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'SUNMMARY

A detaiiédA exploration of 'Ehe field of mean and fluctuating
quantifies in a t;':o-dimensional turbulent'cha.rmel flow is presented.
.The mea.sﬁremenfs were repeated at three Reynolds numbers, l.23 x 10° s
308 x 10° and 6416 x 105, based on the half width of the channel
and the meximum velocitys A channel of 5" width and 12:1 aspect
ratio was used for the investigation.

Mean speed and axial fluctuation measurements were made well
within the leminar sublayer. The seml-theoretical predictions con-
cerning the extent of the laminar sublayer were confirmed. It was
found that the viscosity has a more profound influence on the
fluctuations than on the mean velocity, the region of influence
being approximately four times as wide.

Fluctuations perpendicular to the flow direction v, w' and
the correlation coefficient k‘/‘% were measured, and the
turbulent shear distribution calculated. Shear calculations from

" independent methods using the measured velocity gradient at the
wall and preséure gradient along fhe channel furnished a good chéck
on the values of the sheariﬁg stress in all cases with the exception
of %:he highest Rey'riolds' number where T obtaineé from the fluctuation
neasurements is approximately 25% lower. All mean fluctuating
quantities were found to decrease with increasing Reyﬁolds number .
Measurements of the scales L, s L, and micro=scales of turbulence

X

ys A" across the channel are presented and their variation



with Réynolds number is discussed. Using a new technigue, values
for A, were obtained; & method for estimating Ly is also given.
The energy balance in the turbulent flow field was calculated
from the measured guantities. From this calculation it is possible
to give a descriptive picture of turbulent energy diffusion in the

cenber portion of the chamnel cross-section.
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INTRODUCTICN

‘, In_receﬁﬁ &ears a consideréble step forward was made in the
theorjvof furbulence. Kolmogoroff (Ref. 1), Heisenberg (Ref. 2)
and Onsaéer (Réf. 3) obtained independently en energy spectrum
law that holds in rather restricted types of turbulent flows.
This progress gave a new impetus to both theoretical and experi-
mental investigétions. The experimental worker may follow two
principal methods of approach tq the problem. First, he may
establish flow fields which satisfy sufficiently the assumptions
of the new theory, nemely: that the flow is isotropic and of
high Reynolds number so that the influence of viscosity is a
minimum end the effect of the turbulence producing mechanism is
small. TUnder these conditions he may measure quentities such
as correlation functions, scales, and micro-scales that are
defined exactly in the flow field and may compare his results
to those predicted by the theory. The main difficulty with this
" method is to predict how closely_one has to approximate the actual
flow conditidﬁs to those assumed in the theory. 'Withvother words,
the sensitivity of the theory to true isotropic conditlons is
noérknqwn and in case tﬁe neasuremnents do nob égree with the
theory one does not know whether to attribute the disagreement
to faulty assumptions in the theory or to the-incompiete
isofropic conditioﬁs of the flqw. Furthermore, some recent

measurements behind grids at this Institute show that even
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'With dllargé increase in Reynolds number the effect of viscosity
énd grid size have still a pronounced effect over a large
frequency range of the spectrum. This indicates that the range
of application of the new theory might be outside of the scope
of turbulence phenomena encountered in asrodynamiecs and is of
importance in the study of atmospheric turbulence or in the
astrophysical field.

The second ﬁethod of approsch is to establish a simple
turbulent flow field with well defined boundary conditions and,
in the light of the new theories, to try to obtein information
on the mechanism of energy transfer from the low frequencies
of the energy spectrum to the high ones. The present investi-
gation of a turbulent channel flow has this purpose in mind in
its long range program. The difficulties of this method are
immediately realized. Because of the non-iéotropic nature of
the flow, characteristic quantities such as scale and micro-
scale are no longer well defined énd it is very possible that
in the firstv stages of the investigation certain quentities will
be measured that later prove to be trivial. On the other hand
the main advantage of a fully developed channel flow is the fact
that, in contrast to the flow behind grids, flow conditions are
steady; no decay of mean or fluctuating quantities exists in
the direction of the flow, Consequently‘the ﬁurbulent energy
goes through all of its sbages of transformation across the channel

section =~ turbulent emergy production from the mean flow, diffusion,



tﬁrbuient éndvlaminar dissipation = and one may study these trans-
'formationsin-detail.

It has become clear that the phenomenological theories of
turbulence, such as the mixing length theoriss, have lost most
of their'importance. Thess theories, developed in the late twenties
and early thir?ies, were aimed specifically at an evaeluation of
the mean velocity distribution in turbulent flow. The existing
experimental evidence shows clearly that the mean velocity distri-
bution is very insensitive to the essential assumptions introduced
into the phenomenological theories. In fact, purely dimensionsl
arguments generally suffice to give the shape of the mean velocity
pfofile with sufficient accuracy. For the further development of
en understanding of turbulence, detailed messurements of the field
of fluctuating rather than of mean velocities are necessary. The
program of,experimental research of which this work is one part
is based on this reasoning., It is gquite apparent and natural
‘that the same conclusions were drawn by workers in the turbulent
field elsewhere, and that in general the main emphasis of
present experimental investigation is the exploraﬁion of the
field of the fluctuating veloeity components.

The present set of experiments deals with flow in a two-
dimensional channel, i.e. with pressure flow between two flat
walls. Channel flow of this type is the simplest type of turbulent

flow near solid boundaries which cen experimentally be produced.,



-4-

Thé'siﬁpler Ccuette‘type flow requires that one wall move with
cénstant veloeity, a condition which is difficult to realize
experimentally. It can be approximated by the flow between
concentric cylinders but complications due to centrifugal forces
érise here. The simple gecmetry of a two-dimensional channel
allows san integ?ation of the Reynolds equations, and the turbulent
shearing stress can then be related directly to the shearing
stress on the surfaces which, in turn, can be determined from

the mean pressure gradient or the slope of mean velocity profile
at the wall,

_The relation between the apparent stresses and the wall shear-
ing stress can be used to advantage in two fashions. It is here
possible to obtain the magnitude of the correlation coefficient
responsible for the apparent shear by measuring only the intensi-
ties of the turbulent fluctuations. The turbulent shearing
stress can also be measured directly by means of hot wire
‘anemameter. A comparison with the shear distribution obtained
from mean pressure gradient or velocity profile measurements
serves, Then, as a very useful check on the underlying assump-
tions on the one hand, and specifically on the reliability and
accuracy of the &irect measurements on the other.

Measurements of channel flow have previously been made by
Doench (Ref. 4), Nikuradse (Ref. 5), Wattendorf and Kuethe (Ref. 6
and 7) and Reichardt (Ref. 8 and 9). A few measurements have been

mede recently at the Brooklyn Polytechnical Institute (Ref. 10).
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Déench;s and Nikuradse's measurements were concerned only with
ﬁhe,mean velocity distribution at high Reynolds numbers and are thus
of'noﬁ'téo much interest for a comparison with the present set of
measurements. :Whttendorf measured the intensity of the fluctuating
‘velocity‘components and then dsduced the correlation cosefficient
from the mean pressure measurements. The technique for measuring
the axial component of the velocity fluctuation was well developed
at the time but the cross éomponent was only tentatively measured.

The most complete set of measurements is due %o Reichardt, who
measured velocity fluctuations in the direction of the flow‘and
normal to the wall as well as the turbulent shear directly.
Réichardt found very good agreemént between the shearing stress
determined in these two ways; his paper comes closest to the
present investigetion and his results will be used for couparison.
The Reynolds number in Reichardt's measurements was 8,000, lower
than the range covered by the present measurements. A eriticism
~which can be made of Reichardt's investigation is his use of a
tunnel of only 1l:4 aspect ratio. The two-dimensional character
of the flow is thus somewhat doubtful. Wattendorf's experiments
were made in a channel of very large aspect ratio 18:1 and are
thus free of this criticism.

In & preliminary investigation a chamnel 1" wide and 60"
high was chosen. The measurements, however, ﬂave shown that in
this case the scale of turbulence is so small thet great care

must be taken to correct the hot wire readings for the effect of



bwire‘ léngth; Measurements of the micro-scales were, in fact,
impossible in the 1" chamnel. The micro-scales were about 0.1

om and thus of the same order of magnitude as the length of the
wire. The corrections for the case of v  and w’ measurements
were about 30%. Since thé method of correction becomes very
inaccurate 'for‘such large ratios of wire length to micro-scales,
the 1zleasurenlents were repeated in a 5" channel with a 12:1 aspect
ratio. This ratio was still large encugh to insure two-dimensional

flow and the length corrections were now of the order of only 3%.
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SYMBOLS
longitudinal coordinate in the direction of the flow.
(x=0 .corresponds to the chammel exit)

lateral coordinate.
(y=0 corresponds to the channel wall)

lateral coordinate.

half width of the channel (2.5").
thiékﬁess of laminar sublayer.

mean velocity at any point in the channel.
maxz.mmn value of the mean velocity.

veloecity fluetuations in the direction of the mean
ﬂQ’W, ioeo, X o

velocity fluctuations normel to the mean flow in the
direction ¥y and z .

= E ’ z'§ —‘Zﬁ ’ _u-,"" Z
us u e 7 o?

pressure at-any point in the chamnel,
air density.

total shearing stresse.

shearing stress at the wall.
apsolﬁte viscosity of air.

Reyrnolds number based on half width of channel and
maximum mean velocity.

correlation coefficient responsible for the apparent
shear. '

Ry. R, R, correlation coefficients as functions of X, VY, Z.

Ay, Ay, A, micro-scalesof turbulence.



Ly, L,,»Lz scales of turbulence.

X, Y Z distences (in the X , y , 2z direction respectively)
between points at which correlation fluctuations are
measursd.

o - ratio of the square of compensated and uncompensated
fluctuations.

M time consbant expressing the thermal lag of a hot-wire.



ANATYTICAL CONSIDERATIONS

a) | The Equations of Motion for Two-Dimensional Channel Flow: - We

denote by u; ané u,.' the mean and fluctﬁating velocity components
,respecti&ely, X; are Cartesian coordinsates, Pix  denotes the
components of the stress tensor which includes both, the viscous
and apparent (Reynolds) stresses. The Reynolds equations and the

continuity equation for steady flow can thus be written.

J’a,,g-‘i‘ 22** | (12)
!g-g: -0 | | (1b)
where
Peipll -0 gl D) 9zm Pl B gy
Do = : 9"‘49_-) squ; ..p+2/wgif:-f¢? M g}‘-‘:-ﬁg-:-:)—fm
PG Gt plG - B9 prip - b

For channel flow between two parallel flat walls we have

. | , e p . —
u,=uly p-Ju ﬂa;-'-fur o
U, = Jd Ptk = /‘J—-.”UV' "P-'.f;n o
Us =0 0 o P-Sw't

Where X,y ,2 and ', ¥’ ,w replace the X , U etec. for
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3
convenience in writing the now much simpler equations. Equation

(1b) is thus automatically satisfied and (la) becomes:

= 2 [om_pE), 2 du _ o7
0= & (-P fu)+@{,ug?§! $av)

— (2)
= -p =Pyt du s
0 %{/ !y)*%/’“ﬂ _JJ,,,,)
In fully developed turbulent flow the variation of mean values of
the fluctuating quentities with X should be zero, i.e. the flow
pattern is independent of the streamwise direction. Hence, (2)
becomes &
! 2 pov
4 =y duy _ du or L % e L dT
4 ? ..ot
¥ z -
v u (3b)

s . . 25
i fferentiat b) with respect to X g 228 =p
Differentiating (3b) with respect to X gives ¥ o0y
and consequently % ” is independent of y and (3a) is immedi-

ately integrable. Thus
.? zEa =y dd _ 75

In the center of the channel the shear vanishes, hence if the

chennel hag the width 2d we have

- 2
Constant }4 -55
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and hence:

L 28 tued) - v di
ggf{yd}-vd_'-yé!-

Or in non-dimensionel form:

- vd v odu_ o
g S { [ -2 _UV’
wd T gray Ty

It is evident from (4) and (5) that ¥,

different ways:

(1) T--d
w0 wpl),

. L) d“
o~ 2 '}‘ﬁ
(iii) ‘o‘{ “'.‘I-al )d

is not too small

3 y
if b1
I <« 2av
and
(i11) T, . Sav-4

(4)

(5)

can be determined in three

from the mean pressure
gradient

from the slope of the
mean velocity profile
near the wall

from a direct measure-
ment of u'y'

2
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‘The teéhnicany simplest way to determine ¥, , and thus in fact
ﬁhe,compiete.shear distribution, is a measurement of é%f « This
ié'the'method applied in most investigations.

Toidetermine the slope of the velceity profile near the wall,
the profile hes to be knaﬁn up to points very close to the wall,
i.e. at least to distances 5 =10 . This in general requires
the use of the hot wire anemometer and very precise measurements.

The third method requires a direct measurement of the corre-
lation between the axial and lateral veloecity fluctuations. The
teehnique of this type.of measurement is known and was first
applied by Reichardt and Skramstad and, in somewhet different
form, in recent investigations at the Bureau of Standards,
Brooklyn Polytechnical Institute and California Institute of
Technology.

In the present investigation all three methods heve been
applied and the results compared with the exception of the lowest
Reynolds number flow. In this case the pressure gradient is’
extremely small (approximately 0;0003 mn of alcohol per cm) and
reasonably accurate measurements were not possible. This compari-
son of the three methods has the advantage that is gives a good
indication of the absolute accursascy of measurements of the

fluctuating quentities and the correlation coefficient K ,



b)- The Phenomological Approach: = The so=-called phenomological

theories attempt to express the turbulent shearing stress in terms
of the mean velocities by introducing some simple physical model
to describe ths turbulent flow mechanism.

It is seen from equation 3a that if T=T(4) is known the

equation may be integrated and the veloclity distribution across the

channel in terms of the pressure gradient or wall shear may be
obtained.
With the introduction of the "mixing lengeh®, l Prandtl

put forward the hypothesis (Ref. 11) that
e sild)lg
T= 81 dy )ty

He assumed thet | varies proportionally with the distance from the

wall, thus
l=cy where € is a constant

Substituting the expression of T in the integrated form of

equation 3a we obbain

F3
- 1pi, 4 folu
T.(I | ¥ ) =cPy /;.-’- /
The solution of this differential equation is with the

condition that =0, af &-0 (Ref. 12)

oo 4 sog(2-1) - of 7]

(6)
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| ’e’%‘hiler'the irari_.ation ofi W;i.'bh y was obtained by Prandtl from
.di.:aensiénal, argunents, Karman's well known similarity law gives
o method for caleculating the "mixing length” (Ref. 13). Kerman
assumes that { depends only on the local mean velocity gradients

and obtains that

l = du prom
dy, ,T'i
Using this relation together with equations 4 and 6 the mean

velocity distribution mey be obtained (Ref. 12)
-u T
__V s - "[1’9//' t-%41+ -%+3 where A and B are constants
4 .

the boundary conditkons being ad!- oo at y=0 .

Taylor's vorticity theory can also be applied %o find the
velocity distribution in a two-dimensional channel, if the variation
of the mixing length I with y is assumed. Letting l=cy , Taylor

obtains (Ref. 14)

_I_/._:_q . LZ P/ Y% - faul-% )] where €, is a constant
%

‘The above equetions, although derived from different physical
assmnp‘bio_ns furnish velocity distributions that agree reasonably
well with measured profiles provided the arb.itrary constants
contained in the equations are rightly chosen. A genéral discussion

of the applicability of these velocity -laws may be found in
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*
references 15 and 25. A more detailed analysis of the mixing

length theories applied to channel flow is given in reference 12.
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¢) The EnergI Eqpétion;- Writing equetion (la) in the form

g&f = - é&g 4u/at7‘ag

we multiply it by U

é.f-ékgéfﬁk.,- %?ﬂ!‘+,u¢air,zg

Trensforming the last term by partial integretion the ensrgy

equation of’the mosan flow becomes

8 ./‘)II;::H/:S_ g%(;-]- -2’-/1992%‘_%*-/4/%/ g‘é‘/ (7)
We may introduce now the veloclty perturbsations,
U=usu'
U=y’
u’s w'

Since the welocitiss arse independent of the coordinates x and

2 we obtain after avereging

PG g+ 80 S 185 VTl BB uusly o 8 )

Making use of equation (3a) this simplifies to

o - T ] 5 pf ) f——
TSl = B[R] ] p) - g T o p 28 ]
This form was obtained by Kermen (Ref. 16.) while discussing =

non~isotropic flow in terms of the statistical theory of turbulence.
In order to see the relative orders of magnitudes of the dif-
ferent terms in the aquation,’Kérmén 8Xpressas theﬁ in terms of

2 single velocity, .q=m‘- and & cheracteristic length D

corresponding to the width of the channel. Since

;537:7’-0(9") end :7/;_4 ,0% ) 0/;/

the above equation mey be written =as

) s . .
Ale EA;%*AJ% 'A'!'D_z" < A:—v,l%
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‘.Thé‘AfS have a character of correlstion functions. For high
Reynolds number flow %‘-D»I s it follows that %?"« %’ .
Thus the second and third term of the right side of the equation
may be neglected. Since the pertinent qusntities have been mesasured.
during the present work the order of megnitude of these terms
c¢an be dirsctly evelusted and the omission of the terms is found
to be justified. The sbove equation contains thus 6n1y terms of

3 Vot : .
the form % and ;%‘ ; they should be of the same order of magni-
tudes, therefors %% =0() . It is of considersble intersst to

see whether experimental results confirm this relastion. Ts-

king s an exsmple results from the measurements st R=39800

and 2b=<15' ’
q= I2 emyy, . :

ie0 gj{, I2x 025 _ /o
y .S cm Y OISSx)2.?

This retio seems to be fairly constant for different Reynolds
numbers and across the channel cross-section.
“In wiew ofithe sbove dimensional considerstions, the ener-

gy equation may.be written

td - AT L) o

The equation expresses the fact that; the energy produced

by the turbulent shear forces at e certein point is partly dif-
fused sand peartly dissipéted. This equation has been used in es-
timating the energy diffusion across the chaﬁneL since from the
measured gqusntities the production term and dissipstion can be

calculated.
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EQUIPMENT AND PROCEDURE

;L. Wind Tﬁnﬁél: - The investigetion was carried out in the wind
tunnel shovm in‘figure 1. The turbulence level is controlled by

a honejﬁomb and sesmless precision screens, followed by an approxi-
mately 29:1 contfaction. The screens have 18 meshes per inch and
a wire diemeter of 0.018". The honeycomb consists of paper mailing
tubes, 6" 1ong‘and 1" in diameter.

The overall length of the channel is 23'. At the entrance
section it is 3" wide having an aspect ratio of 20:l. In a distance
of 7' it expands to a width of 5" reducing the aspect ratio 12:l.
The walls of the exit portion of the channel (about 6') are made
of 3/4" thick plywood with a 1/4" birch inside cover. They were
specially treated in order to acquire smooth finish, and were
reinforced to avoid warping (figure 2); in spite of this a few
percent of width variation existed.

The tugnel is operated by a 62 horsepower stationary, natural
gas engine ~.norma11y operating at a fraction of its rating - which
drives two 8-blade fans. The speed is remotely conirolled by mesns
of a small eleétric motor which drives the throttle through a
gear and lead screw system.

The experiments were carried out at speeds of 3, 7.5 and 15

mebers per second.



2, Traversing Mechanism: - Figure 3 shows the type of mechanism

ﬁsed during the experiments. It consists simply of a micrometer
édreW'dn'which the hot wire support is fastened. The support can
rotate ffeely‘in a plane perpendicular to the air flow thus enabling
one to adjust the hot wire exactly parallel to the wall.

The zero reading of the‘traversing mechanism (yso) was care-
fully found using the following method: +the hot wi;e was placed
close to the wall (approximately 0.025 cm away); the distance be=
tween the wire and its image in the polished wall was measured by
means of an ocular micrometer. The position of the wire is, of
course, one=half of the observed distance, and could be determined
with an acéuracy of % 0,0005 cm.

In order to obtain the pressure distribution along the middle
of the chanmel a 6' long thin walled tube 3/8" in diameter was used
with a small static'pressure hole drilled close to its end., The
tube was free to slide in a support at the entrance of the chanmel
so that the position of the pressure hole relative to the channel
eiit could be‘changed. The tube was kept straight and under tension

by means of weightse.



3+ Hot-Wire Equipment: - All velocity measurements were made with

hotawire anencmeters. The frequency response of the smplifier-
'ECmpéﬁsator unit of the hot-wire equipment (figures 25 and 26) is
flat from approximately 2 to 10,000 cycles, using a 0,00024" wire
at standard operating conditions.

The dompqnsation of the hot-wire for thermel lag is accomplished
by a cafacity network. The range of time constants was chosen from
0.3 to 1 milliseconds corresponding to the characteristics of a
0.00024" wire at the operating conditions employed in general at
GA&CIT. Wo etbempt was made to extend the range of compensation
to larger values of M since in this case the noise level soon be-
cﬁmes appreciable,

The correct setting of the compensating unit was found using
the square wave method described recently by Kovasznay (Ref. 17).
The time constants of the wires used for turbulence measurements
fell between 0.4 and 0.9 milliseconds.

The output readings were taken with a thermocouple and
pfecision potentiometer.

a) Mean Speed Measurements:

A half mil (0.0005") platinum wire éf 1 om length was used.
The measurements were made by the constant resistance method.
This method has the advantage of keeping the wire temperature
constant through the wvelocity field.

b) Turbulence Measurements:

For the investigation of turbulent fluctuations, 0.00024™



-21-

Wollavé’conrvrire was used. The wire was soft soldered.to the:tips
‘of fine sewing needles after the silver coating had been etched
off. ' The two lateral components v’ snd w’ and the correlation
coefficient kﬁ—% were measured using thg X wire techniqge.
The method was essentially the same as described in detail in
previous fepoz:"cs from this laboratory. It is realized that the
use of .a.n X meter does not permit measurements very close to the
wall,

The X meters for shear maasurements had angles between the
wires of approximately 90°., The angles of th:s v', w' neter were
of the order of 30°. The wire length of the u’ meter was about
1.5 mm that of the ¥ meter was 3 mm.

The parallel wire 'bechni_que used recently at the Brookiyn
Polytechnic Institute was also tried in order to obtain the
lateral component of the veloeity fluctuation and the shesar close
to the wall. The double wire instrument is superior to the X meter
sinese it allows an exploration of the turbulent field up to
dis’ca.nceé of a few thousands of an inch from the wall. However,
it was found impossible o o’btain reliable values with this
ingtrument., The corrections due to v’ fluctuations and due to
unequal heating of the wires were pronounced and not easily
accountable. The method was therefore temporarily ab'andone'd aftger
considerable time and labor was spent on ite |

¢) HMeasurements of Correlations Between Two Points:

The correlation functions between velues of u’ points along the



y andz B.Xis, ioeo‘

Re » ul)u'(z)
ull

were measured psing the standard technique. The scales of turbulence
L, R [, and the micro-scales Ay , A; at different points across
the channel were obtained fI;0I11 these measurements.
d) Measurements of A, :

A new te'chﬁique for the measurement of A, has been applied.
The method is based on & paper by Rice* (Ref. 18). Rice expresses
tﬁe average number of zero values of a random fluctuation, If 2)

per unit time in terms of the correlation function
W[i') < Ift) I(t+t) where £ is a time interval
He obtains that:

the average number of zeros of I[t} per unit interval=

»,

e 1
Y (9)

the restriction on J() being: Ift)  ana %i‘-—/t-) are distributed

normally (Geussian distribution).

. Dr. A. Brdelyi** gave a rigerous mathematical proof, different

*Dr. He L. Dryden drew the atitention of the GALCIT group to this paper.

**During a seminar given at the California Institute of Technology
in May, 1948.



from Rice's, of this relation using a method described by Xac

(Ref. 19) and gave a generalization of Rice's result, namelys
the average mmber of ¢ values of J#) per unit interval =

-L'
. e Yo V—V'{ﬂ)
T v/o)

Translating Ride's result into our notation / Isu' &= —U"-‘-)
' (4

we obbtein, since Ry(0)*/

’__ PR, L _ T x the ave no. of zeros of u' per second
Xt A /4

Thus by cownting the zeros of an oscillograph trace of the u’
fluctuations, /L may be calculated directly assuming a normal
distribution for both ¢’ and v%“{ e It is known that the distri-
bution of #' is closely a Gaussian one even in non-isotropic
turbulence (see for instance Ref. 20), however, for the case of
'%f' Townsend reports & small degiation from the normal distri-
" bution (Ref; 21). For the preliminary measurements of Ag
reported preséntly, no corrections were applied as yet for this
effect. Figure 4 shows an oscillograph trace :of the ' fluctua-
’l:ic;n, in the middle of ﬁhe channel at R = 30,806. The tre;ce
represents sn interval of approximately 1/100 second. It should
be noted that a different method of measuring A, is déscribed
recently by Townsend (Ref. 21)e
e) Heasurement of Ly @

The following simple procedufe was applied to obtain a rough



e

estimate of scale of turbulence corresponding to correlations
between points along the X axis: denote by F(n) +the fraction
of turbulent intensity which is contributed by frequencies be-

tween n.and n+dn  , i.e.

utn)dn = Fln)dn
and thﬁs

0/ Flnddr =)

Consider now an uncompensated hot-wire, If the time constant of

the wire is M , the response will be

[ ”’/")mep.

w.  [+M'nt

where

The total intensity will then be given by

e — S0
[@] & [
. ncomp, A 1+ Ment

Thus, if the ratio of the reading of the same wire compensated and

uncompensated is denoted by &,we have

- .
L. £h) |
o //4-”:,,: an , (10)

*Formula of this general type have been proposed by Kampe de Feriet
and Frenkiel for determining the spectrum of turbulence from non-
compensated hot-wire measurements by varying M .
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In order to estimate Lx , Fih) is assumed to have the simple form

Ly

F/n): i'z. —~E

H-n‘%
which was given by Dryden (Ref. 22) and corresponds to an exponential

correlation curve,

Then
L.2 - é' dn
g 77./ /l*n‘éi)//*ﬁ'n‘}
or with
Lyn MU
= X770 = 1%
? 7 & ya»
a8
L. 2 / oy e -
- r / (Hz'ﬁ/*g‘e‘) 1+&
Hence
L - 22

Thus by measuring the ratio of the mean squares of the fluc-
tuating velocities with and without compensation L, can be
estimated.

The procedure was checked in the flow behind a 1/2" grid

where the lateral scale was measured and where due to isotropy
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%
| the relation Lx =2 Ly should hold fairly well.
The results weres

e -+
M= Tx/0 " sec . Lx = [24 cmy
- zrx/a’m/_m

Direct measurements gave Ly = 0.553 cms Hence Ly = 1,l1,cm
which shows that this method of estimating the value of Ly is

satisfactory.
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PRELIMINARY MEASUREMENTS IN A ONE INCH CHANNEL

In the‘ingtial stages of tﬁe turbulent channel flow investi-
gation a channel‘of 1" cross-section was used. Measurements of
meaﬁ an& fluctuating velocities and of the correlation coefficient
'k were completed. The scales l., and L; were also measured at the
chennel center and were found to be about 0.2 to 0«3 eme Thits small
scale turbulenoé existing in the channel imposed a definite limitae
tion on the accuracy of the fluctuating measurements. Wire length
corrections as high as 30% had to be applied to the ¥' and w’
measurements. Furthermore, no miero-scales could be measured
accuratelys; thus one of the objectives of the investigation, the
caleulation of the energy dissipation across the channel could not
be obtained. Nevertheless, results show good consistency: the
three independent measurements of the turbulent shear indicate
setisfactory agreement,

It is of interest to present these preliminary neasurements,
the Reynolds number of which was 12,200, and to compare them with
those obtained in the 5" channel, Figﬁre 5 shows the distribution
of all the measured quantities in the 1" channel and it may be
diréctly compared to figure 17 showing the quantities measured
in the 5" channel at the same Reynolds number.

Although the slopes of the mean velocities at the wall are
almost the same inv each case [9% (ol /") .-0.00/9)- g_g‘(of.f‘ygaﬂdlgj,

u

the velocity ratios in the 5" channel seem to be lower across

Y



most part of the chammel. This indicates that a more intense

turbulent energy production takes place in the 5" channel (energy

préduct'ion is gj‘-‘ ). 1Indeed, comparing the turbulent velocity
fluctuations i‘-‘z- , ¥, and X, they increase at a faster

| | 74 3

rate = especially &—' - toward the wall in the wider channel,

although their values at the channel center check very well in
the two 'cases. The shear distribution :-5,;, is almost the same

for the two channels; it follows therefore, from the relation

P

7L

Nig
Wi

that k must have a higher value in the 1" chamnel since there

w M %
both 74 and 7
in this case is 0.6, while in the 5" channel is 0.5.

are smaller., Indeed the maximum velue of Kk

As a matter of interest it could be mentioned that if the
basis of comparison is not Reynolds number but maximum mean
speed [ U, (of 1) = 15m4e.]  then figure 5 shows a very similar
distribution of &', ¥, and W' to that of figure 19, the absolube

velues being somewhat lower in the 5" channel.



RESULTS ANWD DISCUSSIGN

ZL.‘ MeanVelbé:%.‘bl Dis*bribution:- - A careful study of the two-
dimensional na“cux“e of the channel flow we;s- first made. Mean
veloéity measurements were carried out at approximately x=-2
inches at different heights in the chennel: at positions 6"
from the bottom, 6" from the top and at the middle. Agreement
among = the threé sets of measurements confirmed the two-dimen=-
sionality. A further check was made on possible end effects that
might infiuence the results. The channel was extended by 6" and
the mean veloclty measurements were repeated at X=-8 inches.
No change in the profile was noticed. Figure 6 shows the mean
velocity distributions at three Reynolds nmﬁbers; R = 81,600,
30,800 and 12,300. The distributions follow Karman's log~
arithmic law very well, except, of course, near the wall and at
the center of the chammel (figure 7). The values of [/
were obtained from the velocity gradients at the wall.

Measurements were made with special care close to the wall,
Velccities at.a large number of points were recorded within the
laminar suolayer in order to establish with rea.sonable accuracy
the shape of the veloclty profile at the wall (figure 8). "The
thickness of the laminer sublayer was found to be: de .50%,
(figure 7) as . found by other investigators (Ref. 5).

In figure 8 it can be seen that for the case of the lowest

Reynolds number a few points near the wall indicate very low
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L
| velocities. Since the g-so point has been determined with
éreat accuracy and since the eguations of motion of the channel
ﬂow reqﬁire a negative curfature for the velocity profile, one
had to conclude that the hot-wire indicates too low velocities
near the walle. (The dotted curve shows the interpolated velocity
distribution for 0<¥<.o/ ) It can be shown that very high
local velocity fluctuations cause the hot-wire to read velocities
lower than the true mean value. Since the mean voltage of the

wire varies with the square-root of the velocity we may write

f&':[ﬂ_//f-g""

where U is the velocity to which the hot-wire responds, U is the

true mean velocity. Expending the expression

T T (1-F £~ )

Since the avei'age of the odd terms is zero the series converges

rapidly. In the region in question, the velocity fluctuations are
very high indeed { g' >030) , nevertheless the method of correc-
tion indicated above is not sufficient to establish <the required
negative curvature for the profile., The reason for the appearance
of the inflectioﬁ points is at present not completely understood.
Furcher efforts will be made in the near fubture to clear up this

point.
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2e Tu;bulence_Levéls: - Figures 10-15 represent the results of
ﬁeasurements'of the three components U', v, w' of thé turbulent
%elocify fluctuation distribution in the channel for the three
Reynolds numbers.

Theytf velocity fluctuations relative to local speeds increases v
extreemly fapi@ly near the wall aé shown in figures 10 and 11.
Measﬁreﬁents very close to the wall indicate that ff' reaches a
maximum well within the leminar boundary layer / 1"’.‘;"1‘_.0; = 4)
and it tends toward a constant value at the wall which is iﬁ—
depéndent of the Reynolds ﬁumber.

The absolute values of the U’ distribution shows the same
géneral shape as obtained by Reichardt (Ref. 9), having the
characteristic maximum near the wall showing the strong action of
viscosity even for values of y&4d .,

Using the X type hot-wire technique for obtaining the velocity
fluctuation components v’ and w', no measurements could bé obtain- ‘
ed near the wall. PFigures 14 and 15 show that while in the center
of the channel the magnitudes of ¥’ and w' are the same, w’' in-
creases faster toward the wall. This agrees with the ultra-
microscope measurements in a pipe of Fage and Townsend (Ref. 23).

No length corrections were applied to the «w' measurements
since the scale {; wes much larger than the wire length, except
possibly near the well where scale messurements could not be
made.; In this region, however, the fluctuations are very large

and the absolute values given in figure 11 must be accepted with
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reserves The hot-wire response for large velocity fluctuations
is not well understood yet and no correction was attempted. A
small length correction (3%) using values. computed by Zebb® was

applied to the v’ and w' measurements.

*Zebb, K. California Institute of Technology Thesis 1942,
Unpublished.
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Se- ‘Gorrela:bion Coefficient and Shear Distribution: - The correla-

;t;io_n coefficient is fairly constant across most part of the channel
(figuré' 16) as indicated already by Wattendorf and Kuethe (Ref. 6).
The maximum values of K obtained decrease slowly with increasing
‘Reynolds 'number, thus shoxﬁng a definite Reynolds number dependence.
Bxisting résul‘?s indicate, however, that parameters other than
Reynolds nugbers also influence the value of K . The following
table shows magnitudes of the maximum correlation coefficient as
" obtained by different investigators working with channels of

various widths and with various Reynolds numbers;

Experiments by Channel Width (cm) R “K o
Reichardt 2446 8,000 " 0445
Laufer 2.5 12,4200 0463
Laufer 12.7 12,500 0.50
Wattendor?f 540 15,500 0.52
Laufer 12.7 30,800 Oae4b

Laufer : 1247 61,600 0.40

Wattendorf obtained his value of K from his measurements of the

u ¥  end 4¥ | Unfortunately his preliminar,
74 ’ U Q; y

measurements of ¥’ are incorrect: their magnitude is larger than

quantities

that of «' at- all values of Yy across the channel contrary to resulis
obtained by Reichardt and the present writer. Wattendorf, himself,
points out the inaccuracy of the ¥’ values in his paper. Because
of the large values of v’ his computed correlation coefficients are
too low. The value k=252 listed in the above table was obtained

7

by using Wattendorf's value —“z'-;—'-,'maa/ and g = Qo5s and the



%
value ll,i'so.os.f | {§=0A’)' obtaivned by the author for both the 1" (2.5 cm)
and 5" (12.7 cm) chennel at R = 12,3000,

The veriation of k indicates that for the ssme Reynolds
number the correlastion coefficient tends to incresse with in-
‘creasing maximum mean veloéity (i.e. in a channel of decreassing
width).

Figures 17-19 show the distribution of all the measured
quentities including the sheer distribution. For the case of the
two higher Reynolds numbers three independent mesasurements were
made for the determination of the shear distribution by methods
indicated on page /' «+ In the lowest Reynolds number flow no
pressure measurements were made because the very low pressure
gradient (epproximately 0.0003 mm of alcohol per cm) did not
permit accurate measurements. Figurs 9 indicates that consistent
results are obtained for the velue of T whether celculated from
the pressure gradient elong the channel or form the velocity
gredient at the wall, In comparing the turbulent sheer distri-
butions obtained from hot-wire measurements and celculated from

gglwo s, figures 17 and 18 show satisfactory agreement. However,
for -the highest Reynolds number flow the hot-wire measurements
gave a 25% lgwer falue for the shear coefficient &s seen in
figure 19. &t the present, the writer can give no satisfactory

explanation for this discrepency.
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4de  Scale and Micro-Scale lieasurements: ~ For a further understand-

ing of the structure of the turbulent field correlations of «'
fluctuations at two different peints were carried out. 8Since the
field is not isotropic, the measurements were repeated both in
the y and z direction for different values of 5- .

a) R, Correlationss

Figures 20 -shows two typical R, distributions at station
§°40 and ¥:071 corresponding to R = 30,800. It is seen that small
correlations still exist: at distences Z=350cm ; for larger values
of Z inaccuracies of the measurements did not permit the:explersation of
the negative region of the correlation distribution. From the
measured distributions of R, at four stations across the chanmel,
the values of L, and A, were calculated, (figures 22 and 23).

L’; is seen to be decreasing uniformly toward the wall, while &,
reaches a definite maximum at about 5-:0.7 and then it decreases
with decreasing 5 .

b) k, Correlations:

Because of the existance of gradients for both mean and
fluctuating quantities in the y direction,the magnitude of Lg
obtained i‘x'om the correlation curves cannot be considered as
accurate as those of L end A, . Correlation distributions
at a given value of % ~were obtained by fixing the stationary
hot-wire at the given value of -a”‘ and traversing with the

moviug hot-wire away from the fixed one toward the channel center.

.\Ly and )., were then caleulated from these 'k, distributions,.



v

In the"regiﬁrm 10> &! 30./  the gradients of the verious gquanbities
s;u'e slight and.the relative constant value of L indicates that
ﬁhere exists no significant asymmetry in the -R, (Y) function.
Measurements of the top part of the R, distribution ( l>72, >08)
by Prendtl and Reichardi‘z (Ref. 24) justify fairly well this belief,

The distr?'.bution of Ay across the channel (figure 23) is
similar to that.of A, « From =0 to FZ 07 they increese
almost proportionally to u' indicating that the turbulent

1]

energy dissipation ( 4 ‘7‘% ) is approximately constant in
this region. It should be noticed, however,. that A, is
consistently larger than l, throughout the channel cross-section.
This shows-that the flow is not isotropic even in the chann;J.
center. Some measurements of 1\-, close to the wall are also
indicated in figure Zl. |

The distribution of Ly (figure 22) shows a more complicated
behaviour. The scale decreases toward the wall in the regiom
o> %)0-7 reaching a minimum at % £ 07 , and only after
obtaining a maximum at approximately %sa‘l' does it decrease
toward g-: 0 « Figure 21 shows clearly that traversing from
%ai.o toward d‘" 0.7 , the correlation coefficient 'R, after a
slowly decreasing curvaturé at Yoo (increasing A, ) drops %o
zero at a faster rate resulting in a lower value of L, « The
dotted curve: measured at %sOA shovs ‘bhe- consideyrably
incr_eased correlations for larger values of V' at this station,

which explains the reason for the large L, scale: at this point.
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It is séen thus that arouﬁd g— 207 there is a definite decrease
iﬁ energy content of the fluctuetions having low frequencies.
Further consideration of this fact is given later during the
discussion of the energy balance in the channel. No length
correction was found to be necessary for the obtained values of
Ay and A: o | |
Rough estimate of Ly bsr the method alrsady described geve
a value spproximetely twice of L;at the center of the channel
(figure 22), Its value increasses to & meximum et 5— ros and
then decreeses rapidly. No values for Ly are given for the lowest
Reynolds number; in this case, namely, the value of 0 is very
close to unity and since Lx is proportional to o:f—; * & Should
be known within s 1% accuracy to give consistent results for Le o
Unfortunately measuxfements of 0 cennot be made with this accurscy
particulariy when the u' fluctustions ere of rather low fre-
quencies as in the ca.se. for R = 12,800, It should bs mentioned
~ that the accuracy of the determination of Lx is more limited by
the .inaccurately measured value of ¢ rather than by the fect that
an approximate spectrum function, Fln) , is used in eguation 10,
- For a matter of interest the results of some preliminary
measurameh’cs of /1,, are indicated in figure 23. It is seen that

its value is close to that of A, for the two higher Reynolds

numbers and seems to be somewhet high for R = 12,300.
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5. Reynolds Number Effect: = Figure 6 shows the distribution of

mean velocities plotted in the form of "friction velocity” %
versus "friction distance parameter” gs_! o In this form the
prof‘iles"— are independent of the Reynolds number VT’? and

follow Karmen's logarithmic laws

l-%:AIOg-y-v(j.-f_B

The \eonsta,nts A and B are 5.5 and 5.2 respectively as compared
to 5.75 and 5.0 in the experiments of Doench (Ref. 4) and Nikuradse
(Ref. 5)¢ It is also seen that the action of viscosity becomes
noticable for %! £ 30 as obtained by Nikuradse.

The Reynolds number has a definite influence on the velocity
fluctuations alsoe. Along most part of the cross-section where the

influence of the viscosity is negligible the fluctuations & , ¥’

and W' decrease slowly with increasing Reynolds number. Since in

']
this region the product k-é' inereases approximately the same
reate as f‘fl" (with the exception near the channel center) we may
(4

write

i% .=k Z%’ f,' = constant %‘:
) 71 (4 (4

This relation was already pointed out by Wattendorf and Kuethe
(Ref. 5)0
The action of viscosity near the wall is very pronounced on

the u' fluctuations. Its influence seems to be stronger on the
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.flucfuz.a;ting bqua._ntiﬁies then on the mean velocity. , T-f‘:"-' starts
to increase very rapidly at Abou‘b %-! = /OO0 already and reaches
a éhafécteristic maximum at approximately ‘.-.{(,-y =22 .

Figure 11 shows the u' distributions relative to local speeds
‘near the wall. It is seen that after reaching a maximum they tend
to a finite value (about 0.018) at the wall, which value seems to
be indepéndent_of the Reynolds number. This same value was obtained
during measurements in a 1" channel. It should be mentioned that
already Taylor pointed out, based on Fage and Townsend's ultra-
micr‘oscope measurements, that g—' and ‘7“’ " approach a finite
value at the wall (Ref. 23).

| It is of considerable interest to discuss the variation of the
scale and micro-scale with Reynolds number, TFor flows behind grids
where the turbulence is isotropic the scale is independent of the
mean veloeclty and depends on the mesh size of the grid. Similar
behavior was found to be true for the chamnel flow too., Figure 22
shows the distributions of L, and 4, ifor different wvelocities.
They indicate no consistent variation with veloeity. Furthermore
measurements in a one inch channel gave a five times lower value
for L, end a somewhat larger ratio for Ly , than the values
obtained in the present investigation.

The variation of A-s depends, of course, on the velocity and

channel width. They decrease with increasing velocity; however,

their variation with channel width is slower thaen that of L .
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6 Fully Developed Character of the Turbulence: - The flow in

fhe channel is.called fully developed if the variations of the
xﬁean values of the velocity and the mean squares of the velocity
fluctuations with X are vanishingly small, That the mean velocity
profj.le does not vary dowixstream is evident from the pressure
gradient measurements (figure 9). The gradient in X of u’?

was measured on the axis of the channel. It was found that o't
was indeed decreasing with X . The gradient, however, was very

/)

small as compared with §

I3
.

o

o 1.9
g; =d0/}'a§

7
ot 1
Hence for all practical purposes ,g—f; can be neglected. No
ur

measurements have been made concerning » 8ince the scatter
in the values would cover any effect., However, there is little

. Duv’ s Qu? ]
doubt that T is of the same order as 72 and that the

use of egquations 3 is therefore justified here.
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7« Energy Balance in the Fluctuating Field: - The energy equation

in a two-dimensional channel has the form as given by equation 8:

zd“ /f {.t"_'i_.t:.'.ta").w;f/.;./;/gﬁf:)ﬁ

This equation is valid througﬁout the cross-section of the chamnel
- with the exception of a small region near the wall. The term on
the left side of the equation corresponds to the energy produced
by the shearing stresses and it can be obitained directly from

the measurements of T and the mean veloeity profile., The second
term on the right expresses the smount of energy that is being
dissipated due to the breaking down of the larger eddies to small-

er ones. Lhe term may be written explicitly

Wep (2T (] T (B B ) (B T

The problem is to eXpress these funcetions in terms of easily

measureble quantities. In case of isotropic turbulence Taylor

solved the problem by introducing the micro-scale of turbulence, A ,

and obtains for the dissipation

= 7
It is attempted te¢ carry over his analysis for the case of
channel flow., The following assumpbions have teo be made in this

connechion:

(9)
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‘,The’gradieat of the velocity fluctuations is small in

all three directions. With the exception of the region

near the wall this is justifiable from the measurements.
'Since only u' correlations have been measured, it is

essumed thet the v" » W correlations as functions of

Y and Z respectively (Kérmén's £ funotions) have the same
‘curvature at the origin (Y=2-0) as the 4 correlation

‘as function of X ; that is

(5%)- 5%)-(3%) -

Furthermore the V' correlations as functions of X , Z ,
and w correlations as functions of X (Kérmén's g functions)
have the same curvature at the origin as the u' corre=

lation as function Z ; i.e.

c?'k,“ 9‘/? / 9‘/? )-- 2
ax= TX‘ px

Finally, since the y direction is & distinguished direc-

tion because of the gradients of the velocities we put

?Y‘/ / gi/f? ,‘

It should be noted that these assmnptioAns do not requirse

loeally isotropic conditions.

The cross products were celculated using similar arguments;
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was obtained at the channel center only; its vari-

ation with y was assumed to be proportional to that of A,

With these assumptions the derivatives of the fluctuations

could be expressed in terms of the measured values of A

and A,

M/‘/“[J.‘ (u v

+

~

2L, a2

[

,.I!.l

w2 .Z‘.-!l
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v,
AyAg

24} 4
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’ A,
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At the middle of the channel W turned out to be 2437 €9g/em’sec

R = 30,800.

values 3.93 and 1.67 @y/em?sec

Ay or A, is used.

Using the isotropic relation

= /5 ? = -‘;-Ti
W /‘A',’ /? /lx‘

squares of the fluctuations was used.)

4y’ ,
A‘l

for

s Were obtained depending whether

(For the value of 4’ the algebraic mesn of the

- Figure 24 shows the distribution of W across the channel sec-

tion.

across the channel (Ref. 26), however, his numerical magnitudes

Taylor obtained similar distribution of the dissipated energy

are too high since he used the isotropic relation with the values

of Ay in equation 9 which turns out to be less than both A, end 2,

From the known distributions of the energy production and

zf,‘]
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dissipétion‘the diffusion of energy is easily calculated from
équation 8. It is seen from figure 24 that at %-E'd7 the
dﬁffuéion term is zero. It was alsoc pointed out earlier that in
this region the 7& correlations show a considerable change in
‘shape indicating a shift in energy from the lower to higher
frequencies of‘the velocity fluctuations. These two facts suggest
the posSibility.that the energy diffusion is associated mainly
with the low frequencies of the fluctuations.

The equation expressing the balance of the three forms of
enefgy furnishes us with the following picture of the turbulent
flow field in the channel where viscous dissipation is still
negligible: +two planes passing through points whers the
diffusion of energy vanishes divide the channel flow into three
parts. From these planes energy is being transported toward
the channel center and the walls, The middle region, the
width of which is of the order of Ly receives most of its
energy by diffusive action and this energy is dissipated here
at a constent rate. In the two outside regions all three
energy terms increase rapidly, the production term being the
dominent one, and their interaction is more involved.

This picture‘of the flow field is only of a descriptive
nature. The purpose of further investigations will be to
obtain information on how such an energy balanée defelops and

what is its mechanism.
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CONCLUDING REMARKS

the meaéﬁr;ments presented.here confirm the general concep=
tions éomcerning &he mean veiocity profilé in 8 turbulent channel.
The extehsion of the leminsr sublayef, the velocity profile in
the sublayer, and the trnsition leyer to the logerithmic veloci~
ty distribution’ es messured here sre in good agreement with ge-
neral theoreticai expectetions.

Measurements of the turbulent field show thet the hot wire
technique is well enough developed to give consistent results for
the intensities and double correletion functions.

Detailed measurements of:the u' veloeity fluctustions were
carried out well within the leminer subleyer. It wes found that
the megnitude of g’ approaches a constant velue st the well
(epproximately 0.18) the value being independent of the Reynolds
number. The megnitudes of the v' and w! fluctustions are near-
ly the seme in the middle region of the channel, w' increesing
more rapidly toward the wall.

The messured microscales A, , 3 and A, ere of the seme or=
der of magnitudes,'aa'being somewhat smaller however their velue
comééred to the scales is rather large. The distribution of
Ay, A; shows & consistent meximum st ¥ =0.7; they incresse pro=
portionelly with u' indicating = constent rate of energy dis-
sipation in the center portion of fhé chennel {since W’ﬁ'faz).

The scales L,, L; in the center region are independent of
U, and depend only on the chennel width. The microscales however

show a dependency on the Reynolds number,
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From the calculsted megnitudes of the emergy produced by
the shesring stresses snd of the dissipated energy & descrip~
tive picture of the energy diffusion across the chennel is obw-

tuineds
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