
c
.

,
:

:

NATIONALADVISORY COMMI~EE
FOR AERONAUTICS

TECHNICAL NOTE 3453

LONGITUDINAL TURBULENT SPECTRUM SURVEY OF

IAYERS IN ADVERSE PRESSURE GRADIENTS

By Virgil A. Sandborn and Raymond J. Slogar

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Washington

May 1955

-1
m .x-..
~ __

= - ““”

m
g–

E
y“ —
3“



84
m
m

TECH LIBWY KAFB, NM _

I!llllllll!lllllllllllilll[ull“’:
NATIONAL ADVISORY COMM13TEE FOR AERONAUTIC UQbL58b’

TECHNICAL NC7TE3453

LONGITUDINAL TURBULENT SPECTRUM SURVEY

LAYERS IN

By Virgil A.

OF BOUNDARY

ADVERSE PRESSURE GRADIENTS

Sandborn and Raymond J. Slogar

Measurements of the longitudinal turbulent spectra for four stations
in a turbulent boundary layer with increasing adverse pressure gradients
are presented in tabular form.

Frequency diagrams show a decrease in the percentage of energy
density contained in the high-frequency range as the flow continued down-
stream against an adverse pressure gradient. However, the effect of
pressure gradient was not pronounced; a similar redistribution of energy
density occurred at a given station as the well was approached.

Wave-numiberplots, on the other hand, show an increase in ener~
density in the large-wave-nuniberrange in the ticlnity of the wall. The
difference between the two plots is due to the mean-velocity factor in
the relation between wave number and frequency.

The measured spectra are ccmrparedwith the different variations pre-
dicted frcm the hypothesis of statistical equilibrium. Results tend to
indicate that the predictions are consistent with the measurements at
certain positions within the boundary layer.

The longitudinal-turbulence scales and microscales evaluated frcmn
the spectrum measurements are presented.

INTRODUCTION

Statistical theories of turbulence have been developed for homo-
geneous and isotropic turbulence (ref. 1). For these comparatively
simple motions it has been found that the flow field may be described in
terms of defined statistical quantities, such as probability distribution
functions, correlation functions, and ener~ spectral distributions. In
general, it is possible to interrelate these statistical quantities
mathematically or physically. While the turbulent motions encountered
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2 NACA TN 3453

in the field of-aeronautics are more co~licated than homogeneous turbu-
lence, the studies of the simpler motions have indicated the terms that
may be expected to be of major importance-in a statistical theory of
nonhonmgeneous turbulence.

Since no complete statistical theory of turbulent shear flow exists
at present, experimental research has been directed toward gaining an
insight into the basic nature of the shear flow. Measureunts of the
intensity of turbulence alone have not yielded sufficient information
about the flow fields. Thus, it is expected that investigations into
the more complex quantities, such as correlations, spectra, probability
densities, and terms of the higher moments of the equations of motion,
for turbulent shear flows may lead to a fuller understanding of the non-
homogeneous turbulence. .-.

A significant theoretical concept developed for turbulent shear
flow, Kolmogoroff’s hypothesis of local isotropy (refs. 2 and 3), has
been experimentally establishedby Townsend (refs. 4 and 5) and by
Corrsin (ref. 6) for free turbulent shear flows.

In very recent ~asurements, attention has been directed toward the
understanding of the fundamental transfer mechanisms of turbulent shear
flows. The current approach is to evaluate all conceivable quantities
in order to gain knowledge of the basic mechanismof turbulent shear
flows. C!orrsinand Uberoi (ref. 7) have explored the turbulent struc-
ture and the diffusion in a turbulent jet both for the verification of
Kolmogoroff’s local-isotropy hypothesis and to gain an understanding of
the transfer of heat and momentum by turbulence. Townsend (ref. 8) and
Klebanoff (ref. 9) have dealt with the turbulent-energybalance within
turbulent boundary layers; their treatment has resulted in a fuller
understanding of the mechanism and structure of this type of shear flow.
Laufer (ref. 10} has investigated the rates of transfer, diffusion) and
dissipation of energy in a fully developed turbulent pipe flow. The
study of turbulence has been almost exclusively experimental) since no
adequate theoretical model has been established. .

!thisreport is concerned with the measurement of spectra of the
longitudinal component of turbulence at several stations in a boundary
layer with varying degrees of adverse pressure gradient. The measure-
ments are confined to stations upstream of the turbulent separation
region and are in the region of the boundary layer where the turbulence
signals are quite large. No measurements of spectra were made in the
outer region of the boundary layer where the intermi.ttencyis of major
importance.

The mathematical approach to representing a field of turbulent
motion has been through Fourier analysis (ref. 1). A three-dimensional
Fourier integral may represent a turbulent field. Experimentally it iS
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possible (by passing an electronic signal proportional to the velocity
4 through a filter circuit, or wave analyzer) to make a Fourier analysis

with respect to one space coordinate only. Or more precisely, it is
possible to make a frequency analysis of the velocity components with
respect to time at a fixed yoint. This frequency analysis can be assumed
to be related to the wave-muiber analysis of the variation of velocity
along a line in the direction of the stream. For honmgeneous turbulence
and certain specific conditions, it is possible to prove that the space
average and the time average of fluctuating quantities are equal
(ref. 11).

If the longitudinal turbulent-velocity fluctuation u is resolved

into harmonic components, the temporal mean value of U2 may be regarded
as the sum of contributions from all frequencies. A spectral function

F(n) can be defined (ref. 12), so that ~F(n) dn is the contribution
of-energy per unit
total contribution

1
4I*
g

(A list Of SyItibOIS4

The function

.-
m&s from-Frequencies between n and n+ dn. The
from all frequencies is

-a

J
#

o

is given in

F(n) is the

F(n) dn= 1 (1)

the appendix.)

fraction of the total kinetic energy per
unit mass of the turbulence arising from frequencies between n and
n + dn, and may be thought of as the energy density at a given frequency.

It is possible to define a wave nunber as

k= 23rn
T

(To associate this wave nuniberwith that used in theoretical considera-
tions, the equivalence of space and time averages must be assuwd.)

‘Thespectral function f(k) can be defined so that ~f(k) dk is the
contribution of energy per unit mass from wave numbers between k amd
k+dk. The total contribution frcm all wave numbers is

The following relation exists between* F(n) and f(k)
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Both f(k) and F(n) can be interpreted as energy densities. The main
difference between the two representations of the turbulence spectrum
is that the k system is associated with a coordinate system in which
there is no mean motion with respect to the fluid, while the n system
is taken at a fixed point in a coordinate system where there is a man
mdion of the fluid. Physically, f(k) has dimensions of length, where-
as F(n) has dimensions of time. For a homogeneous flow (constant mean
velocity), it would make no difference whether f(k) or F(n) spectra I
are discussed. In a shesr flow, on the other hand, this relation is
affected by the mean velocity U. m

m
In

In general, f(k) will be associated with physical eddies of turbu-
m

lence in the fl~j thus, through the use of wave nunber, it is possible
—

to relate the existing theoretical work to physical measurements. How-
ever, any comparison with theoretical predictions must be nwde with
some reservations, since only the one-di~nsional spectrum has been

—
—

evaluated and most theoretical work is based on a three-dimensional
spectrum.

The measurements reported herein constitute a phase of a lo~-range
research program directed toward the study of turbulent boundary-layer
separation. In general, the data are presented in tabular form, since

~,

knowledge in the field has not progressed to a point where an adequate
analysis is possible. *

APPARATUS AND PROCEDURE

Tunnel and test conditions. - The measurements repated herein were
made in the turbulent boundary layer along the test wall of the Lewis
6- by 60-inch boundary-layer channel. A schematic diagram of the tunnel
is shown in figure 1, and a complete description of the channel (except
a modified inlet) appears in reference 13. The channel inlet has been
reconstructed to take air from the large enclosed work area surrounding
the channel in order to eliminate fluctuations in mean velocity due to
atmospheric gusts. A honeyconb has also been added upstream of the
screens to reduce the possibility of secondary flows in the test section.
The addition of the honeycomb resulted in an increase of the free-strew
turbulence level from approximately 0.5 to 0-.9percent, which in turn
causes an appreciablethickening of the boundary layer. The effect of
the honeyconb may be seenby coqparing the uasurements presented in
reference 14 with those of the present report. With approximately the
sam flow conditions at the inlet, the boundary layer at station 1 in-
creased from roughly 1.25 inches to nearly 2.00 inches after the honey-
conibwas added. The measurements were taken at a constantReynolds

nuniberper foot of 2.9x105, which corresponded to a free-stream velocity r

of approximately49 feet per second, maintained at station 1 (fig. 1).
s
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The suction through the porous wall (opposite the test wall) was suffi-
cient to keep the boundary layer along that wall at a constant thickness
(the same as reported in ref. 14 for the test with the 25-in. water-
pressure drop).

The four stations at which spectrum measurements were made are
spaced longitudinally approximately 18 inches apart, with the first
station located about 72 inches from the tunnel contraction, as shown
in figure 1. The boundary-layer thickness varied from ~out 2 inches
at the first measuring station to roughly5 inches at the fourth station.
The adverse pressure gradient at each station is shown on the static-
pressure distribution curve (fig. 2).

Instrumentation. - The hot-wire-anemometer system used was the
constant-temperature system described in reference 15 with some modi-
fications within the am@ifier made to reduce the noise level. A cut-
off filter at 16,000 cycles per second is employed in the hot-wire out-
put circuit to eliminate the noise signal for frequencies above 16,000
cycles per second.

A detailed description of the u-probe and of the system and tech-
nique of measurenrsntwith the constant-temperaturehot-tire anemometer
are presented in reference 14. The hot wires were etched 0.0Q02-inch-
diameter tungsten with copper-plated ends. The unplated section was
0.040 inch long.

The frequency analyzer employed in the spectrum measurements was a
commercially available instrument with an adjustable band width. In
general, only the narrowest band width was used for the measurements.
An effective rectangular band width was defined from the experimentally
determined band shape, as shown in figure 3. In all but a few of the
measured spectra, the effective band width was 4.4 cycles per second.
For these few measurements, which were taken at a later date, a change
in a component of the analyzer circuit resulted in an increase of the
minimum effective band width to 11.7 cycles per second.

REDUCTION OF DATA

Mean-velocity profiles. - The mean-velocity profiles (fig. 4) were
evaluated from total-pressure profiles and the wall static pressure.
Details of the technique and equipment employed for the measurements
are reported in reference 14.

Longitudinal turbulent intensity. - The longitudinal-turbulent-
intensity distributions across the boundary layer at each station are
shown in figure 5. Details of the method employed to obtain these
measurements are also reported in reference 14.
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Evaluation of spectral-densityfunction. - The
function F(n) was calculated from

F(n)=-==

T
Anu

T
An e
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spectral-density
P

(3)

where An is the effective band width of the analyzer, Aez is the mean

squsre voltage output of the analyzer between the frequencies II+*

An T
and n - ~, and e is the mean square of the total fluctuating wire

signal (r~ad on an electronic average-square computer). A block

diagram of the instrumentation is shown in figure 6.

Through use of equations (1) and (3), a cross check on the instru-
~

mentation and data can be ~de in the follo~W3 waYo By plotti~ —
~

against n and integrating under the curve} it is possible to determine
an effective band width An> since> if An is independent of nj
equations (1) and (3) yield

J-

-

An = &2 dn (4)
~

o

(where the upper limit m was taken experimentally as 16,000 cps).
The values of An obtained from equation (4} varied randomly over an
appreciable range (the majority fell within a band of ~20 percent from
the mean, but variations from the mean of ~50 percent were also ndd.)j

however, the numerical average value of An was 4.3 cycles per second,
as compared with the independently measured value of 4.4 cycles per
second. Thus, it is reasonable to assume that the experimental band
shape (fig. 3), which was determined mainly at 40 cycles per second
because of instrumentation restrictions, is a fair representation of
the analyzer’s response at all.frequencies.,

In order to check for inconsistencies in the spectrum measurements,
equation (1) was evaluated for each spectrum (with a & of 4.4 cps).
Of the integrated values, 15 percent did not agree with equation (1)
within ~0.2, while the other 85 percent scatter quite randomly about-l
with variations up to kO.2 being equally probable. A variation from
equation (1) of greater than A20 percent was assumed to represent more

—

k’
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than the expected random error of uasurements, so that all data indi-
cating an appreciably greater variation were discarded. It is believed
that the larger variations resulted from foreign particles striking the
tire during a spectrum measurement.

Evaluation of scales of turbulence. - Taylor (ref. 16) introduced a
method of defining the average size of eddies as

m

%J’s Rx dx (5)
o

where Rx is the correlation coefficient between the values of u at
two points, separated by a distance x in the direction of the x-
coordinate. The correlation coefficient Rx can be evaluated from
the spectrum function F(n) because Rx and UF(n)/2@ are Fourier
transforms of one another (ref. 12). Therefore,

.

ti

m

F(n) =: f
23cnx

Rx COS ~ dx

o

(6)

(7]

The first and third terms of equation (7] provide a convenient method
of evaluating ~. However, since no ~asurements below 20 cycles per
second were recorded, the value of F(O) can not be determined directly.

To determine a value of F(O) from the measured data, the following
method of extrapolation was used. From equation (6) it my be seen that
the slope of the curve of F(n) against n is zero at n = Oj there-
fore, the simplest logical approximation of the curve wouldbe psrabolic.
A form of the parabolic equation given by Dryden (ref. 17] is

F(n) =
F (0)

1 + An2
(8)

For Dryden’s particular flow, A= 4fi2</& was used to determine F(O).

The value of F(O) was determined by fitting equation (8) to points
taken from faired curves passed through the measured points between
n= 20 and n= 100 cycles per second.

Whereas & is related to the entire turbulent field, and in
particular to the average eddy size, it is also possible to define
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another length which can be regarded as a measure of size oi’the smallest
eddies. This length kx, called the microscale, is defined (ref. 16) k
by:

1 ()1 - Rx
—=21im —~2 *O X2
x

(9)

In geometric terms, X: is twice the radius of curvature of the correla-
tion curve at x = O. Thus, if the smallest eddies present in the tur-
bulent flow are large, the correlation factor Rx would drop off slowly ~
with x (large radius of curvature) and Ax would be Isrge, and
conversely.

The microscale Ax can be expressed in terms of the spectrum
function F(n) with the aid of the Fourier transform of equation (6):

~= {= F(n) cos~dn

Zm.x 2fi2n2x2
If COS ~ is replaced by the series 1 - +* (as in

9
ref. 12), the microscale becomes

(10)

u

—

v

(11]

The values of Xx are determined from equation (11). The problem of
defining the spectrum function at and near zero frequency is not of

—

importance since the higher moment depends mainly on the contribution
of the higher frequencies.

ERRORS —

The noise
figure 7, with
Y= 1 inch for
to noise level
fig. 7 is on a

level of the complete anemometer system is compared, In
the longitudinal spectrum of turbulence ~asured at
station 1. This particular spectrum is the most sensitive
of those taken at station 1. (me noise level plotted in
scale relative to the total output signal of the hot-

wire turbulence signal at a point 1.0 inch from the tunnel wall at
station 1. It should, therefore, not be compared directly with any of i
the other frequency diagrams.) In general, the noise level is of
importance only for the very-high-frequency range, and then only if the

F-
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over-all turbulence signal is very-low. (In some cases where the energy

(density was very low F(n) -10-10 ) the noise level my have been en-

countered at as low a frequency as 5000 cps. Also, for a few of the
spectra, amplification of the turbulence signal was not sufficient to
raise the very-hi@-frequency part above the noise level of the wave
analyzer.)

The selectivity characteristic of the wave analyzer resulted in
lsrge fluctuations of the output meter; these were due to unequal
weighting of the turbulence signal over the analyzer band width coupled
with the very sharp peak in response at the resonance point. It was
necessary to damp the meter by large capacitance in order to make
readings consistent. Thus, the nonlinear averaging of the meter and
capacitance are expected to introduce some error into the measure?msnts.

Soreserror is present in the very-low-frequency measurements, be-
cause they depend on the accuracy to which the analyzer was balanced.
The balance was affected by the length of “warm-up” time of the instru-
ment and was found to drift slightly during the measurements. This
error explains the somewhat large variation of F(n) noted at n = 20
cycles per second for a few of the spectrum measurements.

No attempt was mde to correct the measure=nts for the effect of
wire length (0.040 in.), since the turbulence scales were quite large
co~ared with wire length. Approximate calculations suggest, however,
that the error du~ to wire length will be no greater than 10 percent,
and of that magnitude, only near the wall where the scales are smallest.

Although it would be impossible to determine all errors, the over-
all random scatter in the measurements can be indicated by evaluation
of equation (1). The random error in the individual measurements would
be expected, on the average, to be no greater than the ~20 percent ob-
served in the evaluation of the integral.

RESULTS AND DISCUSSION

Longitudinal spectra.of turbulence. - The measured longitudinal
spectra of turbulence for different y distances are presented in
table I for each of the four stations investigated. Also included with

!

16,~0
each spectrum is the value of the integral F(n) dn, as obtained

n
w

when checks on the measuring consistency were performed.

In figure 8, a comparison has been made between the spectra at
station 1 and station 4 for the same y distances. Data from station 1
can be regarded as representing the distribution for a zero pressure

. .
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gradient, while station 4 was in the influence of a strong adverse
pressure gradient. The general variation with y distance is similar
for the two boundary layers. A somewhat gre@er fraction of the total-
energy density of the turbulence is contained in the low-frequency range
for the boundary layers in the strong adverse pressure gradient, as
might have been inferred from the fluctuations observed in the same
region from total-pressure-probemeasurements (ref. 14).

A decrease in the energy density F(n) in the high-frequency range
was observed as the flow continued downstream against the adverse pres-
sure gradient; a similar decrease occurred at a given station as the
wall was approached. This latter decrease appears rather abruptly in
the vicinity of the wall, as is evident from an examination of the lines
of constant frequency of figure 9. The distance from the wall where the
decrease occurs is somewhat greater for the larger pressure gradients.

Spectra at station 1 are compared in figure 10 with measurements
of the spectra reported by Klebanoff (ref. 9} for a zero-pressure-
gradient boundary layer similar to that at station 1. The same general
trend of the syectra removed from the wall was noted, even though the
respective distances for the spectra do not correspond. These spectra
have also been comparedby wave-nurber plots in figure 11. The opposite
trends observed at the high frequencies and high wave numibers(figs. 10
and 11) are due to the mean-velocity factor in the relation k = 2fin/U.

u-

1?

Second moment of longitudinal turbulence spectra. - A comparison
of the energy spectra across the boundary layers is made in figure 12
where the second.moment n2F(n) is plotted against n. The slope of
the second moment curves at n = O is zero; however, the scale of
figure 12 is too small to indicate this trend. These plots not only
emphasize the energies corresponding to the higher frequencies, but
also are of importmce in
isotropic turbulence, Lin

tion of energy to be 2nv

~.
expressing the viscous dissipation. (For
(ref. 18) finds the rate of viscous dissipa- . .

%[.%1 +.r%n)J)Twoge~
“L u. J

types of distribution, sharp peak for the spectra near the wall and a
broader rounding off.of the curves for the outer part of the boundary
layer, are apparently associated with the “innersnd the outer regions
of the boundary layer and can be seen in figure 12. However, this

.

trend is not very distinct at station 4.
--
.

Turbulent scales. - The scales & evaluated from equation (8)
and the faired data are shown in figure 13. Although any conclusion

8
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based on the results must be made with some reserve,

d tion of & must be quite arbitrary, it does appear
decreases near the wall.

11

since the evalua-
that the scale

Figure 14 shows a typical measured spectrum compared with the curve
determined from equation (8). The curve obtained by using Dryden’s
value of A in equation (8) and fitting the data at n = 20 cycles per
second is included in figure 14. Use of Dryden’s form of the parabolic
spectra to evaluate ~, where the data at n = 20 cycles per second
were used, results in values of the same order of ~nitude as those of
figure 13. However, since this curve was formulated for isotropic tur-
bulence, it probably will not fit the measured spectra exactly, as is
evident in figure 14.

The values of ix obtained from equation (Ii) are shown in figure
15. Estimates for the outer portion of the boundary layer (with the
exception of station 4) give values of &/~ between 0.1 and 0.4, in
comparison with a value of 0.2 at the center of channel estimated from

M measurements presented by Laufer (ref. 20]. The trends of Xx are

~ similar to those observed for ~.

y- Correlation coefficient ~. - The Fourier transform relation be-

? tween Rx and F(n) (eq. (lO))--wasemployed to evaluate Rx at a dis-
“ tance of 0.005 inch from wall at station 1 (fig. 16). The calculation

of Rx is extremely sensitive to the incremnts of n chosen in the
integration when x is large, aa increasing x results in increasing
the frequency of the cosine function. The value of ~ obtained from
the correlation curve and equation (5) was smaller than that given by
the spectrum curve and equation (8] but of the same order of magnitude.

Comparison with theoretic~ predictions. - It is possible to in-
pret the effects of inertia, pressure, andviscom forces acting within
a turbulent field by introducing the Fourier coefficient representative
of the field into the Navier-Stokes equations of motion (ref. 1). In-
ertia forces transfer energy from one part of wave-nuniberspace to
another without changing the total amount of energy associated with any
directional component of the energy; pressure forces transfer energy
from one directional component of the Fourier coefficient to another
(in the direction of isotropy); and the loss of energy by viscous dissi-
pation is more rapid for the small-scale components than for the large-
scale components. With this insight into the general flow of energy,
a hypothesis of statistical equilibrium has been developed (ref. 1).

Since the turbulence is (assumed to be) generated as large-size,
small-wave-number eddies, the action of inertial forces is such that it

i

‘4
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the energy to the high wave numbers and thus directs it to the
viscous dissipation, while the effect of pressure forces elim- 8

inates any directional perference. From this, Kolmogoroff postulates a
region in the high-wave-nuniber,small-eddy range that is of a universal
character. For shesr flow, the assumption is that as energy is handed
dowu the range of eddies, it loses any directional character, resulting
in isotropic small-scale motion.

For the subrange of values of k where viscosity is unimportant
and the eddies are statistically independent of the large energy-
containing eddies, the spectrum function obtained from Kolomogoroff;s
hypothesis is found to vary as &5/3 . Heisenberg’s extension of Kol-
mogoroff’s theory of equilibrium for the small eddies (ref. 21), with
the assumption of a definite form for the exchange of energy between
different wave nunibers,yields a variation of the spectrum function
proportional to k-7 for very large values of k. A study by Tchen
(ref. 22) considering not only viscous dissipation and inertia transfer,
but also terms identified as production, cohvectim, and diffusion, also
predicts the -5/3 and -7 power laws; in addition, a -1 power law is
found to exist when the mean velocity of the fluid is small.

The data of stations 1 and 4 have been compared with the spectrum
variations predicted by the various solutions of the universal equili-
brium theory in figure 17. The predicted slopes have been arbitrarily
fitted to the data in the regions where they might be expected to be
valid. The experimental ~ta appear to agree with the power-law predic-
tion over fairly extensive regions; however, in many cases the scatter
of the measurements may have resulted in undue agreem?nt. For the outer
region of the boundary layer, the -7 power law either fits the spectrum
curves somewhere below the level of measurements, or was not present at
all. A region of -5/3 power law is reasonable for each profile, with
the region of largest agreement being fofid in the outer Portion of the
boundary layer (range approximately 400 to 2000 CPS at station 1 and
100 to 1000 cps at station 4).

The conclusions of Tchen (ref. 22) that a region of -1 power law ‘
exists and refers usually to larger eddies than does the -5/3 law are
consistent with the measurements of this study. (The region of agree-
ment of the -1 power law is from 60 to 400 cps for station 1 and from
roughly 40 to 100 cps at station 4.) In general, the -5/3 power law
fits a greater portion of the spectrum curve in the outer region of the
boundary layer than the -1 power law,”which becomes important for the
region near the wall. This trend was predictedby Tchen, since the
man velocity is small and the production function is important near
the wall; the -1 power law would be expected to be of greater importance
there. For the spectra very near the wall (y = 0.005 in.), the trends
are somewhat less defined, indicating the turbulence Reynolds number
may be too low for all conditions of equilibrium to be valid.

.
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The shape of the spectra in the large-eddy range where equilibrium
theories are not valid still can not be predicted (ref. 1, pp. 91). In
general, it is only possible to state that the spectral distribution at
low frequencies willbe a function of the initial conditions, and that
the large eddies appear to react only weakly with the smaller turbulence.

CONCLUDING REMARKS

Comparison of the spectral distributions fcm boundary layers in
zero pressure gradients and large adverse pressure gradients indicates
that the sam general trends exist in both cases. The percentage of
energy density contained in the high-tiequency range was decreased as
the boundary layer continued downstream into a large-adverse-pressure-
gradient region.

Comparison of spectra in wave-nu?iberplots indicates an increase
in the energy density for the high-wave-nuniberrange as the wall was
approached. At high frequencies the opposite trend was observed in the
frequency plots very near the wall.

The ratios of the longitudinal scale and the microscale of the
turbulence for the outer region of the boundary layer were of the sane
order of magnitude as values observed at the center of a fully developed
channel flow.

Measured spectra showed some agreement with the predicted varia-
tions found from the universal equilibrium theory at all positions.
The extent of agree~nt of any one power law was found to be largely a“
function of position in the boundary layer.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, March 16, 1955
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APPENDIX - sYMBoLs

The following synibo~ are used in this report:

constant

reference point

mean square of the total fluctuating hot-wire voltage due to
turbulence

mean square valtage of hot-wire.between the frequencies n+*
An

andn-y
G

percent of turbulent energy ~ associated with k

percent of turbulent energy ~ associated with n

value of F(n) at n = O

one-dimensional wave nuniber,2m@ @-

longitudinal turbulence

frequency

effective band width of

static pressure at wall
pressure at distance

scale
G-

●

wave analyzer . .—=

(atmospheric pres~re-tuel-wa~~static
x)

reference static pressure (atmosphericpressure - tunnel-wall
static pressure at zero distance) —

longitudinal space velocity correlation cmfficient between

%%+Xpoints a and a + x,
2 .

‘a

local mean velocity

mean velocity in free stream where viscous effects are unimportant

instantaneous turbulent velocity fluctuations in x-direction

Anmean square turbulence velocity between frequencies n + ~
Anand n - —
2

G
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x
.

Y

6*

1.

2.

3.

.

5.

6.

7.

8.

9.

10.

11.

12.

distance along surface of test wall

distance normal to test wall

boundary-layer displacement thickness

longitudinal microscale of u-fluctuations
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TABLE I. - LOMGITUD~AL TURBULENCE

(a)Station1

SPECTRA

F!cequency, Distancenormalto testwall,y, in.
n, 0.005 I 0.010 I 0.025 I %. 150Cps I 0.250 I 0.500 I 1.00

Meanturb.len.e.elwity,@, ft/sec

4.U I 5.30 4.97 3.58 I 3.36 2.96 t 2.22
Localmean velocity, U, ft~sec

13.0 I 19.1 I 25.0 I 32.5 I 35.1 I 40.4 I 45.5

~F(n) dn

0.912 I 0.917 I 0.865 I 1.19 [ 0.800 I 1.15 [ 0.857

20
40
60
m

100

150
200
250
300
350

400
450

500
6W)
700

800
800

1,000
1,500
2,000

2,500
3,#o
3,500
4,CQ0
4,500

5 ,Om
6,000
7,000
8,000
9,000

10,000
16,(MO

3 .42x10-3
3.54
3.17
2.69
2.48

2.07
1.78
1.20
9.18x10-4
7.32

5.66
5.17
4.68
3.30
2.30

1.47
1.08
7.49X1O-5
2.27
7.32x10-6

2.64
1.36
6.75ti0-7
13.42
2.07

1.53
4.68x10-8
1.69
1.17
7.57X1O-9
1.17x1o-8
7.57xlo-9

3.45X1O-5
3.21
3.21
2.39
2.39

1.s5
1:38
1.17
9.16x10-4
8.03

5.95
5.05
4.62
3.82
2.44

2.15
1.61
1.20
5.43xlo-5
---------

3.94X10-6
?.44
1.37
7.04xlo-7
3.91

3.00
1.53
j.15x10-8
5.10
L.67
3.52x1o-9
3.52

Percentof turbulentenergy,F(n)

4.26x10-:
3.60
3.30
2.72
1.54

1.26
1.08
8.24x10-<
6.14
6.14

4.36
3.83
3.s3
2.88
2.14

1.99
1.63
1.33
4.97X1O-5
2.46

1.54
S.slxlo-f
$.36
2.30
L.44

1.21
3.61x10-7
2.46
1.16
5.sOxl.o-~
L.40
1.71

5.71xlo-~
3.43
2.59
2.14
1.61

9.5oxlo-4
7.69
5.35
5.35
4.64

4.00
2.38
2.38
1.92
1.52

1.34
1.03
8.56x10-5
5.01
2.91

--------

1.26
---------
6.07x10-6
---------

4.00
1.67
5.92x10-7
4.79
2.43
1.61
1.61

4.14xlo-~
3.28
2.28
2.05
1.28

1.05
7.13X1O-4
5.68
4.82
----------

4.01
---------

3.12
2.32
---------

1.31
---------
1.03
4 .4xlo-5
3.28

1.45
9.8OX1O-6
-e-------
4.01
---------

---------
1.54
---------
3.84ao-7
--------
1.45
5.68x10-8

3.75KI0-3
2.75
2.16
1.36
1;31

1.07
7.69x10-4
6.28
4.92
---------

3.26
---------
2.86
1.96
---------

1.50
.--------
9.81)d0-5
$.49
2.46

1.57
3.5otio-6
.--------

3.08
---------

---------
1.66
---------
?.42%10-7
---------
L.23
j.47tio-8

4.38KL0-3
3.32
2.01
1.82
2.01

1.25
1.03
9.56X1O-4
6.55
---------

5.50
---------
4.56
3.48
---------

1.64
---------
1.15
7.28x10-5
3.s4

1.92
1.25
---------

B.29=0-6
---------

---------

1.15
---------
4.1OX1O-7
---------

2.85
1.82

. %landwidth,11.7cps.
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TABLE I. - Continued. LONGITUDINAL TURBULENCE SPECTRA

(b) Station 2

‘requency, Distance normal to test wall, y, in.
n,

0.005
Cps 1 0.010 ) 0.025 1“ 0.150 0.250 0.500

Me=mturbulence velOci~!, -@~f~/sec ‘“w

1

3.77 I 4.32 4.50 3.15 2.98 2.72 2.33

Local mean velocity, U, ft/sec

13.7 ! 18.3 I 23.0 I 30.0 I 31.9 I 36.2 I 41.6

F(n) dn

1.20 I 1.03 1 1.15 I 1.07 I 1.05 I 0.871 I 0.s07

Percent of turbulent energy, F(n)

20 6.58x10-3 6.72x10-3 1.OI%1O-2 4.22x10-2 1.42x10-2 5.67x10-2 1.68xlo-2
40 5.69 4.70 5.4SX1O-3 5.92x10-3 6.52x10-3 4.86f10-3 4.82x10-3
60 4.87 3.62 4.51 4.36 2.90 3.42 3.04
8B 4.11 3.43 ‘ 2.s3 3.02 2.70 2.91 2.96

100 2.99 3.05 2.60 2.64 2.50 2.44 2.30

150 2.22 2.04 2.14 1.78 1.79 2.23 1.63
200 1.72 1.75 1.64 1.34 1.33 1.64 1.38
250 1.57 1.48 1.12 1.14 1.20 8.26x10-4 9.44X1O-4
30Q 1.29 8.0E?x10-49.O6X1O-4 8.84x10-4 1.07 6.34 7.94
350 1.10 7.62 8.36 7.96 --------- --------- ---------

400 6.48x10-4 6.72 5.91 6.97 4.16ti0-4 5.46 5.02
450 5.32 4.-73 6.50 5.00 --------- --------- ---------
500 4.70 4.38 4.84 4.37 2.92 3.24 3.69
603 3.56 3.70 4.34 3.36 2.61 2.48 2.16
70Q 2.27 2.80 3.18 2.20 --------- --------- -.----~---

800 ““1.74 2.27 2.34 1.74 2.02 1.48 1.64
900 1.16 1.26 1.99 1.65 --------- --------- ---------

l,m 9.97X1O-5 7.88x10-5 1,74 1.13 1.16 9.77X1O-5 1.05
1,500 2.69 2.69 5.15X1O-5 5.93X1O-5 4.79xlo-5 4.54 8.O3X1O-5
2,000 6.00xIO+ 1.13 2.s4 2.64 2.70 2.91 3.18 ~

2,500 2.57 3.7oxlo-6 1.37 1.94 1.63 1.34 2.12
3,000 9.24x10-? 1.37 6.49x10-6 9.73xlo-6 8.77x10-6 9.91x1o-6 1.03
4,000 1.16 3.43XM3-7 1.62 5.50 3.70 3.08 4.88x10-6
5,000 3.56x10-8 1.48 5.82x10-7 2.05 --------- --..---------------

6,000 1.50 1.13 2.60 5.92f10-? 4.27x10-7 5.85xlo-7 8.03x10-7

7,000 8.89x10-9 2.80x10-8 7.71xI0-8 2.&5 --------- --------- ---------

8,(I(N 5.70 1.79 5.14 1.94 1.07 7.28x10-8 2.62
9,000 5.70 1.03 2.26 8.61X1O-8 --------- --------- -----------

10,000 5.70 8.48Ki0-9 1.62 4.84 7.25x10-8 5.06 1.24
16,000 4.35 7.00 1.08 2.15 2.37 1.821 6.57x10-8

.
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TABLE I. - Contlnu*.LoNGITuDmml!mmlmlwz8PEm

(c)Sta.tton3

fiequemy, Dfetance normal to test well, y, in.
UP IcpB o.co5I 0.010 0.025 0.150I 0.250 O.mo 1.00 I 1.90 %.9

Meanturbulencevel=tty,4, ft/sec
3.T2 ‘4.31 4.50 3.243 I 3.53 3.50 3.35 I 2.64 I 1.16

Localmeanvelmity,U, ft/sec
8.51 I 17.E [ 19.4 23.4 24.8 28.2 1 34.6 40.5 44.1

I ~F(n)dn
1.17 I 1.15 1.14 I 0.917 I 0.982 0.950 0.796 I 1.17 I 0.662

Percent,of turbplent energy, F(n)

20 7.41=0-3 8.EW1W3 9.1OKLO-31.0WLO-28.Z%XIO-36.94xlo-31.04XL0-27.35xl&37.9&l@
40 7.75 7.e6 5.12 5.67x10-35.46 4.E4 3.9WL0-35.81 4.33
60 4.66 4.54 4.23 3.55 3.85 3.44 2.63 3..93 3.44
m 4.36 4.08 3.18 2.52 2.05 2.60 2.74 3.54 2.64
10Q 3.02 2.63 2.27 2.07 1.80 2.24 2.74 3.cKl 2.s1

150 2.45 l.ell 1.88 1.19 1.62 1.73 1.23 1.e4
2aJ

1.51
1.78 1.26 1.36 9.65xlo-41.36 1.43 8.62X1041.72 1.04

250 1.28 1.02 1.o6 7.98 9.lalo-41.CU 8.03 1.11
300

7.62xlo-4
7.58%0-47.06x10-46.76x1046.14 5.53 4.98ti0-44.84 8.17x20A5.33

350 8.09 5.31 7.93 4.83 —---—.- -------------------------------.--—

w 4.64 4.30 5.67 3.68 3.17 4.55 3.18 4.59 3.65
450 4.07 4.17 4.70 3.19 -------------------------—------------------
502 3.17 3.48 4.24 i?.98 2.39 3.02 2.31 3.81 2.10
m 1.65 2.16 2.5a 2.46 1.54 1.66 1.59 2.94 1.57
7cxl 1.s4 1.29 2.24 1.42 ------------_---------------------------------

w 1.02 1.02 1.32 1.28 1.30 1.25 1.04 1.65 9.77X1O:5
800 4.87xl~57.e7xlo-51.22 8.~10-5 ---------------_---------------—---

1,003 9Slxlo-=7.17
---------

4.37
1,502 8.69x10-6::%

8.22X10d6.325K10&E.19X1O-5I.m
2.72 2.20 2.89

3.MXIO-69.18xlo-61.20
3.203 3.96 3.63X1O-5!%

2,030 2.42 1.36 1.431 2.22 1.84 1.46

2,5cxJ6.85x10-71.02 3.81 6.==0-6 6.62x10-61.17 1.58 1.38 7.6FX104
3,cKm 5.12 3.86xlo-72.50 2.66 3.02
4,c03

9.37x1o-63.18XL0-66.&5X10~3.40
5.68K10-86.16Klo-84.7exlo-79.47xlo-71.16 1.13 1.72 2.04 1.41

5,Qxl 1.60 2.55 1.28 2.20 ---------------—-------------------
6,0Q2 8.43x10-71.13

---------
4.67x1o-89.90xI0-81.62%0-72.42x10-73.3K!X1O-73.8oxlo-72.15XL0-7

7,(KY25.36 5.cMflo-93.00 3.55 -------------------------—-----—------—---
8,0XI 5.36 5.04 1.42 3.55 3.4~wo-88.34x10-68.34Jm0-’93.30 1.07
9,0cn 5.36 5.04 1.18 1.58 ----------------------------—---------------
10,030 5.36 5.Cn 9.52X1O-91.58 1.W 2.89 5.I.5 4.alxlo-e1.07
16,WO 5.36 5.04 7.52 1.56 1.KJ 2.29 4.39 2.00 7.03xlo-s

%ana uidth,11.7cpa

.

.
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TABLE 1. - Concluded. IKINGITUDINALTURBULENCE SP2CTSA

(d) Station 4

requency, Disteace n-l to test wall, Y, in.
n? %.005 I 0.010I I I t I ICps 0.025 0.L50 0.250 I 0.5CQ 1.03 2.CC1 “3.0 3.5

Mean turbulenceVelmity, ~, ftjaec

2.66 I 3.17. I 3.50 I 2.96 I 2.85 I 3.01 I 5.21 I 2.98 I 2.20 I l.m

Laml mean velmity, U, ft/8ec

6.$5 I 8.69 I 11.12 I 15.5 I 16.4 I 19.s I 23.0 I 29.7 I 36.1 I 3s.3

,h(n) d.
--’

0.860 I 1.06 1.14 0.917 1.08 0.9s3 I 1.06 1.04 I 1.22 I 1.04

Percent of turbulent eneray, F(n)

. 20 7.WX10-3 7.43x10-31.26x10-2 1.07x10-~
40 6.10 1.CKX10-2 S.6&10-3 6.47x10-:
60 3.24 9.O2X1O3 4.32 4.36
60 2.82 4.90 3.52 3.30
100 1.88 4.80 3.36 2.67

lXI 1.46 2.10 1.s0 9.97X1O,-4

2m 1.18 1.78 1.30 9.10
25a 7.87X1O-4 9.7CX1O-4 9.k4xm-4 8.25
m 6.63 6.59 6.46 5.6L
350 4.79 4.04 5.45 4.M

4CQ 3.s0 4.07 4.96 2.77
450 3.51 3.16 4.C.0 2.40
w 1.20 2.26 2.32
em :R 9.79XL0-5 1.57 1.66
7C0 1.19 5.58 9.52x104 7.42xLo-~

Wo 8.7sxlo-53.44 7.55 7.92
6.76 2.46 4.80 5.56

1,0Y3 7.39 1.77 3.27 4.75
l,5CKl 1.58 4.e4xto-6 7.58xL0-61.87
2,003 4.78XL0-6 6.44xL0-71.61 5.85X10-G

2,5Q3 ---------2.84 9.51X1O-7 3.38
3,000 1.03 9.72X1O-83.50 1.W
4,aXl 2.20m0-7 2.73 4.95X1O-8 4.75xlo-i
5,030 6.64X1O-6 1.21 1.93 1.08
6,(XQ 1.66 1.02 7.17X1O-94.05xlo-c

1.UX1O-2 8.74X1O-3 6.70x10-3 1.34X1O-2 L.03XL0-2 7.05%10-3
6.0Lx10-36.83 6.L3 7.25X1O-3 5.W1O-3 6.01
4.38 4.02 5.34 5.Ll 4.35 5.03
3.14 2.96 2.91 4.19 2.57 4.17
2.67 2.79 2.72 2.27 2.32 3.3.1

1.98 1.34 1.47 1.67 1.s2
1.09 1.10 1.33 6.70x10-4 ::%-LO-4 9.22XL0-4
6.22x10-4.s.2axlQ-49.80X10-4 4.46 6.96 7.72
5.61 4.EO 4.80 4.04 4.76 5.41

I l---------l---------l---------l-------------------.-------
2.88 2.2$ 2.68 2.56” 3.71 3.27
-.-.--.----------. --.---.- .------.- --------- ---------
2.Ee 2.16 1.66 1.88 2.16 2.61
1.L3 1.38 1.49 1.67 1.25 2.21
--------- ----.— -------— --------- --------- ---------

7.1E’X1O-=’7.12X1O-5 6.tWIO-5 9.75X1O”57.43WJ-5 1.07
--—--- . --------- --------- ........- --------- ---------
5.16 4 .CM 5.62 C.L3 5.79 9.39XL0-5
1.99 1.43 2.61 2.57 3.77
7.45XL0-55.SaCl@ ;:E 1.16 s.37xN6 l.~

2.32 2.76 4.2Ix1o-64.7sx1o-6 4.98 5.7LX1O-6
L.07 1.69 . 2.45 1.67 3.91 2.62
2.72x10-74.s3ao-7 4.37U0-7 6.L3X1O-7 7.43X1O-7 9,39X1O-7
.-------- ------------------ ------------------- ---------
2.XPQo-e 5.54xlo-e9.72xlo-e 9.39aa-8 9.26XL0-81.26

---.s ---- -----—- --------- --------- --------- ---------

1.32 1.46 3.03 2.80 3.15 5 .llxlo-e
--------- --.------ --------- --------- ----..--- -.-----—
1.32 1.46 1.84 1.04 2.32 3.76
1.32 1.46 1.W 4.63X1C+ 1.03 1.67

.

.
W6 width, LL.7 cps.

.

.
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