzz)‘

erry = I (v - 2 §-§-fﬁz ¥ Z—i—i )
From Eq. (B.25)

ul2 = eIZ/nIZ

;;é = (slz/szz) &;;;- ; eIIIZ)/ZnIIéT

ﬁzﬁz = (slz/szz) &é;;é - eIIIZ)/unIIZT

(B.25)

(B.26)

(B.27)

(B.28)
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— e——

The values of eIZ, eII2 and eIIiZ were obtéined by squaring

the voltages which were read from the rms meter of the hot-

wire anemometer, with the wires in positions I, II and III.

u32 and U Usg were obtained by locating the slanting wire in

the XXz plane; the equations were (B.27) aﬁd (B.28) with
L) replaced by Uz e

In the present experiments the.values of ny and Dyy
were obtained by calibration as outlined later in Sec. B.5.
The constant (512/522) was obtained by calibration in
developed pipe flow as given in Appendix C. As a check

constants Sq and s, were also obtained as outlined below.

B.4. Determination of Constants s and s,

The values of s; and s, were determined using c, ¢
and k in Eqs. (B.22) and (B.23); c was obtained by cali-
bration (see Sec. B.6), & was measured and an empirical
value of k was used.

For the wires used here ([£/d =200) a k value of 0.20
was assumed which was in agreement with the published results
of Webster,® Champagnesy Patel® Kjellstrdm and Hedbergi® The
angle<#(assuméd the same as the angle of the wire to the probe
' axis) was measured by positioniné the probe in a slide pro-
jector and projecting the wire image on & paper Screen. To
minimize image distortion the wire was located near the center

of the lens and the screen was positioned perpendicular to the
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projector. Double the angle ¢ was measured by revolving
the pfobe 18()o about the probe support axis. For each
slanting wire the angle 24 was measured ten times and <
obtained by averaging. Repeatability of the measurement
was good, for a typical slanting wire ten values of the

angle ¢ fell within the range 4uC-261 to LhO-38',

B.5. Determination of the Constants ny and Ny by
Calibration ‘

Phe hot-wires were calibrated in the distorting
tunnel with the turbulence generating grid removed. The
normal wire was located perpendicular to the flow direction
as shown in position I of Fig. B.l; the slanting wire was
located at an angle ¢ to the flow direction, in position
II. The wires were placed beside & 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 pfessures and
bridge d-c¢ voltages were measured over a range of velocities
oorresponding.fo those in the main experiment. For any
calibration the readings were obtained in a period of about
20 minutes; the temperaturé in the tunnel remained constant
during calibration within aﬁ estimated * 0.5°F. 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

velocity ﬁl was assumed to be of the form
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B2 = A 4 B(ﬁl2 sin® & + kzﬁlz cos%¢)c/2 (B.29)
which éfter expansion becomes

=2 _ s C w C :

E°= A +(B sin 4>sl) Ul (B.30)

The values of A, (B sinc¢>sl) and c¢ were obtained by
calibration. The procedure was to assume a value of ¢
and then use the computer to find the equation of a straight

2 and T° and the rms

line passing through the points of E
error. The value of ¢ was varied until the rms error
assumed a minimum value. The intercept of the straight

2 axis determined the value of A; the slope

line with the E
of the line the value of (B sincd’sl); the values of n

were then determined using Eq. (B.21). For the normal wire

= (c1~1)
ng = slope; °I UE 1 (B,31)
2E1
For the slanting wire
i..(cyr-1)
ni; = slopey; °11 UEI (B.32)
' ZEII

B.6. Determination of the Exponent ¢ by Calibration

Measured values of the éxponent ¢ for a number of
wires (0.005 mm diameter, £/d =200) are shown in Table Bl.
The values of c¢ vary between 0.39 and 0.45 with an

average near 0.42. The hot-wire equation

% = A + slope ﬁlc
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contains three empirical constants; the rms error in EZ is
not very sensitive to small changes in ¢ if the remaining
two empirical cénstants are adjusted. In the presént
experiments a constant value of ¢ =0.45 was used for all
wires, as shown in Table Bl the rms errors in EZ are not
increased appreciably. The effect on the turbulence values
of using ¢ =0.45, instead of the calibration value, is
negligible.

A typical calibration curve is shown in Fig. B.2 using )
the calibration value ¢ =0.43 and also the standard value
¢ =0.45. Both values of c gave results which fall approxi-
mately on straight lineé. Sample calibration curves for a

slanting hot-wire are shown in Fig. B.3.

TABLE Bl

Experimental Values of Exponent ¢ in Hot-Wire Equation

« | Velocity| Points of Best PFit c = 0.45
Wire No.| Range Calibration
(fps) K rms Error| rms Error
N-6 12-82 8 0.40 0.156 0.231
S5-3 18-82 14 0.45 0.130 0.130
S-6 12-82 14 0.40 0.200 0.229
S-6 12-72 11 0.40 0.075 0.124
- 8-6 18-75 11 0.45 0.096 0.096

* N indicates normal wirej; S indicates slanting wire.



APPENDIX C
CALIBRATION OF HOT-WIRES IN DEVELOPED PIPE FLOW

The experiments described here were carried out to
calibrate the hot-wires by measuring a known shear stress
distribution (obtained from measured pressufe drop) in
éeveloped pipe flow. From the experiﬁents the most suitable
value of the constant appearing in the hot-wire equations
was determined (ie., the constant (slz/szz) in Egs. (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.

C.,1. Experimental Equipment

A straight brass pipe of 3,004 inches inside diameter
and £/d =60 was connected to the laboratory supply of low
'pressure air as shown in Fig. C.1l. This apparatus had been
used in the eafly experiments of Patel, with a bleed at the
inlet to the pipe; in the present experiménts the bleed was
closed and the flow throttled at the blower outlet using a
perforated plate. The pipe was in three sections; these
were butt joined and held concentric using hose couplings.
The sections were aligned accurately 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 alopg the pipe were measured
using the static pressure taps which are shown located in
Fig. C.1l. The total pressure at the outlet of the pipe was
measured by traversing a 0.0625 inch diameter pitot tube
across the flow. The pitot tube had sharpened lips formed
by reaming the inside.

The outlet of the pipe was traversed using a traver-
ging 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 mean velocity of the pipe, obtained from the
pitot traverse, is shown in Fig. C.2. The logarithmic

velocity distribution

yU

T/Uy = 2.5 In( \:) + 5.5

obtained by Nikaradse and reported by Schlichtingy® 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



168

The range of results of various investigators which are
reported by Patel. |

The outlet of the pipe was traversed, first with the
normal hot-wire and then with the slanting hot-wire. The
constant (512/522) was then obtained using the shear stress
from measured pressure drop in Eq. (B.28), and ny from
mean velocity calibration. It is interesting that cal-
culation of the shear stress from constants sl and )
determined using measured values of ¢é and ¢ and assumed
" yalue of k=0.20, was less satisfactory than when k=0.00
was used as shown in Fig. C.3. This could be due to errors
in measuring 4 and c accurately.

Measured values of u'/U, v'/U and w'/U are shown in
’Fig. C.4 together with corresponding curves of Laufer.
The measured values of u'/U are slightly higher and the
values of w'/U are lower than those of Laﬁfer?3 There is
good agreement between the values for v'/U.

The author's results are compared with those of Patel®®
in Fig. C.5. There is good agreement for the u'/U com-
ponent; Agreement is not good for the v'/T and w'/U

component.
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Fig. 6. Variations of the structural measure X from
the rapid distortion theory,
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Tunnel Dimensions

Seﬁgfon Name Dimensions in inches
Inlet Outlet Length
1 Intake Ls x 64 /% Lg x 7 1/? 52 1/2
2 Tarallel Flow Section Ls x 7 1/2 Ls 1/6 x 7. s5/f 25
3 Distorting Section . Ls 1/8 x 7 5/8 g 1/8 x 45 5/8 96 1/2
4 Paraillel Flow Section 81/8 x 45 s5/8 8 3/16 x L5 11/16 L8
s iarallel Flow Section 8 3/16 x 45 11/16 8 5/16 x L5 13/16 96
6 Flexible Joint 8 3/16 x L5 11/16 8 3/16 x L5 11/16 6
7 Trunsition Section 8 3/16 x b4s 11/16 39,3 dia. 26
8 Pan 39.3 dia. 39.3 dia. 29

r©ig. 10.

i

Grid slot

Temporary loceation of grids for
experiments on turbulent decay

General arranzement

<

of the distortving wind-tumnel

$8T
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Fig. 12. Mean velocity along the center-line of the
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1-08

1-06

104

102

i e

100
098
096

094

Fig.

188

(o] =20 fps; Rey = 5,850,
A " U,=U40 fps; Rey=11,700.
a =60 fps; Rey =l6,550..
®

Without Grid; ﬁc=uo fps.

T T U T T [ 1 I I IR | ] | { 1 i1 I ] {
:..._.. Distorting Section —""Z; -
: & -
1
o* Ro
g‘_.;‘ o | g N
‘-‘o o ool‘ o]
F) % a lo% 1
o % ] &
e 2 o 1°%0 i
'y
03 4 ° I e‘Bo -
' 1% of | &
& i Op | e ° -
6 gm [+ ‘0 °° o
oo? I oo, Qa4 ! A% ° 4
|l an 0 | 0%, n‘ﬂuau o
| ‘68 (JAo ! ° vo -
| . 2° .
0
I ° D I -
1 ¢ o |
I o, ?9 | 1
° 0o 0°% o
| aonol- AAann Q0 . -
] ‘A33°o°°§)°na8°‘2“o I
] (X} LR l -1
1 o ¢o | .
| - 1 I 1 1 1 ! 1 1 1 111 1 | J 1 1 1 i 1 1 !
-20 0]

20 40 60 80 100 20 14O 160 180 200

Distance from the entrance of the distoriing section, (inches)

13. liean velocities along the center-line of the
distorting wind~tunnel using grid C.



189

| | | | I ]
- Uc=20 fps u
o 0.9 - _
g o u'/l
@ a8 v'/U
% a w'/U
0.8 |- | | .
o
42
“
(0]
o ——
Bo0.7 -
>,
4V
3 .
» 0.6 |~ : -
=
~
E 0.5 I N i
- A
[4V]
=2 o
w 0.4 L g o
=) g O
™~
s o) ©
0.3 B ' . A _ —
. Q 0] A -
DS 2 B o
—
- @
H 0.2 |- & A |
o) '
>
2
0.1 |
0 L/V | | | | | |

0 Lo 80 120 160 200

Distance from the entrance of the distorting section (inches).

Fig. 14. Background turbulence alohg the center-line of the
distorting wind-tunnel.



[}u'4—v')/2§] x 10° (percent turbulence)

(ut/U) x 102;

0-30

. 020

010

190

&l { I { i [ I |
6 o —_
A u'/U
o o (u'+v')/20 7|
A -
e e J—
s —_—
A o
o —
A
A
A o -
o
A
S ) —
e 83 T
A —
@
IR R IO NN NN DR B
20 40 60 80 100
U (fps)

Fig, 15. Variation of the vackground turbulence with mean

velocity in the distorting wind-tunnel



191

—2
he | R R ]
s |- _ S ]
B Grid A; (Uz)c=2° fps; Rey=6,780
8 L Experimental Theoretical L
- ;1—2/(172)02 a -
ug?/ (T2)e 0 —_——— ]
4 -  ug?/ (T2)o? o —————
0%/ (T2),° 2
— \4 . Decay in uniform flow —— ——t

10 20 40 60 80 100 200 300

X5 — (X5),s distance from the virtual origin (inches).

Fig. 16. Variations of turbulent intensities in the dlstortlng
wind-tunnel using grid A.



. 192
0-87 1 1 l 1 | I I T

Grid A; (Up),=20 fps, Rey=6,780

Experimental Theoretical

o NS NN NN NN Ml AN NN RS B
.20 0 20 40 60 80 100 120 140 80 180 200

Distance from the entrance of the distorting section (inches) .-

Fig. 17. Variations of local turbulent intensity ratios in
the distorting wind-tunnel using grid A. -



0-9

'0-8

07

06

K 05

04

03

02 L1 t L 1 1 1 I I -

y A O 1020 30 © 20 40 60 80 100 120

C Distance from the entrance of theparallel sections, (inches)
o1 ]

A
0 I_L, l 1 ! 1 1 i 1 ! 1 L ]

| 3 4 6 7 8 9 10 " 12 3

£, Strain Ratio

Fig. 18. Variations of the structural measure X in the

193

0.7 0.7
K K
08 I e N L
/:J r4 " {
s /9 a
0.8 = 0.5
.
oﬁ
0.¢ $—7 0.4
>// square mesh grid
0.9 2 M =3.13 cm —t 03
{ Rod dia.=0.4 cm
il ' |
0.2
0.2 £ -
4
0,1 = : 0,1
& Entrée du Sorlie du
< conduit conduit
0 X : ]
-160 0 50 100 150 200 250 300 350 400 Y cm

Maréchal's3’curve (symbols not identified, reprinted from

Compte Rendus de 1l'Acedemie des Seiences, Paris,

4874, 1967)

P4

| ! i ! 1

Ky, theoreticel based on (fi)e
Kp=0.63 K¢

Present values (U, =20 fps)
After extension to duct

* Townsend's values

Points from Maréchal's curve
Grant's value

distorting wind-tunnel using grid A,



194

102 —
| I Pl TTT I ]
8 [— : - C : —
n Grid A; (Uz)c=20 fps; Rey =6,780. ]
8 _ . Experimental Theoretical __
N wy %/ (Tp) 2 a - B
w2/ (T2) 62 o ————

~ 2,0y 2
LR TR us“/(U2)c o —_———————

[aY 5,
= 0%/ (Tp),2 V  memmmee-
N\ — Decay in uniform flow —_—— ]
%% »

N

o 2 — —
7~
N
(=
N
N
N

[\

o
o 10—3 [r—— ovsm—
N .

o —
s -
=) .

Nes? —
N T T _

N
o’

o
NO 4 | ]
Can

a2
)
~— | _ —
NG
o

—~
=

2 T —
A
104 l I I L INT H !
10 20 40 60 80 100 200 300

Xo = (%Xp)g, distance from the virtual origin (inches).

Fig. 19. Variations of turbulent intensities in the distorting
wind-tunnel using grid A, k=0.20.



195

0-8 T 1 I i I I T [ I
Grid Aj; (T,), =20 £fps; Rey =6,780; k =0.20.
Experimental Theoretical

u12/q2 0
07 3p2/92 A - ]
uz2/q? o @ —------- ‘
2, \
~ 1 1.5 2 3 L 6
06— 2 l 51 I —

o I N TN (RSN BRI NN WU N B
20 0 20 40 60 BO 100 120 140 180 [80 200

Distance from ihe entrancs of the distorting sactien, (inches)

Fig. 20. Variations of local turbulent intensity ratios in the
distorting wind-tunnel using grid A, k =0.20.



1071

102

1073

10

Fig. 21.

196

T T T lﬂi'l T T 1T 1L
gé’ u22 Longitudinal Spectra -

24,0 (normal wire)
- Ao i

Duct no. 1
Grid A

(Uz), =20 £ps
ReM=6,780

0 in.
96 in.
=204 in.

10[- '
- | \ \\4/ Stope (-5/3)
1 -
AW
HTETE DAY :_é‘- B S—————
= . &y 0.1 -
e _‘IL‘: —
e U;=1,000 cm/sec —
M=25cm
Re'\’“ 16,700
e T e -
Con o/ M=16
© a7 M=32]
e . x;/.’tl-64= -
- 0.001 i 1 ] —
= 0.01 0.1 1 10cm™!
ky =
Longi@:udinal spectra'in wniform flow
- (reprinted from Hinze%*p. 202) -
ot oy el e
0 8 3 4.
o 101 10° 10 10
k 4FTH
‘\ [
Changes in the one-dimensional u22 spectrum in the

distorting wind-tunnel (using normal wire).



197

—1
10 WA i Il | i1 l‘ { R I 1 T4
. ®e, ' u22 Longj..tud'inal Spectra
40,8 (X-wires)
AAAAA:Q
— ®O0 Duct no. 1 ]
V' Xo) Grid A
1002 | *g (Up), =20 fps -
: N ~ Rey= 6,780 :
.b A A X = 0 in.
e 04 ,
-3 N ) A ——
A
A
- B *o 4 ~
- A
~10% [T —
Al _— LACT N -
3 A
~ e -—
W
. 0O -
- R ]
.5 S P
10 . °0 . & |
o ¢0 , -
10-2 So0lid points obtained o° —
™ using normal wire. N ~
et . e
o bl e nl poal 1ov
10° 101 10° 103 10

k, (1)

—

Fig. 22. Changes in the one-dimensional u22 spectrum in the
distorting wind-tunnel (using X-wires).



_1 e —
10 M A El Voo i—i ! i f[ i b T
sy - . —
e ulz Lateral Spectra —

:nD (X-wires)
e Ooda -

A o Duct no. 1

| AA A%QDD Grid. A
107% = 8o (Up)e =20 fps
- A . o

& A x= 0 in.
— &°, o x =204 in, -
o
107° | n A —
o O tm—
_ A
—T D ey
° a
- B I =
“i104 [T ° —
IN:H . -
= - o 4 -
w A
- . ]
107% = —
— u —
' O o
: o
10——8 - A —
- B | -
o b v b e
© 1 10° 102 1 0%

10 10
k, (T

——

Fig. 23. Changes in the one-dimensional ulz spectrum in the
distorting wind-tunnel.



199

_1 -
10 — | Pl ff i [ 1 il I i T!l ] I |4
- : u32 Lateral Spectra
qumb (X—w1r§s)
- , o Duct no. 1 -
a AarP Grid A
10?7 - fm (U2)o =20 fps —y
o o) x= 96 in.
— o 4 o  x=204 in., =
0O A
10~3 - ° A B
- o _
o A .
- o -
o &
o —
- o
< A
~10% [ o) —
|N:oo e a -
- A
P : ]
o3 D S
' A
10”.5 o - ° i
. anaad . D ap—
o
—— n am—-ry
- S . —
10 e I A ]
- -
N R BN N B B
© 10° 101 102 102 1 0%
k,(fE)

Fig. 24. Changes in the one-dimensional u32 spectrum in the
distorting wind-tunnel.



(£%.)

N

"Ey/uy

1072

10~

10~4

1072

10~

— | Pl || ! | 1] l | il ' | I T 1
L A S%ectré ag X =96 in. §
DA A X-wires
B %ogg% - —
OB‘n Duct no. 1
0B Grid A
e % (U2)0=20 fps ]
E@ © u 2
i o] o2 —
o A up”
I a® o u32 _—
. A —
S— m -
| A _
O}
0]
? o —]
| A -
. O] _
B
A
I B —
- A —
o)
— A —
— B -
N N el
100 10t 102 103 104

Fig. 25. Comparison of ulz, 1?2—2 and 1—1_3—2 spectra in the
distorting wind-tunnel after distortion.



201

2
. | I I O R I i
. . .- Grid B; (U,),=20 fps; Rey =18,100.
Experimental Theoretical
\ﬁ/(ﬁz)cz A -

102 uzz/(ﬁz)cz fe) — o — ]
~ B us?/ (T2)0? o —— . ]
~~ _ q /(UZ)c . V | eecrmacacma-
g Decay in uniform flow —_——

-~ 6 | -]
™~
[
o - —
N 4 _
o
-~
o
v
e = g _
N
(oY v
=
2 — v —]
)
2 v
o
5 a7
N’
v
> __—
00 v
o
S 103 o - g——
| O -
L 1 3 D
N~ 8 [ —
o o}
~~ e ——
=
2 e - o —
N\ L Aa ou —]
~ A
s . A o
0
a4 0 _—
AAA B
— . AA ]
: 1l 1.5 2 3 L4 56 a
L { | AV
£y |
1
2 | | I AN S B B |
10 20 40 60 80 100 200 300
iz—(xz)o, distance from thé virtual origin (inches).
‘ Fig. 26. Variations of turbulent intensities in the distorting

wind-tunnel using grid B.



202

T l l T 1

0-8 ] .
Grid B; (Up),=20 fps; .ReM=18,;oo.
o Experimental Theoretical
0-7 - w%/q2 o -
uza/(:l_z A -
i3/a ¢ -
0-6 S ’al -
1.5 2 3 L 5 6
T | I
(4}
X051 oo B
Fum ~ " ' °
s )
o 2]
1% °
04 ® -
o s 4 S .
-as A A A A a A e
“’c: 03
- o
~ O o}
O .
o2~ o | -
©C oo o O
ol = —
0 | | | I ! | | | [
-20 O 20 40 60 80 00 120 140 160 180 200

Distance from the entrance of the distorting section, (inches)

Fig. 27.

Variations of the local turbulenf intensity ratios
in the distorting wind-tunnel using grid B.



203

0-8 T T T 1
(ﬁz)c=2o fps
_ & grid A; Rey=6,780.
07— © grid B; Rey =18,100. ]
AA
A
06 |— o208 —
7 A
A
A A
o)
05 — O 0 —
oA
A
A
0-4i— & —
A
_ o)
O‘C) - —
© o
02 -
i, theoretical based on (£;),
O'l .. . . . —
(- ] 1 } ! l 6!
1 1.5 3 4 5
£y
0 | l | | l | l J l |

-20 0. 20 40 80 80 100 120 140 150 180 200
Distance from the entrance of the distorting secticn, linches) -

Fig. 28. Comparison of the structural measure K in the
distorting wind-tunnel for geometrically similar
grids A and B.



204

ST T I !
. Grid C; (U)o =20 fps; Rey =5,850.

Experimental Theoretical

w8 a —_
= 2 .

wp?/(T2)e o —————

1132/(ﬁz)c2 a} —— e

0%/ (Uz)e? . vV memmmm-- .
Decay in uniform flow

i ! 1 ) .I 1 1 1 ]
10 20 40 60 80 100 200 300

X, - (x5),, distance from the virtual origin (inches).

FPig. 29. Variations of turbulent intensities in the distorting
wind-tunnel using grid C and velocity 20 fps.



205

T 1 Tttt T

(-0
Grid C; (Up), =20 fps; Rey =5,850.
09 Experimental Theoretical |
| m/at —
08| w/e? e -
u32/q2 n =
07— —
~ 44
NG 1 1,5 2 3 5 6
(5 0-6/— [ T 1 T 1 ]
e A B REx -
N\NO‘5—‘ P e 2 B nnu"" & o
- u_‘ (] G e
_/L"'c,/’f;/ B <A {1_(3?‘(‘65‘3 ‘..)'::‘d . ’ Hu
.~ QG‘(}"’ o COFs -‘;C,‘ 2% oD, 3 MO o Gzn .
INU’ d . o%o
5 6% ® ©
A
. —
A £,
A‘.:L AA
o L 1|
20 0] 20 40 60 80 00 120 140
Distance from the entrance of the distorting section, (inches)
Fig. 30. Variations of the local turbulent intensity ratios

in the distorting wind-tuwmel, using grid C and
velocity 20 fps.



206

| [ T T l —
2 Grid C; (U,),=40 fps; Rey=11,700.
N Experimental Theoretical
w1 %/ (Tp)c? A -
w2/ (T2) 2 ) ————
~ 1077 us?/ (T2)c? o ————
~ i 42/ (Tp)o2 S
~ 8 |- . .
= Decay in uniform flow
N [
(aV]
N." .
o
~ L |-
2
N
R 3 -
=
N.h
/'\o 2 -
o~
2
\ _—
N
| o~
S .
o 107H-
/\CJ .
s 8
a al
| — 6
)
4
3 p—
1 i | [N O O I I ! 1 1
10 20 Lo . 60 80 100 200

x2"(x2)o’ distance from the virtual origin (inches).

Fig} 3], Variations of the turbulent intensities in the
distorting wind-tunnel using grid C and velocity
4O fps. _



207

o T T T T T T T T T T T T LT
Grid C; (Uy), =40 fps; Rey=11,700.

. 09— ' . _Experimental Theoretical B
| u; %/0° s
0-8j— u22/q2 ° _ ' —
u32/'q2 B 000 e - —_—
o« O . £y u
N~ 1 1.5 2 3 4 56
M .61 I l | 1 T |
o
{ ' ey 8 Hp ot gopS
INNO’5"‘ ‘ f,,—-_—-};a;rf_’m_:?: B wanﬂcﬁ e oy |
= &% ® LoD 4:—’/"’15&35:‘

| L1 |
%20 o 20 40 60 80  .100 120 140

Distance from the entrance of the distoffing section, {inches)

Pig. 32. Variations of the local turbulent intensity ratios
in the distorting wind-tunnel using grid C and
velocity 40 fps. .



208

l - | I . |
Grid ¢
a (U,), =20 fps; Rey =5,850.
070 ® (ﬁz)c=l+0 fpS; ReM:].l,?OO‘__
3
. A "0 A 54
A 00 6 ? A
A o A
060 OG ACO A/’AA 8A -]
A - //
afp o, -
o R OO
.50 % -
AN 7,
N
L0 4
040 =
30 K;, theoretical based on (ll)e ]
Km=0063 Kt
.20 —
.10 [~ . .
1 | | 1 | I
1 1.5 2 3¢ L 6
£, >
0 | l | | I
0 20 Lo 60 80 100 120

x2'"(x2)o’ distance from the entrance of the distorting
section (inches).

Fig. 33. Variation of the structural measure K in the
distorting wind-tunnel using grid C.



GENERAL ARRANGEMENT OF THE BLOWER WIND—TUNNEL

24x22 Mesh Screen

17" x 30" Working Section

6:1 Two — Dimensional
: Contraction

14 x 15 Mesh Screen

/————- Honeycomb, i 15" Deep, 14" Cell
. 14 x 15 Mesh Screen

—107" ———*

> Ly
. . N
: | ;: : \\1 i Centrifugal Fan
fou : N 0
!
| l " : \ 4
\ R T~ '
- - - I i ]
| do ! yZ -
= = ! I 1l l - -
Sy T
n — | il l ~
: | oy ot -
J, —— | 14_“_ : ‘F1 y B 3
104" bl 54" —pla 15" —
< 33'-4" —

602

Fig. 34. General arrangemsnt of the blower wind-turnel



210

. ! .
(8xa)a H//_‘ | #3(Bx3)a
: e il R . F
s 123A_f@ RV =< - 24 s"e)?]_
e 7 %3 ' e . ’
S 4 I i -
( XDA y\ ,’/ _eI(Sx')A
4
— flow ——~ N .7
$

Pig. 35. Schematic representation of £luwid distortion caused
: by a symmetrical two~dimensional contraction




211

{ ] | ] | | | ] | 1
Uc=20fp's
" & duct no. 2 |
© duct no. 3
6 -
5.—.
Iy}
Ue
3—.
2l
1._..
0 l | l l [ | | | |
-20 0 20 L0 60 80

Distance from entrance of the contracting section (inches).

Fig. 36. Mean velocities along the center—llnes of the two-
dimensional contractions.



212

] ! | I
0.7 |~ : Duct no. 2. Uy =20 fps. |
© ' e u'/U
% A v'/U
~ @ w'/U
3 ,
Q 006 [— : . -
=
o
+
=
[+¥]
e
& °°r B
N A 0] o O]
o] o] o
LN OoLl’ o -
i
%i o)
E
- 29
% 0.3 _
'_' [ ]
]
7™ :
~
[S A s 2 2
~ 002 [ (] -
N.. N . A E
Q R
-
~~ Ool — —
i
%i A
3 2 ®
0 | I | l
-20 0 20 Lo 60 80

Distance from entrance of the distorting section

(inches).

Pig. 37. Background turbulence along the center-line of the

two-dimensional contraction.



-1 '
10 — | i ]l i it | R l I
— U,=20 fps; x=0 in, —
- 8 A v - spectra |
| AAoogﬁ e} u - spectra
1072 [ N T
s A L
PaY
foae (o] -
1073 . ]
_ A —
~ - 2@ o, -
- oa
3 o}
6 o
>~ 107t 3 6% =
=) 8° _
I B -
g
o - -
=] .
107° | g
1678 [— -
wor Lt vab v gl oy
10°© 101 102 109 10
-1
k (1)

T3 [} SN TR .~y . 3
Pig., 28, Spectra of the background turbulence in the
hlowver wind-turnel



214

Fig. 39. Variations of turbulent intensities in the two-
dimensional contraction, duct no. 2.

-2 ' .

10 T T T T T 7] | I I
9 , 7
8 I~ © Grid A; (U)), =20 fps; Rey=6,780.

Z | E:.rperimenta‘l Theoz;etical‘ :
‘ ‘_lf/(ﬁl)cz ! © -

. 5 w/ (@)c” a —_———— T
“o 4 ,u_zz/(m)cz a |
= a%/ (U2 ¥  eemmme—--
~ | Decay in uniform flow
~ 3 m
[N
o

T 2T i}

—
o=
~
N

3
=
. 1073L -
o 20 i

~ 8 _
12 7 I -
Ic% 6 7
=]

o H T ]
I::Tl
N . .. i
::Tl Solid points corrected by method I1I.
2 ‘\ -
L | 1111
1 .1.5 2 3 456
. . 24
1074 I A | 1
.02 .OL" .06 008 010 02 01+ .6
t - t,, time from the virtual origin (sec.).



215

I ! | | I
Grid A; (Uy),=20 fps; Rey=6,780.

. Experimental Theoretical

- wi/ o : -
upd/a> & --
u3a/q2. 8 o

Solid points corrected by method II

-

g 20 g0o

poa®l .

005_ B gldg 2 e - —— T

o] ,/"_
o e
v
[m] ”
Q0 e __/
O.41 0 -~ ]
Oo N // ) /

' A} e' A
n II \ ;‘\/A A A
0.3 LB ARARER

002—_ . OO\ A ' —

0.1 | . S~ ]

t 5 Y a °
20 Lo 60 80 100

"0
-20

o+

Distance from the entrance of the distorting section (inches).

Pig. 40. Vvariations of the local intensity ratios in the two-
dimensional contraction, duct no. 2.



- . 216

109 ~ T T T T ; T T —
- 8 . . G'r_i’d Ay (ﬁl)é=20 .fps; ReMA=6,780. —
7T Experimental Theoretical |
6 w %/(T)), - n
5 B uiz/(vl)cz —_— - ]
" , L us?/ (T} )o? ————— ]
~9 /W2 eemeeas
l\::? 5 Decay in uniform flow N
™~
[N
N.‘ 2 L —
AO
~
=
N
[aV}
[\
=
1073 |
N'O 9 | —
AQ 8 - -]
S :
N :
o -
= 5 - -
N‘Q LP | _
ACJ
—
) 3 .
>
—~
=
2 -
10~ L1 1111 | L1
002 .OLP 006 008 .10 02 03 -Ll’ 05 .6

t - t,, time from the virtual origin (sec.).

, Pig. 41. Variations of turbulent intensities in the two-
dimensional contraction, duct no. 3.



217

1 l I [ [
- Grid Aj; (ﬁl)c==20 fps; Rey =6,780.
Experimental Theoretical
— uy%/e% © - -
us2/q? @ ————
006“-
005_'
n"aoo®
. E’ E]—_-/
0o
o ° go 28
Ool"""— OO\\ 0 /
o%{r'/ '
C) n
- .
4 ~ _—/
/Ej Q \A\A .—
0.3 Y ST LSS r VU IUT
° ‘&Z\AGE\A A y/\
28] ———— . S
0900300
o oo
: L. o
002'— \
Ool [—
L I L. f 1 l I | |
1 1.2 1.4 6 1.8 2.0 2.2 2.4 296
‘ £,
Y : l l L l |
=20 0 20 Lo 60 80

Distance from the entrance of the distorting section (inches).

Fig. 42. Variations of the local turbulent intensity ratios in

the two-dimensional contraction, duct no. 3.



218

K —
Grid A; (ﬁl)c=20 fps; ReM=6,780°
A Duct No. 2; IA=0097.
© Duct no. 3; I,=0.32,
o] Duct no. 1; I, =0.32.
A
.1 -G, 0 Solid points corrected by method IT —
© —— K, , theoretical based on (l&)e
0 I I | |
1 2 3 Iy 5 6
£, strain ratio.
‘ Fig. 43. Comparison of the structural measure K in the two-

dimensional contractions.



219

1 ,
10 - I 11 li IR l| L ll T T4
e ‘:’80O ulz Longitudinal Spectra -
a o UD%OO% (normal wire)
—— [w] d p—
gé@} Duct 20. 2
Grid
10® [T - S (Ty), =20 fps I
— & Rey = 6,780 -
@ . .a x= 0in.
L a © x=36 in. _|
% o X=72 ino
-3 —f
10 - N -
o Q o——
——— A —
o
SO o
104 [ % —
vk ) -
\_ = O A ——
w =]
o
FaN
107° [ -
e —
— A -
68 | —_—
10 . A -
A
107 11 l! | | ll | |
10° 101 10° 102 10%
k,(FE)
2

Fig. Lh. Changes in the. one-dimensional u,
in the two-dimensional contraction.

spectrum



220

o 3¢
N

o ' A
( xs)_“r l la(g*a)ar
Gaonl [ ]) e — ) S =
b /
(8xa / 3, 7 ' £, (8()a
. \// y :
flow—~ 3 //

Fig. 45. Schematic representation of the equivalent
symmetrical contraction.



(=] lcl

oL | | l I . 1 1 l I l
-20 0 20 40 60 180

Distance from the entrance of distorting section (inches).

Fig. 46. Mean velocity along the center-line of the
equivalent symmetrical contraction.



(v'/T) x 10%;

(w'/T) x 10%; (percent turbulence).

(u'/U) x 102;

006

0.4

003

0.2

0

222

| ] | |
U, =20 fps
© u'/0
- A v'/'[_]_ —
o '/U
- . ] _
a8 o
o o
o)
- A ]
A
)
A B A
L . =
o A &
l . | |
=20 0 20 Lo 60 80

Distance from the entrance of the distorting section (inches).

Fig. 47. Background turbulence along the center-line of the
equivalent symmetrical contraction.



w /(@)% w?/ ()% ws?/(0)) 25 o?/(Ty) 2.

223

1072 | ] T T . T I l T
8 . G ] SRS .'__' . .. . _ o e e _
. Grid A; (Uy),=20 fps; Rey=6,780.
4 Experimental Theoretical _|
w /(). o —_
- n
P_g_/(U| de A —— e ———
L \22/(3-1)02 ] —————
qz/(ﬁl )cz V£ W memmemmee-
Decay in wniform flow ~
2 -
107> .
8 -
6 —
L i
Solid points cbfrécfed by method I1I. \\
2 \ % -
\
| 11 1 111
1 1.52 34 6
4 . A
10” | I SN WO I I | i
.OL" 006 008 .l 02 oh‘ .6
t - t5y time from the virtual origin (sec.).
Pig. 48. Variations of turbulent intensities in the

equivalent symmetrical contraction.



224

I I I I I
Grid A; (Ty), =20 fps; Rey=6,780.
Experimental Theoretical
0o7 5 5 : -
Wy e -
w2/ A } e
/2 o
0.6 Solid peoints corrected by method II —
Y
1 2 3 Ty 5 6
I [ i I I |
0.5 ]
e —— T
/ [}
/" 0 2& .
A A A f
o : e A eA
© o & 2 a
Oou’— o\? ’A/{EEEEE D] A mm o] A —
. s m
. 5’(51‘3
- o}
O°3-—. EB \ —
il O\Q
\%O
. 0}
002_' © OO 7
' 0}
0 ©09¢p o)
\ °0
N O]
\\\\\ [0)
Ool— ~ ® o o -
\_\
0 S l l l I
~-20 0 20 40 60 80 100

Distance from the entrance of the contracting section (inches)..

Fig. 49. Variations of the local turbulent intensity ratios in
the equivalent symmetrical contraction., -



225

o | :h | I T

- 6rid A; U, =20 fps; Rey=6,780. -
‘ So0lid points corrected by method II
— o Ki, theoretical based on (£y), —
- Km=0.60 K¢
— @ Value calculated from data given _|
by Uberoi; other values not
‘ ~ shown:- K =.80 at £4 =9
1.0 K=.75 at £l=;5 .
090- ]
80— ]
070— =
K 060'— —
050‘—" i
oL"O—' i ]
030'—' =
020‘— b ——
olo_‘ —
or- —
I
< 1
. | l | I .
-20 0 20 Lo 60 80 100

Distance from entrance of the contracting section (inches).

Fig. 50. Variations of the structural measure K in the
equivalent symmetrical contraction.



10~1

10

10~

(ft.)

104
'N_

=/

10

10

107

Pig. 51.

- i ?i { I ll R i i1 4
- — s B
] o u Longitudinal Spectra -
857596 a 1 (normal wire)
O OoA
oL Duct no. 4

e @%- Grid A

: e (Ul)c=20 fpS -
— A S

% A X = 0 ino
- 4 o) Xx= 36 in. |
4 @ x= 72 in.

feeenny % )

= 2 -
- A -

%)
“e— A anayed
@
- A —
S d % ——
_— AD ——
anand o pu—
A
e o =
— A —
— A ——
A
I 11 ] J_ 11 ] Lt ] 11

10° 1 107 103 10

Changes in the one-dimensional uy

i0

k, ()

2

equivalent symmetrical contraction.

spectrum in the -



107}

10°2

16~

(ft.)

Ny 1074

Ep/up

i0

i0

10

Fig. 52. Changes in the one-dimensional u22 spectrum in

227

s I N A R irl' 1
. 06 L _ -
o o 2
e o u, Lateral Spectra
(X-wires)
o)
og Duct no. 4 o
Grid A
e AAS Op = J—
. aa OAA (U)o =20 fps "
A A& x =0 in.
. ° a o) x=172 in.
o 4 » -
A
m °© a m—
ronms o A —
o A ~
o A
- o)
A -
- o |
_ a |
S A —
. AR —
o b ool n
10° 10?1 102 103 10
k, (FE)
the

equivalent symmetrical contraction.



228

! i /
e -
(8x ) ' ( A ‘ 13(3"‘3)!\2:
3 . .
(8:") —f——— i ';:”3-‘7\ < . R . ‘el(g '
’ //; A, Xe S~ ' B | s
Y a s . g
( X?_)A { // y ~ - \ l I
—flow —> 1 / ‘ ~le -'ea (8x2)a
— I

Fig. 53. ‘Schematic representation of the equivalent
‘ symmetrical diffuser.



G4GI

229

3 l I — T | I I I I
B I—Ic=20 fps B
2 .
- s ]
©
1 OOV —
0 | | | | L | | | L
-20 0 20 Lo 60 80

Distance from entrance of the contracting section (inches)._

Fig. 54. Mean velocities along the center-line of the
equivalent symmetrical diffuser.



230

l°O I I ' '
° ) ' U, =20 fps
© 0.9} s —
S ‘ © u'/l
3 A v/T
2 - - 5w
S 008—. . —_
" .
~
o
o
fﬁ' , .
A 0.7 ‘ -]
N.
=

006'— —
¥ [0} © o
[o)
E 0.5 a _
(\13 o] |
N Oou‘_‘ “ . ) -
2 s
>
~ 003"" A -
o = A
o 0]
. ol
o] 002'—' a—]
=
=
=
~ Ool'—' . ——

0 | | | : L
~20 0 20 40 60 80

Distance from entrance of the distorting section (inches).

Fig. 55. Background turbulence along the center-line of the
equivalent symmetrical diffuser.



231

-2
10 = | T T T T —
81 Crid A (ﬁa)c=26 fps; ReM=6-,780.‘ -]
Experiméntal Theoretic'al ]
1%/ (T3) A -
°r u/ (Tp)e? ©  —i ]
4+ us?/ (T2)c? = ———— ]
N 2y 2
~ - 0%/ (W), T emmmmee i
L,é\‘ 3 Decay in uniform flow _
~
|N
o
2 -
o
N
>
~
o
oA
1070 |- _
c\;n 9 L -
o 8 |- .
S —
&, T .
3 5t -
o
o~
e sf -
~N
o
H
=
21 -
. 'El
1 I S l ! L
.02 0L .06 .08 .1 o2 AU 06
t - t;, time from virtual origin (sec.).
Pig. 56. Variations of turbulent intensities in the

equivalent symmetrical diffuser.



232

Grid A; (ﬁé)c==20 fps; Rey =6,780.

Experimental. Theoretical

u 2/3? A -
uf/a® o . -
uf /q* @ ---

Solid points corrected by method II

o BB
8 g Q,E—E~g‘°’

-
-

|

m® _

\~ A A
A A
o
I | ! | I l |
1 1.2 1.4 1.6 1.8 2.0 2.2
£

| | l [ 1 l | |

.8
ot
o6
ﬁr o5
R? )
e
=
(\3.’
" ol-l' -
Qe
o
o
(\;ﬁ
o)
& 3
~
=
02 =
el
0
~20
Distance

|
-10 0 10 20 30 40 50 60 70

90

from the entrance of the distorting section, (inches).

Fig. 57. Variations of the local turbulent intensity ratios

in the equivalent symmetrical diffuser.



Ol —T T T T T T T T ]

Grid A; (Up), =20 fps; Rey=6,780.
So0lid points corrected by method II
.. @
0.6l —— K4, theoretical based on (£3), —
~~— K =0.86 Ky | * o |
005'_"
ooL"““
0.3
0.2
Ool'—' . . ’ -
0 b— l | | | | l | | -

%‘ 1 1.2 1. 1.6 4 1.8 2.0 2.2 2.4
I

. I I l | | l | | I !
-20 -10 0 10 20 30 40 50 60 70 80 90

Distance from entrance of the distorting section, (inches).

Fig. 58. Variations of the structural measure K in the
equivalent symmetrical diffuser.

i



234

1 : , ,
10 — 1 III_ I T-lll | ‘[lll LR
- 5§> 22 %ongitudinal Spectra —
o normal wire
20 é)f% re)
th Duct no. 5
e A, Grid A ]
102 [T 7o (Up), = 20 fps -
- ® Rey= 6,780 =
n s -
X: ln.
W 0 x=3%6 in,
B &A o x=72 ino =
LR = —
A
o -
-] @ p—
— A
-0
-~ — B a ]
~10% [ S =
lﬁ?’ - oA -
\tu - -
1Y 0 A
o
10°% |— o, —
pm— o ——
o
. A
= -~
. o
— S o) —
1078 [T -
— OA —
16-7 | | ll| 1 lll ] 1 [IIA | L]
109 101 102 103 1 0%
k, (1)
Fig. 59. Changes in the one-~dimensional upz spectrum

in the equivalent symmetrical diffuser.



0.5

OOLP

0.3

Fig.

235

Duct Symbol  Heference Grid Key Fo £, (£)e 1
(final
value)

Symmetrical A Uberoi Bi-plane 3,710 =0.5 4.0 2.8 5,00

contractiion

(P’-‘-O-S) v} " " " ] 9.0 6.3 13.35‘
O Author A 6,780 ~0.5 5.8 4,0 95
' A " - n " " 5 .’5 3.7 ,95

bistorting O~  Author A 6,780 =0,19 6.0 7.2 .32

duct . )

(F=0) jo} " c 5,850 " 6.0 7.2 W31
(23] ® c 11,700 " 6.0 7.2 2351
® Townserd Bi-plane 5,850 0.0 4,0 4,0 S5l
TF  Marechal - - - 133 - .66

fwo-dimensionel O Auttror A 6,780 0.13 5.l 3.8 <97

contraction o

(F=0) L " . " 5.3 3.7 .97

Equivalent ¢{  huthor A 6,750 0.40 2.3 2.8 .25

symmetrical

diffuser o " il " n 2.1 2.5 .25

(F=1.0j

Rapid distortion theory, Ly= 6.
Curve through experimcntu! points.

60. Distribution of turbulent energy
types of strain F.

Tor different




0.5

lNo Oo"}
o

~

N
I %

S

N"\

O,

N 3 -
lNN ——— Rapid distortion theory, L1=6

> —~~—~- Curve through experimental points '
I&“' Other symbols as shown in Fig. 60 -
o Solid points corrected by method II LT
&, 0e2 g
| H

=

0 f ] I I | | I l l l l | l |

"'005 "OoLl‘ “002 O 02 QL!’ . 06 08
' Fe (final value)

Fig. 61. Distribution of turbulent energy for different types of strain

9¢2

1.0

Fe.



003 " . : h
Rapid distortion theory. ' - :

Q2 t— ————— Curve through experimental points. _ » . —
Other symbols as shown in Fig. 60. -
0.1 - Solid points correctec by method II. _
0 l l l I | l | 1 l I l l I 1
-005 -Ool‘" "002 O 02. 014' 06 ) 98 v 100

F, (final value)

Pig. 62. Values of the structural parameter K for different types of strain F..

lee



