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SUMMARY

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 ageinst an adverse pressure gradient. However, the effect of
pressure gradient was not pronounced; a similar redistribution of energy
density occurred at a glven station as the wall was approached.

Wave-number plots, on the other hand, show an incremse in energy
density in the large-wave-number range in the vicinity of the wall. The
difference between the two plots is due to the mean-velocity factor in
the relation between wave number and freguency.

The measured spectrs are compared with the different varistions pre-
dicted from the hypothesis of statisticel equilibrium. Results tend to
indicate that the predictions are consistent wlith the measurements at
certain positions within the boundary layer.

The longitudlinal-turbulence scales and microscales evaluated from
the spectrum measurements are presented.

INTRODUCTION

Statistical theories of turbulence have been developed for homo-
geneous and isotropic turbulence (ref. 1). For these compsratively
simple motions it has been found that the flow field may be described in
terms of defined statistical guantities, such as probability distribution
functions, correlation functions, and energy spectral distributions. In
general, it is possible to interrelate these statistical quantities
mathematically or physically. While the turbulent motions encountered
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in the field of seronautics are more complicated than homogeneous turbu-
lence, the studies of the simpler motlons have indicated the terms that
may be expected to be of major importance In a statistical theory of
nonhomogeneous turbulence.

Since no complete statisticel theory of turbulent shear flow exists
at present, experimentel resesrch hes been dlrected toward gaining an
insight into the basic nature of the shear flow. Measurements of the
intensity of turbulence alone have not ylelded sufficient information
gbout 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 & fuller understending 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 esteblished by Townsend (refs. 4 and 5) and by
Corrsin (ref. 8) for free turbulent shear flows.

In very recent measurements, attention has been directed toward the
understanding of the fundamental trensfer mechanisms of turbulent shear
flows. The current approach is to evaluate all conceiveble quantities
in order to gein knowledge of the basic mechanism of turbulent shear
flows. Corrsin and 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 hest and momentum by turbulence. Townsend (ref. 8) and
Klebanoff (ref. 9) have dealt with the turbulent-energy balance within
turbulent boundary layers; thelr 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.

This report is concerned with the measurement of spectra of the
longitudinel component of turbulence at several stations in e 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 leyer where the turbulence
signals are quite large. No measurements of spectra were mede in the
outer region of the boundary layer where the intermittency is of major
importance. :

The mathematical aspproach to representing a field of turbulent
motion has been through Fourier analysils (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
through a filter circuit, or wave analyzer) to mske a Fourier analysis
with respect to one space coordinate only. Or more preclsely, it is
possible to meke a frequency analysis of the wvelocity components with
respect to time at a fixed point. This frequency analysis can be assumed
to be related to the wave-number analysis of the variation of wvelocity
along a line in the direction of the stream. For homogeneous turbulence
and certain specific conditlions, it is possible to prove that the space
?verage ?nd the time average of fluctuating quantities are equal

ref. 11).

If the longitudinal turbulent-velocity fluctuation u 1is resolved

into harmonic components, the temporael mean value of u? mey be regarded
as the sum of contributions from all frequencies. A spectral function

F(n) can be defined (ref. 12), so that u®F(n) dn 1is the contribution
of energy per unit mass from frequencies between n and n + dn. The
total contribution from all frequenciles is

,f'c F(n) dn = 1 (1)

0
(A 1ist of symbols is given in the appendix.)

The function F(n) is the fraction of the total kinetic energy per
unit mass of the turbulence arising from freguencles between n and
n + dn, and may be thought of as the energy density st a glven frequency.

It is possible to define a wave nunber as

_ 27n

U

(To associaste this wave number with thet used in theoretical considers-
tions, the equivalence of space and time averages mist be sssumed.)

The spectral function f£(k) can be defined so that uéf(k) dk is the
contribution of energy per unit mass from wave numbers between k and
k + dk. The total contribution from all wave numbers is

f (k) dk = 1 (2)
0
The following relstion exists between F(n} and £(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 i1s associated with & 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 mean
motion 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 meke no difference whether f(k) or F(n) spectra
are discussed. In a shear flow, on the other hand, this relation is
affected by the mean velocity U.

In genersal, f(k) will be associated with physical eddies of turbu-
lence in the flow; thus, through the use of wave number, 1t is possible
to relate the existing theoretical work to physical measurements. How-
ever, any comparison with theoretical predictions must be mede with
some reservations, since only the one-dimensional spectrum has been
evaluated and most theoretical work is based on a three-dimensional

spectrum.

The measurements reported herein constitute a phase of a long-range
research program directed toward the study of turbulent boundary-layer
separation. In general, the date are presented in tebular form, since
knowledge 1in the field has not progressed to a polnt where an adequate
analysis 1s possible.

APPARATUS AND PROCEDURE

Tunnel and test conditions. - The messurements reported herein were
made in the turbulent boundary layer along the test wall of the Lewils
6~ by 60-lnch boundary-lsyer channel. A schematic diegram of the tunnel
is shown in figure 1, and a complete description of the channel (except
a modified inlet) sppears 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 honeycomb has alsc been added upstream of the
screens to reduce the posslbllity of secondary flows in the test section.
The addition of the honeycomb resulted in an increase of the free-strean
turbulence level from epproximately 0.5 to 0.9 percent, which in turn
causes an appreciable thickening of the boundary layer. The effect of
the honeycomb may be seen by comparing the measurements presented Iin
reference 14 with those of the present report. With spproximately the
same flow conditions at the inlet, the boundary layer at station 1 in-
creased from roughly 1.25 inches to nesrly 2.00 inches after the honey-
comb was added. The measurements were taken at a constant Reynolds

number per foot of 2.9x105, which corresponded to a free-stream veloeity
of approximstely 49 feet per second, maintained at station 1 (fig. 1).
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The suction through the porous wall (opposite the test wall) was suffi-
cient to keep the boundery layer along that wall at a constent 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 gpart, with the first
station located sbout 72 inches from the tunnel contractlon, as shown
in figure 1. The boundary-layer thickness vaeried from gbout 2 inches
at the first measuring staetion to roughly 5 inches at the fourth statlon.
The adverse pressure gradient at each station is shown on the static-
pressure distribution curve (fig. 2).

Instrumentation. - The hot-wire-snemometer system used was the
constant-temperature system described in reference 15 with some modi-
fications within the emplifier made to reduce the noise level. A cut-
off filter at 16,000 cycles per second ls employed in the hot-wire out-
put circult to eliminate the noise signal for frequenciles above 16,000
cycles per second.

A detalled descriptlon of the u-probe and of the system and tech-
nique of measurement with the constant-temperature hot-wire anemometer
are presented in reference 1l4. The hot wires were etched 0.0002-inch-
diemeter tungsten with copper-plsted ends. The unplated section was
0.040 inch long.

The frequency analyzer employed in the spectrum measurements was a
commerclally avallable instrument with an adjusteble 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 &1l 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 circult 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 1l4.

Longitudinal turbulent intensity. - The longitudinal-turbulent-
intensity distributions across the boundery layer at each statlon 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-density function. - The spectral-density
function F(n} was calculated from

F(n) = M2 pe? (g)

An u An e2

ool

where An 1is the effective band width of the analyzer, A 2 ig the mean
An

square voltage output of the analyzer between the frequencles n + 2

and n - %?, and e2 is the mean équare of the total fluctueting wire
signal (reed on an electronic averasge-square computer). A block

disgrem of the instrumentetion is shown in figure 6.

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

z
mentation and date cen be made in the following way. By plotting 287

2
e

against n and integrating under the curve, it is possible to determine
an efPective band width An, since, if An is independent of n,
equations (1) and (3) yield __

2
An = ég: dn (4)

&2

0

(where the upper limit = was taken experimentally as 16,000 cps).

The velues of An obtained from equation (4) varied randomly over an
appreciable range (the majority fell within s band of +20 percent from
the mesn, but variations from the mean of +50 percent were also noted) ;
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 reasonsble to assume that the experimental band .
shape (fig. 3), which was determined malnly 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 inconsistencles in the spectrum measurements,
equation (1) was evaluated for each spectrum (with a An 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 gbout 1
with variations up to +0.2 being equally probable. A variation from
equation (1) of greater than +20 percent was assumed to represent more
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than the expected random error of measurements, so that all data indi-
cating an sppreciably greater variation were discarded. It is belileved
that the larger variations resulted from foreign particles striking the
wire during a spectrum measurement.

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

Lx"-'\./;QRxdx (5)

where Ry 18 the correlation coefficient between the values of u at
two points, separated by a distance x 1in the direction of the x-
coordinate. The correlation coefficlent R, can be evaluated from
the spectrum function F(n) because Ry, and UF(n)/2+/2x are Fourier
transforms of one ancther (ref. 12). Therefore,

-

F(n) = % u/1 Ry coOs Zﬁ?x dx (8)
0
and >
" f 4L
F(o)=ﬁ A Ry 4 = —5~ (7)

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

To determine a value of F(0) from the measured data, the following
method of extrapolation was used. From equation (6) it may be seen that
the slope of the curve of F(n) asgainst n 1is zero at n = 0; there-
fore, the simplest logical epproximation of the curve would be parabolic.
A form of the parabolic equation given by Dryden (ref. 17) is

F(a) = —E0OL (8)

1+ An2

For Dryden's particulsr flow, A = 4ﬂ2L§/U2 was used to determine F(O).

The value of F(0) was determined by fitting equation (8) to points
taeken from faired curves passed through the measured points between
n=20 end n= 100 cycles per second.

Whereas L, is related to the entire turbulent fileld, and in
particuler to the average eddy size, 1t is also possible to define
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another length which can be regarded as a measure of size of the smallest
eddies. Thils length Ay, called the microscale, is defined (ref. 16)

by:
1 -R
"]"E = 2 lim (_.é._E) (9)
)\.x =0 X

In geometric terms, XZ is twice the radius of curvature of the correla-
tion curve at x = O. Thus, if the smallest eddles present in the tur-
bulent flow are large, the correlatlon factor Ry would drop off slowly
with x (lerge radius of curvature) and Ay would be large, and
conversely.

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

Ry = léﬁ F(n) cos Zﬂgx dn (10)

2. 2.2 4 4 4
Zunx 4o replaced by the series 1 - 28X R X 4 XD X (g gp

v G 1204

ref. 12), the microscale becomes

If cos

2
ilE: %ﬁ f n%F(n) dan (11)
X

0

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 level of the complete anemometer system is compared, in
figure 7, with the longitudinal spectrum of turbulence measured at
¥ = 1 inch for station 1. This particular spectrum is the most sensitive
to nolse level of those teken at station 1. (The noise level plotted in
fig. 7 is on & scale relastive to the total output signel 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
the other frequency dlsgrams.) In general, the noise level is of
importance only for the very-high-frequency range, and then only if the
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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 nolse level may have been en-

countered at as low a frequency as 5000 cps. Also, for a few of the
spectra, amplificatlon of the turbulence signal was not sufficlent to
ralse the very-high-frequency part sbove the noise level of the wave
analyzer.)

The selectivity cheracteristic of the wave analyzer resulted in
large fluctuations of the output meter; these were due to unequal
welghting 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 capsacitance in order to make
readings consistent. Thus, the nonlinear averaging of the meter and
capacitance are expected to introduce some error into the measurements.

Some error is present in the very-low-frequency measurements, be-
cause they depend on the sccuracy 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 made to correct the meesurements for the effect of
wire length (0.040 in.), since the turbulence scales were quite large
compared with wire length. Approximete calculations suggest, however,
that the error due to wire length will be no greater than 10 percent,
and of that magnltude, only near the wall where the scales are smallest.

Although 1t would be impossible to determine all errors, the over-
all random scatter in the measurements can be 1ndicated 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 7y distances are presented in
teble I for each of the four stations investigated. Also included with
16,000
each spectrum is the value of the integral ‘]’ F(n) dn, as obtained
0
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 ln the influence of a strong adverse
pressure gredient. The general variastion with y dlstance is similar
for the two boundary layers. A somewhat greater 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 gredlent, as
might have been inferred from the fluctuations observed in the same
reglon from total-pressure-probe measurements (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 occurse ls 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 simllar to that at station 1. The same general
trend of the spectra removed from the wall was noted, even though the
respective distances for the spectre do not correspond. These spectra
have also heen compared by wave-number plots in figure 11. The opposlte
trends observed at the high frequencies and high wave numbers (figs. 10
and 11) are due to the mean-velocity factor in the relstion k = Znn/U.

Second moment of longitudinal turbulence spectra. - A comparison
of the energy spectra acrogs 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 1is zero; however, the scale of
figure 12 is too smell to indicate this trend. These plots not only
emphagize the energies corresponding to the higher frequencies, but
elso are of importance in expressing the vfécous dissipation. (For
isotropic turbulence, Lin (ref. 18) finds the rate of viscous dissipa-

21
- U
tion of energy to be 2nv EE n2F(n) + 4L/“ nF(n) dn|.) Two general
vl : g
-

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 spperently associated with the inner and the outer regilons
of the boundary lsyer and can be seen in figure 12. However, this
trend is not very distinct at station 4.

Turbulent scales. - The scales L, evaluated from equation (8)
and the falred data are shown in figure 13. Although any conclusion
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based on the results must be made with some reserve, since the evalua-
tion of L, must be quite arbitrary, it does appear that the scale
decreases near the wall.

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 L,, where the date at n = 20 cycles per second
were used, results in values of the same order of magnitude as those of
figure 13. However, since thls curve was formulated for ilsotropic tur-
bulence, it probebly will not fit the measured spectra exactly, as is
evident in figure 14.

The values of Ay obtained from equation (11) are shown in figure
15. Estimetes 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 estimeted from
measurements presented by Laufer (ref. 20j. The trends of A, are
simllar to those observed for L.

Correlation coefficient Rx' - The Fourier transform relation be-

tween Ry and F(n) (eq. (10)) was employed to evaluate Ry at a dis-
tance of 0.005 inch from wall at station 1 (fig. 16). The calculation
of Ry 1is extremely sensitive to the increments of n chosen in the

integration when x 1s large, as increasing x results in increasing
the frequency of the cosine function. The value of Ly 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 theoretical predictions. - It is possible to in-
pret the effects of lnertia, pressure, and viscous forces acting within
a turbulent field by introducing the Fourler coefficlent representative
of the field into the Navier-Stokes equations of motion (ref. 1). In-
ertia forces transfer energy from one part of wave-number space to
another without changing the totel amount of energy sssociated with any
directional component of the energy; pressure forces transfer energy
from one directional component of the Fourier coeffileient 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 Ffor the large-
scale components. W1lth this insight into the genersl flow of energy,

& 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
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transfers the energy to the high wave nunmbers and thus directs it to the
region of viscous dissipation, while the effect of pressure forces elim-
inates any directlonal perference. From this, Kolmogoroff postulates a
region 1n the high-wave-number, small-eddy range that is of a universal
character. For shear flow, the assumption is that as energy is handed
down 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 eddles are statistically independent of the large energy-
containing eddies, the spectrum function obtained from Kolomogoroff's
bypothesis is found to very as k-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 numbers, ylelds 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, coéhvection, 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 smali.

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 reglons where they might be expected to be
valid. The experimental date appear to agree with the power-law predic-
tion over fairly extensive reglons; however, in many cases the scatter
of the measurements may have resulted in undue agreement. 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 reglon of -5/3 power lew is reasoneble for each profile, with
the region of largest sgreement being found in the outer portion of the
boundary layer (range spproximately 400 to 2000 cps at station 1 and
100 to 1000 cps at station 4).

The conclusions of Tchen (ref. 22) that a reglon of -1 power law !
exlsts 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
fite a greater portion of the gpectrum curve in the outer region of the
boundary laeyer than the -1 power law, which becomes important for the
region near the wall. This trend was predicted by Tchen, since the
mean velocity is small and the production function is important near
the wall; the -1 power law would be expected to be of greater Ilmportance
there. For the spectre very near the wall (y = 0.005 in.), the trends
are somewhat less defined, indicating the turbulence Reynolds number
mey 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 eqguilibrium
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 will be a function of the initial conditions, and that
the large eddies appear to react only weskly with the smaller turbulence.

CONCLUDING REMARKS

Comparison of the spectral distributions for boundary layers in
zero pressure gradients and large adverse pressure gradlents indicates
that the same general trends exist in both cases. The percentage of
energy density contained in the high-frequency range was decreased as
the boundary lsyer continued downstream into a large-adverse-~pressure-
gradient region.

Comparison of spectra in wave-number plots indicates an increase
in the energy density for the high-wave-number range as the wall was
approached. At high frequencies the opposite trend was observed in the
frequency plots very nesr the wall.

The ratios of the longitudlnal scaele and the microscale of the
turbulence for the outer region of the boundary layer were of the same
order of magnitude as values observed et 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 agreement of any one power law was found to be largely a’
function of position 1in the boundary layer.

Lewlis Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, March 16, 1955
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APPENDIX - SYMBOLS
The following symbols asre used in this report:
constant
reference point

mean square of the total fluctuating hot-wlre voltage due to

turbulence
meen square valtage of hot-wire between the frequencies n + %?
and n - 4n
2
percent of turbulent energy uz assocliated with k
percent of turbulent energy w@ associated with n
value of F(n) at n=0
one-dimensional wave number, Znn/U
longitudinal turbulence scale
frequency .

effective bend width of wave analyzer

static pressure at wall (atmospheric pbressure - tunnel-wall statlc
pressure at distance x)

reference static pressure (atmospheric pressure - tunnel-wall
static pressure at zero distance)

longitudinal space veloclty correlation coefficient between

YUgUetx
2
8

points a and a + x,
u

local mean velocity
mean velocity in free stream where viscous effects are unimportant
instantaneous turbulent velocity fluctuastions in x~direction

mean square turbulence velocity between frequencles n + %;

and n - %? - -

3555
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p.4 distance along surface of test well

¥ distance normal to test wall

5% boundary-layer displacement thickness

A longitudinal microscale of u=~fluctuations
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TARLE I. - LONGITUDINAL TURBULENCE SFECTRA
(a) Station 1
Freguency, Distence normal to test well, y, in.
c;; 0.005 | 0.010 | o0.025 | ®.150 [ o0.250 | 0.500 | 1.00
Mean turbulence velocity, -ﬁ, ft/sec
4.12 | 5.30 | 4.97 | 3558 | 3.36 | 2.98 | z.22
Local mean velocity, U, ft/sec
13.0 | 19.1 | 25.0 | 32.5 | 35.1 | 40.4 [ 45.5
JF(n) dn
0.912 | 0.917 | o.85 | 1.19 | 0.900 | 1.15 | 0.857
Percent of turbulent energy, F(n)
20 |3.42x1073]3.45%x10"3|4.26x10"3] 5.71x10"5| 4.14x10-3| 3. 75x210-3| 4 .38%1.0~3
40 [3.54 3.21 3.60 3.43 3.28 2.75 3.32
80 |3.17 3.21 - 3.30 2.59 2.28 2.16 2.01
80 |2.89 2.39 2.72 2.14 2.05 1.36 1.82
100 |[2.48 2.39 1.54 1.61 1.28 1:31 2.01
150 |2.07 1.85 1.26 9.50x1.0~4(1.05 1.07 1.25
200 [1.78 1:38 1.08 7.69 7.13x10~%(7.69x10-4|1.03
250 |1.20 1.17 8.24x10-4|5.35 5.68 6.28 9.568x10~%
300 |9.18x10-4{9.16x10-4]6.14 5.35 4.82 £.92 6.55
350 |7.32 8.03 6.14 VY- SR P P P
400 |5.66 5.95 4.36 4.00 4.01 3.26 5.50
450 |5.17 5.05 3.83 PR 1: S P PN (S—
500 |[4.68 4.62 3.83 2.38 3.12 2.86 4.56
600 13.30 3.82 2.88 1.92 2.32 1.96 3.48
700 {2.30 2.44 2.14 1.52  |eceecccee|ccemmecen loccomaann
800 |(1.47 2.15 1.99 1.34 1.31 1.50 1.64
900 [1.08 1.61 1.63 1.03  |ecemmmma oo [
1,000 |7.49x10-511.20 1.33 8.56x10-5[1.00 9.81x10-5{1.15
1,500 |[2.27 3.43%10-5 |4 .97x10-5]5.02 4.4x10-5 |4.49 7.29%x10-5
2,000 ({7.32%1076 [cmmmcmnaas 2.46 2.91 3.28 2.46 3.8¢
2,500 |2.64 5.94x10-6/1.54  |ecm—mmmen 1.45 1.57 1.92
3,000 [1.36 2.44  |5.51x10-6{1.28 9.90x10-6|8.50x10-6 |1.25
3,500 |6.75x10-7{1.37 4.38  |emmmce—ce|cmccaceee|cccneceas jaamam————
4,000 |3.42 7.04x10~7[2.30 6.07x10-614.01 3.08 8.29x10-6
4,500 |2.07 3.91 144  Jeemmmemem|ecmsmemee femomemmee e
5,000 |1.53 3.00 1.21 4.00  |emmemccee|cmcemc—ce jeccme————
6,000 |4.68x10-8|1.53 3.61x10~7)1.67 1.54 1.66 1.15
7,000 [1.69 5.15x10-8]2.46 P =713 Yo Ll P PR [ ——
8,000 [1.17 3.10 1.16 4.79 3.84%10-712.42x10-7 |4.10x10-7
9,000 |7.57x10-%{1.87 8.80X10-8]2.43 femmmmoee |mmccmmamc oo
10,000 |1.17x%10-8]9.52x10-%[4.40 1.61 1.45 1.23 2.85
16,000 |7.57x10-9]9.52 1.71 1.61 5.68x10-8|5.47x10-811.82

®Band width, 11.7 cps.
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TABLE I. - Continued. LONGITUDINAL TURBULENRCE SPECTRA

(b) Station 2

3555

Frequency, Distance normal to test wall, y, in.
2 | [ oo | o0 | o.zs0 | |
cpe 0.005 0.010 0.025 0.150 | 0.250 0.500 1.00
Mean turbulence velocity, -"EE, ft/sec
3.77 | 4.32 | 4.50 | 3.15 [ 2.8 | 2.72 | 2.33
. Local mean velocity, U, £t /sec
13.7 | 18.3 | 23.0 | 30.0 | 31.9 | 3.2 | 41.6
fF(n) dn
120 | .05 | 115 | 1.07 | 1.05 | o0.871 | o.807
Percent of turbulent energy, F(n)
20 |6.58%x1075|6.72x10™3 1.01x10‘§ 4.22x1072]1.42x1072 5.67x10'§ l.68x10'§
10 |5.69 4.70 5.48¢107° |5.92x107°(6.52x10"° |4 .86 XL0™° |4, 82x10™
60 {4.87 3.62 4.51 4.36 2.90 3.42 3.04
80 [4.11 3.43 2.8% 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 11,79 2.23 1.83
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|9.44x10-4
300 |{1.29 8.08x10~4[9.06x10-% |8.84x10~%|1.07 6.34 7.94
350 [1.10 7.62 8.36 7.98  |emccemeoe|e=eeecmee e
400 |6.48x10"%4(6.72 5.91 6.97 4.16x10~%|5.46 5.02
450 |5.12 4.73 6.50 5.00  lememceeee|cemeemeee |ceacee———
500 [4.70 4.38 4.84 4.37 2.92 3.24 3.69
800 |3.56 3.70 4.34 3.36 2.61 2.48 2.16
700 |2.27 2.80 3.18 2.20  |emeccecec]cecacoean|anee- ——
800 " |1.74 2.27 2.34 1.74 2.02 1.48 1.64
900 |1.16 1.26 1.99 1.65  |emcmmemesm|emmcmemes e
1,000 |9.97x107°}7.88x10"2{1.74 1.13 1.16 9.77x10~2|1.05
1,500 |2.69 2.69 5.15%x1075 |5.93x10° |4.79x10-° |4 .54 8.03x10"°
2,000 |6.00x10~6|1.13 2.84  |2.84 2.70 2.91 3.18
2,500 [2.57 3.70x10~6|1.37 1.94 1.63 1.34 2.12
3,000 |9.24x10~7]1.37 6.49%x10-6]9.73x10-6|8.77x00-6[9.91x10-6|1.03
4,000 |1.18 3.43x10-7(1.62 5.50 3.70 3.08 4.88x10-6
5,000 [3.56x10-8{1.48 5.82%10°7{2.05 = |-wmecccce|emceccaee|meeee————
6,000 |1.50 1.13 2.80 5.92x10~7]|4.27%10-7|5.85x10-7]8.03x10~7
7,000 1{8.89%10-9[2.80x1078|7.71x108|2.83  |--ecmcmem|mmemmmee|ammmeaaa-
8,000 |5.70 1.79 5.14 1.94 1.07 7.28x10-8(2.62
9,000 [5.70 1.03 2.26 8.61%1078| cmcmcmmcn | mcemmmmm | e ———
10,000 |5.70 8.48x10-9(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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NACA TN 3453
TABIE I. - Continued. LONCITUDINAL TURBULENCE SPECTRA
(c)} Station 3
Frequency, Distance normal to test wall, y, in.
c;; 0.005 0.010 | 0.025 | 0.150 | 0.250 | 0.500 | 1.00 | 1.0 | %2.8
Mesn turbulence veloclty, ~/u2, ft/sec
3.72 431 | 450 | 3.60 | 3.55 | 3.50 | 3.35 | 2.6¢4 | 1.16
Local meen velocity, U, ft/sec
8.51 17.6 | 19.4 | 25.4 | 24.8 | 28.2 | 4.6 | 40.5 | 44.1
J T(n)} do
1.17 1.35 | 1.1¢ [ o0.917 | o.982 | o0.950 | o.796 | 1.17 | o.862
Percent of turbulent energy, F(n)
20 |7.41x10-3|8.81x10~3{9.10x10-3[1.07x10-2 |6.22x10-5|6.94x10-3 |1 .04x10-2 | 7.35x10-3] 7.92x10-3
40 |7.75 7.86 5.12 5.67X10-3{5.46 4.64 3.95%10~-3|5.81 4.33
60 }4.88 4.54 4.23 3.55 3.86 3.44 2.63 .83 3.44
80 [4.36 4.08 3.18 2.52 2.05 2.80 2.74 3.54 2.64
100 (3.02 2.83 2.27 2.07 1.80 2.24 2.74 3.00 2.51
150 |2.45 1.81 1.88 1.19 1.62 1.73 1.23 1.84 1.51
200 [1.78 1.26 1.36 9.85x10~%|1.36 1.43 8.62x10~%]1.72 1.04
250 |[1.28 1.02 1.06 7.98 9.12x10-4|1.04 8.00 1.11 7.66x10-4
300 |7.58%10-%(7.06x10%[6.76x10-%|6.1¢ 5.53 4.98x10°%|4.84 8.17x10~%|5.33
350 {8.08 5.31 7.95 4.83
400 |4.B4 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
500 13.17 3.48 4.24 2.98 2.39 3.02 2.31 3.81 2.10
600 |1.65 2.16 2.50 2.46 1.5¢4 1.86 1.59 2.94 1.57
700 |1.34 1.29 2.24 1.42
800 |[1.02 1.02 1.32 1.28 1.30 1.25 1.04 1.65 9.77x1073
900 14.87x10-5|7.87x10-5]1.22 a.85x10-5 =
1,000 |4.37 5.28 9.51x10°3[7.17 8.22x10™> [6.325x10H €. 19x10°]1.00 €.25
1,500 |8.69x10-8[1.02 2.72 2.20 2.89 3.203 3.96 3.83x10-5]1.72
2,000 |2.42 3.15x10-6[9.19x10-6)1 .20 1.36 1.431 2.22 1.84 1.46
2,500 {8.80x10"7}1.02 5.81 5.20x10~6{6.68x10"8(1.17 1.58 1.38 7.66x10~8
3,000 [5.12 3.86x10-7|2.50  |2.86 3.02 9.37x10-6[3.18x1.0-6]6.86x10-6/3.40
4,000 |5.68x10-8}6.16x10-8|4.78x10-7[9.47x10-7|1.16 1.15 1.72 2.04¢ 1.41
5,000 {1.90 2.55 1.28 2.20
6,000 [8.43x10-7[1.13 4.67x10-8{9.90x10-8 [1.62X%10-7|2.42x10-7]3.30x10-7 | 3.80%10~7] 2.15x10~7
7,000 |5.36 5.04x10-9(3.00 5.55
8,000 [5.36 5.04 1.42 3.55 3.41%.0-8|8.34x10-8|8.34x10-8,3 .30 1.07
9,000 [5.36 5.04 1.18 1.58
10,000 [5.36 5.04 9.52x10-2[1.58 1.80 2.89 5.15 4.00x10-8|1.07
16,000 |5.36 5.04 7.52 1.58 1.80 2.29 4.39 2.00 7.03%10-8

®Band width, 1.7 cps
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TABLE I. - Concluded. LONGITUDINAL TURBULENCE SPECTRA
(d) station 4
Frequency, Distance normal to test wall, y, in. .
c;; %.005 | 0.016 | 0.025 | 0.150 | ©0.250 | o0.50¢ |} 1.00 | 2.00 | 3.0 | 3.5
Mean turbulence velceity, 4fu2, ft/sec
2.8 | 317 | 350 | 2.98 | 2.5 | 3.01 | Ss.20 ] 2.98 | 2.20 | 1.80
Lacal mean velocity, U, ft/sec
6.95 | 8.69 [ 311,12 | 155 | 6.4 | 183 | 23.0 | 29.7 | 36.1 | 38.3
JF(n) an
0.880 | 1.06 | 1.14 | 0.917 T 1.08 r o.sesﬁ.os i 1.04 L 1.22 | .04
Percent of turbulent energy; F(n)
" 20 [7.38%10°3]7.43%10-3]1.26x20-2|1.07x10-2| 1.02%10-2] 8.74x103] 6.70%x10-3 1.54x10-2] 1.03%x10-2{ 7.05%10~3
4 {6.10 1.06x10"2]8.68x10~316.47%10-3] 6.01x10-3} 6.63 - |6.13 7.25%10~3]5.04x10-3{ 6.01
60 |3.24 9.08x10-3}4.32 4.38 4.36 4.02 5.54 5.11 4.35 5.05
80 [2.82 4.98 °  |3.52 3.30 3.4 2.96 2.91 4.19 2.57 4.17
100 [1.98 4.60 3.38 2.67 2.67 2.79 2.72 2.27 2.32 5.51
150 [1.46 2.10 1.80 9.97x1074|1.98 1.54 1.47 1.67 1.02 1.82
200 {138 .78 f1.30 _19.10 1.09 _J1.0  f1.35  16.70x107|8.95x1074 |9, 22x1007
250 [7.87x107" [9.70x107 " [9.44x10"|8.25 6.22x107 " 18.20x1Q7" | 9.80x10" | 4.46 6.96 7.72
300 [6.63 6.59 . |6.48 5.81 5.81 4.€0 4.80 £.04 4.76 5.41
350 [4.79 4.84 5.45 4.64 -
400 |3.80 4.07 4.95 2.77 2.96 2.88 2.68 2.56 3.71 3.27
450 |3.51 5.16 4.05 2.40
500 12.84 1.0 |2.26 2.32 2.68 2.18 1.66 1.88 2.16 2.61
600 [1.56 9.79x10-5|1.57 1.68 1.13 1.38 1.49 1.67 1.25 2.2%
700 |1.19 5.38 9.52x10-5|7,42x10-5] -- ———— ——
800 |8,78x10°%|3.44 7.55 7.92 7.1ex1079 7.12%10-5| 6.80%10-3{ 9.75%10-5} 7.43x10-5|1.07
500 |8.78 2.46 4.60 5.58 -5
1,000 |7.38 1.77 3.27 4.75 5.16 4.04 5.62 €.13 5.79 9.38x1.0
1,500 1.58 4.84x10-6{7.58x10-6}1.87 1.99 1145 {2.05 2.61 2.57 5.77
2,000 |4.78%106[8.44x10~7|1.61 5.95x1078] 7.45%10°8 | 5.82x10°€ | 1.22 1.16 g.0mao-8(1.13
e« QR (O—— 2.84 9.51x10-7]3.38 2.32 2.76 . .{4.21x10-5{ 4.73x10-6|4.98 5.71x10-6
3,000 [1.03 9.72x10~8|3.50 1.8% 1.07 1.69 . _|2.45 1.67 5.91 . _[2.82
4,000 |2.20}0-7]2.73 4.95x1078|4.76x10-7| 2.72%x10- 7| 4 .83%x10-7| 4 .37x10-7| & .13%10~7| 7.43%10-7 [ 9.39x10-7
5,000 |6.64x10~81.21 1.90 1.08 |} emmmmemma]cmmmmeee
6,000 |1.86 1.02 7.17%10~%| 4.05%20-8] 2. 301078 5.54x10-8 9.72:00-8| 9. 5930 0-8| 9.26x10-8 1 .26
1]
7,000 |8.78x1079|5.44x10~%{7.17 2.50
8,000 |5.46 5.44 7.17 1.68 1.32 1.48 3.03 2.90 %.15 5.11x10"8
9,000 }1.83 5.44 7.17 1.68
10,000 [9.76%1R0]5.44 7.17 1.32 1.32 1.46 1.94 1.04 2.32 3.76
16,000 |[3.22 5.44 7.17 1.32 1.32 1.46 1.% 4.65x10°9(1.03 1.67

a
Band width, 11.7 cps.
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