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The work reported in this thesis inciudes the
development of a device, based on the method of electro-
magnetic induction, for measuring turbulent velocity
fluctuations in water, This method for turbulence measure-
ments in water was first used by Grossman (26) and later
studied by Day (14) and Gratz (25) at the University of
Wigeonsin, where the experimental work reported here was
carried out, In the present work, the r.m.s, value of
ui fluctuations as well as their spectra were measured,
These measurements were made in & 2113dia, lucite pipe along
a digmeter for proving of the equipment, Studles were then
conducted of the decay ang encrgy spectra downstream of

various grids - singly as well as in combination,

The linear decay law, based on Kolmogoroff's
hypothesis has not been found to be adequate to describe
the deciy behind a grid. 4Also it was found that a change
in initial conditions brought about a change in the decay
law 28 well, This can be sttributed to the fact that the
similarity of spectrum of energy does not hold good over
a very wide rangs of wavenumbers. This deviation from

similarity was also experimentally verified.



A ceneralised thneory of similarity of spectra
and decay luaw was proposed by Golastein, wherein account
was taken of the effect of Reynold's numbers and the
initial conditions on the law of decay as well as on
similarity of spectra., The postulates of this theory
have been confirmed with the experimental data obtained,
in as much as the results can be exp ained on the basis

of the above theory.
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CHAPTER -~ I

IERTRODUD T ITON

1,1 Preliminary Remarks :

Turbulence is a phenomenon encountered in nearly
every field where fluid motion is involved, Though a famili-
ar notion, turbulence carnot be defined easily, so as to
describe its detailed characteristics, Various definitions
have been suggested from time to time, to include the essen-
tial characteristics of turbulence. Hinze (28; 3p. 1) sums
up the definition as 'turbulent fluid motion is an irregular
condition of flow in whigh the various quantities show a
random variation with time and Space coordinates, so that
statistically distinct average values can be discernedt',

Thus randommess must be associated with the f1ow for 1f &o
be turbulent, Any motion described in terms of periodic

functions is not turbulent,

1,2 Classification of Turbulence :

Turbulent flows may be classified according to
the manner in which they ccecur or according to their charac-
terisbics., Turbulence can be generated by friction forces
at fixed walls or by the flow of adjacent layers of fluids
with different velocities, There is; however, a distinct
difference between the types of %urbulence generated in the
two cases, The turbulence generated ang continuougly influ-
enced by fixed walls is generally known as 'wall turbulence'

while the turbulence in the absence of walls is designated as



'free turbulence'.

Depending on its characterigtics, the turbulence
may.-be either 'homogeneous' or 'non-homogeneous'. Homoge-
nNeous turbulence has the same quantitative structure at all
points in the flow field i.e, its characteristics are inde-
pendent of the coordinate position., Homogeneous turbulence
is further defined as being 'isotropic'! when the character-
istics are independent of coordiumate direction also, other-
wise it is 'anisotropic'. If the turbulence structure is
dependent on coordinate position, we have a non-homogeneous

turbulence,; which by definition is anisotropic also.

1,3 Equations Governing Turbulent Flows :

The earliest worker to have noticed the exig-
tence of two modes (laminar and turbulent) of flow appears to
be Hagen (52), who found that a change in flow characteris-
tics invalidated his equation for resistance to pipe flow.
It was, however, Osborne Reynolds (52) who first gave the
specific formulation of a similarity parameter to define the
mode of flow . The parameter, known as Reynolds number, was
first described by him in a paper in 1883 ang comprigsed of
a length, velocity and kinematic viscosity - ul/y; . He
found that the onset of turbulence is associated with a
definite value of ul/,; . It is interesting to note that
the word turbulence was first introduced to define the flow
beyond the laminar range by Lord Kelvin in 1887 (52). Be-
sides the formulation of this similarity parameter,

Reynolds also introduced the idea of time averaged (mean)



1%

velocity and fluctuationsg in turbulent flow, He assumed that
the instantaneous velocity u may be separated into a mean
velocity . W. and a turbulent fluctuating velocity u' (see

Figure below) and that the instantaneous fluid velocity

satisfies the Navier-Stokes equations for a viscous fluid,

On the above concept, and using special averaging rules -
known as' Reynolds rules of averages - he extended the Navier-
Stokes equations and formulated a set of equations called
Reynolds equations, applicable to turbulent flows, These
differ from the Navier-Stokes equations only in the presence
of additional terms added to the mean values of stresses due
to viscosity. These additional terms are called the 'Reynolds
stresses', 'Eddy Stresses', or 'turbulent stresses', The

Reynolds equations for an incompressible fluig take the form;
du. :

’ aﬁ' - @-1-:1- 55 +2 i :
s L 0 el Vo i, 0 Mo Py W
]

-nlo-o-u(l.l)
where = mass density of the fluid

u. - mean velocity of flow in X direction

S |
1

mean pressure

[* - coefficient of viscosity of the fluid
4y and uj— turbulent velocity fluctuations in X,

and x. directions respectively,
o
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Fi ~ Dody force in x, - direction,

The terms f u! ul represent the turbulent stresses.

The Reynolds equations are very valuable to explain
the existence of eddy stresses in turbulent flow, but at the
present time it has not been possible to solve these equations
for more than a very limited number of problems. Further
hypotheses about Reynolds stresses have to be made in order

to obtain some definite results from these equations.
1,4 ~rhenomenclogical Theories of Turbulence :

One set of theories, known as the 'phenomenolo-
gical' or 'semi-empirical' theories of turbulence is based
on making further assumptions regarding Reynolds' stresses
and thereby studying the mean velocity distribution in turbu-
lent flows,

Boussinesq (48), a contemporary of Reynolds, was the
first to work on the problem of making further assum_ tions
about Reynolds stresses as stated above, He introduced the
concept of an 'apparent' or '‘turbulent' or 'eddy' wviscosity

em , such that

et e (0 e s Y STy Rk
=" d dxj Aéxi

According to Boussinesgs' concept, €m was g

constant scalar quantity . Later it was found, however, that
€m  varisd with flow conditions and could not be looked upon
as a fluid property analogous to the kinematic viscosity V .
EZven in the case of atmospheric turbulence, where thig concept

could be appiied with some degree of success, €m was more



correctly described as a tensor of the second order rather

than a scalar,

Another important advance towards formulating a
Semi-empirical theory of turbulence was made by Ludwig
Prandtl (48) in 1925, By analogy with the kinetic theory of
zases, he postulated that as the masseé}%luid migrated later-

ally, they carried with them the mean velocity (and hence the

momentum) of their point of origin., This momentum was assumed

D

to be preserved through a length f called the 'mixing lengt>!
Working on this premise he gave for turbulent shear stress

the expression

WO 30y AN LT
T o | 1 | - € 0000y .
fA fs'z;— o,

for nearly parallel turbulent flow.

Just as in the case of Boussinesq's eddy viscosity,
the mixing length has to be specified before Proceeding further

-1

with the analysis., The main advantage of this approagh being
that it ig generally easier to make a plausible assumption for
'{' which is just a length than for €, Which is the product
of a length ang a velocity, In fact the mixing -length concept

can be considered as an assumption regarding the make-up of &
du ;
2 3 4 \
e = /< l_-‘:"-""' l n.t.oc.(l.é)
dx_
i
Taylor (59) reasoned that there was no physical
Justification for assuning conservation of momentum in turbulent
mixing process, This is vased on the fact that due to pressure

Tluctuat ions to which each lump of fluid is subjected during

its path over the distance ', the momentum of the lump will
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not remain constant, Taylor suggested the coaservation of

verticity instead of the momentum and derived the expression,

dp ol , | ( dzal {163
o e = = ur' = daie s .
ax, ax, [ dxg

He developed the theory to the three-dimensional
case also in his 'generalised vorticity transport theory'

and 'modified vorticity transport theory'.

Von Karman (23), in what is known as Karmans'
similarity hypothesis, assumed the local flow pattern to be
statistically similar in the neishbourhood of every point
with only the time and length scales being different. For

parallel mean flow he gave
- 2

P dul
G Y G e seger Vorald
where 'f' 1is given by

o...
— d™q
e R R )

i

q& et dx
~
kK being the Karman constant, having a value of

0.4 found experimentally.

Improvements over the mixing length theories given
above have been made by Pranagtl (48). , Goertler, (48), Von
Kirman (68) and Lettam (41), Besides, Reichardt (48)
and Baron (48) have proposed theories which are inductive
in nature as against the deductive nature of mixing length

Clleories,

-

The above theories have been subject to con~
siderable criticism, mainly because while these predict

the mean velocity distributions in many practical problens



L i

successfully, they do not give any nsight into the mechanism
of turbulence., Discussions regarding them have been given
by Goldstein (23), Lin and Tchen (45) Pai (48), and others

(41,28).
1.5 Statistical Theory of Turbulence :

In order to gain an understanding of turbulent
flow in general, the ficlds of turbulent fluctuations must
be studied in detail rather than studying the mean vel ocity
distributions alone. Since the turbulent fluctuations are
random in nature, the applic+tion of the methods of statistical
mechanics seems most lrncical for the study of turbulent
Tlows. * The origin of the modern statistical theory of tur—
bulence lies in the poineering work of G,I,Taylor (60,62) who
introduced the correlation between the velocities at two
points as one of the quantities needed to describe the
turbulence, He assumed the turbulence to be statistically
homogzeneous and isotropic in order to simplify the analysis
and described measurements which showed that the turbulence
generated downstream from a grid in a wind tunnel was appro-

ximately homogeneous and isotropic,

Further important contributions to the subject
were made by Taylor (61,63,64) in 1933, He demonstrated the
skewness of the Probability distribution of the difference
between the velocities at two points and also the existence
of an interaction between components of the turbulence having
different length scales. Another of his contributions was

the introduction into turbulencs theory of the result that

the Fourier transform of the correlation between two veloci—
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tles 1is an energy spectrum function in the sense that it
describes the distribution of kinetic energy over the various
Fourier wave-number components of the turbulence, This con-
cept has proved to be of immense value for further work in
thig field,

Von Kirman (69) perceived that correlations
between velocities at two {or mere) points were tensors,
Karman and Howarth (71) were able to show that for isotropic
turbulence the two point correlation tensor could be expressed
in terms of a single scalar, They 21ls0 gave the well known
Karman-Howarth equation comnecting the double and triple

correlation functions., Though the idea of uging the Havier-

o

. Stokes eguations to relatc mean velocity products of different
order had been advuanced by Keller und Friedmann (4) in 1924,
they could not proceed fr without the simplification of

homogeneity and isotropy.

Robertson's tacory of invaria ts (51), wherein he
showed how an isotrOpic Tensor of arbitrary order could be
expressed in terms of the known invariants of the rotation
group. was another big advance in the development of the kine-
mitics of isotropic turbulence. The same methods have been
used to analyse the kinematic of axisymmetric turbulence,

As already mentioned, the concept of the energy
spectrum function, which ig the Fourier transform of the
correlation function, was introduced in turbulence by Taylor.
The spectral approach has vroved to be very useful in studying
many problems connected with dyhamic aspects of turbulence,

The turbulent kinetic cnergy per unit mass of flow in any
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. ; / 4 e d
direction % noocan be considercd as consisting of the sum
of conmtributions from fluctuations of all frequencies ., If

E! (n) dn be the contribution of frequencics between n and

e dn ta ﬁ? y then

T e

J E (n)én = u'*®

0 1

(*=)

ang J F (n)dan = 1

‘:) oy

whore " 11\' = ;‘,! /%
whore 'l( ) B (& uy

/

-’ . .
The function Fl(n) 1s known as Taylor's normalised
spectrum function., It represcnts the contribution of each

frequency n to the total kinetic energy of flow,

While Taylor had introduced the spectrum function
for one-dimension only, the concept has been extended to the
three-dimensional case as well , Thus for the study of any
turbulence field a study can be made either of the correlation

tensor or of the spectral tensor.
The dynamic equation giving the change of spectrum
with time can be obtained from the Navier-Stokes equations

(or the Reynolds equations), it takes the form

|

W = — 2 k2 B '

Icu
+

a3
c+

where E 1is the three~dimensional gpectrum function (related

Yo double velocity correlation) and W is a quantity represen-—
ting the transfer of energy among various frequencies (related
to triple velocity correlation), ¥ is the kinematic viscosdty

of the fluiq =znd k the wave number given by k = 2% n

u



where n 1is the frequency and u  the mean velocity of flow.
A similar equation is obtained for the correlations, involv-—
ing,a” correlation of nt? orger and another one of (n+l)th
orger,

Une cannot proceed much farther with the above
equation without more specific knowledge of W, One of the
approaches in solving the above equation, therefore, has been
to postulate or assume some appropriate form for W, Such
forms have been suggested by Obukhoff, Kovasznay, Heisenberg,

and others (4,28,44),

Another approach for obtaining information about
the change of spectrum is based on the concept of 'self-
preservation' or 'similarity' introduced by von-Karman
(2,69,72). According to this concept the shape of the
correlation function or the spectrum remains similar in
sourse of time, Assuming that similarity of spectrum holds,
some conclusions about the functional form of E(k) can be
drawn from more basic physical principles such as dimensional
considerationg, However, observations indicated that the
Spectrum function does not preserve its shape over the whole
range of wave numbers. The assumption of similarity during

decay of turbulence with time , therefore, needs a sound

Tt

physical busis in order to understand its limitations. The
required basis for one kind of similarity of the turbulence
viz,, the small scale structurs, was suggested by Kolmogoroff
(36,37,38) as well as by Obukhoff, Onsager, and Von

Weizsacker (4,28) in what is known as the 'equilibrium

theory'. The mechanism of large scale structure of turbulence
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was similarly discussed by Lin (43) , Batchelor and Proudman
() =and Batchelor (3).

The various proposals for assuming the non-linesr
trunsfer of eneggy across the spectrum alongwith the gimilarity
hypothesis can bae used to determine the spectrum function
completely and suen solutions have been given by Chandrasekhar
(12), Provdman (49), Lin (44), Goldstein (22) and others.
Various laws for decay of turbulence have been proposed on the
basis of the above concepts ang a detailed discussion can Dbe

foynd in the »coks by Batchelor, Hinze, Lin or Pai (4,28,44,43,.

The +theories of equilibrium and similarity spectrz
and the decay laws cctained therefrom, however, apply under
such conditions where the 2ssumptions underlying the theories
are fulfilled. It is, therefore,quite necessary to know
under what condition will a particular theory fail to give
correct results and to what extent.Goldstein (22) has proposed
a generalisation of the theory of similarity and equilibrium
spectra and derived a general decay law therefrom. In. bhing
opinion the deesay law depends on the init'al conditions as
well as the Reynolds number, The theory has however, to be
supported by experimental evidence which as yet is scanty.

A more detailed discussion of the statistical Theories of

turbulence is presented in the next chapter,

1.6 Measurement ¢f Turbulence :
On the experimental side, a large number of
measurements of tugbulence -~ both isotropic and anisotropic -

have been made. Qe of the first measurement~ to be made wds



of the decay of kinetic energy of a grid-produced turbulence
which has been repeated many times under different conditions,
Measurements have also been made to test the assumptions under-
lying various theories, to determine the shape of the corre-
lation and spectrum functions and the micro scales and inte-
gral scales, A detailead discussion of the measurements and
their comparison with theories is not pogsible here and refer-
ence may be made to the works of Dryden and coworkers (15,16,
17,18), Hall (27), Simmons ang Salter (54,55) Batchelor ang
Townsend (6,7,8), Baines ang Peterson (1), Stewart ang

Townsend (51), Grant and Nisbet (24), Tsuji (66,67), Sato(53),
Frankiel (20,21), Laufer and coworkers (42), Von Karman (70,73},
or to comprehensive reviews in books om turbulence (4,28,44,48),
The measurements have been made principally with the hot wire
anemometer in a wind tunnel, The hot wire anemometer, first
originated by King (34), has been developed to a great extent
wver the period of years and is now more or less a stangard
instrument for turbulence neasurenents in wind tunnels, Along~
with appropriate electronie circuits, the hot wire is capuble
Of undertaking varied types of Mleasurements, examples of which
¢an be found in papers by Townsend (65), Corrsin (13},

Hubbard (29) aing Dryden and Keuthe (2R),

While gquite successful Tor measurements in wingd-
tunnel, the hot-wire nemouweter is less suitable for use with
liquids because of its delicate construction and the effect
of air bubbles or impurities in water on the calibration of
the hot wire, Various investigators have tried other methods

for turbulence megsurements in Liquids with varying degrees of



success, None of them con, however, be saig to have reached
& degree of perfection like tnut of the hot wire for air,
The measuring technicues for water are thus still in the

development stage,
1,7 The Problen :

As already ment ioned, information regaxding the
shape of spectrum during decay can be obtained on the basis of
Similarity hypothesis and €quilibrium theory, and laws
governing the decay of turbulence derived therefrom., A linear
decay l.w is obtained if ome starts with Kolmogoroffs' hypo-
thesis, This type of decay law (linear) has also been found
to conform with experimental data obtained by various investi-

2ators. Goldstein (22), however. bro osed a generalisatipn
? -] =1

of the equilibrium hypothesis and also 1 generalised decay

}

hig generalisation, the similarity hypo-

ot

law. According to
thesis is orobably only wsymptotically correct for a range of
large wave nuitbers, the range depending on initial conditions,
A change in initial conditiong should therefore bTing about
changes in the law according to which any grid-produced turbu-

lence decays,

The present work is a continuation of a project

started at the UniVersitj of Winsconsin in 1960, with the
purpeose of building a deviee for measuring turbulence in

water in duct~flow, using the method of electromagnetic
induyction, The capubility of this method for turbulence messu-

rements in water has already been demongtrated by the work

of Grossman (26), In Principle, the metlhod consists of



measuring the e.m.f., fluctuations induced in the flow, on
account of turbulent velocity fluctuations, when the duct
carrying the water is placed in a strong magnetic fiecld. The
e.,m. f, induced due to any component of velocity fluctuation
is in a direction perpendicular to both the fluctuution
direction und the direction of the magnetic field, The
earlier workers on the Wisconsin Project include Day (14),

and Gratsz (25).

The phase of the work reported in this thesis

comprises of the following :~

i) To develop further the measuring device, in order to
inprove the frequsney response of the system, specially
in the low frequency ranges. Certain changes in the

System, including the addition of a multiple channel

F.M, taperecorder and an operational amplifier im-

o

pedance~isolution circuit, had to be made to this end.
ii) Study of the distribution and spectra of ui - fluctu-
ation in a pipe along any diameter and their compari-
son with published results o check the performance
0f the system,

b e Study of the decay of kinetic energy and ui - Spectra
downstream from various grids and the effect on these
changing the initial conditions. The change in
initial conditions was effected by inserting one
grid upstream of the other at various distances,
Uging watcer ag o fluid the above studies were carried

out in a 2 inch dismeter lucite pipe with three grids, The
grids had different mesh sizes but the same solidity ratio,

]



CHAPTER -~ II

STATISIICAL THEORIES OF TURBULENCE

2.1 Preliminary Remarks :

As mentioned earlier, due to their complexity and
Tandom nature, the details of turbulent flow require
statistical description. Intensive studies have been
made for isotrosic homogeneous turbulence, because of the
comparative ease with which it can be treated mathematically,
Less is known of anisotropic homogeneous turbulence and
very little is known of non homogeneous turbulence, The
basic concepts of the isotropic case, however, graduglly
find their way into the study of other types. It is pro-
posed to deal with some of these basic concepts in a some-
what detgiled Demner in this chapter,

As in any other case, there are two aspects of tur-
bulent motion to be studied - one the mathematical descrip-
tion needed 1o Tepresent the turbulent motion at one in-
stant in a statistical Manner, taking into account conti-
nuity and the symmetry conditions that may exigt (kinematics
of turbulent motion) ang the other the varigtion of this
Statistical representation with time (dynamics of decay
of turbulence). These two aspects can be studied either
in terms of the correlation tensor or the spectral tensor
and the results of one transformed to the Other because of

the Fourier transform relationship between the two,

The discussion in the present chapter will
mginly comprise of the theory for homogeneous isotropic

turbulence,



2.2 Kinematics of Homogeneous Turbulence :

In order to develop the theoretical concepts used
for the description of the homogeneous turbulence we need to
define the various types of correlations or the spectral‘
tensor and also show the relationship between the two, The
correlations can be Eulerian or Lagrangian depending on the
method of description. While Lagrangian correlations are
useful for a study of diffusion phenomena, the major develop-
ments in the field of statistical theory of turbulence have
been in the study of Eulerian correlations., This discussion
will be limited to the Eulerian space and time correlations

only.
a) Eulerian Correlations:- Some of the commonly encountered

Bulerian correlations are defined below. The definitions are
general, without any consideration of the type of turbulence,
The restrictions of homogenity and isotropy become necessary

for further developments.

Double Velocity Correlation:- The double velocity correlation
(Qi,j)AB is defined as

| = | 1

(“l,J> &8 T (ul )A(uJ )B = ijth component of a

second order tengor
describing the corre-
lation of ithvelocity
fluctuation at A and
jth velocity fluctua-
TinY At B e . i Ball

The related correlation coefficient is given by

(Ji o (U')A (U')B

i,j)x‘;,B
/({m (u:2) s e g RGN




<~

A special case exists when A = B, then

(Qi j)ﬁ 5 = 0l u3 Typifying the Reynolds stress
[] Fol 3 fi 53

tensor,

Higher velocity correlations can also be defined in
& similar manner as also the double correlation involving

One velocity component angd Pressure or any other scalar, In
the latter case, it is a first order tensor.
Eulerign Time Correlation :- The Eulerian time correlation is

ordinarily written as a coefficient.

Rij<t) Sl {1 u% (6wt ) = ijCh component of & second

o A D order tensor describing the
//—;'2 (7) u*E(r -t ) th
i correlation between the i

component of velocity fluctua-
tion at a fixed point at time [
and the jth component of the
velocity fluofuation.at the

same point at time (T - t)
IIIOBOI‘(EQS)

The one Gimensional coefficient with the added

restriction of statistical steadiness becomes ;
Rt B ¥ e e g
SRS u! -
s e v o e ives el
'>)
e

b) Micro and Facro Scales of Turbulence : If The restriction
of homogeneity is placed on turbulence, the double velocity

correlation Q_j is found tc¢ have only three non-zero compo-

nents, out of which “wo are equal. Hence only two correlation

coefficients need to be considered, They are

®

e s Tt N 04 S e vt ebeint

f(Xl) = ai(§1)u£ (§1+xl)

L T

1

doublfa%§g§itudinal

- correlat
e coefficientsu.,s s (2,5)



and

glxg) = ug (&, 2 Jub( 5, +x5)

= double lateral correla-
u'E
2 tion coefficient....(2,67
Where Xl and 2{2 are coordin.te axes and the points

5‘ and §1 + %, are separated by the daistance Xy as shown

in Figure below, and similarly for %2 &nd i_+ Xo o

The initigl shape of the correlation ome-s i’ : 3
vs x; and g(xz) V8 x,  approaches chat of an inverted p‘e-.;at
bola. Taylor (60) argued that the irtersection of this para-
bola with the Xl or XE -axis ﬂrg‘:l.v*es a measure of the average
size of the smallest eddies. Thelength, \ or 'Xg 80

obtained is known as the'micro' or ’dlsslpatlon' scale,

£(x;) =~ 1- X/ Ng a1l g(xg_) PO

i .Z=.§F;1J



The above, alongwith equations (2.5) and (2.6) after

some manipulations give

S ek (R 5 --z (g
) B e oxg  ¥e
0
i ( -5-“]'_ ) ; _]';"2' ::];:- (Eé— )2
and ’>\f2 ':531"-{2 ::_}E"i' Xl=O }\g 21.12’(3 aX2 X2:O

s eas sk Rin)

The macro or integral scale is a measure of the
longest comnection between velocities at two points in a flow

figld: This is defined as

(ee) co

Dy o f €lx )ax, S A | alxy) 4%
O l 6 O aoao.--(ztlo)
If f(xy) = 0 at x, = x¥, then.&f = x* provided

the correlation curve is rectanguler. Otherwise, which is the

actual case, ¢-f and Xi are different.

]

1.0

o0
£0) [fcx,)dx,= Af =t
0

> X1

f——— Xy ———

In a manner gimilar to the above, the micro-and

macro-Bulerian time scales can be defined as follows :-

RE(t> P 1 L JGZJ/('E o-c-.--(zulj-)
LN ot
- B ou!
whence _3_5 = :%:: ( 0y )
TE* o1 2 ot ;
ey t =0 ok p-n (EYIR)
and ’%_,-' E - J I'?.J,T‘ (-’G) dt .oe.loo.(2.13)
O L

A general relationship between the Eulerian space
and time relationship for any turbulent flow is difficult to

predict. However, if the homogeneous field being considered



ot N

has a constant mean velocity say U; in the x;-direction and

if u, > u' , we can make use of Taylor's hypothesis :

il 1 3
a/at = "'E -:nn.o-o(ZO:].A‘-)
- 0x
i+
which gives us ;
i‘(X]_) :_—j J-JLE (t) n-nagoo(2015)
dnd Af Ak lal IjE oasoou|(2.16)

Such conditions, s are needed for the above appro-
ximations to hold f-irly well, exigt in the case of isotropic

homogeneous turbulent flow generated by grids.

¢) Correlations in Isotropic Turbulence :— If in addition
to homogeneity, the conditions of isotropy are also imposed
on the turbulence, the correlations can be studied in more
detail. The deduction of correlation tensors in isotropic
turbulence is greatly facilitated by the theory of invariants
as expounded by Robertson (51), He showed that an isotropic
tensor of arbitrary order could be expressed in terms of the

known invariants of the rotation group.

In the case of isotropnic turbulence, since there is
no preferred choice of the coordinate system, the correlations
must be basically characterised by the directions of the
velocity components relative to the vector joining the two
pointg 4 and B at which the velocities are considered . We
can in this case define cortain correlation coefficients as

shown in the sketch below,



4

Making use of the Robertson's theory of invarients,
the double velocity correlation can be expressed in terms of

f(r) and glr), and the exnression turns out to be

o= £(z)-g(x)
(Qij)A,B MR ( -—~j;§~—* , TiTy o+ g(r)ﬁij)
el I 10N i&t-l'ep(zﬁi?)
where u‘g B AR u“2 from isotfopy
. 2 5)
Bl EmidEl) sz
i 28 I

and 613 is the Krecnecker delta.
Relation (2,17) was also derived by Vor Karmani?i,‘f
direct calculation. Karman and Howarth (71) also deduced

the relationslip ;
d

H

g= f+& PP Al i

(oY)
a3

Which was experimentally verified by MacPhail (47).

Thus from equations (2.17) and (2,18) it can be

seen that in homogeneous isotropic turbulence, all the correla-

tion functions of the second order can be expressed in terms
of a single correlation functiom f(r) or glr) .
#lso for this case one obtains ;
:}\f :A Vg nquqn:cl(gc-lg)
g
In a manner similar to above one can obtain for the

triple velocity correlation ;
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& ey = u'2 k-h-2g P L T h | &, v %
q ; o
+ 6Jkrl ?E ) OOHIOOOIQu(h"EO)

where h, k and q are related as follows

i = = 2k %
. r ok )
q S —h-— 2 ——'l—'ar ) .a-a-..(g.zl)

Thus the triple correlation can again be expressed
in terms of a single scalar funetion.

The same techniques may be applied for higher order
corrclations also ., Third order correlations were measurcd by
Townsend (65) , Stewart (56), ang Kistler, O0'Brien and
Corrsin (44),

d) Spectrum of Turbulence :- Taylor (61) was the first %o
introduce the use of spectrum in turbulence theor  and obtain
the relation between the correlation function and spectrum
function in the mathematical form.

The kinetic energy of the turbulence fluetietions

be analyged according to its distribution over the various

fregquencies e8ccuring in these fluctuations, Considering =
quasi-steady field of flow, there exists a constant average
€
& " p - = =
value of u' which can be considered to consist of the

s
sum of the contribution of all frequencies n, If E{(n) dn be

, ; : PRI i i
the contribution to u'i €I bre frequencies between n and n+dn,
then one has

(ee)

[ Ei (n) dn = u' e sl
0

If Fl(n) = E {n}/ =u
T}lan, J
0

]
Fl(n) dn =1 v o ATE K

)]
0
]



where Fl(n) is the normaliseda Taylor's one dimen-
Sional spectrum function, As Shown by Taylor, this function

is related to the Eulerian time correlation as follows :-—

(ve)

Batbd = f PAn) .cos2ndt ah s de vy L B ERD
i & b

and Fl(n) = 4/ R_(%) cos 2nnt 4t . ih byl Batiy
O &

i.2s one is the Fourier transform of the other,

Taylor made spectrum measurements, behind a grid in
a wind tunnel, of the velocity fluctuation as registered by a
hot wire fixed in the wing tunnel, This gives a fluctuation
in time, but hig assumption ''the sequences of changes in uy
at the fixed point are simply due to the passage of an un-
changing pattern of turbulent motion over the point" made the
variation essentiglly same as that in space. The gbove assum—
ption has been represented mathematically by eqn., 2,14, When
this condition holds, the observed spectrum corresponds to a
one-dimensional fourijer analysis of the field of turbulence in
the direction of the flow., Equations (2.14), (2.15), (2.24) and
(&.25) can then be combined +o connect the observed time

spectrum with the space correlation function, as follows :-
(&)

) = J F)(n) cos ?Enx % RTINS 0K T
1 ' ul
i) e " £ - QTEHX =N
P (m) = 4é £{x) cos — & NP 1
9y
also, (n) ~ "
Lim F n :4 ™ == e A -:\oo.-.(gozs)
n-0 T = o
3 oL
and e 1 3 ; \
EFQ J ngFl(n)dn I eeena(2,29)
dre" o )fg 4® TEE

The above relationships are for the one dimensional

spectrum only and hold good when the flow is homogeneous with



o |

& constant iean velocity Uy >> ui as mentioned earlier while

obtaining eqns.(2,14) and (2,15).

Since turbulence is actually three dimensional, its
gpectrum should also be three dimensional, The Taylor spect-
rum is just a one dimensional cut of the spatial spectrum,

A harmonic analygis in three dimensions then gives the energy
Bpectrum tensor, Introducing the wave number kl instead of
frequency n, such that kl = 21n/ El » one has the Fourier

transform relations between the correlation and spectrum

tensors,

o0
Qij(xl,,xg,xg,t) =_iyj dkldkgdkgbij(kl,Kz,kg,t)exp
£l )
(1% + koXy + k%, ) )
1. s
- i i 1 A M i -
and “ij\kl’kg’ﬁs’t) = 5_3 B XmdX2dX3Qij(X1’XZ’X7’t) eXp.
T 0

~1 0y 2 g+l x, ) 3 e aivw 4l Beati

In the case of isotropic turbulence, the correlation
tensor can be expressed in terms of two scalars f and g. Since
f and g are different, the one dimensional epectrum func-
tions Fy(k;) ang P (k) corresponding to them are also dif-
ferent, though
gsidklﬁg(kl) fm dk P (ky) = Wz

o)

Also , for i1sotropic turbulence one can introduce

the wave number k and distance r and get from equation (2,30)

co
" 3 s il ge sin kr
Qii(f’t) =5 a‘é dlc ""E-r*'—"- E(l{,t)
‘ 1 ,{Xoo .
and My S5V CdEks siw ke 24 (x,t) o5'banks BLJ

:
9
where £ (k;t) is the three dimensional energy



spectrum function such that

E(k,t) = 2nk (k,t)

——m——

and ' dk Blkt) = 5/ u® PSR ST

The relation between E(k,:), Fl(%jt) and Fg(kl,t)

can be shown to be

2 BE. (. %)
E(k,t) 1/2. kl 1(L1’ ) _ 18, k, 171,
GL_ g
( o> v (2.33)
and Folly ) = 1/2. (¥ 1 (kg ) - Oﬁl(kl) )
- W 5 vie ve-s (2, 38)
0k )

Thus the measurement of Fl(kl) alone can give the
three dimensional speetrum function for homogeneous isotropic
turbulence . The concept of spectrum of turbulence has been
the subject of many theore 2tical and experimental studies

(31,32,33,43).

2.3 Dynamics of Homogeneous Turbulence

The dynamics of turbulence, that is the variation of
the statistical representation of turbulent motion with time,
i1s governed by the Navier-Stokes cquations, there being no

ave ]‘."af"._, LIIOL,J..OII

du'j_ Oui
+ u! L op '
5 Do B . URERIE (R
P ax. %
s

The above equation can be used in the investigation
of turbulent motion in one of the following two manners.

the first approach is to obtain an explicit sclution
of egn, (2.38) . If the initigl conditions are given numeri-
cally, the equations can be solved for a realised field by a
numerical step by step integration with respect to t., Such

& procedure is very laborious and unlikely to reveal the



fundamental features of a statistical problem. However, in the
absence of a wholly successful alternative method it may be
worthwhile to obtain solutions for realised fields in some
sample cases. Such an 2pproach has been used by Emmons (4)
for the hypothetical case of 2 two dimensional turbulent flow'

between two fixed parallel planes,

The second method is to convert equation (2.35)
into a set of equations for the variation of statistical
Quantities with time and then to solve them in terms of the
statistical specification of the turbulence at the initial

B.o»

0
To obtain the equation for the change of double~

velocity correlation with time, we can write eqn. (2.35) for
point: A and B, multiply the equation for A by (uk')B and
that for B by (u%)u » add the two and take an average, The

bressure term vanishes identically from the condition of in-

compressibility and the equation reduces to
p ¥ g

o R R (54, )
SRR T E k, 7 A,B o, 1)
=1 v (4 ) ..a.a.’.(2.36)
e 13°4,B

Thus the equation for change of double correlation
contains the triple-correlation in it. Similarly the equation
Tor triple correlation contains the fourth order correlation
and so on,

The equation describing the behaviour of energy
spectrum with time ang Space coordinates can be obbtained from
eqn. (2.36) and is

S By e i st o W, o (e ey e, ) -2:)k2Ei§ki,k2J%t)
veveee (2.37)



where W is connected to the triple correlation and
Tepresents the transfer of €nergy among various frequencies
/ In the case of isotropic turbulence, since the
double ang triple Correlations can be €Xpressed in terms of a
Single scalar, it should be Possible to reduce equ.(2.36) to &

Single equation. Karman ang Howarth (54) foundit to be

q.—'(_)- /2 2 a2 £
8 (u'® £)+2(u'?) (ﬁ*fl)—_-z;u' ( g fj—g—;)
3t

.0“000(2'38)
A direct €Xperinental verification of the above

equation was made by Stewart (56).
Also in the isotropic case, eqn. (2,37) can be

written as follows

2 B(k,t) = W(kyt) - 20k°B(k,t)  ov.n..(2039)
where W(k,t) = onk° W, (k,t)

Eqn. (2,39) also shows that

(&0}
S w (k) gL b
O,
which means that no energy is lost or generated
while it is redistributed among various scales. The rate of dig-

slpation is obtained frop eqn. (2.39) by integrating it with

respeet to k from k = O0to k =0
__‘_. oo
B AR o F el s il
dt 4 A, 0
coaes {2, 40)
Here again, without a more Specific knowledge of w,

it is not possible to proccsd much further with eqm, (2,39),
However, it hag been found possible to obtain some plausible
Tormulas connecting W(k,t) ang E(k,t) and make reasonable

deductiong,



AS seen above, each nth—order 2quation obtgined for
describing the dynamics of turbulent flow contains momentg of
order (n+1) as & direct consequence of the non-lingarity of
the Navier-Stokes equations, The number of variables is thus
more than the number of e¢quations by one,

The only case where it is possible to solve eqns,
2.33) or (2.39), directlyis the limiting case where the

effect of the 'convective! term represented by h or W is neg-

=

ected i.e, the description holds good for the asymptotic

behaviog

L

of the turbulence for dominating viscous effects,
The solution in this case is

f =1 QXP (— r2/8))t ) .00.!'.!'(2.41)

O
H

Blk,2t) = E (k,to) exp%-Ewkz(t—tofg ".'.(2f42)

indicating that f has the shape of a Gaussian
€rror curve, which was found to be approximately true in the
final stages of decay by Batchelor and Townsend (8).

A general feature of the dynamic equation, which was
shown by Loitsianski (28) by taking the fourth moment from
each term of eqn. (2.38) is that

xR

uiz j. r4f(r9t> dl‘ = J oo...-(2.4:3)
0

18 an invarient under the assumption thst

lim (r4 8L }

N or
and lim (
-\ FUET T .
& (T k(r)> = 0

The integral (2.43) is Xmown as 'Loitsianskis!

invariant! The interpretation given by Loitsianski is that
the integral gives the total amount of disturbance caused by



the turbulence generating system, Some doubts on the in=
variance of the Loitsianskii's integral have, however,
been cast by Batchelor ang Proudman (5),

As already indicated, the non-linearity of the
dywamic equation does not allow a direct solution to Dbe
obtained for egns. (2.38) or (2.39) ., The approaches
for solving eqns. (2.38) or (2,39) can be divided into two
broad classes, In the Tirstclass, models of dynamical pro-
cesses are postulated on physical grounds, Theories of Kolmo-
goroff (36,37,38) Onsager (28), Von Karman ang Lin (73)
belong to this class.

In the second class there arc two approaches.

One consists of neglecting moments of order n + 1 in equations
for moments of order n, The works of Chou and Deissler (28)
belong to this approach. Another wpproach is to relate fourth
order moments to second order moments on the basis of a normal
Probability distribution and thus close the moment equations,
Proudman and Reid, Tatsumi and Ogura (4,28) have worked on
this approach.

In the case of eqn, (2.39) making some assumption
for W(k) in wn explicit functional form renders it amenable
to solution. Such theories (physical transfer theories) have
been proposed by Obukhoff , Kovasznay, Heisenberg, Chandrasekhsr

and Von-Karman (4,28,44) and Goldstein (22).

a) Physical Considerations :- A physical model for turbulent
—€nergy production and digsipation at high Reynolds numbers
a5 suggested by Kolmogoroff (36,37,38). According to him the

ooundary conditions determine the mechanism of turbulence



pProduction from the instability of the mean flow., ZEddies

of small wave numbers (large eddies) produced from the ine
stability of the mean flow produce eddies of hisgher wave

numper through inertial intersction and these in turn break
down into eddies of much hi igher ware number, Turbulence energy
thus cascades from eddies of low wave numbers to eddies of
high wave numbers, the viscogity eifects also becoming more

and more important with increasing wave number, This cascad-

ing of turbulent energy continucs until wave numbers of eddies
are so high that not all the el rgy is transferred to the next

higher order, but part is Aissinuted into heat by viscous
forces.

For the large scale structure of turbulence (eddies

rg
of small wave numbers) Lin (44), making use of the Loitsianski's
invariant, showed that the principal part of the spectrum
function remains unchanged. Thus the large scale motions
are permanent in as far as the time dependence of F E(k) dec~
reases with decrease in k becoming zero at k = O,

Regarding the small sc.le structure of turbulence,
Kolmogoroff reasoned that 2 high Reynolds numbers, the

range between wave numbers of large eddies andg of those

di ssipating all their energy by viscosity is large, In thig

(63}
T

ca in the energy cascading precess the region of eddies of

high wave-numbers should be far enough removed from the pro-
duction region so as to be independent of the external condi-
tions Producing forces that generate the initial largest eddies,
Therefore, in any turbulent Ticld at high Reynolds number, a

domain ¢ can be defincd which is small enough that it will

possess local isotropy. The domain Q will contain eddies of
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high wave numbers describing a motion that is isotropic and
steady state.

Obviously, the fundamental quantities upon which the
structure of motionin the domain « will depend are the mean
rate of dissipation of energy p.r unit mass of the fluid €
(which determines the intensity of the energy flow in the
casc@ding phenomenon) and the kicematic viscosity » . Based
on these considerations Kolmogorc ff made his first hypothesis.

" A% sufficiently high Reynolds numpers there 1s a
range of high w.ve numbers wher: the turbulence is statistically
in equilibrium and uniquely determined by the parameters €
and .., This state of equilibrium is universal "' (28).

When this equilibrium range is sufficientlyaide,
it is further argued that the lower wave number components
in the equilibrium range will contribute so little to the
total viscous digsipation that a subrange will exist in which
the properties will be determined solely by €, Since in this
subrange the inertial transfer of ensrgy is the dominating
factor, this is called the inertial subrange . This forms the
basiz of Kolmogoroff's second hypothesis :

"' If the Reynolds number is infinitely large, the

energy spectrum in the inertial subrange is independent of .,

and solely determined by €'' (28).

The concepts introduced by Kolmogoroff in his two
hypotheses can be used to dete;mine the shape of the energy
spectrum function E(k) in locally isotropic turbulence. Since
turbulence in this region iz independent of external condi-

tions, auny change in the length scale and time (or velocity)



Scale of turbulence can only be & result of the effect of

Parameter € and » ., Fron dimension,l arguments we obtain

3 1/4
for length scalec o= :'/6 ) Ak, aa)
: 1/4
for velocity scale e ey b ha n [RAED

and dimensional considerations alsc Ltead to a spectrum func-
Gion of the form
1/4 5/4
Bk) = ¢ 5 B0 1) oy vEs e an UL )
where @ is a universal C¢imensionless function of 7, e

For the inertisl subrange, according to Kolmogoroff's

second hypothesis, gquation (;.46) must reduce to a form

independent of ;. , Here we get from diiensional reasoning
again
, 2/3 ~5/3
E(k) = at k o wamwd (B3T3

Zquation (2,.47) ig frequently called the Kolmogo-
roff's spcetrum law, The Ssame result was, however, obtainegd
by Onsager (28) and von-Weizsacker (28) independently of

Kolmogoroff and of each other,

The scales /7 and v defined above also occur in
;

the study of the small scale structure of turbulence even when
the Reynolds number is not high, This cannot be interpreted
on the basig of Kolmogoroff's theory, but follows from consider-
ations of self--preservation during decay, which has been dige
cussed later,
b) Physical Transfer Theories :~ The basis of Physical-transfer
theories is the aSsumption of a relation between W(k,t) ang
E(icyt)s  The specific form of relationship between W(k,t) ang
B(k,t) depends on the particular mechanigm of energy transfer

considered, Heisenberg's (44) eddy-viscosity transfer theory



can be said to be amongst the most successful physical transfer
theories,
While considering the rate of dissipation of energy

by eddies with wave Aumbers less than a particular value of k,

D
[0}

e

leisenberg distinguished between the energy directly dissipated
in the form of molecular motion and thermal energy and the
energy trangferred in the form of kinetic energy to all eddies
with wave numbers exceeding the specified X. He argued that
the tronsfer mechanism is essentially similar to viscous dissi-
pation provided the malecular ¥ vigcosity is replaced by a sult-
able c¢ddv viscosity. The expression for encrgy transfer then

becomes
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Heisenbeorg further as*wmed that .. (k) can be expressed as

lf(k) = ky J(//_ dk xR AG)

where k is a num\,rlx,d1 constant of order unity.
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This gives on substitution in egn, (2,43)
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Combination of egns. (2.50) and (2.51) results in
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Bass (4) and independently Chandraselkhar (4) obtained an
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exact solution of Zqn. (2.52) in the form ~4/3
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.In the regioﬁ where the effect of vigcosity is
ncgligible, eqn. \2,53) reduces to
B/ <5 | .
E(k) = (SG/QKF) Sk Ves s visl el
which 1z identical with Kolmogoroff's spectrum law

in the inertial svbrange. For large values of k where vis-

cosity plays an important part egn. (2.53) reduces to T
_ ; 5 . .
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Kovasznay (4) postulated that the contribution té.
W(k) comes from a narrow wave number band ‘in the immediate
vicinity of k. since under.tﬁese circumstances, W(k) can only
be a function of w(k) and k, it follows from dimensional afgq—
ments that :

k ( g/z 5/2

[ W(k)dk = -a § B(x)! K R T 1)
5 ( )

where « -is an absolute constant,
From equ, (R.56) and eqn. (2.39) he obtai?ed for E(k)
' gl Bre. ) 2
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where ky = (b/); )

Obukhoff (28) assumed that the energy transfer across

the wuve number k is analogous to the energy transfer from the
main motion to the turbulent motion through the turbulent shear

stresses; and it follows, therefore,
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where o 1s an absolute congtant, From the above

he obtgined & solution for E{(k) which reduces to constant X
-5/8
k in the inertial subringe,

Von Karman (28) visualised that the transfer function

W(k) may be interprcted as the difference between the energy

supplied by the eddies with wave numbers less than k and the
energy transferred to the smaller eddies with wave numbers

greater than k, On this basis he defined ;
Brom, ® Bt el Ay g R
W(k) = 2a g E k % B kak-EP B § Eﬁkrdk;...(2.59)
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which includes, &8 special cases, the assumptions made by

Obukhoff, Kovaszray and Heisenberg and obtained

17/6 (k/ke)4

E(k) = B(k))2 » s RRLG0

W ]
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where ke is a function of time,
c) Similarity and Decay of Turbulence : Ag already seen,
the general theory of turbulent motion cannot lead to specific
predictions without auxiliary considerations.¥or this reason,
the concept of self-preservation of correlation functions was
introduced by von Karman and Howarth (71)s Ihs corresponding
hypothesis of similarity of égeotra is the work o Heisenberg
(44), which states that the spectrum remaing similar &n the

course of time,

A similarity solution of the equation for change

of spectrum
Ao wir o 5
0L 4+ W =~ Bu Kk E can be found out as
0t
follows.,
Let V be a characteristic velocity and f a

characteristic length., Then from dimensional arguments,



L 4

Then the above equation becomes .
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T i)

For the similarity solution to be valid we must have
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where a4y, a, and ay are all constants., Thus egn.
[

(2.62) becomes
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Besides the above equations we also have
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and the convergence criterion for Loitsianskis' relation as
/5]
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The above system of equationg presumes that the
transfer term in eqn, (2.62) is congidered generally of equal
importance with the term expressing the viscous dissipation,
The above solutions are at variance with eqn, (2. 67) 1.8, faoll

similarity is only possible if Loitsianskis' theorem is rejected,
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bxpcrlmequwl evidence algo excludes the péséibility ef ddoptiﬁg
full similarity as a generally valid aasumption for all decay
processes,
de can congider four different cases, the first
two belong to the approach where we consider that the Loit-
sianski's invariant exists ang plays a role in the similarity
a

ol spectrum, while in the other two we assume that the simi-
& s

larity of spectrum is occuring only in the eddies contributin
y 12 23 J

(1)

2preciably to the dissipation orocess, and the. largest

eddies play no role in determining the similarity of the
Spectrum,
Case I i~ Loitsianski's invariant exists and the transfer

term is wegligible for all frequencies i.e, w ( 3 B0

& um
This leads to P o= Jk e e seese.(2,68)

and the law of decay in this case ig
— -5/4

2 . \ B
u a (t-t ) ; A

1l

n(t—to).....(2.69)

Case II :- Loitsianski's invariant exists and the influence

]

of visgous dissipation is restricted to high frequencies

whercas for low frequencies the transfer tern is the prevailing
factor . Von Karman and Howerth (71) and Kolmogoroff (36,37,38)
have treated this probiem, The former authors came to the
conclusi»n that any power law for the decay -~ time relation

fay prev4il in the decay process while Kolmogoroff gave the

5 12 b ' 1 _10/7 A
11 = constant ad G and A = o Y oa-o<2.,?o)

Lawy

0
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Case IIT :- 014114F1tv sxtends over the whole frequency range,

with the exception of the lowest It is assumed that the

deviation from similarity shall occur for such small values of

=

k that, whereas the contribution of the deviation is negligible



for computation of €y, 1t enbters the calculation of energy.

o

The above assumption implies that all the higher
moments of F(k) are not appreciably influenced by the deviation
from similarity. Lin (44) on this assumption derived the

decay law,

e S Sy
u"u = t—t;)) +~b .0...-.-(2.71)
where a and b are constants with a > 0
S 2
R Ry L p 19w
I:illd A o lo't (l = D Dt) -----.(2.72)

0
whe re u2 is an additive constant giving the
D

departure of the crergy content from that in the case of

Similarity and D is the initigl diffusion coefficient,
L
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Equation (2.71) can thus be rewritten as

ur® o 2
= 40 Areh e il Ve s TERL TS

= D
Case IV ;- The assumptiong in Case III are based on the
idea that the low frequency comgonents do not have the time to
adjust themselves to an equilibrium state, It is specifically
assumed that € may be calculated by a similarity spectrum,
Goldstein (22) further generalised the similarity theory and
assumed that similarity Spectrum might be adequate only for

the calculation of higher moments of F(k). He assumed that

o

the statistical properties of turbulence in a range of wave
nunbers denend not only on the time rate of digsipation ¢ per
unit volume and the viscosity u> , but also on the +ime rate

of change d4€/dt of €, Thus the similarity spectrum, accor-

ding to Goldstein, is only asymptotically correct for a range



of large wave numbers, the range depending on the initial con-

ditions and decreasing as the decay proceeds. He defined the

Reynolds Number Ras R = u'2 {1t ))' , Where
¥
6 g s
A=A t'—uo/)) 9
E u'z (t-to) g with a suitably chosen origin, is a function

of time (t~to) angd is finite at t = to « On this bgsis the
general decay law is

e s
[y

2 = o
u! (t—to) = Ry a(t to) Vi tidss sk B

where d(t—to) is an integral function of (t-to) such
that d(o) = 1 and with an asymptotic value for large (t—to),
such that it gives the correct law of decay for the final
period, i.e, when the vigscous dissipation becomes predomingnt,
R Dbecoming very small., The solution for this case is defi-
nitely known (Case I), Also d(t) and the number of constants
needed to specify it approximately depend on the ihitial
conditions,

If the similarity spectrum is taken as accurate for

oo

the calculation of % c4E(k)dk and higher moments, the decay
equation is such that ;T§_ (t—to) is a quadratic expression

in (t-t_) and takes the form

s 2

ll

Further gencrglisation of the above equation is also
possible, 4s the similarity spectrum covers a smaller and

O . 2
smaller range of wave numbers u'

]

(D

(t-to) will be expressible

as a polynomial of higher and higher degree,
according to the above arguuents, a change in initial
conditions should bring about a change in the decay law, It

should also bringz about increasing departures fron similarity



spectrum for F(k). These departures from Similarity spectrum

b}

decreasing for higher moments of F(k).

C

d) Decay of Isotropic Turbulence :- In Practice, isotropic
turbulence is generally produced by means of grids placed in

4 wiform stream and the distances downstream of the grids are
taken as corresponding to different times of decay on the basis
of Taylor's hypothesis. Based on experimental work, Batchelor
and Townsend (7,8) have distinguished three different periods
(or zones) of decay.- They are (i) the initial period,

(ii) the transition period, and (iii) the final period,

As mentioned above, these three periods correspond to increas-

ing distances downstream from the turbulence producing grid,

Final Period of Decay :- In the final period of decay, which
occurs at a congiderable distance downstream from a grid
producing turbulence, the Reynolds number of turbulence is
very low, The inertial forces are negligible and only the
viscous forces ure effective, The - broblem is then amenazble
to explicit solution and the decay. law is given by eqn.(2.69)

as discussed in Cgse I above,

Initial Period of Decay : IMuch experimental information has
been obtained for the initial period of decay . Stewart and
Townsend (57) and Batchelor and Townsend (6,7,8) have carried

out a very svstemztic investigation of decay behind grids ,

Al

Their measurements of the decay as well as turbulence Spectra

-

behind grids indicate that a linear decay law prevails during

the initial periocd expression given for this decay law

of distance from grid is
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drag per unit area on the grid,
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where GD

¢ 1s a constant depending on grid geometry, Xy is the dis-

tance downstream from the grid and M is the mesh width of

s i ey i ' T CE o S s Lok - Il_[ 7 - t I o

the zrid, and \xl/m) represents the Xl/\ value at some
o)

choser origin of time (or distance).

Equation (2,77) represents a decay law of the type

0
#

u'® (t=t ) = constanmt which conforms to the recommenda-
tions of Karman and Howarth as given in Case II above, Accor-
ding to Lin (44) , these authors did not include Case III in
their discussions but it fits all their experimental findings.
According to him, their measurements of the decay conform to
Case ILI rather thon Case II though the variations are very
small, The measure ents of spectrum by the above authors,

however, according to Lin, provide a more definite verification

It is to be noted, however, that in the above ex-

perinents no change in initial conditions was brought about
for studying the decay behind various grids. Experiments by

T - s e = w
~2 ) on decay behind grids with change of

inivial conditions indicate that the decay law depends
strongly on the initial conditions, a result which follows

from assumptions in case IV, The cxperimental data obtained

by the author has been discussed on the basis of the above

assumptions in Chupter V,



CHAPTER = III

METHODS OF TUEBULENCE MEASURAZGENT

3.1 Preliminary Remarks :

The disewussion in this chapter is devoted to a
bricf review of the different methods of measurement of

turbulence and their suitability for measurements of turbu-
lence in liquids , However, attention is focussed primarily
on the use of Faraday's law and the associated fundementals

for the development of a turbulence measuring devige,

3.2 HMethods Other Than Electromagnetic Induction :

There are a number of methods used for measure-
ment of turbulence. Important ones amongst them are discussed
in brief under this head.

a) Hot Wire Anemometer In its basic form, the hot-wire
anemometer is o swort length of a fine, temperature-sensitive
wire heated by direet clectric current. The wire is commonly
made up of platinum, nickel or tungsten. When placed in a
fluid stream, the hot wire loses heat Lo the fluid By forced
convection, ¥hen the hot-wire is in 'equilibrium', the rate
of heat loss to the stream by forced convection plus the heat
losg to the end supports by conduction equals the rate of heat

Il

ity belween heat input and losses

'_J

input to the wire, The egua

is the basis for all equations which relatcthe electrical

i

Parameters of tne hot wire to the flow parameters of the fiuid,

for the heat loss from an ideal, infinitely long,

uniformly heated circular cylinder placed normally in 8 uniform



stream of a frictionless incompressible flow, King (34) ex-
perimentally found

Heat loss = IzRW = (4 . BYEU ) (T = 2,0 vve.(301)

where I - Jflectrical current flowing through the
Wire,
w ~ Temperature of heated wire.
- Temperature of the fluid
U = Pluid velocdity
A'y B'- Constants depending on wire and fluid

characteristics,

Since the electrical registance of a wire is a

function of the temperature , one has

R. =R gl R RSN )
W 0 ( W 0 >)
ani R = R {1 0 (R < )
a Sl 6 = O
)
’ i — R
e e i 2
W "a Sl T it anh B
okt
%
wiaere ; RW - VWire resistance at temperature T

W
B, - Vire resistance at temperatupe T

2

R - Wire resistance at refarence temperature To

5

: 0 : : -
(usualiy 32° ) ot which o is evaluated
a - lemperature coefficiemof electrical

resistivity of the wire,
Combining equations (3.1) and (3.2) one gets ;

’
Ry 1 o
Foon e e i — /T -4+38/70
W = aR oL
O O .ll..'.(3.5>

-n hot-wire anemometer equation (3.3) is used to

relate the heat imput to the fluig veloeity where the constants



A nd B are found experimentally from the linear curve of

2 ——
1" versus /7y 48 siown in the following fisure,

turbulence intensity as low as possible. It has bea@'feum§7

that such a sﬁ%iic calibration may be satisfactorily used in
turbulence measurcments,

Two diffurent methods are used for carrying out
the turbulence measurensnts .

The Constant Current lethod : - Here the current I ig

kept constant; the tenperat-ve and hence the resistance
ciwanges with the Tiuctuabting velocity, The hot-wire is built

into a Wheatstone bridge s shown schematically in the figyre

belows: To maintain the constant wire current, the Wheatstone




bridge is supplied with current from g hizh voltage source
and padses through a large cﬁrrent control resistor which ig
mich larger than ths bridge resistance, Therefore changes in
_the hot wirc resistance will have very little effect on the
current flowing from the battery, thus prescrving the constant

current condition,

The Constant Temperatyre Mothod : In the constant temperatupe

anemometcr system, the wire resistance (hence the temperature )
1s held constant, 4 velocity fluctuation 2Au  in the stream
will couse a fluctuation in the current passing through the
hot-wire AT = %‘:.__ + The hot wire which is again built
into a Hheatstone;brigge, as scnematically shown in the follow~-
ing figure, is automat ically sup :lied by the amplifié?, through
& feedback system, with the exact amount of current necessary.

to keep it at a constant registancge EW

For the constant current set, if one intr - duces
U= ) yd and R? = 5_ + 7 in eqn. (3.3) then one
g [t W= Ry W s

can writ. the cqguation as
)

£ o
HL: I‘Wﬁa = B /=~ u.i
2 ul e uco--o_‘(5-4)
(Ev': ‘R.. ) 2\.11
: &
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Provided ui r
= SR L CHo et ol A5, S S
Y By = B,

Thus the change e in voltage across the wire,

corresponding to the turbulcnee—velocity change u{ is
: L o 1
., ( RW —R{l ) u_!
&y = _[1 =t = - B il | 1L
W - u. i
2LR 1 =
t
or e = = 8 u_ R e 1 Y
Sl $HL
(Rrrr -R 1 )2 /_:-__....-.,
where S.o= ) = 3 u is the semsitivity of
(515 5 i
2IR ——mn
il the wire,

Bquation {3,5) then governs the response of the hot
wire, ui can thus be measured by leading the voltage Signal

€ via an amplifier to g thermal millismmeter - ué and ué
can be measurcd by making use of the direction - sensitivity
of the hot-wire., The ratio of cooling is determined mainly
by the velocity component berpendicular to the wire, The
effect of the vclocity component parallel to the wire becomes
noticeable only when the normal velocity component is very
small or zero,

For measurement of shear stresses, two wires in

an XZ-array (as shown below)arc used.,

Gz Uy #1 Ap -y &
it —_— e —_—
lué 1 2 ; 5"‘6

The response of the two hot wires can be worked

out by considering the rcsponse of a wire in positions I ang

II as shown in the figuwe, If the Wires are placed in the



Yy U, pline, the responses are

In peaition T ¥ (&) = -(8;) w! -(5.) u!
1 S B S
In position II: (o)g = —(Sl) u' + (82) 1)

- i s -2
The wires in the L-array are matched so that

(8:) = (8.) and (8_.) = (8.) « The signals obtained

1 i iy =
LV 2 G e

through the two wire can then be leud to a thermal milliame

meter (i) directly und (ii) through an adding and subtract-

— — r—

: ; # ; , a0 ) 2
1ng circuit resulting in readings for e
P ) £

B
1 1 8 s (egtey)

ang (el - 62)“ from which uig > ué and uiu'z can be

computed, By chunging the Plane of the wires in the X-array

one can compute the other shear stresses also,

ki

or = constant temperature set, the equation
governing the resvonse of the hot wire is

vovarial ey

where 3 = =] et

txcept that the sensitive

ity 8 ig different. Measurements are made in a manner

gimilar to that of the constant current set .

the ressonse of the wires is affected oy 3
i) Pinite thermal incrtia of the wire, causing a time
lag between the rapid fluctuations of the air and

The corresponding

Ug

fluctuations of the Wire tempera-

ture, Compensation for this thermal lag can be made



electronically, though the compensation is for ampli-
tude only and not for the phase shift,

ii) Cooling action of wire supports, This effect can be
minimised by kceping the thermal conductivity of the
support material lower than that of the wire. This
effect has been studied in detail by Betchov (28) and
Lowell (28).

iii) Non uniform velocity distribution along the wire. This
effect can be minimised by a thin, short wire,
although stability must be reckoned with in deciding

upon the f/d ratio of the wire. Generally wires

o
O

of 2,6 - 5,0 /L dia, and 0,5 - 1 mm length are used.

The hot=wire has become an almost standardised
technique for turbulece measurements in air flow, The develop-
ment has come through its extensive use by various investiga-
tors such as Townsend, Stewart, Dryden, Laufer, Batchelor,
Corrsin, Vunder Hegge Zijnen and others (28), The use of
hot wire anemometer in water has been reported by Richgrdson,
Stevens, and Patterson (11) though the success has been
limited

The main limitations of the hbt-wire anemometer
as a turbulecnce mewsuring device in liquids are :-

. Deposition of impurities on the wire, requiring fre-
guent cleaning of the wire and recalibration,

1) Low operating temperatures are nseded to prevent

evaporation, cleetrolysis, formation of scales and

iii) Formation of air bubbles round the wire,



iv) Thicker ang longer wires are needed to fulfill
Strength requirements, having an adverse effect

the Sensitivity of the wire,

b) Hot Film Anemometer The hot-film anamometer &
modified version of the hot-wire - was introduced by Hubbard

anc Ling (46) for liguid turbulence Neagurements, It is
8imilar to the hot-wire , except a« hesated, very thin plati-
num film is used as the sensing element. DThig film, which
has a length of 1 mm and a width of 0,2 mm, is fused onto

t

he wedge-shuped end of a glass or ceramic support, The rs§t

of The components are the same as far a hot-wire,

The hot-film has the advantage of being mor
rugged and stable compared to the hot wire, Later applica-
] - ] e Foull® oy

tiong of the hot film were reported by Cohn (10) and Tan and

=

Ling (58) . his method, however, shares some of the draw-
bicks of the hot- ~wire, such as the formation of bubbles,
evaporation , electrolysis BU requiring low Operating

temperatures, Sensitivity to surfuace contamination, however,

T4 §
Q
=
(9]

by Hubbard and Ling (46) ig low. They also claim
A 8uperior signal to noise ratio compared to the not=-wirc,
uncer similar operatving conditiones » particularly for the

constant

c) Llectric Discha:gu,Ancmometur ¢ Phis method, usefuyl for

turbulence measure fents in gases cnly, is based on the poten-
ti@l—clectric—ourrent characteristic of an electric discharge

-

between two ¢lectrodes, For electrodes of s given shape and
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gap, the characteristic depends on the nature of the gas,
the pressure, temperat ures, humidity and velocity., It is tHe
dependence on velocity that makes the electric discharge

1t

applicable to turbulence measurenent s. Differences in dis—

charge potential of the order of 1 volt are obtainable for
velocity differences of 1 m/scc which need little amplifica-
tion, Also the effeccts corresponding to the thermal-inertia
effects of the hot-wire are insignificant, Applications of
this method for turbulence measurements have been reported by

1

Lindwall, Fucks, Agostini, and Werner (28).

d) Total Head Tube : A device, malking use of a total head
tube in combination with a capacitance type pressure trans~
ducer, was used by Ippen (30) for turbulence measurement in
liguids, A sketch showing the instrument in principle is

28 Shown below ,

A total head tube is connected at one end to a
Pressure chamber of larger cross—-section area CDD'C', The
other end of the chambcr is cloged by a thin diaphragm DD',

Thig diaphragm is placed at a ghort distance from another



in the begimning ond the tube placed at the paint wherc the

4

Messurcments are to be made, Any fluctuations in the velo-
city at the point 4 give rise to a corresponding change in
bregsure In the chimber, which in turn gives rise to dis-
placements of the diaphragm DD', When the diaphragm DD!
moves, the air gap between DD' and FR! changes resulting in a
change of capacitance between the two plates (i.e, DD' ang FF!')
This capacitance change is measured electronically and from
vhis the turbulunt fluctuations can be obtained., For better
frequsncy response, the resonance frequency of the diaphragm
DD' should be much larger than the frequency of the fluctuas
tions to be measured. Eagleson (19) used a quartz crystal

as the pressure transducer instead of the capacitance between
DD' and FF' and claims better frequency response. Other
bressure tranducers such as barium titanate ceramic have also

becen used (50).

The total hsad tube in combination with the
bPressure transducer gives a stable instrument with repro-
ducible results, but its versatility is limited, It c;ﬁ
measure turbulent velocity flﬁctuJEioﬁs provided the turbu=-
lent pressurc fiuctuations are neglighble. PFurthgér it can
measure thix velocity fluctuatbions, only when there is an
appreciablc mean velocity of flow, and th.t too in the direc-

-+

tion of the mean velociby only., No transverse velocity fluc-

Tuation;
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e) Methods Based on Flow Visualisation : Certain methods for
measurement of turbulence in liquids based upon flow visualisa-

tion have also been used by various exXperimenters, These

r——'

consist mostly of introducing some very tiny insoluble parti-
cles in the fluid and then observing their paths cinemato-
graphically (28). Use of emulsions -~ which are mixtures of
benzene and carbon tetrachloride or olive o0il and ethylene
dibromide - has been made for applying these methods to water,
The emulsion can be made such as to have the same density as
watcer and tiny droplets of it introduced in the flow field,
Sometimes a suitable material miscible with the flowing fluid
can be introduced continuously in the flow and its dispersion
neasured downstream from the injection point, Sometimes the
tracer can be introduced electrically as well which is cspe~

cially useful in observations of the boundary layer (29).

These methods have the drawback that they give
only limited information about the flow ficld and quantitics

such as correlation or spectra cannot be measured.,

f) EBlectrokinetic Transducer : Recently Cermakx and
Baldwin (10) have reported the use of electrokinetic trang~
ducers for measurement of turbulent flow in water, The method,
still in the development stage, makes use of Helmholtgz's theory
of streaming-potential for turbulm ce measurement s, Helmholtz's
heory predicted that a 4, c. potential differcnce would be
generated by the laminar flow of ligquids thmugh capillary
tubes made of materials which are electrical insulators.,

LY

Bocquet (10) was the first to report instantancous fluctua—



tions of streaming-potential, due to turbulent flow, at solid-
ligquid interfaces, Binder (9), measured the streaming-
potential fluctuations by using copper elcctrodes flush with
the wall of a glass pipe while, Chuang (10) and Duckstein(10)
succecded in adapting the electrokinetic electrodes to the
study of fully devcloped pipe flow and two-dimensional wall
Jets respectively. The trasnsducer used by the latter workers
being in the form of a probe with two closely spaced electro-
des, the instantaneous potential differencce signal from which
is rel.ted to the component of the turbulent velocity fluctua-

tion along the line between clectrode centres,

This method holds a lot of promise, though more
knowledge must be obtained on the effecet of mean velocity
level upon response to vélocity fluctuations, the selectivity
of various electrode configurations to velocity fluctuation
direction and the effect of fluctustion magnitude on signal
output, 4 sound theoretical analysis relating turbulent
velocities in the oncoming flow to the potential differences

sensed by the electrode pair is also want ing,

3.3 Method of Electromignetic Induction :

The method which is intringically most nearly perfect
for nmeasuring velocities (turbulent fluctuations included)
ig that of electro-magnetic induction (26,35}, ‘It is capable
of indicyting over an extremely wide range (of frequencies)
nas gero lag, is pPractically independent of conductivity,
tgmperaturu,prcgsurc and gaseous or solid impurities and
indicates the trus vector components of velocity'! (29). Based

on Faraday's law of clectromagnetic induction, this method



has tremendous potential, though some problems need to be

overcome before it can find widespread application.

a) Electromagnetic Induction in a Pluid in Motion : The
treatment here follows that given by Day (14). When a
force ¥ (of electric origin) is exerted on a charged
particle at g point, an electric field E is said to exiat,

Then, E = FC /Cj_ ;o.o-ooc(SQV)

e

where g 1is the charge of the particle,

When the charged particle is stationary, an
electrostatic field of intensity E is the only field present.
If the particle moves, an electromagnetic field is sSuperposed
on the electrostatic field, When the charged particle moves
through an electromagnetic field; the additional force per

unit charge exerted upon it will be

Pa/g = ¥xB e B
where V = velocity of the moving charged particle

B

]

strength of the electromagnetic field
The total force acting on the moving charged
particle will be the sum of the above two., Thercfore

When this force acts on the charged particle
Over a digtunce, work ig done. The electrical potential
energy of a unit charged particle at g point is called the
potential at that point. It is in fact the work done or the
electrical potential energy gained when moving a unit charge
from infinity to the point under consideration, The potential

difference between any two points is thus the change in the



amount of electrical potential eénergy per unit charge between

the two points,

An clectromotive force (e.m.f.) € is defined as
that portion of an electrical circuit in which non-electrical
cnergy is converted to electrical ENergy.

Faraday discovered that a 3ource of e.,m.f, results
wheén there is a change of magnetic flux through a conductor
Placed in 4 mignetic field, The law that bears his name is

o s 3y A &1_
Yinduced J at (§

o BJaA siddprali 100
where n = unit normal vector
‘4 = BSurface area of the conductor
This equation states that the imduced e.m.f, in g
circuit is equal to the negative time rate of change of the
magnetic flux through the conductor, Ienz's law states that

the polarity of the ¢.m,f. is such that it tries to oppose the

field causing it,

The change in magnetic flux may be caused either
by a change in magnetic field (transformer action) or by a
novement of the conductor with respect to the magnetic field
(motional induction), In the eage of o fluid flow steady
in time relative to g Cconstant external magnetic Tigld, 4% 12

the motional inguction which is operative,
Any e,m,f, gy be defined by the integral
e =fFP/q ay Cad gt
where f 1is an arbitrary line enclosing the source,

But for moving charges, the value of P /q can be

Substituted from equation (3.9) yiclding;
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6 = ﬁlﬁ.g_gﬁ-ﬁixg.g_ﬁ -ooanu-l(solz)
= O0+f Vx3B.af s doad'n o 508

Then equating (3,10) and (3,13) we obtain

i 5
©induced = ~ { d% (B.n) aa =f§ V¥V x B.&f

o---.o<5.143>
The potential difference between two points in an

electric field is

b
.1 ==JE .U oo R B s u )

Since the electrostatic vector is irrotationsgl,
the potential @ and electric field intensity are further
related,

Wﬁ :—:.é‘ ..-noo-a-on<5-16>

b) Induced Voltage - Turbulence Imtensity Equations : The
equations ment ioned above can be used to develop the relation-
ships for measuring turbulence with electromagnetic induction,

as discussed by Grogsman (26).

The current density J for a conductor of ares
A carrying a current i, 38 given by

g. :l'-/_‘t\' = E /q' ..._.....(3.17)

where ¢ = electrical conductivity

This giyes

i1 /oA =% /9 =E+TxB MGt o (.

from equn., (3.16) this yields,

- g b S A TN i | APEIEN 12

I
e

Considering the following orientation of flow and



magnetic field in a rectangular coordinate system ;

are then

il
1

- i
i%_ B.ou, + g RIEAEEEN| 3, (a5
do JNPS Vi ape LG it T

-’i?;_ lXS / U- A --.o,'..-.-.(g,zz)
6x3 '

il

The above equations relate the potential gradient
velocity and magnetic field in case of a fluid woving through
a magnetic field,

In turbulent flow, the instantaneous velocity
may be replaced by the sum of the mean and the fluctuation.
Doing the same for the induccd e.m.f, and the currents we
get far.eqﬁ. (3.20)

= — -{Xl + i'_
IS A A R T (T + wd )= ( __E:K_gﬁl )

By b Slenib LB
Squaring, averaging ang separating into the mean
and deviation equstions we get for fluctuations  u!
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If the induced currents ié are neglected and
&

the partial derivatives replaced by finite increments,

eqn, (3.25) can be written as

2 LTI S £ a0

Thus equation (3,27) gives the value of the
fluctuations in terms of the potential difference between
two points and the magnetic field strength. A measurement

of the eem.f. between two points separated by g distance{}xz
along the X, —axis therefore gives ° the value of the
()

velocity fluctuation along%ﬁm&Xl - direction , if the magne-
tic field strength B is known, Similarly Bign, {(3.85)
can give the fluctuations along the X2 ~axig while a
different orientation of magnetic field will yield the same

values along X6 =— 4xis,
R 9]



One of the shortcomings in usinf the above
equations is the negleeting of induced currents, A proper
evalustion of induced currents can be made if the orientation
of mugnetic field can be changed keeping other quantities the
same,  Lthus while equ ' (3,26) gives the value of i}'cg , the

values of i%, and ix, can be obtained with different
[

=l
orientations, This calls for a lot of flexibility in the
experimental set up and work in this direction is necessary
before a proper decision about the effect of induced currents

can bez made, In the present work, however, the data has been

presented without taking into account these currents.

]
(®)]
I
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CHAPTER - IV

e nl
il

EXPERIMENTAL PROGRAM

4.1 Freliminary Hemurks i
The cxperimental progranne consisted of the analog
spectrum mesusurements for fluctuations of velocity in the xl

~direction, The e.m.f, genorated between bwo points along the

X, axis due to the passage of water through a ur‘ - vm nagnetic
field (in x direction) was measured and analysed., The exXperi-

5
ca

nenys were carried out in a 2”614. LIucite pipe with mean

velocity of flow in the Xl—Q1ruoulon only, The measurements
were made for turbuylence in the pipe fiow and that generated

by various grids singly as well as in combination. The experi-

mental programme is considered in four parts :

Experimental Set Up
Bxperimental Metheods
Scope of Tests

E =

Typical Record und its Interpretation

4.2 Experinmental Set U 3
a) Non Electrical System :- A schematio diagram of the
System i3 shown in Fig. 4.1. Water was Provided from a

recirculatory systen A centrifus

S

zal pump with a capacity of
900 g.p.m. against a head of 100 ft. suyplied water to the
Overhead distribution lines. Flow rates Were measured by
an 'A,0,Smith’ turhine-mzcs_, connected to a pulse rate inte~
grator., Water bassed from the distribution lines to the
approach section throuzh a 2 galvanised Pipe., The approach

Section, 20 ft of 2" gulvaniscd pipe, was breceded by a valve,
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9 pressure gauge and a rubber pipe section, The rubber
Section was used to isolate the approach and the test sections
from the vibrationsg in the distribution lines. The approach
section was followed by six lengths of 2" diameter lucite
tubing, EBach length was 4 f 4 in, long and was fitted with
a set of wall to wall probes, The tubing passed between the
pole faces of an electromagnet and the third leﬁgfh contained
the test section where the radial tr.verse measurements could

-

ollowed by another rubber

be made, The lucite tubing
section and a 'tec' with a 2'' and a 0,75' outlet, The
smaller outlet wus used for low discharges., The water from
the larger outlet passed directly to the sump, while the water
from the smaller outlet could be diverted to a welghing tank
for discharge mesasurcments, For larger discharges, the

readings were taken directly from the 'A,0.8mith' turbine-
& A =,

O

meter, The approach scetion and the lengths of the lucit
tubing were supported on anzle iron. A frumes and were seated

on sponge rubber cushions to further minimise Vibrations.

The test ssetion in the lacite tubing had provisbn
for the location of Screens and acecess holes for the inser~
tion of the traverse probe, The screens used were of the

typec shown below,

T

pz-h




The values of 'M' ang 'a! used were
Screen No, 1 M= 3/16" 4 = 14§
Screen No, 2 M=3/8 " d = 1/8Y
Screen No, 3 H=p3/4m d = 1/4"!

The screens were machined from brass discs of
thickness 2 &, They were bi-plane screens made by milling
grooves on the discs halfway through from either side and at
right angles to eudch other, Th vy were then turned on & lathe
to fit the ingide of the lucite pipe. Two suwall brass rods

at right angles held the screens in position.

Access to the interior of the Pipe was provided by
a lucite boss which was cemented to the top of the pipe down-
stream from the grids., The boss is shown in Fig., 4.2. There
were sixteen access holes, the first eight at 1'' spacing and
the next eight at 2'' cpocings. The holes were threaded to
accept the O-ring seal shown in Fig, 4,2, The stem of the
Probe was inscrted throuzgh tae O-ring seal and into the pipe,

-

A special wall to wall probe could also be installe 2d in the

o)

acecess holes,

b) flectrical and flectronic System :— The magnetic field
was developed by a model L 18-4 electromugnet manufactured

by the Svectromagnetic Industries Inc,, of Hayward, California,

The pole faces were 12'' dig. and were set at o 3" pap. The

d.c, power for the magnet was obtained directly from the wall
outlets in the laboratory, which in turn were supplied by a

gilicon controlled rectificr. Approximately 250 volts d.c.

WS necessary o provide 15 amps, which developed a magnetic
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field strength of 9700 gauss, A calibration curve for the
magnet is given in Pio, 4,17, Figure 4.3 is a schematic

dizgram of the power supnly,wiring and cooling water for the

=y

electromagnet, The supply to the magnet could be controlled

from a control rack, which also contained a voltmeter and an
ammeter in the circuit. Reversul of the polarity of the
magnetic field was brouzht about by a double-pole, double-
throw switch mountcd on the clectromugnet, Because of the
high inductance of *%he windings of the magnet, it was necess-
ary to install a device to check objectionuble arcs caused

by mugnetic field collapse when the Supply was shut off,

This was achieved by comnecting = selenium rectifier in series
with a 10 ohm 100 watt roesistor in parallel with electromag-

L
wet coils, To provide proper heat transfer near the electro~
magnet coils, cooling water was circulated through copper tub-
ing, installed within the magnet housing by the manufuicturer,
A4 'Shur-Flow' automatic interlock was installed in the
cooling water supply line so that a horn sounded if the
supply to the magnet was put on without opening up the cool~
ing water supply valve or if the quantity of the cooling
wabter was inadequate. The magnet could be rotated on both
its horizontal .xis as well as its vertical axis, It was
mounted on trucks parallel o the lucite tubing so that it

could be positioned at any location along the lucite section,

-

he e.m,f, induced, due to the flow of water in

the lucite tubing through the nugnetic field, was picked up

by means of two types of probes. 4 set of wall to wall probes

ig shgwn in ¥igs, 4,4 ang 4.7, These probes were furnished by



e

the Foxboro Corporation and werc mounted diametrically oppos—
cd and flush witithe inside of the lucite pipe. The wall to
wall probes picked up the potential across the entire vipe
diameter, A wall probe was also imstalled opposite each
access holec and, used with the special wall probe shown in
Fig. 4.5, provided wall to wall measurements throughout the

test section.

Traverse probe measurcerents were made with the probe
and holder shown in Figs, 4.2 and 4.5. This probe measured
the potenti.l developed across a gap of 0,08" at any point
along the vertical diameter of the pipe at an access hole, A
close up view and the detailed drawing of the probe are shown
in Figs, 4,6 and 4.8 . The stem of the probe was 1/8" 0,D.
type 302 stainless steel tubing, insulated with shrinkable

Teflon tubing. The Terlon tubing was pluced over the stenm

and the two put in a furnuice. At o temperature of & bOD F,
the Teflon tubinz shrunk onto the stem forming a watertight
and electrically insulated coating. The lower 1/4" of the
gtem was left bare and was used to conneet the floating in-
put ground of the wmplifier to the water. The wires inside
~he stem were 0,017'' dia, type 302 spring temper stainless
steel, They were also insulated with the help of Teflon
tubing. The two wires extended throush the stem and w
throuzh the holder to connect with the impedance isolator ine-
put cable. Un the other ¢nd of the stem they extended out

to a very swall distance, The Tellon insulation was removed
from the portions of the wire exterding out and these portions

were insulated with several coats of duPont 'Formvar' wire
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G. 4.4 TEST SECTICN SHOWING TRAVERSE AND WALL TO WALL PROB
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FIG. 4.5 TRAVERSE PROBE WITH HOLDER AND WALL TO WALL PROBE




FIG, 4.6 CLOSE UP VIEW OF TRAVERSE PROBE
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enairel, The wires were dipped into 'Formvar' and edch coat
was baked wt 180° F, for 30 nins, The enamel wag removed
from the two tips, furnishing two conducting surfaces
separated by a zap of 0.08'",

The traverse probe was positioned with o holder,
shown in Pigs.4.2 and 4,5, adapted from a 'Lory Type A' point
gauge manufuctured by the A.B.MeIntyre Instrumemts, The

vernier on'the hHolder could read to 0.001 &,

Pisure 4,9 shows the two stacks of electronic
equipment used in the measurcment, of the induced voltages,
The signal path is shown in Fig. 4,10 . The signal picked
up by the probes was carried through a double shielded in-
put cable, The double shielding prevented the input leads
from acting as antenna and prevented any voltage which was
common to both probe tips such as 60 cps pick up from_being
transformed into a differential signal, In case of the wall
to wall probes, the outer shield was connected to The inner
shield and both were floating at the probe end of the input
cable, TIor the traverse probe, the inner shield was connec-
ted to the probe stem and the outer shield was floating at
the probe. For both cases, at the amplifier end, the outer
sihield was comnected to the earth ground and the inner

shield was connected to the floating input ground.

The signal was first fed into a 'Philbrick' P 554
all silicon operational amplifier hooked up as a voltage
follower (Pig. 4.11). The operational amplifier circuit was
designed to provide a guin of unity alongwith a very high

input impedance and a low output impedance., Thus it acted as
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an impedance isolation between the high impedance probe

and the rest of the system, thereby ilmproving the frequency

The output of the operational amplifier was filtered
by the R-€ filter shown in Fig, 4,12, This removed the d.c.
component of the signal which mould otherwise have overloaded
the amplifier., In some of the runs, the ope erational amplifier
was not used and the -0 filter used had different ¢omponent
values, The dats for thig case was later corrected by
compuarison with the data obtained while using the operational

amplifier,

& 'Sanborn' 860-4000 amplifier increased the
strength of the signal upto 1000 times, The amplifier has
the features of floating input and output, chopper stabilisa~
tion for low frequenoies and, when used with the double shiel-

ded input cuble, a hish degree of common mode rejection,

The filtered and amplified signal was then subjec-
ted to further analysis by
i) feeding it into a 'Ballantine’' true R.M.S.vacuum

tube voltmcter.

ii) feeding it into a 'Hewlett Packard' model 302 A wave-
form analyser

iii) @recording it in a 'Precision-Instruments' 4 channel
I'M taperecorder.

iv) displaying it in a 'Tektronix' TypeB531 Oscilloscope,

The vacuum tube valtmetar gave the total strength

bl
of the signal from which/ ul” o
= ZOSL AR LY could be found out.
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.The'W¢ve form analyser, which was actually used
as a tunable voltmeter measured the voltage coﬁtained 7
7 c.pPsSes segment of the signal, The analyser was continu-
ously tuned at a constant rate by a 'Hewlett-Packard' 297-A
gweep drive, The analyser provided an r,m.s, output voltage
of the frequency commonent being analysed for a wide variety
of stages of attenuation., Because this output was not const-
ant, an L-0 filter (Fig. 4.13) was used to dampen out the
fluectuations, The filtered outvput was applied to the Y -axis
of a 'Moseley' 2 DR-2 X-Y plotter, The sweep drive had a
dec. output proportional to the frequency of the sweep., A4
'Moseley! 60~D logarithmic converter took the logarithm of
the sweep drive output ang applied it to the X-axis of the
plotter, Thus a plot of frequency vs r.m.s, voltage was
obtained,

The signal recorded on the taperecorder was played
back at ten times the original speed into the wave form ana- *

lyser, This was done because the analyser could not be used
accurately for frequencies below 20 c.p.S. Playing back at
10 vimes the specd had the effect of making every frequency
appear ten times larger to the analyser thus reducing its
search bandwidth to 0,7 c.pe8. The waveform analyser could

then be usced for frequencies as low as 2 c.p.s. The region

i

of the plot between 2 c.p.s. and 20 c.p.s. was thus filled up
using the taperecorder after a proper adjustment of the scales,
The oscilloscope was used to monitor the signal

at any stage of analysis and detect any ‘'spikes' ete. in the

signal.
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The fingl result of the signal analysis was an
an ilog spectrum plot of r,m,s. voltage versus the log=

arithm of the frequency.

4,3 Experimental Methods :

After some preliminary work, the following pro-
cedure was developed for the collection of the experimental
data,

At the beginning of each series the probe and
screens were checked for cleanliness, the electronic equip-
ment was turned on for warming up, the flow rate was adjusted
ad the X=Y recorder pens were cleaned and filled with ink,

After this, the tape-recorder was calibrated according to

'P,I.Manual', With the 'MODE' selector, on the control
panel, in the 'CAL' position, the tape recorder input and

output voltages were matched by switching the 'VIVM' selector

e o B 4 LR 1 N O € 2 S

At the beginning of each run, the probe was set
to the desired location and the electromagnet turned on.
The signal from the probe was amplified to such an extent
that it d4id not overload the tape recorder and the tape
recording of the magnet-on signal was started at 3,75 1.p.s.
For the recording, the 'MODE'! selector was kept in 'REC'
position and the 'CHANNEL' selcctor set for the tape chamnel
being used., The waveform analyser was then calibrated
according to the 'Hewlett-Packard' Manual, With the analyser
meter reading 1.00 volts and the 'Y-runge' selector of the
X-Y recorder on 0,1 volts/div., the L-C filter potentiometers

were adjusted to givwe full scule deflection on the X-Y recorder



for both 'RESPONSE' and 'DAMPING' positions. The signal,
being recorded in the tape recorder was then applied to
the analyser input also and the range selector set to give
maxinum resolution on the analyser meter. The sweep drive
output level control was.turned fully clrckwise, the fre-
quency dial set to zero and the sweep lever was engaged in
the short sweep position., The t2-Zero’ of she X3 reéorder
was adjusted to give an X~-deflection of eight inches for a
frequency dial reading of 100 with the logarithmic converter
on d.c., and the attenuator and scale factors at 10 and 5}
respectively. The frequency dial was turned back to 10 c,De8
the low speed lever was engaged and the c.c.w. SWeep turned
on., The pen was lowered when the dial reached 20 c.pP.s. and
the spectrum plotted between 20 to 2000 c.p.S. ™he necessary
information to describe the run number and conditiong were

recorded on the X-Y recorder sheet.

]

After the above spectrum had been plotted and
about 800 ft of the tupe recorded, the electromagnet was
turned off. The tape footage counter reading was noted at
this point. The colour of the recorder ink was changed and
the magnet -off spectrum between 20 to 2000 c.p.S. plotted
by repeating the procedure followed for the magnet on spec-~

trum, Abocut 800 ft of tape wus recorded for this case alsc.

The spectrum between 2 ~ 20 c,.p.s. for both the
magnet-on and magnet-off conditions was then plotted by play-
ing back the tape recorded signal for each case into the wave-

form anslyser at a speed of 37,5 Lp.3. For this the 'MODE’

selector was set to 'PBK' position, the analyser range was



switched one step counterclockwise from the original and

the pen of the X-Y recorder was made to coincige with the

20 c.0.3. mark on the recording sheet for a frequency dial
reading of 200, A frequency dial reading of 20 then corres-

ponded to 2 c,D.S.

After thus having recorded the magnet-on and
magnet—bff spectra for any one run between 2 to 2000 6,p+F¢
the maszmet field polarity was reversed and another run
started.

The run numbers were coded to contain information
sbout probe location, grids, flow rate and the number of the

run at the specified condition e,g., run no., d - (1-7~°2)-90-1.

d =(1-7-2)=90-1 =m=— 'd! designates the fourth
access hole downstream from

the disturbance.

d-(1-7-2)90-1 —— 11-7-2)designates the grid
placemnent
(1L-7-2) ——— '1' is the downgtream grid
numbeT .,
(1-7~2) — '7!' represents the spacing

between grids in inches,
(1-7-2 Rt '2' represents the number of
the upstream grid
d-(1-7-2)=-90-1 —— '90' is the mean flow rate
in gallons per min,
d={ 1-7-2)=90=-1 e '1' ig the number of the
run nade under the specified

conditionge



When there was only one screen, the whole quan-

tity within the brackets i.e. (1-7-2) etc., was replaced

just by the number of the grid.

4,4 OScope of Tests :

The testing programm may be considered in two
phases - preliminary and final. The preliminary phase con-

S1

4]
Lo

ted of developing the techniques of measurement, the

]

(@}

proper desizn of traverse probe, shielding and cable arrange-
ments to reduce 60 c.p.s. pick up and the use of the tape-
recorder to cover the low frequency range, ©Some work was done
to measure the wall to wall turbulence level at all sections
of the pipe, Various R-C filter arrangements were tried and
so were various speed ratins for the playback of the tape-
recorded data., The ability to reproduce data was confirmed.
Certain arrangements were tried to eliminate the effect of
the high source (probe) impedance, After gaining confidence
in the equipment, the final phase of the test program was

conducted.

The second phase of the work consisted of the
measurement of analog spectra under various conditionse. The
total area under the curve recorded at the output of the

harmonic snalysem (plot of r.m.s. voltage vs frequency) also
&
'lu

giveé/ul whiéh Was checked with the value read from the
r.m.s, vacuum tube voltmeter., OSpectral measurements were
made for the following cascs :

a) Traverse Probe . Mean discharges 90 and 45 gallons per
min which correspond tovelocities of 9,25 ft/sec and 4,625

2 : 3 4 .
fhisecy cand R of 1,54 x 1ob and 7.7 x 10% respectively.



llo screens - various radial and longitudinal pogitions

oereell

bs. 1 to 3 = One screen at a time, various
radial and longitudinal positions

Soreen Nos. 1 and 2- No.2 upstream of W L st

and 4" spacing, various radial

and longitudinal positions.

No. 1 and 3- No,3 upstreanm of No,1 at 1', 4"

€3]
Q
s
@
=

7!, spacing, various radial and

longitudinal positions.

p) Wall to Wall Probe : The same observations as above
were repeated at the same discharges, Only one observation

at ome longitudinal position 18 possible in this case,

4,5 Typical Record and Its Interpretation @

Pigure 4.1@ shows & typical record of the analog-
spectrum curve as obtained from the set-up . The upper plot
represents the magnet-on spectrum while the lower one 1is the
magnet-off spectrum or noise, An average line has Jeen
drawn through both the magnet-on and nagnet-off spectra,
Along the abscissa are the frequcncies on a logarithmic
scile, while the ordinate gives the r.m.s, value of voltages.

PN

Prom the plot in Fig. 4,16 the various parameters
used later, in discussiong, can be obtained in the following
manner.

a) Determination of Turbulence Intensity and Taylor's

One Dimensional Spectrum :-~ The srdinates at varioug fre-
quencies are read, both for the magnet-on and magnet -off
spectrumn, The squareof these give the corresponding mnean-

square voltages in & 7 cC.P.S. wide band 2t the indicated



frequency. The difference between the mean-square voltages
for the magnet-on and magnet-off spectrums gives the net
signal in the 7 c¢,p.s. band at the indicated frequency.
Dividing the net signal at each frequency by the band-
width (7 c.p.s) we get the signal in mean-square volts/c.pes.
Thus a plot of mean-square volts/c.p.s. vs the frequency can
be prepared. The area under the curve thus prepared gives
the total signal in mean-square volts, while by dividing the
ordinate at each frequency for this curve by the total area
we get a normalised speetrum, which is the same as Taylors'

~
: ¥ . ) 2
one dimensional spectrum, The turbulence intensity u'l

can be obtained from the total signal in mean-squalre volts
by using egqguation (2,27) . Sample computationg for the

analog-spectrum shown in Fig., 4,16 are presented in Table
4,1, These computations were, however, carried out on an

IBM 1620 Digital Computer,

u
: . T G o) i
Using the -relations k = 2:_ and 1 (k) = __Ei(n
u 2T
1

the spectrum in terms of wave number was also obtained. Here
k represents the wave number, n the frequency, uy the
mean velocity of flow and Fl(n) is the Taylor's one-dimen-
sinonal spectrum function at a frequency n, Fl(k) being the
corresponding spectrum function at a wave number k such
that G o0 :

S P (k)ak = [ PF.(n)dn = 1

Lo ey ! 1

0 8]

b) Determination of Micro Scale and Spectrs of Vorticity :
; (I 7. \ _ . -
Prom The fl(k/ vs k curve as obtained above, the microscale

of turbulence - was computed making use of the relationship

we



!

1 g
_;“=‘2-‘O/15F

' \

(k) dx

Do

1

From the values of ‘A , so computed, the spectra
were non-dimensionalised by computing ¥y (B) f% and AR
The spectra of vorticity was also obtained in the non-
dimensional form by oomputing}&ngl(k) corresponding to
varioug values of  k, Sample computations are presented in
T.ble 4 II , These computations were also carried out on

an IBM 1620 Digital Computer

=0~
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TABLE - 4 T

SAMPLE COMPUTATIONS

Run No. b-1-90-1; Grid 3/16'' only; W = 9.25 ft/sec; R = 1.54x10% x, = 2"
ﬂ i 6 — ? & ;g
S s, g L 3 e 12 ‘a
Q e &0 & =i L BE min %
R B o o o c s g: ” A e e
oo ad o o< B g i e B o ¥ e Mo e
e e~ e o T + - o= o a 4 © g o 3
0O AR SR A Sg g S5 Rl L s
SO B - N g, <3 6 e S B
[5) £y =T N
1 2 3 4=2% B=3~ 6=4-5 7 8 9 10 11=6/£9 12
2 54 7.5 2916 56.25 2854,75 1.36  .537x10°%Y  w879sx10”t
2293,87 3 6881.61
§ 48 6.0 1764 36 1728.00 5, 4 3541107 ,520%8x10°+
1252,87 5 6264,35 4 h
10 B8  B.5 %84 §.25 777 .75 6,8 . 1595x10 L23375%10
684,55 10 6840.55 i : o
o0 24.4 2.0 595,936 4.0 591,36 15.6 “VigIxio L 17787x10
449,43 30 13482.9 it i
50 17.6 1.5 309.76 2.25 307,51 34 . 630x10™" .92610x10 "~
191.97 50 9598,5 s &
100 B8 1.0 W7LAn Tl 76 o 44 - 68 .156x%10 .22932x10
41,86 100 4186.0 i e
200 2.88 1.0 8.26 1.0 7,29 136 . 149x10 .21903%x10
4,04 300 1212.0
BO0:. §.D2 0ud 1,04 ~0.25 0,79 340 .162x10~ % .23814x10™*
0.43 500 205.0 e i
1000 Do QL3 0.8 0.09 S Mal 680 1 A4x1I07" .21168%x10 °
0.046 1000 46.0 3 2
2000 0.18 0.1 0.032 0.01 0.028 1360 . 453%107° . 665591%10

SUM= 48716,91

ool



— o g

Bandwith of Analyser = 7 c.p.S.

Area under Curve . o & ¥ .. 48716491
Pk

LSy
= 6959.56 Ms 1.V

-4 S
B = 9700 Gauss = 9700 x10™~ volts-sec/m”
X, = 0,08'" (Probe gap)
e _ 6959.56 x 1017
U4 A -
L 5070 x10 &§ ( L Od)
((5.08)°
\ .
_ 6959 .56 "
gt o TOTBALE 40
3,61x10° £6% /sec?
3 -
‘s uy (9.25)2 -
ks = o ki 44,46 x 10
Ny L9166 x 10



SAMPLE

TABLEN 4 11

COMPUTATIONS

t _
k F_ (k) k K“B(k) Mean Mean \k P (1)/. ~ K°P_ (k)
i 7 T /
2 A X:k & l
kP k)
! A £ RIS SNGBSs 1 S T m P
1.36 7879107  1.8498 1457 .03790 .2849x 10 . 4060 x10~
; -1 : .7467/2 O T S . s
3.4 .5203x10 11.56 601 .095631 ,1865x10* . 2684x10
, =3 1.680/2 symgla: 1 - -1
Bs8 - ,R337x10 6.2 | 1207 .19410 .8310x10 . 3021x10
2 AR 4.36%7/2 29.695/2 - - 1
13.6 .1778x10 184,96 8.28 3790 LE8BL0x1D .9201x10
3 e o gyt 13,993,/2 285.472/2 : 1 ! ;
34 .9261x10 1186 - 20,905 .5931  .3310x10 .2991x10
5 _o 21.295/2 724.03/2 X | .
68 .2293x10 4620 - 10,59 1.9410  .8161x10 . 2960x10
4 , 3 14.559/2 990,012/2 _3 ' )
136  .2190x107° 18496  4.05 3.790 o T80T o« 113020
| o 6.802/2 1387.6/2 L e v ¢ 29
340  .2381x10" * 115600 2,752 , 9,531 .8490x10 .7681x10
1 £ B Yo 3,729/2 1267.86/2 s o5 Sy
680  .2116x10 ° 462000 .9775 19.410  .7520x%10 Wik Sha iy
3 a5 _‘ 2.208/2 1501,44/2 y 4w AR 2z L
1360  .6659x10° ~ 1849600 1.23: 37.90 . 2378x10 «3433x10
3096466
A = 3096.66/2 = 1548,33 B = B s W = B =A050RDE Tk

-
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CHAPTER - V

DISCUSSION OF RESULTS

9.1 Preliminary Remuarks :

The present chapter is devoted to analysis of the
data obfained Irom the analog set up and discussion of the
rcsults obtained therefrom in the light of existing theore-
tical and experimental notions regarding turbulence. The
method of interpretation of a typical record obtained from
the analog set up has already been described in Chapter IV,
The data have been used for the Proving of the analog set up
and for studying the characteristics of decay of turbulence
behind grids, the energy spectra and their similarity and the
similarity of dissipation spectra (or the spectra offvorticity).
Some qualitative observations regarding the effect of probe
gap on the measurements of spectra have also been made making

use of the spectra obtained with the wall to wall probes,

0,2 leasurement of Velocity Fluctuations in the Pipe Cross
Section :-
48 alrcady mentioned, measurements of the one dimen-

Sional energy spectrum were made in the pipe without any

pors S ’ T4 ! . 2

grid, from which velocity fluctuations ui at that level
were computcd. The measurements were made ot any cross section,
along a diameter of the bipe at various radial positions,

This was done primarily for checking the behaviour of the set

up by comparison of the results with publighed work., Figure

9.1 shows a plot of ( S ——
Lll'<, /u*)

represents the shear velocity, r' represents the distance of

ve (r'/a) . Here Uy

the point of observation from the pipe wall and 2a is the dia-



meter of the vipe. Since no pressure measurements were taken

along the pipe length to Find the hydraulic gradient, U,

could not be computed directly using the formula n, = /pl-p2 2a
P 4T,
Hence the value of U, has been computed on the assumption that

the pipe behaves as a hydrodynamically smooth pipe and hence 'f!

can be estimated by the Blassiu's equation f = Ehéi% .
Iﬁl 4

s =T o 7 1 = o = ol U 'L:”, by he . 1t 3 ¥ ] == —_
the term u, is related to f Dby the egquation u, = ul/ £/8

Here 'f' is the Darcy-Teisbach resistance coefficient and IR

is the Reynold's number of flow u,2a/y >

For a disch.rge of 90 g.p.m. (IR = 1.54 x 10°) ,
the resultes are as shown in Fig, 5.1, Also pnlotted there are
the curves obtained by Laufer (39) for R = 50,000 and 500, 000,
The data points conform well to the curve given by Laufer for
E = 50,000, except for r'/a values less than Q.2 W This
is probably bscuuse of the disturbance created near the walls
by the access-holes made in order to 7% roduce the traverse
probe,

Figure 5.2 gives the ui spectra for the various

radial positions of the Pipe flow at a Reynolds number of 1.54

on

X 107, The spectre obtained by Laufsr are reproduced in Fig,B,3,
for comparison., Asg is evident from the two figures, the spectra

2180 show the sume trend as those given by Laufer.

The sSame spectra hgve been replotted in Fig. 5.4, using

u, B (ﬂ)‘/\ and y}z\;y’ﬂ a8 the parameters [\f bein
171 £ - 1 : ; d
the integral scale as determined from the energy spectra. The
75 o o
efercnce curve shown in the figure is E} ll(n) = 55T
e 47[7‘”1/\‘(' X
I\ # 1+ SUARE
i __(
u:
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which is the expression obtained if the correlation curve is
aporoximated by the exponontial function exp (- X, /Z\‘f
The agreement with the curve 1s not very good, specially away
from the central portion, indicating that the correlation
curve deviates from an c¢xponential shape as one moves towards

the waolll,

5.3 Decay Behind a Single Grig :

The decay of turbulence behind single grids has been
the subjeet of many theoretical and experimental studies., Most
of the studies having been carried out in wind tunnels.
Measurements arc made at various distances downstream of the
grid; according to Taylor's hypothesis, the rate of decay of
turbulence with distance so obtained corresponds to the rate of
decay with time., The results of the studies on decay are
therefore, generally presented in terms of distance from the
grid,

For the decay pattcrn behind grids, Taylor (6')brguéd
that for any sgiven type of grid, the micro scale hN could be

expressed as

e e S

AN = A // X
‘/ II"I-/‘ u 6

-
E 3

nr
i

where M is the mesh width and A an absolute constant
for all grids of a definite type , On thiz basis he gave the

decay law as

u
- DX
e o ’_"_.J_ iy congtant
T el (3
o o Aa M
Lf_-I ‘
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where Xy represents the distance downstream from

the grid, This equation however,was thought of as applying
SELY TeailagiRdnratare BN ”ﬁﬂ JFfrom experimental
u\

data Taylor found a value of A varying between 1.95 and 2.2,
The data collected in the present investigation has

been plotted with El/ ) — and xl/M as the parameters
ul

in Fig.5,5, Shown there is also the line ﬁl/ 12 = 8.9

4,

+ 1,035 x-/M as given by Taylor(60), for sguare mesh grids.

X
The present data do not show agreement with Taylor's line, The
value of A for these data was worked out and in general 1t wa s
found to be very high i.e. varying between 4.0 and 15,0.The
reason for the departure could be the low valuesof M,ﬁ:::—-/c
in the present case, which render the equation for varldtlon

of micro scale and hence the decay law inapplicable, Similar

results were obtained by Taylor (60) using Dryden's data for

which the M / 5 /1} values were low,
u!
i
A decay law for turbulence behind single grid can
be obtained on the basis of Kolmogoroff's theory also.In this

case one zets,for the initial stages of decay,a linear law of

2 ' e o : : :
the type u'™ ot which,interpreted in terms of distance,

2. B e ey : !
would mean that ui varies 1in proportion to the distance
from the grid, Batchelor and Townsend (7,8) carried out a series

-

of experiments on the decay behind grids of various shapes
and sizes.They gave the following equation for decay of turbu-~
lence behind square mesh grids during the initial period of

5]
&

decay. =
1

SR e i TR Ly
ui M
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They also found that this decay law was replaced by
one representing a faster rate of decay (final period) at
values of x,/M ranging from 120 onwards. The limiting value

o

of x. /M for the above law depending mainly on the initial
-

e Vo ik e 's l'li,]lilb-‘::._a‘f,
MTha doapasr of e r;t" o ¥ 3 ih 'tl i
The Q.t.,wa QL Peladilve energ V) U. U. W1t Xl Ik

for the present work 1s shown in fig. 5.6. The decay plots

have been prepared for grids of mesh width, 3/16'', 3/8'' and

]
3/4'" (M/a for all is 3). There are two sets of points for eae’

: . 5
grid corresponding to Reynolds numbers of 1.54 x 10 and

1 )=

7.7 x 107 , Also shown on the plot ig the curve given by
Batchelor and Toynsend for the initial period.s The erperi~
mental data in the present work departs from the linear decay

law. Further the points corresponding to various grids do not

follow a single decay law i,e, a singlc curve cannot be ortair

for the various grids tested.

1
L).

The same data are plotted in PFi 5.7 alongwith the

plot gziven by Batchelor and Townsend for the decay during

and beyond the initinl period, The final period starts to set

in affer the absclute energy uio has fallen to a very low
Ag already mentioned, the linear decay law is based
on Eolmogoroff's hypothesis, the requirements of which are
satigfied only at very high Reynolds! numbers., 4n extension
of this theory was oroposed by Goldstein (22) wherein he
generalised it to muke it applicable to moderate Reynolds

numbers 48 well, Un the basis of this extension, he derived
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A generaliged decay lay

i
u' T T
i

AL
, utre £) il
where Rt was defined as ( t=0 and

by
d(t) was a funection depernding on initial conditions., This

function is such that the above relationgives correctly the
decay law for the final period, while for very large Reynolds
numbers the wbove law becomes tha same as the linear decay
law, Goldstein showed that the above law could 2lso be ex-
pressecd us

o G R QI A bV alica

and showed that the exact law would depend on the
initial conditions i.e. the initial +Reynolds number, intensity

and scale of turbulence,

The results obtained in the'present study can be
explained in the light of the above discugsion, There are
three separate curves obtained for the three grids for any one
Reynolds number R, Thig indicates that the decay law for the
three grids in the initial period is not the same, The mesh

Reynold's number ( R

= Uy M/ ) for the three grids

will be different and hence, as vointed out by Goldstein,

should refleect in the decay law itgelf, The range of Xl/N (or t)
values for which the data arc¢ obtained being not too large, a
definite prediction regarding the final period cannot be made,
but it can be expected that the curves for different grids
should ultimately coincide with the Batchelor znd Towvmsends
plot for the fingl period of decay, It is also Seen that for

the same grid, the decay law changes with s change in the



16

Reynolds number IR, This could be because of the change in lrL‘I
and the intensity and scale of the approaching turbulence,

3
!

The study thus shows the dependence of the decay during
the initial period on the initial conditions and Reynolds

number a8 envisaged by Goldstein.

Two sets of points obtained by Tsuji and Hama (66)

£

-

Tor decay behind grids of mesh widths 5 cm and 1 c¢m for the
same Reynolds number of flow IR are also shown in Fig, 5.6.
It is seen that in their case also, the two grids follow diff-
erent decay laws, showing again the dependence of the decay
law on u h/y for Reynolds' numbers which are not very large

-4

80 a8 to satisfy the requirements of Kolmogoroff's theory.

A more definite proof of the dependence of decay law
on the initial conditions is provided by the results of decay

behind two grids presented in the next section.

5,4 Decay Behind Two Grids :

The decay of turbulence behind two grids is shown in
Figs, 5.8, 5.9, 5.10, 5,11, Figure 5,8 gives the decay behind
the 3/16'' and 3/4'' mesh grids alone as well as the decay
behind the 3/16"' grid with the 3/4'"' grid placed upstream of
it at distances of 1'', 4'"'and 7'' respectively. Figure 5.9
gives the same plot for the 3/16''and 3/8" grids, Both these
figures correspond to a Re ynol&o number of flow (R ) of 1,54
X 105 « Similur plots for a Reynolds number of flow of 7.7 |

4 T = -
10" are prepared in Figs., 5.10 ang 5,11 .

Placing of a grid, say the 3/4''mesh, upsStream of

another (the 53/16'' mesh) means in effect change of the initial
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conditions, The turbulence produced by the first grid will be

characteristic of its own., 1In the present case one would

(')

s xpect the large scale (smauller wave rnumber) components to be

i »D

\_.l

predoninant in the turbulence produced by the first grid,
owing to its larger mesh width. Thus when the 3/4' grid is
placed 1'' upstream of the 3/16" grid, the initial conditiong
r the turbulence produced by the 3/16''grid will be those
occuring at 1'' downstream from the 3/4" grid rather than the
free stream turbulence for the pipe. If Goldstein's sugges-
tions regarding the dependence of the decay law on theinitial

condit ions are correct, the introduction of the 3/4" grid

o

should result in a change of the decay pattern downstream of
the 3/16''grid., That this is actually the case is clear from
the Fig, 5,8, When the distance between the two grids is 1!,
the decay pdttern is widely different from that obtained either
for the 3/16'' grid or for the 3/4'' grid alone., From the
Fig., B.8 one can also note that as the distance between the
two grids increases, the decay pattern tends to approach that
for the 3/16'"'grid alone, Thus, while the points for a spacing
of 1" are very far off from that for the 3/16" grid alone,
those for a 4'' spacing are closer to the latter, The
difference between the two sets of points thus decreases

with inecreass in the spacing, This seems quite natural

Since the turbulence produced by the firs i (i.,e. *the one
placed upstream) will decay with distance downstream from it.
Thus with a larger spacing between the grids, the effect of the
first grid on the initial conditions for the seeond grid will

not be 30 marked ags that with a smaller gpacing, The same
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thing can be observed in Figss 8,9, 510 ang Biid.

1

The generalised decay law given by Goldstein is in

e

2
: &5 A
viigre R, 18 a Reynolds number defined as Wi >t:o

v

)/'
and d(t) is a function of time. According to Goldstein (22)
o ]

""For the turbulence produced by a single grid, a(t) is nearly
constant for o range of t in the initisl period; this needs fur-
ther explanation ang detailed calculation since a( t) is
certainly not exactly constant, It is also suggested that

"' the course of a(t) and the number of constants needed to
specify if, depend on the initial conditions " . The first of
these two stabements, that d(t) ' is not exactly constant during
the initial perigd has been borne aut by the data for a gingle
grid, while the data for two grids lends support to the seccond
statement, ZResults similar to those obtained in this work were
reported by Tsuji und Hama (66,67) while car ying out experi-

ments on decay with two grids in a wing tunnel,

The decay law | ziven above can be exXpressed in the form

ult® L 2

1 W R Zﬁ )
-0 - -

Uy & b

3 L

waere L is some length scale, The funetion d(xl Ei)
will again depend on the initial conditions. Since the initiagl

conditions can be deseribed fairly well by defining the inten—

L]

Sity and seale of turbulence as well as the Reynolds number R,

e
& plot between u'” / u'y and x/} should give &
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single curve for various initial conditions for any one
Revnolds number, In the above u'” is the value of ui
L &

Al

at the downstream grid and A is the microscale. The dat

(]

for decay behind two zrids at various gpacings is replotted in
1R
g
the vaiuc of ui protuced by the upstream grid at the down-

this manner in Figs., 5,12 and 5.13 . Here u was taken as

Strecam grid and A the corresponding microscale. The two

_ ) ! 5]
figures corresnond to Reynolds numbgrs B of lL.84 x 10
and 7.7 x 107 respeetively, As can be seen from the figures,
the various points corresponding to different initial condi-

tions tend to follow the sasne trend for any one Reynolds

- emman

number, Thug it would appear that ué / ug and XA

should be the relevant varameters to describe the decay down-

gtream of grids, besides the Reynolds number R

5.5 IEnergy Spectra Behind a Single Grid :

-

The energy spectra behind a single grid are shown in

Figs., 5,14 =~ 5,16, These plots of Taylor's normalised one-
dimensional spectrum function.Fl (k) vs the wave number k
are prepared for all the three grids used in the study, viz. .
3/16" , 3/8" and 3/4'' mesh, The spectra Shown are for a
Reynolds number of flow R = 1,54 x 105 only, as those obtain-
ed for IR = 7,7 x 104 werc similar to these. The observed
Spectra agree with thosec alreudy obtained by many other
authors e,g. by Liepmann, Laufer and Liepmann (42), Tsuji (66.,
67) =tc, Certain features of these spectra can be noted

< o

from these plots, A4As is well known, F1

vialue Fl(O) as k tends to zero and decreases rapidly as k

(k) tends to a constar:
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increases, I'he value of Fl(O) increases with increase in
distance downstrean freom the zrid (which also means the

increase in decay ti Since

i .
2 (w8}
L A LY : 3 r
_l(k) e ! f(xl) cos }xl dkl
and A\ = SR - (3 Jax
i 3 i i
o PP = 3 ) st - i 5 _‘2 ; el (
therefore, bl(O) ;LTH i(k) = é £(x) Ix,
i F7 (0) = f_ L

Thus an inecrease in Fl(O) correspvonds to an increase
in the intcgral scale 4/\f Or an inereudse in the average size
of fhe eddies present. That thisg is actually the case is evi-

dent from the olots, where the value of Fl(k) a8 k becomes

very small, increases for larger valyes of X @
il

Another feature of the spectra that is evident from
these plots ig the effect of mesh width on the energy spectrum.
As the mesh width of the grid increases there is a larger
contribution of energy from the low wave number region, This
is indicated by the increase in the value of Fl(k) at low k

values for grids of larzer mesh width.

4 line with -5/3 slope representing the Kolmogoro-

@

If's gpectrum law is alse drawn on the plots . The agreement
between this line and the observed spectra is however
contined to wave numbers between about 50 to 250 fti. Again
the agrecuent, howssever small, seems to bs better for grids
of larger mesh widths as compared to those for smaller ones,
Similar results were obtained by Liepmann and coworkers (42)

who showed that for mosh Heynolds numbers IRI.ﬁ = 51 1! P S
. Yl
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of the order of 10é s there was a very narrow wave nuiber

range to anproximate the measured one~dimensional spectrum by

the Kolmogoroff spectrum law, However, for larger mesh Reynolds'
numbers (of the order of 3 x 105) they obtuined a much better
agreement with the Kolmogoroff Spectrum in the higher part of

the meusured w.ve number range, otewart and Townsend (57)

showed that in order to have a sufficiently large inertial sub~-

range , such as is required by Kolmogoroff's theory, the mesh
6

Reynolds number should be at leust of the order of 10

In the very high wave number ringe, another line with
& = 7 s8lope is drawn representing the Heisenberg's form of the
énergy spectrum, This line also does not seem to give very
good agrecment with the observed spectra. No definite conclu-
sions regarding < power law of spectrum in this region can,
nowever, be drawn since the signal to noise ratio being smgll,
the accuracy of the measurcments and ncnee the conclusions drawn
therefrom in the very high wave-number region must remain
tentative,

The spectra for the various grids at two locations have

also been plotted with El Fl(n) AN and n./\f/ ﬁj as
- . 11 13 -

e

Loy

bParameters and are shown in Figs. 5.17 and 5.18. Also shown in
both figures is a curve répresented by the equation 1 1(n)

R

4 ‘ f
o This equation corresponds to an exponential
47 A
1+ £
2
L5l

form of the f@}) correlation. From these two figures, it is
apparent that the Reynolds numbzr of-flew R does not materially

P o

affect the spectra for any particular grid, Also, there is a
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systematic variation for the various grids and the above
equation cannot be said to be followed. Thus it appears

k-

that the correlation curves donot remain exponential through-
OUT »

These measurements of the svectra behind grids
seem to lend further sunport to the contention that the
Similarity spectrum as envisaged in Kolmogoroff's theory is

~3

inadequate to describe the turbulence behaviour at low or

3 =
v

moderate Keynolds numbers and that its range of validity is
accordingly limited by the Reynolds number. The similarity

of the energy spectra has, however, been examined later.

5.6 Energy Spectra Behind Two Grids :

Mhe energy spectra behind two grids are presented
in Figs. 5.19 - 5.21. The spectra were measured for different
spacings of the 3/16''and 3/8"" 2nd the 3/16'" and 3/4"" grids.
For each case, measurements were made at two Reynolds numbers

s
£

- o L e, i wl s 4 o
g filow Jl.ev I8 = 250x 40 and 1. 2340 respectively.
However, only a representative set of three spectra has been

bPresented in the above figures, the other ones being similar

Tue speetra P (k) for a spacing of 1'' between

T = o Ty ¥ an A 5. B L - - ~ a f,:)
sha 3/16"" and 3/4'' gride for a Reynolds number of 1,54 x 10°
are shown in Fig, 5,19. The shspes of the F_(k) vs k curves

~
1

in this case gquite resemble those for the 3/4'' grid alone,
his is due to the fact that the fine scale turbulence pro-
duced by ths 3/16'' grid decays out rather rapidly and the

large scale turbulence produced by the /4" grid remains

comparatively untouched.



&

1

The spectra for a 7' spacing between the two
and 3/4 7'

grids viz. 3/16'Yarc civen in Piz. 5,21. The distance bet-
ween the two grids being large in this case, the high
wave number componernts of the turbulence pProduced by the
374! have already decayed out and the low wave number ComMpo-
nents are superposed on the turbulence produced by the 3/16"!
grid, Comparison of these results with Mg, 5,14 shows that
the effeet of the larze scale turbulence broduced by the
3/4' grid predominates and the value of the spectrum function
Fl(k) at low wave numbers ig much larger than that resulting
from the el T R Ry
from the 3/16" grid alonec.

The spectra for a an spacing between the 3/16"
and 3/4'' grids also show a similar trend. The F, (k) values
for low wave numbers here also are definitely larger than

those for the 3/16'' grid alone, The same tendency was ob-

by
€]

served for % other spectra viz., those for the 1''and 4'
Spacings between the 3/16'" and 3/8'' grids and those for a

= - = 1. . . ‘4 o 7,
fAeynolds number of flow of 7.7 x 10 for all the above cases,

These me=surcments thus show that a change in

the initial conditionsg, which in this case is brought about

]

by means of the 3/4''or 3/8'! Zrids place

(4]

d upstream of the

3/16" grid, brings about a change in the spectra downstream
of a grid and congequently a change in the decay pattern, A
more definite proof of this can be obtained by examining the

similurity of spectra as has been done in the next section,

(4]
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9.7 Similurity of Enersy Spect

With the values of

A

3

L -8

s the micro scale, detor-

mined by integratingthe ngl(k) curvesz, the value of Flfl)/h
was plotted against Ak, The results are shown in Figs,.5,22
to 5,37, These plots in cffeet are just the non-dimensionali-
sation af the spectra with the help of a characteristic len-

7
o

gth o If complete sinmilarity of spectra were to hold
over the entire wave numberp range i,e., if the spectra prese:

ved thelr shan=, over all wave
points on Fl(k)/'} s Ak
Curve, irrespective of the digt
tion from the grid, That this
epparent from Figs, 5,22 - 5,24

variow points, waich correspond

numbers, during decay, all the
pPlot should fall on a Single

ance of the point of obaerva.-

18 not actually the cuse is
and Figs, 5,30 0.%2, The

to observationg at different

digtances bohind a single zrid, do not fall on the same cury
for all wave numbers, in examingtion These plots also

veals that while the Points tend to fall on g Single curve
at larger values of k, the deviations increase for smalle
A k values . Thig is in 2greecment with the results of measurs
-nents made by nany other workers such as Stewart and Townsend

for the turbulence

Che dats

1y more due to the sm311

which makes the %an1U1V1T” of

than due to departures from

m
e

when the /4" grig is pla

Exps B 08 1hie plot is prepare

Drodue
at very

signal

B .11': E S i o
_l( Jlir 1 LS8

ced 1''upstream of it ig

ed by grids in wing tunnel,
large k values is probab-

o noise ratio in this region,

equipment rather low,

the

similarity itgelf,

X plot for the 3/16'' grig
shown in

d for a Reynolds numbew of



flow of 1,54 x lOb. If the similarity of spectra and con-

Sequently the decay law, were independent of the initial con-
ditions, this plot should have been similar to Pig, 5.22.
Comparison of the Figs. 5.22 and 5,25 however, show that
There ig a large difference betweer the data points obtained
in the twn cases upto XNk values of the order of 4. After
this, the two plots seem to be quite similar to each other,
A8 the spacing of the two grids increases, the range of ik
values in which the two sets of voints are wide apart de-~
creases as is seen from Figs. 5,25 and B8.26. Thig indi-
cates that the change of initial conditions destroys the
similarity of spectra and hence results in a change of the
decay law. It has already been shown earlier (PFigs, 5.8 ~
5,11) that the deecay law does change with change in initial
conditiong, The above plots uerely confirm the premise that
this change in decay law is because of the change in initial
conditicins, which in turn decrease the range of validity
of the similarity spectrum, The same trend is observable
from the other plots viz. those for 3/18" and /4" grids at
various spacingse for a Reynolds number of 7,7 x 104 and for
3/16'' and 3/8'' grids at various spacings for Reynolds
numbers of 1.54 x 105 Bnd Zalt = LLOEi :

5.8 Similarity of the Spectra of Vorticity ¢

18—

=1

: - o 4 ;
The plot of k F](k) ve k 1s known as the

Sipation spectra and describes the distribution in wave

e
L

number of the rate of decay of turbulent energy to heat,

my

3 o e g .
The quantity k ﬁi(k) 1s also proportional to the spectrum

: S | L 2 : ook
of vorticity (oui/axj) » This can be measuped directly



from a frequency analysis of the derivative dui/dt by
using a differentiator circuit along with the harmonic ana-
lyser, In the present work, however, it was computed from
the measurcd energy sosctrum Fl(k)'

The similarity of the spsctrum of vorticity has
' : X . G AT R ¥ -
been examined by plotting -k Fl(ﬁ) Vs k. Theplots are
shown in Pigs. 5,38 - 5,43 ., 4s can be seen, there is & con-
glderable scatter in the data., This may be due to the fact
that the value of A has been determined from the measured
P_ (k) values and hence the integration of ngl(k) for
determining A is not carried out from k = O to ®© but
upto & finite value of k. However, the data conform well
to the trend obtuined for the dissipation spectra by other

workers. One of the feature that is noticeable in the above

" ' a

(6}

figures is that the spectra K°F (k) behind the 3/1
when the 3/4" griq is placed 4''or 7'' upstream of it are
quite similar to those for the 3/16'' grid alone, even at
low wave numbgrs, Only when the 3/4''grid is placed upsileanm
at 1'', is there & marked departure in the shape of the spec-
tri compared to the onc for the 3/18'" grid alone., This too
is confined to the lower wuve-numbers only. Similar results
are obtained for the other grids also. This indicates that
the departure from similurity for the dissipation spectra is

smalle

H

than that for the spectrum of cnergy, while the

initial conditions are changed, The effect of this devia-

4

tion, therefore, will

7!

be less in comoutation of the rate of
dissipation than in the comuoutation of energy on the bgsis of
similarity spectra., This is also confirmed by observations

mide by Stewart and Townsend (57) behind a gingle grid in a
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: _ | aud 3 %u! 8!
wind tunnel, They measured the . 1l and 1
axl ale 9%

spectra for single grids at various mesh Reynolds number

(Ry,) , effectively giving measureuents of the functiong

41

=

(9]

5
F (x), k4Fl(k) and k°F (k) , and found that the
departure from similarity for different Reynolds numbers
decreased as the order of the function increased, being a

6o

minimum for k rl(k), In the present case, one

o)

can see that the departures Ifrom similarity are less
for ngl(k) compared to those for Fl(k) alone and it
mgy be expected that these departures will decrease

further for higher moments i - kéFl(k) etc,

Thus one can see that the spectra of vorti-
city conform to the similarity hypothesis better than
the spectra of energy, even when the initial conditions
are changing, It may be expected that the departures
will further decrease with higher moments as envisaged
in the generalised theory of similarity spectra and decay

law proposed by Goldstein,

9.9 Energy Spectra with Wall to Wall Probes :

The spectra of energy for the 3/16'' grid alone
measured with the wall to wall probe at a Reynolds number
of flow of 1.54 x 105 are shown in Fig.5,44. Comparison

of these with Fig.5.14 shows that while for low wave numbers
these spectra are similar to those obtained with the traverse
probe, the difference between the two is considerable for high

-,

wave numbers. The spectrum function Fw(k) has a smaller value
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for high wave numbers. when measured with the wall to wall

probes., This may be because of the interaction of smaller

eddies (hizh wave numbers) within tho probe gap, thereby
ancelling the effect of csach other. The size of the probe

gap thereforec seems to have an, important bearing on the

frecqueney response, While a small gap will reduce the strength

of the signal and thereby decrease the signal to noise ratio,

& large gzap will cut off larger wave number components, This

was observed to be the case for the spectra with other grids

also, Thus & compromise has to be made between the conflict-

ing requirements of high signsal to noise ratio and wider

frequency rcsponse vis a vis the probe gap.

]
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CHAPTER -~ VI

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

Conclusions :

From the experimental study and subsequent

ssion of results, the following conclusions can be

The method of electromagnetic induction can be said

to be quite suitable for turbulence measurements in
he agreement of the results obtained with

water, Th
those obtained by Laufer for pipe flows and the
reproducibility of data observed during the experi-
mentation further underline the suitability of the
meshod,

The decay of turbulence behind a single grid is
found to depart from the decay law given by Taylor or
from the linear decay law derived on the basis of
Kolmogoroff's theory. On the other hand, the
results substantiate the ideas put forth by Goldstein
in his generalised theory of equilibrium and simi-
larity spectra andg the resulting decay law wherein
the decay law is said to be governed by the Reynolds'

number and initial conditions.

The decay pattern behind a grid depends on the initial

conditions, With a change in initial conditions the
decay law also changes. Thus if two grids are placed
Some distance apart with the grid of larger mesh

width upstream, the decay law 1s not the same as for



4)

6)

7)
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the downstream grid alone, This change in deca

law depends upon the spacing apart of the two grids.

If uég and >\ are used to non dimensionalise ;iz
and X where uéz is the intensity and >\ the

microscale of turbulence produced by the upstream

grid at the position of the downstream grid, then
the plot ( u;é / uiz ) Vs (Xl/ %\ ) tends to
give & single curve for a given value of the Reynolds'
2

; ' ; = A
number IR, This seems to indicate that u! and A

g

which represent the initial conditions are the
important parameters governing the decay law in
addition to R. This again is in keeping with
Goldsteins' contention about the dependence of'decay
law on initial conditiong and Reynolds' number.
There exists no complete similarity of the energy
spectra during decay. The similarity however increa=
ses with increase in wave numbers, |
A change in initial conditions bring about a strong
departure from similarity of the energy spectra,
consequently bringing about a change in the decay
law,

The spectra of vorticity show & smaller departure
from similarity during decay even when the ihitial‘
conditions are chunged. Accordingly the departure
in practice from any decay law derived on the assum-—
ption of similarity of spectra of vorticity will be
smaller than that from a law assuming similarity of

energy spectra (Linear decay law). This, in other
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words, means that the effect of devigtion from
similarity will be large in computation of cnergy
and will be smaller for computation of rate of
energy dissipation. It may be expected that this
devigtion will further decrease for higher moments
and therefore a generalised decay law as proposed by
Goldstein should hold for all ranges of Reynolds
numbers and all initial conditiong.

8) Wall to wall probé does not give results comparable
to the traverse probe, While the low frequency cqm~
ponents are relatively unaffected, the high frequency
components are cut off while using the wall to wall
probe, The size of the probe gap thus has a signi-

ficant bearing on the frequency response of the system

6.2 5Suggestions for Further Work

The following aspects are suggested for continuing
work in the field pertaining to the present»work H-
kg A detailed investigation of the induced currents in
the flowing water resulting from electromagnetic
irdugtion in ordcr to express the induced-voltage-
velocity-fluctuation relationship more exactly.

2) Building up of three and four wire probes to measure

ué and ué fluctuations and their spectra,
3) Setting up of a differentiator circuit alongwith
the present set up in order to enable microscale

(A} measurements to be made directly., This will

t
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also enable the spectra of vorticity to be measured
directly by using another wave form analyser or Dy
recording the signal on the F,M, tape recorder and
playing it back to the analyser used for measurement
of energy spectra,

Setting up of a series of differentiator circuit to
record the spectra of higher moments of BH(k) .

>

These measurement

w

» under a wider variety of initial
conditions will give more insight into the nature of
similarity of spectra,

Self contained probes may be developed where the
magnet is not & separate one but is a permanent
magnet attached to the probe itself, This will add
to the flexibility of the instrumentation and enable
a wider range of Reynolds numbers to be used for the
investigations, A relatiomship between the function
d(t) formulated by Goldstein in his decay law and the
Reynolds numbers for various initial conditions could

then be investigated.
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