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SUMMARY

Turbulent velocity components at four different azimuth angles in the meridian plane, u000, u4,5o,

u900 
(or v ), u1350' and the circumferential component w were measured to study the

turbulence structure in a cold air jet. The air jet employed for these exper;ments had an exit
diameter of 4 inches and the exit air speed was held constant at 300 ft/sec (M.1 = 0.273).

Measurements resulted in a specification of the mean velocity profiles, the intensity profiles
of different turbulent velocity components, Reynolds stresses, power spectra, and the noise
source intensity factor, U • u 2 . Hot-wire techniques were employed and the experimental
setup was designed such that the mean velocity or intensity profiles could be measured contin-
uously as a function of position within the jet.

Results showed that in the initial segment of the jet, where data were taken between 0.5 and
12 diameters from the jet exit, the relative magnitude of intensity of various turbulent velocity

a	 components on the center line of the jet mixing layer follows the following order:

u 2450 > u 200 > w 2 > u 2900 > u 21350

Accurate data taken at a distance of four diameters from the exit showed that u 2450 is 2.9 times

larger than u2 1350
 . Furthermore, at the same location, principal directions of turbulent stresses

have been computed to be 29.20 and 119.20 , and in these directions u 229.20 has been found to be

3.25 times larger than u2119.200 It is believed that the latter result may partially explain the

directivity pattern of for field jet noise intensities.

The fluctuating flow field inside the potential core of the jet was also observed and analyzed.
Results showed that such fluctuating flow inside the core is rotational.

Two hundred and twenty sets of covariant velocity fluctuation measurements for turbulent
velocity components at azimuth angles of 0-, 45-, and 90-degrees were made and recorded
on magnetic tapes. Each set of measurement consisted of signals or the square of the signals
from one fixed probe and one moving probe. Probe spacings were varied over a three-direction-
al network for each turbulent velocity component. The work is continuing to reduce these
data in order to obtain the wave number-frequency spectra for further analysis.
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1.0	 INTRODUCTION

The theory of aerodynamic noise was initiated by Lighthi II (Reference 1) and since
this original work, extensions or further developments of the theory have been pursued
by different researchers (e.g., References 2, 3, 4). In the last decade, emphasis has
been focused particularly on the topic of jet noise because of its applications to the
noise problems of modern rocketry and jet airplanes. Recently, under the some topic,
Pao and Lawson at Wyle Laboratories (Reference 5) proposed a spectral theory of jet
noise which can be applied to jet noise prediction. This theory has the following
advantages: (1) detailed noise generation mechanisms in the turbulence structure
can be examined in terms of narrow band analysis, (2) the retarded time effect
which is essential in the analysis of noise radiation can be handled more conveniently,
and (3) the difficulty in computations of higher derivatives which was encountered
using the correlation method (e.g., Reference 3) can be avoided. In this theory the
sources terms of "shear noise" and "self noise", which are related to the four-

dimensional cross spectra of v v' ( 	 t) and u20 ue 2 (	 t), respectively, have to

be defined experimentally. The present experimental program was designed for the
measurement of some of the turbulent flow parameters mentioned above, as part of an
integrated effort to arrive at accurate and reliable methods of jet noise prediction.
A region centered at x  = 4 D, x 2 = 0.5 D and x 3 = 0 was chosen for the study of

turbulence structure since, in this location, the turbulence in the mixing layer is
normally spread in directions normal to the jet axis. This region also corresponds to
the region of most intense noise generation ( Reference 3) . Such a region was con-
sidered to be the most representative of the overall turbulence structure of subsonic
jets from the standpoint of noise generation.

Extensive measurements of mean velocity profiles, turbulent velocity intensity profiles,

turbulence velocity spectra, and the noise intensity factor, U • u 2 have been
obtained. The experimental results should provide vital information which can be
employed directly in theoretical computations to predict noise, and also furnish some
insight into the detailed structures of the turbulent flow in a circular jet. It is also 	 =
anticipated that these data will be of importance in revealing the noise generating
mechanism and for correcting computations using current theories which were formu-
lated with basic assumptions. For example, in the theory by Pao and Lowson
(Reference 5), a constant mean velocity gradient and a homogeneous turbulent flow
were assumed so that the problem could be simplified to the point that noise predictions
could be made. A better understanding of the real structure of both the mean flow and
the turbulence will be helpful in making more accurate noise predictions by means
of this theory.

Some early experimental work on turbulent jets was reported by Kuethe (Reference 6)
and by Corrsin and Uberoi (Reference 7). Recently Davies, et al. (Reference 8)
measured the axial turbulent velocity component *,n the mixing region of a one inch
diameter cold air jet at Wch numbers ranging fray 0.2 to 0.55. One of their more
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interesting results was that the local intensity of the turbulence was equa! to 0.2
times the shear velocity. This velocity is defined as the product of the local integral
length-scale of the turbulence with the local shear. The local intensity is defined
as the root-mean-square (rms) value of the local fluctuations of the axial velocity
component. However, it was found that the length-scale was proporti .nal to the
distance from the jet orifice, while the maximum shear was also related to this
distance as well as to the jet exit velocity. And according to Davies, et al., these two
similc:ityrelations break down near the jet exit and also at locations beyond the first
six diameters downstream.

In a 2 in. diameter, cold air jet, Bradshaw, et al. (Reference 9) measured the three
orthogonal turbulent velocity components at a Mach number of 0.3. They were able
to show that about a quarter of the Reynolds shear stress is produced by large eddies
within a narrow range of wavelengths. These eddies are of the form of mixing jets,
inclined to the radial direction in any sectional plane across the jet flow. It was
believed that these eddies dominate the near-field pressure fluctuations. All these
results were mainly deduced from the study of the nine orthogonal spatial correlations.
A similar method was used by Grant (Reference 10) in a wake flow. It is the belief
of the present author that the inclination to the radial direction of these large eddies
is closelyrelated to the principal directions of turbulent stresses, which will be dis-
cussed in Section 5.1. A close relation among the turbulent eddies, the turbulent
vorticity, and the turbulent stresses in a shear flow can be seen as follows: When
turbulent vorticity lines are stretched in the flow by the shear and normal stresses the
direction of stretching defines the directions of eddies. Concurrently, the vorticity
intensity increases to cause a maximum normal stress normal to the direction of
stretching and a minimum normal stress in the direction of stretching.

It is also of interest here to point out that the flow in the potential core of a circular
jet has been considered in the past as being i rrotati ona I (e.g., Reference 9) . Present
observations indicate that the fluctuating flow inside the core is rotational A brief
discussion of this is given in Section 5.2.

Laurence (Reference 11) made extensive measurements in a 3.5 in. diameter free jet
with Mach numbers ranging from 0.2 to 0.7, mainly to study the intensities and the
spatial integral scales of the axial turbulent velocity component. He found that (1)
the lateral and longitudinal scales of turbulence were nearly independent of Mach
number, and in the initial mixing zone that it varies in proportion to the distance
from the jet exit, (2) further downstream of the jet the longitudinal scale reached
a maximum and then decreased approximately linearly with distance, and (3) near
the jet exit the lateral scale was much smaller than the longitudinal one. Laurence
also reported some spectrum measurements of the velocity component in the radial
direction. As discussed by Pao and Lowson (Reference 5), the overall noise intensity
per unit volume of jet is inversely proportional to the spatial scale of turbulence.
Thus, the findings of Laurence are of special interest in the estimation of noise
intensity.

2



Chu (Reference 3) also made an experimental study in a round jet of 4 in. diameter
and a jet exit speed of 142 fps. He measured space-time correlations of the velocity
components, uDo, u4,5o, and 

u 60 quite extensively. However, the two hot-wire

probes in these measurements were moved simultaneously in order to reach different
spacings, and, therefore, it is difficult to evaluate the correlation so obtained in a
non-homogeneous shear flow. It is the belief of the present author that one of the
two hot wires should have been fixed at one point to avoid extraneous errors due to
large non-homogeneous regions within the jet.

It is felt that the existing experimental data provides some significant insight into
the jet turbulence structure; however, more detailed analyses are required to define
in more detail the structure of a turbulent jet flow for the purpose of jet noise pre-
diction. Thus, reduction and analysis of the present experimental measurements are
continuing.

3



2.0	 TEST APPARATUS AND INSTRUMENTATION

The test apparatus and instrumentation showing all supporting equipment as well as
defining the co-ordinate system for the measurements are presented in Figures 1 - 7.
Various components of the test apparatus and instrumentation wi II be discussed
separately in the following sections.

2.1	 Test Apparatus

2.1.1	 Model Jet Facility

The model jet facility is shown in Figure 1. An air jet flow with a speed of 300 fps
at the sonic nozzle exit was supplied by the main air compressor system of Wyle
Laboratories. The compressor system includes a heat-exchanger with a water cooling
tower. The temperature of the supplied air can be maintained close to the temperature
of the ambient atmosphere. The air jet facility, which is mounted inside a room,
includes a settling chamber of 10 in. diameter and 5 ft. in length and a sonic nozzle
of 4 in. diameter at the exit. Seven screens with a mesh size of 50 holes per inch
were fixed in the settling chamber so as to produce a smooth flow of low turbulence
level . The contraction of the 4 in. sonic nozzle (Figure 2) was designed such that a
uniform air flow without separation can be reached. The turbulence level at the jet
exit and along the jet centerline within ^the 

,
potentia Il /cor

^e^ 
was measured to be in the

'
range of 0.3 to 0.5 percent for either V u`/U j or V v`/Uj , with the noise level

from the measuring electronics included.

2.1.2	 Traversing Mechanism

A traversing mechanism (Figure 1) which was constructed during an earlier phase of
this project was used to position the probes accurately in a horizontal plane. Minor
components were added so that the probe could be positioned at various vertical and
circumferential locations. The traversing mechanism was mounted on isolation pads
and leveled prior to commencing the tests. The massive size of the structure provided
a verystable platform for the hot wire probes.

2.2	 Instrumentation for Data Acquisition

2.2.1	 Hot-Wire Anemometer

Constant temperature anemometers with I i neari zers were employed to monitor the
signals of hot wires in the flow. These anemometers are the recently developed
Model 1054A, (Figure 4) manufactured by Thermo-Systems, Inc. These anemometers
give a linear voltage response within the speed range of air flow from 0 to 300 fps.
The linear zero and the linear span control devices of the anemometer made it possible
to match the sensitivity of one wire with that of another wire in case their electrical

4



resistances are slightly different. This improves the accuracy of an X-wire probe
when the two wire resistances of the probe have not been matched. Manufacturer
specifications indicate that the frequency response of the model 1054A anemometer
is flat from d.c. to 200 K Hz.

2.2.2	 Hot-Wire Probes

The hot-wire probes (e.g., Figure 3) were single-wire and X-wire probes. A single
straight wire was placed normal to the stream to measure the streamwise velocity
component, while a pair of wires in the form of an X was employed for the cross-
stream components. In the present study, X-wire probes were also employed for
measuring the u 45 and u 135 

components when only one of the two wires of the

probe was connected to the hot-wire anemometer. The probes were constructed at
Wyle Laboratories, and made of tungsten wires of 0.00015 in. diameter and 0.04 in.
effective length. The w;re was electro-plated with copper before it was mounted on
the probe with soft solder.

!	 2.2.3	 Pitot-Static Tube and Water Manometer

A pi tot-static tube having an inside diameter of i/8 inch was used in combination
with a water manometer to determine the exit velocity of the model air jet. These
data were used to establish the calibration sensitivity factors for the hot-wire probes.

i
2.2.4	 D. C. Differential Amplifier and Multiplier/Div:der

Subtraction, multiplication, squaring and taking the square-root of hot-wire signals
during measurements were performed using a Burc-Brown Model 3088/16 d.c. differ-
ential amplifier and Burr-Brown Model 1671/16 multiplier/divider (Figure 4).
Manufacturer specifications of frequency response give a flat response within f one
percent up to 15 K Hz for Model 3088/16 and up to 40 K Hz for Model 1671116.

2.2.5 Tape Recorder/Reproducer

In order to study wave number-frequency power spectra, hot-wire signals of turbulent
velocity and their squares were recorded using a Consolidated Electrodynamics
Corporation model GR -2800 magnetic tape recorder/reproducer system (Figure 5).
This recording system has a capacity of 14 channels and its frequency response is from
d.c.  up to 10 K Hz at the tape speed of 30 i n ./sec . using an FM recording mode.

2.3	 Instrumentation for Data Reduction

2.3.1	 Root-Mean-Square Voltmeter

A Ballantine Model 320 true rms voltmeter was employed for measuring turbulent
intensities. Frequency response range of the Model 320 voltmeter is from 5 Hz to
4M Hz.

5



2.3.2	 X-Y Plotter

All profiles of mean velocity and turbulent velocity components in the jet flow were
recorded by using a F. L. Mosely Model 135C X-Y plotter.

2.3.3 Audio-Frequency Spectrometer and Level Recorder

The audio-frequency spectrometer was a Bruel and Kjoer Type 2112 and level recorder
Type 2305 (Figure 5). These instruments were employed to obtain the power spectral
density of different turbulent velocity components. The spectrometer provides for
one-third octave band analyses with a 22 - 45,000 Hz selective frequency coverage.

6



3.0	 TEST DESCRIPTION

3.1	 Test Procedure

3.1 .1	 Determination of the Jet Aerodynamic Centerline

Initial studies consisted of defining the mean velocity profiles of the jet flow to
determine the true aerodynamic centerline of the jet. The hot-wire probe was
mounted on the traversing mechanism with its axis located at the geometrical center-
line of the jet nozzle and the settling chamber. Mean velocity profiles were then
taken with the hot-wire probe by surveying across the jet flow in both horizontal and
vertical directions. Profiles were measured at three longitudinal stations, 2, 4 and
7 diameters aft of the nozzle exit. The deviation between the aerodynamic jet
centerline and the geometric jet centerline was small; however, the true aerodynamic
centerline was used as a reference for subsequent surveys.

3.1 .2	 Measurements of Mean and Turbulent Velocity Profiles

Since the temperature of the jet flow was maintained close to that of the ambient
air in the laboratory (maximum difference of temperature not more than 3 0 F) and
since a well designed linearizer was employed with the constant temperature hot-
wire anemometer, the electrical voltage response from the hot wires was directly
proportional to the true value of the velocity component at any point inside the
jet flow. On this basis the mean velocity and the turbulent velocity intensity
profiles were measured continuously by surveying the jet flow with the hot-wire
probe and recording the output using an X-Y recorder. Position readout was obtained
by using a linear potentiometer. Chromell wires of 0.0159 in. diameter and of
uniform sections were mounted in directions normal and parallel to the jet axis and
were excited with small but constant electric current. A sliding contact was connect-
ed between the Chromel l. wire and the hot-wire probe holder. The distance of the
hot wire location from a reference point was then measurable because the electrical
voltage-drop along the Chromell wire was proportional to its length.

Calibrations of the hot wires were performed with a pi tot-static tube mounted at the
jet centerline and one inch downstream of the jet exit. The pi tot-static tube read
total and static pressures simultaneously which were converted to jet exit speed.

In the measurement of the mean velocity in a turbulent flow, a small error is involved
even if the measuring hot wire anemometer is equipped with a I i neari zer. Davies,
et al., (Reference 8) gave an estimation of the error to be 2 percent when the three
turbulent velocity components have intensities equal to 20 percent of the jet exit
velocity. No correction for such an error was attempted in the present measurements.

7



3.1 .3 Measurement of Turbulent Velocity Components

Two separate hot-wire probes were used in the measurement of turbulent velocity
components. Each probe consisted of either straight wire or X-wire elements as
discussed in Section 2.2.2. One of these probes was fixed at a distance of four
diameters aft of the jet exit and one-half of a diameter from the jet centerline;
whereas, the second probe was movable to any position in the jet. The reason for
selecting the position x = 4 D, x 2 = 0.5 D, x 3 = 0 for the fixed probe was that

at this location the turbulent mixing layer of the jet is well developed and previous
experiments indicate that jet noise generation is at its highest level. It is probably
the best location for a representative study of the turbulence structure for application
to jet noise prediction techniques.

Hot-wire signals from the two probes were recorded simultaneously on two channels
of magnetic tape using the tape recorder. Also, the hot-wire signals were condition-
ed through squaring circuits and these outputs were recorded on two other channels
of the tape recorder simultaneously with the unconditioned signals.

3.2	 Test Conditions

Experiments which have been conducted during the present study are summarized in
the following paragraphs. Figure numbers of results corresponding to the various
test conditions are also given.

1.	 The Measurement of Mean Velocity Profiles

a) Transverse to the jet flow (Figures 8, 9)

Eight profiles with x^ / D = 0.5, 1.25, 2.5, 4, 5.5, 7, 9 and 12

with x 3 / D = 0.

b) Parallel to the jet centerline (Figure 10)

Two profiles with x 2 /D = 0 and 0.5 with x3 / D = 0.

2.	 The Measurement of Profiles of Turbulent Velocity Intensities

a)	 Transverse to the jet flow (Figures 11 through 44)

8



Turbulent x / D=O3 Number ofVe l oc; ty
Components x, / D = 0.5 1.25 2.5 4 5.5 7.0 9.0 12 Profiles Taken

u 1 1 1 1 1 1 1 1 8
v 1 1 1 1 1 5
w 1 1 1 1 1 5
u450 1 1 1 1 1 5

u1350 1 1 1 1 1 5

Total 28

b)	 Parallel to the jet centerline (Figures 45, 46).

Turbulent
Velocity x / D=O3 Number of

x 2 / D= 0 x	 D= 0.52 /Components Profiles Taken

u 1 1 2

v 1 1 2

w 1 1 2

u450 1 1

u1350 1 1

Total 8

2
3.	 The Measurement of Profiles of Jet Noise Intensity Factor, U • u2

Transverse to the jet flow (Figure 47)

Eight profiles with x^ / D = 1.0, 1.5 0, 2, 4, 5.5, 7, 9 and 12
with x3/D=O.

9
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4.	 In addition to surveys taken in the turbulence regions of the jet,
additional surveys were. taken in the potential core where observations
of growing instabilities were made (Figure 48). The primary purpose
of these tests were to define inherent instabilities in the potential core
of the jet. It was discovered that these instabilities were extremely
small. However, a growth of disturbances resulting from jet flow was
observed.

A total of 220 runs were recorded on magnetic tape using a recording time of 2.5 to
3.0 minutes for each run with a tape speed of 30 inches per second. Amore detailed
index of runs with a specification of the spacings between probes ( 4 1 , ^ 21 3 ) is

given in the Appendix.

3.3	 Data Reduction

Test results presented in this report were reduced using analog instrumentation.
Reduction of the measurements to more complex statistical parameters will be perform-
ed in the near future using digital computational equipment; however, these data are
not available for the present report. Thus, the present data reduction consisted of
only a preliminary evaluation of the measurements.

The analog data reduction instrumentation was discussed in Section 2.3. These
instruments were used to define:

•	 The mean velocity profiles of the jet flow.

•	 The turbulent velocity intensity profiles in the jet flow.

•	 The turbulent velocity components u, v, u o , for
various locations in the Jet flow. Simultanfius measurements
will be reduced using digital equipment to determine their
correlation properties and will be reported in a later publication.

•	 The profiles of jet noise intensity factor U ' u

•	 The profiles of Reynolds stress - u v were determined from the

relation - u v = (u2 1350 - u 2450 )/2	 (See Section 4.3)

for both the transverse direction at x^ / D = 4.0, x 3 / D = 0

and parallel to the jet flow at x 2/ D = 0.5, x 3 / D = 0

(Figures 49, 50). Also, one profile of (- u 45 u 1350 ) was
obtained at x 2 / D = 0.5, x 3 / D = 0 (Figure 51).

•	 The one-third octave power spectra of the turbulent velocity
components u, v, and u 45 for different points in the jet

10



flow. These data were recorded on a logarithmic scale
using the B and K audio-frequency spectrometer and graphic
level recorder with a 50 dB potentiometer. These records
were made for the purpose of constructing wave number
frequency spectra. The frequency range of the data was
I imi ted to 10 K Hz wh ich was the upper frequency I imi t of
the tape recorder. However, the upper frequency limit
was considered to be sufficiently high for the purpose of
defining the critical range of turbulent frequencies for
application to jet noise prediction of the present low speed
subsonic jet.

I



	

4.0	 THE RESULTS OF MEASUREMENTS

	4.1	 Mean Velocity Profiles

Mean velocity profiles across the jet flow at different sections ranging from 0.5 D to
12 D are shown in Figure 9. Since . iyinal measurements showed that the jet flow
was oxisynmetric relative to the jet aerodynamic centerline, the profiles plotted in
Figure 9 cover only half of the jet cross section. Comparison of the profile at
X 1 / D = 4 was made with those measured by Laurence (Reference 11) and Bradshaw

(Reference 9). Excellent agreement was found as shown in Figure 8.

Figure 10 shows the profile taken at the jet axis and the profi le taken at a distance of
x 2/ D = 0.5 (i.e., the centerline of the mixing layer) parallel to the jet axis.

Along the jet axis the mean velocity maintained its magnitude at the nozzle exit up
to abou: 4.5 D and then started to decrease. The decrease of velocity between 7 D
and 12 D was found to be linear. The normalized rate of change is (D/U.) -

cFU/dx, --0.0715. Comparing the velocities at x  /D=4  and x I/D=12,a

velocity drop was measured to be 45 percent. However, the mean velocity profile
along the centerline of the mixing layer attenuated rather slowly in the downstream
direction. Between x j / D = 4 and x^ / D = 12 a velocity drop of only 21.6 per-

cent was measured.

	

4.2	 Turbulent Velocity Intensity Profiles

Turbulent velocity intensity profiles are shown in Figure 11 through Figure 46. These
include the profiles of u, v, w, u 45 and u135o across the jet flow at different

cross sections, along the jet axis and along the centerline of the mixing layer. At the
n centerline of the mixing la)er, the turbulence intensity profiles of different velocity

components decreased slowly in the direction of the jet flow as shown by Figure 46.
A decrease of 15 percent of the streomwise turbulent velc,city intensity was measured
between x I/D = 4and 12. The turbulence intensity profiles of u,v,w and u 45
measured at the section x  / D = 4 were compared with those measured by Laurence

(Reference 11), Chu (Reference 3), Davies, et al. (Reference 8), and Brgdshow, et
al. (Reference 9). They are in good agreement as shown by Figure 11 except for the
profiles of w and u 45 for which a slight difference was found when compared to

the results by Bradshaw, et al. (w-measurement) and by Chu (u450-measurement).

The lack of agreement with Chu's data is possibly due to the effect of the jet exit
speed since in Chu's report a jet exit speed of 142 fps was employed which is less
than one-half of the speed employed in the present measurements. However, the
reason which may explain the small difference of w-measurements between the

12
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present work and the work by Bradshaw, et al. has not been determined so far.

In present measurements, the turbulent velocity intensity profiles at the centerline
of the mixing layer (Figure 46) showed that they maintain quite flat levels at least
in a range covering x^ = 1 D ILO x  = 1 9 D, and also showed that

u245o >	
u2 >
	

w2 >
	

v2 >
	 U2

1350135

At x = 4D. their normalized values were observed to be

U 
2 
450 

/ U. = 0.17
J

U 2/ U. = 0.16J
^^/ U . = 0.13J

v 2/ U. = 0.12
J

r2 1 
350/ U. = 0.102

J

and one can see that the magnitude of	 u 2 . is 1.7 times larger than the magni-
V"^_^tude of 	u 210 . The measurement	 u 2450 by Chu (Reference 3) also showed

that	 u : o > 4=u'^  However, the result I t of	 u 21 0 has not been found in

the existing literature, and therefore no comparison can be made at the present time.

The turbulent velocity intensity profiles along the jet axis (Figure 45) showed that

r u ` is greater than 4=2 u 
450 

(or u 2
135 

0 ) and that4
=2̂

u 0 (or4
=

2u  1350)

is greater than y (or	 w 2 ) and this possibly means that even along the jet
axis, where mean shear does not exist, the turbulence structure of velocity fluctua-
tions cannot be considered as isotropic.

13
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	4.3	 Profiles of Reynolds Stress

Reynolds stresses have not been measured directly in the present work; however,
since the following relation holds 6e+ween the velocity components u, v, and u45°,

'135°'

'450 _ u 1350
u	 2

u450 + '135°
v =

thus,

1	 22
- u v = 2 

u 135°	 ' 450

such that the Reynolds stress can be computed from the measurements of '245° 
and

' 2 135° . 
Computed profiles of - u v and -u45o 

u135o (also using the above

relation) along the centerline of the mixing layer and the profile of - u  across the

jet at x^ = 4D are as shown by Figures 49 to 51. They were found in good agree-

ment with the direct measurements of - u v by Bradshaw, et al. (Reference 9). How-

ever, the profile of 
-'45°'1350 

computed with the measurement of u 2 and v2

by Bradshaw, et al . (Reference 9, Figures 31-32) showed some difference with the
present work (Figure 51) . A close examination showed that Figures 9, 31, 32, 36,
and 37 of the report by Bradshaw, et al. may be inconsistent to one another. In their
report, if Figures 36-37 are used instead of Figures 31-32, good agreement can be
obtained with the present measurements and computation. However, this only covers
two points, i.e., x  =4D and x, = 7D.

	

4.4	 Profiles of the Noise Source IntensitX Factor

2
Profiles of the noise source intensity factor U , u 2 , were measured directly at
different sections of the jet flow and are presented in Figure 47. The maximum value

{	 of U • u 2 was found to be located at about two diameters downstream of the jet exit.
2

It can also be seen in Figure 47 that the peak value of U • u 2 in a cross sectional
profile in the initial region of the jet is only slightly at the inner side of the center-
line of the mixing layer. Further downstream, the peak moves rapidly towards the

2
jet central axis. A comprehensive study of the noise source factor, U 	 u2 , which
is related to the sound source distribution in a jet flow can be found in Reference 12.

14



4.5	 Power Spectra of Turbulent Velocity Components

The power spectra of u, v, and u 45 at different points in the jet flow measured in

one-third octave bands were plotted as shown by Figures 52-59. The power spectra
of the u-component as measured by Laurence (Reference 11) at x , = 4 D, x 2 = 0.5D

and x3 = 0 were replotted and compared with the present measurement. They are in

good agreement as shown in Figure 52.

In Figures 53-54, a (0) slope and a (-7110) slope line has been drawn for comparison
with one-third octave measurements. The slopes correspond to a (-1) slope and a
(-5/3) slope lines,  respecti vely, for power spectral density where a constant narrow
band filter is employed. The same slope lines were used for comparison with wall
turbulence spectra by Klebanoff (Reference 13) and Laufer (Reference 14). Similarly,
in the present measurement, the part of the u-spectrum which follows the (0) slope
is related to the turbulence produced during its interaction with the main shear while
the part of u-spectrum which follows the (-7/10) slope corresponds to the inertial
subrange. In the inertial subrange, energy transfer occurs only among different wave
numbers of the some turbulent velocity component. However, the applicability of
the above comparison of slope depends on how close the actual turbulent flow is to
the isotropic turbulence. In Figure 59 there is a comparatively lower energy level in
the lower wave number range for the v-spectrum which is also similar to the result in
a pipe flow which was studied by Laufer (Reference 14). This has been explained
(Reference 15) by the fact that, in the lower wave number range of the energy con-
taining eddies, more energy related to the u-component is produced. A portion of
this energy, then, is transferred through the pressure-velocity-gradient correlation
to the v-component in addition to its transfer of energy to the higher-wave number
range of the same velocity component. Since this correlation contains the velocity
gradient it is reasonable to expect that the energy transfer to the v-component will
occur at a higher rate in the higher-wave number range.

15
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5.0	 DISCUSSIONS

	

5.1	 Principal Directions of the Mean Stresses in the Mixing Layer

The principal axes of mean stress and mean strain-rate were previously studied by
Townsend (Reference 16), Corrsin (Reference 17), and Grant (Reference 10). In a
turbulent shear flow if the mean profile is not too steep, the turbulent shear stress is
usually much greater than the mean shear stress. Then, the principal axes along which
all mean shear stresses vanish are practically the some axes at which only the turbu-
lent shear stress vanishes. For example, in a circular jet like the one used in the
present study, if one takes x

,
 -axis along the jet axis and x 

2 
-axis normal to it, the

normal stresses o
x 1	 x2	 x^ x 2	 x2x^	

maand v , and the shear stress T	 (or T 	 maybe

expressed as:

_ _—	 au _
°x	 p + 2µ ax	 put	 (1)

1	 ^

!	 -	 av	 2Cr	 = - r	 ax
+ 2µ	 p " 2	 (2)

2	 2

T

	 TX	
= µ 

au + ay	 p u V	 (3)x  x 2	 2x,	 ax 	 axe	 —

where p is the mean static pressure which can be dropped out since it holds the same
magnitude in all directions. Also, as already pointed out in the above and verified by
measurements (present work and References 8, 9, 11), the stresses which are induced
by mean velocity gradients are much smaller than the turbulent stresses. Therefore,
Equations (1) to (3) become

i	 .2v	 = - p u	 (4)
x^

•	 2Q	 = - p v	 (5)
x2

T	 =- puv	 (6)
x^ x2

For the princ;,+l direction of mean stresses (Figure 60), a may be computed by follow-
ing the well-known formula,

16



u v = 0.009
U.2

J

(Figure 50)

2T
X X

a! _	 tan -1	
1 2

o - o
x 	 x2

1 tan -,	 2 uv _)

2	 —2 s
U -v

(7)

The magnitudes of principal stresses are given by

Q	 = O cos t ac + Q sin g a + T	 sin 2 a!
max. (or min.)	 x^	 x2	 x^ x2

or	 - p u 2a 	 p u 2 cos 2 Q - p v 2 sin  a - p u v sin 2 a!	 (8)

where a refers to principal direction.

At the point x, = 4D and x 2 = 0.5 D, present measurements showed that

U 2/ k.;' = 0.16
(Figure 46)

V 2/ U^ = 0.12

with	 U,
i
 = 300 (fps)

Then, from Equation (7), the azimuth angle of the principal directions are

1	 (0.009) x 3002— tan - 2	 = 29.20 or 119.20;
2	 (0.16 x 300)2 - (0.12 x 300) 2

17



and from Equation (8) with a = 29.20

u 2 2 2a =	 u cost ac +	 v sing a	 +	 Uy	
sin 2 a

U. 2 U.2 U.2 U.2
J J J J

= (0.16) 2 cos' 29.20 + (0.12) 2 sin 2 29.20 + (0.009) sin 58.40

= 0.0306

and therefore the value of the maximum turbulent intensity is

u 29'20 = 0.175

U.
J

Similarly, with	 = 119.20 , the minimum turbulent intensity takes the value of

4=uyl 19.	
= .097

U.
J

From these results one can see that the maximum turbulence intensity is 1.8 times
larger than the minimum turbulence intensity. In other words, the maximum turbulent
normal stress is 3.25 times larger than the minimum turbulent normal stress.

Turbulent velocity compounds at directions 29.2 0 or 119.20 have not been measured
at the present ;ime such that the above computed result cannot be verified, although
trends in the data suggest that these values are correct. For example, the present
measurements do include turbulent velocity components at the direction of 450 and of
1350, which showed (Figure 46):

u
4 2̂^

 = 0.17

U.
J

and
	 4

2
1350 .
	 0.102

U.
J
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Again from Equation (8), with a= 45 0 , one finds

2	 -	 t
u 45° =	 u2 cos 2 45o + v2 sin 450 + uv sin90° 2

U.	 U.	 U.2	 U.2
J	 J	 J	 J

t

(0.16) 2	 2+ (0.12) 2	 2+ 0.009 2

= 0.17 (Computed)

and similarly, with a = 1350

2u 1
35°

t

_	 (0.16) 2	 2 + (0.12) 2	 - 0.009 2
U.	 2

J

= 0.105 (Computed)

Their agreement with direct measurements is excellent.

5.2	 Flow Fluctuations Inside the Potential Core

Hot-wire signals of velocity fluctuations at different points along the jet central axis
of the potential core were observed on an oscilloscope. As shown by Figure 48, small
oscillations started at about x = 1.0 D and built up gradually downstream, regard-
less of the constancy of the mean flow velocity inside the potential core (Figure 10).
Observations showed also that

1) Oscillations (or fluctuations) were irregular but confined
to a much narrower frequency band (Figure 55) as compared
with the fully developed turbulence in the mixing layer
(Figure 54).

2) The fluctuating level is quite steady.

3) Starting at five diameters downstream of the jet exit, high
frequency spikes started to appear intermittently on top of
the "smooth" oscillations.
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Similar fluctuations in the potential core were also observed by Kuethe (Reference b)
and Bradshaw, et al. (Reference 9). Since a uniform mean velocity field holds inside
the potential core it is plausible that the growing instabilities are induced by the
vortex motion which exists between a moving jet and the ambient air. The next
logical question is whether this fluctuating motion is rotational or irrotational. irro-
tational fluctuations at the boundary between turbulence and an irrotational free
stream were discussed by Phillips (Reference 18), Stewart (Reference 19), and
Bradshaw, et al. (Reference 9). Obviously, the irrotational fluctuations which they
found at the intermittent turbulent front in a free stream are not the same kind of
fluctuations which, according to the present observation, appeared inside the
potential core and grew steadly in the downstream direction. The fluctuating flow
inside the core is rotational, which can be shown by the following analysis:

In an incompressible flow, the equation of motion can be written as

-ate- - q x	 _ - grad p + - + va t	 p	 ^ q̂

where --q -'x" -?f  is the vorticity term and no external force is involved. When Equation
(9) is applied at the jet central axis inside the potential core, the following velocity,
vorticity, and pressure components can be introduced:

q	 q, _ U + u (t)

q 2 = v (t)

q3 = w (t)

(9)

SZ	 St ^ = W) (t)

S1 2 = W2 (t)

^3	 W3 (t)

p	 p =p+p,(t)

again, since,

grad P +

a  = 02 U=0
at

if it exists

= 0
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and	 u = v = w = p' = 0

and Equation (9) becomes

a	 ui ui

V W3 - w W2 = — —,^—	 (10)

t

U. U.

2

and

a	 u  ui
u W2 - v W) - a x--75--	 (12)

3	
L

where

U. U. = 
u 2 + v 2 + w2

At the jet central axis, measurements (Figures 45 and 40-42; or Reference 6 and 9)
showed

a	 ui ui

^x ^— > 0

a	 ui ui	 a	 u  ui

ax e 	--^ I = 0

also, in view of the axial symmetry of a circular jet, the following relation holds at
the jet central axis,

vW3 = - wW2

and finally Equation (10) can be written as

v W3 = 4 a x
	

U. U. > 0
	

(13)

t
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Equation (13) shows that W3 can not vanish at all times, or in other words:

(J3s
>0

Thus, the fluctuating flow inside the potential core is rotational.



6.0 WORK TO BE CONTINUED

	

6.1	 Wave Number-Frequency Spectra

As described in Section 3.0, a total of 220 sets of covariance data for vv' and u 2 u1
at 0 = 0°, 45°, and 90° have been recorded. These data are expected to provide
detailed wave number-frequency spectra of the turbulence structure in the most intense
noise producing region of the jet. As discussed in References 5 and 12, the prediction
of directivity and spectra of the noise requires knowledge of the four-dimensional wave
number-frequency spectre of the turbulence structure in the mixing region of the jet.

In the continuing effort, the turbulence covariance data will be reduced through an
onaloo/digital scheme. An outline of the preliminary plan to do this is as described
in Wyle Laboratories Technical Proposal Number 570/7430/DE, January 1970.

	

6.2	 The Measurement of Turbulence Intensity of Velocity Components at Principal Directions

In Section 5. 1, computations using the present experimental result showed that at x, = 4D
and x2 = 0.5D, principal directions of the mean turbulent stress are possibly oriented at
azimuth angles of 29.2 0 and 119.20 to the jet axis. It should be of significant interest
to verify this computation with measurements at different sections along the axis of the
jet. Present computations showed that the ratio of maximum to minimum mean square
velocity fluctuations at principal directions is as high as 3.25 (or 5 dB) which may
partially explain the directivity of noise patterns produced by a turbulent jet.
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7.0 CONCLUSIONS

Principal conclusions from the present study are as follows:

1 .	 Measurements of the mean velocity profile along the jet cen„al axis show that
the constant mean velocity of the potential core starts to decrease at about 4.5
diameters aft of the jet exit. Between 7 diameters and 12 diameters downstream
of the exit, the mean velocity drops -,iore rapidly following a constant rate
(D/Uj) dU/dx I - -0.0715.

2. Measurements of profiles of the turbulent intensity of different velocity components
show that along the centerline of the mixing layer their intensities maintain a con-
stant level for about 9 diameters. Beyond this distance, the intensity levels slowly
decline. Among different velocity components, measurements also showed that

72'	
J 

w ^ ^ > 35°' At x^ = 4D, x2 = 0.5D the ratio of 450

tou
35

 o was observed to be 1 .7.

3. Reynolds stress per unit mass - Tv-  can be computed from the measurement of

u 245 and u 1 350 . Results are in good agreement with direct measurements by

previous investigators.

4. A jet noise source factor, U 2 -7, as defined by Pao and Lowson Leference 5)
was measured directly. Results show that the peak values of U2 u are located
at about two diameters downstream of the jet exit. The peak of the noise intensity
factor in a cross sectional profile in the initial region of the jet is only slightly
inside the center of the mixing layer. Further downstream, the peak moves rapidly
towards the jet axis.

5. One-dimensional power spectra of the v-component of jet turbulence in the
mixing layer have less energy distributed in the range of lower wave number
than the spectra of the u-component at the same location, which can be
explained by energy transfer between li - and v-components through the pressure-
velocity gradient correlations.

6. Principal directions of mean stress at theq
u,"nt 

x, = 4 D, x2 = 0.5 D and x3 = 0
were computed by using measurements of 	 of ar,d - uv at the same location. It
was found that the maximum normal stres:> occurs at an angle of 29.2 0 and the
minimum normal stress ut an angle of 119.2 0 from the jet axis. The ratio of
maximum stress to minimum stress 29.20/ u119.20 was computed to be 3.25.

7. Fluctuation of velocity components was observed ;n the potential core along the
jet axis, which steadily increased in the downstream direction. A simple analysis
was given using the equation of motion, which showed that such a fluctuating flow
field is rotational . 	 24
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Figure 1 . Test Apparatus for the Study of the Turbulence Structure in a Circular Jet
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Figure 3. Hot-Wire Probes Mounted in Their Holders
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Figure 5. Tape Recorder and the Analog Wave Analyzer Assemh ly
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SĜ

0
0
U N

II

0
aL X

N

U tC

0
"0 L

U
F^ Q

r
UL

r

N
X

O

1
I
1
f ,

nd:jk

:

W
r r- ^

O O O O

C
L

I.

i
c
r
c
c
c
r

i
t

I

C }	i
u
o -e °0/

.0-0

I/ N
N O
II	 II

Q

X^ X^

O	 ^	 O
r	 0

fn/n

41



rn 

in LnO
0 0 0 0

1-10 /

i

i
i
i
i
i
i

r

i

i

r
r
r

c }

-e ai
^ c

X

C
v
a^

/^

^t Q

/	 II	 11

O D

I	 X x 4

asL

S^
G

O	 IN

on
w II
O
a X

0 ^

\ N	
r..
 N

x	 U-

c
}

U
in	 }

C;

a^L
rn

u.

O	 LO	 p

'-	 O

r
.n/n

n

1
42

1



H
Q

S^
S

Q
W)

O
ct x^

C

U —C

L

U
(^ Q

^O

W

O
LL

O

r

N
x

N
O

r	 ,.n/Zn^

tno
0	 0	 0

L
^	 O I

zoo^

N
is ^
V	 3 c
®	 C

~

/
Q)

C
0

SĜ
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4
3. Oscilloscope Sweeping Time:
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4. Oscilloscope Sensitivity:
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NOTE:

1 . Jet Exit Speed:
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2. Hot-Wire Position:

Figure 48. Oscilloscope Trace of the Hot-Wire Signal of the Growing Instability
Along the Jet Centerline Inside the Potential Core
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APPENDIX

SPATIAL SEPARATIONS OF IWO POINTS WHERE DIFFERENT TURBULENT
VELOCITY COMPONENTS HAVE BEEN RECORDED

uOf = Turbulent Fluctuation of Velocity Component u  Measured by Fixed Probe

ueM = Turbulent Fluctuation of Velocity Component u  Measured by Movable Probe

Run
No.

Reel
No .

Spacing (in.) Channels of Recording
Remark

t t2 t3
uOOF uOOM u2OoF u2OoM Voice

1 1 0 0.22 0 1 2 3 4 14
2 1 0 0.33 0 1 2 3 4 14

3 1 0 0.44 '0 1 2 3 4 14
4 1 0 0.55 0 1 2 3 4 14
5 1 0 0.66 0 1 2 3 4 14
6 1 0 0.77 0 1 2 3 4 14
7 1 0 1.5 0 5 6 7 8 13
8 1 0 2.0 0 5 6 7 9 13 Rerun
9 1 0 2.5 0 5 6 7 8 13

10 1 0 3.0 0 5 6 7 8 13
11 1 0 3.5 0 5 6 7 8 13
12 2 0 -0.22 0 1 2 3 4 14

13 2 0 -0.33 0 1 2 3 4 14
14 2 0 -0.44 0 1 2 3 4 14
15 2 0 -0.55 0 1 2 3 4 14

16 2 0 -0.66 0 1 2 3 4 14
17 2 0 -0.77 0 1 2 3 4 14
18 2 0 -1.5 0 1 2 3 4 14
19 2 0 -2.0 0 1 2 3 4 14

20 2 0 -2.5 0 1 2 3 4 14
21 2 0 -3.0 0 1 2 3 4 14
22 2 0 -3.5 0 1 2 3 4 14
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Run
No.

Reel
No.

Spacing (in.) Channels of Recording
Remark

t, t2 t3 uOoF uOoM u2 u2 Voice

23 2 0 -4.0 0 1 2 3 4 14

24 2 0 0 -0.22 1 2 3 4 14

25 2 0.1 0 -0.22 1 2 3 4 14

26 2 0.2 0 -0.22 5 6 7 8 13

27 2 0.4 0 -0.22 5 6 7 8 13

28 2 0.6 0 -0.22 5 6 7 8 13

29 2 0.8 0 -0.22 5 6 7 8 13

30 2 1.5 0 -0.22 5 6 7 8 13

31 2 2 0 -0.22 5 6 7 8 13

32 2 2.5 0 -0.22 5 6 7 8 13

33 2 3.0 0 -0.22 5 6 7 8 13

34 2 4.0 0 -0.22 5 6 7 8 13

35 2 -0.2 0 -0.22 5 6 7 8 13

36 2 -0.4 0 -0.22 5 6 7 8 13

37 2 -0.6 0 -0.22 5 6 7 8 13

38 2 -0.8 0 -0.22 5 6 7 8 13

39 3 -1.5 0 -0.22 5 6 7 8 13

40 3 -2.0 0 -0.22 5 6 7 8 13

41 3 -2.5 0 -0.22 5 6 7 8 13

42 3 -3.0 0 -0.22 5 6 7 8 13

43 3 -4.0 0 -0.22 5 6 7 8 13

44 3 0 0 -0.43 5 6 7 8 13

45 3 0.4 0 -0.43 5 6 7 8 13

46 3 0.8 0 -0.43 5 6 7 8 13

47 3 1.5 0 -0.43 5 0 7 8 13

48 3 2.0 0 -0.43 5 6 7 8 13

49 3 2.5 0 -0.43 5 6 7 8 13

50 3 3.0 0 -0.43 5 6 7 8 13
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Run
No.

Reel
No.

spacing (in.) Channels of Recording
Remarkt

2 t3
uOoF uOoM UOOF uOOM Voice

51 3 4.0 0 -0.43 5 6 7 8 13

52 3 0 0 -0.64 1 2 3 4 14

53 3 0.4 0 -0.64 1 2 3 4 14

54 3 0.8 0 -0.64 1 2 3 4 14
55 3 1.5 0 -0.64 1 2 3 4 14

56 3 2.0 0 -0.64 1 2 3 4 14

57 3 2.5 0 -0.64 1 2 3 4 14
58 3 3.0 0 -0.64 1 2 3 4 14
59 3 4.0 0 -0.64 1 2 3 4 14

60 3 0 0 -0.85 1 2 3 4 14
61 3 0 0 -1.06 1 2 3 4 14
62 3 0 0 -1.27 1 2 3 4 14
63 3 0 0 -1.8 1 2 3 4 14
64 3 0 0 +2.3 1 2 3 4 14
65 3 0 0 +2.83 1 2 3 4 14
66 3 0 0 +3.55 1 2 3 4 14

Run
No.

Reel
No.

Spacing (in.) Channels of Recording
Remarkt t

2 3
u	 o
90 F

u	 o90 M u2 o
90 F

u2 oM90
Voice

67 4 0 -0.22 0 1 2 3 4 14

68 4 0 -0.33 0 1 2 3 4 14

69 4 0 -0.44 0 1 2 3 4 14

70 4 0 -0.55 0 1 2 3 4 14

71 4 0 -0.77 0 1 2 3 4 14

72 4 0 -1.5 0 1 2 3 4 14

73 4 0 -2.0 0 1 2 3 4 14

74 4 0 -2.5 0 1 2 3 4 14

75 4 0 -3.0 0 1 2 3 4 14
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Run
No.

Reel
No.

Spacing (in.) Channels of Recording
Remarku^oF u^oM u^oF u^0M Voice

76 4 0 -4.0 0 1 2 3 4 14

77 4 0 +0.22 0 1 2 3 4 14

78 4 0 0.33 0 1 2 3 4 14

79 4 0 0.44 0 1 2 3 4 14

80 4 0 0.55 0 1 2 3 4 14

81 4 0 0.77 0 5 6 7 8 13

82 4 0 1.5 0 5 6 7 8 13

83 4 0 2.0 0 5 6 7 8 13

84 4 0 2.5 0 5 6 7 8 13

85 4 0 3.0 0 5 6 7 8 13

86 4 0 3.5 0 5 6 7 8 13

87 4 0 0 -0.22 5 6 7 8 13

88 4 0.1 0 -0.22 5 6 7 8 13

89 4 0.2 0 -0.22 5 6 7 8 13

90 4 0.4 0 -0.22 5 6 7 8 13

91 4 0.6 0 -0.22 5 6 7 8 13

92 4 0.8 0 -0.22 5 6 i	 7 8 13

93 4 1.5 0 -0.22 5 6 7 8 13

94 4 2.0 0 -0.22 5 6 7 8 13

95 4 2.5 0 -0.22 5 6 7 8 13

96 4 3.0 0 -0.22 5 6 7 8 13

97 5 4.0 0 -0.22 1 2 3 4 14

98 5 -0.2 0 -0.22 1 2 3 4 14

99 5 -0.4 0 -0.22 1 2 3 4 14

100 5 -0.6 0 -0.22 1 2 3 4 14

101 5 -0.8 0 -0.22 1 2 3 4 14

102 5 -1.5 0 -0.22 1 2 3 4 14

103 5 -2.0 0 -0.22 1 2 3 4 14
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r,

Run
No.

Reel spacing (in.) Channels of Recording
RemarkNo.^ t2 3 u90oF u90oM u90OF u900M Voice

104 5 -2.5 0 -0.22 1 2 3 4 14

105 5 -3.0 0 -0.22 1 2 3 4 14

106 5 -4.0 0 -0.22 1 2 3 4 14

107 5 0 0 -0.43 1 2 3 4 14

108 5 0.2 0 -0.43 1 2 3 4 14

109 5 0.4 0 -0.43 1 2 3 4 14

110 5 0.8 0 -0.43 1 2 3 4 14

111 5 1.5 0 -0.43 1 2 3 4 14

112 5 2.0 0 -0.43 1 2 3 4 14

113 5 2.5 0 -0.43 5 6 7 8 13

114 5 3.0 0 -0.43 5 6 7 8 13

115 5 0 0 -0.64 5 6 7 8 13

116 5 0.4 0 -0.64 5 6 7 8 13

117 5 0.8 0 -0.64 5 6 7 8 13

118 5 1.5 0 -0.64 5 6 7 8 13

119 5 2.0 0 -0.64 5 6 7 8 13

120 5 2.5 0 -0.64 5 6 7 8 13

121 5 3.0 0 -0.64 5 6 7 8 13

122 5 0 0 -0.85 5 6 7 8 13

123 5 0 0 -1.06 5 6 7 8 13

124 5 0 0 -1.5 5 6 7 8 13

125 5 0 0 +2.0 5 6 7 8 13

126 5 0 0 +2.5 5 6 7 8 13

127 5 0 0 +3.0 5 6 7 8 13

128 6 0 0 +4.0 5 6 7 8 13

129 6 0.22 0.22 0 5 6 7 8 13

130 6 0.42 0.42 0 5 6 7 8 13

131 6 0.82 0.82 0 5 6 7 8 13
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Run
No.

Reel
No.

Spacing (n.) Channels of Recording
Remark

^ t 2 ^ 
3

u
45°F

u	 o45 M
u2 o45 F u'45°M

Voice

132 6 0 0.22 0 5 6 7 8 13

133 6 0 0.33 0 5 6 7 8 13

134 6 0 0.44 0 5 6 7 8 13

135 6 0 0.55 0 5 6 7 8 13

136 6 0 0.77 0 5 6 7 8 13

137 6 0 1.5 0 5 6 7 8 13

138 6 0 2.0 0 5 6 7 8 13

139 6 0 2.5 0 5 6 7 8 13

140 6 0 3.0 0 5 6 7 8 13

141 6 0 3.5 0 5 6 7 8 13

142 6 0 -0.2 0 5 6 7 8 13

143 6 0 -0.31 0 1 2 3 4 14

144 6 0 -0.42 0 1 2 3 4 14

145 6 0 -0.53 0 1 2 3 4 14

146 6 0 -0.75 0 1 2 3 4 14

147 6 0 -1.5 0 1 2 3 4 14

148 6 0 -2.0 0 2 2 3 4 14

149 6 0 -2.5 0 1 2 3 4 14

150 6 0 -3.0 0 1 2 3 4 14

151 6 0 -4.0 0 1 2 3 4 14

152 6 0 -1.0 0 1 2 3 4 14

153 6 0 +1.0 0 1 2 3 4 14

154 6 0.2 0.2 0 1 2 3 4 14

155 6 0.3 0.3 0 1 2 3 4 14

156 6 0.4 0.4 0 1 3 3 4 14

157 6 0.7 0.7 0 1 2 3 4 14

158 6 1.0 1.0 0 1 2 3 4 14

159 6 1.5 1.5 0 1 2 1	 3 4 1	 14
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Run
No.

Reel
No .

Spacing (in.) Channels of Recording
Remark

t t u	
OF

u
45oM

u2
450F

u2
45oM

Voice

160 7 2.0 2.0 0 5 6 7 8 13

161 7 2.5 2.5 0 5 6 7 8 13

162 7 3.0 3.0 0 5 6 7 8 13

163 7 3.5 3.5 0 5 6 7 8 13

164 7 -0.2 -0.2 0 5 6 7 8 15

165 7 -0.3 -0.3 0 5 6 7 8 13

166 7 -0.4 -0.4 0 5 6 7 8 13

167 7 -0.7 -0.7 0 5 6 7 8 13

168 7 -1.0 -1.0 0 5 6 7 8 13

169 7 -1.5 -1.5 0 5 6 7 8 13

170 7 -2.0 -2.0 0 5 6 7 8 13

171 7 -2.5 -2.5 0 5 6 7 8 13

172 7 -3.0 -3.0 0 5 6 7 8 13

173 7 -4.0 -4.0 0 5 6 7 8 13

174 7 0 0 -0.22 5 6 7 8 13

175 7 0.1 0 -0.22 5 6 7 8 13

176 7 0.2 0 -0.22 5 6 7 8 13

177 7 0.4 0 -0.22 1 2 3 4 14

178 7 0.6 0 -0.22 1 2 3 4 14

179 7 1.0 0 -0.22 1 2 3 4 14

180 7 1.5 0 -0.22 1 2 3 4 14

181 7 2.0 0 -0.22 1 2 3 4 14

182 7 2.5 0 -0.22 1 2 3 4 14

183 7 3.0 0 -0.22 1 2 3 4 14

184 7 4^0 0 -0.22 1 2 3 4 14

185 7 -0.2 0 -0.22 1 2 3 4 14

186 7 -0.4 0 -0.22 1 2 3 4 14

187 7 -0.6 0 -0.22 1 2 3 4 14
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Run
No.

Reel
Spacing (in.) Channels of Recording

RemarkNo.^
23 u450F u450M u450 F u450M Voice

188 7 -1.0 0 -0.22 1 2 3 4 14

189 7 -1.5 0 -0.22 1 2 3 4 14

190 7 -2.0 0 -0.22 1 2 3 4 14

191 7 -2.5 0 -0.22 1 2 3 4 14

192 7 -3.0 0 -0.22 1 2 3 4 14

193 8 -4.0 0 -0.22 1 2 3 4 14

194 8 0 0 -0.43 1 2 3 4 14

195 8 0.2 0 -0.43 1 2 3 4 14

196 a 0.4 0 -0.43 1 2 3 4 14

197 8 0.6 0 -0.43 1 2 3 4 14

198 8 1.0 0 -0.43 1 2 3 4 14

199 8 1.5 0 -0.43 1 2 3 4 14

200 8 2.0 0 -0.43 1 2 3 4 14

201 8 2.5 0 -0.43 1 2 3 4 14

202 8 3.0 0 -0.43 1 2 3 4 14

203 8 4.0 0 -0.43 1 2 3 4 14

204 8 0 0 -0.64 1 2 3 4 14

205 8 0.2 0 -0.64 1 2 3 4 14

206 8 0.4 0 -0.64 1 2 3 4 14

207 8 0.6 0 -0.64 1 2 3 4 14

208 8 1.0 0 -0.64 1 2 3 4 14

209 8 1.5 0 -0.64 1 2 3 4 14

210 8 2.0 0 -0.64 1 2 3 4 14

211 8 2.5 0 -0.64 1 2 3 4 14

212 8 3.0 0 -0.64 1 2 3 4 14

213 8 0 0 -0.64 1 2 3 4 14 Repeat Run 204

214 8 4.0 0 -0.64 5 6 7 8 13

215 8 0 0 -1.06 5 6 7 8 13
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Run
No.

Reel
No.

Spacing (in.) Channels of Recording
Remarks

^ ^
z

^
3

u	 o
45 F

u	 o
45 M

u2 o
45 F

u2 o45 M Voice

216 8 0 0 -1.5 5 6 7 8 13

217 8 0 0 +2.0 5 6 7 8 13

218 8 0 0 +2.5 5 6 7 8 13

219 8 0 0 +3.0 5 6 7 8 13

220 8 0 0 +4.0 5 6 7 8 13
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