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SUMMARY

| As an extension to the data reported in Technical Note 3561, hot-

' wire-anemometer measurements of the intensity, scale, and spectra of
turbulence in a 3.5-inch-diameter free subsonic jet were made for down-
stream distances from 8 to 20 jet diameters. The results show that the
eddy size increased with distance from the jet nozzle until a maximum
was reached. The position of this maximum depended upon the distance

. from the jet centerline. After reaching the maximum, the eddy decreased
- uniformly in size with distance from the nozzle.

cQ-1

The pondimensional mean-velocity profiles were nearly similar in a
. region from 12 to 20 jet diameters from the nozzle., Corresponding simi-
larity in intensity of turbulence profiles, however, was not observed as

far as 20 jet diameters downstream of the nozzle.

INTRODUCTION

The results of hot-wire-snemometer surveys in a 3.5-inch-diameter
free subsonic jet are presented in reference 1 for axial distances not
greater than 8 jet diameters downstream of the jet nozzle. As was

\ explained there, the increasing interest in the problem of reducing the
) noise of jets has made more turbulence data necessary.

A continuation of the jet studies at the NACA Lewis laboratory has
resulted in the completion of the turbulence gurveys to about 20 jet diam-
eters downstream of the jet nozzle. This work was done as part of the
jet-noise program in order to further the efforts that are being made
to correlate turbulence and noise.

The experimental methods explained in reference 1 - in particular,
the use of the autocorrelation technigue - are considered especially
ugeful in turbulence studies, because they show that the turbulence eddy .
does not change apprecisbly during the short time or space interval
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considered. In addition, improvements in the correlation computer have
further simplified the job of extensive turbulence surveys.

In this report, as in reference 1, constant-temperature hot-wire
anemometers were used to obtain the intensity, the scale, the spectra,
and the velocity autocorrelations at points distributed throughout the
Jjet. The points considered ranged from axial distances of 8 to 20 Jjet
diameters downstream of the nozzle and were uniformly distributed across
the turbulent jet from the centerline to the outer boundaries. Since the
Jet was found to be symmetrical about the axis, only one-half of the com-
plete jet was explored.

In reference 1 it is shown that variations in jet speed (Mach and/or
Reynolds number) have only small effects on these turbulence parameters.
In addition, turbulence studies in water (ref. 2), which show results
similar to those in air, tend to confirm that the observed effects are
Reynolds number effects. Hence, the turbulent velocity measurements were
conducted at a core Reynolds number of 300,000 (based on jet radius) and
a Mach number of 0.3.

INSTRUMENTATION AND TEST PROCEDURES

The instrumentation and test procedures in this report are those
which were used in reference 1. The hot-wire anemometers are the constant-
temperature type described in reference 3. The hot-wire signals were
recorded in three ways at each point in the jet stream (see fig. 1):

(l) The root-mean-square value of the wire voltage fluctuations was
read from an rms voltmeter. ’ :

(2) The spectrum of the wire voltages was recorded by the spectrum
analyzer. ’

(3) The wire voltage fluctuations were recorded on magnetic tape
for later processing with the computer.

The correlation computer used in this work is described in reference
4. The signal from a single hot-wire anemometer is recorded simultaneously
on two -channels of a magnetic tape recorder. At playback, one of the
signals can be delayed with respect to the other.by moving one of the
pickup heads. Thus, two signals are obtained which are segments of the
same signal separated in time. Upon processing, these two signals lead
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to an autocorrelation coefficient defined as -—————————~—, which was
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shown in reference 1 to be _E tfet .
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The free jet used is the same 3.5-inch-diameter jet described in
reference 1 and the mean flow and tewperature instrumentation are also
the same. '

RESULTS AND DISCUSSION

The results of the experlments described in this report are presented
in a series of graphs.

The mean-velocity profiles obtained from total-pressure surveys are
shown in figure 2. In this figure the ratio of the local mean velocity
to the mean core velocity i1s plotted against the dimensionless distance
from the jet centerline in terms of jet radius. In each part of figure 2
the velocity ratios for the Mach numbers 0.2, 0.3, 0.5, and 0.7 are plot-
ted for the corresponding Reynolds numbers of 192,000, 300,000, 500,000,
and 725,000,

It is possible to plot the data for the mean flow to show the simi-

larity of all the profiles in the completely developed flow region of the

jet. In figure 3, the ratio of the local velocity to the maximum veloc-
ity (the velocity on the Jjet centerline) is plotted against a nondimension-
al mixing-zone width y/yl/2 Similar data from references 5 and 6 are

shown on this figure for comparison. The data of all these experiments
fall closely about the line obtained from momentum transfer theory
(ref. 7).

These additional  data along with the data of reference 1 make it
possible to define the approximate mean-flow jet boundaries. This has
been done in figure 4, in which the effect of the potential core Mach
number on the jet boundaries is shown.

In the turbulence intensity profiles (figs. 5 and 6), the intensity
of the longitudinal component of the turbulent velocities in percent of
core velocity is plotted against the nondimensional distance from the
jet centerline. Figure 6 is plotted as percent of turbulence against a
nondimensional mixing-zone width. In figure 6(a) the profiles near the
jet nozzle are shown to be nearly similar, but this similarity disappears
with the disappearance of the central core. The degree to which similarity
has redeveloped downstream is shown in figure 6(b), where similarity is
found only for points removed from the jet axis.
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The results of the spectral density studies are shown in figures 7
and 8. The hot-wire voltages were analyzed by a spectrum analyzer with
a band pass of constant percentage width. Here the coordinates are the
spectral density (sec) plotted as a function of the frequency (cps). In
figure 7 the spectra are given for distances from the Jjet nozzle x/r. of
16, 24, 32, and 40 and the distarce from the jet centerline y/r = 1.028;
while in figure 8 spectra are given for x/r = 32 and y/r values of O,

0.343, 1.028, 1.715, 2.400, 3,088, 3.772, 4,460, and 5.143, Faired curves:

are drawn through the data points.

The graphs of figure 7 show a progressive shift in energy level to
the low-frequency components as the x/f values increase from 16 to 40.
The graphs of figure 8, however, show very little change as the nixing
zone is traversed.

The autocorrelation curves for the same points as for the spectra
are presented in figures 9 and 10. The autocorrelation curves were
obtained by means of a special correlation computer as explained in
reference 1. '

In reference 1 spectral density curves similar to those in figures 7
and 8 and both longitudinal correlation and autocorrelation curves were
used to evaluate the scale of turbulence (ref. 8) defined as

Ix = 1; Ry dx

This method was not used in this report because no longitudinal correla-
tions were measured and some of the autocorrelation coefficients were
negative.

In order to arrive at an average eddy size from the experimental
data, the spectral density curves were used. The method of obtaining the
scale was similar to the one proposed by von Kérmén (ref. 9) and used by
Corrsin (ref. 6). The experimental points of the spectral density
curves were fitted with an expression of the type

F(n) = K
i (L + nsznZ)s/g | )

in order to extrapolate the F(n) curve to zero frequency. Figure 1l
shows the result of fitting the data with a curve of the form of equa-
tion (l) for frequencies of 500 cps and less. The fit is seen to be
adequate.

S00S
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This method was used in this report to obtain the scale from the
relation

F(O)Ul
= —

Figure 12(a) shows the values of the longitudinal scale, as evalu-
ated by this method, plotted as a function of the distance froum the jet
nozzle. This mep of the scale of the turbulence of the subsonic Jjet
may be useful in calculations of the aerodynamic noise of the jet. Fig-
ure 12(b) is a cross plot of figure 12(a).

If this scale is related to the average 1ongitudina1 size of the
eddies in the turbulent flow, figure 12 shows that:

(1) The eddy size is a function of the distance from the jet nozzle.

(2) As the distance from the jet centerline is increased, the maxi-
wum eddy size occurs farther downstream.

(3) The meximum eddy size at distances downstream greater than 8
jet dismeters occurs on the jet centerline.

CONCIUSICNS

Hot-wire anemometer measurements are reported for distances greater
than 8 diameters from the exit nozzle of a subsonic jet. These results
are obtained from a continuation of the program described in Technical
Note 3561.

The intensity of turbulence expressed as a percent of the core
velocity of the jet is given for a large number of points located within
the jet. The intensity profiles show a development of similarity as the
distance from the jet nozzle is increased with the location of the maximum
intensity moving out from the jet centerline.

The spectra of the turbulence were used to obtain a longitudinal scale
of the turbulence.

The longitudinal scale of the turbulence increases with distance
from the jet nozzle with the maximum value of scale occurring at greater
distances from the exit as the distance from the centerline is increased.
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Mean velocity profiles are shown and are used to define the limits
of the subsonic jet over a range of Mach numbers from 0.2 to 0.7.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronatuics
Cleveland, Ohio, April 24, 1956

S00S
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APPENDIX - SYMBOLS

fluctuating component of hot-wire voltage

e
F(n) spectral density function
K constant
L scale of turbulence
n frequency
R correlation coefficient
T ‘jet-ndzzle fadius
U mean stream velocity
fluctuating component of velocity in x-direction
X,y right-hand coordinate system with x-axis coinciding with centerline
of Jjet
At delay time
Subscripts;
¢ core
1 local
max meximum (on jet centerline)
t time
X longitudinal
JA\Y delay time
1/2 points where local velocity is one-half the maximum or centerline
velocity
Superscripts:

average

root-mean-square
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Velocity ratio, Uz/Uc

NACA TN 3576

4 Exit Mach Reynolds
.6 D= number number
NA]
E,_&JEL o 0.2 192,000
~N\H | .3 300,000
o .5 500,000
A .7 725,000
\QS
)
0
(a) Distance from jet nozzle x/r, 24.
.6
RN
O
.2
\
0 N\\‘ﬂ
(v) Distance from jet nozzle x/r, 32.
.6
.2 =
PN
0 1 2 4 5 8"~

3
Distance from jet centerline,. x/r
(c) Distance from Jet nozzle x/r, 40.

: Figure 2. - Mean-velocity profiles.
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Figure 6. - Similarity of turbulence intensity profiles. Mach number, 0.3; Reynolds number,
300,000. ' . ’ :




15

*000¢00S ‘aequnu sploukey fgrQ ‘Jequnu yoey 3TX9 820"
.h\h SUTTa93Ua0 39f wWoJaJ 90ue48RJ °STZZ0U 38[ WOIJ S90UBLEIP SNOTJIBA 3B €8AJIND £3TSUSD Hmppomnm - *, 2andtyg

‘0% ‘a/x @9trzzou 38f woay 20uUBYSTQ (P) *g¢ ‘a/x erzZou 48[ woay 9oUBLEIQ (O)
gdo ‘Aousnbaag

50T ¢0T 20T 0T goT 50T 20T . goT ot

I

4T
ﬁﬂ
I
1
IHIE
Il
I
i
~

]

[o]

—

I
i1

T

|

A 1d

/nm
. N\
N ] w #lo.n

¥

¢-0T

i
Ih
|
I
I
I
m
I
|
m
m
.
i
12}
ﬁl
|

M

== : m:OH
74 .n\x aTzzou 38f woxy douelstq (4) 9T .ﬁ\w 9T22z0u 38 woaj 9ouelsIq (®)

0T

i
I

!l!
I
.!l
|

mMMWMWMMMﬂmwmmmmmwwmm bloﬁ

TT

9-0T

iii

T
1101

l
i

I
I
i
il
Il
i
<
o
=

m
|
ﬁﬁ
im

NACA TN 3576

] L] L} 3
S00S

o9s ‘(u)g ‘£371susp Teagoadg




16 ‘ NACA TN 3576
1072 E = =H
|
o
10'3 e == EEEEE
-4 b
10 ° ===+ 4E§§EEEE§é§§EEEE
N
10-° ==— ===
10‘6 e 2
AN
o
1077 ‘ AN
(a) Distance from jJet centerline y/r, O.
10_2EEEEEEEEEEEE=E = ==
o —
8 <
. 1073 g : =
C}
2
I i
B 107" == = =—: =]
B
5] -5 N
© 1077 e =
D
5
g . 3
8 10 ' <
@ <
AN
AN
1077 °
(v) Distance from Jet centerline y/r, 0.343.
10-2 = ——c—=c—c—cc et
-3 |
10 Sscc—— == =
DN
]_0'4 = = EEEE —_—
AN
1075 = LEQ%EEEEEEEEE =ity
1076 — ==
\\
[+ N
i AN
1077 _ AN .
10 ' 102 103 104 105

Frequency, cps
(c) Distance from jet centerline y/r, 1.028.
Flgure 8. -~ Spectral density curveé at various distances from

Jet centerline. Distance from jet nozzle x/r, 32; exit
Mach number, 0.3; Reynolds number, 300,000,

cnne




5005

NACA TN 3576

Spectral density, F(n), sec
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Figure 8. - Continued. Spectral density curves at
various distances from Jet centerline. Distance
from jet nozzle x/r, 32; exlt Mach number, 0.3;
Reynolds number, 300,000.
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Autocorrelation coefficient, Ry

NACA TN 3578
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(c) Distance from jet centerline y/r, 1.028.
Figure 10. - Autocorrelations at various distances from Jjet

centerline. Distance from jet nozzle x/r, 32; exit Mach
number, 0.3; Reynolds number, 300,000.
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Autocorrelation coefficient, Ry
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Figure 10. - Continued. Autocorrelations at various dis-

tances from jet centerline.

x/r, 32; exit Mach number, O.

Distance from jet nozzle

3; Reynolds number, 300,000.
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