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MEASUREMENTS OF INTENSITY AND SCALE OF WIND-TUNNEL TURBULENCE
AND THEIR RELATION TO THE CRITICAL REYNOLDS NUMBER OF SPHERES

By HUGH L. DRYDHN, G. B. SCHUBAURR,W. C. MOCK,Jr., and H. K. SKR.AMSTAD

SUMMARY.

Th4 investigation of wind-tunnel turlndence, conducted
& the Naiional Bureau of Staruikrdewith tti cooperati.m
and $nancid asei.starweof the Nai%na? Admkwy Com-
mittee for Aeronuutic8, hm been &ended to kiuo?e a
new variuble, numely, the 8cale of th tur~~e. ~~
new varidle him been W&d togetlwr with the interwity
of the turbulence, and the e~eet of both on t?u critical
ReyM/& Number of ephereehus been investigated.

By the we of a modiji.cation of the ustud h.ot-w”re
apparatu imorpordng two hat wires witably connected
and mounted so thai tti crow-stream dtiance beiween
themmay bevaried,it b beenfound possible to deiernvhw
the comdation between the speed jhctuah.one existing at
tha two wirm. If U1and % are the velocityj?uctuutti
in the directwn of the mean &peedat thi?jirst and seeond
wires, respectively, a comektion coejbient R(y), equal

— my bejownd as a funeti.on of the eeparti
’04%
y. A length churacttn+ting the scale of the turbw?ence
may thm be ok$ned ~ the relaticn—

L=@y)dy

@
The intensity of the turlndence as given by ~ Jwhere

U h the average speed of the &ream, and -theguunti.tyL
were determined by m.emurementsin an air etreum made
turbulent to varioux degrees by screens of various mesh.
T?wIXZJIMof L near the screen wasfound to be about the
same CMtib wire aim of the screen, M increaeed with
distance duwndreumfrom tlw smeen. Tha quantity L
muy be regardd a-s a rowgh m.emure of the size of the
ecii!ke shed by the wi.m of the screen. 17wirdeneity wm
jound to decrease vith dtiance in accordance with the
law of &cay tied by Q. 1. Taylor.

Hot-wire maauremen$e of turlndtmce are in error.
where the guantiiy L i-s of tlw came order as the length
of the wire w.md. In th present work correction for the
lack of correlation over the entire length of the wirm have

G
been nude in the mawured values of L and ~“

With both L and ~ “ known for the stream wiih the

eeved scrams, the eriticd Beynold8 Numbers of ephere.s

wereinvestigated. It w fmmd that the critical Reynolds

Number &pen&d on ~, where D is the diameter of the

@sph-we,u well ax on ~; and that a functional relation

bdween the cmlti Reynolds Number ad $(~~’

suggt%ed by (7. I. Taylor, wm satis$ed to within the
tmperimdal uncertainty. It is shown ihut the e@cJ of
the eize of the ephere that haa been observedby other in-
vt%igaiore is but a pa.rhkuhr maniftxtation of the fore-
going more general relation.

INTRODUCI’ION

The &bulence of the air stream is generally recog-
nized as a variable of considerable imporhmce in many
aerodynamic phenomena, especially those observed in
wind tunnels. The drag of an airship model may vary
by a factor of 2, the drag of a sphere by a factor of 4,
and the maximum lift of an airfoil by a factor of 1.3
in air streams of d.iilerentturbulence. The determina-
tion of turbulence is now a routine matter in many
wind tunnels, the most common method being that of
detr . . g the value of the Reynolds Number of a
~phere for which the drag coefficient is 0.3, the so-
oalled criticsl Reynolds Number.

The critical Reynolds Number of a sphere is a meas-
ure of the aerodynamic effect of turbulence on a par-
ticular body and not a direct measurement of the tur-
bulence. A direct measurement of the intensity of the
turbulence can be made by means of a hoiwire ane-
mometer suitably compensated for the lag of the wire
(reference 1). The intensi~ of the turbulence is
ddfined as the ratio of the root-mean-squsxe speed
fluctuation at a point to the mean speed. The experi-
ments described in reference 1, (fig. 7), show a good
correlation between the intansi~ of the turbulence
and the oritiwd Reynolds Numbers of spheres. In
subsequent work at the National Bureau of Standards
(referenoe 2) in which various honeycombs ware used
in the same wind tunnel and the entrance cone was
moMied, the correlation was not nearly so good.

The existence of a fair correlation waa confirmed by
Mllikan ad Klein at the California lhstitute of Tech-
nology (reference 3). These investigators noted that .
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the critical Reynolds Number of the sphere dependec
to some extant on the diameter of the sphere, decrew
ing as the diameter increased.

Since the critical Reynolds Number occurs at lowe]
speeds for larger diameters, it might be supposed thaf
the vmiation of the critical Reynolds Number witl
diameter really indicated a variation of the intensi~
of the turbulence with speed. The direct measurement
of the intensity by the hot-wire anemometer show
however, that this explanation cannot be correct
We are thus led to the idea that the scale of the turbu-
lent pattern must be considered. In fact, as early w
1923, Bacon and Reid, in reference 4, predicted m
effect of the scale or “grain” of the turbulence and stated
that the “effect of scale of turbulence is to control the
degree with which true dynamic similarity may be
maintained throughout a series of tests with spheres
of difTerentsize.” A study of this subject was begun
at the INTationalBureau of Standards in the fall of 1933,

k order to investigate experimentally the effect of
scale of the turbulence as well as its intensity, measure-
ments of the critical Reynolds Number of spheres were
made in a stream rendered turbulent by screens of
various me&. The investigation was conducted in the
4!4-foot wind tunnel, the screens being placed one at a
time completely acros9 the upstream working section
of the tunnel. In all, five nearly simi.kwsquan+mesh
screens were used, ranging in size from a 5-inch mesh
made of round rods 1 inch in diameter to a %-inchmesh
with a wire diameter of 0.05 inch. The purpose of the
several screens was to vary the scale of the turbulence,
it being supposed that the scale would be proportional
to the mesh of the screen. It was decided subsequedy
to measure some dimension characteristic of the fluctu-
ations themselves, and the dimension chosea was that
derived from measurements of the correlation between
veloci~ fluctuations at points at varying distances
apart transverse to the stream.

Values of the intensity of the turbulence measured by
the hot-wire method at different distances downstream
from the several screens showed that the turbulence
decayed rapidly at first and then more slowly with
increasing distance horn the screens. Hence in the
sphere measurements the intensity of the turbulence
produced by any one screen could be varied by varying
the distance between the sphere and the screen.

As may be seen from the foregoing discussion, the
complote program includeej several problems, which
are treated in the five separate parts of the report as
outlined below:

I. The measurement of correlation between velocity
fluctuations with modified hot-wire equipment, and the
derivation of a length to deiine the scale of the turbu-
lence, by G. B. Schubauer, W. C. Mock, Jr., and H. K.
Skrsmstad.

II. M easurements of the intensity and rate of decay
of turbulence employing the usual type of hot-wire

equipment, by G. B. Schubauer, W. C. Mock, Jr., and
H. K. Skramstad.

III. The determination of the critical Reynolds Num-
~er of spheresunder conditions where both the intensity
and the scale of the turbulence are known, by Hugh L.
Dryden, G. B. Schubauer, and W. C. Mock, Jr.

IV- The mathematical theory pertaining to the cor-
rection of the measurements,both of scale and intensity,
for lack of complete correlation of the fluctuations over
the entire length of the wires, by H. K. Skramstad.

V. Certain subsidiary matters relding to the varia-
tion of the correlation coefficient with the frequen~
chsiractaristics of th6 measuring apparatus and with
azimuth, by Hugh L. Dr-yden, G. B. Schubrmer, and
W. C. Mock, Jr.

Throughout the later stages of the work, the staff
has been fortunate in being able to discuss by corre-
spondence various aspects of the problem with G, L
Taylor, of Cambridge, England. The discussion of the
experimental results is given in terms of his statistical
theory of turbulence outlined in reference 5.

I—THE SCALE OF TURBULENCEAS DERIVEDFROM
MEASUREMENTSOF CORRELATIONBETWEENVE-
LOCITYFLUCTUATIONS

When air flows past guide vanes or straighteners,
such as those commonly used in wind tunnels either
~eparatelyor in the form of a honeycomb, a considerable
amount of eddy motion is set up and is carried along
with the stream making the flow turbulent. Guide
vanes are necw~ to prevent large and erratic speed
fluctuations, which would exist in the absence of the
vanes, as well as to guide the air around turns. It may
be assumed as a rough approxhnation that the eddy
tie and hence the scale of the turbulence is controlled
~y some dimension characteristic of the size or the
mrangement of the guide vanes. For the case where
ihe guide vanes are arranged in the form of a honey-
:omb, G. I. Taylor (reference 5) has assumed that the
~caleof the turbulence is proportional to the size of the
:ells of the honeycomb.

Figure 1 shows a sketch of the 4-&foot tunnel used in
ihe present work, in which a honeycomb (B) of 4-inch
:ells was located at the extreme entrance end and was
‘oUowed by a contraction in diameter horn 10 feet at
;hehoneycomb to 4+ feet.at the working aection. Owing
~othe rather rapid decay of eddy motion, the turbulence
Jways decreases in intensity with distance from its
;ource. In the -working section of the present tunnel
he intensity of the turbulence was 0.86 percent,l The
am of eddy decay and the factors governing the scale
)f the turbulence will be taken up in detail in later
Wtions.

In order to vary the two quantities, intensity and
tale, the five screens listed in table I were placed indi-
lThblsthe vdnemma@&5 fortheeffeatof thelengthofthewireuwd in themu.

rement- The mmm-rectedvalne w oberved wfth a wfre8.4 mfllfmeterelonRwae
.7 percent.
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vidually across the upstream working section of the
tunnel nt the position indicated in figure 1. l?igure 2
shows photographs of a small portion of each of the
screens, illuetmting theii relative size and type of
construction. It is quite evident that the stream will be
rendered turbulent by the eddies shed from a given
screen and that the initial size of the eddies, and hencw
the scale of the turbulence near its point of origin, will
be determined by some dimension of the screen. An
effort was made to obtain screens of uniform mesh and
wire size and to have the five screens as nearly similar
to one another as possible. It will be seen by the varia-
tions in dimensionsshown in table I and by the difference
in type of construction shown in iigure 2 that neither
condition was exactly &lfilled. Since the deviations
from the nominal size found by comparing columns 1
and 2 in table I are not outside the average deviations

length in connection with the sphere measurements in
part m.

HOT-WIREEQulPMENTUSEDINTURBULENCEBIEASUHEMENTS

A brief description of the essentialfeatures of the hot
wire and its application to studies of turbulence will
suflice here, since full accounts dealing with such equip-
ment may be found in the literature, notably in refer-
ences 1, 6, md 7. Fundamentally the apparatus con-
sists of a particular type of hot-wire anemometer with
amelectrically heated wire of such small diameter that
the speed fluctuations of the stream in which the wire
is placed will cause changea in the wire temperature.
The fluctuating voltage drop across the wire, accom-
panying temperature and resistance changes, would
serve aa an indication of the speed fluctuations were
it not for the failure of the wire to follow the faster

d)
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of the individual meshes from the mean, the nominal
mesh size was used as the length characteristic of the
screen.

It will appem later that the scale of the turbulence
near a screen corresponds more nearly to the w-iresize
than to the mesh sire. This fact should not be con-
strued to indicata that the wire size determine-sthe scale
since the correspondence depends on the ~ay in which
the scale is defined. Since the screens maybe regarded
as geometrically similar, it is im.materiaJwhether the
size of the screen is specified by the wire size or the
mesh size.

Immediately downstream from the screens the wakes
of the individual wires or rods caused the air speed and
the turbulence to vary with position across stream.
However at distances greater than 15 mesh lengths the
regular pattern of the screen waa found to have disap-
peared, leaving the average speed approximately uni-
form and the turbulence nearly uniformly distributed.
The uniformity of the stream will be discussedat greater

fluctuations because of the lag introduced by its thermal
capacity. It is however, possible to compensate for
this charactmistic of the wire by means of an eIectric
network containing an inductance and resistanceha~~
the oppotite effect. The voltage output of the wire is
usually ampliiied before compensation is introduced,
and then the compensated voltage is given additional
amplification to enable it to be measured. The indi-
cator used in the premut work was a thermal type miUi-
ammetar ccnmectedto the output of the amplifier. This
instrument indicated the mean square of the alternating
current output of the amplifier and, with the amplifier
calibrated against a lmown input voltage, the meter
reading could be used to calculate the mean square of
the compensated voltage fluctuation. In addition, the
direct voltage drop across the wire was measured by a
potentiometer. All the information necessary for cal-
culating the root-mean-square of the speed fluctuation
was thus made available. Details of such calculations
are given in referenw 1. The factors on which com-
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pensation depends and the formula for computing the
compensation are given in reference 6.

The~ampli.fierused in the present work was not the I
one described in reference 7, a new amplifier of a simiku
type having since been built to make possible the use of
an alternating current power supply. The frequency

.

~ inch mesh

If the turbulence is isotropic, as it will later be shown
to be at a sufficient didance from the source of the
disturbance, the fluctuations have equal velocity com-
ponents in all directions. It is usual, however, to
interpret the measured velocity fluctuations as being
made up wholly of the component u in the direction of

~ inch mesh

1 inch mesh

,.

—liii!l-—...—..0...

5 inch mesh~j.?~” inch mesh..A. .-

l?mumz!4-The screensuswl to preinca turbuknceshowingrelativeM end ~ of construction.

characteristics of both the old and the new amplifiers,
when mmbmed with the compensating circuit were such
as to give satisfactory compensation to all frequencia9
from a few cycles per second to about 1,000 cycles per
second. The platinum wire used in the present work
was 0.016 millimeter in diameter; the length w-w usually
5 millimeters, although some older results are given for
which the tie le@h was 8.4 millimeters.

the mean speed and to neglect entirely the normal
component ~ The justification for doi& so he in the
fact that the o component when superposed on the merm
speed has a very much smaller effect on the cooling of
the wire than a w component of the same magnitude.
The intensity of the turbulence is therefore expressed in

termsof L~=~where@ is the root+mean-square of the
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u component of the fluctuations and U is the average
speed. The term “percentage turbulence” is ccmmonly

@
used to denoti 100 —“u

APPLICATIONOFHOT-WfREEQUIPMENTTOCOEEEfATION
MEASUREMENTS

The determination of the scale of the turbulence in-
volved a procedure closely related to that just described
since the length characterizing the scale could beat be
derived from the distsace tmnsverse to the stream over
which correlation exided between velocity fluctuations.
It was therefore desired to obtain the correlation be-
tween the velocity fluctuations at two points separated
by known distances across the stieam and to express
this correlation in terms of the conventional correlation
coefficient

‘=*’

where U1 and % me the velocity fluctuationE at the
points 1 and 2, respectively. The bars signifiy average
values. In general, R will be a function R(y) of the
separation of the two points, where y is the distanca
between the points transveme to the stream. It WM
decided to adopt as a measure of the scale of the turbu-
lence a length .L deiined as

L=
i

aR(y)dy

A length so defined is ,tiaccordance with the convention
adoptad by G. I. Taylor in reference 5.

The experimental problem therefore resolved itself
into the determination of the correlation between
velocity fluctuations by means of two hot wires. By
way of illustrating the method, let us assumetwo identi-
cal wires heated to the same average temperature and
placed parallel to one another at a given distance apart.
If e, and % are the instantaneous values of the fluctuat-
ing voltage over the two wires separately, the drop
across the two, when they are connected so that their
voltages oppose one another, is [el—eJ. When the
rem.dtantvoltage is fed into an ampliiier, the indications
given by n thermal type miUiammeter in the output of
the ampli6er will be proportional to (e,—e~)i,where the
bar signifies that the meter indicatw the average. If
compensation is introduced tQ correct for the attenua-
tion of the higher frequency fluctuations by the wire,
then 81 and es become proportional to UI and w, the
velocity fluctuations at the two wi.res,aand the resultant
meter reading will be proportional to (ti+)z.

By the same reasoning it. may be seen that a meter
reading proportional to (u1+u.J is obtained if the
wires are connected so that their voltages add. Figure
3 is a diagram of the electric circuit which shows, in

~The voltageflnotamtlonsareproportionalto the velodty flnatnntfomonly when
tbe Iattaram 6malL Thk condftfonwm clmely foMlkl for tho conditfomof the
premotox@mbnta.
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addition to the heating circuits, two sets of potential
lends running from the wires b the switch AB by means
of which the potentials from the wires may be either
added or opposed. If M= is the meter reading obtained
when the voltages are added and Ma iE the reading
when opposed, then

M== K(u,+uJ’=Km+z+2’iizJ (1)

M,=K(u,–uJ’=K@+G–2u3 (2)

where K is simply the constant of proportionality.
l?orming M.–M, and Ma+M8 and dividing

(3)

If the turbulence is uniformly distributed across the
stream so that the average square of the fluctuations is
the same at wires 1 and 2, then z=~=u~ and equa-
tion (3) becomes

(4)
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Under such conditions it is evident that
——

~=*

which is the conventional correlation coefficient. Sincej
however, it is ordy possible to measure the average of
the fluctuations along wires, the lengths of which in
the present case were 5 millimeters, UI and m cannot
be interpreted as fluctuations at points. Hence the
observed correlation coefficient will be denoted by R’
as distinguished from R, the coefficient of correlation
between the fluctuations at two points.

A little consideration will show that the correlation
must depend on the separation of the two wires. For
example, if the wires are brought close together so
that a disturbance striking the one must strilcethe other
also, UIbecomes equal to ~ and R’ equal to unity. On
the other hand, w-henthe wires are very far apart, the
instantmeous ul will bear no relation to the instanta-
neous %, and ~ and hence RI will equal zero. Values
of R’ between these two limits may be obtained by
taking readings for various separations of the two
wires

An alternative procedure found more convenient
than the foregoing one, but less exact if the turbulence
is not uniform or conditions me not steady, is to take
only meter reading Mb corresponding to variou9
separations of the wires. Denoting by Mb” the meter
reading obtained when the wires are so far apart that
no cm-relationexists, we have by equation (2) - ~,&;

Mb” =E(u@+~—f)

Forming the quotient

M,
=1-.=

ii7+i&2uG
~’ U7+Z7 uls+ul~

and, as before, when U7=W7=U7

Obviously MCcould have been used alone in a similar
manner but, since ~M=does not approach zero for a
Correlation of unity as does ikfb, this method was less
sensitive and was never used.

In the wiring dia=gam of figure 3 the potentiometer
and amplifier circuits are omitted since these are
standard pieces of equipment. It will be observed
that two separate heating circuits are used, the separa-
tion of the two circuits being convenient to allow the
potential drops across the wires to be either added or
opposed. After the current in one of the circuits was
set equal to the desired value of 0.2 ampere, as de-
termined by the potentiometer and standard resistance
rl, the current in the other heatimz circuit was set to

the same value by making the drop across the 1 ohm
standard resistance in this circuit equal to that across
the 1 ohm standard resistmce in the other circuit.
The potentiometer was also” used to measure the
voltage drop across each wire. From the voltage drop,
the current, and the temperature coefficient of resist-
ance, the temperature of the wire could be computed, a
quantity required to compute the compensation
resistfmce.

-.

FIIXJEE4.-The tl’avers@ llp~hlS uwd to VFUYthe dk&lu@ ktweon hOtwk3
In the mewxement of mm3113tt0nbetwem VakMty Iluctnotiona.

By means of the traversing apparatus shown in
figure 4, the distance between the wires could be vrtriecl
and R’ measured as a function of the distance. Tlm
side view of the apparatus clearly shows the two sets of
prongs each 1 foot in length from the support to the
needle tips to which the wires were attached, The
outer set A is fixed rigidly to the vertical supporting
member while the inner set B, to permit rotation, is
tied to a vertical shaft running down through the
supporting member to the outside of the tunnel. The
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movable prongs me slightly shorter than the fixed
prongs to allow the movable wire to swing past the
fixed wire and thereby permit settings on either side.
This clearance was usually no more than a few tenths of
rLmillimeter. Distances were indicated on a linear
scale below the tunnel by means of a pointer attached
to the vertical shaft cmrying the movable prongs.
The height of the apparatus was such as to place the
wires in the center of the tunnel when in use. The
wires were of platinum 0.016 millimeter in diameter
and obout 5 millimeter low care being taken to make
the lengths of the two as nearly equal as possible.
Soft solder was found to be very convenient and quite
stitisfrwtmyfor attaching the wima to the prongs.

The displacement of the movable wire by the swing-
ing motion just described has the disadvantage that the
wire moves in an arc of a circle rather than in a straight
line and so snfWrs a downstream disphwement as -well
as a lateral one. !llhis defect increasw in importance
with the magnitude of the spacing; but, since neglecting
the downstream displacement could not introduce an
error greater than 2 percent in the measuxed scale of
the turbulence for the greatest spacings encountered,
no attempt was made to take it into account.

VARIATION OF CORRELATION WITH DISTANCE

With the apparatus placed at various distances back
of the screens listed in table I, traverses were made by
taking meter readings for various settings of the
movable wire relative to and on either side of the fied
wire, The results obtained are illustrated in figure 5
by the plotted points and the solid curves. The posi-
tive and negative branches are the result of taking
observations with the movable wire set first to one side
and then to the other side of the fixed wire. Among
the features to be noted are: tit, the order of magni-
tude of the distance over which correlation exists and,
second, the increase in this distance with increasing
screen size.

The absence of points at the top of the curves indicatea
that it was never ptmsibleto observe the perfect corre-
lation that must exist in the imaginary case of two
coalescing wires One reason for this difficulty k
apparent when it is realized that the wires cannot be
brought together without mutual interference. When
the movable wire began to enter the wake of the fixed
wire, a sharp reduction of correlation was observed.
These data are not shown in the figure. bother cause
of incomplete correlation near zero is the initial displace-
ment nectxmry to allow the wires to pass one another.
The effect of this displacement will be taken up in
greater detail in part V. Another possible cause is a
poor matching of the wires; but, as show-nby the follow-
ing mample, this feature is not so importrmt as might
be supposed. If we reconsider equations (l), (2), and

(4) with the response produced by w differing from
Lhatproduced by w by a factor k, we obtain:

Ma=K(tik+uJ’=K( i&iiii+G+21&i~

lMa=K-*=K(k%ii+G-2h~

where $=2=Z. If we suppose k to equal 0.8, then

—= A~=0.976. In other words, if the two wires~2~1 1.64

differed in length by 20 percent, the final result would be
reduced by only 2.4 percent.

As was pointed out earlier, R’ is not the correlation
between the velocity fluctuations at two points in the
stream,but is rather the correlation between the fluctua-
tions over two wire9-in this case, over wires 5 mill-
imetersin length. I?igure 5 shows that the correlation
drops considerably in a &stance of 5 millimeters; hence
speed fluctuations at points, say at the center of each
wire, must be diflerent from those that are found for the
average over the whole wire. Qualitatively at least it
may be seen that the difference between the observed
correlation and that existing between points will depend
on the length of the wires and the rapidity with which
correlation falls off with distance. In part IV, methods
are developed for correcting allhot+mireresults,whether
of correlation or percentage turbulence, for this lack of
complete correlation over the entire length of the wire
or wires used. The R curves shown by the broken line
in figure 5 were obtained by applying this correction to
the .R’ curves. The 3 curves therefore represent the
variation of correlation with distance between points
and are consequently independent of wire le@h.

To compute R curves from the many observed R’
curves, would have proved quite laborious; hence the
procedure adopted was to obtain by graphical integra-
tion of the R’ curves the observed scale of the turbulence
L’, defined as

L’=
1

‘R’(y)dy

and then to “&rect these by dividing by the factor K,,
given in part IV, and so obtain the true scale of the
turbulence L, defined as

L= [“R(y)dy
G

CHARACTERISTIC LEN~TH Ok SCALE OF TURBULENCE

In table II are given the vakm of L’ and L expressed
as fractions of the mesh size ill of the screen that

produced the turbulence. A comparison between #

and~ will show the magnitude of the wire-length cor-
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section. In order to put the results for the several
screens on a comparable basis, distrmcea downstream
from the screens, as well as L’ and L, have been ex-
pressed in terms of the mesh of the screens; that is, in

‘m ‘f&
where z is distance downstream measured

from the screen. It will be apparent that the scale of

I I I I I I I I I I
o 40 60 /20 160 .ZL7 240

Zm
FIounEO.-observedsxde oftrubnlencaat sewaraldfstancMfromtbesmearm.

J
L’= ~; b) dy,M.md of smwn.

the turbulence produced, by a given screen is not a
constant quanti@- but increaw with distance from the
screen. With the exception of the dependence of the
scale on the size of the screen and distance from the
screen, L appeared to be unaffected by varying condi-
tions of the stream. l?or example, no effect of air

(J 40 m 120 /60 200 /?40
Zm

FIGUEE7.-Sc8le ofturbnlencocnrrmtd fmwlrelengthatmvemldktmmasfrom

the wreem.
f

L. ; 0) du,M.mesh ofmeen.
o

speed great enough to appear above the experimental
variations could be found even though teds were made
repeatedly to find an effect; nor did any variation
with air temperature appear, even for such variation
as from 12° C. to 30° C. Nearly all of the measure-
ments given in the table were made at an sir speed of
40 feet per second.

The important facts about L’ and L are more clearly

shown in figures 6 and 7 where& and &., respectively

are plotted against & It maybe noted &et that the

increase with distance is quite marked, and second
T!

that the values of &sbow much more of a systematic

change from screen to screen than do values of & In

fact, values of ~ seem to be grouping close to a single

curve. Systematic differences still exist, however,
between the results for the several screens in figure 7
and show that the turbulent patterns are not exactly
similar. This condition may be due to lack of similmity
in the screens or to the residual turbulence produced
by the honeycomb in the entrance of the tunnel. Table
I and figure 2 show that the screens are similar in re-
gard to major dimensions but different in details of
construction. In view of thcae cmises of departure
from a single relation, separate curves were put through
each set of pointb.

In figure 6, stiaight lines were arbitrarily drawn
through the points without much consideration as h
the appropriate type of curve. The curves of figure 7
were, however, drawn only after considerable study,
since it was necessary to know the @e of curve—
representing the relation or relations between &mdfi

for future applications. IJsing the method of least
squarw, relations of the form

were fitted to the data for each screen separately and to
the data for all screens taken together. When the
seconddeggee equation was tried, the coefficient c1
came out positive for some screens and negative for
othem, a condition which led to the conclusion that
the data could be represented more consistently by
the simpler linear relation. last-square straight
lines have therefore been drawn through the points of
figure 7. The equations of the sepmate lines, as well
as of a single line fitted to all the data are listed in table
m.

Both figures 6 and 7 show a scatter among the points
which indicates either a ch~e in the turbulent pat-
tern from time to time or considerable experimental
uncertainty. In the womt casea the maximum spread

among repeated determinations of & for the same

screen and the same position reached 30 percent, and
in such cam the average deviation from the mean was
as great as 10 percent. It will be seen from the curves
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that the scatter. was leM than this for many of the
determinations. Estensive study -was given to possi-
ble causes of these variations, after which it was con-
cluded that the main cause lay in the uncertainty iu-
volved in determmm“ “ g the point where the correlation
reached zero; that is, where the curves of figure 5
touch the y axis. This uncertainty could be traced tc
the variations in the meter readings caused by the
longer period fluctuations. These variations tended tc
make the meter diflicult to read, especially when the
wires were far apart, and to mask the initial changes
in the average meter reading accompanying the onset
of correlation as the wires were brought together.

The linear lam of increase in L should not be regarded
m a universal one applying to turbulence regardkss of
source. Neither should it be regarded as strictly true
for the turbulence produced by screens, since there can
be little doubt that some residual turbulence from the
honeycomb was present in all cases. The importmt
fact here is that under a particular set of conditions the
scale of the turbulence for an air stream is given by
figure 7; and keeping these conditions the same, the
figure may be used to indicate the scale in connection
with the investigation of other properties and effects of
turbulence, such m those given in subsequent parts of
the report.

TAYLOR”S THBORY OF COEFLZL4TION

In reference S, G. I. Taylor gives the relation

(5)

which was deduced from quite general considerations.
The assumptions involved are, first, ‘the physical one
that ~ does not vary with y and, second, a mathemw
tical one that it is possible to differentiate an averaged
quantity. Both assumptions appear to be legitimate.
From this relatiionit follows that 1? must be an even
function of y. In reference 5, Taylor has extended his
deductions as follows:

In the neighborhood of y=O, it is evident that a
good approximation of the equation (5) is afforded by

(6)

where the terms of @ and higher powers have been
neglected. Equation (6) should then closely represent
the region of the curve of R plotted against y near

au a()y=O. Solving equation (6) for ~ , we get

()
w—

()
1–R

~ ‘2U= =%0 -@- (7)

It is interesting to examine the curves of figure 6
in the light of the foregoing theory. The restriction
imposed by equation (5) that R be an even function of
y requires that the curves leave the axis y=O with zero
slope. This condition was never found in the observed
R’ curves, possibly because it was impossible to examine
the top of the curves in detail due to their extreme
narrowness. A slight rounding is apparent at the apm
in all of the Rt curves, but this has disappeared with
the application of the w-ire-lengthcorrection and is not
at all in evidence in the R curves. As seen from figure
21 in part IVj where the difference between tie R’ and
R curves is small, the R curve may be closely repre-
sented by

(8)

for which the initial slope is –~. In view of the

uncertainties near R= 1, howevar, it is quite possible
that a sharp change in the slope begins near the origin
Df y to allow the initial slope of zero as required by

aquation (5) instead of —4~ givm by equation (8).

-% ~CfR in equation (7) is replaced by e , it may be seen
by expansion of the exponential and passing to the

au ‘
()

~y becomes infinite. This conditionIhnity=O that —

h obviously impossible since, as will be seen by equa-
tion (13), the rate of d.ifxipation of energy in the
turbulent motions must then be infinite. It must be
:oncluded therefore that equation (8), although a good
~pproximation on the average, is not correct near R= 1.

U—MEASUREMENTSOF INTENSITY AND RATE OF
DECAYOF TUIZBULENCE

~1111~ OFT~ 1NTENSIT%BYTHEHOT.~REMETHOD

Using the hot-wire method described in part I,
measurementswere made of the intensity of the turbu-
lence at various positions back of the screens Iistid in
table I. The single hot wire used in this work waa
dectricilly welded to steel needles which formed the
tipsof a set of fixed supporting pron@? These prongs
nounted on a holder, which held the wire nenr the
writer of the tunnel and about 18 inches ahead of the
mpports, took the place of the apprtratus shown in
igure 4. The mat of the apparatus-omitting, of
:ourse, that part required by a second wire-was the
]ame aa that used in the correlation measurements.
I’he wire was of platinum 0.016 millimeter in diameter
md was about 5 millimeter long for the more recent
!et of measurements.

In earlier work, before the importance of the wire-
ength correction waa recognized, a wire of about 1
3Elmtrfcdly mldhg the wfm to the prongsis generellyfound to bo eupmforto

iefteoldaiingin the measuromant of pementegotorbnlencobemaw of the necrsstty
U mefntainfngthe mlfbrotfcmof the wfm overlong @ode of tfme. This require.
nent was not eo etrfngentin the cermletfenwork shtcetherothe propcutb of the
ifm sndiWuE9tiogQedet ~t only dorfngthe tfme of a tmvarm.
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centimeter length was usually used to gain greater sen-
sitivi~ than was afforded by a shorter wire. The most
recent of such measurements taken with a wire length
of 8.4 millimeter, which at the same time apply to the
turbulence produced by the screens listed in table I,
are given in references 9 and 10. For purposes of com-
parison, these results are given here in table IV and in
figures 8 nrtd 9, along with the more recent results ob-
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tdned with a wire of length 4.7 millimeters. Both sets
of results are plotted with zIM as abscissa in iigure 8,
without being corrected for the effect of wire length, and
in figure 9 with the wire-length correction applied. The
uncorrected values are denoted by the subscript w.

It may be noted in figure 8 that the results obtained
with the 8.4-md.l.hneterwire show a systematic increase
for increasing mesh size for all screens except the 3fi-
and tkinch mesh. The results for the 4.7-millimeter
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wire show much less of this tendency and no attempt
]ms been made to draw separate curves through the
points. They fall distinctly above the value for the 1-,
}$, and }Ginch screens obtained with the longer wire
but are in fair agreement with the long wire results for
the 3)f- and 5-inch mesh screens.

Before the resultswith the shorter wire were available,
the occurrence of the separate curves for the several

3sG4&~9
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screens was believed to be due in part at least to an
effect of wire length in relation to the scale of the tur-
bulence; but there still remained the possibility of a lack
of sirhilarity in the turbuIent flow pattern, caused per-
haps by some departure from geometrical similarity in
the screensthemselves. When the rwmltsfor the shorter
wires were obtained, it became certain that the effect
of wire length was largely responsible for the systematic
differences. By that time the reason for such an effect
was understood and the method of correction given in
part IV was available. Figure 9 shows the result of
applying the corrections. The systematic d.i.ilerauces
have been greatly reduced and the values for the long
and short wires have been brought into agreement.
The magnitude of the correction applied to the indi-
vidual values may be ju~medfrom table IV, where both
the corrected and uncorrected values are given.

The hotm-i.remeasurements at any given point were
always made at a number of wind speeds ranging usually
from 20 to 70 feet per second. Throughout this range

J

~

D
was found to be independent of the speed.

MEASUREMENTS OF THE INTENSfTY BY THE THERMAL DfFFUSION
METHOD

Figure 9 also shows good agreement between the cor-
rected values of the turbulence obtained by the hot-
wire method and those obtained by the method of
thermal di.f?usion. The latter is an independent method
of meamwing the intensity of the turbulence, the tech-
nique of which is described in reference 9. The measure-
ments from which the values given in figure 9 were
calculated are also given in this reference for the screens
listed in table I. The points for the several screens are
not given separata designation since no systematic
differences from screen tQscreen appeared.

Briefly the method of thermal difhsion consists of ‘
detmmhing the width of the heated wake at a iixed
distance back of rLrather long but he heated wire in
the air stream by traversing the wake with a small ther-
mocouple. In the measurements of reference 9 the
width of the wake at half the temperature rise at the
center of the wake, obtained from the curve of tempera-
ture distribution across the wake, was used as a measure
of the width. The apparatus was so arranged that the
angle subtended at the heating wire for different posi-
tions of the thermocouple was obtained; hence the
results are given in terms of the angle subtended by the
width of the wake at half maximum temperature.
After the angle had been corrected for the spreading
of the wake caused by the thermal conductivity of the
air, it was found that the remaining angle, denoted by
%,b, was directly proportional to tie turbulence in
the stream and independent of the scale. For the
conditions obtaining in the experiment it is possible to
apply the theory of ~usion by continuous movements
given by Taylor in reference 8 to calculate the intensity



120 REPORTNO. 581—NATIONAIIADVTSORYCO~ FOR AERONAUTICS

of the turbulence from CYwbdirectiy.4 The equations
leading to the calculation are gimn in reference 5 in a
form directly applicable to the results of reference 9.
These original references should be consulted for details;
it sufhes to state here that the relation connecting atib
rmd the intensity of the turbulence is

G~furb(degrees)= 134.9T

where ~d is the root-mean-square of the cross-stream
component of the fluctuation velocity and D is the
average speed of the stream.

G

~
It will be observed that is obtained by the hot-

difkion. The fact that # agrees well with # in

figure 9 indicates that the turbulence must be closely
isotropic; that is, that the cross-stream fluctuations
are on the average the same as those along the stream.
The agreement of the values obtained by these two
independent methods also furnishes good evidence that
the method of correcting the hot-wire results for -wire
length is reliable.

No effect of wind speed on the value of ffwb could be
found throughout the range of speeds investigated,
which ranged from 8 to 55 feet per second. The ther-
mal diffusion method then offers additional evidence
that the intensity of the turbulence does not vary with
wind speed.

THEORY OF DECAY OF TURBULENCE

The usual concept of turbulence is that d fluid
masses moving with velocities relative iw one another
give rise to the observed velocity fluctuations w-hose
root-merm-square value is used as a measure of the
intensity of the turbulence. The average distance over
which the fluctuations may be regarded as completely
correlated will serve as a measure of the average linear
dimension of the fluid masses. The average velocity of
the masses with respect to the mean valocity may then

be identified 5 with ~, the intensity as given by the
hot-wire anemometer; and the average linear dimension
may be identied with Z, the scale as obtained from
the area under the correlation curves.

~Tbh dadathn k l&TO1’IXLSCUlbwhentheibldnatfonv@2&Y Ofa @de at the
hentfngwireand that of the mme @cle afterthe Lntervafof tb.rmraqnfredforthe
particleto reachthe thermmmufieme LWJ&UYcm-related. The dlstsnm of2 bmlm
tmtweantheheatfngwfreand the tbermwxmpl%wbfcbexistd whenqp~ wasm-
nrd,rrwsma llenongha ndthetfmefntemalmnseqmmtlysbertenoughto prevant
anYdetwlable departurefrom- cmrahtfonforaffthe .nzwns In fact, no de-

_~mwf@m~~tidhdti~emat8hti unfortmmtsly
referanm8 wasnot cfkmverwllmforethePnbffcatfonofreferemm9,endesaresrdttbfs
fmportantcrddetfon wasnot fnclndwl.

$ ActnallY,WKstberwt-mmmqmre ofthe. wmwent ofthevebaftyfl.ctma-

tfon% In theqnatiarutofolfow,thetotalvelmftyof tbaflnfdmatsessh0rddlW15wl;
bnt sines&&w~ the totafTsIocftywfffdfllarkom the x mmfmmnt only by a
numerfcaffactor- Tbfa factorwfll be afmmbi alongwftb otlm titers ef pmpor-
tfenafityf ntheconstantsaqqm

In order to obtain the law of decay of turbulent
motions, it is necessary to know the equation of motion
of the fluid masses. In the choice of this equation we
are guided by the fact that the solution must yield
results in accordance with experiment, which are ~hat

G.the rate of decay is a function of f and that ~ ]s

independent of the average speed U.
Let us assume that the force resisting the motion of

the fluid mass is proportional to the product of density
by cross-sectional area by the square of its speed relative
to the mean flow. If m is the races of fluid moving with

veloci~ -@, Cl is the rwistance coefficient, and t is the
time, the equation of motion is

d&7
m--#C~PL@=O

Setting m proportional to PL3

~d&<~+cw=o
hltegrating—. J(ATO+=–c’:$

(9)

where (=0 is the value of @ at t= O. Taking the
origin of the turbulence at the screen and z as the &

tance downstream from the screen, we nmy set t=~

where U is the average speed of the stnmm. When this
substitution is made the law of decay becomes

R%O-%=-GJ$(lo)

-@This equation eatisk the requirement that ~ is

G
( 7)0independent of U if IS independent of U. We

may infer that this last condition is true from the
observation that the resistance of any given screen
varies approximately as the square of the wind speed
and hence that the flow in the immediate vicini~ of the
screen remains similar at cl.iflerentspeeds.

It maybe shown that no other resistancelaw in which
the re&stance is expressed as a function of the velocity

-@ .
will lead to a law of decay giving ~ independent of U.

Taylor derives the law of decay expressed by equa-
tion (10) in a mmewhat diflerent way. He assumes
(reference 5) tim the phenomena of turbulent flow in
pipe9 that the average rate of dissipation of energy per
unit volume is given by the expression

(433#%P ~ (11)

The dissipative stressca within the medium, which
act in opposition to the motio~of elementary turbulent
currents in the manner expressed by equation (9),
arise from the action of viscosity in regions where



m’I.’ErW3ITYAND SCALE OF -D-~L --~m 121

volooity gradients exist. In tm of the velocity
gradients and the viscosity the rate of dissipation may
be expressed by

where p is the coefficient of viscosi~- “and u, v, and w
me the fluctuation velocities in the x, y, and z directions,
respectively. I’or isotropic turbulence Taylor, in
reference 5, has reduced equation (12) to the form—.

()w=7.5il g ‘ (13)

Two expressions therefore exist for the mean rate of
dissipation of turbulent energy: Equation (11) in terms
of the fluctuation velocities and the scale, and eguation
(13) in terms of the velocity gradients due to the fluctua-

%2
()

tions, As has been pointed out in part I, ~ deter-

mines the shape of the top of the correlation curves
near the value of R= 1, and in principle at least, the
dissipation could be determined horn equation (13)
with the aid of the correlation curves. As has been
seen, the correlation curves under the conditions of
the present experiments are too’ narrow at the top to
permit the accurate determination of the dissipation
in this way.

The turbulent energy content per unit volume of the

rate of change of this energy, or the rate of tilpation

where ~ is the average speed of the stream and z is
distance along the stream. Equating the two expres-
sions for lV given in equatiom (11) and (14) and si-m-
plifying, we get

&

_Vd( U’ =(742
~= (15)

which is equivalent to equation (10).
Equation (15) may be put in the form

(16)
+

_Ud~ ~ d(h)
=0, ~

~2 2

E

in which & may be replaced by a+b~~ given in part I.

Substituting and integrating, we get

or changing to loglo

where (~, is the value of @ at ~=0. The same

xw.dt would have been obtained from equation (10)

md the relation between -& and ~1 been substituted

there.

In figure 10 ~ has been plotted against ~ log,o
-@

‘1+ $ ~)1 where a and b have been given the separate
i
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and baregfven fntablelIf.

values for the several screens horn table HI. The plot
has been made using only the data for the 4.7-miUi-
meter wire, which is believed to be less subject to error
in the wire-length correction than the. data for the
longer wire. The potits are seen to lie along straight
lines as well as may be expected from the experimental
precision. The sepmate curves for tmchscreen are due
tQsome extent to the systematic differences from screen
to screen in figure 9, not clearly shown by that type of
plot, but are to a greater extent due to the separate

curves used to represent the relation between ~and~

in figure 7; that is, h the different values of a and 6.
The evidence afforded by figure 10 that equation (17) is
of the proper form to represent the decay is to show
further that the three experimental facts:

~

U2

1. independent of Z1

.2, A-decay of # @ven by fiwre ~
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3. An increase of L
HI-THB CRITICALREYNOLDSNUMBEROF SPHERES

~, given by figure 7
The use of n sphere as an indicator of turbulence in

me all consistent with one another. Having given any wind tunnels was originally proposed by Prandtl (ref-
two of these conditions, the third must follow. erence 11). If one measures the drag force 1’ on a

By least square fitting of the straight lines in &me sphere of diameter D in an air stream of speed ‘U, the—

10‘o‘he‘at”‘heCom’’m%%md“of‘quation
(17) have been evaluated and tabulated in table V.

— is seen to vary considerably from
‘he ‘due ‘f (h.
screen to screen, which may be partly due to diilerences
in the geometrical shapes of the screens but more prob-
ably to errors involved in the curve fitting. On the

&r being of density p, and viscosity P,

drag coe%icient 0.=
F

against
:ll$v

Number ZJD;, it will be found that at

aid plo~ the

the Reynolds

low Reynolds

Numbem CD is approximately constant and equal to
about 0.5. At Reynolds Numbers within a range of
values dependent on the turbulence of the air stream CD
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other hand, the coefficient co, which is closely analogous
to a resistance ccdicient of the fluid masses, is nearly
constant.

To return to a more simple type of representation, we

may consider figure 11, where — has been plotted
1%

against & for the several screens, along with the theo-

retical curves given by equation (17) with the constants
listed in table V. The new data with the shorter wire
from which the constantswere evaluated mus$ of course,
fit the curves. The old data obtained with the longer
wire and the thermal tision data are added to show
that they too are not inconsistent with the theory.

decreases rapidly to valuca in the neighborhood of 0.1.
Prandtl suggested that “observation of such resistance
curves for spheres gives a means of comparing the air
streams of difFerentlaboratories, with respect to their
lesser or greater turbulence.” The decrease occurs at
higher Reynolds Numbers in streoms of lower turbu-
lence.

When a technique had been developed for measuring
the intensity of the speed fluctuations by means of the
hot-wire anemometer and associated equipment, one
of the authom with A. M. Kuethe attempted with some
success to calibrate the sphere as a device for measuring
the intensity of the turbulence (reference 1). To make
the sphere results quantitatively deiinite, we proposed
to defie the critical Reynolds Number of a sphere as
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the value of the Reynolds Number at which the drag
coefficient of the sphere is 0.3.“ This proposal has been
rather generally adopted.

As more data were accumulated in wind tunnels with
different honeycomb arrangements (references 2 and 3),
the calibration of the sphere in terms of the intensity
of the turbulence became more &d more unsatisfactory.
Millikrin and Klein noted that the critical Reynolds
Number depended on the diameter of the sphere. It
became apparent that a more comprehensive study was
needed.

Such a study has been carried out with the coopera-
tion of the National Advisory Gcnpmittee for Aero-
nautics. The generil plan and the guiding principles
have already been stated in the Introduction to this
paper. The preceding sections give the methods by
which the turbulence was varied, that is, by the use of
a series of geometrically similar screens of square mesh.
Measurements could be made at various distances from
the screens. Data as to the intensity and scale of the
turbulence at various distances are given in the preced-
ing sections. The present section describes the

metrically opposii% the spindle. , In the hemisphere
containing the spindle at an azimuth angle of 157fi0
from the impact hole, one or more holes are drilled to
make connection to the annular space between the
tubular spindle and the inner concentric tube. Suita-
ble connecting nipples are provided at the end of the
tail spindle.

The dillerential pressure between the impact hole
and the wake cambe measured by mounting the pres-
sure-sphere rigidly with the tail spindle parallel to the
direction of flow and connecting the nipples to the two
sides of a manometer. The downstream holes were not
located on the spindle or at the junction of sphere rtnd
spindle because we wished to avoid any neceaaity for
controhg the exact geodetical form of the tail
spindle.

The results are expressed in terms of a pressure
coefficient obtained by dividing the Wlerential pressure
given by the pressure-sphere by the velocity pressure.
For small Reynolds Numbers the pressure coefficient is
approximately 1.4 and for high Reynolds Numbers
about 0.9, the rapid decrease from one value to the

Fronf hole.4
—- —- —-

~QUEE Ii!.-The ~ @ore,

measurements of the critical Reynolds Number of
spheres and its variation with the intensi~ and scale
of the turbulence.

THEPRESSUllESP~E
The measurement of the resistance of a sphere in

wind tunnels of varying size is somewhat inconvenient.
The accurate determination of the forces on the sup-
ports is time-consuming, and the fact that the balances
in normal use are of greatly varying sensitivity in large
and small wind tunnels necwsita@ the construction
of a special balance of suitable sensitivity. To simplify
the procedure we began in November 1933 the use of a
“pressuresphere” (references 12 and 13). The pres-
sure-sphere is shown diagrammatically in figure 12.
It consists of a smooth sphere 7 mounted on a tubular
tail spindle Within the tubular spindle is an inner
concentric tube that connects to an impact hole dia-

~~o didnotknowat thetfme thatPrandtlhadmggestd theuseofthevalue0.33.
JWe hnvagenerallyu.wdstandardbowlfngbalk diamti 5 fnchmwR6.5inahw

The deprture of thw MIls froma sphwfcalformfs very all.

other occurring at a Reynolds Number dependent on
the turbulence of the air stream.

~. Robert C. Platt, of the Committee’s staff at
Iiangley Field, kindly undertook the comparison of the
pressure-sphere results with force measurements for
spheres of several sizes. He reported that a value of
the pressure coefficient of 1.22 was approximately
equivalent to a drag coefficient of 0.3. Hence it was
decided to deiine the critical Reynolds Number of the
pressure sphere as the Reynolds Number at which the
pressure coefficient is 1.22. It is recognued that the
equivalence is not an exact one. The detailed results
obtained by Mr. Platt are described in reference 14.

A great advantage of the pressure sphere is the ease
with which measurements mu-ybe made in flight or on a
traveling carriage. Mr. Platt describes measurements
of both t-y-pea,which yield a value of the critical Reyn-
olds Number in turbulence-free air of 385,000.

The pressure-sphere method was independently
developed by S. Hoerner (reference 15) at the IYeutscbe
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Versuchmmstalt fir .Luftfahrtj with some difference in
detail. The rear holes were located in the tail spindle
at its junction with the sphere. Pressures are referred
to the static pressure of the air stream and hence the
DVL pressure coefficients are equal to 1 minus our pres-
sure coefficients. Hoerner used as critical Reynolds
Number that for which the pressure at the rear holes
was equal to the static pressure, corresponding to a
pressure coefficient of 1.00 on our convention. Hence
his values of critical Reynolds Number are somewhat
l@gher than ours.

Hoerner also studied the relation between drag
coefficient and pressure coefhcient. His results on a
single sphere in relatively smooth flow indicate that a
pressure coefficient of 1.1S on our convention corres-
ponds to a drag coefficient of 0.3, in fair agreement
with the value of 1.22 obtained fxom the more extended
measurements of Platt. It must be emphasized, how-
ever, that the relations between the valuea of the
critical Reynolds Number as determined by drag
measurements and by pressure measurements with
difEerent locdons of the pressure openings are only
approximate, and sticmnt work has not been done to
determine the irdluence of turbulence, sphere diameter,
rmd exact location of the rear holes.

blEASIJREbIEN’MWITHSPHERB

Some preliminary studies were made of the repro-
ducibility of the resultsobtained with sevend supposedly
identical pressure spheres. Three commercial 5-inch
bowling balls were used to determine the critical
Reynolds Number correspond@ to the turbulence in
the 3-foot wind tunnel of the National Bureau of
Standards. The values obtained were 273,000,276,000,
and 272,000, which agree very well.

The extended series of measurements in the 4%foot
tunnel behind the several screens were made with two
spheres, one 5 inches and the other 8.55 inches in
diameter. The working distances could not exceed
about 15feet because of the limited length of the working
section. In order to avoid large variations in mean
speed, the closest distance had to be 15-mesh lengths or
greater. Since the spheres are of iinite size, extending
over a distance of many mesh lengths for the smaller
screens, the close-st distance was further limited to
avoid large changes of turbulence over the sphere. In
no case was the closest distance less than 1 foot. The
actual working distances, selected somewhat arbitrarily,
were 1, 3, and 6 feet for the %- and j4-inch screens; 3, 6,
and 9 feet for the l-inch screen; 4, 7, and 10 feet for the
3j&inch screen; 6 feet 5 inches and 11 feet 2 inches for
the 5-inch screen.

The data obtained for the l-inch screen are plotted in
iigure 13 for the 5-inch sphere and in figure 14 for the
S.55-inch sphere. The values of the critical Reynolds
Number corresponding to the several distances were
read from these and similarcurves, the critical Reynolds
Number being defined as previously explained as the

Reynolds Number for which the pressure coefficient
is 1.22. The results me given in table VI.

It will be noted that the curves of figures 13 and 14
show abrupt changes of slope at pressure coefficients of
1.1 to 1.15. After some investigation it was discovered
that the use of four symmetrically located rear holes
instead of a single hole gave curves without bredw, and
hence that the breaks were probably due to local asym-
metry in the flow about the sphere. Figure 15 shows
curves obtained under the same conditions as the
curves in tlgure 14 except that a sphere with four rear
holes was used. The values of the critical Reynolds
Numbers are unchanged and the bredcs are absent.

In order to obtain some idea of the effect of the small
departures from a uniform speed distribution, tmvemes
were made with the sphere behind the 5-inch ~creon
that showed the greatwt departures At a distance of
6.4 feet from the screen, the critical Reynolds Number
was 107,000 and 109,000 in two runs at the center;
107,000, 2 inches below the center; 108,000, 4 inches
below the center; and 109,000, 2 inches above the
center. At a distance of 11.2 feet, valuea of 146,000
and 148,000 were obtained at two positions.

Table VI gives a summary of the pertinent data on

$-

2
the critical Reynolds Number. The values of are

taken from the leastiquare lines of figure 10, and the
values of L from the least-square lines of figure 7.
Figures 16 and 17 show the relation between critical

-@Reynolds Number and ~ for the severalscreensas ob-

tained with the 5 and 8.65 inch spheres, respectively.
The points obtained at a distance of 1 foot (encircled in
plotting) are not in good agreement with the other ob-
servations and the curves have not been extended
through them. Evidently 1 foot is too close a working
distance for spherw of this size. The observations
show a systematic variation from screen to screan and
a systematic variation with the diameter of the sphere.
The larger the screen mesh, the greater the intensity re-
quired to give a specified critical Reynolds Number,
The larger the diameter, the smaller the intensity
required.

G. 1, Taylor suggested in correspondence that the
witical Reynolds Number should be a function of the

‘()
quantity ~ ~ *, where L is the scale of the turbu-

lence. The data plotted in terms of this quantity are
ghown in figure 18. Except for the measurements
made at a distance of 1 foot, the observations for both
qheres and all screens lie remarkably well on a single
mrve, certainly within the observational errors.

The details of the reasoning that led Taylor to this
wggestion have been published in reference 16. It may
~e stated in general terms that the foregoing combina-
tion of intensity and scale of turbulence occurs in the
repression for the root-mean-square pressure gmdiant
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in the turbulent flow, and that the eflect of turbulence
is assumed ta be that of the pressure gradient on tran-
sition.

The wind-tunnel equipment available at the Natiomd
Bureau of Standards unfortunatdy does not permit the
extension of the curve in figure 18 to a critical Reynolds
Number exceeding 270,000. In most of the more re-
cently constructed wind tunneIs, values exceeding this
value are found. In the large tunnels, the large scale
of the turbulence contributes to the high value but, in
addition, the intensi~ is of the order of 0.7 p~cent or
less. The accurate measurement of the-sesmall fluctu-
rdioDsis an experimental problem of very considerable
diflicl.dty.

DETER?dlNATION OF AVERAGE VELOCITY PEESSURE

In the production of artificial turbulence in wind
tunnels for the purpose of studying the aerodynamic
effects of turbulence, it is desired to vary the magni-
tude of the rapid fluctuations without introducing de-
partures from a uniform distribution in space. Ower
and Warden (reference 17) concluded that wire or cord
networb were unsuitable because of the introduction
of variations in the mean speed produced by the
“shadows” of the wires. This general conclusion is
somewhat tempered in their detailed discussion by the
recognition. that the uniformity will depend on the dis-
tance from the network at which observations are made
and that the uniformity may be satisfactmy at dis-
tances of the order of 144 wire diamekm or 24 mesh
lengths. Ii view of this criticism of nelxvor%s as
sources of turbulence it seems desirable to review the
studies thnt were made behind the screens used in the
present seriesof measurements to determine the degree
of uniformity of the mean speed and the average value
of the velocity pressure for computing the prwsnre
coefficients of the spheres.

A preliminary series of traverses was made for the
purpose of determining the distance at which the pat-
tern of the soreen disappeared. For the %-, %, and
l-inch-mesh screens, a simple impact tube with outside
diamei%r of % inch and tilde diameter of ~6 inch was
used, the static side of the manometer being connected
to the wall plate used as a source of reference pressure
in the operation of the tunnel. For the larger screens,
a standard pitot-static tube was used. Observations
were taken at about 24 points aIong a line parallel to
the horizontal wires of the screen and in a horizontal
plane passing midway between two wires of the screen.
The spaciqg was %, inch, X inch, Minch, %inch, and 1
inch for the )4-, $, 1-, 3%-, and 5-inch-mesh screens,
respectively. Traverses were made at several distances
from about 4 to 20 mesh lengths from the screen. For
d~tances less than 12-mesh lengths, the presmre varied
reggarly with maxima and minima corresponding to
the spacing of the wires of the screen. The curves
resemble those shown in reference 17 and are therefore

not reproduced in this paper. At distances greater

than 12-mesh lengths, there was no regular pattern,
In order to give some idea of the magnitude of the

variation, the maximum and mean deviations of the
single observations from their arithmetic mean have
been computed and are tabulated in table VII. Both
quantities are very large close to the screen but rapidly
decrease. For distances greater than 12-mesh lengths
the gain in uniformity is comparatively small. Hence
it was concluded that observations should not in any
case be made at distances closer than 12-mesh lengths
and, as a precautionary measure, the closest distance
used was actually l$mesh lengths. From table IV,

$-

$
it is seen that the maximum value of is accordingly

limited to about 0.05.
At the distances for which sphere data had been or

were to be obtained, a more extended traverae was
made with a standard pitot-static tube. Observations
were taken at 12 equidistant points along circles of
radii 2, 5, 8, 12, and 18 inches from the tunnel axis, in
some cases for three speeds. The maximum and mean
deviations of the single observations from their arith-
metic mean are also tabulated in table VIt for these
traverses.

It will be observed that the mean deviations approach
different values for the diflerent screens as the distance
from the screen is increased: 2.2 percent for the 6-inch
screen, about 2.0 percent for the 3%nch screen, about
0.6 percent for the l-inch screen, about 1.0 percent for
the %-inch screen, and about 1.0 percent for the %-inch
screen. It is probable that these differences reflect
corresponding difhreDces in the geometrical accuracy of
the spacing of the wires of the screen. The uniformity
obtained with the 1-, %, and )i-inch screens is com-
parable with that obtained in the free stream, the mean
deviation of the pressure from the average being 1.0
percent or less, corresponding to 0.5 percent or less in
the speed.

The measurements described in this paper extended
over a considerable period of time and it was not prnc-
ticable to install a screen and complete all measure-
ments before removing the screen, because of the
necessity of m&ing other tests. The procedure in
most of the sphere tests was to detmmine the ratio of
the velocity pressure at the axis of the tunnel to the
reference wall plate pressure as a function of the speed;
then at one value of the reference pressure to determine
the speeds at six points on a circle of 2-inch radius. A
faired curve through the points observed in the fit
run was adjusted as indicated by the ratio of the mean
of the six values on the 2-inch circle and the value nt
the center to the value at the center. For all screens
except the 3%-inch screen, the value adopted did not
differ from that given in table W by aa much as tho
mean deviation given in that table. For one installa-
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tion of the S%-inch screen, the difference somewhat
exceeded the mean deviation.

From a study of the results given later, an error of
1 percent in the determination of the mean velocity
pressure producm an average ch~ae of 4,500+500 in
the value of the critical Reynolds Number. It is
believed thnt the error in the values used did not in
any case exceed the mean deviation given in table VII
rmdwas probably less than half that value, which rep-
resents the mean deviation over am area much larger
thrm the sphere. The effect of the small departures
from rLconstant speed (as contrasted with an error in
the average speed) on the value of the critical Reynolds
Number is not known but is probably small for de-
partures of 1 percent or less, as indicated by sphere
trnvereesbehind the 5-inch screen previously described.

DISCUSSION

The relationship exhibited in figure 18 shows that a
given small percentage change in the imkmsi@ of the
turbulence produces approximately the same eflect as
a change of five times as much in the scale of the tur-
bulence. Site the diameter of the sphere enters into
the ordinate, the critical Reynolds Number depends on
the diameter, but here also it requires a percentage
change in diameter approximately five times as great
as in the intensity of the turbulence to produce the
same effect.

It is of some interest to inquire whether the ratio
of the values of the critical Reynolds Number for two
air streams depends on the diameter of the sphere used.
The ratio will be independent of diameter if and only
if the curve of figure 18 is of the form

It may be seen by plotting on logarithmic paper that
the observations do not fit such a curve except over
short distances. Hence if the diameter of the sphere
is vmied through a sufficiently wide range, the ratio
of two values as well as the absolute values of the
critical Reynolds Number of the sphere for two air
streams will depend on the diameter.

The use of spheres of different diametem in the same
air stream does not give a separation of the effects of
sctile and intensiti, since each observation when re-

“.

@l$Jf4z”()duced gives only the value of ~ ~ . ~ H

independently measured, it is theoretically possible to
determine L but the prec~lon is very poor because of
the small slope of the curve of figure 18 and the presence
of the fith root.

In the presentation of the experimental data and the
discussion up to this point, we have regarded the sphere
as a turbulenc~mewwring device that was to be cali-
brated in terms of the intensity and scale of the turbu-
lence. It is also possible to consider the sphere as a
typical object of aerodynamic study and the data as the

3s54s—38-10

aerodynamic characteristics of the sphere as a function
of turbulence. These data may then give some clue
as to the effect of turbulence on other bodies in which
the phenomenon of separation is involved.

The fit conclusion that may be drawn by inference
is that some linear dimension corresponding to the di-
ameter of the sphere entersinto the turbulence variable.
In the case of an airfoil, the ratio of the chord of the
airfoil to the scale of the turbulence would be of im-
portance. If, for example,’ we consider tests on two
similar airfoils of diilerent size in the same air stream
and at the same Reynolds Number, the maximum lift
coefficient may be expected to difler because of the
influence of the scale of the turbulence. This result
would be analogous to the d.iilerent drag or pressure
coefficients observed at the same Reynolds Number
for spheres of difIerent sizes in the same air stream.
Because of the fith root, and the limits on the possible
size variation in a given wind tunnel, the effect will be
small and perhaps escape detection. But if a sticient
range of variation is made, the effect will be found.

A second inference is that the effect of turbulence on
some other body will not necessarily be the same as that
on the sphere. The shape of the curve of figure 18 is
undoubtedly related to the pressure distribution char-
acteristics of the sphere and the remdting boundary
layer thickness. The pressure distribution over an
airfoil will be quantitatively different and the relation
between turbulence and the Reynolds Number for
transition will be different. Hence if the sphere curves
for two air streams are considered to d.iifer only by. a
shift along the Reynolds Number axis, that is, by a
turbulence factor formed from the ratio of the two
Reynolds Numben, and if by analogy curves of maxi-
mum lift coefficient in these same two air streams are
considered to differ only by a similar turbulence factor,
the factors cannot be considered the same for spheres
and airfoils or even for two different airfoils. Here
again the W%otamaybe small and not readily detected.
The concept of turbulence factor as previously defined
has been found very useful. Because of the small effect

of ~ compared with
&

T
u, the factor has so far proved

to be a sufbiently good approximation in engineering
practice although, as we have shown here, it is only an
approximation.

IV-THE EFFE~ OF =E LENGTH IN MEASIJEE-
MENTSOF INTENSITYAND SCALEOF TURBULENCE
BY THE HOT--E METHOD

In the measurements of intensity and scale of turbu-
lence described in parts I and II, hot wires approxi-
mately 5 millimeters long were used, the length being
sufficiently great so that air velocity fluctuations on
one part of the wire are not completely correlated with
those on another part. As will be shown, this lack of
correlation causes the roohmean-square voltage fluc-
tuation across the wire to be reduced by an amount
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that depends upon the rate of falbg off of correlation
along the wire. This reduction in root-mean-square
voltage fluctuation must be taken into account in all
measurements of fluctuating velocities by ho&wire
anemometers, including its tiect on measurements of
the intensity of the turbulence and its eifect on meas-
urements of the scale of turbulence.

THEEFFECTOF WIRE LENGTH ON INTENSITY MEASUREMENTS

Suppose a hot wire of length 1 caxrying a constant
current to be placed in a turbulent air stream per-
pendic&x to the direction of flow, as in the experi-
mental arrangement for measurements of intensity of
turbulence. If the fluctuating potential drop across
the wire is fed into an amplifier compensated for the
thermal lag of the wire, the output vol~~e, denohd by
e, will be directly proportional to the fluctuations of air
speed on the hot wires

For the case of complete correlation of velocity
fluctuations at all points of the wire, the fluctuating
output voltage will be given by

el=Kil

where u is the fluctuating air velocity, t the length of
the wire, and K a constantof proportionality, depending

U%
FKmEEra.—sdlenmtiadfagmmflhtrotfng nonuniformomdfffons alongthe wire

89usedformmmmmmltoffntendty of tmimhmce.

on the dimensions of the hot wire, its resistitity and
temperature coefficient of resistitity, the current
through the wire, the mean speed of the air flow, and
the ampl.Mcation.

The output meter on the amplifier (a thermal type
milliammeter) gives indications proportional to the
mean square of the output voltage, given by

e~=~~~ (18)

Now consider the case -where the velocity fluctua-
tions at various points along the wire are not com-

:Tbf8remlti9tifftie M0cl@flucimetfonsaresmallmm~ wfththemmn
Vddty of flow. (&o mieronm6.)

pletely correlated. Let us assmme the wire to be
divided into n equal segments, each of length Az, and
let the velocity fluctuation of the air pawing over any
segment be denoted by Ui. (See fig. 19.) For this
case the output voltage from the ampliiier will be given
by

e=l&@z
f-1

amdits mean squared value by.

~=~A9~ (19)

=P@G+G+~+Q+ . . . . +2

+2UZZ+2’ZZ+2%<+ . . . . +2%.1%

+2c~+2~+ . . . . +2=

+2ui+ . . . . +21&_3U#
.
.
.
.

+2ui]

The correlation coefficient R between~any~twovelocity
fluctuations, w and u,, is defined as

Since the mean square of the velocity fluctuations along
the wire is constant

Let us assume that the correlation between the
velocity fluctuations at any two segments is a function
mly of the distance between the segments; that is

‘%=R({T—S}AZ)

where, as in previous parts of the paper, R followed by
B quantity in parentheses means the value of R at a
distance equal to that quantity. Thus:

UG=%7= . . . . =un_lun=R(Az) $
—.
u@.3=u#4= . . . . =l&_2&=R(2Az)2

u@~=l.&~= . . . . =?&?&=R(3Az]?..
..
G =R({n–l}Az)~
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Equation (19) thus becomes:

T
~=li?Az% n+2 (n—l)R(Az) +2 (n—2)R(2Az) +2 (n—3)R(3Az) + . . . . +~({n–l}Az)]

-1 F 1
=K% nAz%2nAz (Az)Az+R(2Az)Az+R (3Az)Az+ . . . . +R({n–1 }Az)Az

–2[AzR(Az)Az+2AzR (2Az)Az+3A&(3Az) Az-l- . . . . -t-(n–1)AzR({n-1 }Az)Az)1
Now let the number of segments n increase indefi-

nitely, and the length of each segment Az approach
zero, in such a way that the prcduct tiz is always equal
to the length of the wire 1. I?assingto the limit, we have

~=~T[2zIR(z)dz-2s:fi(z)dzl
=2fi=~ (1–z)R(z)dz (20)

Comparing this expression with equation (18), the
effect of the incomplete correlation of velocity fluctua-
tions at different points on the wire is to reduce the mean
square fluctuation voltage and thus the meter reading
in the ratio KIJ, given by

3 m
(21)

In the calculations of intensity of turbulence de-
scribed in part H, the square root of the output meter
reading enters as a multiplying factor. Thus, to obtain
the true value for the intensity of turbulence, the caJcu-
Iated values must be multiplied by the factcr K,, given
by equation (21). In order to obtain numerical values
for XI, R(z) must be known as a function of z.

THE EFFECT OF WIRE LENGTH ON SCALE MEASUREMENTS

Let us now consider the effect of incomplete correla-
tion of velocity fluctuations at diflerent points of the
wire on measurements of the correlation of velocity
fluctuations, as described in part I. Suppose two wires
A and B, each of length 1 and carrying a constant
current, be placed in a turbulent air stream, parallel to
one another, a distance apart y, and in a plane perp’en-
dicukr to the direction of flow. (See &g. 20.)

Let us assume each wire to be divided into n seg-
ments, each of length Az, and let the velocity fluctua-
tion on any segment of A be denoted by u,, and of B by
o,, As in the previous discussion, the fluctuating output
voltage across each wire will be given by:

f-l

eg=Kfyifiz
=1

The correlation between the voltage fluctuations I?A

and eEwill obviously be a function of y. Let us then
define a correlation coe5cient R’(y), representing the
correlation between the voltage fluctuations of wires
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A and B, placed a distance y apart. Thus, by de6ni-
tion, R’(y) is given by

“@)=*
Making use of the foregoing equations and of the

fact that the mean square of the velocity fluctuations is
the same at the two wirw, we have:

ru, Az

7

I
—

v=

Fmum 2a-Scbnotio dhgmro mwdhg nonuniform wnditions along two *

=nsodfor me?smomentofsale ofturbnknw.

R’(y) may be obtained experimentally as described in
partI. NOW

(Z-w)(W)A#=Az%i~+~+~+——
+w2i-’w’%+
-FwJl+zE+

+G+
+G+

. . . . +G

. . . . +’%-1%

. . . . +W?U-1

. . . . +’%-2%

. . . . +UJ?..2
..
..

+ ‘l@.
+ %—d

Now let us assume that the correlation of the velocity
fluctuations at any segment of A with that at any
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segment of B is a function only of the distance between the segments. That is,

%$=lw(r–8)%z’+V’)

Thus:

— ——
ulv2=ulQ=u3v4= . . . . =Uu.1%

—. —
u@3=?@4=%%= . . . . = U-W.

=~=u~l=tzz= . . . . =u#n.2=R(J(2Az) *+lJf)F

G,=G=R(T—lYAz’+IY)?

f
(~U,)(ZV,)A@=~’& nR(y)+2(n-l)B(i@%) +2(n–2)R(~(2AZ) 2+I/’)+2(n-3)R(~ (3AZ)’+Y’) .

+. . . .+2R(~(n-1)’A@+Y’)]

=~rnA&R(y)+2nAz~ (llA$+’@Az+B(~~ti~$) ~+R(4_flAz+ . . . .

+&(3i(n–1)’Az’+~ } [Az —2 AzR(~(Az)2+@)Az + 2AzR(~(2Az)2+y’) AZ+3AZR(~-’)AZ+

. . . . 11+(n– l) AzR(d(n-1)’Az’-W’)Az

Now let the number of segynentsof each wire n in-
crease indefinitely and the length of each segment Az
approach zero in such a way that the product nAz is
always equal to the length of each wire, 1. Passing to
the limit, we have:

?s J 1=U21 ~[R(J~)dz—2 &JTfldz

J=2G &z)R(l~fldz

From equations (19) and (20)

TzQ%&= J27,(Z-z)R(z)dz

Thus equation (22) becomes

Jl(l–z)R(l~dz
R’(y)= 0

J
:(1–z)R(z)dz

(23)

The scale of the turbulence L has been deiined as the
integral

f
L=, “mR(y)dy (24)

Let us denote by L’ the following integral:

L’ maybe determined experimentally as described in
Part I, and L may be found by dividing L’ by a factor
K,. defined as

(25)
b

If R(y) is a known function of y, the integrations
expressed in equations (23) and. (24) may be per-
formed, and numerical values of K1 computed.

CALCULATIONOFFACTORS FOR APPLICATION TO EXPERIMENTAL
RE9ULTS

It may be seen from equation (23) that the shortm
the wires used and the more slowly R(z) varies with z,
the more nearly will the right-hand member of this
squation approach R(y). Thus curves of R’(y) ob-
tained under conditions where L is much linger than 1,
resultingeither from large scale of the turbulence or the
use of short wires, should indicate the character of the
function R(y).

In &ge 21 are show-n observed values of R’(v)
representing the average of eight traveraes at 200
inches behind the 5-inch-mwh screen where the fore-

I going conditions are most nearly fulfdled. These
~oin~ are seen to lie closely to the curve, which is an
exponential curve represented by the equation

where L’ is the uncorrected scale of the turbulence.
Since the correction is small, let us assume that R(y)
isgiven by

R(y)=e% (26)
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and determine what form will be taken by R’(y) and
what values will be obtained for K1 and KZ.

Lo
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Equation (23) becomes

J ‘(t–z)e-~dz
R’(y)= 0 .l

J

(27)
(1– z)e-~dz

o

The factor K,, given by equation (21) becomes

‘“”d (28)

and Kz, given by equation (25) becomes

J
K,=+ O“R’@)dy

It is convenient to write these equations in
dimensional form, changing to the new variables

~=f) g=$ ~=;

In this notation equation (28) becomes

K,=
1

ds
2 11—s)e-%

‘~i(e-”~l+c)
o

Equation (27) becomes

s
]l–s)e-cw’ck

R’(r) =

J
“\l–s)e ‘n ds
o

J=2KIZ oil —s)e
–C-S

ok
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(29)

non-

(30).

(31)

Equation (31) is not direotly integrable but may be
evaluated for large values of r by expansion in a power
serim in S*and integrating term by term.

Let
f(#)=e-c=’

Expanding j in powers of F, equation (31) becomes

Jo[.
R’(r) =2K,2 “?1–s) f(0) +fl(O)&+fl (0)~f+7’(0).$+ + “ “ “ -P

[=K12 Y(O)+;1(0 +$#’(0)+&f’’’(O)+ “ “ “ “ 1

Evaluating the terms in this series

f(0) =e-ti

y(())=_Km
2r

~“(o) = +c(l+:)e-~

f’” (0) = –C(3 +3fP+#)e-ti

l?quntion (31) then becomes

[
@+H)_ (

c l+m+~$
1.’(T) =K?8-” 1—++ ‘11209 4489 ‘“”””

(32)
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The iirst four terms of this series will give values of
R’ (r) with sufficient accuracy for r>l. For smaller
values of r, a series containing positive powem of r must
be obtained.

Rewrit@ equation (31)

{J
1

R’(r) =2K, J 1e*4rqds– :8 e*md8
o

The second integral can be evaluated directly

The first integral may be evaluated by expand@ the
integrand in a series of powers of c-JW.

Let l=(r) =~’(#+fia%. We then have

/.0

.8

.6

R’

.4

2

0 .4 .8 12 [6 20 2.4 2.8 3_2
y/L

Fraurcs22-Thmretical vohresof R and of 1? u a fmmtfonof a org/L forvarlom
-ielnmof c.

f

e—cm
R’(r) =2K, ---#-- (I+c.m–e-”$+”)

+:;L(T)+ ....1 (33)

I.(r) may be computed horn the following recurrence
formula:

where 10(r)=1

I,(r) = ‘P+l)’n+f ~-~2 2 r

In figure 22 is shown a curve of R(c=O) and of R’ as
n function of cr(=y/-L) for various values of c. It is
seen that the effect of the incomplete correlation of
velocity fluctuations along the wires is to make the

observed correlation too large at large values of r by n
factor K? (see equation 32), and to change the shape of
the curve for small values of r.

In figure 23 are shown some experimental curves of
R’(y) as a function of y/M for dMerent ratios of the
length of the hot wire to the scale of the turbulence,
that may be compared to the curves of figure 22. Tho
similarity of these two sets of curves can be noted.

Let us now consider the effect of incomplete correla-
tion of velocity fluctuations along the hot wires on the
value of L’ obtained by integration of the experimental
R’(y) curves. Writing equation (29) in terms of r
instead of y

K,=~~”R’ (r)dr (34)

10

.- 5= —+
.6 ‘.

R’ {
\.’’\..

.4
\ \

‘\ “ :’..

.2
\ ‘=..

n
o 2 .4 .6 .8 LO L2 14

y/M

FIQUEE‘.U.-Expmlmentaf vfdrmsof R’(u) for variousVOIUF9of @f for comfmrbon
with @ore a.

This integral may be evaluated by graphical integra-
tion of R’ (r) calculated from equation (32) and (33),
or as follows: Substituting (31) in (34)

SSK2=2K2C “ ~1(1–8)e-’~d8dr

Transforming this s;face integral into ~olar coordi-
nates, by the transformations

r=~ cos 0 8=p Sill o dsdr=&&

SS
Z/z0s09

K,=2K:C (l–p sin O)e-~&PdO
00

The integral J (c) cannot be evaluated directly but may
be expanded in an asymptotic series, which will give
J (c) for sufEciently large values of c. For small valuea
of c, however, it is most easily evaluated by Simpson’s
rule.
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Table VIII gives values of IG and K2 as a function

()
~ computed from equations [30) and (35).of c =-

Curve A of figure 24 shows K, plotted as a function of

~. Curve B shows Ka as a function Of $ ~d iS ob-

tained from curve A by dividing the abscissa of a given
point on A by the ordinate of that point and then
plotting that ordinate above the new abscissa obtained.
Curve B is used for the correction of the experimental
,data on correlation of velocity fluctuations. The
procedure is as follows: The area under the experi-
mental curves of Rt ag a function of y is obtained, from
which is found L’. The ratio of 1, the length of the
hot wires, to L’ is calculated and from curve B, figure
24, the factor Kg is found. L’isthen divided by Kg to
obtoin L.

/4-
/

B

1,3 / A

/.2 /

K

1./ /

.5 10 f.5 20 25 .30

~ -for A, $-for B

FIGUEE24.-TIM faotorKs asa functionof l/L and l/L’.

The numerical values obtained for the correction
factors KI and K, depend, of course, on the assumption
that R may be represented by equation (26), and thus
can be expected to be accurate only in so far as equation
(26) repr~ents the true variation of correlation with
distmce. It is seen from iigu.re 21 that there is a
tendency for R or R’ to fall off initially more rapidly
with distance than the exponential relation until the
correlation falls to about 0.3, and then less rapidly,
fimdly falling to zero instead of approaching zero
89ymptoticldly .

The correction factors thus computed can be con-
sidered only as approximations, and more accurate
determination of the variation of the correlation co-
efficient R with distance, especially for small distances,
is needed in order to improve materially their accuracy.

V—VARIA’I’IONOF COBRELATIONCOEFFICIENT~H
FREQUENCYCHARACTERISTICSOFTHEMEASURING
APPARATUSAND ~H AZIMUTH

In the development of the experimental technique
for measuring the scale of the turbulence, certain
unexpected phenomena were encountered. These phe-
nomena were studied to only a limited extent, usually

only with regard to their bearing on the measurement
of the scale of the turbulence w previously defined.
The incidental and incomplete studies of these phe-
nomena give additional information as to the charac-
teristics of turbulent flow tmd since we cannot at
presant pursue thwe studies further, the information
obtained is placed on record for the benefit of others
who may wish to do so.

EFFECTOFCOMPENSATIONPOELAGOFWIRll

In our first measurements of the correlation coeffi-
cient, no compensation w= made for the lag of the
wire. We erroneously assumed that, if the two wires
were identical in every respect including lag, there
would be no effect of the lag on the value of the corre-
lation coefficient. Fortunately, the actual experiment
was tried and it was discovered that the introduction
of compensation had a very large eifect. Two typical
compmisons are shown in iigure 25. When no com-
pensation was used, the observed correlation coefficient
fell off much more slowly with the separation of the
wires. As a result, the observed scale L’ was much
greater. I?or example, for the l-inch screen at a dis-

L’
tame of 40 mesh lengths, the observed ~ without

compensation was 0.602 as compared with 0.308 ob-
tained with proper compensation, an error of nearly
100 percent. Similarly for the 3X-inch screen at a dis-

tance of 41 mesh lengths, the observed ~ without

compensation was 0.464 as compared with 0.2a6 ob-
tained with proper compensation. The difference in
a number of comparisons at different distances was
always greater than 50 percent.

Since the presence or absence of compensation corre-
sponds simply to di.ilerent flequency charactetitics of
the measuring apparatus, it was inferred that the rcsuhs
indicated a variation of the correlation coefficient with
frequency, the disturbances of lower frequency being
correlated over greater distancw than the disturbances
of higher frequency.

CBOS~TIZEAMCORRELATIONFORVARIOUSFREQUENCYBANDS

Measurements were made with a set of electric
filters to study the correlation for various frequency
bands. The compensating circuit was used, so that
the rcmdts represent, as closely w can be obtained, the
variation of the correlation with frequency. The
available iiltem were high- and low-pass illtera designed
for connection as band-pass iilters. The nominal
frequency bands were 0-250, 250-500, 500-1500, 1500-
3000, and 300& cycles per second. Ideal filterswould
give a uniform transmission within the band and no
transmission outside the band. The actual character-
istic are shown in figure 26. Although extremely good
for acoustic measurements, the filters are far horn ideal
for the prcs~nt purpose.
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.

Measurements of correlation were made at a distance
of 40 mesh lengths behind the l-inch screen at speeds of
20 and 40 feet per second for the bands 0-250,250-500,
500-1500. The inttmsity in the two higher bands was
so small that satisfactory measurements could not be
made. The results are shown in figure 27. The large
effect of frequency is obvious. In the 500-1500 band
negative correlations me observed, indicating that for
frequencies in this band an increase in speed at one
wire tends to be associated with a decrease in speed at
the other. No attempt was made to correct these
observations for the finite length of the wires. Some
idea of the magnitude of the effect can be obtained
from figure 6. The application of the corrections would
not change the general picture.
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A rough analysis of the distribution of the intensity
of the turbulence with frequency was made by means of
the filters for a distance of 26 mesh diameters from the
l-inch screen. The results are shown in table IX The
analysis is rough because of the variation of the attenu-
ation of the filterswith frequency. Allowance has been
made for the differences in average attenuation. The
change in the distribution with the change in mean
speed is consistent with the assumption that the fluctua-
tions at a point are the result of a pattern of eddy motion
in space that is carried along with the mean speed of
the stream and changw but little as the mean flow
travels a distance of a few centimeters. One may
consider the eddy system from the point of view of a
stationary observer, in which case it may be described
by giving the statistical distribution of intensi@ with
frequency. Or one may consider the system from the
point of view of an observer moving with the stream,
in which case the system may be described by giving

he statistical distribution of intensity with wave
ength. A wave length k in the second picture corre-
spondsto a fiequencyf in the first equal to U/k,where
U is the mean speed. If the statistical distribution of
ntensity with wave length in space is independent of
nean speed, the distribution of intensity with frequency
when the pattern is observed at a iixed point is shifted
nward higher frequencies as the mean speed is in-
:reased. The lilter bands are so wide that no complete
malysk can be made. It is seen, however, in iigu.re27,
ihat for a given frequency band the correlation falls off
nore rapidly with distance at 20 feet per second than
~t 40 feet per second. The same frequency band cor-
respondsto shorter wave lengths at 20 feet per second
ihan at 40 feet per second. For example, the 250-500
ilter used in a stream of mean speed 20 feet per second
(610 centimeter per second) selects wave lengths of
1.22 to 2.44 centimeters, whereas in a strema of 40 feet
per second (1,220 centimeters per second), the same
titer salectswave lengths from 2.44 to 4.88 centimetm.
When no filter and no compensation are used, the
Lpparatus weights the various frequencies according

.
to the law ~&Y ) where j is the frequency and A is

i lag constmt of the wire. For this condition the cor-
relation frillsoff less rapidly than for the 0-250 filter.

13xperiment shows that, if the apparatus does not
might all frequencies uniformly, the observed correla-
tion curve varies with the mean speed; but, if the fre-
quency compensation is correct, the observed correla-
tion curve is independent of the mean speed. This
mperimental result is again consistent with the hypoth-
wis that a fixed eddy pattern independent of mean
Ypeedis transported past the measuring apparatus at
the mean speed. The frequencj pattern then varies
with the speed. If the apparatus responds uniformly
to all frequencies, there will be no effect of mean speed;
but, if there i9 ilequency distortion, apparent varia-
tions with mean speed yin be introduced.

ALONG-STREAM CORRELATION

In order to avoid troublesome co~t~nt erron in the

measurement of the distance botieen the two ties of

the correlation apparatus, it was decided to allow one
wire to travel behind the other with a clearance of a
few tenths of a millimeter, so that”measurements could
be taken on both sides, the zero position being located
by the wake disturbance of the upstream wire. This
procedure introduces an error whose magnitude was
estimated by studying, ~he correlation along the stream
direction. Figure 28 gwes a compmison between the
correlation coefficients tmmsvame and parrdlel ta the
stream at 25%inches behind the l-inch screen at 40 feet
per second. The correlation falls off more slowly along
the stream. From these data it maybe estimated that
the peaks of the correlation curves are somewhat re-
duced, the maximum being reduced by about 5 percent
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when the clearance is 0.3 millimeter and the scale of
the turbulence is as small as 5 millimeter. The effect
on the deteti tion of the scale of the turbulence is
entirely negligible, but this factor adds to the effects
of finite wire length and the noise level of the amplifler
to make impossible the studies of the curvature near
the peak of the curve, which are desired in connection
with Taylor’s theory.

The effect of frequency characteristics of the measur-
ing apparatus was also studied for the along-stream
correlation. The results at 25%inch= behind the l-inch
screen me plotted in figure 29. These curves are very
suggestive. We have already stated that the titers
select a given band of wave lengths, the 250–500 il.ltar
selecting n mean wave length of 1.83 centimeters at
20 feet per second and 3.66 centimeters at 40 feet per
second. Time values agree remarkably well with the
“wave lengths” exhibited by the correlation curves
along stream. The high negative correlations indicate
a high degree of “coherence”, the fluctuation at the

xondy, mm

~GUEE Z8.-Comp3rkon of transyorm and longftdfmd comalatfou 14nch-mmh
sxeen, %timeshkmgthsaft. Wfnd~40ftJfs.z

upstream wire being repeated a short time later at the
downstream wire. It appears probable that if it ware
possible to make the measurements with a very narrow
frequency band, the correlation would vary several
times between +1 and —1 as the along#ream separa-
tion were increased.

Taylor predicted a relation between the transverse
rmd longitudinal correlation in isotropic turbulence,
namely, that the correlation coefficient R varied with
the minmth o according to the law

l–R= (l–&) (Sin’ 8+: 00S8 8)

where R~ is the transverse correlation coefficient.g
The longgtudimd correlation R~ is then given by the

relation
2(1–.RL)=(1-RT)

The redts of figure 28 do not confirm this relation,
since the ratio of 1—RTt to 1—RL’ at y=2 mm is more
nearly 1.4. For smaller or larger values of y, the ratio

QInroferanm5,thesln andcmof thfsaqnatfonma fnten%ngd
,

is less. It does not appear that the correction for ilnite
wire length aa computed in part IV would alter this
result by more than 10 percent.

Ii order to study the matter further, the little rotat-
ing holder suggested by Taylor (reference 5) was con-
structed Qndattention confined to measurements of the
ratio. Some rmulta taken with and without the titers

x, mm
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with wires 2 rnillimetem apart at 25% inches behind
the l-inch screen are shown in table X. The ratio
varies markedly with frequency and for a given filter
with mean speed, as would be expected from figure 29.
The value with no filter was about 1.4.

A few measurements with a 9-miUimeter spacing of
the wires at 38 mesh lengths behind the 3%-inch screen
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me shown in figure 30. The curves represent the rela-
-,

tion 1—R’=0.150 (sinz 0+$ COSZ0) for the uncompen-

sated run and 1—R’=0.366 (sin2 O+* COS2O)for the.
compensated run. Here again for the uncompensated
run 1,—R’ changes by a factor greater than the theo-
retical factor 2 between 0=0 and 0=90° and for the
compensated run, less than 2.

This departure from Taylor’s theory might be con-
sidered an evidence of departure from isotropy but the
evidence previously presented as to agreement of values
from hokwire measurements and from measurements
of thermal diffusion indicates that such is not the case.

Another possibility is that some systematic experi-
mental error has been overlooked or that the theory of
correction for wire length is not based on valid as-sump-
tions. The few measurements recorded in this section
show that the correlation curves vary with the tiequency
of the fluctuations considered. Hence the effect of
finite wire length is different in different frequency
bands, producing a frequency weighting in the appara-
tus that has been shown to have considerable effect on
the observed correlation. The effect would be to sup-
press the higher frequenciw and hence to increase the
correlation coefficient at a given sepmation of the two
wires, The magnitude of the increase would be greatest
where the scale of the turbulence is least. Such an
offoct, if of sufficient magnitude, would account for the

failure to obtain a single curve of ~~tit~ti iigure

7, part I, the curves for small screensbeing too high. It
is also possible that such an effect accounti for the de-

parture of ~ from the theoretical value 2, since

the observed value R~’ would be larger than the true
value RTby a greater amount than RL’ is larger than

RL. The required effects are, however, of such magni-
tude as to make this explanation seem unreasonable,
since the departure from a uniform frequency weighting
is small. No adequate theory can be developed without
more information as to the variation with frequency.
The experimental problem is one of great diiliculty
since, even if iilters of reqtiite selectivi@ were avail-
able, the further subdivision of the available energy
into narrow frequency bands would require still further
amplification to make measurements possible.

CONCLUSIONS

The results obtained may be summarized as follows:
1. The scale or “average eddy size” of turbulence

may be obtained from the measurement of correlation
between speed fluctuations. Such measurements may
be made with the same apparatus used to measure the
intensity of the turbulence, modified slightly to accom-
modate two hot wires.

2. A knowledge of the variation of correlation with
distance across the stream makes possible a correction

of the error introduced in hot-wire results by the lack
of complete correlation over the length of the wire.
Convenient methods for applying these corrections are
presented.

3. Screens are suitable devices for producing turbu-
lemw in wind tunnels. The scale of the turbulence is
controlled by some dimension of the screen. Since
geometrically similar screens were used in the present
study, it has not been determined whether m~h or wire
size is the controlling factor. The scale of tile lmrbu-
lence produced by a screen increases with distance from
the screen.

4. The intetity of the turbulence decreases with
distance from the screen, the decay being given by a
logarithmic law when the scale of the turbulence in-
crea9e3linearly.

5. The pressure sphere described herein has been
found a convenient device for measuring the aerody-
namic effect of turbulence. A pressure coefficient of
1.22 corresponds approximately to a drag coefficient of
0.3. Either coefbient will serve to comect a critical
Reynolds Number with the effect of turbulence.

6. The critical Reynolds Number of spheres depends ‘
on the scale of the turbulence as well as on its intensity.
The combined eilects maybe expressed by

NATIONAL Burumu OF STANDARDS,

WASHINGTON, D. C., Augud 6’, 19$@.
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TABLE I.—DIMENSIONS OF SCREENS FOR
PRODUCING TURBULENCE
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TABLE H.-SCALE OF TURBULENCE-Continued
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.’ZO
,216
,m

:E
.240
.2M
.242
,246

:%
.257
.ZM

bfncb mmh smwn

17.1 ●QIIM
17.1 ●. 166
17.1 ●. 172
227 ●. ml
ZL7 ..210

●. m
2; :mJ
33.0
39.9 i 183
39. !3 ●. m
39.9 :~

z: ●: 330
39.9 ●. !zM
39.9 ●. m
39.9 ●. 237

0.1E4
. lEa
.162
.190
.am
.lm
.182
.189
, ml
. 1%3
.!239
.191
.2ZI
.22s
. 2t2
.227

,

~ OthOTduffl obtainedWith* Ofh3@l

Tnrbnlonm fn frw tnnnol 15.6 fwt from rear ofhoneywmb: L’-O.3IO Inoh,L- 0206
Jncb. No notfcsablefncreas wftb distoncawan found, ofthorrgbnot thoroughly
Investigated.

TABLE ~.—EQUATIOFlS FOR CURVIKl OF FICIURlll 7

a b

Mfnch mti---- . . . ..---. -----.. -.-.. -... -.- . . . . . . . . . .._* -O.l~+~~l7 fi

** m~---------------------------------------------- L -~ o.1763+o.m7 *

I-fnchd---------------------------------- -.-- . . . ..-..&-o.mlw.m14w &

3K-blcb ma--.-----...----. -.-. --.. -----.. -... -..-. -..*-o.l4nw.m*

&fnclld_.––---.--.-.. -.-. -..-. --.-. ----.-----...-.-L ~o.1313+04c02010ff

Ml datatakentWetiw.- . . . . . . . ..--. ._-. . . . . . . . . . . . . . . . . . . .&-O.1467+0.002Ml ~
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TABLE IV.—INTENSITY OF TURBULENCE

New Data

length

Old Data

-$E ‘ _(lR).
E

Dlstanee u

(mrreeted) imhm!w fuuuu-

Iengtb
(Cm-mtd)

L4ngthof wfm 4.7 mm I IaOgthrlfwlmll,mm

o.03w O.awl 48 0.0111
z .0202

0.0187
.03J7 .m

3U . Olba .0z70
.0110

2 .m52
.0118

.WW3
. 016!3

1: .m ::1

E :% .WW
2s4 .0070 .W9

J#neh-mesh mean

Larrgtb of wfrq 4.7 mm I Lengthof Wh% 8-4 mm

a MU 0.0.531 24
:

0. Olw
:%

0.0376
.0310 .Wx

46
.0127

.m Iii .W9
. Olm

.W4
.0141

1!: . Olcm .0114
.fa30 .W+J

% .W .CoEQ

l-fneb-mmh screen

Len@h of tire+ 4.76mm L4ngtb of wfre, &4 mm

, I 1

U.3 am am+ 36

I
a 0183 CL0218

.0108 . OU?JS 73 .0122 .0142
El .0117 .0127 lffl .W15 . Oloa

113,3 .0cu7 . Olot
.Co30 .Waa

H : .m .Cm78

TABLE IV.—INTENSITY OF TURBULENCE&Continued

New DRta Old Data

(+%. (G & >1~

,k~m T 7 * u -v

mserem f.nn&j ~m~%% (Uim
u rwcub (~) In mrub (Corlwkl)

em Iengtl!s

3H-In&-mes3 —

Length of b 4.7 mm Length of WflW8.4 mm

lh 5 a&w a 0457 14.8 0.0404
.O?iu .02Q3

%: .OW .02zo

~:; ‘:’4” 7::

CUCES4 : g’4#
.0254

(-V5.
For thefreatunnef,15.5feat fmm the roarof the honeycomb,—w—— 0.U17taken

with wfre &4 mm long. The value mrraet@ fer wfre kmgth k O.W”. No notfAle
tbe length of the working sMon of the turmel was found, although

%%%%%fnv.tkated-

TABLE V.—CONSTANTS OF EQUATION (1V

Mmb of aorean
%0 G

3i-h& ------------------------- ;~ O.&
we@------------------------- .616
l-h& -------------------------- 4m . b77
S%-!nti.----.---------------..– !LC3 .487
&h&-. ----., ----------------- 1.25 .446

TABLE VI.-CRITICAL REYNOLDS NUMBER OF SPHERES

103+7
M i?

bfe$b cf ~ydm Int@rMty of
amen, Inches of turbufer.rea

lengths ~t

s 15.4 4.@3
20.8

[2s 14.8 %
3.26 ‘2&Q 2KI
& m %9 219
1 252

73 L45
: las

i%
:: : L48
.5 144
.26 2Z
.24 lti 1.07

.76
N;% -.-?...__ .W

L

Scale of
tur’~fic%

0.813
.028
.574
. e46
.718
.’2$3
. n7
.3WI
.116
.171
.264
.075
.148

:%

&-b.mbspbare
I

8.55-fnchWhere
I

1 I I i

● Th- vofurs waro obhlrrwl at a distance of 1 fmt from the sreen. Fzom rlgurw lo, 17, 18, It k evident that these values am not mncordant wftb the other% S0S
lest fordiscussion.
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TABLE VTL-DISTRIBUT.ION OF VELOCITY PRESSURE q BEHIND SCREENS

afmaab
of ~,

fnohm

::
LO
LO

LO

‘!1

as
.6

::
.6
.5
.6

(“)

(’)

(“)

17.7
9.3
7.4

::
4.6
4.6

:;

6

—-

3.25

24
!23
24
42

23 No
No
No
No

2
46
42
34
z
41

.aw
:%
.620
.619
.614
.Wel

:E
.m
.m
.603
.W3
.613
.617
, em

b.W7
b.6S6
b.661
~.m4
b.631
b.627

:%
.616
.Wa

:;

.644

.639

fig
11.2
&6
7.0
6.8
6.0

::

t;
47

:;
4.6
h2

l&6
127
7.4
24
22

::
26
21
26

::
21
L3
L6

Yw
Y69
YE9

9.23

lLw
12Q2

No14.76 64

&4

64

No!2&Ez3

?229 No

8.7

k:

k:
L1
.8
.6
.6
.8
.4

:;
.4
.4

Yea
Yes

%’
No
No

LO

as

!u
m
30
B
w
29
72
72
Cal

am
.326
.126
.Im
.126
.126

(“)

(“)

(’)

No33

72

Im

64

64

No

No

b. MS
b. w
b.635
~. 622
b. ml
b. 6?0
.662

:E

H
21
L8
L4
L1

i;
.9

al
la 9
9.7
4.1
28
L4
L2
L 2
LO

o

b.ml
$.862
b. @i%
b. EM
b. W
b. W/6
.614
.W
.Eo4

6&7
.BL6
lQ;

il
&o
4.8
4.9
&6

TABLE VIII-FACTORS FOR CORRECTING HOT-WIRE
RESULTS FOR EFFECT OF WTRE LENGTH TABLE X.-VARIATION OF ~ WITH FREQUENCY

Mamrmenta 26X fook betdnd l-laati~~ with wires 6 mm long and 2 mm

o LC#l
.4 LIM7

L133
i; LlS9
L6 L2Z3
2.0 L327
24 LWI

L 461
H L612

NoGfflme L41
267 1%

2r&&m LW 266
Wlml .76 L40

lwm ..–.-. ----- .s3
>3fXll . --------- . .70TABLE IX.-DISTRIBUTION OF INTENSITY

FREQUENCY
Pf—mmm b m fnok&Mdnd I-fnch-m@ scawnl

40 Ik/seo.

CL;

.16

.m
fm-o- 1 .6s

.01


