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2. GENERAL SYMBOLS

Weight =mg

Standard acceleration of gravity =9.80665
m/s? or 32.1740 ft./sec.?

Mass = E}l

Moment of inertia=mk® (Indicate axis of

radius of gyration k by proper subscript.)
Coefficient of viscosity

v,

P

Kinematic viscosity
Density (mass per unit volume)

Standard density of dry air, 0.12497 kg-m—*s? at
15° C. and 760 mm; or 0.002378 1b.-ft.*-sec.?

Specific weight of “standard’ air, 1.2255 kg/m® or
0.07651 Ib./cu.tt.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

~ Aspect ratio

True air speed

Dynamic pressure = %sz

Lift, absolute coefficient Cp= q%
Drag, absolute coefficient C), = g}%

Profile drag, absolute coefficient CD.=%§

Induced drag, absolute coefficient Cp, L0

qS

Parasite drag, absolute coefficient Cp, = %

Cross-wind force, absolute coefficient 0°=q_»05’

Resultant force

Yo,y
4L

Q,
2,

Vi
p—2
i

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line) '

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-
responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s. the corresponding
number is 274,000)

Center-of-pressure coefficient (ratio of distance
of ¢.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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SUMMARY

The investigation of wind-tunnel turbulence, conducted
at the National Bureaw of Standards with the cooperation
and financial assistance of the National Advisory Com-
mittee for Aeronautics, has been extended to include a
new variable, namely, the scale of the turbulence. This
new variable has been studied together with the intensity
of the turbulence, and the effect of both on the critical
Reynolds Number of spheres has been investigated.

By the use of a modification of the wusual hot-wire
apparatus incorporating two hot wires suitably conmected
and mounted so that the cross-stream distance between
them may be varied, it has been found possible to determine
the correlation between the speed fluctuations existing at
the two wires. If wy, and ug are the velocity fluctuations
in the direction of the mean speed at the first and second
wires, respectively, a correlation coefficient R(y), equal

U " .
to —ath may be found as a function of the separation
Vuiyfus ‘

y. A length characterizing the scale of the turbulence
may then be defined by the relation—

= f:R (W)dy
.

The intensity of the turbulence as given by T’ where

U7 is the average speed of the stream, and the quantity L
were determined by measurements in an air stream made
turbulent to various degrees by screens of various mesh.
The value of L near the screen was found to be about the
same as the wire size of the screen, but increased with
distance downstream from the screem. The quantity L
may be regarded as a rough measure of the size of the
eddies shed by the wires of the screen. The intensity was
found to decrease with distance in accordance with the
law of decay deriwed by G. I. Taylor.

Hot-wire measurements of turbulence are in error
where the quantity L is of the same order as the length
of the wire used. In the present work corrections for the
lack of correlation over the entire length of the wires have

been made in the measured values of L and ‘/—gz

Py
With both L andiUui known for the stream with the

several screens, the critical Reynolds Numbers of spheres

were investigated. It was found that the critical Reynolds

Number depended on é’)’ where D is the diameter of the

2
sphere, as well as on i and that a functional relation

@2/ D\
between the critical Reynolds Number and \% (%)

suggested by G. I. Taylor, was satisfied to within the
expervmental uncertainty. It is shown that the effect of
the size of the sphere that has been observed by other in-
vestigators is but a particular manifestation of the fore-
going more general relation.

INTRODUCTION

The turbulence of the air stream is generally recog-
nized as a variable of considerable importance 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 different turbulence. The determina-
tion of turbulence is now a routine matter in many
wind tunnels, the most common method being that of
determining the value of the Reynolds Number of a
sphere for which the drag coeflicient is 0.3, the so-
called eritical 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 hot-wire ane-
mometer suitably compensated for the lag of the wire
(reference 1). The intensity of the turbulence is
defined as the ratio of the root-mean-square speed
fluctuation at a point to the mean speed. The experi-
ments described in reference 1, (fig. 7), show a good
correlation between the intensity of the turbulence
and the critical Reynolds Numbers of spheres. In
subsequent work at the National Bureau of Standards
(reference 2) in which various honeycombs were used
in the same wind tunnel and the entrance cone was
modified, the correlation was not nearly so good.

The existence of a fair correlation was confirmed by
Millikan and Klein at the California Institute of Tech-
nology (reference 3). These investigators noted that
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the critical Reynolds Number of the sphere depended
to some extent on the diameter of the sphere, decreas-
ing as the diameter increased.

Since the critical Reynolds Number occurs at lower
speeds for larger diameters, it might be supposed that
the variation of the ecritical Reynolds Number with
diameter really indicated a variation of the intensity
of the turbulence with speed. The direct measurements
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 as
1923, Bacon and Reid, in reference 4, predicted an
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 different size.” A study of this subject was begun
at the National Bureau of Standards in the fall of 1933.

In 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 mesh. The investigation was conducted in the
4%-foot wind tunnel, the screens being placed one at a
time completely across the upstream working section
of the tunnel. In all, five nearly similar square-mesh
screens were used, ranging in size from a 5-inch mesh
made of round rods 1 inch in diameter to a ¥%-inch mesh
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 subsequently
to measure some dimension characteristic of the fluctu-
ations themselves, and the dimension chosen was that
derived from measurements of the correlation between
velocity 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 from 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
complete program included 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 define the scale of the turbu-
lence, by G. B. Schubauer, W. C. Mock, Jr., and H. K.
Skramstad.

II. Measurements 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.

11T. The determination of the critical Reynolds Num-
ber of spheres under 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 entite lengfh of the wires, by H. K. Skramstad.

V. Certain subsidiary matters relating to the varia-
tion of the correlation coefficient with the frequency
characteristics of the measuring apparatus and with
azimuth, by Hugh L. Dryden, G. B. Schubauer, and
W. C. Mock, Jr.

Throughout the later stages of the work, the staft
has been fortunate in being able to discuss by corre-
spondence various aspects of the problem with G. I.
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 TURBULENCE AS DERIVED FROM
MEASUREMENTS OF CORRELATION BETWEEN VE-
LOCITY FLUCTUATIONS

When air flows past guide vanes or straighteners,
such as those commonly used in wind tunnels either
separately orin 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 necessary 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 approximation that the eddy
size and hence the scale of the turbulence is controlled
by some dimension characteristic of the size or the
arrangement of the guide vanes. For the case where
the guide vanes are arranged in the form of a honey-
comb, G. I. Taylor (reference 5) has assumed that the
scale of the turbulence is proportional to the size of the
cells of the honeycomb.

Figure 1 shows a sketch of the 4-}-foot tunnel used in
the present work, in which a honeycomb (B) of 4-inch
cells was located at the extreme entrance end and was
followed by a contraction in diameter from 10 feet at
the honeycomb to 4-% feet at the working section. Owing
to the rather rapid decay of eddy motion, the turbulence
always decreases in intensity with distance from its
source. In the working section of the present tunnel
the intensity of the turbulence was 0.85 percent.! The
law of eddy decay and the factors governing the scale
of the turbulence will be taken up in detail in later
sections.

In order to vary the two quantities, intensity and
scale, the five screens listed in table I were placed indi-

{ This is the value corrected for the effect of the length of the wire used in the meas-
urement. The uncorrected value as observed with a wire 8.4 millimeters long was
0.7 percent.
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vidually across the upstream working section of the
tunnel at the position indicated in figure 1. Figure 2
shows photographs of a small portion of each of the
screens, illustrating their 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 hence
the scale of the turbulence near its point of origin, will
be determined by some dimension of the scregn. An
effort was made to obtain sereens of uniform sesh and
wire size and to have the five screenseehearly similar
to one another as possible. It will be seen by the varia-
tions in dimensions shown in table T and by the difference
in type of construction shown in figure 2 that neither
condition was exactly fulfilled. 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 I11.

HOT-WIRE EQUIPMENT USED IN TURBULENCE MEASUREMENTS

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

)
A g i
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FIGURE 1.—Diagram of the wind tunnel showing position of screens and length of working section. A and D: paper tubes—1 in. diameter, 4 in. long, 342 in. wall. B:

wooden cells—4 in. square, 12 in. long, 5{¢ in. wall.

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

It will appear later that the scale of the turbulence
near a screen corresponds more nearly to the wire size
than to the mesh size. This fact should not be con-
strued to indicate that the wire size determines the scale
since the correspondence depends on the way in which
the scale is defined. Since the screens may be regarded
as geometrically similar, it is immaterial whether 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 was 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 discussed at greater

C: metal tubes—3 inch diameter, 12 in. long, 0.025 in. wall.

fluctuations because of the lag introduced by its thermal
capacity. It is however, possible to compensate for
this characteristic of the wire by means of an electric
network containing an inductance and resistance having
the opposite effect. The voltage output of the wire is
usually amplified 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 present work was a thermal type milli-
ammeter connected to 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 known 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 reference 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 amplifier used in the present work was not the
one described in reference 7, a new amplifier of a similar
type having since been built to make possible the use of

an alternating current power supply.

If the turbulence is isotropic, as it will later be shown
to be at a sufficient distance 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

The frequency | made up wholly of the component u in the direction of

-

T I 1T

inch mesh i

e

% inch mesh

3}3 inch mesh

1 inch mesh

5 inch mesh

FIGURE 2.

characteristics of both the old and the new amplifiers,
when combined with the compensating circuit were such
as to give satisfactory compensation to all frequencies
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 was usually
5 millimeters, although some older results are given for
which the wire length was 8.4 millimeters.

The screens used to produce turbulence showing relative size and type of construction.

the mean speed and to neglect entirely the normal
component ». The justification for doing so lies in the
fact that the » component when superposed on the mean
speed has a very much smaller effect on the cooling of
the wire than a u component of the same magnitude.
The intensity of the turbulence is therefore expressed in

/

2
u- ==
— \\'ll(‘l‘(‘ /7(' 1S th(? root-mean-square 0{ t-hC
\

T

terms of
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w component of the fluctuations and U is the average
speed. The term ‘“percentage turbulence” is commonly

2
used to denote 100 ig—

APPLICATION OF HOT-WIRE EQUIPMENT TO CORRELATION
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 best be
derived from the distance transverse to the stream over
which correlation existed 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 stream and to express
this correlation in terms of the conventional correlation
coefficient

UyUs

_ Vuyuz?

where u; and wu, are the velocity fluctuations 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 7 is the distance
between the points transverse to the stream. It was
decided to adopt as a measure of the scale of the turbu-
lence a length L defined as

1= [ Ry

A length so defined is in accordance with the convention
adopted 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 assume two identi-
cal wires heated to the same average temperature and
placed parallel to one another at a given distance apart.
If ¢; and e, 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 (¢;—e¢;). When the
resultant voltage is fed into an amplifier, the indications
given by a thermal type milliammeter in the output of
the amplifier will be proportional to (¢,—e,)?, where the
bar signifies that the meter indicates the average. If
compensation is introduced to correct for the attenua-
tion of the higher frequency fluctuations by the wire,
then ¢; and e, become proportional to u; and wu,, the
velocity fluctuations at the two wires,” and the resultant

R=

meter reading will be proportional to (u;—us,)2.

By the same veasoning it may be seen that a meter
reading proportional to (u;-}-u,)® 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 voltage fluctuations are proportional to the velocity fluctuations only when
the latter are small. This condition was closely fulfilled for the conditions of the
present experiments.

WIND-TUNNEL TURBULENCE : 5

70
amplitfier

7o

potentiometer

\
| | | l ’_-i- 70
&V potentiomerter

AllIE

FIGURE 3.—Diagram of the eircuit used in the measurement of correlation between
velocity fluctuations.

addition to the heating circuits, two sets of potential
leads running from the wires to 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 M, is the reading
when opposed, then

M,= K +up)*= K (w*+u* + 2uu0) (1)
A{b:K("l_"Lz)-éill\—@?‘}’“—f_gm) )

where K is simply the constant of proportionality.
Forming M,— M, and M,+ M, and dividing

Ma_]"jb__ﬂ!* (3)
M,4+M, u2+u?

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 u>=wu?=1?, and equa-
tion (3) becomes

M,—M,_wu,
MM 4
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Under such conditions it is evident that

U1y Uy Uy
U

[

o

Vuryug?

which is the conventional correlation coefficient. Since,
however, it is only possible to measure the average of
the fluctuations along wires, the lengths of which in
the present case were 5 millimeters, u, and u, 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 strike the other
also, u; becomes equal to u, and R’ equal to unity. On
the other hand, when the wires are very far apart, the
instantaneous u; will bear no relation to the instanta-
neous 1, and %, and hence R’ 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 are not steady, is to take
only meter reading M, corresponding to various
separations of the wires. Denoting by M,” the meter
reading obtained when the wires are so far apart that
no correlation exists, we have by equation (2)

M, = K(u?+u?)

Forming the quotient

M,

A‘[,,m =

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

In the wiring diagram 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

ri, the current in the other heating circuit was set to

ADVISORY COMMITTEE

FOR AERONAUTICS

the same value by making the drop across the 1 ohm
standard resistance in this circuit equal to that across
the 1 ohm standard resistance in the other ecircuit.
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
resistance.

FIGURE 4.—The traversing apparatus used to vary the distance between hot wires
in the measurement of correlation between velocity fluctuations.

By means of the traversing apparatus shown in
figure 4, the distance between the wires could be varied
and R’ measured as a function of the distance. The
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
fixed to a vertical shaft running down through the
supporting member to the outside of the tunnel. The




INTENSITY AND SCALE OF WIND-TUNNEL TURBULENCE 7

movable prongs are 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
a millimeter. Distances were indicated on a linear
scale below the tunnel by means of a pointer attached
to the vertical shaft carrying 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 about 5 millimeters long, 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
satisfactory for attaching the wires 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 suffers a downstream displacement as well
as a lateral one. This defect increases 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 measured 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 fixed
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: first, 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 indicates
that it was never possible to observe the perfect corre-
lation that must exist in the imaginary case of two
coalescing wires. One reason for this difficulty is
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. Another cause
of incomplete correlation near zero is the initial displace-
ment necessary 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 shown by the follow-
ing example, this feature is not so important as might
be supposed. If we reconsider equations (1), (2), and

112108—37——2

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

M=Kk + )= K (k*u+us?+ 2kusuz)
M=K (uk— u2)2:K('IC2u—1§+_u—22_ 2ku1u2)

M,—M,_ 2k wu,
M, +M, 1 32

where u>=wu2=u2. If we suppose k to equal 0.8, then

2k 1.6
k+11.64
differed in length by 20 percent, the final result would be
reduced by only 2.4 percent.

As was pointed out earlier, £’ 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 wires—in this case, over wires 5 milli-
meters in length. Figure 5 shows that the correlation
drops considerably in a distance of 5 millimeters; hence
speed fluctuations at points, say at the center of each
wire, must be different 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 all hot-wire results, 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 R curves therefore represent the
variation of correlation with distance between points
and are consequently independent of wire length.

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

=0.976. In other words, if the two wires

e f R (y)dy

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

L= [“Rre)ay

CHARACTERISTIC LENGTH OR SCALE OF TURBULENCE

In table IT are given the values of L’ and L expressed
as fractions of the mesh size M of the screen that

; L7
A comparison between =

M
and Aél will show the magnitude of the wire-length cor-

produced the turbulence.
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FIGURE 5.—Curves showing variation of correlation coefficient with the cross-stream separation of the hot wires. R’ observed curves, R curves resulting when wire-length
correction is applied. Observations taken 40 mesh lengths from screens. Wind speed 40 ft./sec.
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rection. In order to put the results for the several
screens on a comparable basis, distances 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
&

terms of, Ve where z is distance downstream measured
/4
from the sereen. It will be apparent that the scale of
1.0 == !/
4 24
Lo | e
8 /»g /./
B 3 L
L B
> o ‘
6 A o //’ = S |
L 3 - '8/6/ o "/'§—“
A7 a Lo = 0,4”@’ g
4 6 /3&—« i
Pz Mo
AT e e v
= Sl : S
AR b @ - 5/"’J +
‘ i g
\ R
0 40 80 /2/(17[ 160 200 240
Z/

FIGURE 6.—Observed scale of turbulence at several distances from the screens.

*
1,'=J R’ (y) dy, M=mesh of screen.
0

the turbulence produced by a given screen is not a
constant quantity but increases with distance from the
sereen. 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. For example, no effect of air

I T
\ T 0 2lB
= L T .
6 K ,/‘/
= ,/'/E]L
Lo — > e o—
A (a0 /‘/O -—“'gﬂ
- O
M 9 la 9'8 ke
=17 ° .
= M= ——--n
S R
BN e
/,
- — S ines
=N +
v 80 120 160 200 240
x/M
FIGURE 7.—Scale of turbulence corrected for wirelength at several distances from

©
the screens. L=f1€ (¥) dy, M=mesh of screen.
0

speed great enough to appear above the experimental
variations could be found even though tests 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 air speed of
40 feet per second.

The important facts about L’ and L are more clearly
4

sl L !
shown in figures 6 and 7 where M and %, respectively
L%
M

increase with distance is quite marked, and second
/

are plotted against It may be noted first that the

L !
that the values of M show much more of a systematic
“

74
, L
change from screen to screen than do values of 0 In
fact, val f—Ii seem to be grouping close t ingle
act, values of 77 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 similarity
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 these causes of departure
from a single relation, separate curves were put through
each set of points.

In figure 6, straight lines were arbitrarily drawn
through the points without much consideration as to
the appropriate type of curve. The curves of figure 7
were, however, drawn only after considerable study,
since it was necessary to know the type of curve
representing the relation or relations between —%[ and 1‘%

L

for future applications. Using the method of least
squares, relations of the form

JE, z g
zﬁ_*dl‘l'bu%‘*‘(’l(’%)
and

JE, T
M=oty

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

Both figures 6 and 7 show a scatter among the points
which indicates either a change in the turbulent pat-
tern from time to time or considerable experimental
uncertainty. In the worst cases the maximum spread

sl L
among repeated determinations of M for the same

screen and the same position reached 30 percent, and
in such cases 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 less than this for many of the
determinations. Extensive study was given to possi-
ble causes of these variations, after which it was con-
cluded that the main cause lay in the uncertainty in-
volved in determining the point where the correlation
reached zero; that is, where the curves of figure 5
touch the y axis. This uncertainty could be traced to
the variations in the meter readings caused by the
longer period fluctuations. These variations tended to
make the meter difficult 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 law of increase in L should not be regarded
as a universal one applying to turbulence regardless 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 important
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 as those given in subsequent parts of
the report.

TAYLOR’S THEORY OF CORRELATION

In reference 8, G. I. Taylor gives the relation

ou
s Z‘u 0y> 410 by>—
L e T b”u) -
( ) (‘)n) "U/ ayn (‘))

which was deduced from quite general considerations.
The assumptions involved are, first, the physical one
that 22 does not vary with  and, second, a mathema-
tical one that it is possible to differentiate an averaged
quantity. Both assumptions appear to be legitimate.
From this relation it follows that R must be an even
function of 4. In reference 5, Taylor has extended his
deductions as follows:

In the neighborhood of y=0, it is evident that a
good approximation of the equation (5) is afforded by

B ,yz du\’
R_1—2W2 b—y) (6)

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

y=0. Solving equation (6) for (b > we get

ow\’ — 1—R
&) == 1F) g

It is interesting to examine the curves of figure 5
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=0 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 apex
in all of the R’ curves, but this has disappeared with
the application of the wire-length correction and is not
at all in evidence in the R curves. As seen from figure
21 in part IV, where the difference between the R’ and
R curves is small, the R curve may be closely repre-
sented by

b=

R=¢ ()

for which the initial slope is —%- In view of the

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

equation (5) instead of _fll given by equation (8).
=

If R in equation (7) is replaced by ¢ *, it may be seen

by expansion of the exponential and passing to the

TS
limit y=0 that (%) becomes infinite. This condition

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

II—MEASUREMENTS OF INTENSITY AND RATE OF
DECAY OF TURBULENCE

MEASUREMENTS OF THE INTENSITY BY THE HOT-WIRE METHOD

Using the hot-wire method described in part I,
measurements were made of the intensity of the turbu-
lence at various positions back of the screens listed in
table I. The single hot wire used in this work was
electrically welded to steel needles which formed the
tips of a set of fixed supporting prongs.® These prongs
mounted on a holder, which held the wire near the
center of the tunnel and about 18 inches ahead of the
supports, took the place of the apparatus shown in
figure 4. The rest of the apparatus—omitting, of
course, that part required by a second wire—was the
same as that used in the correlation measurements.
The wire was of platinum 0.016 millimeter in diameter
and was about 5 millimeters long for the more recent
set of measurements.

In earlier work, before the importance of the wire-
length correction was recognized, a wire of about 1

3 Electrically welding the wire to the prongs is generally found to be superior to
soft soldering in the measurement of percentage turbulence because of the necessity
of maintaining the calibration of the wire over long periods of time. This require-
ment was not so stringent in the correlation work since there the properties of the
wire and its junctions needed to remain constant only during the time of a traverse.




centimeter length was usually used to gain greater sen-
sitivity than was afforded by a shorter wire. The most
recent of such measurements taken with a wire length
of 8.4 millimeters, 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
ficures 8 and 9, along with the more recent results ob-
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F1GUure 8.—Intensity of turbulence obtained with wires of different length at several

distances from the screens. Old data—wire length 8.4 mm. New data—wire
length 4.7 mm. (Wire-length correction not applied.) M=mesh of screens.

tained with a wire of length 4.7 millimeters. Both sets
of results are plotted with z/M as abscissa in figure 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-millimeter wire show a systematic increase
for increasing mesh size for all screens except the 3%-
and 5-inch mesh. The results for the 4.7-millimeter
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FiGUrE 9.—Intensity of turbulence corrected for wire length at several distances
from the screens. Old data—wire length 8.4 mm. New data—wire length 4.7 mm.
M=mesh of screens.

wire show much less of this tendency and no attempt
has been made to draw separate curves through the
points. They fall distinctly above the value for the 1-,
%-, and Y-inch screens obtained with the longer wire
but are in fair agreement with the long wire results for
the 3%- and 5-inch mesh screens.

Before the results with the shorter wire were available,
the occurrence of the separate curves for the several
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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 similarity in the turbulent flow pattern, caused per-
haps by some departure from geometrical similarity in
the screens themselves. When the results for 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 differences
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 judged from table IV, where both
the corrected and uncorrected values are given.

The hot-wire measurements 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

\/ %1 was found to be independent of the speed.

MEASUREMENTS OF THE INTENSITY BY THE THERMAL DIFFUSION
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 diffusion. The latter is an independent method
of measuring the intensity of the turbulence, the tech-
nique of which is deseribed 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 separate designation since no systematic
differences from screen to screen appeared.

Briefly the method of thermal diffusion consists of
determining the width of the heated wake at a fixed
distance back of a rather long but fine 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
@, Was directly proportional to the turbulence in
the stream and independent of the scale. For the
conditions obtaining in the experiment it is possible to
apply the theory of diffusion by continuous movements
given by Taylor in reference 8 to calculate the intensity
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of the turbulence from a,,, directly.* The equatiom
leading to the calculation are given in reference 5 in a
form directly applicable to the results of reference 9.
These original references should be consulted for details;
it suffices to state here that the relation connecting a .,
and the intensity of the turbulence is

sy (degrees)=134. Q‘/Te—

where \/12 is the root-mean-square of the cross-stream
comnonent of the fluctuation velocity and U is the
average speed of the stream.

/ =
It will be observed that ¥ (_ is obtained by the hot-

2 . :
wire method, whereas Ti;- is obtained from thermal

/7_ n

=

diffusion. The fact that ¥

agrees well with ¥

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 a,,, 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 small fluid
masses moving with velocities relative to one another
give rise to the observed velocity fluctuations whose
root-mean-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 velocity may then

be identified ® with \/;2, the intensity as given by the
hot-wire anemometer; and the average linear dimension
may be identified with L, the scale as obtained from
the area under the correlation curves.

4 This calculation is rigorous only when the fluctuation velocity of a particle at the
heating wire and that of the same particle after the interval of time required for the
particle to reach the thermocouple are perfectly correlated. The distance of 2 inches
between the heating wire and the thermocouple, which existed when aur» was meas-
ured, was small enough and the time interval consequently short enough to prevent
any detectable departure from perfect correlation for all the screens. In fact, no de-
parture from perfect correlation could be detected even at 6 inches. Unfortunately,
reference 8 was not discovered before the publication of reference 9, and as a result this
important calculation was not included.

5 Actually, v u? is the root-mean-square of the z component of the velocity fluctua-
tions. Inthe equatlom to follow, the total velocity of the fluid masses should be used,
but since u?=17=w?, the total velocity will differ from the = component only by a
numerical factor. This factor will be absorbed along with other factors of propor-
tionality in the constants Ci, C:, C3, ete.

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 that

o 2
the rate of decay is a function of Z%I and that —(ji is

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 mass of fluid moving with

velocity \/11_2, (), is the resistance coefficient, and t is the
time, the equation of 1110ti0n is

(1 \/ e

‘+‘ Cl pL'u' =) (9)
Setting m l)l‘oportlonal to pl?
Jd‘/u +Ol=

Integrating

1 1l i8q
""_;_T_':—Cz I =5
(\/u2)0 \/u"’ o o
where (\/1_[2)0 is the value of \/&7 at t=0. Taking the
origin of the turbulence at the screen and z as the dis-

T
tance downstream from the screen, we may set t:tf
where (Jis the average speed of the stream. When this

substitution is made the law of decay becomes

[' (7 Id-
~G | F (10)
(\, u? \/u2 0
=
This equation satisfies the requirement that —% is

=30
independent of 7 if (i‘/g,l‘ 1s 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 vicinity of the
sereen remains similar at different speeds.

It may be shown that no other resistance law in which
the resistance is expressed as a function of the velocity

2
will lead to a law of decay giving -Z?,{i independent of U.

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

W= Osp(\/uzf (11)
i

The dissipative stresses within the medium, which
act in opposition to the motion of elementary turbulent
currents in the manner expressed by equation (9),
arise from the action of viscosity in regions where
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velocity gradients exist. In terms of the velocity
gradients and the viscosity the rate of dissipation may

be m‘pro%se(l b\'
ow\?> , /ow , O
) <0y _"> '+(07/+0

™22 +(01) 07/>} (12)

where u is the coefﬁment of viscosity and u, », and w
are the fluctuation velocities in the z, 77, and z directions,
respectively. For isotropic turbulence Taylor, in
reference 5, has reduced equation (12) to the form

:7.5#(6—2/) (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 equation
(13) in terms of the velocity gradients due to the fluctua-

: s . ou\?
tions. As has been pointed out in part I, (07/) 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 from 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

fluid is —p(u2+vz+w2) or since 172—02—?1_)2 is %pu?. The
rate of change of this energy, or the rate of dissipation
is therefore .

= 3 d’)_ Td(uz)

i U (%)

where U is the average speed of the stream and z is
distance along the stream. KEquating the two expres-
sions for W given in equations (11) and (14) and sim-
plifying, we get

vd(yw?) de
Ll a gl 5
(Vu)* o X

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

Ud (Vu) i <M>

s i3 (16)
‘\ [

M
. oo b B 3
in which A may be replaced by a+b—VM; given in part I.

Substituting and integrating, we get
L;'

U i
v (e

or changing to logy,

U U C b
=_‘=“:f logy, <1+Eﬂ£4> (17)

Ve (Vi)

where (\/@7)0 is the value of \/17 at {—[:O. The same
result would have been obtained from equation (10)

! Jb,
had the relation between M and Z\l been substituted

there.
In figure 10 g___ has been plotted against ) log;y
' V/u2 b

() 45 .
<1 - <) where @ and b have been given the separate
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and b are given in table III.

values for the several screens from table I1I. The plot
has been made using only the data for the 4.7-milli-
meter wire, which is believed to be less subject to error
in the wire-length correction than the data for the
longer wire. The points are seen to lie along straight
lines as well as may be expected from the experimental
precision. The separate curves for each screen are due
to some 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

N\

L L z
curves used to represent the relation between A and M

in figure 7; that is, to the different values of @ and b.
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:

no

. A decay of é] given by figure 9
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3. An increase of ]\LJ given by figure 7

are all consistent with one another. Having given any
two of these conditions, the third must follow.
By least square fitting of the straight lines in figure

10 to the data, the constants (‘/L___Q and C; of equation
%

i

(17) have been evaluated and tabulated in table V.

The value of (‘/—12)—18 seen to vary considerably from
(& 0

screen to screen, which may be partly due to differences
in the geometrical shapes of the screens but more prob-
ably to errors involved in the curve fitting. On the

III—-THE CRITICAL REYNOLDS NUMBER OF SPHERES

The use of a sphere as an indicator of turbulence in
wind tunnels was originally proposed by Prandtl (ref-
erence 11). If one measures the drag force F on a
sphere of diameter D in an air stream of speed U, the
air being of density p, and viscosity u, and plots the

drag coefficient Cp= it

Tl
4D2

against the Reynolds
pU?

Number UD’—’:, it will be found that at low Reynolds

Numbers ) 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 ),
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F1GURE 11.—Theoretical decay curves.

other hand, the coeflicient (s, which is closely analogous
to a resistance coefficient 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
U

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 constants were evaluated must, of course,
fit the curves. The old data obtained with the longer
wire and the thermal diffusion data are added to show
that they too are not inconsistent with the theory.

decreases rapidly to values 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 different laboratories, with respect to their
lesser or greater turbulence.” The decrease occurs at
higher Reynolds Numbers in streams 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 authors 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 definite, we proposed

to define 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 and more unsatisfactory.
Millikan 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 Committee for Aero-
nautics. The general 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 sereens 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 opposite the spindle. In the hemisphere
containing the spindle at an azimuth angle of 157%°
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 differential pressure between the impact hole
and the wake can be 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 and
spindle because we wished to avoid any necessity for
controlling the exact geometrical form of the tail
spindle.

The results are expressed in terms of a pressure
coeflicient obtained by dividing the differential 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

- Lmm—
/ —\ Rear hole
/ \&1
/ = )
e = —/) 22.5°
| E 7
: = | E_E
I = : )
= = = = X — = —*:‘)-!' = = = b
Front hole -~ = === : i
X — /
= } =
\ = =
7 7
\—_*Z = ==—a—=x= _/”—‘/
7/
j/

FIGURE 12.—The pressure sphere.

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

THE PRESSURE SPHERE

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 necessitates the construction
of a special balance of suitable sensitivity. To simplify
the procedure we began in November 1933 the use of a
“pressure-sphere’” (references 12 and 13). The pres-
sure-sphere is shown diagrammatically in figure 12.
It consists of a smooth sphere ” mounted on a tubular
tail spindle  Within the tubular spindle is an inner
concentric tube that connects to an impact hole dia-

6 We did not know at the time that Prandtl had suggested the use of the value 0.36.
7 We have generally used standard bowling balls, diameter 5 inches or 8.55 inches.
The departure of these balls from a spherical form is very small.

112108—37

3

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

Mr. Robert C. Platt, of the Committee’s staff at
Langley 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 define the critical Reynolds Number of the
pressure sphere as the Reynolds Number at which the
pressure coefficient is 1.22. It is recognized that the
equivalence is not an exact one. The detailed results
obtained by Mr. Platt are described in veference 14.

A great advantage of the pressure sphere is the ease
with which measurements may be made in flight or on a
traveling carriage. Mr. Platt describes measurements
of both types, 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 Deutsche
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Versuchsanstalt fiic Luftfahrt, 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 coeflicients 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 coeflicient of 1.00 on our convention. Hence
his values of ecritical Reynolds Number are somewhat
higher than ours.

Hoerner also studied the relation between drag
coefficient and pressure coefflicient. His results on a
single sphere in relatively smooth flow indicate that a
pressure coefficient of 1.18 on our convention corres-
sponds to a drag coefficient of 0.3, in fair agreement
with the value of 1.22 obtained from the more extended
measurements of Platt. It must be emphasized, how-
ever, that the relations between the values of the
critical Reynolds Number as determined by drag
measurements and by pressure measurements with
different locations of the pressure openings are only
approximate, and sufficient work has not been done to
determine the influence of turbulence, sphere diameter,
and exact location of the rear holes.

MEASUREMENTS WITH SPHERES

Some preliminary studies were made of the repro-
ducibility of the results obtained with several supposedly
identical pressure spheres. Three commercial 5-inch
bowling balls were used to determine the eritical
Reynolds Number corresponding 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 15 feet because of the iimited 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 finite size, extending
over a distance of many mesh lengths for the smaller
screens, the closest 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 %-inch screens; 3, 6,
and 9 feet for the 1-inch screen; 4, 7, and 10 feet for the
3Y-inch sereen; 6 feet 5 inches and 11 feet 2 inches for
the 5-inch screen.

The data obtained for the 1-inch screen are plotted in
figure 13 for the 5-inch sphere and in figure 14 for the
8.55-inch sphere. The values of the critical Reynolds

Number corresponding to the several distances were
read from these and similar curves, the critical Reynolds
Number being defined as previously explained as the

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

It will be noted that the curves of figures 13 and 14
show abrupt changes of slope at pressure coeflicients 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 breaks, 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 figure 14 except that a sphere with four rear
holes was used. The values of the critical Reynolds
Numbers are unchanged and the breaks are absent.

In order to obtain some idea of the effect of the small
departures from a uniform speed distribution, traverses
were made with the sphere behind the 5-inch screen
that showed the greatest 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, values of 145,000
and 148,000 were obtained at two positions.

Table VI gives a summary of the pertinent data on

J

The values of T

the critical Reynolds Number. are

taken from the least-square 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

ﬂ

2
Reynolds Number and T for the several screens as ob-

tained with the 5 and 8.55 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 spheres of this size. The observations
show a systematic variation from screen to screen 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
critical Reynolds Number should be a function of the

Py 1
quantity VTU <Z—L)>5, where L is the scale of the turbu-
lence. The data plotted in terms of this quantity are
shown in figure 18. Except for the measurements
made at a distance of 1 foot, the observations for both
spheres and all screens lie remarkably well on a single
curve, certainly within the observational errors.

The details of the reasoning that led Taylor to this
suggestion have been published in reference 16. It may
be stated in general terms that the foregoing combina-
tion of intensity and scale of turbulence occurs in the
expression for the root-mean-square pressure gradient




INTENSITY AND SCALE OF WIND-TUNNEL TURBULENCE

o o - [ |
D TR | e
N R
= BN TR
R K
N XA
1/ B ol X%
AP . [a]
o A
1.0
.9 0 36 Mesh lengths from /"mesh screen
A2 v 7 I’ i
0 /108—* 4 # - z
= |
4 .8 l2 1.6 2.0 24 28 82
Rx/07°

FIGURE 13.—Pressure coeflicients for 5-inch sphere behind 1-inch screen.

15 S B o e
0 36 Mesh lengths from /"mesh screen

% Z)?B- [ e ”

/ " ; Loh e

e
fo PR
3 g 855" Sphere
13 K\\SW i 4 holes in rear
0 |

1.0
RN g
59 a&y\%
‘cg;\x_
.8 12 1.6 20 2.4 28 &2 3.6
Rx/07°
FIGURE 15.—Pressure coefficients for 8.55-inch sphere with four rear holes behind
1-inch screen.
! 5"mesh
O i s
37N 855" sphere
®
.03 o
g 12N oo
U 07 "IN
NN
0/ AT,
. 74,3:,_‘__.
10)

T AN R R TR

crit

FIGURE 17.—Critical Reynolds Number for 8.55-inch sphere behind all screens.

(5 i D e T e el AR ]
o 36 Mesh lengths from |”"mesh screen
x728_” i i v
5 /08 * J IR 7
14 ——fs
i \\ 855" Sphere
1.3 N N / hole in rear
RNERR e
1.2
AP 3\{ X /(S \C\

9 (\M_mg:& i—%q

|
{5 12 1.6 20 24 28 &z 36
Rx/07°

F1GURE 14.—Pressure coeflicients for 8.55-inch sphere hehind 1-inch screen.

205
J LT
04 IS ‘mesh
37" 5.00"sphere
.08 =
(T
U of
o2 S
A PR
4 ] o,
Vel No’
sqreeﬂ
O 1 ol L7 19 EP B3 E5 27
erit

FIGURE 16.—Critical Reynolds Number for 5-inch sphere behind all screens.

.10
08 x q 0 5.00" sphere
" . x 855 "sphere
=06 A =
Ql_q’ X VY
> 04 =
x\x
b
.02 e -
O 17 &5 U 17 a Bl e
/0 Bcrii

= 1/5
A w2 (D
F1GURE 18.—Critical Reynolds Number of spheres as a function of —\/T (7,) o



18 REPORT NO. 581—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

in the turbulent flow, and that the effect of turbulence
is assumed to be that of the pressure gradient on tran-
sition.

The wind-tunnel equipment available at the National
Bureau of Standards unfortunately 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 tunnels, 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 intensity is of the order of 0.7 percent or
less.  The accurate measurement of these small fluctu-
ations is an experimental problem of very considerable
difficulty.

DETERMINATION OF AVERAGE YELOCITY PRESSURE

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
networks 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 satisfactory at dis-
tances of the order of 144 wire diameters or 24 mesh
lengths. In view of this criticism of networks as
sources of turbulence it seems desirable to review the
studies that were made behind the screens used in the
present series of measurements to determine the degree
of uniformity of the mean speed and the average value
of the velocity pressure for computing the pressure
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 screen disappeared. For the Y-, %-, and
1-inch-mesh screens, a simple impact tube with outside
diameter of % inch and inside diameter of ¥s 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 along a line parallel to
the horizontal wires of the screen and in a horizontal
plane passing midway between two wires of the screen.
The spacing was ! inch, % inch, 4 inch, } inch, and 1
inch for the Y-, %-, 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
distances less than 12-mesh lengths, the pressure varied
regularly 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 15-mesh lengths. From table 1V,

[
it is seen that the maximum value of \/[i is accordingly

[imited to about 0.05.

At the distances for which sphere data had been or
were to be obtained, a more extended traverse 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 VII for these
traverses.

Tt will be observed that the mean deviations approach
different values for the different screens as the distance
from the screen is increased: 2.2 percent for the 5-inch
screen, about 2.0 percent for the 3}-inch screen, about
0.5 percent for the 1-inch screen, about 1.0 percent for
the %-inch sereen, and about 1.0 percent for the %-inch
screen. It is probable that these differences reflect
corresponding differences in the geometrical accuracy of
the spacing of the wires of the screen. The uniformity
obtained with the 1-; %-, and J-inch sereens 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 prac-
ticable to install a screen and complete all measure-
ments before removing the screen, because of the
necessity of making other tests. The procedure in
most of the sphere tests was to determine 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 first
run was adjusted as indicated by the ratio of the mean
of the six values on the 2-inch circle and the value at
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 VI by as much as the
mean deviation given in that table. For one installa-
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tion of the 3%-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 produces an average change of 4,500-500 in
the value of the critical Reynolds Number. It is
believed that the error in the values used did not in
any case exceed the mean deviation given in table VII
and was probably less than half that value, which rep-
resents the mean deviation over an area much larger
than the sphere. The effect of the small departures
from a constant 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
traverses behind the 5-inch screen previously described.

DISCUSSION

The relationship exhibited in figure 18 shows that a
given small percentage change in the intensity of the
turbulence produces approximately the same effect as
a change of five times as much in the scale of the tur-
bulence. Since 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

= /
F)-ar.

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 varied 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 diameters in the same
air stream does not give a separation of the effects of
scale and intensity, since each observation when re-

. VBN e A
duced gives only the value of ﬁ(L) S, T is

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

In the presentation of the experimental data and the
discussion up to this point, we have regarded the sphere
as a turbulence-measuring 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

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 first conclusion that may be drawn by inference
is that some linear dimension corresponding to the di-
ameter of the sphere enters into 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 different size in the same air stream
and at the same Reynolds Number, the maximum lift
coefficient may be expected to differ because of the
influence of the scale of the turbulence. This result
would be analogous to the different drag or pressure
coefficients observed at the same Reynolds Number
for spheres of different sizes in the same air stream.
Because of the fifth 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 sufficient
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 resulting 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 differ only by a
shift along the Reynolds Number axis, that is, by a
turbulence factor formed from the ratio of the two
Reynolds Numbers, 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 effects may be 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,‘/ﬁuz, the factor has so far proved

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

IV—THE EFFECT OF WIRE LENGTH IN MEASURE-
MENTS OF INTENSITY AND SCALE OF TURBULENCE
BY THE HOT-WIRE 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 root-mean-square voltage fluc-
tuation across the wire to be reduced by an amount
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that depends upon the rate of falling 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 hot-wire
anemometers, including its effect on measurements of
the intensity of the turbulence and its effect on meas-
urements of the scale of turbulence.
THE EFFECT OF WIRE LENGTH ON INTENSITY MEASUREMENTS

Suppose a hot wire of length [ carrying a constant
current to be placed in a turbulent air stream per-
pendicular 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 voltage, denoted by
¢, will be directly proportional to the fluctuations of air
speed on the hot wire.®

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

ey=Kul

where u is the fluctuating air velocity, [ the length of
the wire, and K a constant of proportionality, depending
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Schematic diagram illustrating nonuniform conditions along the wire
as used for measurement of intensity of turbulence.

FIGURE 19.

on the dimensions of the hot wire, its resistivity and
temperature coefficient of resistivity, the current
through the wire, the mean speed of the air flow, and
the amplification.

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

e’ = K2 (18)

Now consider the case where the velocity fluctua-

tions at various points along the wire are not com-

¢ This result is true if the velocity fluctuations are small compared with the mean
velocity of flow.

(See reference 6.)
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pletely correlated. Let us assume the wire to be
divided into n equal segments, each of length Az, and
let the velocity fluctuation of the air passing over any
segment be denoted by u,. (See fig. 19.) For this
rase the output voltage from the amplifier will be given
by

n
e=K> Az

i=1
and its mean squared value by

= KAz (Zu,)?
=K A2 ul+u? +-ug +uld+
+2urt 42U+ 2ugtis +

4+ 2u s+ 2uus+ . . . .

(19)
+27['n—1'un

+ 27111—27171

o 20U 3,

+ 2uuy+-

+ 2,

The correlation coeflicient R between any two velocity
fluctuations, u, and u,, 1s defined as

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

U E =l A=
WU
R— '_2 :
u

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

| only of the distance between the segments; that is

WU
—-=R({r—s}Az)
U )

where as in previous parts of the paper, R followed by

a quantity in parentheses means the value of R at a
distance equal to that quantity. Thus:

UnUs—UsUs =" - = = -

=, w,=R(Az) W2

U Uy = U Uy =

—u,_U,=R(2A2)u?

D=0l o o

— Uy, gUn ::R(3Az)7p

w, =R({n—1}Az)u?




Equation (19) thus becomes:

Now let the number of segments 7 increase indefi-
nitely, and the length of each segment Az approach
zero, in such a way that the product nAz is always equal
to the length of the wire /. Passing to the limit, we have

=K 21[' R(2)dz—2[, zR(2)dz]
—2K ! (I—2)R(2)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 K% given by

81_2 2

K= G o U—2R @)z

In the calculations of intensity of turbulence de-
seribed in part 11, 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 calcu-
lated values must be multiplied by the factor K, given
by equation (21). In order to obtain numerical values
for K, R(z) must be known as a function of z.

(21)

THE EFFECT OF WIRE LENGTH ON SCALE MEASUREMENTS

Let us now consider the effect of incomplete correla-
tion of velocity fluctuations at different 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 / and carrying a constant
current, be placed in a turbulent air stream, parallel to
one another, a distance apart 7, and in a plane perpen-
dicular to the direction of flow. (See fig. 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
;. Asin the previous discussion, the fluctuating output
voltage across each wire will be given by:

en=KYuz

i=1

n
eB:KvaAz
i=1
The correlation between the voltage fluctuations ea
and eg will obviously be a function of 7. Let us then
define a correlation coefficient R’(y), representing the
correlation between the voltage fluctuations of wires

—2{AZR(AZ)A,2+2AZR (2A2)Az+3AzR(3Az)Az+
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AR )28 |

A and B, placed a distance y apart. Thus, by defini-

tion, R’ (y) 1s 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 wires, we have:

K2AZ22(Cuy) Bv)  (Cuy) (Zvy)

R’ (y) = — — (22)
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FIGURE 20.—Schematic diagram illustrating nonuniform conditions along two wires
as used for measurement of scale of turbulence.

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

part I. Now
(Cu;) (Cv;) AZ>= Az uw, +usvo+usvs+ . . . . F U0y

U0 Uz o o o o - Un—10n

T+ U UVt . - oo Ul

T Unlal= e oo o Wymgln

O e

+ s
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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,

B RO—"AT 1Y)
u?

Thus:
UL = Ul = U3 = . . . . =Uy=R(y)u?
Urls=Ugly=Ugly= . . . « =Up_1Up
= Uy = Ul =UVs= . . . . =Uy_1=R(+/(A2)*FyD)u?
U3 =UgDy = U5 = S — U,
T = . <=
U =ttr =R (~ (n—1)2A )
(uy) o)Az {nR(y) +2(n—DR((A2) 1y +2(n—2)R(V(242)*+4°) +2(n—3)R(+ BA2)*+ )

E .+2R(\f’(ni1)mz2+y2)]

:_u_zi:ﬂAz?R(y) —!—QnAz[R(w/Azz—}—y_z)As +R(\/TAZ)Z—I—y"’)Az%—R(\/ESAz)Z—Fy?)A2+ -

—|—R(\/'(n"—'1)2Az2+y2)AzJ [A R(+/(Az2)?
.+(n—I)AZR(\/(n—1)2A22+9/2)A2H
Now let the number of segments of 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, [. Passing to

the limit, we have:

Zu,) (2v,) AZ?
L o L
:EQI:QZLR(\’"z“ry?)dz— QJO 2R(w/22—[—y2)dz:l

pa— ‘[ —
=2u2J0 (I—2)R({22+y?)dz
From equations (19) and (20)

TuPas—2 [ (2R ()2

Thus equation (22) becomes
#—yz)d~

R'(y)= f(l - (23)
.I:)(Z—z) (2)dz

2)R(+z

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

e fo "Ry (24)

Let us denote by L’ the following integral:

=ﬁmR’(y)dy

2+ P Az + 2A2R(y/ (242)°+ 1) Az+3AzR (4 BAz)PF?) Az+

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

’ =
E— % (25)

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 K, computed.
CALCULATION OF FACTORS FOR APPLICATION TO EXPERIMENTAL

RESULTS

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

In figure 21 are shown observed values of R’(y)
representing the average of eight traverses at 200
inches behind the 5-inch-mesh screen where the fore-
going conditions are most nearly fulfilled. These
points are seen to lie closely to the curve, which is an
exponential curve represented by the equation

_1
R(y)=e “

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

SIES

Ry)=e

(26)




and determine what form will be taken by R’(y) and
what values will be obtained for K, and K.
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FI1GURE 21.—Observed correlation coefficient as a function of y. Points, average of 8
v

traverses at 200 inches behind 5-inch screen; curve, plot of R’=e L’
Equation (23) becomes
V!
f (l—2)e % dz
B — @7)
J (l —z)e L dz
The factor K, given by equation (21) becomes
l

Veffiocte

R/ )=2K¢ [ (1= )17 017" O+ O+ + -

— K SO+ 0)+ 557" O+ o O+ - -
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and K, given by equation (25) becomes
e
K2=zﬁ R’ (y)dy

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

(29)

Y 2 l

r=—l-y Si= 7 C:-Z

In this notation equation (28) becomes

1 @
B — ——— . (30)
\/2 I;l(l—s)e‘”ds weipa i)
Equation (27) becomes
f(l—s) —c1/r2+32
R (r)= =
J (1—s)e ds
0
1 —c/ris?
=2K12f0(1—s)e ds (31)

Equation (31) is not directly integrable but may be
evaluated for large values of » by expansion in a power
series in s? and integrating term by term.

Let

FeD)=e—cV™F

Expanding f in powers of &, equation (31) becomes
-:Ids

Evaluating the terms in this series

) =e
FO)=—%"
7=+

c(l+ter)e
473

c(8+3er+cr¥e

f”' (0) LB

Equation (31) then becomes

8rd

<l-i-cr-l~03i (32)

I/ b —ecr c C(1+C7’>
gt l: 27T 120 3

e

448 7r°
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The first four terms of this series will give values of
R’ (r) with sufficient accuracy for »>>1. For smaller
values of 7, a series containing positive powers of 7 must
be obtained.

Rewriting equation (31)

’ Ly I s
R'(r):2K12|:f e~ VIt ds — f s S ds]
Jo Jo .

The second integral can be evaluated directly
1 e rig R
f sleast ’"+‘"ds:gt[e‘”’(1 +er)—e VL (14-cyr’+ I)]
Jo

The first integral may be evaluated by expanding the
integrand in a series of powers of ¢+/r*+ s

1 T 1 2 ‘
f e —C+ I'-+.\,'-dN :J; [1 —0(7‘2+82) l/2+§,‘ (,.2_{_5.1)
Jo 2

.](1s

gl
Let 1,,(1'):J (r*+s*)"2ds.  We then have
0

28
_:é;!(,.'z%_&,z):i/z#_ o
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F1GURE 22.—Theoretical values of R and of R’ as a function of ¢r or y/L for various
values of c.
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c\r2+l —
R%I)*')Kl[ (1+(,\,z_|_1)_7 (1+(I)
+ 1o (r) —cli(r) +:§4!]3(1*) —5-!13(7-)
4
+4£'14(1)‘11‘ 5D O ] (33)

1, (r) may be computed from the following recurrence
formula:

W (sl N
]"(I)_V*’IZ—FI +7l+1 n— 2(7’)
where =i
T = (’ +177 —{-‘:) sinh~!—

In figure 22 is shown a curve of R(¢=0) and of R’ as
a function of e¢r(=y/L) for various values of ¢. It is

seen that the effect of the incomplete correlation of
velocity fluctuations along the wires is to make the
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observed correlation too large at large values of » by a
factor K* (see equation 32), and to change the shape of
the curve for small values of 7.

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

Let us now consider the effect of ln(‘omplete 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 7
instead of ¥

l ©
Ky=+| R’(r)dr (34)
LJo
/.OE—-" —————————————
%,
A
sl ,
W5 M=l
N E
+ \ =g +
.6 TN — ——
| B
\+ \ \A\
U " N N S N
re NS
L R
* S
| — ,X*, ,\H,\‘_.Q,A o e
. e
\+\ \\*{3
s B
\+<\T\\;‘\,‘_~A -
o o2 4 .6 .8 AY /2 14
y/ M

FIGURE 23.—Experimental values of R’(y) for various values of y/M for comparison
with figure 22.
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)

. A -
K_>:2K12cj oof (1—s)e~cvVr+sidsdr
U 0

Transforming this surface integral into polar coordi-
te)
nates, by the transformations

r=np cos 0 s=p sin 6 dsdr= pdpdf

/2 csel
K,=2K? f f (1—p sin 8)e~%pdpdf
0 0

Integrating with respect to p:
e—ceschd 9 —cesef
K,=2Kp? J l:(.z g sin 0f 2 sin 0:'d0

¢ ¢ c®

&)Kl . 1r/2 —cesch
Ko— —P—[~C~ ?+CJ (1 +CCSCG)(Z0:|

/2 ,—cescd
Let J(c) = L & <1+ @)de

K,= “’_2+9J~@ (35)
il
The integral J (¢) cannot be evaluated directly but may
be expanded in an asymptotic series, which will give
J (¢) for sufficiently large values of ¢. For small values
of ¢, however, it is most easily evaluated by Simpson’s
rule.




Table VIII gives values of K, and K, as a function

)
of C(—’:‘L‘

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

computed from equations (30) and (35).

ZZ:- Curve B shows K, as a function of %; and 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 R’ as a function of % is obtained, from
which is found L’. The ratio of [, the length of the
hot wires, to L’ is calculated and from curve B, figure
24, the factor K, is found. L’ is then divided by K to
obtain L.

St ——

13

/.2 ‘ — |

1.0

0 15 /lz7 5 20
T ~for A, Zl«—for B

2.5 3.0

F1GURE 24.—The factor K as a function of //L and I/L’.

The numerical values obtained for the correction
factors K, and K, depend, of course, on the assumption
that B may be represented by equation (26), and thus
can be expected to be accurate only in so far as equation
(26) represents the true variation of correlation with
distance. It is seen from figure 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,
finally falling to zero instead of approaching zero
asymptotically.

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—VARIATION OF CORRELATION COEFFICIENT WITH
FREQUENCY CHARACTERISTICS OF THE MEASURING
APPARATUS AND WITH 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
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only with regard to their bearing on the measurement
of the scale of the turbulence as previously defined.
The incidental and incomplete studies of these phe-
nomena give additional information as to the charac-
teristics of turbulent flow and since we cannot at
present pursue these studies further, the information
obtained is placed on record for the benefit of others
who may wish to do so.

EFFECT OF COMPENSATION FOR LAG OF WIRE

In our first measurements of the correlation coeffi-
cient, no compensation was 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 effect. Two typical
comparisons are shown in figure 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. For example, for the 1-inch screen at a dis-

’/
tance of 40 mesh lengths, the observed ﬁ—[ without

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

tance of 41 mesh lengths, the observed % without

compensation was 0.464 as compared with 0.226 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 different frequency characteristics of
the measuring apparatus, it was inferred that the results
indicated a variation of the correlation coefficient with
frequency, the disturbances of lower frequency being
correlated over greater distances than the disturbances
of higher frequency.

CROSS-STREAM CORRELATION FOR VARIOUS FREQUENCY BANDS

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 results represent, as closely as can be obtained, the
variation of the correlation with frequency. The
available filters were high- and low-pass filters designed
for connection as band-pass filters. The mnominal
frequency bands were 0-250, 250-500, 500-1500, 1500
3000, and 3000—< cycles per second. Ideal filters would
give a uniform transmission within the band and no
transmission outside the band. The actual character-
istics are shown in figure 26.  Although extremely good
for acoustic measurements, the filters are far from ideal
for the present purpose.
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Measurements of correlation were made at a distance
of 40 mesh lengths behind the 1-inch screen at speeds of
20 and 40 feet per second for the bands 0-250, 250-500,
500-1500. The intensity 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 are 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 5. The application of the corrections would
not change the general picture.
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FiGUrE 27.—Correlation curves corresponding to several frequency bands. 1-inch
screen, 40 mesh lengths aft.

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
I-inch sereen.  The results are shown in table IX. The
analysis is rough because of the variation of the attenu-
ation of the filters with 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
n space that is carried along with the mean speed of
the stream and changes 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 intensity 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

the statistical distribution of intensity with wave
length. A wave length X in the second picture corre-
sponds to a frequency f in the first equal to U/\, where
U7 is the mean speed. If the statistical distribution of
intensity with wave length in space is independent of
mean speed, the distribution of intensity with frequency
when the pattern is observed at a fixed point is shifted
toward higher frequencies as the mean speed is in-
creased. The filter bands are so wide that no complete
analysis can be made. Tt is seen, however, in figure 27,
that for a given frequency band the correlation falls off
more rapidly with distance at 20 feet per second than
at 40 feet per second. The same frequency band cor-
responds to shorter wave lengths at 20 feet per second
than at 40 feet per second. For example, the 250-500
filter used in a stream of mean speed 20 feet per second
(610 centimeters per second) selects wave lengths of
1.22 to 2.44 centimeters, whereas in a stream of 40 feet
per second (1,220 centimeters per second), the same
filter selects wave lengths from 2.44 to 4.88 centimeters.
When no filter and no compensation are used, the
apparatus weights the various frequencies according

to the law - » where f is the frequency and A is

1
it AP
a lag constant of the wire. For this condition the cor-
relation falls off less rapidly than for the 0-250 filter.

Experiment shows that, if the apparatus does not
weight 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
experimental result is again consistent with the hypoth-
esis that a fixed eddy pattern independent of mean
speed is transported past the measuring apparatus at
the mean speed. The frequency 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 is frequency distortion, apparent varia-
tions with mean speed will be introduced.

ALONG-STREAM CORRELATION

In order to avoid troublesome constant errors in the
measurement of the distance between the two wires 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 the correlation along the stream
direction. Figure 28 gives a comparison between the
correlation coefficients transverse and parallel to the
stream at 25% inches behind the 1-inch screen at 40 feet
per second. The correlation falls off more slowly along
the stream. From these data it may be 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 millimeters. The effect
on the determination 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 amplifier
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% inches behind the 1-inch
screen are plotted in figure 29. These curves are very
suggestive.  We have already stated that the filters
select a given band of wave lengths, the 250-500 filter
selecting a mean wave length of 1.83 centimeters at
20 feet per second and 3.66 centimeters at 40 feet per
second. These 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
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Ficure 28.—Comparison of transverse and longitudinal correlation. 1-inch-mesh

screen, 25-%4 mesh lengths aft. Wind speed 40 ft./sec.

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

Taylor predicted a relation between the transverse
and longitudinal correlation in isotropic turbulence,
namely, that the correlation coeflicient R varied with
the azimuth A according to the law

1—R=(1—R;) (sin* 6+ cos®> 0)
where R, 1s the transverse correlation coefficient.?

The longitudinal correlation R is then given by the
relation

1
)

2(1—R,)=(1—Ry)
The results of figure 28 do not confirm this relation,
since the ratio of 1—R," to 1 —R;’ at y=2 mm is more
nearly 1.4. For smaller or larger values of y, the ratio

? In reference 5, the sin and cos of this equation are interchanged.
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is less. It does not appear that the correction for finite
wire length as computed in part IV would alter this
result by more than 10 percent.

In order to study the matter further, the little rotat-
ing holder suggested by Taylor (reference 5) was con-
structed and attention confined to measurements of the
ratio. Some results taken with and without the filters
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F1GURE 29.—Correlation curves observed along stream corresponding to several
frequency bands. 1-inch mesh screen, 2515 inches aft.

1.0 T .
I =ty
Uncompensated T 1. |
S e O R
\ ‘ x\\
r— =
8| |
| |
,7‘ —o—cro0 =0 ‘ ‘4 =
/o/o/ Compensated \
B |
=90 -60 =30, o 30 60 90

Angular position of rotating holder, degrees

F1GURE 30.—Variation of correlation with azimuth as two wires 5 mm long spaced
9 mm apart are rotated from a position along stream (zero angle) to a position across
stream (90° angle).

with wires 2 millimeters apart at 25% inches behind
the 1-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-millimeter spacing of
the wires at 38 mesh lengths behind the 3%-inch screen
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are shown in figure 30. The curves represent the rela-

tion 1—R’=0.150 (sin? 6—{—% cos® 6) for the uncompen-

sated run and 1—R’=0.365 (sin? 0—[—1—128— cos? ) 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 and 6=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 hot-wire 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 assump-
tions. The few measurements recorded in this section
show that the correlation curves vary with the frequency
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 frequencies and hence to increase the
correlation coefficient at a given separation of the two
wires. The magnitude of the increase would be greatest
where the scale of the turbulence is least. Such an
effect, if of sufficient magnitude, would account for the
failure to obtain a single curve of TLlagainst]Txlin figure
7, part I, the curves for small screens being too high. Tt
is also possible that such an effect accounts for the de-

’

parture of }—:% from the theoretical value 2, since
the observed value R,’ would be larger than the true
value R, by a greater amount than E;’ is larger than
Ry. The required effects are, however, of such magni-
tude as to make this explanation seem unreasonable,
since the departure from a uniform frequency weighting
issmall. No adequate theory can be developed without
more information as to the variation with frequency.
The experimental problem is one of great difficulty
since, even if filters of requisite selectivity 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-
lence 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 mesh or wire
size is the controlling factor. The scale of the turbu-
lence produced by a screen increases with distance from
the screen.

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

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 coefficient will serve to connect 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 effects may be expressed by

T2
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TABLE I.—DIMENSIONS OF SCREENS FOR
PRODUCING TURBULENCE

Deviation of lin-
lividual meshes
Average | ¢ 2, 09 Average
I : measured| [TOM average. | no.qiraq
Nominal mesh &sh inches s Material
length, inches g . : Saterls
length, ’ diameter,
inches : inches
Maxi- |
0 [ Mean [ ‘mum |
10 { ‘ , ‘
ud T e
4 Y| 0.248 | 20010 {+_0- & } 0.050 | Iron wire.
Poe 515 L012 { T o |} 006 | Iron wire.
[0 o [ T 1.007 .005 ‘{ a5 } .196 | Iron wire.
7 .01
i = +.163 Wooden ecyl-
B 3.285 - 068 ‘{ —.122 ‘} - 626 [ “inde(;'sA ]
r [ +.04 | e | Wooden cyl-
e eeee| 5,016 021 ‘1 R | T
| | | |
TABLE II.—-SCALE OF TURBULENCE
= , ) 1
: L J x A
M M M | M M M
Distance | Distance ‘
7 ‘ from ‘ | from
P & sereen _screen
4 in mesh | in mesh
lengths ‘ lengths ‘ |
I
l4-inch mesh screen L4-inch mesh screen
; = o
18.5 ‘ 0. 0. 183 27.0 0. 306
41.0 e, 4 290 27.0 311 |
41.0 e, 3 269 42. 3 .338 |
41.0 e, . 263 42. 3 B
41.0 a, ¢ 278 56. 7
53.0 .342 | 56.7
84.0 . 429 79.5
112.0 . 463 79.5 |
159.0 | .702 .
159. 0 745 ‘
159.0 | . -649 ‘
161.0 | e, . 648 |
161.0 .631 | | |
161. 0 a, . 652
161.0 a, . 595
16,0 | o 606 [
161.0 | e, . 621 }
214.0 742
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TABLE II.—SCALE OF TURBULENCE—Continued

z L ‘ L ‘ z I’
M M | M M M Y]
Distance Distance
from from
screen | screen
in mesh ‘ in mesh
lengths lengths
| . i
l1-inch mesh screen 3Y-inch mesh screen
21.0 0. 203 0.248 | a 0. 190 ‘ 0.175
21.0 . 234 o, 202 L187
28.0 . 246 [ST72 . 156
39.5 . 345 | e.220 . 205
39.5 .331 [ 219 . 204
40.0 . 261 | . 253 237
40.0 . 269 [ . 257 . 241
40.0 . 258 [ .259 . 243
40.0 . 268 o, 211 . 196
| 530 .363 2,212 197
| 530 .321 o, 250 . 234
| 53.8 . 306 a, 226 .212
53.8 .319 | =235 -220
53.8 . 298 | 2.230 . 216
53.8 .292 | e.235 .220
53.8 .292 | a241 . 226
53.8 . 274 e, 258 . 242
53.8 .21 . 266 . 249
53.8 . 280 . 242 . 226
85.0 . 405 a, 258 . 242
85.0 . 365 a, 261 . 245
113.0 .468 a. 248 . 233
113.0 . 383 5 a, 303 . 287
113.0 .516 61. 4 a, 303 . 287
113.0 .433 61.4 a 281 . 266
113.0 .416
135. 5 .461
135. 5 . 438 5-inch mesh screen
135.5 . 436
164.0 . 446
164.0 .423 17.1 20, 166 0. 156
164. 0 . 454 Il 8, 166 . 156
164. 3 . 499 1751 6 172 . 162
164. 3 .435 22.7 s, 201 . 190
164.3 .442 22.7 s, 210 . 200
164.3 . 457 22.7 a, 189 . 180
164.3 .478 33.0 a, 202 .192
164.3 . 453 33.0 . 199 . 189
39.9 . 199 .189
39.9 a, 203 .193
39. a,220 . 209
a, 201 .191
a, 230 .220
o, 236 . 225
a, 253 . 242
39.9 a, 237 .227

o Signifies wires of length 4.75 mm.
5.0 mm.

All other values obtained with wires of length

Turbulence in free tunnel 15.5 feet from rear of honeycomb: I’=0.303 inch, L =0.260
inch. No noticeable increase with distance was found, although not thoroughly

investigated.

TABLE TTI.—EQUATIONS FOR CURVES OF FIGURE 7

14-inch mesh_______
1Te-inchineshi s S e e

l1-inch mesh

314-inch mesh___

S<inchmesh__.__________ __________________ _______

L
M
L
M
L

M

M

L

"M

All data taken together________

L
M

| —0.146740.002501

-

a b
=(.1559--0.003017

z
M

z
=0.17534-0.002307 M

z
=0.2201-+0.001403 37
- D
=0.1471-40.002000

=0.1316+4-0.002016 %,

M




INTENSITY AND SCALE

TABLE IV.—INTENSITY OF TURBULENCE

New Data 0Old Data
=z ( ll_z)w ’\/ﬁ -J%l— « Pw vV w0
DI f:{ G v Distance U U
froxl; ?g'cein (uncor- (corrected) tr;)r{n];ggen (uncor- (corrected)
in mesh rected) lengths rected)
lengths iy

14-inch-mesh screen

Length of wire, 4.7 mm

Length of wire, 8.4 mm

0. 0350
. 0262

0. 0550
. 0397
. 0270
. 0156
. 0124
.0101

. 0090
. 0079

48
144
288

0.0111 0. 0187
. 0080 . 0110
. 0052 . 0063

14-inch-mesh screen

Length of wire, 4.7 mm

Length of wire, 8.4 mm

14
26
46
74
110
163
246

0. 0411
. 0246
L0171
0120
.0100
. 0080
. 0064

0. 0531
. 0310
. 0208
. 0141
L0114
- 0089
. 0069

24
72
144

0.0189 0. 0276
. 0096 L0127
. 0069 . 0084

1-inch-mesh screen

Length of wire, 4.75 mm

Length of wire, 8.4 mm

et
RESEEE
SO

0. 0290

0. 0324 36
. 0185 72
. 0127 108
. 0104
. 0092
. 0078

0.0183 0. 0218
. 0122 . 0142
- 0095 .0109

s These values were obtained at a distance of 1 foot from the screen.

text for discussion.

OF WIND-TUNNEL TURBULENCE

with wir

¢ 8.4 mm long.

U

U
Mesh of screen == Cs
(W/’M")o
0. 57 0. 483
2,81 . 516
4.28 .577
2. 63 . 487
1.25 . 446

TABLE VI.—CRITICAL REYNOLDS NUMBER OF SPHERES

5-inch sphere 8.55-inch sphere
z 100~/27 L R
& M 5 Scale of R R,
Mesh of Distance | Intensity of 2 = 4 =
sereen, inches| in mesh |of turbulgnce, turigté}]eex;ce, Critical | 100~/27 (B) %| Critical |100yu? (_D) %
lengths percent Reynolds U L Reynolds U L
Number Number
5 15.4 4.63 0.813 116, 000 6. 66 108, 000 7.41
5 26.8 2.92 .928 151, 000 4.09 145, 000 4. 55
3.25 14.8 4.55 .574 101, 000 7.01 96, 000 7.81
3.25 25.9 2.90 . 646 142, 000 4,37 137, 000 4.86
3.25 36.9 2.19 .718 163, 000 3.23 159, 000 3.59
1 36 2. 52 .283 151, 000 4,48 134, 000 4,98
1 72 1.45 .337 189, 000 2.49 178, 000 2.77
1 108 1.07 .390 221, 000 1.78 215, 000 1.98
=15 24 3.39 L1156 @ 129, 000 7.21 @ 116, 000 8.03
.o 72 1.48 171 171, 000 2,91 167, 000 3.24
.5 144 .94 . 254 216, 000 1.71 203, 000 1.90
.25 48 2.16 .075 a 147, 000 5.00 @ 155, 000 5. 57
.25 144 1.07 . 148 , 000 2.16 184, 000 2.41
.25 288 .76 . 256 240, 000 1.38 229, 000 1.53
I Fey (I | (RS- SRR ooE .85 . 260 268, 000 1. 54 et SR

From figures 16, 17, 18, it is evident that these values are not concordant with the others.
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TABLE IV.—INTENSITY OF TURBULENCE—Continued

New Data 0ld Data
iz Nudw Wz o Vudw va
M U U M U U
rDistance " l'Distance (
rom screen| (uncor- rom scereen|  (uncor-
in mesh rected) | (corrected) | “in mech rected) | (corrected)
lengths lengths
314-inch-mesh screen
Length of wire, 4.7 mm Length of wire, 8.4 mm

15.5 0. 0434 0. 0457 14.8 0. 0423 0. 0464
20.1 . 0341 . 0358 25.9 . 0270 . 0293
27.4 . 0253 . 0265 36.9 . 0204 . 0220
37.8 . 0210 . 0219

53.8 . 0161 . 0167

60.8 L0145 . 0150

5-inch-mesh screen
Length of wire, 4.7 mm Length of wire, 8.4 mm

14. 6 0. 0470 0.0488 15.4 0. 0384 0.0414
21.7 . 0336 . 0348 26.8 . 0254 . 0269
29.0 . 0260 . 0269

39.4 . 0210 . 0216

u?)
For the free tunnel, 15.5 feet from the rear of the honeycomb, evite )"'=0.007 taken

The value corrected for wire length is 0.0085. No noticeable
change through the length of the working section of the tunnel was found, although
not thoroughly investigated.

TABLE V.—CONSTANTS OF EQUATION (17)

See
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TABLE VIL—DISTRIBUTION OF VELOCITY PRESSURE ¢ BEHIND SCREENS

‘ /M Di 7 : Average | Maximum Mean
M mesh Distance istance DDIOXI- | yqti6 of g | ‘deviation | deviation Regular
of screen, | in mesh Nsl;:éib'gsor ggg-‘:ﬁfg I\I_u{xixa}i‘):r S°f sm::g to wall from from pattern
inches lengths © it clhes » CoEE [tp o0 plate average, | average, present
g N pressure percent percent
5 4.8 24 1.0 24 65 0. 686 17.7 &6 Yes
T2 23 1.0 23 60 . 626 9.3 4.2 Yes
9.6 24 1.0 24 60 . 622 7.4 3.3 Yes
12.0 42 1.0 42 / gg g}i 6.8 %.9 No
z 3 4. .3
14.4 2 1.0 s | 8 ol o 53 |} o
16.8 25 1.0 26 60 . 612 4.6 2.2 No
15.4 60 () 120 68 . 605 6.0 2.2 No
26. 8 60 (9) 120 68 .618 4.7 2.2 No
3.25 3.69 19 0.5 19 65 . 689 27.0 14.5 Yes
5. 54 20 .5 20 60 . 648 13.8 6.8 Yes
7.38 ( 45 .5 45 gg . 632 11.2 4.6 Yes
42 0] 42 . 620 6.5 2.6
9:25 S\ 2 5 34 75 619 7.0 27 } Yes
11. 07 22 5 22 60 .614 5.8 3.1 Yes
12. 92 41 .5 41 60 . 596 6.0 3.1 No
50 . 601 6.2 2.9
14.76 54 (9) 108 65 . 600 6.2 2.3 No
80 . 600 6.6 2.6
50 . 605 4.7 IN7 N
25. 83 54 (s) 108 65 . 606 4.7 1.9 No
80 . 603 5.1 2.1
50 . 618 4.1 1.4
36.9 54 (%) 108 65 . 617 4.6 1.7 No
80 . 615 5.2 1.8
1.0 4 23 0. 125 23 60 b, 607 15.6 8.7 Yes
6 26 .125 26 60 b, 680 12.7 5.6 Yes
8 30 . 125 30 60 b, 651 7.4 3.5 Yes
12 28 .125 28 60 5, 634 2.4 1.2 No
16 30 .125 30 60 b, 631 2.2 1.3 No
24 29 125 29 60 b 627 1.4 1.1 No
l 72 143 35 .622 3.2 .8
36 E 72 (@) 143 70 . 620 2.6 .6 No
[ 60 120 80 -615 2.1 .5
35 . 636 2.6 .8
72 54 () 108 70 . 633 1.6 .4 No
80 . 627 1.3 .4
35 . 646 2.1 Sif
108 54 () 108 70 . 644 1.3 .4 No
80 . 639 L5 .4
0.5 6 23 0.125 23 50 b, 668 13.8 7574 Yes
8 23 125 23 50 b, 637 7.5 4.1 Yes
10 23 L1256 23 50 b, 636 4.9 2.1 Yes
12 23 L1256 23 50 b, 632 4.1 1.8 Yes
14 23 .125 50 b, 631 2.9 1.4 No
16 23 L1265 23 50 630 2.8 1.1 No
24 60 (%) 120 70 . 652 4.0 1.3 No
72 60 (9) 120 70 . 644 2.4 1.0 No
144 60 (@ 120 70 . 641 2.8 .9 No
0.25 4 24 0. 063 24 55 5, 790 66. 7 28.1 Yes
6 23 . 063 23 55 b, 852 26.6 10.9 Yes
8 24 . 063 24 56 b, 678 19.2 9.7 (9)
12 24 . 063 24 56 b 594 7.9 4.1 ()
16 24 . 063 24 56 b, 584 5.1 2.8 (c)
20 23 . 063 23 b5 b, 586 3.0 1.4 No
48 60 (9) 120 70 .614 4.8 1.2 No
144 60 E") 120 70 . 607 4.9 1.2 No
288 60 a) 120 70 . 604 3.6 1.0 No

¢ For these positions traverses were made at a number (usually 12) equidistant points along circles of radii 2, 5, 8, 12, and 18 inches from the tunnel axis. At other posi-
tions the traverse was made along a line which was parallel to the horizontal wires of the screen and in a horizontal plane passing midway between two wires of the screen.

b These traverses were made with a small impact tube, the reference pressure being the wall plate static pressure.

comparable with values of the velocity pressure.

< There was evidence of a regular pattern but the pattern did not correspond to the spacing of the wires of the screens.

TABLE VII..FACTORS FOR CORRECTING HOT-WIRE
RESULTS FOR EFFECT OF WIRE LENGTH

[}

- K, K
T 1 2
0 1. 000 1.000
.4 1. 067 1.105
.8 1.133 1.182
1.2 1.198 1.241
1.6 1. 263 1.289
2.0 1.327 1.327
2.4 1.390 1.359
2.8 1. 451 1.384
3.2 1.512 1. 406

TABLE IX.—DISTRIBUTION OF INTENSITY WITH
FREQUENCY

[Measurements 26 inches behind 1-inch-mesh screen])

’

Frequency
cycles per |. 20 ft./see. | 40 ft./sec.
second
0-250 0.80 0. 65
250-500 .14 .16
500~1500 .05 .16
>1500 .01 .03

TABLE X.—VARIATION OF

The values are approximately but not accurately

1—Ry’
i—R,» WITH FREQUENCY
Measurements 25% inches behind 1-inch s;:reen with wires 5 mm long and 2 mm
apart.
Frequency
cycles per 20 ft./sec. | 40 ft./sec.
second
No filter 1.37
0-250 4.89
250-500 2.50
500-1500 1.40
1500-3000 .83
280000 =" T .. .70
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
(tpaml'l%l Linear
0 axis o tas it o s .
Designation | SY2 | sy | Designation | 3| Fesitve | Desn | Sy | (compo- | gt
axis)
Longitudinal_.__| X X Rollingss lo l) Y—7 Rioll2ame ¢ u P
Lateral .o i .o Y 4 Pitching__..| M Z—X Piteht L g v q
Normal L0220 Z Z Yawing_ ... N X—Y Yty 2ot ¥ (7] g
Absolute coefficients of moment Angle of set of control surface (relative to neutral
L L S h M Aol position), 8. (Indicate surface by proper subscript.)
' gbS ™ qeS * gbS
(rolling) (pitching) (yawing)

4. PROPELLER SYMBOLS

D, Diameter

: P
> i =—
9 6Btk nith P, Power, absolute coefficient Cp oD
p/D, Pitch ratio ¥ iR B @
VAL Tt alonity O,  Speed-power coefficient P
V.  Slipstream velocity 1, Efficiency
) luti .p.s.
15 Thrust, absolute coefficient C’T=——ZL—3 i3 Yeovelatm v ghoond, s
on*D X § X 174
0 P, Effective helix angle = tan—! Die
Q, Torque, absolute coefficient Co=—"%+;
oD
5. NUMERICAL RELATIONS
1 hp.=76.04 kg-m/s =550 ft-1b./sec. 11b.=0.4536 kg.
1 metric horsepower=1.0132 hp. 1 kg=2.2046 1b.
1 m.p.h.=0.4470 m.p.s. 1 mi.=1,609.35 m = 5,280 ft.
1 m.p.s.=2.2369 m.p.h 1 m=3.2808 {t.

B




