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PREFACE

This report describes the work performed under Task 5 of the DOT/FAA
High Velocity Jet Noise Source Location and Reduction Program (Contract DOT-
0S-30034). The objectives of the contract were:

° Investigation of the aerodynamic and acoustic mechanisms of various
jet noise suppressors, including scaling effects.

° Analytical and experimental studies of the acoustic source distri-
bution in such suppressors, including identification of source
location, nature and strength, and noise reduction potential.

] Investigation of in~flight effects on the aerodynamic and acoustic
performance of these suppressors.

The results of these investigations have led to the preparation of a
design guide report predicting the overall characteristics of suppressor con-
cepts from models to full-scale static, to in-flight conditions, as well as a
quantitative and qualitative prediction of the phenomena involved.

The work effort in this program was organized under the following major
tasks, each of which is reported in a separate Final Report:

Task 1 -~ Activation of Facilities and Validation of Source
Location Techniques

Task 2 -- Theoretical Developments and Basic Experiments
Task 3 —- Experimental Investigation of Suppression Principles

Task 4 -- Development and Evaluation of Techniques for "In-flight"
Investigation

Task 5 -- Investigation of "In-flight" Aerocacoustic Effects on
Suppressed Exhausts

Task 6 -- Preparation of Noise Abatement Nozzle Design Guide Report

Task 1 was an investigative and survey effort designed to identify
acoustic facilities and test methods best suited to jet noise studies.
Task 2 was a theoretical effort complemented by theory verification experi-
ments which extended across the entire contract period of performance. Task
3 represented a substantial contract effort to gather various test data on a
wide range of High Velocity Jet Nozzle suppressors. These data, intended to
help identify several '"optimum" nozzles for "in-flight'" testing under Task 5,
provide an extensive high quality data bank useful to preparation of the Task
6 design guide, as well as to future studies.

iii
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Task 4 was similar to Task 1, except that it dealt with the specific
test facility requirements, measurement techniques and analytical methods
necessary to evaluate the "in-flight" noise characteristics of simple and
complex suppressor nozzles, This effort provided the capability to conduct
the "flight" effects test program Task 5, which is the subject of the present

report (FAA-RD-76-79,V).
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1.0 SUMMARY

The High Velocity Jet Noise Source Location and Reduction Program (Con-
tract DOT-05-30034) was conceived to bring analytical and experimental know-
ledge to bear on understanding the fundamentals of jet noise for simple and
complex suppressors.

Task 5, the subject of this report, was formulated to establish the sta-
tic and flight noise characteristics of five optimum suppressor nozzle designs
from different families which are considered applicable to advance propulsion
systems to aid these systems in complying with noise regulations. The nozzles
evaluated include a single flow, area ratio (AR) = 2.1, 32-chute design, and
four dual flow suppressor nozzles: 40-shallow-chute - (AR), = 1.75, 36-chute -
(AR), = 2.0, 36-chute with a treated ejector and 54-element coplanar mixer
nozzle. Each scale model nozzle was subjected to static and free jet testing
in the General Electric Anechoic Free Jet Facility. Free jet velocities ranged
from 0 to 360 ft/sec. The flight noise was established based on transforming
and scaling measured free jet data. The transformation was carried out by ex-
tracting the static directivity after correcting for refraction, turbulent
scattering and absorption effects, and then employing a suitable multipole
source decomposition to evaluate the proper dynamic effect.

The main result of this program has been to establish the static and
flight suppression characterist.cs for the five suppressor nozzle designs in
terms of peak noise characteristics, directivity, and spectra as a function
of flight Mach number. Overall, flight effects for suppressors were demon-
strated to be less favorable than for baseline nozzle configurations.

Suppressing only the outer stream of dual flow nozzles was found to be
slightly less effective than suppressing the entire stream on a single flow
nozzle. The loss in suppression effectiveness is between 1 and 2 PNdB for
the same mass averaged velocity.

The effect of flight on the peak noise characteristics of suppressors
was found to vary as a function of mass average velocity. At high velocities,
for example, suppressors actually realize more peak noise reduction than
a conical nozzle. However, at mass average velocities below 2000 ft/sec,
suppressors generally lost 0 to 5 PNdB suppression in flight. 1In all cases,
the noise level in flight for these suppressors was still lower than for the
static case. On a directivity basis, flight reduces the noise in the aft
quadrant, causes a modest change at 90°, and causes only slight changes
relative to static in the forward quadrant. Spectrum changes are dependent on
frequency, angle, and flight velocity. Overall, no reduction of high frequency
noise occurred, even in the aft quadrant, except for the 54-element coplanar
mixer nozzle. The flight effect on this configuration resembles more closely
that on a conical nozzle.

The addition of a mechanical suppressor increases weight, reduces per-
formance, and has a less favorable peak noise flight effect. Nevertheless,




for a given gross aircraft takeoff weight, payload, and specified noise goal,
a suppressor allows the use of a smaller engine, which generally results in

a range advantage over an unsuppressed system, because adding a suppressor
less costly than reducing noise by upsizing the engine to reduce jet velocity.
Overall, suppression characteristics measured statically are different than in
flight and a function of the specific suppressor design.
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2.0 INTRODUCTION

Extensive static testing has been conducted during the past two decades
to establish the suppression characteristics of complex exhaust nozzle con-~
figurations{1,2,3)  Measured jet noise suppression levels in excess of 12
PNdB have been demonstrated, and performance test results have demonstrated
that these levels may be achieved with a gross thrust loss in flight of 6
to 7%.(3)  Actual flight test exzerience using some typical designs has
provided inconclusive results(3,4,5) Some suppressors are effective in
flight, others become ineffective, and may cause a noise increase. It has,
therefore, been established that static test data are inadequate to establish
the flight noise signature of suppressor nozzles.

Several methods have been evaluated during the pase five years to estab-
lish the flight noise signature of complex suppressor nozzles without conduc-
ting costly and relatively inaccurate actual flight tests 6,7,8),  The methods
include moving frame techniques and fixed frame techniques. The free jet
method was selected and validated under Task 4 of the current program.

The objective of the present Task 5 study was to establish the static and
flight noise characteristics of five optimum suppressor nozzle designs which
are considered to be applicable to advanced propulsion systems and which will
aid these systems in complying with proposed noise regulations. The tests
were conducted in the General Electric Anechoic Free Jet Facility. The
present report includes a description of the free jet and a discussion of the
facility validation results (Section 3), a presentation of the models (Section
4), and a definition of the test matrices (Section 5). The data acquisition
and reduction procedures are discussed in Section 6. Section 7 presents the
static and flight acoustic characteristics of the five optimum suppressor
nozzle designs.

Static and flight suppression levels are established by comparison to
conical nozzle data from References 9 and 10. Section 8 presents aerodynamic
performance and weight assessments for each of the five nozzles for an ad-
vanced variable cycle engine.

Select thermodynamic and acoustic test data are tabulated in Appendix A,
and Appendix B is a user's puide describing the mechanics of using the flight
transformation program.
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3.0 DESCRIPTION AND VALIDATION OF THE ANECHOIC FREE JET FACILITY

The General Electric Anechoic Facility (11) was modified to permit simu-
lated wind-on testing via the Free Jet Technique which was evaluated and
verified in Task 4 of the program (6). Free jet design criteria followed
those evolved during an earlier free jet setup on General Electric's Jet
Engine Noise Outdoor Test Site (JENOTS) (a free jet to nozzle area ratio of
nominally between 40 to 50 to 1, a modest facility-nozzle contraction ratio
yielding free jet longitudinal turbulence levels of 3 to 4 percent, and a
velocity uniformity across the free jet of less than &4 percent).

Validation of the free jet was accomplished in early 1977 and comprised
a number of acoustic and aerodynamic studies both in the upstream ducting and
in the anechoic chamber proper. This section describes the key tertiary (free
jet) flow facility components and the pertinent acoustic and aerodynamic data
taken to validate the facility.

3.1 DESCRIPTION OF FACILITY

The tertiary system consists of a large electric motor-driven fan and
associated ducting to surround model test nozzles with free jet airflow to
provide external flow in order to simulate forward flight. The basic dual
flow jet noise anechoic facility is described in detail in Reference 11. A
schematic of the jet noise anechoic facility showing the tertiary flow ar-
rangement is presented in Figure 3-1.

The tertiary air system consists of a 250,000 scfm (50 in. H20 static
pressure) fan and 3500 hp electric motor. Transition duct work and a si-
lencer section route the air from the fan discharge to the tertiary plenum
room. The silencer reduces the noise level 30-50 dB. Air supply to the fan
is pulled into the fan room outside ambient through an existing inlet si-
lencer. A plenum room (14 ft x 12 ft x 10 ft) for the tertiary air is lo-
cated just below the test deck. Three walls and the floor are covered with
acoustic treatment (4~inch thick fiberglass pillows covered with fiberglass
cloth and perforated plate). The coannular plenum chamber for model nozzle
air supplies is located within the tertiary plenum chamber room. Tertiary
air enters a 7 ft 4-inch-diameter x 6 ft long cylindrical test section mounted
on top of the test deck. This cylindrical duct contains a flow straightening
screen and honeycomb section (10-inch length x 1/4-inch Hexagonal cells). The
duct is then smoothly transitioned to the 4-ft-diameter tertiary discharge
nozzle on its upper-most end resulting in a free jet to jet nozzle flow area
ratio of about 63 (based on 6-inch equivalent diameter nozzle). Maximum
tertiary flow of about 310 1b/sec permits simulation of Mach numbers in excess
of 0,30. Mach number variation is obtained by simply varying the fan inlet
vanes thereby changing the tertiary air flow rate. A Mach number of approxi-
mately 0.41 is obtained with the vanes wide open. Entrained chamber flow
enters from the outside through a silencer and enters the anechoic chamber
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between acoustic wedges in the floor. All airflow exits through a "T" exhaust
stack in the ceiling of the chamber directly over the nozzles.

Tufts for visual checking and thermocouples were located on the exhausts
and thermocouples and microphones were located on the ceiling to verify that
no apparent chamber recirculation exists. Wind-meter readings at the 130°
microphone location indicate entrained flow velocities less than 1 ft/sec.

The converging section of the tertiary nozzle is treated with a 1/2-inch
layer of Scottfelt (without a faceplate) to further reduce the high frequency
noise content of the free jet flow. This treatment can be removed whenever
it isn't needed. All validation and test results presented in this report
were obtained with the acoustically treated tertiary nozzle.

Data acquisition of acoustic signals when the free jet is in operation
is similar to previous static tests (11). Only the location of the micro-
phones is slightly modified to accommodate the free jet plenum (described
below).

Acoustic and LV/hot wire (HW) measurements were taken over a range of
tertiary flow conditions for checkout as summarized below.

3.2 ACOUSTIC VALIDATION TESTS

A combination schematic and photograph of the anechoic jet noise facility
showing the tertiary flow arrangement and microphone locations is presented
in Figure 3-2. The locations of the 40, 50, 140, 150, and 160° microphones
and their radial distances from the jet nozzle exit/centerline are included on
Figure 3-2. A coannular-coplanar jet nozzle with both streams operating at
identical thermodynamic conditions was used for the facility validation tests.
Two (2) test series were conducted: a) an inverse square law (ISL) test
without flow, and b) a background noise level test with flow.

The inverse square law (ISL) lossless test results at the 90° microphone
position are shown in Figure 3-3. A speaker was used as the sound source
for frequencies from 160 Hz to 630 Hz and an airball was used from 1000 Hz
to 80 kHz. The procedure followed is detailed in Reference ll. A microphone
was traversed from a position five feet from the noise source to a position
near the far wall acoustic wedges. Data recorded at the various positions
along the traverse are shown in Figure 3-3. The data trend follows the 6
dB per doubling of distance line quite well after correcting for atmospheric
absorption. The standard deviation from the ISL tests for four (4) angles
is shown in Figure 3-4 (see Reference ll for procedure). The high points
in the 50° lossless data are primarily attributed to the influence of the
acoustic wedges surrounding the tertiary nozzle. The lossless data are
comparable to the basic (static) facility validation results as documented in
Reference 11.

The effect of the tertiary flow on the facility background noise level is
shown in Figures 3-5 through 3-7 for 50, 90, and 150° microphones, respec-
tively. Only data above the facility design cut-off frequency (220 Hz) are
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Figure 3-3, Inverse Square Law Test at 90° with Tertiary and
Coannular Nozzle Hardware (Bass, Bauer and Evans
Atmospheric Correction Included), Lossless for
160 Hz < f < 630 Hz, Used Speaker for 1000 Hz < f
< 80 kHz, Used Air Ball,
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respectively. Only data above the facility design cut-off frequency (220 Hz)
are shown. Typical spectra for the coannular/coplanar nozzle with both inner
and outer flows at 1000 ft/sec (Vma = 1000 ft/sec) are shown with and without
the tertiary. The jet noise levels are considerably above the noise levels
of the free jet alone. At the lowest jet noise level (Vpg = 1000 ft/sec and
Mr = 0.3 spectra compared with Vpy = O ft/sec with MT = 0.3 spectra) the jet
noise is approximately 10 dB above the tertiary alone noise. Background
noise from the tertiary flow is not expected, therefore, to influence the jet
noise levels or spectra for jet velocities above 1000 ft/sec. The tertiary
flow does affect the low frequency noise somewhat, at jet velocities between
800 and 900 ft/sec.

3.3 AERODYNAMIC CHECKOUT TESTS

Measurements were made of the mean velocity and axial turbulence inten-
sity distribution at the tertiary exit plane and at various downstream lo-
cations in the free jet. The development of the free jet (tertiary) plume
was also studied. A schematic of the free jet aerodynamic test setup (with a
5-inch conical nozzle) is shown in Figure 3-8. For most tests the conical
nozzle (or inner jet) was flowing air at the nominal free jet condition in
order to prevent any ''dead" flow regions. The North (N), South (S), East (E),
and West (W) directions are shown around the tertiary exit for future refer-
ence to traverse direction. Laser Velocimeter (LV) and hot wire (HW) measure-
ments were made at stations A, B, C, and D as shown in Figure 3-8. Measure-
ments were made at several tertiary exit Mach numbers (M), however for
purposes of illustrating facility aerodynamic characteristics most of the
results are presented at near AST takeoff conditions (e.g. MT = 0.30).

The radial variation of the mean velocity as recorded with the Laser
Velocimeter is shown in Figure 3-9 for two axial positions. Examination of
Figure 3-9 reveals the following:

® The radial mean velocity profile at the free jet exit plane
(X/D = 0) is relatively uniform (less than 4% velocity variation)
for both traverse directions.

. The mean velocity at the test (conical) nozzle exit plane location
decays slightly from its value at X/D = 0. The radial mean veloc-
ity profile is uniform at this location, except near the conical
nozzle wall and in the free jet mixing (shear) layer.

The axial variation of mean velocity for two radial positions is shown
in Figure 3-10. The centerline trace (i.e. r/ro = 0 position), which is
indicative of the free jet potential core, extends to at least five (5)
diameters. Hence, the test nozzle detects little or no velocity decay in the
free jet flow in these five tertiary flow diameters (or 17 ft downstream of
the conical nozzle). The complete extent of the potential core has not been
mapped due to a limit of the laser velocimeter track system in the facility.
However, beyond X/D = 5"+ 6 the velocity should decay at the rate (X)-1, as

13
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shown in Reference 12. The axial variation at r/ry = 1 in Figure 3-10 shows
a typical decay of mean velocity to approximately 60% of its maximum value,
and thereafter a uniform value of X/D from 2 to 5. This region of uniformity
suggests a similarity of tertiary mean velocity profile throughout the tra-
versing range. Figure 3-10 also includes the centerline axial variation at

Upax = 213 ft/sec.

The free jet (tertiary) velocity decay characteristics are further il-
lustrated by the montage of Figure 3~11 which was constructed using laser
velocimeter (LV) and hot wire (HW) radial traverses. The velocity profiles
at X/D = 0, 0.27, and 0.75 are taken from LV point histogram data with the
conical (inner) jet at approximately Mj = 0.30. The velocity profiles at
X/D = 0.75, 1.53, and 2.30 are from HW traverse data with the conical (inner)
jet at approximately M; = 0. The profiles at X/D = 0.75 are identical for
the LV and HW except for the near centerline region which is governed by the
conical (inner) jet exit velocity.

The HW profiles were extrapolated to zero velocity (shown by the dashed
line) to provide an indication of the free jet spreading angle. This angle
was actually determined to be ~ 5.5° by studying two separate HW traces
for each location. Further discussion on spreading angle determination is

presented later.

The peak value of U/Up,, at X/D = 0.75 in Figure 3-11 is approximately
10% lower :han the value at X/D = 0 and remains essentially constant to at
least 5 tertiary diameters (see Figure 3-10). This initial velocity decay is
a result of free jet flow expansion caused by the decrease in outer diameter
of the inner jet between stations A and C. The amount of reduction will de-
pend on the nozzle configuration under evaluation. Figure 3-12 shows the
variation in tertiary mean velocity as a function of tertiary area increase.
It varies from practically zero for a JENOTS type test configuration (where
inner jet outer diameter remained constant from the free jet exit plane to
the jet nozzle exit), to about 10% for the previously discussed checkout
nozzle (which corresponds to about 30% increase in effective tertiary flow
area). Figure 3-12 also shows a point at almost 8% reduction in tertiary
velocity based on suppressor LV measurements made in these Task 5 in-flight
effects tests. Figure 3-12 can be utilized in a test to compensate for the
tertiary mean velocity defect (at Station C) during a test by simply in-
creasing the tertiary mean velocity at Station C. In the event test data
are already acquired, Figure 3-12 can be used to reduce the tertiary mean
velocity value at Station C during the flight transformation phase of the

data reduction process.

Figure 3-13 depicts the radial variation of axial turbulence intensity
measured with the LV at the free jet exit plane (Station A, or X/D = 0) and
the conical (test) nozzle exit plane (Station C, or X/D = 0.75). The turbu-
lence intensity is not significantly affected by tertiary exit velocity, as
shown by dashed line in Figure 3-13 for Up,y = 213 ft/sec. General con-

clusions can be drawn from Figure 3-13:

. Turbulence levels at the free jet exit plane are about 2.5% in the
center of the free jet flow region.
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' At the conical (test) nozzle exit plane, the turbulence level is on
the order of 0.5%.

The axial variation of axial turbulence at Uy, = 349 ft/sec is shown in
Figure 3-14 for radial positions corresponding to r/ry, = 0 and r/ry = 1. This
general distribution for the free jet is similar to that previously observed
in scale model subsonic test results (12).

The azimuthal variation of the mean velocity at the tertiary (free jet)
exit (X/D = 0) for Mp = 0.3 is shown in Figure 3-15. Hot wire (HW) data
taken every 30° are shown for three radial insertions (r/r, = 0.625, 0.75,
and 0.875). Laser Velocimeter (LV) data were taken for only North (N) and
West (W) traverses. The HW and LV data show good agreement. The My = 0.30
HW data show that velocity uniformity at the tertiary exit plane is 2.6%,
which compares favorably with the limited LV results (2.2%).

The azimuthal variation of turbulence intensity at My = 0.30 is shown in
Figure 3-16 for the same three radial insertions described above. This again
is a typical plot showing the similarity with radial position. Average azi-
muthal turbulence intensities are calculated to be between 1.8% (HW) and
2.3%2 (LV). 1In general, the results of Figure 3-15 and 3-16 illustrate that
the free jet is reasonably symmetric in mean velocity and turbulence levels.,

The following table summarizes the free jet HW a: 1 LV results based on
the exit flow symmetry tests and compares them to those established from the
JENOTS free jet during Task 4 Validation Tests (6) which were used as the
design target for the anechoic free jet.

Mean
Velocity Turbulence

Free Jet Velocity Uniformity Intenmsity
° JENOTS - Task 4 <4% 3 - 47

Validation
° Anechoic

= Upax = 349 ft/sec ~ 2.4% ~ 2.0%

- Upax = 213 ft/sec ~ 2.9% ~ 2.7%

At Free Jet Exit Plane (Station A, X/D = 0). These results show the free jet
flow quality equivalency of the JENOTS and Anechoic Facilities.

Results of a hot wire measurement study of the free jet piume spreading
characteristic at My = 0.3 are shown in Figure 3-17. A total of eight hot
wire traverses were made at three axial locations across the free jet nozzle
exhaust. The data show that the tertiary plume does not start spreading
appreciably until it reaches the test nozzle exit plane. It then spreads at
an angle of approximately 5.5°. This spreading is assumed to be true for all

21
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I azimuthal positions as was the case for the mean velocity and turbulence
shown in Figure 3-15 and 3-16. This spreading rate of the plume is reason-
ably close to classical spreading (~7°).

The preceeding paragraphs have shown that the free jet design criteria
evolved in the course of Task 4 (Reference 6) and adopted in the Anechoic
Facility setup (Reference 11) produced good tertiary flow aerodynamics which,
in turn, was reflected in the high quality of acoustic results taken during the
verification tests,




4.0 MODEL SELECTION AND DESCRIPTION

Five suppressor nozzles and one unsuppressed nozzle were tested in the
General Electric Anechoic Free Jet Facility. The six configurations were:

Model No. Description Figure No.
(1) 32-chute, AR = 2.1 - Single Flow Nozzle 4-1
- R_=10.62
r
(2) 40-Shallow-Chute, (AR), = 1.75 Dual 4-2

Flow Nozzle - Ry = 0.7i7

(3) 36-Ch Chute, (AR), = 2.0 Dual Flow 4-3
Nozzle - R; = 0.71e

(4) Configuration 3 with a treated ejector - 4-4
Dual Flow Nozzle - R: = 0.716

(5) 54~Element Coplanar Mixer Dual Flow 4-5
Nozzle
(6) Coplanar - Coannular Nozzle - R; = 0.598 4-6

Photographs and schematics defining each of the nozzle designs are sum-—
marized on Figures 4-1 through 4-6. Each of the five suppressor nozzle con-
figurations was selected by evaluating and balancing suppression levels, per-
formance loss, and mechanical complexity. Emphasis was placed on having va-
riety of configurations in order that detailed flight noise characteristics
could be projected for several suppressor nozzle families. This approach
was considered appropriate because of the extremely limited data available
to optimize the acoustic characteristics of suppressor designs in flight,
especially for dual flow nozzle configurations as previously discussed in
Section 3.0 of Reference 3. Conical nozzle data previously taken from the
free jet and Aerotrain Test Series (References 6, 9, & 10) are used for
com;aring all the static and flight noise results from the above scale model
nozzles.

A detailed description of the suppressors and the optimum nozzle selec-
tion process are included in Reference 3. Highlights from this study (Refer-
ence 3) are, however, included in the next few paragraphs for completeness of
presentation.

Model 1, 32-chute AR=2.1 nozzle, was selected to be representative of
suppressor nozzles which were applicable to single flow exhaust systems. This
32-chute nozzle was evaluated as result of the parametric test series described
in Reference 1. The selection of this configuration was also justified by the
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results of the aircraft integration studies described in Reference 3. The
mechanical design studies indicated that the area ratio of 2.1 does fall
within the range of acceptability. The static and flight aerodynamic perfor-
mance of this nozzle was documented based on wind-tunnel testing data.

Three other turbojet suppressors were also considered and evaluated in the
aircraft integration study described in Reference 3. This may at first seem
to be a limited group of nozzles, but in actuality, it represents a substantial
portion of the suppressor nozzle work performed during the past 25 years. The
32-chute nozzle and 57-tube plus ejector nozzle are configurations which were
evolved after extensive study conducted by General Electric and The Boeing
Company after cancellation of the SST. These nozzles were evolved based on
limited analytical, and extensive experimental studies conducted by the
respective companies and described in References 1 and 2. The 36-chute nozzle
area ratios 2.0 and 2.5 were configurations evolved for parametric testing
during this current program and are more representative of the type of mechan-
ical suppressors which could be implemented on a high radius ratio plug
nozzle. Selection of the optimum nozzle Model 1 was based on maximum range
attainable in order to meet current FAR36 (i.e., EPNL=108) noise levels.

The remaining four optimum nozzles were selected from the dual flow
family. The second model was chosen to be (AR),=1.75 40-shallow chute
nozzle with a modified core-plug geometry. This configuration was evolved as
a result of the experimental data presented in References 3 and 10. The
experimental results show that a modification to the core-plug geometry of the
40-shallow chute nozzle would result in a 1.5 PNdB improvement in suppression
with essentially no change in exhm™ist system performance or weight. This
configuration, based on the Task 3 experimental data, has the potential for
maintaining suppression in flight. This projection is made based on the
experimental observation that in flight, a significant low frequency reduction
occurs for the suppressor, whereas, little or no change occurs in the high
frequency portion of the spectra. The 40-shallow chute, when compared to the
other shallow chute configurations, exibited the lowest high frequency noise
levels and should, therefore, perform best in the flight environment.

Model 3 was selected to be an (AR),=2.0 36-chute nozzle and incorporated
several unique design features. A nozzle area ratio of 2.0 was selected be-
cause it represents the best compromise from a suppression and weight point of
view over a wide range of velocities (Reference 3). The core plug geometry
of this configuration was designed based on the flow management studies
described in Reference 10, The small step height was selected to provide a
higher outer-to-inner-stream flow area ratio variation. The element number
was selected based on the engineering correlation studies which indicated very
little improvement in suppression with increasing element number, and 36 was
selected based on performance data availability and the adverse effect that
increasing element number has on performance.

The chute design itself was unique in that it incorporated a convergent-

divergent flowpath to reduce the shock noise signature of the suppressor.
The need for this design was predicted on test data presented in Volume II.

34




y— — e a — -

The influence of shock noise on the directivity and spectra characteristics

of a suppressor is illustrated by the following example. Consider the AR = 2.0
turbojet nozzle (Reference 10) operating at two test conditions as a means of
illustrating the importance of shock noise. The pressure ratio was held
constant at approximately 3.3 and two temperature conditions were evaluated.
These were 730° R and 1630° R, which result in velocities of 1600 and 2380
ft/sec, respectively. Previous results would indicate a significant decrease
in PNL level as velocity is decreased. This trend was observed at acoustic
angles of 90° and in the aft noise quadrant. In the forward quadrant, the PNL
levels are equivalent even though there is a difference of 780 ft/sec in
velocity. Examination of spectral results reveals that the high frequency
portion of the spectra are equivalent in level whereas the low frequency
levels are lower as expected. This insensitivity of high frequency noise is
generally characteristic of shock noise. If the shock noise were reduced, a
significant decrease in PNL levels should occur. Therefore, a convergent-
divergent chute design was incorporated into this configuration.

Model 3 with an ejector was selected as optimum nozzle No. 4. An ejector
was chosen to be representative of a high suppression nozzle from a different
family of exhaust nozzles. The ejector design incorporated a length-to-
diameter ratio of 1 and utilized the design criterion that flow area be held
constant throughout the annulus. These are the design criteria for good
aerodynamic performance at takeoff conditions. The ejector treatment utilized
was a broadband bulk absorber, Astroquartz. The addition of a treated ejector
to Model 3 is projected to increase PNdB suppression 2 to 4 PNdB (Reference 3).

Model 5 is a coplanar mixer plug nozzle (alternate hot and cold flow
elements), which was evolved because of its aero performance and suppression
considerations. This model configuration was selected from the application
of the theoretical concepts developed in Task 2. Extensive diagnostic studies
on multichute nozzles were carried out in Task 2. From these studies, a
nozzle concept was developed which attempts to capitalize on the identified
mechanisms of jet noise suppression. The first concept employed was that of
injecting low velocity flow between the "chutes', which would provide several
benefits: (1) reduce the shear, and hence the higher frequency noise, in the
chute premerged zone, (2) eliminate the dependency of chute mixing on ambient
air entrainment, and (3) improve the relative velocity effect in the flight
condition. The velocity flow between the chutes could be supplied by the bypass
bypass stream on an engine system application.

The second concept employed from Task 2 involved injecting low velocity
flow between the chutes as a bypass stream, rather than through an inner
core nozzle or base-bleed step. The plume should decay more rapidly with
axial distance, because the bypass stream does not '"fill up" the center of the
plume. Instead, it is mixed with the ambient air along with the primary
stream. This should produce lower convection Mach numbers, and hence reduce
the convection amplification effects at aft angles.

The employment of chutes for flow-splitting was deemed desirable from
the standpoint of reducing shock-cell broadband noise. By using a 54-chute
configuration, hydraulic diameter can be minimized, thus greatly shortening
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the shock structure and pushing the peak frequency of the shock noise compo-
nent high enough to rende-r it inaudible or highly vulnerable to air atten-
uation. The shock cell noise may also be controllable by properly matching
primary and secondary stream pressure ratios. Finally, because the secondary
(bypass) flow replaces the chute '"base area", the aerodynamic performance of
this concept over a conventional chute nozzle should be much improved.

Appendix A summarizes the pertinent flow areas for each of the optimum
suppressors described herein.
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5.0 DEFINITION OF TEST MATRICES

The test matrices utilized in this program varied as a function configu-
ration. In general, cycle conditions along a typical variable cycle engine
operating line were chosen to establish suppression characteristics as a
function of mass average velocity, free jet velocity, weight flow ratio
(W;/Wy), and velocity ratio (Vj/Vy,). A summary of the thermodynamic con-
ditions for the data points cbtained for each of the configurations is pre-
sented in Appendix A. Table 5-1 is an overview of the test matrices which de-
fines the combination of data points which may be utilized to examine a
specific variable.

Table 5-1. Overview of Test Matrices.

Data Points

Model Numbers Numbers
(Reference {Reference
Section 4) Appendix A) Comment s
1 1-7,11-20 Typical engine operating line
1 8-10 Isothermal points for shock noise studies
2 1-6 No inner flow
3 1-6,49-52 No inner flow
2,3,4 7-12 Weight flow ratio (W;/Wy) held constant
2,3,4 13-28 Evaluation of inverted dual flow cycles with
the inner stream velocities held constant at
1000, 1200, 1300 and 1400 ft/sec.
2,3,4 29-36 Typical AST/VCE cycle
3,4 37-48, 53-55 Outer stream pressure ratio was held constant
(Pp/Py)g = 3.0
5 1,2,4-10,13, Evaluation of inverted dual flow cycles with
15-17,21,29, bypass/inner stream velocities held constant at
30 1000,1200, 1300 and 1400 ft/sec.
5 3,11,14,22, Weight flow ratio (W;/W,) held constant
27,28
5 12,18-20, Typical AST/VCE cycle
23-26
5 31-50 Inner Stream variations at constant outer

stream conditions(static test matrix only)
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6.0 DATA ACQUISITION AND DATA REDUCTION PROCEDURES

A flow chart of the acoustic data acquisition and reduction system 1is
shown in Figure 6-1. This system has been optimized for obtaining the acous-
tic data up through the 80 kHz l/3-octave center frequency. The microphone
type used to obtain f = 80 kHz data is the B&K 4135, 0.064 cm, condenser
microphone for farfield measurements. All testing is conducted with micro-
phone grid caps removed to obtain the best frequency response. The cathode
followers used in the chamber are transistorized B&K 2619's for optimum
frequency response and lower inherent system noise characteristics relative
to the 2615 cathode follower. All systems utilize the B&K 2801 power supply
operated in the direct mode.

The output of power supply is connected to a line driver adding 10 dB of
amplification of the signal as well as adding "pre-emphasis' to the high fre-
quency portion of the spectrum. The net effect of this amplifier is a 10 dB
gain at all frequencies, plus an additional 3 dB at 40 kHz and 6 dB at 80 kHz
due to pre-emphasis, increasing the ability to measure low amplitude high
frequency data. The pre-emphasis starts at 10 kHz and follows a straight
line ramp to 80 kHz as shown in the circled schematic of Figure 6-1.

In order to remove low frequency ambient noise, high-bypass filters with
attenuations of 26 dB at 12.5 Hz linearly decreasing to 0 dB at 200 Hz, were
installed in the system.

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB
in 10 dB steps and a gain trim capability for normalizing in. ming signals.
The signal is then split to provide for both an unfiltered and filtered flow-
path.

High-pass filters are incorporated in the acoustic data acquisition
system to enhance high frequency data previously lost in the tape recorder
electronic noise floor for microphones from 110° - 160°. The microphone sig-
nal below the 20 kHz 1/3-octave band is filtered out, and the gain is in-
creased to boost the '"signal-to-noise'" ratio of the remaining high frequency
signal. Both the unfiltered and filtered signals are recorded on tape.

The system used for recording acoustic data is a Sangamo/Sabre 1V, 23-
track FM recorder. The system was set up for Wideband Group I {intermediate
band double extended) at 120 in./sec tape speed. Operating at 120 in./sec
tape spedd provided improved dynamic range necessary for obtaining the high
frequency/low amplitude portion of the acoustic signal. The tape recorder was
set up for +407 carrier deviation with a recording level of 8 volts peak-to-
peak. During recording, the signal is displayed on a calibrated master os-
cilloscope, and signzl gain is adjusted to maximum without exceeding the 8
volt peak-to-peak level,
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Individual monitor scopes are used for observing signal characteristics
during operation. On-line data monitoring of the unfiltered signal is avail-
able using 1/3-octave and narrow band real time analyzers for one angle at
any given time. The analyzer outputs can be displayed on scopes or hard copy
via an X-Y plotter.

Standard data reduction is conducted in the General Electric AEG Instru-
mentation and Data Room (IDR). The data tapes are played back on a CEC3700B
tape deck with electronics capable of reproducing signal characteristics with-
in the specifications indicated for Wideband Group I. An automatic shuttling
control is incorporated in the system. In normal operation, a tone is inserted
on the recorder in the time slot designed for data analysis. Tape control
automatically shuttles the tape, initiating an integration start signal to the
analyzer at the tone as the tape moves in its forward motion. This motiun
continues until an "integration complete" is received from the analyzer, at
which time the tape direction is reversed and at the tone the tape restarts in
the forward direction advancing the channel to be analyzed until all the
channels have been processed. A time code generator is also utilized to sig-
nal the tape position of the readings as directed by the computer program con-
trol. After each total reading is completed, the number of tape channels at
each point is advanced to the next reading.

All 1/3-octave analysis is performed on a General Radio 1921 1/3-octave
analyzer. Normal integration time is set for 32 seconds to ensure good inte-
gration for the low frequency content. The analyzer has 1/3-octave filters
set from 12.5 Hz to 100 kHz, and has a rated accuracy of +1/4 4B in each
band. Each data channel is passed through an interface to the GEPAC 30 com-
puter where the data is corrected for the frequency response of the microphone
and the data acquisition system and processed to calculate the perceived noise
level and OASPL from the spectra.

At this point a computer quick-look printout of both the filtered and
unfiltered signals is available. The printout shows model scale data at the
measured distance without atmospheric or standard day corrections. Thus, the
quick-look shows only as-measured data.

The filtered and unfiltered spectra are now merged using a time-share
program which fits the amplitudes at 20 kHz. The sound pressure levels below
20 kHz are calculated using the unfiltered signal, while those above 20 kHz
are calculated using the filtered signal. The jet noise spectra at a given
angle is then obtained by computationally merging these two spectra.

For calculation of the acoustic power, atmospheric corrections to stan-
dard day scaling to other nozzle sizes, or extrapolation to different far-
field distances, the data is sent to the Honeywell 6000 computer for data
processing. This step is accomplished by transmitting the SPL's via direct
time share link to the 6000 computer through a 1200 Band Modem. 1In the 6000
computer, the data are processed through the Full Scale Data Reduction (FSDR)
Program where the appropriate calculations are performed. The SAE AIR 876A
corrections for atmospheric absorption(1 were used in this program to correct
the data to standard day conditions. The data printout is accomplished on a
high speed terminal. In addition, the FSDR Program writes a magnetic tape
which is used for Calcomp plotting of the data.
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7.0 ANALYSIS OF STATIC AND SIMULATED FLIGHT DATA

7.1 REFERENCE NOZZLE DATA AND ACOUSTIC DATA NORMALIZATION

This sectior defines mean lines, derived from several sets of conical
nozzle data to be used as reference lines calculating static and flight
suppression levels. The section also explains the acoustic data normaliza-
tion procedures.

The data normalization technique developed in Reference 14, modified to
account for static ideal gross thrust, was adopted for presentation of acoustic
results. Selection of mixed stream or mass averaged velocityv as the basis for
data comparisons seems physically appropriate because the noise is expressed
in terms of a velocity calculated from the thermodynamic conditions of both
streams. Mixed stream velocity also allows comparison of noise values at the
same specific thrust, which is a meaningful propulsion performance parameter.

In general, acoustic data is presented as:
Noise Value - 10 logjg Fs(To/Tgm® ™! Vs Vga, £ or ©

where:

Noise Value PNL, OASPL, OAPWL, or 1/3-0BSPL

Fs = Static Ideal Gross Thrust (Sum of Inner and Outer Streams)

T, = Ambient Temperature, ° R

Tgm = Static temperature corresponding to mass averaged velocity, Vp,,
and total temperature, Tpp,, = R

w = Jet density exponent (per SAE ARP 876) based on mass—averaged

velocity (Vp,)

WiVi+ WoVg

Vpa = T mass averaged Jet Velocity, ft/sec
W:Tpi+W,T
Trma = _1_%§:W2_Ia, mass averaged total temperature, ° R
i™Wo

where W and Ty are the exit plane values of mass flow and total temperature
for the inner and outer (subscript i & o) streams, respectively, and f & 6
] are 1/3-octave band center frequency and angle relative to the inlet axis.
‘ In the case of turbojet test data, the flow parameters revert to the single
stream notation.
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When it contributes to ease of data handling and presentation, the nor-
malization on the graphs is:

Noise Value - N, where,

_ Fs  (Ty/Tgp) 1
N =10 loglo-Tﬁjaﬁa of“sm

All the acoustic results reported herein have been scaled up to 338 in.2
(total flow area) and extrapolated to a 2400 ft sideline. The introduction of
a 10,000 pound reference thrust shifts noise levels by 40 dB and allows plot-
ting of all positive values of the low level sideline noise data.

Several sets of conical nozzle static data are presented on Figure 7-1(a)
from References 6, 9, and 10. A mean line fitted through the data was used as
a reference line to establish static PNL suppression.

The data used to define the flight noise reference line were from free
jet and Aerotrain test series (6, 9, 10). Two reference lines are established
on Figure 7-1(b), the first uses data with free-stream velocities varied from
275 ft/sec to 300 ft/sec, and the second uses data with free-stream velocity of
400 ft/sec. These lines are used in conjunction with measured noise data for
several suppressors to determine peak PNL suppression levels.

The unsuppressed AR = 2.0 coplanar-coannular nozzle evaluated in this
test program represents the simplest baseline type nozzle for dual flow sup-
pressor systems. Therefore the static and flight peak PNL suppression char-
acteristics for this nozzle are summarized in this section. The static peak
PNL noise characteristics are compared to the conical nozzle reference line of
Figure 7-2(a). Modest peak noise suppression occurs ranging from 2 to 4 PNdB.
The peak noise characteristics in flight are also summarized on Figure 7-2(b).
The static and flight suppression levels are equivalent as shown on Figure
7-2(c) at mass average velocities above 2000 ft/sec, however, below this ve-
locity flight suppression was 2-2.5 PNdB less than the static level. No
other data is included in this report on this concept. The work currently
underway under NAS3-19777 and 20619 (References 9 and 14) is pursuing a
variation of this concept; e.g., Inverted Velocity Profile coannular plug
nozzle.

The conical nozzle data are used in this report as the reference for
comparison with the measured data fox the five suppressor nozzles. The mean
lines defined in this section will be used to define the peak noise suppression
levels, However, directivity and spectra comparisons will be made using the
conical nozzle data which most closely duplicates the mixed flow cycle condi-
tions of the suppressor data being presented.

7.2 EVALUATION OF STATIC DATA

This section discusses the static noise characteristics of the five sup-
pressor nozzles. The results are presented in terms of peak PNL and OASPL
levels, directivity characteristics, and one-third octave spectra. Suppres-—
sion levels for each of the configurations are established on the basis of

OASPL and PNL using the conical nozzle reference lines established in Section
7.1.
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7.2.1 Peak Noise Trends

The peak PNL and OASPL levels as a function of jet velocity are pre-
sented in Figures 7-3 through 7-8 for the five suppressor nozzle configura-
tions. Generally, the data presentation herein suggest that broad band shock
cell noise has little or no effect at the angle of peak noise. Shock noise
contamination is, however, apparent in the front quadrant (8_ >90°) and is
discussed in Sections 7.2.2 and 7.4.2. The 32-chute nozzle, Figure 7-3, dem-
onstrated suppression levels from 4 to 13 PNdB, with the maximum suppression
occuring in the 2100 to 2300 ft/sec mass average velocity range. OASPL sup-
pression trends are different than the PNL characteristics, indicating that
the maximum low frequency suppression occurs at a jet velocity of 1750 ft/sec.

The 40-shallow-chute nozzle static data are summarized on Figure 7-4.
There is a wide variance of suppression level at a given mass average velocity.
The variance is explained by examining the different combinations of outer and
inner stream cycle conditions which may be used to produce the same mass aver-—
age velocity. The noise and suppression characteristics of the 40-shallow-
chute nozzle are, therefore, summarized for several cycle types on Figure 7-5
The suppressor is most effective when the inner flow is reduced to zero,
Figure 7-5(a). Suppression levels in excess of 14 PNdB were measured. Mass
average velocity was also varied holding velocity ratio constant, however, in
all cases the inner pressure ratio was less than supercritical, which elimi-
nated shock noise in the inner stream. The data appear to form a continuous
line as a function of jet velocity for this series of data points. Suppres-
sion levels vary from 3 to 12 PNdB and peak in the mass average velocity range
of 1750 ft/sec.

Cycles where the inner stream to outer stream weight flow ratio is held
constant result in the poorest suppression characteristics. This is illus-
trated in Figure 7-5(c). Suppression for these types of cycle range from
7 to 10 PNdB, with maximum suppression occurring at a jet velocity of 1850
ft/sec. Comparison of the peak noise characteristics for the various cycle
conditions is presented in Figure 7-4 showing a maximum variance of 5 PNdB
at a given cycle condition.

The peak noise levels and corresponding suppression levels for the 36
C-D chute nozzle are summarized on Figure 7-6. This configuration has an
outer to inner flow area ratio of 3,62, The results of the studies discussed
in Reference 10 show that as outer to inner flow are ratio increases the
variation of suppression due tn changing inner flow condition is minimial.
This observation is supported by comparing the scatter at a given mass average
velocity between the 40-shallow-chute nozzle and this configuration. The 36-
chute nozzle incorporates a (convergent-divergent) chute configuration which
was designed to be shock free at a pressure ratio of 3.0. The PNL data points
obtained at the design point are designated by a separate symbol. Comparison
of these data with data obtained at off-design outer stream pressure ratio
indicates that this design feature did not significantly improve the peak :
noise suppression levels. The suppression levels achieved using this design !
range from 2 to 13 PNdB, with a maximum occurring a mass average velocity of
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2000 ft/sec. The maximum suppression occurs when the inner flow velocity is
reduced to zero. The same trend 1is observed for the 40-shallow-chute nozzle.
The data points with no inner flow may be eliminated because of the lack of
practical application in a dual flow engine, and the peak noise suppression is
then reduced to 12 PNdB.

The 36-chute nozzle was also tested using a treated ejector nozzle;
these results in terms of peak noise and suppression levels are summarized on
Figure 7-7. The suppression characteristics of this configuration also do not
show a strong sensitivity to cycle variation. Suppression levels of 4.5 thru
13 PNdB were measured with the maximum suppression level occurring at 2000
ft/sec. Comparison of the suppression levels with and without the ejector
indicate that the addition of the treated ejector results in little or no
suppression improvement above a mass average velocity of about 1750 ft/sec.
Some improvement in suppression due to incorporation of the ejector was found
at the lower mass average velocities,

Peak PNL and OASPL noise levels are presented as a function of jet
velocity on Figure 7-8 for the final configuration evaluated, the 54-element
coplanar mixer nozzle. The suppression characteristics of this configuration
were different than the previous configurations. The suppressinn levels are
also summarized on Figure 7-8. The peak noise -uppression levels based on
a mean line fitted through the data range from 2 through 8 PNdB, with the
maximum suppression level occurring at mass average velocities of 1250 to
1750 ft/sec. This configuration was not as effective as the previous nozzles
in causing peak noise reduction and the largesi suppression occurred at a much
lower mass average velocity than for the other designs.

Laser velocimeter measurements were made in terms of mean velocity decay
characteristics to determine the reasons for the poor suppression character-
istics of this design at mass average velocities above 2000 ft/sec. The
results are summarized on Figure 7-9 which shows three lines labeled A, B, and
C. Line A represents the mean velocity decay characteristics of a conical |
nozzle as a function of normalized axial distance. Line B defines the peak
mean velocity decay characteristics of the 40-shallow-chute nozzle, and is
typical of nost multielement suppressor nozzles. Line C is the measured peak
velocity decay rate for the 54-element coplanar mixer nozzle. The 54-element
coplanar mixer enhance the mean velocity decay rate to the same degree as the
40-shallow-chute nozzle. This is the reason why this design has poor suppres-
sion characteristics. Also, after the initial velocity decay between 0 < X/D
< 2, the plateau velocity level which occurs between 2 < X/D < 8 correlates
with the mass average velocity. Additional static acoustic data points were
obtained on this configuration to determine if the suppression level could 1
be improved through varying the inner and outer flow cycle conditions.

If the bypass stream (equivalent to inner in other dual flow nozzles)
velocity is reduced to zero, the acoustic characteristics of the S4-element
coplanar mixer nozzle should be identical to a 54-spoke nozzle having an area
ratio of 1.5. The suppression characteristics of the spoke nozzle have been
demonstrated to be gnod. Three series of measurements were made holding the
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hot (outer) stream conditions constant at nominal velocities of 1630 ft/sec,
1970 ft/sec, and 2400 ft/sec. The results of this study are summarized on
Figure 7-10. Each cycle excursion, while holding the outer stream conditions
constant, is designated by A, B, and C corresponding to the outer stream
velocities of 2400 ft/sec, 1970 ft/sec, and 1630 ft/sec, respectively.
Excursion "A" shows that, as the bypass (inner) stream velocity approaches
zero, the suppression 1is improved from 4 to 8 PNdB relative to the mean line
placed through the data. Similar comparisons for cycle excursions "B" and "C"
show suppression improvements from 6 to 13 PNdB and from 7.5 to 11.5 PNdB.
Cycle excursions '"B" and "C" are significant in that zero core flow was
achieved, whereas, for excursion "A", the lowest bypass (inner) stream velocity
achieved was 432 ft/sec. The results of this study demonstrate that the
static peak noise suppression characteristics of the 54-element coplanar mixer
nozzle are improved significantly by controlling the velocity ratio between
inner and outer streams.

The static peak nolse suppression characteristics for all five suppressor
configurations in terms of APNL are summarized on Figure 7-11. Fach configu~
ration is unique in that the suppression characteristics as a function of
velocity change for each nozzle. The maximum suppression level achieved was
14 PNdB utilizing the 40-shallow-chute nozzle with no inner flow. The 32-chute
nozzle was second with 13 PNdB. Suppressing only the outer stream of dual
flow nozzles was found to be slightly less effective than suppressing the
entire stream on a single flow nozzle. The loss in suppression is between 1
and 2 PNdB.

7.2.2 PNL and OASPL Directivity Trends

In addition to the peak noise reduction of suppressor nozzles, the
directivity characteristics are also important and are discussed in detail
in Section 7.4 in conjunction with the flight data. Some general characteris-
tics are also discussed in this section. The 50° and 90° acoustic angles
can be used to illustrate the trends. The 90° peak PNL and OASPL levels for
the five configurations are summarized on Figures 7-12 through 7-14. The
delta suppression levels achieved using the 32-chute nozzle range from 0 to 7
PNdB, and increase as velocity is increased. 90° suppression levels of the
40-shallow-chute nozzle range from 2.5 to 8 PNdB and increase with increasing
velocity. Similar to the trend at the peak noise angle, up to 5 PNdB varia-
tion in suppression occurs for given mass average velocity. Suppression
levels for the 36-chute nozzle with and without a treated ejector range from
0 to 6 PNdB. In contrast to the 40-shallow-chute nozzle, the suppression
level of the 36-chute configurations does not vary significantly at a given
mass average velocity. The 90° suppression levels of the 54-element coplanar
mixer nozzle range from 3 to 5 PNdB and do not exhibit the large variance
with velocity that the peak noise suppression levels do. Overall, the sup-
pression levels at 90° were significantly less than noise measured at the
peak noise angle.
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The 50° acoustic angle is typical of the noise characteristics which
occur in the forward quadrant. The conical nozzle, at supercritical pressure
ratios, exhibit significant check noise at these angles. Figure 7-15 pre-
sents the conical nozzle noise characteristics as a function of mass average
velocity and the noise levels are normalized by the conventional parameters
used for jet noise. The normalization parameters do not collapse conical
nozzle data into a unified line. This was also observed at the 90° iniet
angle as shown in Figure 7-14. The data may be scrutinized for contamination
by shock noise by plotting the OASPL levels as a function of the parameter 8,
where B is defined as vM“-1, since conical nozzle shock cell broadband noise has
been shown to be essentially nozzle pressure ratio dependent and independent
of jet temperature. This result is presented on Figure 7-16.

Clearly the conical nozzle data collapses for this parameter, and also
the suppressor nozzle data. This indicates that the OASPL levels based on
this criteria, are dominated by shock noise, In addition, the PNL levels at this
acoustic angle are also presented and found to correlate well about a line
having a g4 slope. A similar presentation for each of the four remaining
suppressor configurations is presented on Figure 7-16 through 7-18. The dual
flow data has been plotted as a function of Bma{ where B8,, is calculated
based on the mass averaged flow parameters discussed in Section 7.1. These
data also correlate about a line having a g4 slope. Correlation of the
suppressor data about a line having this slope suggests that shock noise is
the dominant noise source at this particular acoustic angle. The comparison
on absolute level basis between the conical and suppressor nozzles indicates
that the suppressors are effective in reducing the shock noise. The suppres-
sion of shock noise is found to be constant with B but vary as a function
of configuration.

A summary of the PNL and OASPL suppression characteristics at the 50°
angle for the five configurations are presented on Table 7-1. The comparisons
illustrate that suppression is a function of configuration and that multi-
element suppressors are effective in reducing shock noise as well as jet
mixing noise.

Figures 7-19 and 7-20 provide a comparison of the normalized PNL levels
for the suppressor nozzle, with that of a conical nozzle at two typical
velocity conditions. To illustrate how suppression varies with angle at these
two conditions, the APNL suppression varies with angle at these two conditions,
the APNL suppression is summarized on Figure 7-21 as a function of angle. The
maximum suppression is observed to occur at inlet angles between 130° and 150°,

7.2.3 Spectra Trends

Typical static spectrum characteristics are summarized for the five con-
figurations on Figures 7-22 through 7-25. Spectra at three angles, 50°, 90°, and
130° are presented. The spectral plots are shown at two jet velocities since it
was recognized in the presentation of peak noise trends that the suppression,
which is due to the relative relationship between the high and low frequencies,
was a strong function of velocity.
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Table 7-1. Summary of Shock Noise Suppression

Characteristics at 50°.

Configuration APNL* AOASPL™
32-Chute 11.0 12.5
40-Shallow Chute 10.5 10.5
36 C~-D Chute 9.0 11.5
36 C-D Chute and Treated

Ejector 8.5 10.0
54 Element Coplanar Mixer 7.5 7.0

*
APNL and AQASPL levels are relative to a mean line
placed through the conical nozzle data.
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The 32-chute, 40-shallow-chute, and 36-chute with and without a treated
ejector all have spectrum shapes typical of multielement suppressors. When
compared to the conical nozzle all these aforementioned suppressors exhibit
the same characteristics, i.e. a significant amount of low and middle fre-
quency reduction, no high frequency benefit.

Examination of Figure 7-22 clearly illustrates the uniqueness of the 54-

element coplanar mixer nozzle's peak noise spectrum shape in that it is re-
sembles more closely that of a conical nozzle. ;

7.3 GENERALIZED DESCRIPTION OF THE TRANSFORMATION PROCEDURE

; This section briefly describes the recommended procedure for transfor-
mation of free jet noise data to represent flight noise. The background
material for the development of this method is presented in detail in Ref-
erence 6. The transformation procedure, described in Reference 6, has been
continued to be evaluated in the current program and some refinements have
been made. These modifications have been based on the acquisition of addi-
tional free jet data for conical nozzles and the availability of data

with the free jet operating at 400 ft/sec. The turbulence absorption correc-
tions have been modified to be a maximum 3.0 dB rather than the previously
used value of 6.0 dB. The cutoff of the turbulence absorption correction as
a function of the frequency parameter has been eliminated. Also, if the
error in fitting the 1/3-octave directivity bands is found to diverge as the
singularity level is increased, the singularity level which had the minimum
error is used to determine the dynamic effect. The computer program, a
series of instructions for use, and a description of the logic is presented
in Appendix B.

The objective of the free jet transformation process is to employ far-
field SPL spectra at various angles to the jet axis (typically for 40 < 81 <
160° in increments of 10°) obtained in a free jet experiment, and to trans-
form it to yield SPL spectra as would be measured in flight,

The concept employed is as follows: with area ratios (area of free
jet/area of nozzle) of approximately 50:1, and with the primary nozzle exhaust
plane displaced aft of the free jet plane sufficient enought to permit acquisi-
tion of acoustic data in the inlet arc (up to 61 = 50°), proper aerodynamic
simulation of the effects of forward flight can be achieved. The free jet
achieves acoustic simulation of the effects of uniform flow over the primary
jet plume noise sources only to a limited extent. The free jet achieves the
effect of the correct source mix radiating, however, into an environment that
more nearly approaches a static environment than the environment of sources
shrouded by either a finite or infinite extent of uniform nonturbulent flow.
The acoustic sources in a free jet, of course, do not radiate into a completely
static envrionment and hence some propagation effects of the free jet flow do
have to be accounted for.

Based on the above picture, the broad outline of the procedure adopted
is as follows. Defining the static directivity as the directivity pattern
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(in various frequency bands) that the sources (of the primary jet exhaust
plume altered by the effects of relative velocity due to imposition of the
free jet) may be expected to produce if they radiated into a quiescent envi-
ronment, the method first deduces this static directivity from the measured
free jet experimental data by correcting the latter for propagation effects
of the free jet. Since the free jet flow field includes intensely turbulent
shear layers through which the sound field of the sources must pass before it
reaches the far-field microphones (locatcd in the quiescent ambient), some
degree of empiricism (especially for the high frequency sound) 1is involved in
attempting to account for these propagation effects.

Once such a static directivity is extracted, it still remains to deduce
what the noise signature of the source distribution would be if the source
distribution was not stationary relative to the ambient but moving relative
to the ambient at the flight velocity. A multipole decomposition procedure
suitable for the broad band jet noise problem which attempts to synthesize
the static directivity by ascribing it to a mix of uncorrelated singularities
was developed in order to enable the prediction of the flight noise. Once
such a decomposition is completed, simply apply the dynamic exponent
applicable to each singularity to derive the flight noise signature.

The method starts with narrow band directivities from the free jet
experiment in various third-octave bands, corrects these directivities for
free jet propagation effects in a frequency dependent manner to retrieve the
static directivity, synthesizes the static directivity by a suitable mix
of uncorrelated singularities and finally applies the dynamic effect appro-
priate to each singularity to predict the flight noise. It is an inherent
feature of the method that it works separately with each third-octave band
directivity pattern. The final flight predictions can then be summed to
yield either OASPL of PNL directivities or simply displayed as flight SPL
spectra at various angles to the jet axis. (Doppler shift effects on the
frequency are fully accounted for). This procedure is described in Appendix
B.

The major features of the transformation procedure are illustrated below
in two sets of comparisons. The first comparison is of transformed free jet
data obtained on a 4.0-inch conical nozzle, Reference 10, with actual aero-
train static and flight data. The comparison illustrates the ability of the
procedure to reproduce flight results. The 4.0-inch conical nozzle was
designed as a scale-model replica of the aerotrain conical nozzle.

Static and projected flight OASPL and PNL directivity comparisons are
summarized in Figures 7-26 and 7-27. The transformed free jet data are found
to match the static and flight directivity characteristics of those mea-
sured on the Aerotrain within + 2 dB. Static and flight spectra comparisons
are presented on Figure 7-28. Consistent differences are not observed in the
flight spectra comparisons except to the extent that they were present for
similar comparisons on a static basis. The flight comparisons could not be
expected to agree any better than the static comparisons. Overall, excellent
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agreement is obtained between the transformed free jet data and the Aerotrain
results. Additional comparison of Aerotrain and free jet results are pre-
sented in Reference 6.

Use of the free jet technique for understanding flight effects has
the advantage of allowing source reduction and dynamic effects to be considered
separately. The next series of comparisons illustrate the relative margi-
tudes of the source and dynamic effects. A typical data point for the 32-
chute nozzle is considered.

Free jet data are corrected for absorption and refraction to define the
true source modification when compared to static data. That is, the dif-
ference between the projected flight spectra and the spectra corrected for
refraction and absorption in the dynamic correction and the doppler frequency
shift.

Comparisons at 50°, 90°, and 130° of measured static spectra, free jet
data corrected for turbulence absorption and refraction, and projected flight
spectra are presented in Figure 7-29. 1In the aft quadrant at 130°, essen-
tially no low frequency (100 Hz < £ < 1250 Hz) reduction occurs due to source
modification. In the high frequency regime (f > 1250 Hz) an increase rela-
tive to the static data is observed. Application of dynamic effects and
doppler shift result in a 2 to 6 dB reduction relative to static data in the
frequency range from 50 Hz to 1000 Hz. At frequencies above 1000 Hz, the
projected flight levels are equal to or slightly greater than static. The
90° spectra comparisons have no refraction or dynamic corrections and only a
turbulence absorption correction is applied at high frequencies. At fre-
quencies less than 2000 Hz a reduction of 1 to 3 dB is measured. The reduc-
tion is frequency dependent. At frequencies above 2000 Hz the free jet noise
is either equal to or greater than the static. At the above 50° acoustic
angle, there is a source reduction at frequencies below 500 Hz. However, at
frequencies above 500 Hz the source noise is equal to or greater than the
static noise. Application of dynamic corrections negates the low frequency
source reduction and results ir a 2 or 5 dB increase in the high frequency
region of the spectrum.

The type of source singularities which are predicted to comprise each
frequency regime may be deduced by examining the magnitude of the dynamic effect.
The dynamic effect as a function of frequency is summarized in Figure 7-30.

The correction, in terms of decibels, for each singularity type is also

noted. In the aft quadrant the singularities are octupoles and quadrupoles,
whereas in the forward quadrant they are primarily dipoles, with some monopole
content in the high frequencies.

The free jet data presented in the remainder of this report will be
transformed using the procedure described above.
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7.4 EVALUATION OF FLICGHT NGISs CHARACT S ISTICS

Tnis section discusres Toe 1 i ht ners=e characteristics tfor each of the
five suppressor nczzle contiyiril Bt o transformed frec jet data.
Comparisons are Dresentoed on (i | S Gk neise suppression level,
directivity trends, and specioar it presentation of the results
tollows a tormat similar to that o=l 10 Section 7.2,

7.4.1 Peak Nolse Trends

The PNL levelis are s RS Fisure /=2, for the 3Z-chute nozzle.
Several lines represcoling nom ool velooin e 275 and 360 ft/sec are
presented. Conical data are aiso presenica as a reference to establish
the flight suppression leve s Froehin sannr ien deltas ore presented
on Figure 7-31 for the various fvec el velocities. Static suppression
is also presented for comparison.

Flight suppression ol “ialic suppressicn ovels are comparable at mass
average velocities above 2300 to)s Ve loeoities below 2300 fe/sec the
flight suppression leveis are O tc 7 ogr s L nTatlc suppression
levels. The static-to-{lignt suppressi 0 as mass average
velocity decreases and [res cat

A similar set of Lor e G0 shaliow-chal e aozzle 1s pre-
sented on Figure 7-30. CeosnnarTe s lon nard teristics are eval-
vated for several tvpes o o e Plislhit Gsuonpression levels 1n excess
of 13 PNAB were measured w i B TR R A : coression levels are
reduced 2 PNdB with the addition o (o, LW Wihere fiee tniner stream flow
pressure ratio 1s suboeritleoad. oy Gooraaea trem 1oto 3 PNAB
for cycle variations where the inncr @l Sreasice ratio 1s supercritical.
Flight peak noise suppression o oo RS AUte Telse suppression at
mass average velocilis  ano g Soo eiow ihos vodncaty, fiight suppres-
ston 1s O to 5 PRdy less g o000 0 OB UariaTion U0 AUppression
level due to cvele variarions oceaw . oo averaye veLoctoy of 2000
frt/sec.

Thee fiipnt suppres: o [ L . Lo enar o nozzle are
presented on Frgures 7-35 cno 00 P PHiolil AUPPress1on accurs
for conditions with no iamer W, Wil G o =nnoresslon level or 13
PNdB occurring Hetween Dioni o B i e cesieon Tor this
configuration 1tncorpors od Cove T A ; Cooweai o witich was
desipned ©o he shock Irec ar a pressore S3i oo sad. Fipare 7=-33(h) was
obtained with the outer {low anersta tre desion point. Only small
improvements 10 SUpPreSsion Appedr Lo e re s Jdesten feature on
the basis of the peak noise comparis oo e e dual tlow cveles
evaluated, the flight snuppression feve s o 0 iOPNAB tor cases with
no inner flow. Dual flow cvode sandpre o woake at 10 to 1Y PNAdB. Tonereas-
ing, flight velocity from 275 fi, oc 0 oo o coocanses an additional loss
in suppression at velociti-s below 2200 covoat o velacities above 2200
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ft /sec suppression is slightly enhanced. Flight peak noise and suppression
characteristics of the 36-chute nozzle with a treated ejector are summarized
on Figures 7-35 and 7-36. Improved suppression of 1 to 3 PNdB is observed at
360 ft/sec flight velocity for the ejector configuration indicating that the
ejector effectively reduces the high frequency noise caused by the premerged
region of the jet. The only cycle variation where the ejector did not result
in improved flight suppression was for the case with no inner flow. The
ejector also caused the variation in suppression at a given mass average
velocity to be less.

Flight noise peak PNL characteristics for the S54-element coplanar
mixer nozzle are summarized on Figure 7-37. Static and flight suppression
levels are also presented. The suppression characteristics of this configura-
tion are different than the previous four nozzles, and the results in flight
exhibit different trends. The velocity range over which the peak suppression
occurs is much lower, and the ranges from 1000 to 1800 ft/sec. The other
four suppressors peak at much higher velocity (2000 to 2500 ft/sec). The
other four designs experience a flight suppression decrease as the mass
average velocity decreases; whereas this configurations flight suppression is
within 0.5 PNdB of the static suppression for the mass average velocity range
evaluated. This indicates that changes in noise from static to flight for this
nozzle are similar to a conical nozzle.

A summary of the peak noise suppression and the corresponding velocity
range for each configuration is presented in the following table.

Peak Flight

Configuration PNL Suppression Velocity Range
32-Chute 12-13 PNdB 2100 ft/sec+2500 ft/sec
40-Shallow-Chute 10-11 PNdB 1900 ft/sec+2500 ft/sec
36-C-D-Chute 11-12 PNdB 2050 ft/sec+2250 ft/sec
36-C-D-Chute and Treated
Ejector 11.5-12.5 PNdB 2025 ft/sec+2250 ft/sec
S4~Element Coplanar Mixer 7-7.5 PNdB 1000 ft/sec+1800 ft/sec

. The above levels were established by using all the cycle lines except those
with no inner flow. Overall, with the exception of the 54-element coplanar
mixer nozzle, the peak suppression levels occur over similar velocity ranges.
The 13 PNdB flight suppression level of the 32-chute nozzle represents the
largest suppression. However, the suppression level of the 36~chute and 36-
chute with treated ejector were within 1 and 0.5 PNdB, respectively, of the
32-chute nozzle. Although some loss in suppression occurs in flight for
select configurations, in general these suppressor designs are effective in
causing peak flight noise reduction in excess of 11 PNdB in the high velocity
regime.
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7.4.2 Suppressor Flight Directivity and Spectra

Static and flight directivity and spectra characteristics are discussed
in this section. The data are presented at mass average velocities ranging
from 2250 to 2350 ft/sec. Conical nozzle data are also presented from Ref-
erence 9 to establish the changes in directivity and spectrum characteris-
tics caused by the suppressor nozzles. Static data are also presented for
compi ison with flight data to 1llustrate the differences. All flight data
presented has been transformed using the procedure discussed in Section
7.3.

The PNL and OASPL directivity characteristics of the 32-chute nozzle
are summarized on Figure 7-38. This mass average velocity is typical of
those being considered for advanced variable cycle engines. The directivity
characteristics of this suppressor are much different than those of the
conical nozzle which has a distinct aft quadrant peak at 130° in both the
static and flight case. The peak noise angle for the 32-chute suppressor
nozzle is less distinct and shifts in location slightly as flight velocity is
varied. At the extreme angles in the aft quadrant (140° < 81 < 160°), the
changes from static to flight are generally equivalent for both the conical
and 32-chute nozzle. At 90° very little change is observed from static to
flight for the conical nozzle, but a 3 PNdB reduction occurs for the 32-chute
suppressor. However, the reduction is not a function of flight velocity. In
the forward quadrant, using 50° as a typical case, the conical nozzle PNL
levels are increased by 5 PNdB, whereas for the 32-chute, only a 2 PNdB
increased is observed. The spectra comparisons presented on Figure 7-39 at
50° illustrate that a conical nozzle spectra is typical of one which is
dominated by shock noise. The 32-chute spectra does not have this classic
shape. For frequencies below 630 Hz, no noise increase occurs from static to
flight; an increase does occur in the higher frequencies. At the peak fre-
quency shock noise is reduced by 25 dB. The 90° spectra comparisons for the
32-chute nozzle show significant low frequency reduction from static to
flight, whereas there is no change or a slight increment at the high frequen-
cies. The 32-chute suppressor is most effective in the mid-frequency range.
A1l 110° and 130° (typical of the maximum noise angle), trends similar to
those at 90° are observed. The most significant trend is that the conical
nozzle shows high frequency noise reduction from static to flight, whereas the
32-chute suppressor does not.

Comparisons similar to those above are presented for the 40-shallow-
chute nozzle on Figure 7~40 and 7-41. The magnitude of suppression in the
forward quadrant is not as large due to the fact that the outer flow stream
(to which the suppressor is applied) is operating at a much higher pressure
ratio than the 32-chute nozzle. This can be seen by comparing the levels in
the premerged noise region between the 32~chute nozzle and the 40-shallow-
chute nozzle (the 1250 Hz 50° forward quadrant level is 62 dB for the 32-
chute and 74 dB for the 40-shallow-chute).

Directivity and spectra comparisons for the 36~chute nozzle with and
without a treated ejector are summarized on Figures 7-42 through 7-45.
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Directivity and spectrum trends for these configurations are similar to the
40-shallow-chute nozzle.

Directivity and spectrum comparisons for the 54-element coplanar mixer
nozzle are summarized on Figures 7-46 and 7-47. Significant shock noise
reduction occurs in the forward quadrant, and there is minimal change in
the forward quadrant noise level. At 90°, in contrast to the other four
suppressor designs, a decrease in high frequency noise occurs from static
to flight. The flight effects at 110° and 130° are larger than observed
for the conical nozzle. Also, the location of peak noise for this configura-

tion is at 140°, whereas most other suppressor configurations peak at 110 to
120°.

These directivity and spectra comparisons illustrate that the flight
effects for suppressor nozzles vary as a function of configuration, flight
velocity, acoustic angle, and frequency. Flight generally enhances sup-
pression in the forward quadrant at supercritical pressure ratios because
conical nozzle shock noise amplification is not apparently present in the
suppressors. At 90°, and in the aft quadrant, there is significant low
frequency reduction from static to flight, however, there is little or no high
frequency reduction.

In Section 7.2, the static 50° OASPL and PNL levels for each of the
suppressors are plotted as function of g to determine if the 50° OASPL data in
particular will collapse about a line having a 34 slope. Similar plots for
the flight noise characteristics are presented on Figures 7-48 through 7-50.
The conical nozzle data from Reference 10 is also presented for comparison on
these figures. The conical nozzle illustrates a noise increase in flight,
which correlates well with 40 log of the doppler factor. Mean lines based on
the static and flight suppressor data do not show a similar trend indicating
that, although the static suppressor data do, in general, collapse about a line
having a 34 slope, the amplification in flight is predicted to be less than
a conical nozzle.

Suppressors such as the 32-chute nozzle lose their effectiveness as mass
average velocity decreases, whereas a design such as the 54-element coplanar
mixer nozzle maintains its suppression level relative to a conical nozzle.
Several spectra for the 32-chute nozzle at 130° acoustic angle are presented
on Figure 7-51. These spectra are presented for mass average velocities
ranging from 2610 to 1742 ft/sec. At jet velocities such as 2610 ft/sec, the
static spectra are dominated by low frequency noise which enjoys a large
flight effect. Conversely, at 1742 ft/sec the high frequency and low frequency
noise levels are within 4 dB and although the low frequency levels are reduced
in flight on a PNL basis, the high frequency dominates, which results in
poorer suppression when compared to a conical nozzle. A similar set of
comparisons (Figure 7-52) are presented for the 54-element coplanar mixer
nozzle. The spectrum shape is different than that of the 32-chute nozzle.
This nozzle enjoys a flight effect in the high frequencies in contrast to the
32-chute nozzle. The spectrum shapes for this configuration differ from the
typical double-humped spectra characteristic of multielement suppressor
nozzles.
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This section has presented the flight noise characteristics of the five
suppressor nozzles. At high velocities, the suppression levels measured
statically and in flight are comparable. As mass average velocity is de-
creased, the flight suppression levels are less than those measured stat—
ically, from O to 5 PNdB. The reason for the loss of suppression is that the
premerged noise produced by a multielement suppressor nozzle realizes only
minimal alteration in flight, and as mass average velocity decreases the level
of the p-emerged noise and postmerged noise approach each other. Therefore,
on a PNL bases, very little flight effect is realized. In all cases, the
suppressor noise levels in flight were lower than their static counterparts
and also lower than the conical nozzle in flight. 1In the forward quadrant,
multielement suppressors are effective in reducing shock noise; also, the
forward quadrant noise for a suppressor is not amplified to the same degree as
a conical nozzle.
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8.0 IMPLICATIONS OF AERODYNAMIC PERFORMANCE, WEIGHT AND SUPPRESSION

The results presented in prior sections have focused on establishing
the flight noise suppression characteristics of the five suppressor
nozzles. Based on the results of the studies presented in Reference 3,
the addition of a suppressor allows the use of a smaller engine to meet a
specified noise goal. However, two penalties are incurred due to the
addition of a suppressor. The first 1s a thrust loss relative to the

1 unsuppressed engine and the second is an increase in engine weight due to
1 the addition of a mechanical suppressor. This section provides aerody-

namic performance and weight estimates for the five suppressor designs
considered in this study. The performance characteristics will be
summarized in terms of thrust coefficient, C¢ , as a function of inner
and outer stream pressure ratio. The weight Bstimates presented are for
the turbojet (single flow) and variable cycle (dual flow) engines discus-
sed in Reference 3, In addition, delta suppression to delta performance
ratios (APNL/ACf ) are established for the five suppressor designs.
Finally, suppres%ion levels in terms of EPNdB at representative AST
takeoff power settings, are presented to illustrate how suppression
levels are affected with changes in engine size (scaling effects).

8.1 AERODYNAMIC PERFORMANCE CHARACTERISTICS

The AR = 2.1 32-chute nozzle design was evolved as the final config-
uration in the FAS/DOT SST Phase II study (l). An aerodynamic performance
model was tested in the FluiDyne Engineering Corporation's 66 by 66-inch
Transonic Wind Tunnel, both statically and at Mach 0.36. A photograph of
the Model and the results of this test are shown in Figure 8-1. 1In the
pressure ratio range currently being considered for advanced turbojet
engines (2.7 to 3.5) this configuration has a thrust coefficient which
ranges from 0.92 to 0.93.

The (AR}, = 1.75 40-shallow-chute nozzle was tested for aerodynamic
performance in the NASA-Lewis Research Center 8 by 6-foot Supersonic
Wind Tunnel under Task 3(10) A photograph of the model installed in the
wind tunnel and the results of the test are shown in Figure 8-2 for both
static and Mach 0.36 conditions. Performance characteristics are pre-
sented as a function of outer stream pressure ratio while holding the
inner stream pressure ratio constant at levels currently being considered
for VCE-cycles. Thrust coefficients for this configuration over the
pressure range of interest vary from 0.895 to 0.905.

The (AR), = 2.0 C-D 36-chute nozzle was not tested to obtain aero-
dynamic performance. However, its performance characteristics were esti-
mated utilizing the available chute suppressor data base(10) and corre-
lation techniques being developed for the Task 6 Design Guide(17) under

this contract. With the exception of the chute depth and cross sectional
shape, this nozzle is similar to the 36-chute (AR), = 2 nozzle tested
as part of Task 3(10), Figure 8-3. The task 3 nozzle was, therefore,
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used as a baseline for the performance estimate. This baseline nozzle
performance was adjusted to account for differences in chute geometry.

The Task 3 model was instrumented with suppressor element base pressure
teps which were used to calculate a loss in thrust coefficient due to
lower than ambient base pressures. The generalized chute suppressor base
pressure correlation equation, derived from the Task 6 Design Guide

was then used to estimate the base pressures for the new suppressor
Typically, the new design reduced base drag losses by 50% due to the
increased chute depth. In addition, the convergent-divergent chute design
reduces the projected base area. The results of the performance estima-
tion are shown in Figure 8-3. This configuration has improved performance
over the 40-shallow~chute design. Thrust coefficient range from 0.935 to
0.945 over the pressure ratio range of interest.

The aerodynamic performance of the 36-chute nozzle with a treated
ejector was estimated by applying increments in thrust coefficients
derived from previous annular chute sugyressor ejector wind tunnel tests.
During the FAA/DOT SST Phase II study( a 36-chute, AR = 2.3 and a
32-chute, AR = 2.1 suppressor were tested with and without ejectors
statically and at Mach 0.36. Results from these tests indicated that at a
typical takeoff nozzle pressure ratio of 3.0, the ejector improved static
performance of both suppressors by 2.8%Z. At Mach 0.36, the ejector
improved the performance of both suppressors by 0.6%. These results, as a
function of nozzle pressure ratio, were applied to the "bare" 36-chute
suppressor to yield the estimates shown in Figure 8-4. The ejector
configuration exhibits a much steeper performance gradient with pressure
ratio than the previous configurations. However, at outer stream pressure
ratios above 3.0, a Cfg of 0,95 may be attainable.

Performance estimates for the S4-element coplanar suppressor exhaust
nozzle were derived empirically. 1In general, the coplanar nozzle, Figure 8-5,
is geometrically similar to an unsuppressed single flow annular nozzle with
the exception of the amount of wetted perimeter at the nozzle throat. An
unsuppressed annular nozzle also shown in Figure 8-5 was, therefore, used
as a baseline for the performance prediction. In order to account for the
viscous losses (internal) associated with the mixing chutes, Boeing
datall8) was utilized. A schematic of a 70-lobe suppressor(ls) is shown
in Figure 8-6. Boeing generalized performance data from several models
of this type as a function of nozzle perimeter are shown in Figure 8-7,
These curves were entered at perimeters corresponding to both the coplanar
nozzle and the baseline nozzle. The resulting difference in velocity
coefficient was then applied to the baseline nozzle test data to arrive at
an overall installed thrust coefficient. At a nozzle pressure ratio of 3.0,
the installed thrust coefficient is estimated to be 0.95 as compared to an
unsuppressed value of 0.980. Estimate performance as a function of nozzle
pressure ratio is shown in Figure 8-8. Note that the estimate is for both
Mach 0, 0.36. Due to the lack of large base areas typical of other sup-
pressor designs, the performance of this nozzle should not be sensitive to
external flow effects. This curve may be used to establish the thrust per-
formance for various combinations of inner and outer stream pressure ratios
by simply using the curve to determine the thrust coefficient at the appro~
priate pressure ratio for both the inner and outer streams and applying it
to the ideal thrust for each of the streams.
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8.2 IMPACT OF MECHANICAL SUPPRESSORS ON ENGINE WEIGHT

The addition of a mechanical suppressor causes a weight increase relative
to a reference nozzle(3). 1n general, this weight increase may be significant
relative to the total engine weight. This section will, therefore, provide
examples of how each of the suppressor designs evaluated in the current study
might effect total exhaust system weight as well as providing some estimates
on the impact of these exhaust system weights on the total engine. The turbo-
jet and variable cycle engines from the Task 3 Aircraft Integration Study(3)
will be used for this example. The reference nozzle for the turbojet study
is a plug nozzle, estimated to weigh 2950 1b on a 770 1bm/sec*® engine while its
variable cycle counterpart is a coannular plug nozzle weighing about 2800 1b
on a 840 lb/sec® engine. A summary of the weight in terms of an increment
relative to the reference nozzle and the percent increase in engine weight is
summarized on Table 8-1. The S54-element coplanar mixer and the 40-shallow-
chute nozzle are the lightest due to minimal mechanical complexity. Recall
that these weight estimates are for the engines considered in Reference(3)
and represent only an example and not a generalized result.

Table 8-1. Summary of Optimum Nozzle Weight Characteristics.

% Increase Reference
Weight Increase Reference % Increase Airflow
re: Reference Nozzle Engine Size
Configuration Nozzle Weight Weight 1bm/sec
32-chute, AR = 2.1 1150 39 7 770
(AR), = 1.74 40 550 19.6 4.1 840
Shallow Chute
(AR), = 2.0 1300 46.4 9.6 840
36-chute
(AR), = 2.0 36-chute 3500 125 25.9 840
With Ejector
54-Element Coplanar 440 15.7 3.2 840

Mixer

8.3 PERFORMANCE VERSUS SUPPRESSION TRADES AND SCALING IMPLICATIONS

One common method of presenting the aerodynamic performance and acoustic
results is in terms of suppression effectiveness ratio, APNL/AC¢ . Reference
3 shows the importance of establishing this ratio in terms of fl%ght suppression

"Sea level corrected engine airflow
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level and flight performance level. The reference level used herein is that
of the Supersonic Tunnel Association (STA) nozzle and the reference to
establish suppression in a conical nozzle. The characterictics of the five
optimum nozzles are summarized on Figure 8-9. The optimum nozzles evaluated
in this study show a marked improvement in suppressor effectiveness ratio
(APNL/ACfg) over designs previously evaluated.

The results of this study have considered, weight, performance, and sup-
pression for the designs evaluated. 7Two typical VCE engine cycles were selec-
ted to illustrate the jet noise levels in terms of EPNL which could be achieved
using these designs at the sideline and community monitoring locations for a
typical AST flight trajectory. The cycles chosen represent 700 lbm/sec vari-
able cycle engines which were high flowed at takeoff at values of 10% and 20%.
The pertinent cycle parameters for each of the engines are summarized on
Table 8-2. The sideline and community EPNL levels which would occur for each
of the suppressors implemented on these engines were predicted and are sum-
marized on Tables 8-3 and 8-4., Maximum sideline noise was assumed to occur
when the aircraft was at a 800 ft altitude and the altitude over the 0.35
nautical mile community point was 1040 ft. Noise estimates were made by scaling
the measured free jet data for each of the nozzles to the appropriate size and
distance. Corrections were applied for the number of engines (+6.0 EPNdB),
ground effects (+1.5 EPNdB) and shielding (~4.0 FPNdB). The shielding correc-
tion was based on the data presented in Reference 20 and applied to the side-
line monitoring point only.

The performance based on the data presented in the previous section is
also presented. Note that the comparisons are made for a constant engine
weight flow and do not reflect a comparison at constant thrust. However, cor-
rections for upsizing the engine to constant thrust would affect the noise
levels a maximum of 0.5 EPNL. Typical engine weight increases caused by the
addition of the suppressor, based on the studies presented in Reference 3,
and not including engine weight increases due to upsizing to constant net
thrust, are also presented. Table 8-3 shows that traded EPNL levels of
approximately 105 may be achived with a suppressor such as the 32-chute nozzle
implemented on 10% high flowed variable cycle engine. The 40-shallow~chute,
and AR = 2,0 36-chute with and without ejector nozzles were found to achieve
traded levels of between 106-109 EPNL. The S54-element coplanar mixer nozzle had
a level of approximately 110 EPNL. This nozzle has a higher traded noise level
because of its poor suppression characteristics at high jet velocities. A
similar comparison for a 207 high flowed VCE engine is presented on Table 8-4.
In general, this results in a 1.5 to 2.5 EPNL improvement over the previous
cycle considered. The mojor reason for improvement is due to a reduction of
mixed flow velocity from 2375 ft/sec to 2184 7t/sec. The major advantage of
using Lhis cycle is that all the configurations have traded FEPNL of J.1 to 4.0 :
EPNI. less than the FAR36(1969)108 level. Conical reference levels are also :
presented based on the prediction procedure descrited in keference 17 to ‘
illustrate the levels of suppression achieved.

The preceding discussion has dealt with representative examples of the
noise levels, performance levels and weight inc-ements which may be incurred
when the nozzles evaluated in this study were implemented on an advanced
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technology variable cycle engine. However, the levels which may be achieved
utilizing these designs are strong function of the mission and thrust re-
quirements for a given aircraft and do not represent a lower limit with re-
gard to noise suppression capability. In fact, these designs were evolved
in Reference 3 (based primarily on static noise data) and using the results
of the current program, both the aerodynamic performance levels and the
suppression levels could be improved by further design studies.
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9.0 CONCLUSIONS

! This report describes the experimental investigation of the effect of
flight on five suppressor nozzle designs. The suppression characteristics
were established for the five suppressor nozzle designs in terms of peak
noise characteristics, directivity and spectra as a function of flight Mach
aumber.

The effect of flight on the peak noise characteristics of suppressors
was found to vary as a function of mass average velocity. At high veloci-
ties for example, suppressors actually realize more peak noise reduction than
a conical nozzle. However, at mass average velocities below 2000 ft/sec,
suppressors generally lost 0 to 5 PNdB suppression in flight. On a direc-
tivity basis, flight reduces the noise in the aft quadrant, causes modest
change at 90°, and causes only slight changes relative to static in the for-
ward quadrant. Spectrum changes are dependent on frequency, angle, and
flight velocity. Overall, no reduction of high frequency noise occured,
even in the aft quadrant, except for the 54-element coplanar mixer nozzle.
The flight effect on this configuration resembles more closely that of a
conical nozzle. All the "optimum" suppressors tested exhibited lower noise
levels in flight than statically and were lower in noise than the conical
nozzle in flight.

The acoustic results of incorporating convergent-divergent chutes in
the 36-chute suppressor design were inconclusive from the point of view of
affecting the shock noise contribution to the total measured noise, espe-
cially on a peak PNL basis. A suppressor on a single flow cycle was found
to be more effective in shock noise reduction than only suppressing the
outer stream of a dual flow nozzle. This is attributed to two effects:

1) the partial span forward quadrant data is correlated as a function of
mixed flow Mach number, which may not be the proper correlating parameter,
2) if the inner stream is at supercritical pressure ratio, the shock noise
would not be influenced by the suppressor and would resemble that of an
unsuppressed plug nozzle.

The addition of a treated ejector generally improved peak flight noise
suppression 1 to 3 PNdB. The suppression characteristics of a 54-element
coplanar mixer nozzle for conventional cycle conditions in the high velocity
regime was substantially less than most suppressor designs. It was found
that the suppression could be improved by reducing the inner flow velocity
to zero., This S54-element coplanar mixer nozzle was the only design which
had equivalent static and flight suppression levels for the mass average
velocity range evaluated.

Overall, flight effects for suppressors were demonstrated to be a func-
tion of the specific suppressor design. Suppressing only the outer stream of
dual flow nozzles was found to be slightly less effective than suppressing
the entire stream on a sirgle flow nozzle. The loss in suppression effec-
tiveness is between | and 2 PNdB. 1In general, noise change due to cycle




variation at a given mass average velocity, was found to be more dominant
for configurations having smaller outer to inner flow area ratios. For ex-
ample, variance up to 5 PNdB for a given mass average velocity was found for
a 40-shallow-chute nozzle.

The addition of a mechanical suppressor increases weight, reduces perfor-

mance and may have less favorable peak noise flight effect. Nevertheless,

for a given gross takeoff weight, payload, and specified noise goal, a sup-
pressor allows the use of a smaller engine, which should result in a range
advantage over an unsuppressed system, because adding a suppressor is less
costly than reducing noise by enlarging the engine to reduce jet velocity.
Overall, suppression characteristics measured statically are different than

in flight and are a function of the specific compressor design.
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APPENDIX A

SUMMARY OF THERMODYNAMIC AND ACOUSTIC DATA

This appendix contains a summary of the test data obtained during the
subject program. Thermodynamic and acoustic properties are documented for
each of the data points. Thermodynamic conditions are presented for the
individual stream in terms of pressure ratio (Pp/P,), stagnation tempera-
ture (T7) and jet velocity (V). Subscripts "0" and "i" are used to de-
note inner and outer stream conditions for dual flow nozzles. Also, for the
dual flow nozzle configurations, a similar set of mass averaged (mixed) flow
parameters are presented. The external flow velocity of the tertiary stream
is also presented in terms of Vpg. The acoustic results are presented in
terms of PNL and OASPL levels at the 50, 90, and maximum noise angles.
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APPENDIX B

THE FLIGHT TRANSFORMATION PROGRAM

This computer program, developed by General Electric under Task 4 of the
High Velocity Jet Noise Reduction program, transforms one-third octave band
sound pressure levels measured in a free jet facility to those in flight.
This appendix outlines the input instructions for using the program, a sample
case and listing of the program. A narrative accompanies the listing to
explain the major elements of the program.
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DESCRIPTION OF FLTRANS INPUT

The input to the program required for computation is as follows:

SPIN, SPIDIN, SPOT and SPIDOT are used for identification of the input
and output SPL arrays. A maximum of five integers must be used for defining
SPIN and SPOT whereas any 12 alpha numeric description may be used for SPIDIN

and SPIDOT.
IREFRC - Refraction correction option. IREFRC must be set to one of the
following:
IREFRC = 3HYES -~ the flight transformed array will include the
refraction correction.
IREFRC = 2HNO - the flight transformed array will not include
the refraction correction.
IREFRC is initialized to 3HYES, as it is the recommended pro-
cedure.
ITURBC - Turbulence absorption correction option. ITURBC must be set
to one of the following:
ITURBC = 3HYES - the flight transformed array will include the
turbulence absorption correction.
ITURBC = 2HNO - the flight transformed array will not include
the turbulence absorption correction.
ITURBC is initialized to 3HYES, as 1t is the recommended pro-
cedure. k
TALPHA - The atmospheric attentuation option allows the application of %
alr attenuation to the transformed array at the doppler shifted 4
frequency. Two air attenuation models are available. TALPHA :
must be set to one of the following:
IALPHA = 3HSAE - This allows use of the extrapolated ARP 866A
atmospheric attenuation corrections (Reference 13).
IALPHA = 3HSB - This allows use of the Shields and Bass atmo-
[ spheric attenuation (Reference 19).
DIAMJT -~ Diameter of the free jet in inches. The diameter of the free

jet used in the current study was 48 inches.
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FLTVEL

TESTD

SCFACT

IDOPS

ANGLE

NANG

NFREQ

TSPL

The velocity of the free jet in ft/sec.

If FLTVEL in input as zero the corresponding SPL array will
not be flight transformed. It will, however, be printed as
a flight tranformed array. This option was developed to en-
hance the integration of static and free jet data.

Input data arc distance in feet. TESTD is used in conjunction
with TALPHA to determine air attenuation corrections. The
program must have the input data on an arc. Sideline data can
only be used if corrected to an arc.

Is the linear scale factor, which is defined as full scale
nozzle diameter divided by the scale model diameter, used to
obtain the measured scale model frequencies if the free jet
data has been scaled before transformation. The data must
always be scaled down to model size before the refraction and
turbulence absorption corrections are applied.

Doppler shift option. IDOPS must be set to one of the follow-
ing:

IDOPS = 3HYES - The flight transformed array will be Doppler
shifted.

IDOPS = 2HNO - The flight transformed array will not be Doppler
shifted.

IDOPS is initialized to 3HYES.

An array of angles, measured from the inlet, at which the input
SPL's were measured. These angles must be multiples of ten.

A maximum of 19 angles may be input. The angles must be in
degrees.

Number of angles in the ANGLE array.

Number of frequencies in the input SPL array. Maximum value is
33 (50 Hz - 80 kHz).

Is the input SPL array to be transformed. This array is
dimensioned to be (19, 33), (Angle, Frequency). See Table
B-1 for a sample input sheet.

L
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TABE B-1. SAIPIE INPUT SHEET

i
SINPUT ;
sp i
SPIN= y ' . . . 1
§
SPIDIN=12H :

SPOT:- 9 9 (] L ] l

SPIDOT=12HK

b A AT T

IREFRC=3HYES,

ITURBC=3HYES,

o oy R T

IALPHA=3HSAE,
IDOPS=3HYES,
DIAMJT= ,
T STD= ,
FLTVEL= ,
SCFACT= ,
NFREG=_____,

NANG/ANGLE= , R , , ’

] 9 L 9 : ] t] ] t] t 9

TSPL(01,01 )= , ’ ’ ’ ’ ’

t] 4 L ] ’ 9 7’ s 14 9

TSPL(01,02)= . , . ’ ’ ’

'PSPL(O1,53)= ’ ’ ’ ’ ’ ’ ’ ’ '

L2
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SINPUT

Sample Casce

INPUT

SPIN=1,311,164,11,2,SPIDIN=12HTS5SF32CAR2NB
SPOT=1,311,164,11,4,5P IDOT=12HT5SF32CAR2PK

[KEFHC=3HYES,
ITURBC=3HYES,
[ALPHA=3HSAE,
DIAMJT=48.4,
TESTD=160,
FLTVEL=279,
SCEFACT=3.58,
NEREQ=27,

NANG/ANGLE=40,52,64,74,84,94,144,114,120,130,140,150,169,
TSPL(41,41)= 84.48,
TSPL(A1,82)= 82.04,
TSPL(41,43)= &3.14,

TSPL (4,

©w4)= 83.67,

TSPL(41,45)= 84.25,
TSPL(Y] ,06)= 84.190,
TSPL(21,87)= 85.87,
TSPL(41,48)= 87.95,
TSPL(@1,09)= 87.78,

TSPL(AL,
TSPL(B1,
TSPL (41,
TSPL(41,
TspL(al,
TSPL(AL,
TSPL(AT,
TSPL (A1,
FopLal,
ISP,

14)= 87.89,
11)= 88.44,
12)= 89.81,
13)= 94.32,
14)= 99,62,
15)= 91.54,
16)= 91.63,
17)= $3.39,
18)= 95,96,
19)=1@¢,.14,

TOPLSL, 2A) =141 .04,

PSPl

TR

1 G
TG

L
Fovi

[ .

.
[T
[
[

’
+
v
v
’
»
'
3
"
[
’
,
'
'
T
’
’
.
’
'
.
’
.
.
’
’
.
.

21 )= 98,2,
Y= VALUT,
DAY= GALEH,
P ST A
b= LY,
s)E i AR
)= 8lLed,
Sy N A,
So0= onaLal,
T I I
‘A= L T
R IR PP N S
SeyE oA,
oY= L au
B PPN
S)E Ge e,
it)= oLl N
Plo= e,
PRSI

t

Ay = Lw, )

A
AR EEY BT
TevstaLAz,
PivEL AT A,
Pea=lsaL 0,

DN NN SN

Gy= w7,
Ay= ] F0

|

84,96, 85.30,
84 .45, 86.86,
84 .30, 85.46,
85.46, 87.25,
86.44, 87.83,
86.01, 87.93,
86.66, 87.45,
88.49, 89.43,
89 .08, 90.37,
8Y.31, 92.73,
89.61, 98.78,
91.23, 92.66,
91 .60, 92.91,
91 .43, 92.24,
g2.18, 92.87,
@WRL.TH, 93.76,
93.79, 94.24,
95 .68, 95.39,
V9,2, 98,94,

87.35,
88,16,
88.01,
88.44,
89.12,
89.22,
89,99,
©0.82,
92.66,
92.02,
93,32,
93.94,
94,43,
9451,
95,29,
95.28,
95,95,
96.28,
v7.28,

141 .48, 141,89,1¢41 .49,

VY .91, 181 .44,
v7.87, 98,74,

V7 .3n, Y831,

va,72, ot oa,
S I Y
WO L3, 97,34,

HaLh, HuesT,

122,35,
128.76,
LY,
07,44,
“aLts,
vit.47,
Gh.lY,

88.49,
87.75,
88.84,
8838,
89,21,
94.56,
91.48,
91.91,
94,25,
$3.60,
93.44,
94.77,
95.77,
96.49,
96.82,
97.20,
96.87,

97.58,
90,63,

ia3.2,
1A2.54,121.88,
101 .65,1¢1.18,

9R,71,
94,35,
V.54,
&3.64,

88,77,
89,37,
Y22,
89.74,
9P, 33,
9168,
91.95,
03.02,
woL61,
94,47,
$4.37,
95,49,
$6.73,
9T Ak,
98.18,
98.32,

94,68,
92.25,
92164,
92,13,
92,71,
93'.54,
95.08,
94,91,
96,75,
96,75,
9655,
96.42,
9767,
97.74,
99.12,
€954,

¥8.98,1 PA.92,
98,45 ,124.56, 142,25,
98, 44,100.73,

98.043,
97,96,

08,55,
94,36,
YAL24,
89.47,

L ity Q7.3A, 102 28,108, 22,11¢.13,

A

TRV B ROV BT E I

AL LA IRT ST LB 92,

Tes .42, 112,86,112.52,
G Ty AR L3, 11,95, 114,64, 112,45,
by TAA TR 2,28, 114,47 112,63,

PO, AN I 2013, 114,31, 149,97,

P24 A AR ST, T YA, 113,08, 146499,

| IPAN IR ST IPS LR oYy

JHTALAB, 11191 ,1¢4.57,

TA A2, 1AL 1A, T0BEST,109,.00,10¢'.41,
182036, 104.21,106.54,105.26,
P 1oy EA A hinh (2401 AL 3T,

. G I, TA3 Y,
Ce LAY L AG, 1AZ VA, V2 .46,

U TP B F O TH
ST N SR RT DN e
142 .07, 143,53,
PAY 25, 145,38,

143,71,

13,03,
12416,
128071,
113.64,

98.67,
05,92,
04,24,
03.437,
95.34,
98.12,

146297, 197 .190,105.98,101 .49,
Py et e e T8, 16,83, 149,888,141 .97,
. 12.39,144,27,183.41,141.55,
Y S B A LR ARV AD L 12869,
cel =l A e 182,22, 14301, 10,08,

COLHT L 100,26,
Wt 9778,

08,98,
YR AA.

148

09,73,

99v.74,
97.27,
Q4. A3

©5L 77,
03,56,
VP.68,
88.92,
86.74,
8687,
88,03,
9116,
93,73,
944,74,
94.52,
92.48,
92.57,
#5931,
RA.4) .

09,93,
69'.82,
190,79,
091,95,
97.96,
9514,
00,49,
89.10,

e s L e




2740 TSPL(@8,25)= 94.75, 96.08, 95.28, 94.18, 94.55, 84.60, }
2750 TSPL(48,26)= 91.52, 94.65, 92.96, 85.93, 86.10, 19.01, |
2760 TSPL(J8,2T)= 88.44, 93.13, 89.84, 84.85, 79.89, 717.59,

2784 s
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II, IA, IR
ANGOT
NCBDI
INPUT

END

ERR

TESTD
NANGOT
NANG
ANGLE

DIST

IABS

TALPHA

ISB

NBCDO
SPIDIN
SPIN

J,JJ,J331,

NFREQ
TFREQ

TSPL

GLOSSARY OF TERMS

Indices used to denote a specific angle in a given array.
Angle array for the flight transformed data.

Input file code number.

Namelist name for the input parameters.

Used to signal that all namelist input parameters have
been read.

Used to signal an error was encountered while reading the
input data.

Input parameter.
The number of angles in the ANGOT array.
Input parameter.
Input parameter.

TESTD divided by 1000 and is used for calculating the
atmospheric absorption correction.

Air attenuation indicator which either chooses the SAE
model or the Shields and Bass Model.

Input parameter.

Constant used to identify the Shields and Bass air attenu-
ation model.

Output file code number.
Input parameter.
Input parameter.

Are indices used to denote a specific frequency in a
given array.

Input parameter.
Integer list of one-third octave band center frequencies.

Input parameter.
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SCFREQ - Scale model frequency to the nearest one-third octave band.
FREQ - Array of one-third octave band center frequencies.

SCFACT - Input parameter.

CNFREQ - Frequency variable used to calculate the frequency shift

corresponding to a scale factor which would result in a
integer number of third octave band shifts.

! DEL1, DEL2 - Are used to determine which one-third octave band center
frequency is closer.

: SCALE - New scale factor which would allow an integer number of ;
: third octave band shifts. 2

EM - Free jet Mach number.

FLTVEL - Input parameter.

SPDSND - Speed of sound, 1116 ft/sec, assuming a 59° Standard Day.

CONST - Intermediate variable name. ?

PI - 3.141659 %

DIAMJT - Input parameter. ;

FPAR - Frequency parameter array. é

IKNT ~ Index used to adjust the input data arrays to allow }
insertion of a missing angle. j

F SPLDS - Output data array of the FLIGHT transformation program. J

This is the answer.

THETD - Angle array used for calculations in the transformation

)

i

!

i

process. These angles are measured from the exhaust. }
|

|

NP - Number of angles 1in the THETD array.
NA - An index which identifies the 90° angle in the ANGOT array.
LIE - Index to identify either the forward quadrant, LIE = 2,

or the aft quadrant LIE = 1.
FP - The frequency parameter nf/SPDSND DIAMJIT. ;

ADDER - Air attenuation in decibels applied to a given frequency.




ABSORP

SPL1

FETHE

K
SPLFLT
IDOPS

DOPFAC

Cos
RPD

DOPCON

IFLAG

IDSHFT
FLOAT
SPIDOT
SPOT
IREFRC
ITURBC
NSST,MCASE
TOPI2
THETO

THETOD

Air attenuation array. This array defines the amount of
alr a+<tenuation which should be applied to a given one- '
third octave band.

Input SPL array to the flight transformation =fter being
corrected for alr attenuation.

Name of the main subroutine for the flight transformation.

The subroutine corrects the input data for refraction »
turbulence absorption and dynamic effect. 4
An index which defines a specific angle in the SPLF array.

Is the flight transformed array before doppler shift.

Input parameter,

Doppler factor used to determine the number of frequency 4
bands the SPLFLT array has to be shifted. !

Library subroutine to calculate the cosine of an angle. 4
Constant used to convert angles from degrees to radians.

An array to which the doppler factor, DOPFAC, 1is compared
to determine the number of frequency shifts.

The number of frequency bands that specific parts of the
SPLFLT array are shifted by.

The table used to determine IFLAG.

Instrinic function to change from integer to real numbers.
Input parameter.

Input parameter.

Input parameter.

Input parameter. f
Are indices which define the level of singularity. ﬂ
Constant, TOPI2 (2/n)2.

The critical angle 6¢.

The critical angle in degrees.
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TH
XP
XP

SCHUB

SCHUB1

BESLJ,
BESLYJ,
BELI,

RBOTO

AIBOTO

CORR(I)

TAC 90

TAC

SPL(I)

SPMIN

G(I)

F(J,I)

XX

APB, IEX, C,

AA, BB, TA,
TB, TERM

YY(I)

Is a specific angle of the input angle array in radians.

FP sin ©
FP ( |Cos?6 - (1-M Cos 6)Z] )1/2

Refraction correction in dB in the aft quadrant if FP>3
(before the shape factor is applied).

Is the maximum refraction correction for FP>3 before the
shape factor is applied. Note: that if SCHUB is greater
than SCHUB1 then SCHUB1 1is used.

Subroutines for the evaluation of Bessel functions.

Real part of the denominator term in the solution of the
sound pressure for the plug flow model.

Imaginary part of the denominator term in the solution of
the sound pressure for the plug flow model.

Is used to denote either the refraction correction or the
refraction correction plus the turbulence absorption cor-
rection in decibels.

Turbulence absorption correction at 90°.

Turbulence absorption correction at the other acoustic
angles.

Input sound pressure levels corrected for refraction and
turbulence absorption.

The minimum sound pressure level at a given frequency
and in a given quadrant.

The linearized delta mean square pressure levels.
The array established as a function of singularity type.

Intermediate variable used in the calculation of the mean
square pressure.

Intermediate variables used in the calculation of the
normalization constants.

Normalization constants Ng
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B(T)

A(L D)
X(J)

NNLS

Y(J)

TL, T2, T3

Y (JJ)

CAF
GP (1)

CAFJ,SUM

GF(I)

SPLP

SPLF, SPLFIM

ERROR(T)

AVERR

GAMF (x)

Input array for the NNLS subroucine.
Input array for the NNLS subroutine.
The output from the NNSL routine.

Subroutine for calculating coefficlents of the singu-
larities, refer to reference 16 for details.

The coefficients of the singularities from the NNLS
routine divided by the appropriate normalization con-
stants

Are intermediate variables used in the recombination
procedure.

Are the coefficients of the singularities after the
recombination procedure.

The square of the doppler factor, (1/(1+M Cos GE)Z

Predicted relative mean square pressure levels.

Intermediate variables used for correcting the measured
relative mean square pressures for dynamic effects

Relative mean square pressure levels corrected for
dynamic effects.

Predicted sound pressure levels.

Are the input sound pressure levels corrected for re-
fraction turbulence absorption and dynamic effects.

Difference between the predicted and measured sound
pressure level at a specific angle and frequency.

Average error for a specific one-third octave band
directivity pattern.

Gamma Function.
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Symbol

OASPL

PNL

t/r,

SPL

max

=]

LIST OF SYMBOLS

Nozzle Exhaust Area, fr2,

Suppressor Area Ratio, Determined by the Total Nozzle Area,
Excluding any Plug, to the flow area of the nozzle.

Thrust Coefficient.

Diameter, Ft.

Effective Perceived Noise Level, EPNdB.

Ideal Gross Thrust, lbsg,

Jet Mach Number or Freestream (External) Mach Number.
Overall Sound Pressure Level dB.

Pressure, lef/in?,

Perceived Noise Level, PNdB.

Radius Ratio Determined by the Ratio of the Inner Radius
to the Oute: Radius for the Particular Flow Passage.

Normalized Radial Position When Referring to Tertiary Plume
Surveys.

One-Third Octave Sound Pressure Level, dB.

Temperature, ° R.

Velocity at Tertiary Nozzle Exit Plane, ft/sec.

Mean Velocity When Referring to Tertiary Flow Plume ft/sec
Turbulent Velocity when referring to Tertiary Flow Plume, ft/sec.
Jet Velocity, ft/sec.

Weight Flow Rate, lbsgy/sec.

Axial Distance, ft.
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LIST OF SYMBOLS (Concluded)

Symbol
8 - Shock Cell Noise Parameter - /MZT,

} 9; - Acoustic Angle Relative to Inlet Axis, degrees.
w - Jet Density Exponent.
Subscript
1 - Tertiary Exit Flow Plane.
2 - T~rtiary Flow Plane at Nozzle Exit Plane.
FS - Tertiary Flow (Freestream) Conditions or Full Scale Conditions.
i - Inner Stream or Bypass Flow (Usually Cold).
m,ma,mix - Mass Averaged Conditions.
o - Outer Stream, Tertiary or Ambient Conditions.
s - Static Conditions.
T - Total or Tertiary Flow Conditions.

Superscript

o - Outer Stream

i - Inner or Bypass Stream (Usually Cold).
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