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ABSTRACT

A noise survey of a Jb7-P21 turbojet engine was conducted to provide a basis for the
development of a refined empirical noise prediction technique, The measurements were
obtained at 65 locations for five engine power settings, The one-third octave and overall
sound pressure levels (SPL's) for each location and engine power setting are presented.
SPL contours are presented for overall and selected one-third octave bandwidths, Ground
reflection effects on the one-third octave band SPL's are evaluated, Comparisons are made
with other existing data, Differences of up to 15 decibels (db) are found when comparing the
one-third octave band levels, Velocity exponents (n), based on the Lighthill parameter, are
presented for each location and compared with existing data, Poor agreement is found among
the measurement programs, The effect of ground reflection on the n values is investigated
and an n field is presented in which interference effects are eliminated, The effect of varying
noise directional properties with jet velocity onthe n values is evaluated. An n field, corrected
for both ground reflection and varying noise directional properties, is presented. The corrected
n values range from 5.0 to 6,0 for 80 percent of the measurement locations between 30 and
90 degrees from the jet axis when jet density effects are neglected, The median value of 5.5
increases to 6.5 with the effects of jet density included. This essentially constant n field
clearly indicates the heavy dependence of the n values on noise directional changes with jet
velocity, The corrected n field equation is considered the basis of a noise prediction method
which appears to be accurate for jet flows with exit Mach numbers ranging from 0.5 to 2.0,
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SECTION 1

INTRODUCTION

This effort was motivated by the lack of agreement among noise measurements and between
the measurements and the estimates based on existing noise prediction techniques.

The present sound pressure measurements, when compared with those in References 1, 2,
and 3, illustrate the differences in various measured data. Disagreements of up to 7.5 db in
overall sound pressure levels (SPL’s) and up to 15 db in one~third octave band SPL’s are
encountered.

References 4 and 5 compared measured noise levels to estimates from the noise prediction
technique contained in Reference 6, Contours of overall SPL, were obtained from this prediction
technique by correcting reference contours of an engine operating with an exit velocity (V) of

1850 feet per second (fps). The major portionof this correction results from a V8 relationship.
The prediction technique was applied to cases where the exit velocity was both higher and lower
than the reference exit velocity. For those cases where the velocity was higher, the predicted
SPL’s were higher than the measured values and where the velocities were lower the predicted
SPL’s were lower than the measured values. Differences were found to be as much as 10 db.

The above trend with exit velocity is indicative of too high a velocity exponent (n). The
Reference 3 investigation into the value of the velocity exponent supports this indication and
establishes that a variable velocity exponent field exists with values ranging from 5 to 8, The
present measurement program was undertaken to obtain additional information on the velocity
rexponent field and to further determine reasons for the discrepancies found in measurements
‘and predictions.

This program consisted of noise measurements at 65 locations with a J57~P21 turbojet
engine operating at five different power settings. These measurements were made in support
of Contract AF 33(615)-1481 ‘‘Sonic Fatigue in Combined Environment’’ and also in support of
& continuing effort to refine jet noise prediction methods.

A description of the test site and of the procedures used in obtaining the measurements are
presented in Section II.

Overall and selected one-third octave band data are presented and compared to the data of
References 1, 2, and 3 in Section III.

The method for correcting the one-third octave spectra for ground reflection effects is
presented in Section IV,

Section V presents the method used to determine the velocity exponent (n) irom measured
data. Comparisons between the n field from the present program to the n field of References
1 and 3 are presented. Refinements are then introduced to correct the velocity exponent for
ground reflection and directional effects of the noise.

The conclusions are presented in Section VI,

Two appendixes are included for supplemental information. Appendix I provides the environ-
mental and engine data for those who wish to use the basic information for additional investi-
gations. One~third octave spectra are presented in Appendix II for the 65 measurement points
with the overall SPL.
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SECTION II

DESCRIPTION OF TEST

The measurement program was conducted on aJ57-P21 turbojet engine at Wright-Patterson
AFB, Ohio. The engine was operated at five power settings over a flat concrete area with the
closest obstruction being a building over 1000 feet from the jet exit. Measurements were taken
with 656 microphones oriented vertically and in the horizontal plane of the engine center line
78 inches above the concrete. The coordinates, measured from the jet exit, of the microphone
locations in this plane are shown in Figure 1, Each microphone location was assgigned the spot
number indicated in the figure, The coordinates given in the figure are nondimensional where
the axial and radial distances, X and Y, are nondimensionalized by the value of the jet exit
diameter, D. The exit diameter was 2.33 feet for afterburner operation and 1,85 feet for the
lower power settings. The microphone locations for the non-afterburner and afterburner
operating conditions were selected on the basis of equal nondimensional locations. The non-
dimensional values for each microphone location or spot number are tabulated in Table I.

The acoustic measurements were made using the Air Force Flight Dynamics Mobile
Dynamics Data Acquisition and Analysis Facility described in Reference 7. All measurements
were made using Altec-condenser microphones which were calibrated before and after each
test using comparison techniques described in Reference 8. No corrections were deemed
necessary.

The measurements were recorded on tape in groups of 12 locations with each group defined
as a setup, A typical setup is shownin Figure 2, The spot numbers associated with each setup

are given in Table II along with the associated microphone calibration levels,

The 12 microphones associated with each setup were positioned by placing a stand with a
microphone atfached at the required height over a spot number marked on the concrete, This
was done first for coordinates associated with the non-afterburner engine operating conditions.
Thirty seconds of acoustic data were thenrecorded while the engine was in stable operation at
100, 96, 70, and 50 percent of military thrust. The stands were then moved to the same spot
numbers with coordinates associated with afterburner operation. Thirty seconds of acoustic
data were then taken with the engine in afterburner operation. The microphone at non-
dimensional spot number 9 was used in each setup for monitoring purposes.

The above procedures were followed for the first six setups. Setups 7 through 11 include only
measurements for engine operating conditions of 100 and 96 percent of military thrust and
afterburner conditions since it was necessary to repeat these measurements as a result of
signal clipping when the first measurements were recorded.

In addition to the acoustic data taken during each setup, engine parameters (thrust, turbine
exhaust total pressure, exhaust gas temperature, high pressure rotor speed, and low pressure
rotor speed) and atmospheric conditions {(pressure, temperature, and wind velocity) were
recorded. In Appendix I, these data are tabulated along with the calculated exit velocities for
each setup. The values of exit velocity were calculated using information in the J57-P21
engine specification (Reference 9) and measured values of thrust, fuel flow, and atmospheric
conditions.

Upon completion of the measurements, the data were reduced at the RTD Sonic Fatique
Facility. Data samples of 10 seconds’ duration were analyzed for the standard one-third
octave and overall bandwidths, and true root~mean square {rms) levels were plotied by an
automatic indicator. :
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TABLE I

NONDIMENSIONAL MICROPHONE LOCATION VERSUS SPOT NUMBER

SPOT MIKE LOCATION | SPOT MIKE LOCATION SPOT MIKE LOCATION
{ x/ 1Y/ x/D_} ¥/D /D | ¥/D
1 -20 5 23 5 10 45 20 | 4.02
2 -20 10 24 5 15 46 20 10
3 -20 20 25 6 | 1.96 47 20 15
4 -20 30 26 6 3 48 20 20
5 -10 5 27 6 4 49 20 25
6 -10 10 28 g8 | 1.91 50 20 30
7 -10 20 29 8 3 51 25 | 4.9
8 -10 30 30 8 4 52 25 10
9 0 -2 3l 10 3 53 25 15
10 0 2 32 10 4 54 25 20
11 0 10 33 10 5 55 25 25
12 0 20 34 10 10 56 25 30
13 0 30 35 10 15 57 30 | 5.78
14 2 | 0.8% 36 10 20 58 30 10
15 2 2 37 10 30 59 30 15
16 2 4 38 12 | 2.61 60 30 20
17 3 ] 1.03 39 12 4 61 30 25
18 4 11,20 40 15 5 62 30 30
19 4 2 41 15 10 63 40 | 7.54
20 4 3 42 1% 15 64 40 20
21 4 4 43 15 20 65 40 30
22 5 5 44 16 | 3.32




Figure 2.  Typical Setup of Twelve Microphone Locations
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TABLE II

SPOT NUMBER AND CALIBRATION LEVEL VERSUS SETUP

Setup #1 Setup #2 Setup #3 Setup #4
Spot Cal Spot Cal Spot Cal Spot Cal
9 145 9 145 9 145 9 145
14 170 17 165 27 150 57 150
20 155 15 155 43 140 58 145
18 170 19 160 45 145 61 145
30 155 22 147 49 135 56 135
33 155 29 158 54 140 62 140
25 165 16 145 46 145 59 145
28 165 21 150 47 145 60 14%
31 160 26 155 48 145 55 145
38 160 32 155 53 145 64 145
44 15% 39 155 52 145 63 145
51 145 42 145 50 135 65 135
Setup #5 Setup #6 Setup #7 Setup #8
f
Spot Cal Spot Cal Spot Cal Spot Cal
9 145 9 145 9 155 50 155
40 150 - -— 14 180 32 180
41 145 2 130 33 165 15 165
24 145 5 145 45 155 42 155
13 135 1 130 16 155 52 155
36 140 3 135 21 160 47 160
11 145 10 145 40 160 43 160
12 145 7 145 22 160 49 160
23 145 6 145 26 165 46 165
35 145 - -—— -- - -- -
34 145 8 130 53 155 54 155
37 135 4 130 39 165 48 165
Setup #9 Setup #10 Setup #l1
Spot Cal Spot Cal Spot Cal
9 155 27 160 34 160
17 180 29 180 19 175
859 165 35 155
62 155 36 150
65 155 41 160
11 160 51 160
12 160 55 155
24 160 56 155
61 165 60 155
37 155
58 165
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SECTION IIT
OVERALL AND ONE-THIRD OCTAVE BAND SOUND PRESSURE LEVELS

1. PRESENTATION OF DATA

The overall and one-third octave SPL’s for the 65 microphone locations and the five engine
power settings are presented in Appendix II. These data are plotied in the format directly
obtained from the analyzer. The spectra have notbeen corrected for line losses which resulted
from using 500 ft of cable in obtaining these data, The corrections for these losses are given
in Figure 3,

Contours ofoverall SPL obtained from these data are presented in Figure 4 for engine power
settings of afterburner, 100, 70 and 50 percent military, The microphone locations, represented
by dots, are presented in nondimensional coordinates. The origin of the coordinate system is
located at the engine exhaust. The engine inletis located at approximately X/D = <10, The SPL
contours were faired in manually around the measured levels and locations. The SPL contour
lobes follow the expected pattern of shifting outward from the jet axis with increasing jet
velocity.

Contours of one-third octave band SPL are presented in Figure 5. These contours are for
the 100 percent military engine power setting and include third octave bandwidths with center
frequencies from 100 to 2500 c¢ps. These were obtained in the same manner as was used for
the overall contours. The SPL contour lobes follow the expected pattern of shifting away from
the jet axis with increasing frequency.

2., COMPARISON OF DATA

Noise measurement programs were conducted previous to the present investigation and are
presented in References 1, 2, and 3. Comparisons with these data are presented to point out
the similarities and differences where they occur,

The factors affecting the noise measurements of each program are given in Table III, These
factors include the basic engine parameters, the geometiric and ground plane conditions, the
orientation and type of microphone, and the type of noise level indicating device.

Contours of overall SPL obtained from the other programs are compared to the present
measurements in Figure 6. Near the jet axis Reference 3 noise levels are lower than the
present data, however, better agreement is obtained as the angle from the jet axis increases.
It was expected that the Reference 3 data would be lower due to the lower exit velocity, The
data from References 1 and 2 agree reasonably well throughout the noise field.

In addition to the overall SPL comparisons, one~third octave specira are compared at five
locations in the noise field. These locations are shown in Figure 7. These selected locations
did not in every case correspond fo the actual measurement position for the various investi-
gations compared. Table IV summarizes how the SPL’s were obtained from each measurement
program, The resulting error fromusing these approximate locations is considered negligible.
Two values of overall SPL from Reference 2 are presented for each location. One value corre-
sponds to overall SPL contours, and the other is the summation of SPL’s obtained from one-~
third octave band contours. Only selected one~third octave band SPL’s from Reference 3 are
available for comparison, Comparisons of one-third octave spectra are limited to 100 to 2000
cps.
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Figure 8 shows the one-third octave spectra at the (X/D, Y/D) location of (4,4). All spectra
have the same shape with the exception of the spikes which are present in Reference 2, These
spikes occurred atalllocations and werenot considered when making comparisons. Differences
of up to 7 db are encountered when comparing discrete one~third octave SPL’s. The overall
SPL’s agreed well with the exception of the overall from Reference 2 which was slightly higher,

Figure 9 shows the one-third octave spectra at the (X/D, Y/D) location of (10,5). With the
exception of Reference 3 data, there is good agreement of the spectra at this location. The
overall SPL’s agree well and differences in the one-third octave band SPL are up to 6 db,

Figure 10 shows the one-third octave spectra at the (X/D, Y/D) location of (16,6). Good
agreement exists between the spectra and overall SPL’s of AFFDL and Reference 2, Spectra
from Reference 1show major differences as does the overall level. The overall SPL differences
are considered to be 5.5 db while one-third octave band levels differ by as much as ¢ dh.

Figure 11 shows the one-third octave spectra at the (X/D, Y/D) location of (26, 12). At this
location the overall levels agree very well. Fair agreement exists between the shape of the
AFFDL and Reference 2 spectra. The peaks angd valleys present in the Reference 1 spectra
occur at different frequencies than those of AFFDL and Reference 2, Differences of up to 15 db
occur in specific one-third octave band comparisons.

Figure 12 shows the one-third octave spectra at the (X/D, Y/D) location of (5,10). Fairly
good agreement is shown with the exception of Reference 2 data. The differences in SPL’s are
up to 5.5 db for the overall and up to 8 db for the octave bands,

In summary, the SPL comparisons follow an expected trend with better agreement existing
among the overall levels than among the one-third octave band levels, The major differences
in the one-third octave band levels are caused by interference effects resulting from the
presence of a ground plane, These effects are further discussed in section IV,
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SECTION 1V
GROUND REFLECTION EFFECTS ON MEASURED DATA

1. INTRODUCTION

The measurement programs discussed in the previous section were all conducted with a
turbojet engine exhausting parallel to and above a ground plane, The presence
of the ground plane results in a modification of the noise field that would
have existed under free-field conditions, The microphone not only senses the noise signal
received directly from the source, but also senses the noise signal received from the source
via the ground reflection path, The microphone output represents a summation of the signals
received from these two different paths. The summed level is either higher or lower than a
free-space level according to the phase relation between the two received signals, i.e,, the
resulting interference can either reinforce or attenuate the direct path noise signal. In
evaluating the effects of ground reflection, the approach of Howes (Reference 10) was used,

This approach consists of selecting the equivalent noise source location for each one-third
octave band and plotting the SPL as afunction of log distance from the source location along a
radial line from the noise source. A decay slope is then drawn tangent to the peaks of this plot,
The measured levels are then corrected tothis decay slope. These corrected levels represent
the condition of perfect reinforcement. The corrected one-third octave SPL’s are then summed
to obtain the corrected overall SPL, The overall and one-third octave free~field SPL’s are
obtained by assuming a difference of 3 db between the corrected and the free-field levels,

An example of the above procedure is presented in the next subsection for one specific
location,

2, EMPIRICAL APPROACH

Spot 54 was selected for evaluation of interference effects as a result of its spectral peaks
and valleys. The preceding procedure was followed for both the 100 percent and the 50 percent
engine settings, The noise source locations were assumed at the position of the maximum SPL
measured along the 10-degree boundary. Figures 13 thru 16 present the fc = 400 and 800 cps

decay slopes for the 100 percent and 50 percent engine settings. These one-third bandwidths
represent the maximum interference effects at Spot 54.

The measurement locations of this program were not specifically selected for studying inter-
ference effects, As a result, data were not available at exactly the desired locations to deter~
mine the decay slopes given in these figures. However, the points used were within one nozzle
diameter of all desired locations. In Figure 13 it was assumed that the reinforcement peaks
follow the ‘‘Inverse Square Law.’’ This assumption was required as a result of insufficient
data beyond Spot 54 to define the decay slope.

Figures 13 thru 16 illustrate how corrections were obtained to adjust the measured levels to
the conditions of perfect reinforcement. For example, from Figure 13, a value of +9.5 db was
added to the measured level. Similar decay slopes and corrections were obtained at this
location for one-third octave bands with center frequencies between 80 and 1600 cps. These
corrections are shown in Figures 17 and 18 for the 100 percent and 50 percent engine settings,
The corrected spectra have the shape of the free-field spectra but have maximum reinforce~
ment levels, The free-field spectra are obtained by subtracting 3 db from the corrected spectra
since perfect reflection was initially assumed.
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These smoothly varying corrected spectra indicate that the above approach does indeed
account for the interference effects resulting from the ground plane.

The approach may also be applied to measurements where sufficient data are available to
determine the necessary decay slopes. When sufficient data are not available, a theoretical
approach to account for interference effects may be used as a first approximation, Such an
approach is presented in the next subsection.

3. THEORETICAL APPRCACH

This approach provides a relation hetween the measured and free—field spectra, The
necessary information to obtain this relation is presented by Howes in Reference 10. As
applied to the present measurements, this approach takes the following form.

The one-third octave band noise source locations are assumed to be at the position of the
highest SPL along the jet boundary. These locations may be estimated from the following
eguation presented in Reference 2,

-1.22
tc D/V =1(1.25X/D) (1)

where, ch/V is Strouhal number, X/D is the nondimensional axial distance. The one-third
octave source locations from the present measurements agreed very well with Equation 1,

For an arbitrary receiver location, it is possible to determine the frequencies for which the
maximum interference effects occur. These frequencies may be determined for one-third
octave bands from the following relation:

fo = ne (2)

Jr2+an? s
where

r is the distance between source and receiver,
h is the source and the receiver heights above the ground plane,
fc is the one-third octave band center frequency,

¢ is the ambient speed of sound,
n is a series of values where maximum signal reinforcements occur when n = 1,2 and

maximum signal attenuations occur when n = ; g, g
Since r is dependent on fc’ an iterative approach is required to obtain a solution.

Figure 19 presents the locations for the conditions of maximum reinforcement as applied to
the present measurement locations designated by spot numbers, These locations were obtained
by using the one-third octave band noise source locations from Equation 1 as the centers of
the circles and source-to-receiver distances from Equation 2 as the radii where n = 1, Very
good agreement was found between Figure 19 and the measured spectral peaks of the data in
Appendix II.

The relation between the free~field and measured mean square sound pressures is given by,

T e e T
—— =1+ 21 aht +2 r2 +4h2 [ ,/:TF" —r) ]

728 f,

c
(3)
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where Pf!n is the mean square sound pressure measured in the sound field above a perfectly
reflecting ground plane and PFF is the mean square sound pressure that would exist if the

ground plane were not present. This equation is a modified form of an equation given in
Reference 10,

The correction in decibels from free~field to measured is given by:

4
P
ASPL = SPL, —SPLpgp = 10 log —0— (4)

Prr

In the third term of Equation 3, the value of sin X/X approaches one as X approaches zero
and zero as X becomes large. When the sin X/X approaches one, the third term varies as the
cosine function, Equating the argument of the cosine to 27n results in Equation 2,

With the above considerations, the frequency spectrum may be divided into three distinct
frequency regions for any given r, The firstregion contains those frequencies associated with

n values from 0 to -;]i— In this region, the ASPL is a slowly varying value from 6 to 3 db. The
second region contains those frequencies associated with n values froml to E. In this region,

4 7 2
the A SPL is a rapidly changing value form+6to ~go (15 db for practical considerations), The

third region is the fc range associated with n values greater than-g— in this range, the A SPL
is egsentially a constant 3 db,

As applied to the present measurements, corrections were obtained only for those center
frequencies in the second range, A constant 3 db difference was used in the first and third
frequency range,

Figure 20 presents the results obtained using Equation 3 to compute the interference spec-
trum from Spot 54 from an assumed free-field spectrum. This free~field spectrum is obhtained
by subtracting 3 db from the maximum reinforcement spectrum levels of Figure 17, Good
agreement is found between the computed and measured interference spectra of Spot 54 with
a maximum error of 3.5 db occurring at fc = 400 cps;

Although good agreement is found af this location, it should not be assumed that this approach
will work equally well for all locations,

In summary it can be seenfromboththe empirical and the theoretical evaluation that ground
reflection is an important factor in sound field distribution. Comparison among measurement
programs or between measured and estimated spectra will have little meaning until methods
can be developed which will account for the different factors affecting the noise field. An
approach towards this is given in Section V,
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SECTION V
VELOCITY EXPONENT

1. INTRODUCTION

The J57~P21 survey included measurements at each of the 65 locations with the engine
operating at 50, 70, 96 and 100 percent of military power, From these measurements a
velocity index was determined at each point from:

P2 a V" (5)
|
where P is the rms sound pressure and Vj is the jet velocity.

This expression ig derived from a relation for the total acoustic power (TAP) developed by
Lighthill (Reference 11):

2 8

2

Pi BV
TAP a

Po €

{6)

[« 11}

where p 1 andpo are the jet and ambient densities, D, is the exit diameter, and Cq is the ambient

]

speed of sound.

For the non-afterburner engine power settings considered here the exit diameter was
constant and the variations in Po and c, were negligible, This results in the total acoustic

power being proportional to the square of the jet density and the eighth power of the jet
velocity.

Although this relation applies to the entire sound field, it was also assumed at each point that:

P a pj" v (7)

Assuming first that the density has little effect on the value of n, Equation 7 reduces to
Equation 5, The procedures used todetermine nwere to plot on semilog paper the overall SPL
for each operating condition relative to the SPL for the 50 percent condition versus the
corresponding jet velocity. A best fit straight line was then drawn through the data points,
Two points on this straight line were then used to compute n from:

SPL - SPL
n= ' 2 (8)

0 {1og v, ~log v, |

This equation follows from the proportion in Equation 5 and the following definition:

p?
SPL = log == {9)

F'ref

where the subscript 1 and 2 refer to specific conditions.
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Had the effect of p j been included the equation for n would be:

_ SPL, ~SPL, 20 log pj2/p; |
n = v + v (i0)
IO log A 10 Iog—'-
Ve Ve

which differs from Equation 8 by the second term. Although no detailed calculations were made,
it was determined for the condition of this test that the inclusion of the variation in Pj would

increase the value of n by approximately one, A similar effect of jet density was determined
by Middleton in Reference 1.

Figure 21 presents the values of the velocity indexes at the measurement locations and the
contours of the n field. The discrete values of n were calculated from Equation 8 using two
points on a best fit line through all the data points for each location.

Although these values are given to the nearest tenth, their accuracies fall within +0,5. Be~
cause of this range of accuracy, the contours are presented primarily to show trends in the n
field rather than actual values.

Comparisons of the n contours of the present investigation to the n contours of Reference 1
and Reference 3 are presented in Figure 22, Calculated n values from Reference 3 were based
on the assumption that sound pressure rather than the square of the sound pressure is

proportional fo Vn The resulting calculated n value would be one-half the value obtained in
Equation 8. Thus a correction factor of two was applied to the Reference 3 n values for the
purpose of comparison. Calculated n values from Reference 1 include a correction for the
effects of jet density as givenin Equation10, This correction is not included in the comparison
since no similar correction was made to the data of the present investigation. In addition, the
Reference 1 n values were presented as a function of angle from the jet axis for constant radii.
The method of approximating contours between the 30 and 50 feet radii is questionable, but
necessary for comparison. Agreement of the n contours seems to be more a matter of coinci-
dence rather than a general rule.

Velocity indexes were also obtained for bandwidths of sound pressure using the same pro-
cedure used for the overall sound pressure indexes. These indexes are presented in Figures 23
thru 26 and cover the 90-180, 180-360, 360-720, and 720-1440 cps bandwidths, respectively.
The SPL’s of these bandwidths are the summation of the included three one-third octave band
levels, These bandwidths most closely approximate the octave bandwidths commonly used in
jet engine noise measurements,

2. GROUND REFLECTION EFFECTS

An investigation into the effects of ground reflectionon the overall n field was motivated by
the poor agreement among measured n fields and by the oscillating nature of the AFFDL n field.
The oscillating values of n taken along radial lines emanating from the assumed noise source
location could result from similar oscillations in the center frequency at which the peak level
occurs in the one-third octave spectrum. These variations in the peak frequency resuilt
from signal interference due to the reflecting ground plane,

The approach used in accounting for the interference effects on the overall SPL measure=
ments and hence the calculated n values is similar to that used in the previous section for the
one-third octave band SPL measurements. The overall SPL decay slopes are drawn for the 100
and 50 percent engine settings and the measured SPL’s are corrected to the decay slope values
for each location. Figures 27 and 28 illustrate this procedure along a radial line. Similar decay
slopes and corrections were cbtained for other radial lines,
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The n values were then calculated from Equation 8 using the decay slope values in place of
the measured SPL’s, Thesen values are equivalent to those obtained under free-field conditions
since a constant difference exists for all engine settings between the free-field SPL’s and those
associated with the conditions of maximum reinforcement. The n field corrected for ground
reflection effects is shown in Figure 29,

The effects of reflection on the calculatednfield may be numerically illustrated by compar-
ing the data from Spot 54. The n value calculated from the measured SPL’s is 8.1. In Figures
17 and 18 of Section IV, corrected overall SPL’s were obtained from the summation of
corrected one-third octave band levels for both 50 and 100 percent engine settings. The n
value determined from these levels is 7.1. The n value obtained from the corrected SPL’s
from the overall decay slopes of Figures 27 and 28 is 6,9, The good agreement in the last
two values indicates that the direct application of overall decay slopes will account for re-
flection effects. '

A noticeable trend in the n values is that they follow an angular pattern from the jet axis
reaching a maximum value between 40-50 degrees and decreasing in value on both sides of
this angular region. This trend suggests that the n values are affected by the changes in the
directional properties of the noise field with varying jet velocity.

3. EFFECTS OF VARYING DIRECTIONAL PROPERTIES WITH JET VELOCITY

The previous calculations of the velocity index included the assumption
that the mean square pressure at each location in the noise field is pro-

portional to the TAP which in turn is proportional to p ? v2. This assumption does not account

for changes in the directional properties of the noise field with jet velocity., A more realistic
assumption, neglecting the effects of jet density, would be:

2 n
TAP a PSA av (n

where P 52 A ig the space average mean square sound pressure.

From Ribner (Reference 12), the directional properties of the noise field of a turbojet
engine as a function of jet velocity are given as:

2
F’2 = Fo (1e)
54 K™ (1+ cos® 6 )
where
-5 v e ' 2 "'5/2
K =[(l——-J—-cose) +.3(——-|—)]
200 2co

and £ is the angel from the jet axis
Vj is the jet exit velocity

C, is the ambient speed of sound



AFFDL-TR~66-147

014

se

S100[d UOLOAIAY PUMOID
I0} Paj0aIIo) pIeld jusuodxy A}100T9A IS TT8I8AQ 67 oIndig

a/X ‘ITZZON 13l WOHd FONVISIA TVIXY

ce 174 ce st ot S c G- 0 1] 0Z-

bl

SHNTVA ONISVIHDI]
J0 NOILO3HIa

ot

G1

074

Se

ce

a/A ‘3TZZON 13r WoHd FONVISIA IVIAvH

45



AFFDL-TR-66-147

Substituting Equation 12 into Equation 11 results in the following equation when a ratio of two
conditions is taken:

v € \")
(I— 2c:, cosB) +_3(-§-c'?)2 ]

2 2
| - 2‘120 cos §) +.3(2:: )
n = (13)

10 [log vV, = log Vz]

SPL, — SPL,+ 25 log [

where the subscripts 1 and 2, for the present measurements, refer to the 100 percent and 50
percent engine power settings, respectively.

Equation 13 is limited to the angular region from 30 to 90 degrees from the jet axis, The
0-30 degree nonapplicability is due to the disagreement found between Equation 12 and
measured data below 30 degrees. The other limitation results from compressor noise effects
on sound pressures measured at locations above 90 degrees,

The overall SPL’s, corrected for ground reflection effects, were substituted in Equation 13.
The resulting nvalues along with the corrected SPL's are related to the measurement locations
in Tahle V, These nvalues are equivalent to those obtained from a nondirectional source under
free-field conditions, Eighty percent of these values range from 5.0 to 6.0. The median of all
the values is 5.5, These values are presented in Figure 30, In the 10 to 30 degree angular
region, the directional correction was not made, Inthis region, the values of n are those given
in Figure 21,

Including the effects of jet density would result in an n value increase from 5.5 to 6.5, The
latter value should be used in future applications of Equation 13,

The essentially constant value of n agrees with the fully developed theory of jet noise
presented in Reference 11, This agreement justifies the transformation of a referenced noise
field to a desired noise field of a similar jet engine with different operating conditions by
accounting for interference and directional effects, The transformation techniques to account
for a change inthe overall SPL are presented in this and the previous sections and are believed
to be applicable to jet engines with exit Mach number up to 2. Additional information on
directional characteristies is required to develop a similar technigue for one-third octave
band levels,
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PARAMETERS AFFECTING THE

TABLE V

NONDIRECTIONAL FREE-FIELD n

SPOT | SPL, SPL, 6 25 log ( = 10 log ({;L) n
(Maximum reinforcement) 2
10 {139 131.5 90 +1.3 1.97 4,5
11 }130.5 121.5 90 +1.3 1.93 5.4
12 | 125.5 116.5 90 +1.3 1.93 5.3
13 | 124 114 90 +1.3 1.93 5.8
18 | 141.5 134 45 -2.3 1.91 2,7
16 {138 129 65 -0.9 1.90 4,3
20 {147.5 134 38 -2.4 1.92 5.8
21 |f145.5 132 45 -2.3 1.90 5.9
22 | 143.5 131 45 -223 1.90 5.4
23 | 137 125.5 65 -.8 1.93 5.5
24 134 122 72 -.2 1.93 6.1
27 {148 136 35 -2.4 1.85 5.2
34 |141.5 129 45 -2.2 1.78 5.8
35 |136.5 125 57 -1.4 1.78 5.7
36 | 133.5 122.5 65 -.8 1.78 5.7
37 |129.5 118.5 72 -2 1.93 5.7
41 | 144.5 132.5 3B -2.4 1.78 5.4
42 | 140.5 127.5 45 -2,2 1.80 6.0
43 | 135 124 54 -1.6 1.75 5.4
47 |142.5 130 38 -2.4 1.75 5.8
48 | 138.5 126 45 -2,2 1.7% 5.9
49 | 134.5 123.5 51 -1.9 1.7 5.1
50 | 131.5 121 57 -1.4 1.75 5.2
53 | 141.5 129.5 31 -2.4 1.85 5,2
54 §140.5 128.5 39 -2,3 1.75 5.5
55 {137 124.5 45 -2.2 1.76 5.8
56 {133 122 51 -1.8 1.76 5.1
60 |139.5 128 34 -2.4 1.76 5.1
61 [139 127 40 -2.3 1.71 5.6
62 136 123.5 45 -2.0 1.71 6.1
65 [137.5 126 38 -2,2 1.71 5.4

Vi e Vi 2
(1 z%cosal + .3 Zco}

V.
(1~ —LcosB)2 + .3

2¢,
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SECTION VI
CONCLUSIONS

The following conclusions are made on the basis of the present investigation:

1. Noise levels obtained at the same nondimensional locations from different but similar
jet engines differ up to 15 db in one-third octave bands and 7.5 db in the overall band,

2. The major differences in the measured levels are caused by interference effects
resulting from the presence of a ground plane,

3. The application of a theoretical model to overall and one-third octave band noise
levels indicates that interference effects can be reasonably predicted.

4, Major differences result in the value of the velocity exponent when the interference and
directional effects on the noise field are not considered.

5, A nearly constant velocity exponent of 6.5 results between 30 and 90 degrees from the
jet axis when the interference and directional effects on the noise field are considered,

6. The corrected n field equation is considered to be the basis of a noise prediction method
which should be accurate for jet flows with exit Mach numbers ranging from 0.5 to 2,0,
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APPENDIX I

ENVIRONMENTAL AND ENGINE TEST DATA
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TABLE VI

EXIT VELOCITY VERSUS SETUP

Setup Exit Velocity (fps)
A/B 100% T0% 50%
1 2530 1950 1557 1255
2 2520 1925 1542 1239
3 2540 1950 1557 1255
4 2580 1960 1571 1264
5 2530 1960 1568 1258
6 2550 1990 1568 1264
7 24,00 1920
g 2280 1875
9 2310 1875
10 2310 1920
11 2380 1895
TABLE VII
STATIC THRUST VERSUS SETUP
Setup Static Thrust (1b )
A/B 100% 70% 50%
1 16,300 10,400 7,280 5,200
2 16,000 10,200 7,140 5,100
3 16,000 10,360 7,240 5,180
4 16,400 10, 500 7,360 5,240
5 16,100 10,400 7,280 5,200
6 16,300 10,500 7,360 5,240
7 15,400 9,850
8 14,800 9,700
9 15,000 9,700
10 15,000 9,600
11 14,900 9,600
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TABLE VIII

TURBINE EXHAUST TOTAL PRESSURE VERSUS SETUP

Setup Turbine Exhaust Total Pressure (Pﬁ—- In.Hg)
A/B 100% 70% 50%
1 70.3 67.7 55.1 477
2 69.1 66.3 5h.2 46,8
3 69.2 66.4 5h.3 47.2
& 0.4 7.5 55.0 47.9
5 69.6 67.2 54,5 L7.5
é 70.1 67.6 58,1 49,4
7 67.6 6L.8
8 65,9 64,1
5 66.1 63.5
10 66.3 63.1
11 66.6 64,1
TABLE IX
EXHAUST GAS TEMPERATURE VERSUS SETUP
Setup Exhaust Gas Temperature (°F)
4/B 100% 70% 50%
1 1155 1140 890 780
2 1116 1120 850 725
3 1160 1135 890 760
4 1135 1120 855 735
5 1155 140 915 790
3 1160 1150 970 832
7 1125 1130
8 1145 1130
9 1140 1130
10 1145 1140
11 1152 1125
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TABLE X

HIGH PRESSURE ROTOR SPEED VERSUS SETUP

Setup High Pressure Rotor Speed (N, - rm)
4/B 100% 70% 50%
1 QL00 9480 8800 BLAOD
2 9400 9430 8820 -
3 3400 Q420 8830 8,80
4 9390 9400 8810 84,60
5 9400 9420 8820 8470
6 9410 9410 B930 8540
7 G460 9470
8 SLLC 2460
9 9430 9460
10 9450 9460
11 9420 9L60
TABLE X1
LOW PRESSURE ROTOR SPEED VERSUS SETUP
Setup Low Pressure Rotor Speed (Ni - rmm)
A/B 100% 70% 50%
1 5800 5940 5280 4800
2 5840 5930 5380 4800
3 5820 5830 5290 4810
4 5820 5840 5280 4820
5 5800 5830 5280 4810
é 5820 5940 5440 4920
7 5820 5930
5790 5830
9 5800 5820
10 5810 5820
11 5800 5920
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TABLE XII

ATMOSPHERIC CONDITIONS VERSUS SETUP

Setup Wind Barcmetrie Amblent
Spoed(knots) | Direction | (In Fg) (opy e
1 I 310 T 30.1% 3%
2 10 250 30,09 47
3 10 290 30,06 49
4 2 - 30.20 39
5 2 — 30.23 45
6 8 360 30,41 46
7 2 —_ 30,26 58
8 10 150 30,23 70
9 6 160 30.24 70
10 6 200 30.21 72
11 10 220 30.23 67

1 The jet engine inlet is facing north,i.e.,zero degrees
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APPENDIX II

ONE-THIRD OCTAVE BAND SPECTRA AND OVERALL SPL's
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Figure 32. One-Third Octave Band Spectra and Overall SPL for Spot 2
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Figure 39. One-Third Octave Band Spectra and Overall SPL for Spot 9
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Figure 46. One-Third Octave Band Spectra and Overall SPL for Spot 16
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Figure 49. One-Third Octave Band Spectra and Overall SPL for Spot 19
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Figure 51. One-Third Octave Band Spectra and Overall SPL for Spot 21
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Figure 59. One~Third Octave Band Spectra and Overall SPL for Spot 29
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Figure 60, One-Third Octave Band Spectra and Overall SPL for Spot 30
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Figure 61. One~Third Octave Band Spectra and Overall SPL for Spot 31
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Figure 62. One=Third Octave Band Spectra and Overall SPL for Spot 32
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Figure 74. One-Third Octave Band Spectra and Overall SPL for Spot 44
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Figure 82, One~Third Octave Band Spectra and Overall SPL for Spot 52

108



AFFDL-TR-66-147

- |
L o
o mﬁ’ |
£9¢ ol .-
< .
-] g - ..
w o=
20 5
o -
. 8¢ |
-3 i
L £ 5 ma H
o & R ;
g e
o0} !
' - v v +
o T — 3 [ 0 : N — .
oy » 23 B AP Bl 00w e T
we— "s E Ny K M3 oo ME 8D 0 00 W 04
10 ll L ] 28 L. L 1) L w0 250 400 & €00 WOC PO 400C 5300 L1
we b § OCTAVE BAND CENTER FREQUENCIES- CPS
AFTER BURNER
- § L3 .
R S T | | i
: | : .
[ & i o= |- s R R e et =]
-
£ o 8 l
292 weg - —rTT ; wark- mrem g
H — |
E‘E S -
- ] = & wa-}- i
=) j—
8§ 8§ :
e -3 Q-
2 S F g 0§ =T —
& ¢ 2 | ;
w8 8 ! ‘
- — wo-f i e —
WA 0 Mi %0 &0 N £DO | W  sG0 W HBO Moo MK 30M koo o4 Wh 20 ala 6 W 2% 200 N %00 600 RSO O MBY 5060 W00 O
% ™ 0 L] L O P50 400 630 D0 MG FIOG A00C 42 10R n 2% a [ 1] 100 WG 73D 40O 30 1000 MOD MO0 4000 BS0D  OK

4 OCTAVE BAMD CENTER FREGUENCES -CPS
100% MILITARY

A
- : N
2 P onh
§3 ol R
ag P i3
s} — T AT o
g s e e B - =
- - _pg
D - - _ z 2
" ¢
R - w3
[ Tivas
- T srrrrrrrry vy Yy R T F F T T T T T T T
-] 220 us L] - S 20O W 00 MO0 QR0 2000 W0 300 BOGO o4
13 L1 [} Lol o 280 MO0 #30 100Q  HOO 200 400N &Y e

§ OCTAVE BAND CENTER FREGUENCIES-CRS
TO% MILITARY

Figure 83,

109

4 OCTAYE BAND CENMTER FREQUENCIES -CPS
4 % MILITARY

T T T T T Lt T et it
MO0 ¥ 3G K0 MK Joto BmO S0 o
RO IS0 400 4% MO0 MO0 MKO 4000 4300 ON

4 OCTAVE BAMD CENTER FHEQUENCIES -CPS
50 % MILITARY

40 43 00

One-Third Octave Band Spectra and Overall SPL for Spot 53



AFFDL-TR-66-147

OCTAVE BANDS
DB RE. 0.0002 DYRES/CM

SPLING

OCTAVE RANDS
D8 RE 0.0002 DYRES/CH

{
SPL N ¢y

e
251 SN’
B9
< %
=g
[T
20 . z 5
= oo
—r-»§-
z°
[ Sy
ok
o
// R
I:"P T
o & o » % 40
BPOT 0&4
X/ _23
e 20
10—, . ‘ 1 |
! i | 1
i i A H i Lo
... i T H P i B . -
30 : ——— T - 2
130~ : [
[ : _ oEa
| J— o T e : : !
T . ; | z&
10| : ! i F o
i C g
.. S ' 3§
i 4
—_ =
[L-8 " H z
| ;¢
: JUT gg
| ‘
|
- : L i : ; : i
-+ vIiIrr+yrr v1 vy r1vrrfv ¢y rvyrvrr 1 r g1 rr r1 g1 117
L3 Eyl s 8a - 121 ROD ME SO0 OO 250 2000 NSO OO0 BOOG Q4
L3 2% AQ (1] e %0 2%0 4ADO  £30 1000 EOC 2500 4000 8M00 KON
-%OCTAV[ BAND CENTER FREGUENGCIES -CPS
100% MILITARY
| 3 i .
i
—fee— i -
2=
zs
. . i i | m g
T 3
— - -— | g
- ]
i l a §
. e
o
! R -
: e ]
" =T N H - ] a4 @
—_— : Pow &
-
o i
e rrryrrorrrerrTtyYerTr T 1T rr 1 11 1r 1 r vy 1 I17Y
LA} Ed il L] 0 178200 WS 300 MO0 @ 2000 M40 000 MOOC OA
" t1 ] AD (1] L--] MO 2% 400 $M0 OGSO FO0D 4000 300 Oe

*QCTA‘IE BAMD CENTER FREQUENCIES -CPS
TO% MILiTARY

Figure 84,

110

149

AFTER BURNER

i

_'H“_‘_,_,.___T
- ,—
- e
I . T e
: : ;
; - ; :
. SN | I . |
T T T T Trrrrr s 7T T TT Iy rrrl
ne 0 LR | B L. 18 koD 3% 300 BOC  rsc OO SM0 3000 8000 Ok
1) 24 ’0 (33 Le ) D 230 400 830 DO MO0 MO0 4000 EMX0 ax
-IS GCTAVE BAND CENTER FREQUENCIES ~ CPS

-

|
-1 17 1 1°rT - yrrtv Ty T3 T r Ty T T T T
s 20 M3 0 7% 07 NS S0 SO0 MO OO0 M0 3000 WD
24 4D E31 W0 M0 230 400 B30 1000 MO0 TI00 400G 300 KON
-*,-OCTAVE BAND CENTER FREGUENCIES -CPS
BS % MILITARY
i I
I
'
; -
‘ i ; i i
ry s Ty T T T T 1T T T T T 11 1T 1
@3 @ M 0 B 1 200 NS 300 400 730 2000 190 SO0 M0G0 G4
Woozd a0 s KG MO 230 400 6N 1000 WOD 3300 4000 8500 0K

JgOCTA\fﬁ 8AND CENTER FREQUENCIES -CPS
S0% MILITARY

One-Third Octave Band Spectra and Overall SPL for Spot 54



AFFDL-TR-66-147

SPL M4 OCTAVE BANDS
DB RE.C.0002 DYNES/CM?

- T
m'n_‘.° -y L 20 30 L]
WPOT » _52.
o 25
o B2
- . | i ! H
: ) H
i -
o + !
P o 1 -
& = ; 8=
L — o P
- —_— i —r— : [
> f T . 25
T - e
-2 —T ‘ e
z ; . . ; i e st z 8
' -4
LY ' 52
e ; - -
' f !
b T 1 1 T ‘l» i T T T T rr T v T rr rr rFry 71 T TT1
wa US T 0 W i 200 NI SO0 0 780 Z000 30 000 MOOD 04
L) E+) - &5 100 O T 400 830 1000 MO0 800 S000 300 O
-&OCTME BAND CENTER FREQUENCIES -CPS
100% MILITARY
Lo’ i ] " .
H ]
! ! i .
na '
e . - - -
8 "
z 2 . x E
i LI L g 34
POFEE i w
H E = e — e 2 B
- — ; o [~
4 g T g §
-+ ’ : g
2 : ]
E ¥ i 2 x
w B « &
.- i ' : ;
@3 0 ' Mn ' Bo ) w0 | 2% 200 u3 | 4bo w00 | 1280 3000 30 5000 | MO0 G4
M P340 61 00 MO 230 00 K30 OO0 MO0 MO0 00O MO OF

'!DCTAVE BAND CENTER FREQUENCIES -CPS
TO% MILITARY

Figure 83,

111

-y . | | Lo
i ! i =
H i H -
; H
138 3 s -
T8~ —
Bl ;. i i
|
!
[ i b
i |
- : |
-l : E i —
i ! i | i : :
[ t ! i | } : :
Rt S S S S e B A S S B R S B S T 1 N LR R O
s 0 M3 S0 K124 00 M3 B0 M0 IPN OO0 oG ok
1B 25 40 £3 100 50 730 4G 430 KOO MO0 100 4000 E06 0K
§ OCTAVE BAND CENTER FREQUENCIES - CPS
AFTER BURNER
.
L i n ! ] . I : : i .
L - ' e i D i
: 1 o 1 : [
- : P H [ —

. pee- B = — i
H . : t R
o— L : : : ! L
T AL LI AL R B e e el B L U B i N S N A A S A ) Ty
WA 2 MS B0 @0 12F 00 MNB 500 SO0 480 BoOC M0 000 MOG0 G4
& 7% 4D 6% K00 M0 I30 400 830 1000 MO0 ZSD0 4000 MO OK
‘&‘ OCTAVE BAND CENTER FREQUENCIES-CPS
$8% MILITARY
g~ i |
i | '
1 '
1 i
LT SeR — s
i
W .
L Lo e
ISt —
[ E— SN
[T TN I
"- ; L T
T T T T 7T T T T '
w0 a5 S0 w4 200 me sho e ako o oon' ok
I a0 B3 00 We 30 400 EX 000 MOD HRO0 4000 4390 K

-h'OCTAVE BAND CENTER FREQUENCIES-CPS
30 % MILITARY

One=-Third Octave Band Spectra and Overall SPL for Spot 55



AFFDL-TR-66-147

OCTAVE BANDS

e
P [ ]
o
L2 /
R0 — = " 20 30 @
raT & 5_6~
are B3
vp M
8~: - -
Rl
9 —
%a —_ —
" ¥ — - -
g B |- H —_ _-__ -~ T
sg .. - _ =
_P d N _—
z L e —
2 -3 . .
R [T
w-|.
»—
i—rrrr ey rryr o r rr oy rrrrYTrr 11T
s » S L] ”w 1% 200 bl 500 BOOD  I250 2000 1N 00 OO0 04
L] Ei) 0 a3 K D %0 4p0 430 1000 MO0 MG W00 KNS On
4 OCTAYE BAND CENTER FREGUENCIES -CPS
100 % MILITARY
.-
e
- SO
8 :
i L8
¥ S - T -
§ [ 8 -

DG RE.0.0002 DYNES/CM
T
|
i
+

SPL N

T r ey rrroTrTr
L] L] 123 00 %
1 W00 we W0
4 OCTAVE BAND CERTER FREQUENCIES-CPS
TO0% MILITARY

T T T T L T T T T
500 BOO 1250 200G A0 3000 4000 D4
400 W (000 40D 2300 4000 €300 KOk

LA
70

¥
XY

Figure 86,

SPL w kg OCTAVE BANDS

0B RE.0.0002 DYNES/CuT

08 RE Q.0002 DYNES/CM

SPL INY

OCTAVE BANDS
E

DB RE D 2002 DYNES/CW

SPLIN Y

112

-

o=

-0 ll‘!
3 L)
§ OCTAVE BAND CENTER FREQUENCIES - CPS

AFTER BURNER

¢ B : ;
i L LA )

“"p-

38|

T T 171 IIITTTIIAIIIVIII
SO #0200 M 300 MK 1250 2000 NSO 3000 MGKO
G B0 250 400 B30 100 KOO IBOC 4000 4330 KK
J{OCTAVE BAND CENYER FREGUENCIES -CPS

96 % MILITARY

4

S0 250 130 1J0c o0 1300 D00 X0 K4

JIOCTAVE 8AND CENTER FREQUENCIES-CPS
30 % MILITARY

One-Third Octave Band Spectra and Overall SPL for Spot 56



AFFDL-TR-66-147

o
‘4 N’
23
< 0
2§
W
2 x4
oo
23
]
o z o A S . .
o i j H
/ 58 o
[T - e el ,,l T
#p e} tp——p F) ) = T - P
= | BNy
e ! : Lt
ot 0 D7 @ | 20 ns S0 | e 133 200 N1 %0 W0 w00 3000 30 B0 w0 OA
Xrp li 1] (4} a0 (1] o0 180 2% 430 W00C MO0 2300 4000 4X0 0K
L)
v 57 4 OCTAVE BAND CENTER FREQUENCIES- CPS
AFTER BURNER
2% 2%
z z 9 ;
3 28 ;
W w z ? . v
-4 =5 :
-4 B o ;
3§ 88 ]
L S S S IO SN S
] - ' f -
z° z : 08— :
'Y ¢ d = :
ig £y S - .
-
: ! o g
i i : |
: : B N H - : i : ! . i : L
-,’Il‘l.lIlllllll|“rT—|"|Tf""|1 T rFrryrorrrrrreroerr Errey e rrrFrrrr
L 1) o Wl .- - I EPO WA SO0 BOO 1230 KOO0 MG S000  BOOG CA 2 F.) M3 50 = 175 200 M8 M A0 30 MO0 B0 0O MO0 Ok
L] * 0 ” 0o O IS0 400 430 00 MO0 FIO0 4000 K300 KK L] 23 " aQ 00 w0 A0 MO0 B33 BO0 W0 FROD 4000 ARC  IOW
-&OC’TWE GAND CENTER FREQUENCIES -CPS '*UCTAVE BAND CENTER FREQUENCIES-CPS
100% MILITARY $8% MILITARY
il o 1 i ] ] i H i ' L
' : : : ! ; '
H | |
[P A i_..._._ ] R -
i ! -
g% ; : ; s
29 wl a1 i N 8 m
a P — — 3 @
v ) — — - -
-:I':E .._.:::'..—w i > B
gg = ; N e §§ .
ey P . ey
;; [ [ ' - e ZE,__
g ' T 3
ig . Ee | .
»-| . . . a-] : .
: i : i N ; i SETRR S .
- \ | i s : , : * | :
w9 20 WS B0 ' W0 | 3 200 Ne | 30 M0 | t2s 2000 ueq sco | s [P S P g o P S n v
" (1] 0 [+ [ WO A 400 €50 DOO MO0 FB00 000 B300  OK L) '+ L) (3] »a M %0 00 E3 000 400 MOD 4000 E3O0  OK

-&OCTAVE BAMD CENTER FREQUENCIES -CPS
TO% WILITARY

Figure 87.

113

-;-OCTA‘U‘E BAND CENTER FREQUENCIES -CPS
B0% MILITARY

One~Third Octave Band Spectra and Overall SPI. for Spot 57



AFFDL-TR-66-147

'S
ge
o
2g
30 ;5
(="}
28
S
© L 2
E,E
-8
L I car 5 o a0
IPUT._5__8
L L Qe | N
wo g

-
8% v 8%
z B [
H 3 - E]
uw - [}
z5 - > §
§ H
g : 8§
E¥ : te
o ¥ : ; - o F
" ! b - 8
“I;‘l LAl !JT L AL ‘l LI ) |' L LI LI o L L L L L L L L B LU
L3 ) M s W L -] S 00 M3 300 OO 2 OO0 3O WON 000 Qb
1] n 40 a4 o O I3 A00 R ODU MOD 300 4007 s 0E
{ CCTAVE BAND CENTER FREQUEMCIES -CPS
100% MILITARY
£ -
*
£t 23
iy ig
w w
> B 5
g a
8§ - 88
";'o‘ o o
> — z 2
z H T B £
L] 8 " B
1" T‘ T I:-l.l’ T;F_T T I.l" T T I:I T :| T l T T IJ lﬁ_lli‘i ﬁ“
2% T MY W W S P00 WS SG0 WO g0 M50 300C BOOO 04
" LI 43 WO WD F30 400 X KGO0 MO0 HO0 MO0 bt W

4 OCTAVE BAND CENTER FREQUENCIES -CPS
7O % MILITARY

Figure 88,

114

- ) | | q g —

. v o [ | s
anl . - S A P

- et :
as-| ST
w-r -
o}
"-
- L A 1, A e (8 S S e S B
S M my % w28
W OF s a3 mo
"% DCTAVE BAND CENTER FREGUENCIES- CPS
AFTER BURNERW

-y

-
-
-
|-
; T
[ i -
i i i ’ .
]
BT T T T T T T T L T LT T T T T
L 3] L3 LI ] o 73 OEDO 33 300 €00 RO OO0 NS0 OO0 N e
13 Eel -0 ) wo WO 130 4 456 OO0 WD IB00 4000 AR 0K
4 OCTAVE BAND CENTER FREQUENCIES -CPS
96 % MILITARY
- i i
e S S
v —
- — ‘_,7
._—“ e + S
b — I
o . -
" : i i
! |- 1
» R S FUPPUR N R
.- T ——r |: : ] ; v] : E .
F5 20 sl 0 M % 40 M S0 s00 | (o 4000 M0 1GM D0 OA
L3 n - L e 150 40D N0 OO0 i0 MO0 000 D DN

-*DC‘I’!VE BAND CENTER FREQUENCIES-CPS
SO% MILITARY

One-Third Octave Band Spectra and Overall SPL for Spot 58



AFFDL-TR-66-147

b
0 u
53
-3
sy
04 ;E
[~
L ] 8§
s
oA ZH-
a
-8
eI > w s SIS ©
) 3y o1 i B R B :
wor o R R AP S PO g e g A A O ey
we W Eb A0 &I 00 O MO a0 430 KO0 MO0 BJD 4000 4D WOK
1
vo k. § OCTAVE BAND CENTER FREQUENCIES - GPS

AFTER BURNER

2PL I OCTAVE BANDS

DR RE.0.0002 CYMES/CM®

SPL IN + CCTAVE BANDS
D8 RE.0.0002 IYNES/CM

B
i
a'wmmm

S A L B LA 2 DL S N S L Ty T T T T T Y L T L r T T T T T T T T T
» n 0 Wm0 W90 000 W0 WO0 e0CD OB s Tah MBS0 w0 (E3 s0D ME SO0 WO I1BO 8000

5 K0 WS I 40 530 000 MOS MOR AN} ERO DX W2 4 43 00 MG 250 4D0 430 W00 WOG P00 4000 €300 04
+°CTNI BAND CENTER FREQUENCIES-CPS *UC’TAVE BAND CENTER FREQUENCIES-CP$

100% MILITANY % MILITARY

wt

D& RE.D.00C2 DYNES/CMT

SPL IN § DCTAVE BANDS

SPL IN - OCTAVE BANDS
08 RE.0.0002 DYNES/C

T Ll LN W - r‘ 1 F |’ l‘l L LA ) T T L L [1’
3 W0 W o0 M LA} 0 M ] L o M * M0 #OT W
M I A 4 KOu SO N0 MO0 S0 MO8 NGO EMGR A0 S3BE DK " T 40 43 00 WO N0 M 430 000 W30 SO0 A0 EXa 04
{OCTAVE BAND CENTER FREQUENCIES -CPZ 4 OCTAVE BAND CENTER FREQUENCIES -CPS
TO% MILITARY BO% MILITARY

Figure 89. One-~Third Octiave Band Spectra and Overall SPL for Spot 59

115



AFFDL-TR-66-147

]

SPL 1N OCTAVE BANDS
0B RE..0002 DYNES/CM

$PL N OCTAVE BANDS
0B RE 0.0002 DYNES/CME

Yo
301
ol .
104

g T

spOT # _(29_ .

LEL g - W
we R

SPL - OCTAVE BANDS
DB RE.0.0002 DYNES/CM?

DB RE 0.0002 DYNES/CM

SPL IN - OCTAVE BANDS

L P S e A o S o e e, e e A, I T
L3 m  ME W S 00 N3 BOD 8O0 240 W00 NEG X0 MO
B a0 43 00 MO P83 400 430 D00 MOG SO0 A000 SO0 0a
4 DCTAVE BAND CENTER FREGUENCIES-CPS
100% WiLITARY

J SSEFLIN

i
o

u*

4 OCTAVE BAND CENTER FREQUENCIES-CPS
T MILITARY

Figure 90,

OCTAYE BANDS
DB RE.D.0002 UYNES/C

SPL N

116

-y

W

o

pofrrpey
»
2]
'_, OCYTAVE BAND CENTER FREQUENCIES- CPS
AFTER BURNER

T T
18 M3 MNE 8
HO

o w | who
W MG B0 400 830 KOO WOD BSOD 4000 ¢BE3 KOk
fOCTAVE BAND CENTER FREQUENCIES -CPS

8% MILITARY

L [ 4 HH
B o LI, R L Y o O O
29 NG MR SAn D00 SO MU MO

i
L
40 1 KOG MO D0 ADD 430 MO0 MO0 0D
{'DETIUE BAMD CENTER FREQUENCIES-CPS
50% MILITARY

One-Third Octave Band Spectra and Overall SPL for Spot 60



AFFDL-TR-66-147

M . P

"o
ko L]
82
. %a
24
b $5 : .
Z20 T T (s
38 . ; : : !
-hc- : . i !
[ E 3] FRR g I .
L8 Pl ' R |
&8 L : : i i
— wdi_ [ e i i —
" y s : ) .
i~ © ha ) 20 B 0 o ’ i i
i | i ] : ;
lm‘rd@_l ""|n-uu‘-||rr|1r||-r|1l1‘|:rl|||||r
2% 0w s M L % 300 NS SO0 MO0 PRG 2000 380 5000 8000 DA
x/D “ L3 EL) . (33 o S0 250 00 430 (00 MO0 ZBOC 400C 8300 Kx
o _2% 5 DGTAVE GAND CENTER FREQUENGIES - CPS
AFTER BURNER
.
e N
i
- ; | ——
[T - ,
g 2" -
i z 9 wm| _
# ‘ =
4 § - _
§ =
TS Y ;
lf8 EH ;
-8 w3 i
PR 1 H B ]
SREE I | | ol e
T T T T T T T T T T T T YT
#O  ¥0O0 R0 Kol e oo IHN IRl M M0 M ) MO0 A0 MDD 00 OA
" ] »0 a oo Bo 30 400 430 000 HDO RSO0 4000 430G KOX . t1l - L2 L) WO 280 400 830 D0 MO0 300 400D X0 0K
4rOCTAVE SAMD CENTIR FREQUENCIES-CPS 4 OCTAVE BAMD CENTER FREQUENCIES -CPS
Q% WL ITARY 6% MILITARY

| ey --—re s i i
o R A b
: i : i ;
N AU ISRV 3 e ; ;
i | : : i
: | ! i - . ; i i
| H H : i
5 N i ga - !
: s iy | ]
E el P S i 25 . I 1 AT T S B
Sg . e A i 8§
o - ‘ : - ] Te .
e S S o femd ¥ . S e R o BN S S B
ex | f | | s e .
[ i t " . | [—r=
H - * "g'
R i o i : | . : : :
T o T s iy M W MO 0 280 2000 NBO %000 oo Ga B | o | ma | om0 | S E0u | w3 | 500 ebe |l 00 B0 3000 e0M 04
-0 - 0o MO I3G 400 430 KO0 MO0 2500 4000 4300 D= " [23 40 -3 L #0 IRC 400 §3C WOC MO0 PAOC SOD0 430G OK
4 OCTAVE BAMD CENTER FREQUENCIES -CPS { OCTAVE BAND CEWTER FREQUENCIES -CPS
TO%N MILITARY BO% MILITARY

Figure 91. One~Third Octave Band Spectra and Overall SPL for Spot 61

117



AFFDL-TR-66-147

o . . -
| .
i ~
v o ; B i
- T __k
ex - — T
i~ - o
w E o : T
o i —_
E oy Ml - R A B
§ i : —
»2 ;
K 4 E 0o~[— T ‘ M
[ ] g . | : i
5B ‘ P
! i :
> v i
mE TR PR R % i l ;
- ! i
R - | :
ﬂ. ]llrl‘llIIllllI'l‘l|l[ll|'lllll‘lll
w»ar . . WS 0 ME M 0 I8 00 M o S0 M3 MXO W60 MOD 9000 04
wip 80 M IF 4h B3 M0 M0 MO 400 830 DO MOD FSGO 400 ESo0 WO
Ny L OCTAVE BAND CENTER FREQUENCIES - CPS
e DE% AFTER BURNER
1.0 - ; - - Ha-, ! ! ;
: { — ! | : P
30~ 30
T N
8" - T E% _ —
x Y o - L FRE - —
38 _ —— X - . ——
¥ - ¥ - T :
YE - — 55 - -
= g - - — - | g wo} . g I
-» — +3 - i
z e 100 —— x 2 oo T '
- " '
s B Y ]
- 0
« - . H ! : . : ;
T iy T rr T rrrrrrerrrry v rryrrryrrrrrry Ulll'lllI*""'_TTYTYTT'TT“"'i"II
WA MBS0 4% I8 K00 M MGG 00 R MO0 NSO MOG WD 0 *1 O m NS M W 208 N6 S0 SO0 A0 BOBO MO %000 4000 DA
Wo# e B2 e w0 230 400 €30 000 %00 7300 <OM 6360 Wk 1S en 3 Mo md HO a0 SM0 000 MO0 MOD 4000 4RO 10K
"}OCTWE BAND CENTER FREQIENCIES -CPS -}OCTN! BAMD CENTER FREQUENCIES-CPS
100 % MILITARY 8% WILITARY
140= o~
130! a0~ -
g T 2% —
T L mo - z 2 oo -_—
g — is -
o () .
o Ho= — = Ho- .
o o
287 . 5g o
- — el
T, e - g eo| —
g5 -~ e —
58 Es T
w0- -
Jo
so- LN A 000 TN B M A A S U Y N L S 0 SO L N A L IO 0 LR M A e e S S s e S S B v 0 0 B A
-1} 0 s i -0 [EER i 500 SO0 1330 00D 30 S0 8000 Ob L a1 *® us [ » 4 200 L MO WG PR OO0 WD 3OO0 OO0 O&
L] (1} AT LE) L) B0 230 400 630 G000 MDD POD MG WO KK " Ol an & Lo Wb P50 €00 430 D00 G0 BSOO 4000 BIOOD 08
4 UCTAVE BAND CENTER FREQUENCIES-CPS 4 OCTAVE BAND CENTEA FREGUENCIES-CPS
TO% MILITARY S0% MILITARY

Figure 93. One-Third Octave Band Spectra and Overall SPL for Spot 63

1192



AFFDL-TR-66-147

- — o _
SR I !
T A B I : ”
we F SR P R N
- N 7‘ - E
o .h ) = —_ | |
g g - 1 - At sl b —
L * - -
§ E L - Pr— + .4
L] § : R ;
» TS .- : -
/ ¥ :
LY
wpg— PP %=
o o & 0 I 300 ME MO NE W
xn -_s. " Ea . ] a3 M WO 200 400 $30 ©O00 00 MO0 SO0 S300 0K
va _19 § OCTAVE BAND CEMTER FREGUENCIES - CPS
AFTER BURNER
L ' -~ -
T | i
[ S s - .

L 4 ocuwr aanos
OF hE.0.0002 DYNES/CH"
(.
I
|
%I
|
!
l1
lI
SPL IN § OCTAYE BANDS

DB RE.0.0002 DrNES/CMT
!
|
|
{
i
|

R __ ' LR
L e — — -—
; A —
L - IR !
. . : i b ]
-\_ﬁq_rﬁ.'Tl_’_'_’_'_ﬁT ——r T r -— i : !
s ” W W [ ] 0 W0 FO3 Mer RN G0N 04 L 2] o N 8w e e e 5% WM RO N0 MEC XD
" ”n -0 a5 -0 WO PO 40D WM KO0 WOD FMO0 A0 WMDY WM - " -0 L] L We H0 40 430 W0 MO0 MOT 4000 IO KN
4 OCTAVE BAND CENTER FREQUENCIES-CPS 4 OCTAVE SAND CENTER FNEGUENCIES -CPS
100% WILITARY 8% MILITARY
g - g
= i
- ) -
B on -
a® ;
x i Cr P
! - —_ = S s i
. e if I |
! - - FE u IS
: - T 32 - ‘
3 - - +a = 3
I 2y ™ — o
£ - - Sz - R
“w| — T "- : 3
: i
- H :
B, A v AL S A AL AL A S L S U 0 . LS S * @5 | 20 Wi %0 | sb | 26 200 58 900 0o | a%c o o M0 w00 B
" tal - -» L WO B0 MO0 30 W00 WMOD MNOD 4000 W00 UK " Ead 4 L 3] oo Hi O I30 400 d30 KOO0 MGD PROC A0DC MG WON
§ OCTAVE BAND CENTER FREQUENCIES-CPS 4 OCTAVE BAMD CENTER FREQUENCIES -CPS
TO% MILITARY 80 % MILITARY

Figure 94. One-Third Octave Band Spectra and Overall SPL for Spot 64

120



AFFDL-TR-66-147

-

| ol b

i

“’J ]
:5

. %
w

1
fa o 1T .
ra ! - . R
% | : !
T & e e
ig e i :
= I T
o > : v : : ' : : : :
20 w0 E'} © 0 0 ) L. e T T
: r : bl !
=T i
wor v H2 s 15 3o % w0 4% mo | w3 e ek | 1130 £00 %0 %00 | acoo 0k
IE L] 4] @ 3% e WD IS0 400 430 ADO MO0 SO0 4000 A0 0K
e t OCTAVE BAND CENTER FREQUENCIES - CPS
vy R0 § OCTAVE D 3

AFTER BURNER

-
;Y
. i
o ¥ ¥
> 2 (3
=
&y ¥
Te Te
ek b
AGASEL P, S O e A S S B e S 2 e e U e S S e T R R
ws 0 s o [ ] 1% 300 L] A0 #0080 MOOE M NO00 B0 DA
(L] s - [ 3] L] M0 250 400 &30 OO0 MO0 2500 4300 SO WGE " tL] Ll [ 3 00 B MO 400 4 OO 00 HOO SN0 AME 0K
4 DCTAVE BAND CENTER FREQUENCIES-CPS 4 OCTAVE BAND CENTER FREQUENCIES ~CPS
100% MILITARY 8% MILITARY
N |-
IR E ! 4
8"4 " - 8%
e i
5 : - - y
3 : — _ > &
= . - 0 ——e _— L1
1 -——
8 g : - - 8§
) i — _ - -
TS wefo b : : - zy
LI S T .
-f : i
i H :
- ; S SO Ot SO,
B | H ! g m———— . . H N i N E . I ' I
"— LIS 2 ulh ) e S e e s e ey e B AU e R AL L "- RIS A o e e s iy e e T T fv'trtvullllrr
ws 0w LIL) L] L 300 HY 0 BO0 W 00 M0 WO MO0 oA w ” LY L] [ ] (L. -] JI & * I3 00D WNEJ 000 mOC od
13 s 4D 83 DD w0 FO 40D RN DO W00 SO0 4000 6300 W L] B s B 00 M0 0 400 40 OO0 SO0 SO0 Wt 0 DK
JOCTAVE BAND CENTER FREQUENCIES -CPS S OCTAVE MAND CENTER FREQUENCIES -CPS
TO% MILITARY 0% MILITARY

Figure 92, One-Third Octave Band Spectra and Overall SPL for Spot 62
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