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) Abstract

Jet noise suppression, a major problem in the devclopment of quiet aigg!ax‘.-~a stems, has
experienced a substantial technology advance as described in this report: Fundamer:tal
technology development has led to a better understanding of nozzle aerodynamics, noise
generation and noise transrnission processes. This report describes the results of a systematic,
model-scale, rultitube nozzle test program which generated far-field jet noise data, jet noise-
source location data, flow-profile data and jet noise data recorded in a wind tunnel Yo evaluate
flight effects. The effects of various suppressor components are discussed in turn. They in-
clude: unsuppressed nozzle, multitube nozzles, hardwall ejectors and acoustically-lined
cjectors. The analysis covers the full range of acoustic parameters: sound pressure levels, sound
i power levels, perceived noise levels, 1/3-octave-band spectra, and directivity effects. Analytical
studies on jet noise reduction with simple gas shields are discussed, as are studies on the effects
i of jet noise-source locations and flow profiles on the acoustic lining effectiveness in ejectors.

Selected jet neise and flow-profile backup data to this analysis can be found in volume I
of this document.
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PREFACE

This is one of a series of final reports on noise and propulsion technology submitted by the
Boeing Commercial Airplune Company, Seattle, Washington, 98124, in fulfillment of Task 111
of Department of Transportation Contract DOT-FA-72WA-2893, dated | February 1972.

To benefit utilization of technical Jata developed by the noise suppressor and nozzle develop-
ment program, the final report is divided into 10 volume- ‘overing key technology areas and
a summary of total program results. The 10 volumes are issued under the master title, *‘Noise
Suppressor/Nozzle Development.™ Detailed volume breakdown 1s as follows:

Report No.
Volume 1 —  Program Summary FAA-§S-73-11-1
Volume |11 ~  Noise Technology FAA-SS-73-11-2
Volume 111 ~  Noise Technology-Backup Data Report FAA-§S-73-11-3
Volume 1V = Perfonmance Teclmology Summary FAA-88-73-11-4
Volume V —  Performance Technology —The Effect of FAA-SS8-73-11-5

Initial Jet Conditions on a 2-D Constant
Area Ejector

Volume VI -~ Performance Teclinology—Thrust and Flow FAA-SS-73-11-6
Characteristics of a Reference Multitube
Nozzle With Ejector

Volume VII  —  Performance Technology —A Guide to Multitube FAA-§§-73-11-7
Suppressor Nozzle Static Performance: Trends
and Trades

Volume VIII  —  Performance Technology —~Multitube Suppressor/ FAA-$§8-73-11-8
Lijector Interaction Effects on Static
Performance (Ambient and 1150°F Jet
Temperature)

Volume IX —  Performance Technology—Anulysis of the Low- FAA-§§-73-11-9

Speed Performance of Multitube Suppressor/
Ljector Nozzles (0-167 kn)

Volume X ~  Advanced Suppressor Concepts and Full-Scale FAA-85-73-11-10
Tesls
]
]
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SUMMARY

Jet noise suppression technology has always been based upon empirical techniques derived
from ad hoc testing of various suppressor nozzles. Far too often this approach has led to
suppressor designs which lacked the practicability of a flightworthy installation, had
inadequate thrust performance and had excessive weight and drag penalties. A coordinated
effort among acoustic, propulsion, and other technologies was used in this program to avoid
such pitfalls.

The high velocity jet noise-suppression studies described in this report have led to a better
understanding of nozzle acrodynamics, jet noise generation and transimission processes.
These studies were conducted on a model scale and in a systematic manner. They generated
static far-field jet noise data, and jet noise-source location data in conjunction with flow
profile data. Noise generating mechanisms were successfully identified with certain jet-flow
regions and properties. Jet noise-suppression characteristics were investigated for each
suppressor component independently, as well as for integrated suppressor systems. The basic
knowledge that was acquired from these studies was applied in the design of a full-scale
suppressor-system demonstrator which is described in volume X. The full-scale test results
conlirmed the veracity of this jet noise-suppression technology.

The following is the current status of the high-velocity jet noise-suppression technology. The
far-field noise spectrum generated by a mutitube jet noise-suppressor nozzle is composed of
a number of noise sources:

Low frequencies:
1. Postmerged jet mixing turbulence noise.
2. Facility or engine core noise,

High frequencies:

3. Elemental jet mixing turbulence noise.
4. Shock (or screech) noise.

5. Spiral-mode flow-instability noise.

The multitube nozzle, postmerged jet noise is generated in a downstream region which has
flow characteristics similar to a simple jet. The gas conditions (P, Tt and V) in the post-
merged jet region are equal to the average conditions ia a round jet which has expanded to a
diameter equal to the multitube array diameter. The postmerged jet noise level for a given
nozzle velocity is primarily a function of nozzle-array area ratio. Test-facility core noise was
detected in the low-frequency part ol the spectrum only at low jet velocities.

The multitube nozzle, premerged jet noise is generated in a region close to the nozzle-exit
plane where the elemental structure ol the multitube jets can still be detected in the flow,
The outer row of jets in the multitube-nozzle efflux appear to shicld the noise gencrated by
the inner jets. The premerged jet noise level for a given nozzle velocity is primarily a function
of the number of tubes in the array. Multitube-nozzle-jet shock noise is usually prominent
only for cold supersonic jets. The spiral-mode flow-instability noise becomes discernable in

vii
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the high-frequency part of the jet noise spectrum for nozzle pressure ratios above 2.5, and is
most prominent at angles close to 90° from the jet axis.

Hardwall ejectors surrounding multijet flows increased neise suppression acyoss the whole jet
noise spectrum. High-frequency suppression is achieved by the relative velocity effect on the
noise sources inside the ejector and by changes in noise-source efficiencies due to interaction
with wall reflections. Low-frequency noise suppression is mainly the result of more efficient
jet mixing reducing the kinetic energy in the postmerged jet region. Acoustical linings in the

ejector wall provide an additional means of suppressing the jet noise generated inside the
ejector.

A series of noise tests conducted in a low-speed wind tunnel have provided insight into the
forward velocity (flight) effects on jet noise suppression. The peak noise from an unsuppressed
round convergent nozzle, and from multitube nozzles without ejectors varies simply as a
function of relative velocity. The peak noise from suppressors with ejectors has to be analyzed
in two parts. The premerged noise from within the ejector is influenced by the forward velocity

effects, while the postmerged noise downstream of the ejector behaves as a simple jet, i.e., it
varies as a function of relative velocity.

This program has clearly demonstrated that the success of an experimental approach to jet
noise-suppression technology is dependent on a systematic noise-generation mechanisms

study. Only then can the knowledge be extended in a rational manner to the design of
suppressor systems.
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1.0 INTRODUCTION

The purpose of this volume is to describe in detail the high-velocity jet noise suppression
technology work conducted during this program. The basic philosophy was to associate the
geometric variations ol nozzles and ejectors to flow patterns and these in turn to mechanisms
associated with noise and propulsion aspects. In order to achieve this goal a systematic,
model scale, experimental program was conducted to study the different jet noise sources by
varying one test or geometric parameter at a time and then synthesizing the results to create
a physical model of jet noise generation and suppression. The experimental program was
supplemented with analytical studies to establish a solid foundation in areas wlere previous
work was lacking.

The basic jet noise suppression concept pursued in these studies consists of a multitube mixer
nozzle with or without an cjector shroud. The ¢jector may or may not be acoustically lined.
The multitube concept was chosen because past studies (rels. 1 and 2), have showr it 10 be
the only way to achieve high noise-suppression levels at supersonic jet velocities.

The main emphasis in the experimental program was placed on static acoustic testing of
pararactrically related multitube nozzles and hardwall ejectors. Thrust performance data was
always acquired in conjunction with the acoustic data to assurc data repeatability and to
establish test conditions accurately. The thrust performance results are reported in volume 1V
of this report. In addition to the controlled nozzle parametric studies, more involved multi-
tube suppressor designs were tested to establish the relative importance of various techniques
for contrelling the acoustic energy after it has been generated by the jet. Acoustic cffects of
temperature and velocity profile control were also studied.

Further insight into the jet noise generating mechanisms was gained through studies of noise-
source frequency distributions along the jet axis using the “wall isolation technique” (refs. 3
and 4). Examinatior of the jet wake was also conducted by measuring mean flow properties
in both radial and axial directions and thus observing the mixing properties between the
primary jet and the ambient atmosphere,

Ejector acoustic lining development was an extension of the work reported in reference S, and
consisted of studies ol double-layer or broadband absorbers and *‘distributed” linings. Lining
impedance tests were conducted in the presence of grazing flow t5 enhance the analytical or
prediction model described in volume VI1. Analytical studies were conducted to investigate
the effects of variations of noise-source locations and cjector internal flow profiles on jet noise
absorption by acoustic linings.

The above experimental studies were conducted over a range of jet temperatures (ambient
< T <1150°F) and nozzle pressure ratios (2 < Pk < 4).
T

Previous experience, both analytical and experimental, has indicated that significant thrust-
performance losses for suppressor nozzles can result from low-speed external flow as, for ex-
ample, during airplane takcoff and climbout. Similarly, an airplane’s forward velocity affects

T — by
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jet noise generation and radiation. The Jet noise suppressor system’s acoustic performance
in the final analysis, has to be evaluated with forward flight effects taken into account,
Therefore, representative suppressor configurations from th
tested for acoustic performance in a low
in this document.

3

e above static program were
-speed wind tunnel and the results are reported
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2.0 JET NOISE TEST FACILITIES AND TECHNIQUES

Most of the jet noise suppression program’s mode! scale testing was accomplished at three
facilitics located in Seattle, Washington, The latest techniques in acoustic free-field data
acquisition and data processing were employed in order to handle the large volume of test
results. Direct measurement of acoustic free-field data, as described below. was of utmost
importance in maintaining the high level of accuracy of the basic noise specira necessary
for fundamental jet noise rescarch. The model scale test hardware usad in this program is
described in section 3.0.

2.1 TEST FACILITIES
2.1.1 THE HOT NOZZLE TEST FACILITY

I'he Hot Nozzle Test Facility (HNTF) was the most extensively used tacility for both acous-
tic and propulsion testing in this program. It is a static test facility for the determination of
iet exhaust nozzle propulsion performance a2nd related exterior noise fields. The facility bas
a maximum airflow capacity of 40 Ib/sec. and can be used to measure axial thrusts up to
2000 Ib with a repeatability of 0.5% of the full-scale reading. Nozzie pressure ratios of 4.0
and total temperatures of 2500°F can be achieved for continuous operation. The average
primary total temperatures are determined from an area-weighted rake containing seven
shielded chromel/alumel thermocouples approximately 4 in.upstream of the nozzle mount-
ing flange. A similar rake arrangement for total pressure is located 180° relative to the
temperature rake. The nozzle centerline is 5 ft 8 in. above ground level.

The arena for acoustic measurements consists of a smooth, flat concrete surface as shown
in figure 1. The arena is large enough to allow acoustic far-field measurements to be made
on a 50-ft-radius centered on the test nozzle exit. Noise measurements are limited, how-
ever, to the quadrant of 90° to 180° from the nozzle inlet axis. Building surfaces in the
vicinity of the test stand are covered with 4-in.-thick, acoustically absorptive material to
minimize sound reflections into the acoustic arena.

Microphone arrays consisted of far-field and near-field groups. Near-field microphones were
placed parallel to the jet axis at a distance of two ft and positioned at angles corresponding
to the angular distribution of the far-field array. The far-field array consists of two sets of
microphenes; one set in the ground plane, and the second at the horizontal plane contain-
ing the jet axis (figs. 2 and 3). Microphones were located at 10° increments from 90° to
1509 with the addition of a 1559 microphone (angle relative to nozzle inlet axis). Both
arrays were at a S0-ft polar radius.

Bruel and Kjaer 1/4-in. model-4136 pressure micropbones without windscreens were used
in the ground installations. Special precauticns, such as heaters and silica gel dehumidifier
cartridges, were used to prevent condensed moisture from affecting the transducer
performance.




The extended concrete surface provided essentially ain infinite acoustic baffle, resulting in
fairly uniform pressure doubling over the frequency range of interest of 200 Hz to 80 kHz.
This technigue allowed spectra to be measured which were free-field in shape, but 6 db
above frec-field in level. Data contd then be easily corrected to free-Tield levels for further
analysis. The centerline-height microphiones were Bruel and Kjaer 1/4-in. Model-4135
free-tield units with the diaphragms pointed at the sonnd source and protected by wind-
screens. The data from the centerline microphones was only used to monitor and verity
that the data acquired by the ground microplhiones was not affected by acoustic shadowing
caused by wind or temperature gradients across the ground plane.

2.1.2 THE WALL ISOLATION FACILITY

The Wall Isolation Facility (WIF) was used mainly for jet noise-source location tests. 1t
was, however, also used as a backup for the HNTE. because it could be operated in a
conventional way for measuring far-field noise from jet exhaust nozzles. 1t also had the
capability of coupling two burner systems in parallel to provide independently variable
coannular jets that were used to study temperature and velocity gradient effects on the
suppressor nozzle's acoustic performance. The WIF did not have a thrust measuring capa-
bility and therefore had to rely only on air and fuel flow measurements, plenum pressure,
and temperatare measurements to establish nozzle test conditions.

The WIF consists of a scale-model jet focated entirely inside a 20- by 50-by 20-ft test cell. 3
This is shown schematically in figure 4. The facility is fed vy a 300 psi air supply with a

maximum mass Mow of 40 Ib/sec. The maximum total jet temperature attainable is 2000°F,

The burner and nozzle system is mounted on tracks and exhausts through a circular aper-

ture in the front wall (fig. 5). A telescoping section in the burner’s air supply line enabled

the nozzie exit plane to be withdrawn from a position flush with the exterior wall to a

point 8 ft inside the cell. For the multitube nozzles investigated, this corresponded to a 3
travel ol approximately 26 equivalent R/C nozzle diameters.

Three of the test cell walls are constructed of brick while the fourth, which faces the out-
door acoustic arena, is constructed of two sections of 1/4-in. steel plate 14 in. apart with
the space between the plates filled with sand. This construction minimized the transmission

3
of sound from within the test cell through the wall to the outside arena. The steel plate was
cut to form the aperture through which the jet exhausted from the cell. The aperture is a
truncated cone thirty-six in. at the outside wall which widens at a 45° half-angle inwards
(fig. 4).
An iris mechanism (fig. 6) was mounted flush against the outside wall concentric with the 3

fixed aperture. The diameter of the remote controlled iris could be varied continuously
from S to 36 in.

The outside face ol the front wall is completely covered with 4-in. of fiberglass, with a 2-in.

air space between the glass and the wall to minimize reflections. When acoustic measure- 3
ments were being taken, a 4-in.-thick layer of fiberglass was placed on the ground covering
an area of 4-ft on either side of the jet axis and extending 22-ft in the downstream axial
direction.
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Ihe WIE was also used for conventional testing ol exhaust nozzles where their location
relative to the far-field microphone array was fixed. In this program the WIF was used

specitically in a test series requiring commmlar flows to study temperature and velocity
gradient effects.

Fwo burner systems were mounted paraliel as shown in figure 7. The independently con-
trollable hot flows entered a coannalar plenum chamber which supplied air to the test

nozzles.

In the outside arena, (figs. 8 and 9) cight microphones were mounted vertically over the

jeteenterline ona boom having a 25-It radius curvature about the aperture center. They

were monnted at 10V intervals beginning at 20° from the exhaust direcction of the jet axis
and continuing up to 90°. The acoustic far-fickl pressures were measured by 1/4-in, Bruel
and Kpaer condenser microphones having a tlat frequency response (after correction) from
50 Hz to 80 kHz.

203 THE LOW-SPLEED WIND TUNNEL

The forward velocity effects on noise generation and radiation from jet exhaust nozzles wis
studied in the Boeing 9- by 9-ft Induction Tunnel Facility (fig. 10).

The tunnel includes aconstically-lined panels on the ceiling and side walls ol the test section,
it burner to licat the facility's compressed air supply to the required total temperature, and a
traversing microphone system to acquire sideline acoustic data at selected angles. The wind
tunnelis powered by a carboprop engine that induces ambient air through the test section
at velocities up 1o 165 knots (278 It/sec). The propeller turns at a constant rpm and controls
tunnel velocity by varying pitch. For this test series, noise data were obtained with the
funnel oft and ar 165 knots. The tunnel air flows through a large, rectangular bell-mouth
mlet.a flow straightening grid, and a diffuser, prior to reaching the 9-by 9-ft constant areu
test section. The flow is then diffnsed and expelled from the tunnel by the tour-bladed
propeller. A kerosene burner is located within the model’s nacelle and incorporates a
propanc gas spark ignition system. During the test, the burner heated the nozzle air to a
constant 1150°F. The nacelle installation included a boundary-layer bleed to better simu-
tate the boundary layer of an actual engine installation. Nozzle pressure ratio, total tempera-
ture. tunnel velocity and traversing microphone positions are monitored and set within the
facility's control room.

The acoustic instrumentation consisted of two I/4-in. Bruel and Kjaer Model-4135 micro-
phones with bullet-shaped grip caps. One of the microphones was mounted on a traversing
mechanism capable of remote positioning from 70° to 1659 relative to the mlet axis. The
sccond microphone was in a fixed location at 120° from the inlet and on the opposite side
of the jet axis, and served as u reference for the traversing microphone. Both microphones
were at the jet centerline height and on o sideline 2 1 from the jet axis.



2.2 ACOUSTIC DATA ACQUISITION AND ANALYSIS

A typical set of acoustic data acquisition instrumentation used in this program is shown in
block diagram Form in figure 11 and a general overview in figure 12. Noise data from up to
twelve microphones was recorded for sixteen scconds during stabilized nozzle pressure ratio
conditions on a fourteen-track analog tape recorder for subsequent analysis after test com-
pletion. Basic analysis ol the recorded acoustic data was performed in a separate lacility in
the Boeing Acoustical Laboratory in Seattle, Washington. The basic analysis system consists
of an analog tape reproducer. General Radio Model-1921, 1/3-octave analyzer, time code
reader, PDP8-1 computer, digital magnetic tape recorder, and associated monitor, control,
interface and peripheral service equipment {figs. 13 and 14).

The operator controls the analysis through a teletype keyboard used for entering calibration,
frequency response compensation, and measurement point identification information into
the computer. The General Radio analyzer includes a bank of twenty-seven 1/3-octave-band
filters, covering the frequency range of 200 to 80 kHz. The filters mect International Stan-
dard 1EC 225 and U.S.A. Standard 51.11-1966 Class 11l requirements and are calibrated with
both sine wave and random noise inputs. The true rims detector section of the analyzer has a
dynamic range of 60 dB and a resolution ol +0.25 dB. The square law response of the de-
tector is verified by the two sine wave insert method per 1EC 179, Paragraph 8.5.

Frequency response compensiation and sensitivity calibration information are added to the
1/3-octave-band data in the computer, and the output on a digital magnetic tape is in a
Tormat compatible with existing CDC-6600 computer software. All components of the
reduction system are periodically certilied to the manufacturer’s specifications by the
Boeing Flight Test Calibration Laboratory.

2.2.1 INSTRUMENTATION CALIBRATION

To insure proper data quality as well as day-to-day repeatability all acoustic systems were
calibrated on a regular basis. Three types ot calibration were performed on the data
acquisition system prior to recording test data. The First determined the frequency response
of the microphone preamplificr and power supply. This was performed before and after
cach test using the clectrostatic actuator method ilustrated in the block diagram in figure
15. The sweep oscillator frequency is referenced to an clectronic counter, certified and
calibrated by the Boeing Flight Test Luboratory. The Boeing Flight Test Calibration Labora-
tory maintains test standards, references, and equipment with calibration accuracy traceable
to the U.S. Bureau of Standards.

The second ealibration, using the sweep oscillator in figure 15 was done to determine the
relative response of the signal conditioning amplificrs, acquisition recorder and data reduc-
tion tape reproducer. An electrical insert signal was applied to the data system in the form
of a sine wave frequency sweep from 200 Hz to 80 kHz. The sweep was recorded on the
acquisition system, then reproduced on the data reduction system to determine the response
ol that portion of the instrumentation. When the frequency response of the system relative
to 250 Hz had been determined, corrections were computed for cach 1/3-octave- band and
applied to the data during reduction to obtain a uniform (flat) system response at all fre-
gquencies within the data bandwidth.
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The third calibration was an end-to-end sensitivity check, performed each day before and
after a test. An acouwstic pistonphone calibrator with a constant, known sound pressure level
(SPL) at 250 Hz was applied to each microphone, and the calibrator signal recorded on mag-
netic tape. This reference was used during the data reduction process to determine system
sensitivity. The device used was a Bruel and Kjaer Model-4220 pistonphone which has a
certitication traceable to the U.S. Bureau of Standards through a secondary standard main-
tained by the Bocing Metrology Laboratory.,

2.2.2 ACOUSTIC DATA ANALYSIS FORMAT

A standardized acoustic data analysis procedure was followed during the preliminary stages
of cach test program. The main objective was to arrange the large volume of test data into
various convenient formats that would expedite the final engineering analysis. The data out-
put from the acoustics laboratory was in the form of digitized 1/3-octave-band spectra that
were stored on digital magnetic tape. First, the digitized data was plotted through a com-
puter controlled procedure to provide easy visibility in order to ascertain data quality and
acceptability. The digitized data were then normalized for atmospheric absorption effects to
a standard day of 77°F and 70% relative humidity. In the case of data from the HNTF, the
ground microphone spectra were also corrected to free-field levels by simply lowering the
spectrum levels by 6 dB. Noise data measured in the WIF with the overhead microphone
array were already free-field level, Noise data in this final form were stored on a digital
magnetic tape data bank for further analysis.

Overall sound pressure levels (OASPL) presented in this report are the computed sum of the
measured 1/3-octave-band levels in each spectrum.

Sound power levels (PWL) were calculated using a computer program. Sound pressure levels
from cach microphone location were assumed to be constant in a 10° arc centered at the
microphone position. Assuming an axisymmetric sound field, an integral procedure was used
to calculate the total sound power radiated through the surface of revolution about the jet
axis described by the arc 85° to 1582 at SO-ft distance. Noise in the forward arc was assumed
to be zero. (Note: Atmospheric absorption of sound over the propagation distance was in-
cluded to give the effective sound power of the source.).

Perceived noise levels (PNL) were calculated over an extrapolatad distance for the subjective
evaluation of the jet noise suppressor systems. In this case the model scale data were trans-
formed in frequency and normalized for both measurement distance and nozzle geometric
scale to full size values before extrapolation and caleulation of PNL. The extrapolation
procedure is based on four Society of Automotive Engineers (SAE) publications (refs. 6,

7, 8 and 9) and takes into account;

®  Spherical divergence (AIR 876)

®  Number uf engines and engine shielding (AIR 876)

®  Atmospheric absorption (ARP 866)
7
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®  Lxtra ground attenuation (AIR 923)
®  Perceived noise level calculation  (ARP 865)

2.3 JET NOISE SOURCE LOCATION DATA ACQUISITION
AND ANALYSIS

The test procedures and the data analysis techniques for jet noise-source location tests in
the WIIF were different from the normal far-field noise tests conducted with jet exhaust
nozzles. Thercfore, these differences are described separately below,

2.3.1 TEST PROCEDURES

IFor a given test configuration and test condition the jet flow boundary was first determined
by nicans of a total head probe radially traversing the flow at a number of axial locations.
This boundary was arbitrarily defined to be that radial position at which the average total
pressure is 0.2 inches of water above ambient. This boundary determined the minimum
orifice diameter that could be used at a given axial position without impingement of the
flow on the iris plate.

Beginning with the jet fully extended (nozzle exit plane flush with the outer wall and the
iris fully open) the baseline measurement was recorded (fig. 16.1). The jet was then retracted
a short distance into the cell as in figure 16.2. With the jet fixed in that position a set of
measurements was made for each of several orifice diameters. The first was taken at the
smallest diameter for which there was no flow impingement and successive measurements
were taken at increasing orifice diameters. This procedure was repeated at each location as
the jet was withdrawn step-by-step into the room (figs. 16.3 to 16.n). Although a set of
measurements was made at each step, only one of the measurements contributed a point to
the distribution curve. The measurement used was the one taken for that orifice opening
which provided maximum isolation of sound within the cell and which generated the least
amount of orifice interaction noise. The result of all these measurements is a curve like that
shown in figure 16.n for each frequency band.

2.3.2 DATA ANALYSIS

The acoustic data was recorded and analyzed in the same way as described in section 2.2.2.
The normalized data from the data bank was used to calculate space averaged sound pres-
sure level (SPLFA) spectra in bands | Hz wide for each of the nozzle’s axial locations.

The SPLFA versus axial distance (X/D) data was then processed to obtain source distribu-
tions in a manner suggested by Potter and Jones (ref. 3). The procedure consisted of taking
the SPLFA data for a given frequency band as a function of X/D and curve-fitting an analyti-
cal functionto it. An example of the curve fitand of the analytical function used is shown

in figure 17. The chosen function is of a form which has zero slope at X/D = 0 and then is
continuously negative in the downstream direction. The negative derivative of the function
gives the noise density distribution curve, figure 18, which represents the apparent jet noise-
source locations along the jet axis. The word apparent is used because this experimental
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technique “sees” the noise sources as they emerge Irom the jet surface and hence fails to
account for propagatior paths inside the jet.

2.4 LOW-SPEED WIND TUNNEL ACOUSTIC DATA ACQUISITION
AND ANALYSIS

The test procedures and data handling in the low speed wind tunnel associated with jet
noise measurements are described below.

2.4.1 TEST PROCEDURES

or a given nozzle-test installation, noise data was lirst acquired with the tunnel turned off.
Jet noise data were recorded for approximately 20 seconds with the traverse microphone
positioned at a series of angles Trom 709 to 165° relative to the inlet centerline. Noise data
Jor the fixed microphone was recorded each time and served as a reference for condition
repeatability and comparison with the traverse microphone when positioned at the same
angle. Following the static runs the wind tunnel was turned on and flight jet noise data were
recorded with the gas conditions set at the same total temperature and pressure ratio as the
static gas conditions (equal ideal jet velocity). Thus, the test variable is tunnel velocity, with
changes in jet noise attributed to this parameter.

2.42 DATA ANALYSIS

The acoustic data was recorded and analyzed in the same way as described in section 2.2.
The normalized acoustic data from the data bank were then scaled and extrapolated to an
arbitrary 100 ft sideline Tor further analysis. This was done in two steps. The first extrapo-
lation employed model scale frequencics and corrected the SPL’s from a 2-ft sideline to a
50-ft polar arc. This was done to correct Tor atmospheric absorption of high frequency noise
thus providing a better comparison with far-field model data that was measured on a 50-ft
polar arc. The second step scaled the data and extrapolated to a 100-ft sideline where
OASP’Land PNL values were calculated. Two velues of PNL were calculated for each spectrum;
one using the scaled measured frequency/SPL vaives, the other applying a 1/3-octave-bund
frequency shilt in consideration of Doppler effects. Since the wind tunnet technique does
not include Doppler eflects, this added calculation was necessary for later analysis.
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3.0 TEST HARDWARE

The model scale acoustic test hardware that was fabricated and used in this program is
described in the table below. The multitube nozzles are identified as to the number of tubes;
area ratio (AR): tube distribution, i.e., close-packed array (CPA) or radial array (RA); and
tube description, i.e., round tubes (RT) or elliptical tubes (ET); with round convergent ends
(RC) or nonconvergent ends (NC). The hardwall ¢jectors used in the program are identified
in the following table by area ratio. All of the ejectors used had flight type inlets, Schematic
drawings and phiotographs of the test hardware are presented in figures 19 through 37.

TEST HARDWARE
NOZZLE DESCRIPTION
4.16-in. RC 4.16-in. round convergent reference nozzle
6-i11. RC 6-in. round convergent refercnce nozzle
37T-é,3 AR-CPA-RT/RC 37 Tubes, 3.3 Area Ratio, Close-Packed Array,

Round Tubes with Round Convergent Ends

7T-3.3 AR-CPA-ET/RC 7 Tubes, 3.3 Area Ratio, Close-Packed Array,
Elliptical Tubes with Round Convergent Ends

19T-3.3 AR-CPA-ET/RC 19 Tubes, 3.3 Area Ratio, Close-Packed Array,
Elliptical Tubes with Round Convergent Ends

37T-3.3 AR-CPA-ET/RC 37 Tubes, 3.3 Area Ratio, Close-Packed Array
Elliptical Tubes with Round Convergent Ends

s

61T-3.3 AR-CPA-ET/RC 61 Tubes, 3.3 Area Ratio, Close-Packed Array,
. Elliptical Tubes with Round Convergent Ends

37T-2.75 AR-CPA-ET/RC 37 Tubes, 2.75 Area Ratio, Close-Packed Array,
Elliptical Tubes with Round Convergent Ends

37T-4.5 AR-CPA-ET/RC 37 Tubes, 4.5 Area Ratio, Close-Packed Array,
Elliptical Tubes with Round Convergent Ends

37T-6.0 AR-CPA-ET/RC 37 Tubes, 6.0 Area Ratio, Close-Packed Array,
Elliptical Tubes with Round Convergent Ends

37T-3.3 AR-RA-RT/NC 37 Tubes, 3.3 Area Ratio, Radial Arrangement,
Round Tubes with Nonconvergent Ends

37T4.5 AR-RA-ET/RC 37 Tubes, 4.5 Area Ratio, Radial Arrangement,
Elliptical Tubes with Round Convergent Ends
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NOZZLE

31T-2.75 AR-RA-ET/RC

42T/Annulus-3.3 AR-CPA-ET/RC

61T-3.1 AR-CPA-RT/NC

61T(Canted)-3.1 AR-CPA-RT/NC

85T-2.1 AR-CPA-RT/NC

EJECTOR
2.5 AR
3.1 AR
3.7 AR

3.7 AR

TEST HARDWARE (Cont.)
DESCRIPTION

31 Tubes, 2.75 Area Ratio, Radial Arrangement,
Elliptical Tubes with Round Convergent Ends

42 Tubes with Annulus and Plug, 3.3 Area Ratio,
Close-Packed Array, Elliptical Tubes with Round
Convergent Ends, Variable Annulus Width

61 Tubes, 3.1 Area Ratio, Close-Packed Array,
Round Tubes with Nonconvergent Ends

61 Tubes with the Outer Row of 24 Tubes Canted
Outwards, 3.1 Area Ratio, Close-Packed Array,

Round Tubes with Nonconvergent Ends

85 Tubes, 3.1 Area Ratio, Close-Packed Array,
Round Tubes with Nonconvergent Ends

Cylinderical Ejector, 6.57-in.-diameter, 4.16-in.-lorg
Cylinderical Ejector, 7.31-in.-diameter, 4.16-in.-long
Cylinderical Ejector, 7.98-in.-diameter, 4.16-in. long

Cylinderical Ejector, 7.98-in.-diameter, 24-in. lora



4.0 JET NOISE RESULTS

4.1 JET NOISE POWER CHARACTERISTICS
OF REGULAR MULTITUBE NOZZLES

Understanding the acoustic power characteristics of jet exhaust nozzles helps in the formu-
lation of the noise generating inechanisms involved, as well as providing information useful
in normalizing the acoustic results. Since this program’s objectives are to study supersonic jet
noise suppression, data were acquired only over the supersonic jet velocity range. Many geo-
metric parameters of multitube nozzles were investigated, but the only significant variables
for regular or close-packed arrays (CPA) were found to be tube number and nozzle-array area
ratio. Variables having second ordercltects on suppression will be discussed later in the report.

The total jet noise power levels as a function of the number of tubes are shown in figure 38
for 4 nominal nozzle area ratio of 3.3. The noise power level generally decreases with increas-
ing tube number. The noise power suppression attained relative to a R/C nozzle is shown in
figure 39. The noise suppression varies from about 4.5 to 6.5 dB for the 7-tube nozzle up to
7.5 to 11 dB for the 61-tube nozzle.

The total jet noise power levels as a function of nominal nozzle area ratio for 37-tube nozzles
are shown in figure 40. Areu ratio appears to have an impacton only the higher pressure ratio
(velocity) results. The noise power suppression attained relative to a R/C nozzle is shown in
figure 41. For the high-temperature jets the noise suppression does not appear to have a simple
relationship with nozzle pressure ratio. For the smaller AR nozzles the low pressure ratios
show highest suppression, while at the largest area ratio, the high pressure ratios tend to
give the best suppression, reaching about 11 dB.

The jet noise power levels normalized by the commonly used function of -10 log pzA and
plotted against ideal jet velocity are shown in figures 42 and 43 as a function of tube numn-
ber and nozzle area ratio respectively. The apparent discrepancies in test data “~r overla pping
velocity points going from one jet temperature to the next indicates that more complex
noise-generating mechanisms are present in supersonic jets than just jet turbulence. Conse-
quently in the following sections, the acoustic power analysis is conducted by identifying
and isolating the various noise-source mechanisms to give a better insight into supersonic
jet noise suppression.

4.1.1 MULTITUBE-NOZZLE NOISE SQURCES

Figure 44 is a schematic of a typical multitube jet. This sketch should be referred to in

the following discussion. Five sources of noise were considered to dominate the multitube-
nozzle composite noise spectrum: i

(1) Jet premerging (and merging) turbulence noise.

(2) Jet postmerging turbulence noise.

(3) Spiral-mode flow-instability noise.

13
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(4) Shock noise.
(5) Burner core noise.

The effect of each noise source on the power spectrum is illustrated in figure 45 lor the
7-tube, 3.3 AR nozzle. Premerged jet turbulence generates hroadband noise wlisch results
in the high frequency peak of the typical double-peak multiclement noise spectrum. The
postmerged jet turbulence generates broadband noise composing the low frequency peak ol
the spectrum. Shock noise is a tone component that tends to oceur only at near ambient
total temperatures. Sometimes a second harmonic of shock noise is apparent. Spiral-mode
flow-instability noise (ref. 10) alfec's a relatively narrow band ol frequencies, noticeable at
low values of total temperature. The facility’s burner core noise is composed of tones and
broadband noise affecting the lower Irequency portion of the speetrum, especially at low
jet velocities. Burner core-noise interlerence was reduced significantly during the latter part
of this test program by modifying the HNTF burner.

4.1.1.1 Premerged Jet Turbulence Noise

The premerging jet noise tends to be the most annoying source of multitube-nozzle noise
when the nozzle pressure ratio is less than 3.0. For SST noise suppression systems, premerg-
ing jet noise is particularly troublesome at cutback over the community after sulficient
altitude has been gained during takeofT, The premerged jet generates high frequency noise
in a region extending from the nozzle exit plane to where the elemental jets coalesce.

The dimensions ol this region are such that an acoustically absorbent, lined shroud of
practical size can be installed around the jet premerging region thus reducing this souree of

noise. The effect of unlined ejectors will be discussed in section 4.1.2 of his document.

The premerged jet noise, adjusted by removing that contributed by spiral-mode flow-instabil-

ity and shocks, is assumed to be primarily turbulence noise generated in the mixing regions of

the elemental jets. Premerged jet turbulence noise contributes to the high Trequency peak of
the jet noise spectrum.

Supersonic flow adds to the complexity of determining the premerged jet noise characteris-
tics of multitube suppressor nozzles. When the jet Mach number is increased, the fully ex-
panded area of cach elemental jet increascs, thus decreasing the flow area ratio, since the
array’s base area is relatively unchanged. This results in a shortened, premerged jet region

as the nozzle pressure ratio is increased. Also, the potential (and supersonic) core dimension
lengthens as Mach number increases, which may lead to core penetration of the jet merging
region Tor small area ratio arrays. Most of the turbulence noise is generated near the end of
the core, and a significant range in turbulence-noise generation may be expected for small
AR nozzles.

The jet flow area ratio in this study is related to the fully expanded jet area, e.g., ARg(A*/A).

This provides correlation of acoustic data with area ratio which is in turn a function of

pressure ratio, Figure 46 shows the range of flow area ratios for each nozzle in this parametrie

study over the range of pressure ratios from 2.0 to 4.0.
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The premerged jet turbulence noise power levels with the components of shock and spiral-
mode flow- instability noise removed are shown in figures 47 and 48. The power levels are
shown 45 a function of jet velocity and have been normalized by 10 log (o + p)“A. The
density term is proportional to the mean density of the jet mixing region, which has been
shown to be 4 useful retationship in expressing multitube-nozzle noise values (ref. 1). The
normalized premerged jet turbulence noise power levels tend to show a roll-off for some
configurations at the higher jet velocities. This is believed to be primarily due to the decrease
in flow arca ratio, with the potential cores of the elemental jets penetrating into the post-
merged jet region. Premerged jet turbulence noise power level for 37-tube nozzles, as a
function of flow area ratio, show noise level increases because the premerged jet region
lengthens. Increasing the tube number (i.e., decreasing the tube size) lowers the premerged
jet turbulence-noise power fevel. The amount of noise reduction increases with jet velocity.

The premerged jet turbulence noise is expected to have a spectrum peak frequency related
to the Strouhal number, fd/V. The dimension d is proportional to the diameter of a
fully-cxpanded elemental jet in a multitube-nozzle array. The peak frequency of the pre-
merging jet noise was obtained from the measured power spectra for the various multitube
nozzles tested. Those spectra which were badly distorted by the effects of postmerging,
shock, or spiral-mode flow-instability components were rejected in this analysis.

Figure 49 shows the Strouhal numbers (SN) calculated from the available data using the
fully-expanded elemental jet diameter cl(A/A*)O'S: The multitube nozzle premerged noise
peak frequency correlates with a simple jet (4.1-in. RC), but there is a significant scatter of
vatues. This scatter is partly related to gas total temperature and partly to number of tubes
in the nozzle array. Modifying the SN empirically by (TT/TO)O'S to account for temperature
effects and by 0.0043N- to account for tube number effects, the data can be made to
normalize to a value of 0.6 as shown in figure 50. Hence the premerged jet noise peak-
frequency can be approximated by:

(0.6 - 0.0043NIV) 1y,

05, Tp 09
ahe) ()

f= (1)

The total temperature effect on premerged jet noise peak frequency is not too surprising;
Bushell (ref. 11) has shown that a theoretical argument exists for applying (TT/TO)O-26 to
the basic Strouhal number for simple, subsonic jets.

The reason for premerged jet noise peak frequency to be dependent on the number of tubces
in the array is not so obvious. Flow profile measurements show that the axis of the outer row
of elemental jets in a multitube array bend towards the center of the array, tending to merge
with the second row of elemental jets. This bending of the flow axis could be attributed to
crossflow created by the demand for secondary flow by the mixing process of elemental jets
within the array. As the number of tubes in an array increases, the demand for secondary
flow increases, also resulting in further bending of the outer row of jets. When the outer and
second row of jets merge, a larger diameter jet is created which will shift the premerged jet
noise peak frequency to a lower frequency.

15
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Another reason that has been offered is the probable transfer of momentum from the outer
jets to the inner jets, indicated by the shorter core lengths for the outermost rows of jets.
The secondary crossflow reduces the degree of turbulence in the outer-row jets with an
accompanying lowering of premerged jet noise peak frequency. The transier of momentum
to the inner jets would raise their turbulence levels, but this effect is masked by the shielding
properties of the outermost row of jets. Figure S1 shows the individual fiow axes and
lengths of the respective supersonic core regions measured with the 61-tube, 3.3 AR nozzle
(PR = 3.0 and Ty = 1000°F). The bending of the outermost jet is apparent as well as the
shorter core lengths.

After comparing all of the multitube nozzle, premerged jet noise spectra acquired in this
prograni, a general spectrum shape for this source of noise is proposed in figure 52. The
very high frequency end of the proposed spectrum is affected by uncertainties present in
the model scale data due to ultrasonic sound propagation loss and microphone calibration
corrections. In general, however, the proposed spectrum shape is very similar to that of a
simple jet.

4.1.1.2 Postmerged Jet Turbulence Noise

The postmerged jet turbulence noise has been particularly troublesomne when considering
suppressor nozzle systems for SST application. The high nozzle pressure ratios, e.g.,

PR 2 3.0, necessary for takeoff will usually result in the postmerged jet noise being the
prime source of noise. The postmerged jet is a considerable distance downstream of the
nozzle exit plane, so that a practical length lined cjector can not absorb this noisc.

The postmerged jet exhibits flow properties very similar to the simple jet. The elemental

jets mix with secondary flow and merge together some distance downstream. A large diameter
core is formed with well defined boundaries as shown in figure 53 for the 61-tube, 3.3 AR
nozzle. With nozzle PR of 3.0 and total temperature of lOOOOF(VJ = 2191 ft/sec) the post-
merged jet core conditions as measured were PR = 1.6 and T = 675°F which is equiva-
lent to a jet velocity of 1315 ft/sec. The diameier of the postinerged jet core is very nearly
equal to the diameter of the multitube nozzle.

The effective diameter of the postmerged jet core is a necessary parameter needed to predict
noise level and the postmerged noise frequency spectrum. Noise level is proportional to the
jet diameter squared while the frequency spectrum is related to the Strouhal number, fD/V.

The diameter of the postmerged jet core was determined by measuring the distance at the
O.S(TJ + Tg) points from the temperature profiles taken with the various multitube (CPA)
nozzles. It was fourd that for all practical purposes the postmerged jet core diameter can be
assumed to be equal to the multitube-nozzle array flow diameter at the exit plane.

The postinerged jet noise power levels, derived from the low frequency peak of the noise
spectra, for the various multitube nozzles are shown in figures 54 and 55 for variations in
area ratio and tube number respectively. It can be seen that the area ratio is the major
parameter affecting postmerged noise levels, with the noise decreasing with increasing
area ratio.
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The postmerged jet noise power levels can be normalized by (-10 log pCZAC) ifpc and A,

are taken to represent the conditions of density and flow area in the postmerged jet region.
Good correlation between multitube-nozzle postmerged jet power levels and simple R/C
nozzle noise is shown in figure 56. Measured values of postmerged jet density and area for
the various nozzles were used in the normalizing procedure. Figure 56 also shows good agree-
ment between the test data and predicted “clean jet” power levels for velocities above about
1500 ft/sec. For lower jet velocities, test facility core noise is thought to affect the sound
power levels.

H. Lu (ref. 11) has developed a numerical technique for calculating the static temperature
and velocity profiles as a function of axial location in a simple round jet. The calculations
are based on the initial nozzle exit conditions in the jet. As a simple jet mixes with the at-
mosphere the cross-sectional area increases. The ratio ol the cross-sectional area, at same
axial distance, to the fully-expanded jet area provides an area ratio term. It has been found
that there is good agreement between the predicted average gas conditions in a simple jet
and the measured gas conditions in a multitube-nozzle, postmerged jet as a function of area
ratio as shown in figure 57. Hence it can be concluded that the gas conditions in the post-
merged jet core can be predicted from round jet mixing theory by calculating the average
conditions in a simple jet at the appropriate axial location (area ratio).

It is commonly accepted that for subsonic jets, the 1/5-0¢tave-band noise spectrum peaks

at a Strouhal number of approximately 0.22. It can be seen in figure 58 that the postmerged
noise from muititube nozzles also peaks at about the same Strouhal number except for flow
arca ratios above 4.0. The apparent increase in Strouhal number for large AR nozzles may be
due to the interference from premerged jet noise in the test data because the postmerged

jet noise levels are lower and are approaching premerged noise levels in that part of the
spectrum. It is therefore concluded that for multitube nozzles of AR < 4.0, a normalized
spectrum shape (fig. 59) can be used to describe the postmerged jet noise spectrum. The
proposed spectrum shape also approximates that from a simpls R/C nozzle.

4.1.1.3 Spiral-Mode Flow-Instability Noise

A component of supersonic jet noise has been tentatively identified as spiral-mode flow-
instability source radiation. This noise source is apparent in R/C nozzle spectra as well as in
multitube suppressor nozzle noise spectra,

The mechanism for spiral-mode flow-instability, according to C. K. Tam (ref. 10), is the
selective amplification of flow disturbances by shock cells in the jet which results in large
scale flow instabilities downstream. These large scale flow instabilities are believed respon-
sible for transferring jet kinetic energy into noise radiation. Tam predicted the existence of
two dominant noise-source frequencies is a result of spiral-mode flow-instability, but from
the results acquired in this program, only the high frequency mode has been detected.

Multitube-nozzle test data indicates that spiral-mode flow-instability is the dominant noise
source for PR 2 2.5 in cold jets. High jet velocity associated with hot iet conditions results
in jet premerging turbulence levels dominating over the spiral-mode noise.




The peak spiral-mode frequency found in the measured spectra agrees with Tam’s theoretical
predictions as shown in figures 60 and 61, It has been found that the higher order terms of
Tam’'s equation can be neglected without Joss of accuracy using the following equation.

12024, (M) + 1\ 05 vy !
f = i 1.436 - 0.361—— (2)
T( My - I/ d

a5 18 the speed of sound in air
d is the fully expanded flow diameter ot an elemental jet

The spirai-mode flow-instability noise apparent in the power spectra is especially noticeable
N noise spectra recorded at 90° retative to the nozzle inlet axis (figs. 62 and 63). As tube
number increases the spiral-mode tow-instability nojse power decreases (fig. 64). Nozzle areg
ratio has little effect on spiral-mode noise levels. At nozzle pressure ratios less than 2.5

(MJ < 1.22) the evidence of spiral-mode noise was difficult to detect. When the spiral-mode
frequency agrees with the 2nd harmonic ol the shock noise frequency, 3- to 5-dB lrigher
power levels resulted. An estimate of the spiral-mode noise spectrum and beam pattern has
been made using the test data and is shown in figure 65.

4.1.1.4 Shock Noise

Shock or screech tones were present in the baseline R/C nozzle lest spectra at supersonic jet
velocities. For cold and low tenmiperature jets, shock noise was also detected in the multitube
nozzle spectra. The multitube nozzles, however, showed no tendency to radiate shock noise
under hot flow conditions, When the spiral-mode flow-instability noise frequency coincided
with the shock noise or its harmonics there was signilicant amplification of both noise
components. The following empirical equation has heen derived from test data to predict
the fundamental screech-tone frequency in the jet noise spectra,

a

S 0 for PR> 1.89
fp = J (3)
M K arR - 18905

wliere a5 = speed of sound
d = fully expanded jet diameter from cach tube or nozzle
PR = nozzle pressure ratio
K constant

1.57 for R/C nozzle

2.74 for multitnbe nozzles

"

[}
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4.1.1.5 Test Facility Burner Core Noise

Model scale test facilities, such as the HNTF, that employ burners to raise jet temperature
have traditionally shown high background noise levels, The background noise is associated
with the burners and other upstream perturbances in the test rig. The burner core noise
contains both tenes and broadband comporents that mainly affect the Jow frequency
portion of the noise spectrum. This unwanted noise is not well understood and can interfere

18

top



with the normal jet noise analysis. 1t can, he wever, lend a degree of realism to the analysis,
because simifar burner core noise components have been detected radiating from the nozzles
of full scale engines.

In a continuing effort to impros e test facilities The Boeing Company has modified the
burner designs to reduce this internal noise source. Progressively during this program, the
test tacility's burner noise wis reduced to the level where it could no longer be detected

in the jet noise specira. Concequentty care had to be taken with the carly test data, because
it contained burner core noise, A very interesting sidelight to the facility’s burner noise
probfem was the discovery that the multitube nozzles appeared to suppress this noise com-
ponent when compared to the baseline R/C nozzle. Noise reductions of 5 to 10 dB were
observed in the fow frequency parts of the spectrum. This phenoniena of burner core

noise reduction with the multitube nozzfes is attributed mainly to the change in cross-
sectional arca (change in impedance) in the duct upstream of the nozzle, causing some of
the acoustic energy to be reflected back into the duct. This results in an acoustic transmission
loss which can be expressed as:

AdB = 10 log S 7o (4)

for wave lengths ( A ) > duct diameter (D)
where Ay = duct area
A4 = nozzie area

In the case of the multitube-nozzle tests, A]/Az = 9,75 so that a noise reduction of the
order of 4.7 dB could be expected.

In the case of full scale engines, the arca ratio between the duct and nozzle would be much
smaller, say on the order of 3.0, in which case the expected noise reduction would be about
1.2 dB.

4.1.1.6 Composite Jet Noise

Supersonic jet noise characteristics as shown in the previous sections can be difficult to
analyze due to the many noise-source mechanisms present. To summarize the above dis-
cussions two typical examples of the relative noise power levels of the supersonic jet noise
components are shown in figures 66 and 67 for a 37-tube nozzle. For ambient jet tempera-
tures in figure 66 spiral-mode flow-instability noise component dominates the total power
level. For high temperature jets, however, in figure 67 the jet turbulence noise dominates
and the spiral-mode noise can be neglected.
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4. 1.2 MULTITUBE NOZZLES WITH HARDWALL EJECTORS 3

I typical SST applications, engine nacelles have a variable area secondary exhaust nozzle
which is required to optimize nozzle performance during the total Might envelope, i.c.,
tukeoft, transonic acceleration and supersonic cruise. During the takeoff phase, this second-
ary nozzle acts like an ¢jector relative to the primary flow nozzle. For jet noise suppressor
installations this secondary nozzle or ejector is a very convenient adjunct. A properly sized
ejector with respect to the multitube nozzle can improve noise suppression. Secondly, the
ejector provides a means of supporting acoustically absorbent materials that will further
attenuate jet exhaunst noise,

A number of multitube nozzle/ejector configurations have been tested in the past (refs. |,
2and 5). Acoustically lined cjectors have suppressed premerged jet noise by as much as
12 dB. Loose fitting hardwall ¢jectors have shown little effect on suppressor nozzle
radiated noise.

When the ratio of the ejector diameter to the nozzle array diameter approached unity, noise

suppression of 1 to 2 PNAB was possibfe with 4 tighl-fitting hardwall ejector (ref. 1). Noise

generated by multielement jets surrounded by a hardwall ejector apparently propagated

downstream beyond the ejector exit and into the lar-field unaffected. When the ejector

fits tightly around the jet efflux, the velocity of sccondary flow between the clemental jets

and ejector wall increases, providing some suppression of premerged jet noise seemingly due

to the relative velocity effect. Similar results have been obtained in this test program. In 1
addition it was noted that a hardwall cjector can provide substantial reduction of postimerged

jet noise as well as higher amounts of suppression of premerged jet noise.

The 37-tube, 2.75 AR nozzle was tested with three hardwall ejectors with area ratios of 2.6,

3.1 and 3.7. The noise power spectra for cach configuration are shown in figures 68 through 1
70 for nozzle pressure ratios of 2.G. 3.0 and 4.0, where L B I150°F. The smallest ejector

in all cases results in the Jowest premerged noise levels (high frequencies). The best results

were attained at the lowest pressure ratio. At PR = 4.0 the effect of the ejector on jet

radiated noise was considerably diminished. This may be due to lengthening of the elemental

jets potential and supersonic cores at higher Mach numbers resulting in the premerged jets

extending beyond the ejector exit.

The jet noise power suppression achicved by the three ejector configurations is shown in

figure 71 for PR = 2.0. The smaller ejectors achieved 0,to 3.0 dB suppression of postmerged

jetnoise. This was considered unusual since the postmerged jet region is beyond the ejector

exit. As discussed in section 4.6.7, jet velocity profiles taken at the ejector exit indicate that :
the kinetic energy of the mullitube-nozzle postmerged jet is reduced when an ejector is Y
installed. One may conclude that an ejector promotes better mixing of the premerged jet

region to result in the lower postmerged jet velocity.

Suppression ol premerged jet noise by the 2.6 AR ejector was unexpectedly high, e.g., 6.7

dB at 10 kHz. This amount of suppression is substantially greater than would be expected ’ b ]
from the relative velocity effect. A possible explanation of these high values of suppression

is shown schematically in figure 72. The region of high turbulence in the outer row of jets is

situated in a relatively localized part of the jet mixing region. Since noise generation is
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associated with jet turbulence, one may assume that the prime noise sources are being
convected downstream in the jel mixing region where maximum shear exists. The frequency
of the sound sources is a function of the width of the jet mixing region according to the
Strouhal number relationship. This means that specific frequencies radiated by turbulence
will emanate predominantly from localized parts of the jet mixing region. If this condition
cxists it is possible that the radiation elficiency of the noise sources can be affected by
reflections from the ejector wall by effectively short circuiting the load impedance. The

fact that the 2.6 AR egjector’s maximum suppression of the premerged jet noise coincided
with the premerged noise peak Frequency was as a result of a fortuitous choice of the
cjector dimensions.

Varying phase relationships are expected to exist between different source frequencies and
their reflected signals so that a series ol maxima and minima should be apparent in the
cjiector’s premerged jet noise-suppression spectra. A series of maxima and minima can be
observed in the noise suppression spectra in figure 71 and the peaks and valleys can be
related as multiples ol A /4 as shown.

There is not sufficient data available at this time to either confirm this or suggest some other
hypothesis ol noise suppression by hardwall ¢jectors. More work should certainty be con-
ducted in this area since the test data shown in Fgure 71 demonstrates the existence of some
hitherto unrecognized suppression mechanism which may be used to enhance jet noise
suppression for nozzle/cjector conligurations.

Figures 73, 74 and 75 summarize the postmerged and premerged jet noise power levels for
31-, 37- and 61-tube no:zles with ejectors. As suggested above, the premerged noise power
is reduced by a combination of relative velocity effects and wall reflection effects inside the
ejectors while the postmerged jet noise is reduced by a small amount, presumably due to
improved mixing within the ¢jector, resulting in lower kinetic energy in the postmerged jet.
All of the combinations of nozzles and ejectors show substantially the same trends.

4.2 JET NOISE DIRECTIVITY CHARACTERISTICS
OF REGULAR MULTITUBE NOZZLES

The directivity of radiated jet noise is an important consideration when evaluating jet noise-
suppressor characteristics. Noise power analysis, as discussed in section 4.1, provides informa-
tion about noise generation and overall noise levels, but fails to account for noise radiation
paths or beaming efTects. In jet noise suppressor analysis, jet noise directivity effects relative
to a given obscrver (e.g., under the Hight path or on a sideline 'rom the flight path) are very
important. This happens as a result of varying sound propagation losses with varying dis-
tances between the jet noise source and the Tar-Ticld observer.

The single R/C nozzle has a simple directivity pattern because it is usually dominated by
only one noise generating mechanisn, jet turbulence. The OASPL directivity characteristics
of multitube-nozzle jet noisc is the result of several noise generating mechanisms, and con-
sequently, it is best to analyse cach noise component separately. The noise power signature
of the multitube-nozzle noise components has been shown to possess many of the character-
istics of a R/C nozzle. In this section of the report the noise directivity characteristics of
multitube-nozzle jet noise suppressors will be compared against the R/C nozzle.
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4.2.1 ROUND CONVERGFNT NOZZLE

The far-field jet noise beam patterns radiated by the R/C nozzle efflux are shown in figure
76 for a nozzle pressure ratio ol 2.0 and total temperatures of 60°F, 500°F and 1150°F
respectively. The beam patterns are of 1/3-octave bands at intervals of one octave through-
out the noise spectrum. It is generally accepted that maximum noise generation occurs in
the jet mixing region near the end of the potential core. The mean frequency of noise
radiated near the potential core tip is related to the Strouhal number, fd/V = 0.22. Lower
frequencies are radiated largely from the fully-turbulent region beyond the potential core.
Higher frequencies are considered to be radiated from the jet mixing region upstream of
the potential core tip. The data shown in figure 76, being recorded at a constant nozzle
pressure ratio, has dual variables of jet temperature and velocity. For the supersonic jet
velocities, the high frequency data is hard to mterpret with both temperature and velocity
varying.

The lower frequencies, however, being generated in the subsonic regions of the jet, show the
typical trends of peaking progressively further away from the jet axis with increasing veloc-
ity and temperature. In figure 77 the jet temperature was kept constant showing a compar-
ison of directivity effects as a function of jet velocity alone. Again the typical trends of a
conical jet are shown where lower frequencies peak closer to the jet axis than higher frequen-
cies and where an increase in velocity refracts the noise away Irom the jet axis. Evidence of
spiral-mode flow-instability noise is indicated by a secondary peak in the 4000 Hz band at
90° for the Vj = 2545-ft/sec case in figure 77.

Figures 78 and 79 shiow the noise directivity at the peak frequency for the R/C nozzie, i.c.,

0.22 = {d/V. The ambient temperature jet peaks at an angle of 150° which is nearer the jet
axis than a hot jet. At 1150°F, jet noise peaks at 1400 to the nozzle inlet axis. An increase

in pressure ratio fromi 2.0 to 4.0 tends to canse a change in directivity away from the

jet axis.

4.2.2 MULTITUBE NOZZLES

The far-field jet noise beam patterns radiated by a multitube nozzle exhaust are shown in
figure 80 for nozzle pressure ratios of 2.0 and 4.0 at a jet temperature of 1150°F, The bean
patterns are of 1/3-octave bands at intervals of one octave across the spectrum. The multi-
tube nozzle jet noise spectra are composed of a number of noise components as discussed
carlier; therefore, the beam patterns will be analyzed broadly in terms of premerged and
postmerged jet noise characteristics. In figure 80 the frequency bands up to 2000 Hz could be
considered to be representative of the postmerged jet noise component and the frequencies
above 2000 Hz representative ol the premerged jet noise component. It can be seen that the
postmerged noise tends to be more directive, peaking at angles close to the jet axis, especially
for the high pressure ratios. The premerged noise peaks at angles away from the jet axis, but
the beam patterns are quite at or omnidirectional. The trends are somewhat similar to those
shown for the R/C nozzle in figure 77.
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The postmerged jet peak-noise directivity of multitube nozzles of 3.3 AR are shown in
ligures 81 and 82 for PR = 2.0 and 4.0 at T = 1150°F. The test data from nozzles with
tube numbers varying from 7 to 61 collapses within a bandwidth shown. At nozzle PR = 2.0
the postmerged noise appears to peak between 1509 and 1559, For higher jet velocities

(PR = 4.0) the postmerged noise is refracted away from the Jet axis and peuaks at angles
between 1309 and 1509, In Tigures 81 and 82 the R/C nozzle's beam patterns are shown
for comparison and it can be seen that at the higher pressure ratios (c.g., 4.0) the multitube-
nezzle postinerged noise has a very similar characteristic. At the lower pressure ratios the
premerged noise in the total spectrum is relatively liigh compared to the postmerged jet
noise and is harder to separate out in component lorm, so that the postmerged noise beam
pattern between 909 and 13009 is probably alfected by the premerged noise component.

Area ratio has a more pronounced cffect on postmerged jet noise directivity than does the
tube number, as shown in figures 83 and 84 versus 8 | and 82. At PR =2.0und Tr=1 1509F
the postmerged jet peak frequency directivity is relatively broad with the maximum

at 130° - 140° for the larger AR nozzles (lig. 83). As the area ratio becomes smaller the
postmerged jet noise beam pattern narrows considerably with the maximum occurring at
1500 It should be kept in mind that the amount of postmerged jet noise generated by a
large AR nozzle is much less than that produced by a small AR nozzle. The premerged jet
peak noise directivity for the same nozzles and gas conditions are shown in ligures 85 and
86. Again the test data for varying tube number as well as nozzle area ratio collapses within
a bandwidth shown. The directivity of premerged jet noise in all cases is braoder than the
postmerged or R/C nozzle jet noise. In other words the R/C nozzle’s beam pattern can not
be ussed to approximate the premerged jet noise dircctivity. There is only a slight change in
the peak angle with a change in nozzle pressure ratio.

The effect of spiral-mode flow-instability noise on premerged jet noise ¢an be seen in
ligure 87. The spiral-mode noise as explained in section 4.1.1.3 is quite directive and peaks
at 90° to the jet axis. The beam pattern between 1209 and 1559 is not pure spiral-mode
flow-instability noise, but is a combination with premerged jet turbulence noise,

The jet turbulence noise directivity characteristics for multitube nozzles with a nominal
AR of 3.3 are summarized in figures 88 through 91. For a PR = 2.0 the postmerged jet
turbulence noise directivity lor Tt = 60°F, S00°F and 1150°F is shown in figure 88,
The cooljet noise peaks nearer to the jet axis than do the hot jets, except the S00°F-jet
appears to peak further away from the jet axis than does the 1150°F-jet, i.c., 140° versus
150°. The reason for this is not understood. It is possible that an adverse temperature profile
from the burner was affecting directivity; however, no measured data is available to substan-
tiate this hypothesis. An estimate of mean postmerged jet noise beam patterns is shown in
figure 88. The dashed portions ol the beam patterns are predictions assuming that interfer-
ence from premerged jet turbulence, spiral-mode flow-instability, and burner core noise
were absent.

At PR = 4.0 the postmerged jet noise is considerably more directive at 60°F < Tt <1150°F
than at lower pressure ratios, ¢.g., PR = 2.0. This is shown by figures 88 and 89. The higher-

temperature jet noise peaks further away from the jet axis than does the low-temperature
jetat PR =4.0.
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The premerged jet turbulence noise becomes more directive when the pressure ratio is
increased from 2.0 to 4.0 (figs. 90 and 91). The high levels between 909 and 120° in
figure 91 are due to spiral-mode flow-instability interference.

The postmerged jet turbulence noise has been shown to have beam pattern and noise power
characteristics similar to a simple jet. [t appears that existing simple jet noise prediction
methods can be adapted to predict multitube-nozzle postmerged-jet turbulence noise, how-
ever subtle inlTuences such as the temperature prolile in the postmerged jet core should be
considered. The premerged jet noise characteristics of multitube nozzles is not so directly
related to a simple jet and further investigations are warranted to Tully understand the effects
of tube spacing, total temperature, pressure ratio, relative tube sizing, etc., on this source of
jet noise.

4.2.3 MULTITUBE NOZZLES WITH HARDWALL EJECTORS

The effect ol a hardwall ejector on multitube-nozzle jet noise has been shown in a previes
section ol this report to introduce a relative velocity effect and changes in neise-source
efficiency due to rellections ofT the ejector wall. These mechanisms largely affect pre-
merged (high frequency) noise; however, the presence ol the ejector seems to promotc jet
mixing thus reducing postmerged jet noise levels also. By examining jet noise beam patterns
one can see the hardwall cjector has & decided alfect on noise directivity, especially at lower
nozzle pressure ratios.

Figure 92 shows 1/3-octive-band beam patterns measured with the 31-tube, 2.75 AR nozzle
with and without hardwall ¢jectors installed, i.e., 2.6 AR, 3.1 AR, and 3.7 AR sized gjectors,
for PR = 2.0 and Tp=1 150°F. All three ejectors were of the same length, i.c., 2 D long.

It is apparent that the directivity ot the premerged jet noise is affected significantly with
reductions in noise noticeable at angles greater than 1109, re: nozzle inlet axis. Similar

effects on jet noise directivity have been observed in previous programs (ref 5). An explanation
for this directivity ellect of hardwall ejectors has been proposed in reference S, which suggests
that noise reflected from the ejector walls arrives at the exit and is then refracted away from
the jet axis as it propagates through the velocity gradients existing beyond the cjector exit
plane. The shorter wavelengths common to the higher frequencies are affected more by
refraction resulting in less noise radiated near the jet axis. This effect is especially apparent
with a tight-fitting cjector, e.g., 2.6 AR cjector. A schematic of the noise-relraction process
with a tight-fitting ¢jector is illustrated in ligure 93.

As the ejector AR is increased in figure 92, it can be scen that the refractive effect on the high
frequencies is reduced. This is most likely due to the reduced velocity gradients across the
ejector exit of the looser ejectors. Al three ejectors shown had a negligible effect on the
postmerged jet noise directivity.

The hardwall ejectors had a considerably different affect on multitube-nozzle radiated jet noise
at higher pressure ratios (fig 94). The 2.6 AR e¢jector increased the premerged jet noisc power
level at PR = 4.0. Since the Tully expanded jet flow area increases as Mach number increases,

it is possible that the jet cfflux from the 3 l-tube nozzle was severely scrubbing the ejector
walls adding to the generation of high frequency noise. The larger AR ¢jectors, where ejector-
wall scrubbing should not be a problem still showed very little in the way of noise reduction or
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i directivity effects. Nagamatsu (ref. 13) had concluded that maximum noise from a supersonic
jet radiates from a region near the supersonic core tip. Noise-source location fests discussed in
secfion 4.6 confirm this hypothesis. Consequently it can be established that at PR = 4.0 the
peak noise sources for the above cjectors are downstream of the exit plane and in that case
the ejectors can not be expected to influence the jet noise characteristics to any extent. The
suppression that is :vident at the higher pressurc ratios may be due entirely to the effect of

i relative velocity or noise generation.

4.3 PERCEIVED NOISE CHARACTERISTICS OF REGULAR MULTITUBE NOZZLES

In the previous sections, jet noise generation and suppression mechanisms have been discussed
in physical terms. Human hearing, however, is more sensitive to some noise frequencies than
others. Kryter and his co-workers (ref 14) have set up a calculation procedure for perceived
noise level (PNL) in dB, also called PNdB which is supposed to take into account people’s
annoyance to certain noise qualities. Ratings in terms of PNL’s are widely used for aircraft
noise evaluation and are now an integral part of aircraft noise certification as per FAR 36
(ref 15). For high speed aircraft, jet noise is mainly a problem during the full power takcoff
phase of flight and for noise certification purposes. This translates to a sideline noise case, In
this scction the jet noise suppression characteristics are reexamined in light of the annoyance
weighted PNL scale, and also takes into account the changes in jet noise spectra due to
atmospheric absorption over long distances (i.c., sideline noise).

[ 4

The model scale suppressor nozzle data recorded on a SO-ft polar arc in the HNTF was
extrapolated to 2128-ft sideline and then converted to PNL’s as described in section 2.2.2.
In an attempt to generate realistic PNL values the following standard sct of aircraft/flight
parameters were used in the PNL computation program:

Number of engines: 4

Airplane altitude for max. noise 1000 ft

Engine attitude (angle of incidence + climb angle) 200

Ambient temperature: 779F

Relative humidity: 70%

Observer location: 2128-ft sideline
Scale factor: lto8

NV s -

The computed PNL values were derived from frec-field noise levels. Presented PNL values
include a +3 PNdB correction to represent nominal ground reflection interference adjustments.

4.3.1 ROUND CONVERGENT NOZZLE

A 4.16-in. diameter, R/C nozzle, equivalent to an unsuppressed jet engine nozzle of 6-sq ft
exit area (full scale), served as a reference to derive the values of PNdB suppression. Maximum
i perceived noise levels normalized by 10 log p“A are shown in figure 95 compared to a curve

predicted using the SAE procedure of reference 6.

The measured values are generally within £2 PNdB of the SAE prediction. The SAE predicted
PNL curve was used in this report to determine multitube-nozzle PNL suppression characteristics,

;Ei
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The /C nozzle PNL beam patterns are shown in figure 96 for a jet temperature of §1350°F.
The results are very similar to the polar SPL beam patterns shown in figures 78 and 79 except
that for the higher pressure ratios on a sideline basis, the maximum PNL occurs 10° further
away from the jet axis. Another interesting feature is the relatively rapid increase in noise
occurring at the 90° angle as the pressure ratio is increased. This increase appears to be
related to the spiral-mode flow-instability discussed in section 4.1.1.3.

4.3.2 MULTITUBE NOZZLES

It was qh(,wn in the previous section that peak PNL's from R/C nozzles can be normalized by

-10 log p- 2A. Perceived noise from multitube nozzles has to be treated in two parts. The post-
merged jet noise which lias physical properties similar to a simple jet will nornzalize by -10 log
p<A. Multitube-nozzle jet noise which is dominated by the premerged jet turbulence noise, on

the other hand normalizes with -10 log (p + Py )7A (ref. 1). Examples of normalized multitube-

nozzle peak PNL results are shown in figure 97 At pressure ratios greater than 3.0 postmerged
Jet noise dominates and PNL values normalize by subtracting 10 log p2A. For pressure ratios
less than 3.0, premerged jet noise dominates and PNL values normalize by subtracting 10 log
(p+ py)=A. The PNL normalization relationships are useful in making PNL predictions for a
given multitube-suppressor/nozzle configuration when engine size and gas conditions are
variables.

In order to evaluate sideline noise suppression of various multitube nozzles it is necessary to

analyze beam patterns as shown in figures 98 and 99, because the customary way of express-
ing PNL suppression is **peak-to-peak”. As can be seenin figures 98 and 99, the reference R/C
nozzle peaks at 130° to 1409, depending on jet velocity, while at the same time the various

multitube nozzles peak from 110° to 140° depending on whether premerged or postmerged
noise dominates the extrapolated jet noise spectrunt.

PNL suppression, over a range of nozzle area ratios, tube numbers and pressure ratios are
summarized in figure 100. At the lowest pressure ratio condition the smallest area ratio
shows the best PNL suppression. PNL suppression decreases from 10 to 8 PNAB as nozzle
AR varies from 2.75 to 6.0. When pressure ratio is increased to 4.0, the larger area ratios
show the best suppression. PNL suppression increases from 11 to 16 PNdB as arca ratio is
varied from 2.75 to 4.5 at PR =4.0. The jet postmerging noise tends to be dominant at
PR = 4.0, and multitube nozzles with greater spacing between tubes (greater area ratios)
generate lower noise levels. As area ratio increases beyond 4.5 the premerged jet shielding
advantage comnton to multitube nozzles becomes less evident and noise-suppression values
decrease.

In general the PNL suppression increases as the number of tubes increase. The 61-tube nozzle
provides approximately 5 PNdB more suppression than the 7-tube nozzle. The relatively
small differences in noise suppression between 7 and 61 tubes apparently is due to two factors.
The first reason is the larger tube diameter for the 7-tube nozzle. The premerged-jet noise
spectrum peaks at a lower frequency for the 7-tube noezle, because of the Strouhal number
relationship, causing that noise to be weighted in a region of Tower sensitivity to the human
ear. Secondly, the postmerged jet-noise levels for a given AR are not significantly different
whether the nozzle has 7 tubes or 61 tubes. This means the low-frequency portion of the
noise spectrum does not change appreciably with tube number.,
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4.3.2.1 Sideline Noise Suppression versus Static Thirust Loss

Static thrust loss characteristics of multitube nozzles are discussed in detail in volume 4 of
this report. To get the proper perspective on the relative importance of various suppressor
components on noise suppression and associated thirust losses it is neeessary to compare the
suppressor results as shown in figures 101 through 104. 1t must be remembered, however,
that these values of sideline noise suppression versus percent of static thrust loss are derived
from model-scale test configurations and their absolute values are very dependent on the
care and ability to Fabricate scaled test hardware. 1n some instances thrust performance gains
are made with increased hardware scale as will be shown in volume 10 in the discussion of
full-scale test results.

Several observations can be made from PNL su ppression versus the percent of thrust loss:
(1) variations in tub+ length affect thrust grossly, but has little effect on suppression; (2) the
noise-suppression tc - hirust-loss ratio improves as velocity (or pressure ratio) increases. An
exception to this is when jet postmerging noise dominates at very high pressure ratios; (3)

etter noise-suppression to thrust-loss ratios occur as the tube number decreases; however,
high levels of suppression are attained only by 4 large number of tubes.

At low pressure ratios, i.e., PR = 2.0 and T = 11509, representative of engine power-
cutback conditions the smaller AR multitube nozzles provide the highest noise-suppression
to thrust-loss values. At high pressure ratios, i.c., PR = 4.0 and ar=1 150°F, representative
of engine power takeoff conditions, the nozzles with an AR of 4.5 tended to provide the
best suppression to thrust-loss values.

The noise suppression/thrust loss characteristics for the 7-. 19-, 37-and 61-tube, AR 3.3
nozzles are summarized in figure 105. As pressure ratio increases from 2.0t0 4.0, the

61-tube nozzle reaches a noise suppression plateau of 13.5 PNdB while the 7-tube nozzle
appears capable of improving its suppression values at higher pressure ratios. This is partly
due to the slightly greater tube-spacing ratio common to the 7-tube, AR 3.3 nozzle which
provides relatively less jet postmerging noise. Greater tube-spacing ratios delay jet coalescence
and reduce the jet postmerging noise. Although the multitube-nozzle noise data shown in
ligure 105 came from nozzles with the same nozzle area ratios, the tube-spacing ratios between
tubes in the outer row in the peripheral direction varied as follows:

Nozzle Tube Spacing Ratio*
7 Tubes, 3.3 AR - CPA 1.717
19 Tubes, 3.3 AR - CPA 1.687
37 Tubes, 3.3 AR - CPA 1.667
61 Tubes, 3.3 AR - CPA 1.66

*Tube spacing ratio is defined here as the distance between tube centers divided by tube exit
diameter.
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433 MULTITUBE NOZZLES WITH HARDWALL EJECTORS

The general characteristics of suppressor nozzles
in sections 4.1.2 and 4.2.3. The extrapolated sid
fitting hardwall cjectors, because of msufficient 1
values. An cjector with too smalf an AR relative
accompanied by excessive noise suppression foss.
ejector resufts on the PNL scale is the more pron

with hardwall ejectors have been discussed

cline PNL’s show similar trends, e.g., loose-

ength, have fittle effect on suppression

to the nozzle can result in wall scrubbing
The major effect observed in the suppressor/

ounced directivities shown in figure 106. At

the lower nozzle pressure ratio (PR = 2.0) all of the gjectors bzam towards 110° and then as
the pressure ratio is increased, the beam pattern swings to 1309 at PR =4.0.

The actual sideline noise peak PNL reductions for this particular set of nozzle/ejector
combinations are shown as a function of jet vetocity in figure 107. The 2.6 AR ejector
expericnced excessive wall scrubbing rom the jet efflux for PR > 3.0 resulting in structural

vibrations and rapid loss in noise suppression wit

h velocity. The bare nozzle attained 13

PNdB suppression compared to approximately 16 PNdB with the best hardwall ejector.

4.3.3.1 Sideline Noise Suppression versus Static Thrust Loss

Static thrust loss characteristics of multitube nozzles with ejectors are discussed in detail in
volume 4 of this report. An example demonstrating the impact of ¢jector thrust performance
on acoustic evaluation of suppressor systems is shown in figure 108. Under static conditions,
most ejectors will augment the overalf thrust of an exhaust system. Compared to a bare

multitube nozzle, an ejector suppressor wift have
figure 108. The amount of thrust augmentation

a gain in the thrust coefficient as shown in
depends on many factors as discussed in

volume 4, hence the example shown should not be interpreted as being typical of all gjector
systems. A case in point is the sharp change in thrust performance between the AR 3.1 and
3.7 ¢jectors. The 3.7 AR ejector was not long enough to achieve fully-mixed exit conditions

and consequently suffered a degradation of both

thrust and acoustic performance. For the

example shown in figure 108, the best suppressor/¢ejector system showed a combired
performance of 16 PNdB for 1.5% thrust gain versus the bare multitube nozzle of 12.5 PNdB

for 1% thrust loss.

4.4 JET NOISE CHARACTERISTI'CS OF IRREGULAR MULTITUBE NOZZLES

The jet noise characteristics of regular multitube-nozzle arrays have been discussed in great
detail in the previous sections. There is no reason for restricting jet noise suppressor nozzle

design to so called regular arrays which have the

same tube diameters and equidistant spacing

of the clements. It is quite possible that irregular tube spacing and clement size may have
some distinct advantages. To investigate these possibifities various additional suppressor

nozzles were designed and tested and the resufts

and conclusions are reported below.

4.4.1 RADIAL-ARRAY MULTITUBE NOZZLES

The geometric description of radial-array nozzles is given in section 3.0. The philosophy
behind the radiat-array multitube nozzle was essentially to improve thrust performance by
providing unrestricted radial paths for ambient air to ventilate the nozzle base plate and thus
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reduce the base drag as described in volume 4. The noise charaeteristies of radial arrays were
found to be similar, but not the same as regular arrays of the same tube number and nozzle AR,

Sound power calculations show that the premerged noise levels for radial arrays are slightly
higher than for the corresponding regular arrays (fig. 109), The premerged noise beam
patterns in figures 110 and 111, on the other hand, are very similar. Therefore, the increase
in premerged jet noise is thought to be due to a combination of loss in shictding by the outer
10w of tubes and to the lengthened premerged jets radiating more high-frequency noise
beciuse they are spaced further apart in the radial array. Postmerged jet noise levels in
figure 112 are unaffected by the type of tubular array, but the beam patterns in figures 113
and 114 show a shiflt away from the jet axis. This change in directivity of the postmerged
jet noise is strongest at the higher jet velocities and will consequently affect extrapolaied
sideline PNL's. It has been found that the sideline PNL’s for radial-array nozzles are higher
than for corresponding regular arrays causing the jet noise-suppression levels relative to a R/C
nozzle to be lower by approximately 1 PNdB. as shown in figures 115 and 116.

4.4.2 COMBINATION MULTITUBE/FLOW ANNULUS AND CENTERBODY NOZZLE

The geometric description of this compound nozzle containing tubes in the outer row,
surrounding an annular flow passage and « centerbody, is given in section 3.0. This nozzle
was tested to see whether the jet efflux from the outer row of tubes could etfectively shield
annulus-flow mixing noisc in the center of the jet. The nozzle was designed to simulate the
6l-tube, 3.3 AR, close-packed-array nozzle in the following aspects (fig. 117): (i) the nozzle-
array diameter was made equal, (ii) the two outer rows of 42 tubes were identical in size and
spacing,

The annulus flow around the centerbody became the variable parameter.

A comparison of sound power spectra is shown in figure 118 between the regular 61-tube
nozzle and a range of annulus sizes with the 42-tube nozzle. It ean be seen that the premerged
noise levels compare reasonably well; the small changes in level are the result of increased
clementul jet length for the zero-annulus configuration and postimerged noise overlap for the
1.067-in. annulus configuration. It is the low-frequency, postmerged jet noise that shows the
most dramatic differences. These differences can best be explained by examining the flow
profiles in figure 119. The annulus flow is attached to the tapering centerbody and does not
mix with the ambient air as rapidly as doces the tubular flow round the periphery leaving a
high velocity core a long distance downstream which accounts for the high postmerged jet noise
levels. In contrast, when the annulus js closed off completely, the peripheral jet flows mix
out without attaching to the eenterbody, resulting in very low postmerged velocities and
correspondingly low noise levels. This latter-type of flow is characteristic of separated flow
on thie centerbody which invariably is associated with high nozzle-base-pressure losses.

The sideline PNL suppression attained by the annulus-type nozzles are compared with the
61-tube nozzle in figure 120. At the lowest jet velocity (PR = 2.0) the noise suppression
values are identical for annulus lieights up to 0.533 in., beyond which a fall-off takes place.
At higher jet velocities where tlie postmerged jet noise levels become dominant, all the
annulus configurations are inferior to the regular 61-tube design for the reasons explained
above,
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443 MULTITUBE NOZZLES WITH VARYING OUTER-TUBE-ROW CHARACTERISTICS

A set of multitube nozzles was tested to evaluate the effectiveness of tlie jets in the outer row
of a multitube nozzle ip shielding the noise from the eentral cluster of jets. This part of the
study was performed using only nozzle geometrie variations. Variations in gas Aynamic
eonditions in the outer tube row will be discussed in section 4.5.5.

The regular-array, 61l-tube nozzle Was used as a geometric and acoustic reference. A second

6 I-tube nozzle was tested which had the 24 tubes in the outer row canted outward (sce
section 3.0 for description) to delay the jet merging action witl the central cluster of jets, as
well as with each other, in the outer row. The delay in jet merging wis thought to be 4 means
of reducing low frequency rostnierged jet noise, provided that the premerged jetnoise shield-
ing remained unaffected. This could also be thought of as a means of increasing the multijet
AR without changing the nacelle diameter of an engine. A third multitube nozzle was tested
which had the 24 tubes in the outer row replaced by 48 smaller ones of the same equivalent
flow area us deseribed in section 3.0. This nozzle then liad a total of 85 tubes, except that

the central cluster of 37 tubes was still the same g in the regular 61-tube nozzle. The purpose
of the 85-tube nozzle was to sec if the reduced clement size in the outer row would lead to

lower premerged noise levels (up to 3 dB) provided that the shielding of the noise from the
eentral cluster was not degraded.

44.3.1 Sound Power Characteristics

A comparison of the toty] SPL’s of the three nozzles is shown in figure 121 for 4 range of jet
«emperatures and nozzle pressure ratios. No conclusive trends can be seen in the data from

this point of view., Separating the bpower spectrum into its tomponents of premerged and
postmerged jet noise yiclds a clearer picture.

The normalized premerged jet noise power levels are shown in figure 122 for the various
configurations tested. For jet velocities up to 2000 ft/sec, the premerged jet noise level

varies as the 4th to 5t power of V. For jet velocities greater than 2000 ft/sec the sound
power increases at about the 2.7th power of V. Next, figree 122 shows that canting of the
outer row of tubes has led to higher premerged Jjet noise levels (up to | dB) probably because
the delayed mixing resulted i an increased length of the premerged jet region. On the other
hand the 85-tube configuration shows a decrease in the premerged jet noise levels of about

1.5 dB which is lesy thaa the expected 3 dB if shielding by the outer jets had been maintained,

The flow through the smalley tubes in the outer rows was blocked] off selectively to in vestigate
the effect of spacing hetween the outer jetsand the central eluster. Figure 122 sliows that
when the shielding jets are closer to the central cluster they are more effective in reducing

premerged jet noise than when they are spaced further away. There must be some optinum
distance between the outer shielding jets and the eentral eluster as shown in figure 123,

Multitube-nozzle postmerged jets have flow propertics similar to 3 simple jet as discussed in
section4.1.1.2. It was also suggested that postimerged jet-core velocity and density could be
calculated from simple round-jet mixing theory by choosing an appropriate axial location that
corresponded in cross-sectional area to that of the multitube-nozzle array. Such calculations
were performed to obtain P and VJc for the various multitube nozzles enabling normalized
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postmerged jet noise power levels to be compared in figure 124 with the typical jet noise
power curves reproduced from figure 56. 1t can be seen that the 61-tube nozzle’s postmerged
jet noise is close to the predicted “clean™ jet curve. The 85-tube nozzle’s postmerged jet noise
is about 3.5 dB higher because the smaller jets in the outer rows mix-out faster leaving a
smutller dimmeter, higher velocity jet core. Canting the outer row of tubes outward is shown

to be beneficial for postmerged jet noise reduction because of the increase in the low AR in
the postmerged jet region.

The relative comparison of premerged and postmerged jet noise power levels is shown in
Figures 125 and 126. In all cases thie postmerged jet noise increases more rapidly with nozzle
pressure ratio than does the premerged jet noise. It can also be scen that the 61-tube nozzles
are postmerged jet noise dominated only at thie very high nozzle pressure ratios, whereas the
85-tube nozzles are postmerged jet noise dominated over almost the whole jet velocity range.
Blocking the outer row of tubes on the 85-tube nozzle reduced the premerged jet noise
relative to the nozzle with the second row of tubes blocked.

Combining the results of the premerged and postmerged jet noise power levels for the basic
nozzles in figure 127, it can be seen that for a given nozzle AR it is possible to manipulate the
component noise levels by changing the characteristics of the outer row of elements. These
tests were not designed to determine thie degree of optimization possible with these methods.

4.4.3.2 Jet Noise Directivity Characteristics

The premerged jet noise peak frequency band directivity characteristics are shown in figures
128 and 129 for the three multitube-nozzle configurations. The premerged jet noise beam
patterns are quite broad as is typical for multitube nozzles. There are only small differences
in the beam-pattern shape among the three nozzle configurations over a wide range of nozzle
pressure ratios (2.0 PR 3.8). T'ypically the premerged jet noise peaks between 1109 and
130° on a polar basis. Extrapolated sideline beam patterns, especially on a PNL basis, become
more directive as will be shown in the following section.

The postmerged jet noise peak frequency band directivity characteristics are shown in figures
130 and 131. The postmerged jet noise is more directive, peaking closer to the jet axis (140°
to 1559) and it exhibits the typical jet velocity trend where with increasing velocity, the post-
merged jet noise peaks further away from the jet axis. Figures 130 and 131 also show that the
85-tube nozzle, postmerged jet noise, relative to the 61-tube nozzle, is much higher at angles
closer to the jet axis than ¢ other angles.

4.4.3.3 Perceived Noise Level Suppression

The test data from the three multitube nozzles were extrapolated to a 2128-ft sideline and
converted to the PNL scale to provide a subjective evaluation of the manipulation of the flow
from tlie outer row of tubes. The normalized results are shown in figures 132 and 133 as a
function of jet temperature and velocity together with a stundard noise curve for the un-
suppressed round jet. The PNL suppression values relative te the R/C jet are shown in figure
134. Because the premerged jet noise levels of the 85-tube nozzle are lower than the 61-tube
nozzle it shows higher suppression levels at the lower pressure ratios. At the higher nozzle
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pressure ratios the 85-tube nozzle starts to lose its advantage because the postmerged jet noise
becomes significant. Blocking the outer row of tubes in the 85-tube nozzle had a small
advantage at the lower pressure ratios compared to blocking the second row of tubes. This is
the same trend that was observed with the premerged jet noise power results in section 4.4.3.1,

The sideline PNL directivity characteristics for the multitube nozzles are shown in figure 135
for two jet velocities. At tlic icwer jet velocity premerged jet noise dominance causes the PNL
to peak between 1202 and 130° followed by a very rapid fall-off as the jet axis is approached.
At the higher jet velocity, postmerged jet noise influence in the spectrum tends to broaden
the beam pattern mainly by boosting the noise levels close to the jet axis, especially for the
85-tube nozzle.

Therefore it can be concluded that the characteristics of the ouier tube row of a multitube
nozzle will mainly affect the premerged jet noise component. Proper structuring of the flow
in the outer row of tubes can lead to improved jet noise suppression as long as the premerged
jet noise component is the dominant noise source. Canting the outer row of tubes outward
can be a means of increasing the jet flow AR and thus reducing the postmerged jet noise
component when this noise source is dominant. This latter result is achieved at the expense
ol the delay in the merging of the outer row of jets and higher pre:ierged jet noise levels,

4.5 JET NOISE SHIELDING

The reduction of jet noise can be accomplished either by modifying the ncise generation
processes or by modifying the transmission paths between the source and the receiver. In

the latter case a sound barrier or a shield is used to reflect the sound away from the observer.
In this section the principles of gas shiclds will be discussed together with a simple experiment
which was used to demonstrate these principles. Later the shielding concept will be used to
discuss and interpret the experimental results from the very complex flow and noise fields of

a multitube nozzle with different velocity and temperature characteristics in the outer tube
row relative to the inner cluster of jets.

A number of papers have treated ti:: problem of sound propagation through fluids with
changing thermodynamic properties and velocity, The problem of sound refraction in the
atmosphere when the wind s blowing was treated by Lord Rayleigh (ref. 16). Rayleigh gave
the conditions which must be satisfied by the acoustic waves as the media varies. He showed
that the phase velocity and wave-number component tangent to a plane of constant properties
must be the same for the waves on cach side of the plane. 1t is these conditions which are
responsible for the cutoff phenomena (to be explained later) wiich is the most valuable
characteristic of the gas layer shield.

Miles (ref. 17) developed the solution for the reflection and transmission coefficients of sound
at a single flow discontinuity. He also pointed out that the vortex sheet (the discontinuity in
velocity) couid become unstable and that a resonance could oceur which amplified the incident
sound waves. Miles solved the problem of plane waves incident on a plane discontinuity. All
other similar papers on the subject have also used plane waves and plane discontinuities and it

is these conditions which limit the application of past theoretical work to the jet noise problem.
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Ribner (ref. 18) also treated the single discontinuity problem in terms of the equivalent
aerodynamic problem of flow over a wavy wall. Ribner pointed out that three fundamentatly
different phenomena can occur: (1) ordinary reflection and transmission, (2) totzl reflection
with an exponentiatly-decaying disturbance in the second medium, and (3) ampiificd reflce-
tion and transmission. He also examined the energy balance and concluded that the moving
tlnid is the source of energy for the amplified waves.

Yeh (ret. 19) solved the problem of two surfaces of discontinuity which gives a layer of fluid
between two semi-infinite regions. He unfortunately used the wrong boundary conditions,
but he published a corrected solution in reference 20. 1t is this solution which has been used
to generate the curves presented in this report,

There seemed to be only one published experimental study of the shiclding phenomena.
Jones (ref. 21) performed an experiment using an 0.75-in.-diameter cold jet as the noise
source and a sheet of acetylene flame as the shielding layer. 1lis experimental results showed
a 7 dB maximum noise reduction. For measurements made perpendicular to the jet there
was good agreement between theory and experiment, but for angles closer to the jet axis, the
trends of the theory did not agree with the data. A possible explanation is that the disagrece-
ment between theory and experiment occurred because the distributed nature of the noise
source (the jet) was not accounted for in the theoretical calculations. Although not a good
check of the theory, nor an optimum configuration, Jones’ experiment did demonstrate that
noise reduction is possible with a shielding gas layer and that the concept should be pursued
further.

451 ANALYTICAL APPROACH FOR A TWO-DIMENSIONAL MODEL

Yeh's theoretical model (ref. 20) was uscd to calculate the results given in this report. The
geometry of the model and the resulting equations are shown below. Some theoretical results
are then discussed.

The model consists of three semi-infinite layers of moving fluid scparated by vortex sheets.
The layers may have different velocities, densitites, sound speeds and specific heat ratios,
howecver, the properties of each layer are assumed uniform within the layer. A sketch of the
physical nodel and nomenclature of the problem are shown in figure 136.

The wave configuration in figure 136 shows ordinary reflection and transmission. The
incident pressurc is a plane wave of wave number, K, incidence angle, 00 and unit amplitude,
[11. The reflected wave has an amplitude, |R] and leaves vortex sheet A with an angle,

OR (= 180- 0,). Part of the incident wave is refracted at A, penctrates into the shiclding
layer (region one) and travels at an angle, € |- This wave is then incident on vortex sheet B,
again undergoes reflection and refraction, with the final transmitted wave of amplitude, |T|
propagating into region two. The retlected waves in the shielding layer have not been shown
in the figure because they do not appear in the final solutions for |R| and ITI.

The above description is not the only way the waves can be conligured in the problem. There
are a number of possible wave patterns, depending on the incident wave angle 0o, the fluid

properties and velocities in the three regions. These configuiations will be discussed after the
equations are introduced.
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The equations which describe the wave propagation through the three-layered region arc given
below. 1t is assumed that the waves are all periodic and plane and that the problem is steady
state. The vortex sheets are assumed to have negligibly small deflection due to the sound
waves and to be hydrodynamically stable.

Continuity of wave nuniber and phase velocity at the vortex sheets give the following
cquations of constraint.

k, Sin 00=k] Sinol =k2 Sin 02 (5)
kO(VOSin 00 * gt kl (V]Sin 0, tcp)= kz(stin 02 + c2) (6)

Applying the boundary conditions of continuity, pressure, and displacement at the vortex

sheets and then solving for the complex amplitude of the reflected and transmitted waves
gives

R = ¢2ik d Cos 9 [(1-T} T,) Cos (kyd Cos 0 ) -i (T, -I“Z)Sin(k]d Cos 0))] )
[l +1, I‘z)Cos(k,d Cor,0])+i(F,+I‘2)Sin (k,d CosOl)]

2¢ ikod Cos 0,
[(T+T,T;) Cos (kyd Cos 0)) +i (T, +T3) Sin (k;d Cos 677 ®)

where Iy and T are defined as

r
L Qi
Pycy” Sin 20,

Pyc)? Sin 20, ®)

~

~ P]cl 2 Sin 202

L
Pycy? Sin 20, (10)

Equations § through 10 are the solution of the wave equation for the problem. They are

rearranged below to give some physical insight into thie phenomena and to show the effect of
flow and the fluid properties.

4.5.1.1 Interpretation of Analytical Results

Because of the constraints on continuity ol wave number and phase velocity at the vortex
sheets (equations 4 and 5), there are ranges ol angles Tor the incident wave which completely
change the character of the solution. Solving equations 4 and § for Sin 0, gives

€
~Siné
g o

(V] -V()) :
!- e Sin 00
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As long as the value of the right side of the equation lics in the range of minus one to plus one,
0 is real and a wave propagates into region one. When the value is outside this range, 0 |
becomes complex and the character of the solution changes so that instead of a propagating
wave, an exponentially decaying disturbance oceurs in region one. An identical relationship
exists for {5 in terms of the wave and fluid properties in regions one and two. Setting Sin 0
and Sin 05 equal to *1 gives equations for 0, and 0 in terms ol the acoustic speeds and
velocities of the regions. The angles thus determined are called the cut-off angles.

The cut-off angle 0 is shown as a Iunction of the velocity difference between the layers in

figure 137. Curves are shown for three values of the sound speed ratio. The regions of wave
transmission and exponential decay are indicated. It is seen that increasing the sound speed
ratio increases the region ot exponential decay.

There is a region {not shown) at high relative speeds where wave motion again appears and
there is considerable amplitication ol the incident sound waves, This region lies outside the
range ol variables pertinent to the shielding problem.

There is no energy propagation associated with the exponential disturbance. All of the
incident energy is reflecied at the interface ( IR | = 1.0). If region one were infinite in the
negative y dircection, the exponential disturbance would decay to zero and there would be no
further effect. However, region one is ol finite thickness and regions one and two are generally
moving relative to one another. As a result of the finite thickness, vortex sheet B has small
ripples due to the exponential disturbance. If tite relative velocity between regions one and
two is supersonic (based on the sound speed in region two), then waves are produced in region
two. The energy for these waves comes from the flow, not from acoustic transmission through
region one. The transmission coefficient |T| will have a finite but generally small value.

From the above discussion it is seen that cut-off does not generally mean total isolation of
region two from the noise in region zero, but it will be shown in the numerical results to
follow that the attenuation is quite large for flows of practical interest. Because of the large
attenuation in the cut-off region, it is desirable to adjust the properties and velocitics to cause
as large a cut-off region as possible. In particular, since the source of the noise generally has
an angle of maximum intensity, it is desirable to insure that this angle fallswithin the cut-off
region for the shielding layer.

In order to demonstrate the potential of noise reduction by gas shielding, a numerical example

is evaluated below. The theoretical noise reduction was calculated using a three layer shiclding

model.

The following conditions were assumed in figure 136:

(a) Mach number equals one in regions 0 and | and Mach number equals zero in region 2.

(b) Sonic speed ratio between the shielding gas (region 1) and region 0 of two (shielding gas
temperature approximately 1500°F). Ambient air (region 2) and region 0 have the same

sonic speed.

(¢)  All flows have the same static pressures and specific heats.
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The equations can be arranged so that the shiclding layer thickness, d (region 1) always
appears in combination with fhe wave number of the incident wave, k. Thus the results
can be applied to any configuration by choosing appropriate values of d to correspond with
the wave number of the INAJor noise source.

It should be noted that a constant wave number does not imply a constant frequency because
of the motion of the fluid. The relation between the frequency received by a stationary
observer and the wave number in region zero is

Ko

r =72‘7?(V0 Sin @, &) (12)

There are two incident wave cut-olf angles for the assumed flow condition. The région zero -
region one interface (fig. 138) has a cut-off at 0, = 160.5° ynd the region one - region two
cut-off is at 0, =210° The first cut-oft (160.5°) is the most important,

Incident waves with angles From 90© (et axis) to 160.59 are completely reflected at the
interkuce. An exponentially decaying disturbance exists in region one and there is greatly
reduced transmission to the surroundings (region two), Figures 138 and 139 show ine
theoretical transmission and reflection coefficients as a Function of the incident wave angle
for a representative value of kod, The cut-off range includes the angles of maxim um noise
intensity For jets (approximately 1359 i these coordinates) thus the shiclding layer would be
very effective. If the sonic speed ratio between regions one and zero (¢ /co) is reduced to
1.5 (which corresponds to a temperature of approximately 625°F for the shielding flow),
the cut-off angle becomes 150° which still includes the angle of maximum noise intensity.

It must be emphasized that the noise reductions for an actual jet would not be as large as

indicated in figure ]38, The distributed noise sources will create waves which will reach the 3
observer by different paths through the shielding layer. The observed noise will be a weighted

average which includes the source characteristics as well as the shielding layer effects.

There are two ranges of incident wave angle where there s amplification of the sound (figure
138). The first range from 1589 to 1659 has less than I dB amplification and is negligible for
that reason. The second range from 2089 to 2139 |ag up to 5 dB amplification. However, no
acoustic cnergy Propagates upstream in a supersonic jet, therefore, this region is of no physical
significance for this problem.

Figure 140 shows the transmission coefTicient spectrum for a few values of the incident wave

angle. In the cut-off region (90° <0, <160.5°) the transmission coefficient is a monotonic 4
decreasing funetion of ko and becomes very small (large negative value of 20 log IT| ) as the

incident wave angle approaches the jet axis (0,=90°). In the transmission region (160.5°

<00<2100) the transmission coefficient is a periodic function which oscitlates with increasing

frequency and decreasing amplitude as 0 is increased.

For the angle of maximum jet noise (1359) the spectrum shows that all but the very lowest ¥

frequencies are strongly attenuated. For example, if d = | ft, there is 5 dB of attenuation at
30 Hz.
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One important result seen in the transmission coefficient spectrum is that as long as the
angles for maximum jet noise intensity lie in the cut-off region, the shielding layer thickness
d can be small and still provide substantial attenuation.

Figure 141 shows the angle of the transmitted wave as a function of the angle of the incident
wave. The refraction effect of the shiclding layer gives a shadow region 90° <62 <1509, In
the range from 90° <0 | <160.5° a very weak wave exists in region two because there is
cut-off at the region zero - region one interface. FFrom 162,59 <0 <2109 there is transmission
at both interfaces and for 2109< 0 <270° the region o - region two interface has cut-off
and there is only an exponentially decaying disturbance in region two.

The calculated results for the above example show that a substantial noise reduction can be
obtained with the gas-layer shielding concept. Because of the simplified theoretical model

the calculated attenuation in the cut-off region is larger than could be expected for the actual
flow. A better estimate of the actual attenuation could be obtained from further experimental
and theoretical work.

4.5.1.2 Experimental Verification of the Gas Shielding Concept

A simplified experiment was conducted to verify the theoretical gas shiclding concepts
developed in the previous sections. The experiment was designed to model the theoretical
problem as closely as possible. A two-dimensional heated jet was used as a shielding layer.
Acoustic waves were generated by a point source located sufficiently far away from the
shielding jet, so that plane waves could be considered as impinging on the shield.

The experimenatal apparatus consisted of a two-dimensional nozzle, an acoustic source and an
array of microphones. A schematic of the test setup is shown in figure 142. The nozzle had
a nominal exit height ol I in. and width of 12 in. giving an eccentricity of 1/12. The con-
traction ratio was 8. The air was taker. from the plant’s air supply, heated with an in-line
burner and diffused into a plenum before entering the nozzle. Temperature and pressure
measurcments were made in the jet to ensure that an adequately two-dimensional flow was
obtainied and to provide necessary inputs for the theoretical analysis. The shield exit pressure
ratio was 1.3 and the exit’s total temperature was 700°F.

An oscillator, amplilier and driver with horn were used for the narrow band acoustic source.
The source was placed 10 ft from the shield to obtain approximately plane acoustic waves at
the shield. The source was moved along a 10-ft arc to vary the incident sound-wave angle
while maintaining a constant distance from the shield.

The transmission loss across the shield was determined by measuring the change in source
intensity just behind the shield with and without the shield in operation. Both narrowband
filtering and crosscorrelation teclmiques were used for data reduction. Because of thie limited
source sound intensity and the proximity of the microphones to the shield, there were some
operating conditions for which the shield noise completely masked the source. For these
conditions, crosscorrelation between the electrical input to the source and the microphone
signal was used to extract the source signal. Reduction of the same data by both techniques
showed *1 dB agreement for the measured transmission loss.
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Precautions were taken to ensure that tlie actual transmission loss was being measured. 3
Initially, the transmission loss across the shield was determined for four transverse micro-
phone positions behind the shicld. It was desirable to minimize the shield noise level at the
microphone without receiving sound-source cnergy diffracted around the shielding jet. Baffles
were erected to reduce diffraction around the shield.
The positions of the noise source (driver) and of the microphones are given in the following ’
table:
Microphone No. X in. zin, (y=0)
] 8 2.5
2 12 3.0
3 16 3.5
4 20 4.0
DRIVER POSITIONS (aimed at x = 12 in., z=0in.)
0 (Nominal) X in. zin.
%0 Tl -120.0
100 -8.8 -118.2
110 -29.0 -112.8
120 -48.0 -103.9
125 -56.8 -98.3 3
130 -65.1 91.9
135 -72.8 -84.8
140 -79.9 -717.1

Thie results of this simple test are shown in figure 143. The test results in general verify the ,
trends predicted by the theory. At angles between 90° and 1209 from the jet inlet axis there 3
is very little, if any, transmission loss. Beyond 1200, when the jet axis is approached, there is

significant noise reduction which correlates well with the predicted noise cutoff.

4.5.2 JET NOiSE SHIELDING EFFECTS INHERENT IN MULTITUBE JETS

Many investigators in the past have conjectured that the observed premerged jet noise
suppression characteristics of multitube nozzles were due to some form of shielding of the
noise from the central cluster of jets by the outer row of jets.

Middleton and Clark (ref. 22) have suggested that the flow from a multitube nozzle which is .
visible to the observer (fig. 144) js chiefly responsible for the noise radiated to the far field Y
from the premierged jet region. An efficiency factor for the noise generated by one jet in the

outer row of a multitube array is described as being (1/2 + l/n ) where ng is the number of

tubes in the outer row of the array.

The efficiencies of equal-sized tubes may be added so their total output is equal to (n /2 +1) 3
whicli is the total efficiency ¢,. The difference in dB levels,according to Middleton dnd Clark,
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between the noise of an equivalent arca simple jet and that due to a multitube nozzle with
tube diameters of d is

dzcn
10 log — (13)
D=

Gray, Gutierrez and Walker (rel. 23) proposed a premerged jet shielding hypothesis which
assumes that noise generated within the jet cluster of a multitube nozzle cannot radiate
through the outer mixing zone ol a jet in the outer row. In order to achieve shielding, it is
further assumed that the spreading initial-mixing zones of adjacent outer jets merge together
and form a scalloped shield (g, 144), upstream of the axial location of maximum noise
generation. The spreading scalloped shield region generates the premerged jet noise observed
by a lar-Tield observer. The premerged noise is related to the mixing region defined by the
angle 0 and the number of jets in the outer row,

1/2 4+ s (x/d
. 0=2 [900 - sin’! (—ﬁ’—f{—’)]fm 12002900 (14)

. I +g/d

0 =2 sin! (_17—55%;7(7)_) for 6 <909 (15)
The ratio ol 0 to 360° may be interpreted as the radiation elTiciency of each tube in the outer
row.

S 1s the jet spreading slope, approximately 1/10

x/d s the distance downstream where maximum noise is generated, a variable depending
on MJ

g/d is the tube-to-tube gap-diameter ratio, peripheral spacing ratio between tubes in the
outer row

As part of the multitube nozzle premerged jet noise analysis in this program, an alternate
' shiclding hypothesis was developed. The region of a supersonic jet where maximum noise
radiation oceurs is near the end ol the supersonic core (ref. 13). According to H. Lu (ref. 12),
the maximum kinetic energy in a supersonic jet occurs in the region near the end of the
potential core. If one associates noise level with jet kinetic energy it follows that maximum
turbulence-noise generation will occur at the end of a potential core. This noise could very
well be channeled down the jet by shock structure and radiated out to the far field where the
jet becomes subsonic. 1T this is the case the geometry of merging flows in a multitube nozzle
at the end of the elemental jet's potential core may be a significant relationship in premerged
jet noise.
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The radius of the 10% Vj contour in a simple jet is approximately equal to the fully-expanded
jet diameter. This was determined for pressure ratios ranging from 2.0 to 4.0 using H. Lu’s
method for jet flow definition. Assuming that significant turbulence noise occurs in the jet
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mixing region where adjacent fiows have not merged, the acoustie efficieney of eaech tube in ?
the outer row can be estimated:

180 + 350 9 o5t 5
L No cos 2d (}6)
“n 360

No is the number of tubes in the outer row
S is the spacing between nozzle axis
d isthe fully-expanded elemental jet diameter

The amount of premerged jet turbulence noise suppression one may expect from this
relationship is:

180 +360 .9 ol 5
PWL suppression = -10 log Ng(’)O 2d , dB (17

To evaluate the above hypotheses, as well as generate additional test data that eould give more

insight into this subject of shielding, a special test program was eondueted. A 61-tube, 3.1 AR

nozzle was used in a dual-ilow mode, where one heated air source supplied the eentral eluster

of 37 tubes and a second heated air source supplied the outer row of 24 tubes. The air sourees

could be controlled for pressure ratio and temperature independently of each other. Initially 3
a test was conducted where the nozzle was run first with one air «upply (37 central tubes)

then with the seeond air supply (24 outer tubes) and finally with both flows (61 tubes).

Figure 145 shows the results of this test in terms of sound power speetra. The low frequeney

peak of the spectrum, eaused by the postmerged jet turbulence, experiences a large reduetion

in level when the outer row of 24-tubes-only is operating. There is no signifieant difference in

premerged jet noise level apparent between the 24-tube and 61-tube cases. This provides )
good support for the argument that the outer row of jets from a multitube nozzle ean effectivery

shield the premerged jet noise generated by the innermost jets.

The noise power level normatized for differences in the nozzle exit area are shown in figure

146 as a function of jet velocity. The 24-tube configuration attained 9.6 dB suppression. The

61-tube configuration, premerged jet noise levels were approximately the same as the 24-tube

eonfiguration, however, beyond 2550 ft/sec the 61-tube nozzle shows less noise. At this point

the total noise level of the 61-tube nozzle shows a marked increase in level due to the eontri-

bution of postmerged jet noise. Apparently, there are ehanges oceurring in the region where

the jets merge whiech may be a funetion of nozzle pressure ratio or jet veloeity causing a

transfer of energy from the premerged jet to the postmerged jet. The greater demand for 3
secondary flow by the eentral jets as pressure ratio increases eauses the axes of the outer jets

to bend inwards resulting in a shorter premerged jet region.

The 24-outer-tube or annulus configuration resulted in a constant 9.6 dB suppression for the

velocity range of 2072 ft/see to 2771 ft/sec. This annulus array of jets probably does not }
experience a significant ehange in the geometry of the jet merging region, since the demand
for secondary air inside the array is much less than for the 6 lI-tube configuration. The 24-
annulus-tube eonfiguration noise data provides an opportunity to eheck the gecometric
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shiclding hy pothesis expressed by Middleton and Clark (ref. 22) and Gray, Gutierrez and
Walker (ref. 23) and the procedure developed in this program.

The results ol the predicted noise reductions relative to a round nozzle of equal area using
the above three methods are suramarized in figure 147, All three methods fall short of the
9.6 dB suppression measured. This could mean that another mechanism of suppression is
involved besides the geometric shiielding concept and is not accounted for in any of the
three methods.

In the late Tifties, Greatrex (ref. 24) published the results of an experimental program with
two parallel jets in close proximity. These tests with subsonic jets indicate the radiated noise
can be reduced beyond the value expected from geometric shielding depending on jet
separation distance, (fig. 148). About 2 to 2.5 dB additional reduction of jet noise was
realized at an s/d = 1.5. Rollin, (ref. 25) noticed a reduction in jet noise power which
approuached an optimum at a spacing ratio of 1.5. In this study a greater reduction in noise
power resulted when the flow was supersonic.

Conseguently possible explanation to the reduction in noise beyond that expected from
geometric shielding is the cexistance of acoustic and/or flow-mutual coupling between
adjacent jets which could result in (1) lowered acoustic efficiency in the turbulence noise
generation mechanism or (2) cancellation of turbulence noise by the phase relationships set
up between the adjacent jets’ noise producing regions.

4.5.3 JET NOISE SHIELDING BY TEMPERATURE AND VELOCITY CONTROL IN
MULTITUBE JETS

The 61-tube nozzle, used in the dual-flow test setup described in section 4.5.4, was further
tested to evaluate the effect of temperature and velocity control in the outer row of jets on
the overall shiclding characteristics of jet noise. The tests were conducted by keeping the
flow conditions constant in the central cluster of 37 tubes and varying either temperature

or pressure ratio in the outer row of 24 tubes. The following sets of test cata were acquired.

Primary Supply . Secondary Supply
(Central 37 Tubes) (Outer Row of 24 Tubes)
PRy T Viigideal) PRy T2 Viacideal
38 1S00°F 2771 ft/sec 1.64  1500°F 1772 ft/sec

2.05 1500°F 2105
7 1500°F 2438
3.8 1500°F 2771
1.98  1000°F 1772
2.73  1000°F 2105
4.1 1000°F 2438

3.8 1070°F 2438
3.8 1500°F 2771 ft/sec 3.8 690°F 2105
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Primary Supply Secondary Supply 3
(Central 37 Tubes) (Outer Row of 24 Tubes)
PRy Tl Vyadss PR T2 Vididean

2.73  1000°F 2105 ft/sec 2.0 500°F 1439

3.0 500°F 1772 3
1.54  1000°F 1439
1.94  1000°F 1747
2.73  1000°F 2105
1.38  1S00°F 1443
1.64  1500°F 1772
2.05  1500°F 2105
2.7 1500°F 2438
273 1000°F 2105 ft/sec 2.73  S80°F 1772
20 1000°F 1784 ft/sec 1.4 1500°F 1474
20 1000°F 1784 ft/sec 1.2 1500°F 1095
2.0 1500°F 2072
2.5 1500°F 235]
NO FLOW 3.0 1500°F 2548
3.5  1500°F 2697
3.8 1500°F 277] 3
20 1500°F 2072 ft/sec
2.5 1500°F 235]
3.0 1500°F 2548 NO FLOW
3.5 1500°F 2697
3.8  1500°F 2771 3

4.5.3.1 Noise Power Characteristics

The jet noise shiclding by temperature and velocity control of the flow from tie outer-tube

row was first analyzed from the noise power point of view. Figures 149 through 153 show y
the 1/3-octave-band power spectra arranged so that comparisons can be made on the basis of

constant secondary total temperature (TT2), pressure ratio (PR5) or fully-expanded jet

velocity (V).

A high temperature, low velocity flow from the outer row of tubes can be used to shield the.

high frequency jet noise as shown in figure 149, Keeping the secondary flow temperature )
constant, while decreasing the flow velocity, further decreases the ltigh frequency noise

levels. This indicates that the noise level is predominantly due to the noise generated by the

outer tube row. An estimated power spectrum for the noise generated by the central cluster

of 37 tubes has been included to provide a gross indication of the noise shielding offered by

the outer row of jets. Estimated spectrum was derived from 6 1-tube test data by adjusting 3
H the pre- and postmerged parts of the power spectrum by the following method.
49 = ¢




It was assumed that the postmerged jet noise is proportional to the total flow arca while the
premerged jet noise was proportional only to the outer row jet flow area. Figurc 145 shows
that these assumptions lor estimating the 37-tube-array noise level from 61-tube measured
data is justifiable, as long as the jet velocities are high enough to provide adequate shielding.
The comparison in figure 149 between the estimated and measured power spectra also
assumes superposition of noisc levels to hold true. It is recognized that the latter is a gross

) assumption since secondary effects of mutual coupling between jet elements, crossflow
mixing effects and relative velocity effects have been ignored. Nevertheless, figure 149 shows
that dropping the jet velocity in the outer Tube row decreases the premerged jet noise powcer
level. 1t is very interesting to note in figure 150 that similar shielding and noise reduction
effects can be achieved when the flow temperature in the outer tube row is lower than the
central cluster.

The effect of varying the secondary flow velocity by varying the flow temperature (i.e.,
constant nozzle PR) is shown in figure 151. It shows again that the premerged jet noise part
of the spectrum is determined by the flow velocity in the outer row of tubes, Figures 152
and 153 provide further evidence that the velocity in the outer tube row is the significant

[y parameter, because variations of secondary nozze pressure ratio and jet temperature show
very small changes in noise power levels.

In the above spectral comparisons the jet flow density effects have been ignored. In order to
take the density effects on the premerged jet noise generation into account, the premerged

jet noise total power was calculated and then normalized with respect to the flow area and

gas density in the outer row of jets. First, the 61-tube nozzle data is shown in figure 154

where all the jet elements have the same gas conditions (monoflow). This normalized pre-
merged jet noise power curve was used as a reference in the following comparisons. Figures
155 and 156 show again that as the jet velocity in the outer row of tubes is reduced shiclding
of the noise from the inner cluster of jets becomes less effective. Secondly, for a given velocity,
the lower-temperature flow in the outer row of tubes seems to form a more effective shield
than does a hot flow.

The multitube nozzle’s postmerged jet noise power is a function of the mean postmerged jet
flow conditions and is not significantly affected by velocity gradients in the premerged jet
region. Figure 157 shows the postmerged jet noise power levels from the dual-flow tests,

] and even thougl the flow conditions in the outer tube row were varied over a wide range of
jet temperature and velocity, there is little effect on postimerged jet noisc power levels. The
gas conditions of the 37 tubes in the central cluster dominate the postmerged jet noise power.
4.5.3.2 Jet Noise Directivity

)

The above discussion showed that the outer row of jets appcared to shicld the premerged jet
noise generated by the central cluster of jets. It was shown that shiclding was mainly a
function of the jet velocity and temperature in the outer tube row. The previous discussion,
however, provided only a gross overview of the problem, because the refraction effects of
velocity and temperature flow profiles can not be seen from sound power results. The
refractive effects can only be obtained from directivity curves.
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A typical set of directivity curves is shown in figure 158 for the peak 1/3-octave band of the
premerged jet noise. Thesc data have been normalized for the flow area and gas density in
the outer row of jets. The noise levels stratify as a function of the jet velocity in the outer
tube row (Vy5) which was also shown previously in figure 151, Using the monoflow 61-tube
data as a reference, it is possible to further normalize the directivity curves according to the
velocity exponents shown in figure 154 (i.e.. -10n log VJZ/VJ](, where n = 3.1 for Vyy >
2000 ft/sec and n = 4.3 for Vjo <2000 ft/sec). When the directivity curves are normalized
for the jet veloeity, good agreement is seen in figure 159 for the example where the outer
row of tubes effectively shiclds the noise from the inner cluster. Choosing an example where
the shielding effectiveness of the outer jets has been reduced we get the results shown in
figures 160 and 161. First, figure 160 clearly shows the refractive effeet at angles greater
than 120°. This effect was discussed in sections 4.5.2 and 4.5.3 and can be represented
schematically as shcwn in figure 162. The outer row of jets forms a hot turbulent gas sheath
around the central array of jets. Noise generated by the higher-velocity inner jets radiates
through this cylindrical sheath. At angles close to the jet axis the noise is eut-off (see section
4.5.2) while at higher angles it passes through the sheath and probably gets refracted. Lu
(ref. 26) has developed a more complex analysis technique for the calculation of sound
propagation paths through fluid layers. Using his prediction technique a simulated case of
the 61-tube nozzle was computed and the results obtained are shown in figure 163. These
results again show the large ncise reduetions due to refraction at angles ¢lose to the jet axis.

The directivity curves in figure 161 have been normalized for the jet velocity differences in
the outer row. The normalized curves show that the noise levels at 130° to 160° approach a
noise floor which is caused by the noise gencrated by the outer row of jets.

The noise levels between 90° and 1209 are indicative of the shielding effectiveness of the
outer row of jets. Because the data at these angles does not collapse as it did in figure 159, it
is assumed that the levels shown are representative of the noise leakage from the central
cluster. The directivity curves over the arc of 90° to 120° were found to be approximately
parallel to cach other for all the cascs tested with dual flow. This meant that a generalized
trend for the cffects of shielding over the arc 90° to 120° could be derived as follows. In
this derivation a simple superposition of noise components was assumed. A comparison was
made between three typical measured noise curves in the form presented in figure 164. The
curves were:

Curve a, noise measured for outer 24 jets
Curve b, noise measured for inner 37 jets
Curve ¢, noise measured for all 61 jets

The apparent shielding of the noise from the inner cluster of 37 jets is given by subtracting
curve a from curve c¢. This apparent shiclding is replotted in figure 165 as a functior: of
velocity of the shielding outer row of jets. This curve applies only to the case where the
inner cluster of 37 jets is operated at Vjy = 2771 ft/sec. For other primary jet conditions
other shielding curves could be derived using the above approach,

The model for explaining multitube-nozzle, dual-flow premerged jet noise characteristics

which emerges from the analysis of measured data may be described by the schematic shown
in figure 166. When the outer row jet velocity is substantially lower than the inner eentral-
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array jet velocity. u very peaked premerged jet noise beam pattern results. The central-array
jets tend to dominate the 90° to 1309 are noise level, while the outer-row jei- tend to
dominate the 140° to 160° are noise level. The central-array jet noise is attenuated in the
90° to 1209 are by the outer-row jet flow due te acoustic impedance (pc) mismatch and
turbulance scattering. o the 1200 to 160° are t] ¢ central-array jet noisce is greatly attenuatedd
by severerefraction and reflection of noise by the outer row jet turbulence. There isan indi-
cation that this severely retracted noise is being radiated downstream, affecting overall noise
levels in the 1509 - 160° arc. There is probably a relative velocity effect on central-array jet
noise levels which will tend to decrease the source of premerged jet noise also. There may be
mutual coupling effects (flow and/or acoustic) between the outer row of jets and the inner
array of jets wlich will aftect premerged jet noise levels. The test data from this program,
however, is insufficient to resolve quantitatively all the mechanisis involved in dual-How
premerged jet noise characteristics,

The postmerged jet noise beam patterns of a wide range of outer-tube row gas conditions are
shown in figure 167 for the peak 1/3-octave postmerged jet noise band. The beam patterns
are very similar to that from tlhie 37-tube cluster alone and appear to be little affected by jet
veloeity variations in the outer tube row. The directivity characteristics of the dual-flow test
serics is best summarized in figares 168 and 169, Comparing the beani patterns of the mono-
flow case of the 61-tube nozzle with various dual-flow configurations, it can be seen that

the low frequency, postmerged jet noise characteristics are not affected while significant
chang s are observed in the high frequency premerged jet noise domain. The premerged jet
noise effects are characterized by two phenomena: shielding effects by the outer row of jets
in the are between 90° and 120°, and refractive/reflective effects at angles beyond 1209,

4.5.3.3 Perceived Noise Level Suppression

These dual-flow multitube nozzle tests were run primarily to provide jet noise suppression
technology iuformation to better understand Jet noise suppression mechanisms. Consequently,
Jet noise suppression in absolute terms js incidental to these studies. However, for complete-
ness of analysis the effects of the major jet noise variables were also evaluated on the PNL
scale. The most logical basis for the PNL evaluation would be to make the comparisons on a
constant thrust basis. But, since thrust could not be measured in the dual-flow mode »f the
test facility, a very close approximation is to evaluate the results at constant nozzle pressure
ratio. Figure 170 shows the peak sideline PNL suppression attained by the 61-tube nozzle. It
sun be seen that relative to the monoflow case, noise suppression is improved by reducing the
jet temperature in the outer t1. se row. Conversely, an increase in the outer jet temperature
degrades the jet noise suppres sion. These changes in the peak sideline noise suppression,
lowever, are simply due to changes in the premerged jet noise levels as a result of jet velocity
variations in the outer tube row.,

4.6 APPARENT JET NOISE-SOURCE DISTRIBUTIONS AND RELATED FLOW PROFILES

Identification of noise source locations in jet flows is of utmost importance in jet noise
suppressor studies. Coupled with flow profile data, source location information can give
further insight into the ict noise generating mechanisms. The experimental techniaue used
was the “wall isolation technique™ of Potter and Jones (ref. 3) and MacGregor and Simcox
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(ref. 4). R/C nozzle and multitube suppressors, with and without hardwall ejectors, were 3
evaluated. The following nozzle and jet variables were evaluated:

Jet temperature

Jet velocity

Nozzle tube number 5
Nozzle AR

Type of nozzle tube array

Nozzles with hardwall ejectors

The results from the source location tests are reported in this section.
4.6.1 NOISE-SOURCE DISTRIBUTION VARIATION WITH JET TEMPERATURE

Tests were conducted with a R/C nozzle and a 37-tube, AR 3.3 nozzle to determine the
temperature effect on noise-source locations. Figures 171 and 172 show the apparent
distances from the nozzle exit plane of the centers of the noise-producing volumes of the
jets in the various 1/3-octave bands. The nozzle pressure ratio was kept constant (PR = 3.0)
while-the temperature was varied from S00°F to 1150°F. It can be scen that jet temperature
has only a small effect on the axial distribution of the acoustic sources both in simple and
multitube nozzle jets. The postmerged jet noise sources in the multitube jet appear to show
a minor downstream movement with increasing jet temperature. The lack of movement of

the high-frequency noise sources with jet temperature can be explained by using Nagamatsu’s 3

argument (ref. 13) that in supersonic jets the peak noise-source locations oceur at the tip of
the supersonic core which is only pressure ratio (Mach number) sensitive (fig. 173). The
postmerged jet noise sources of a multitube jet oceur in a subsonic flow region and hence do
not follow the above argument. Instead, they are simply a function of mean jet velocity
which is higher for the hot jet as shown by the flow profiles in figure 174, Thzse higher

velocities delay the decay of the postmerged jet and thus the low-frequency noise sources are 3
found further downstream.

Sinee jet noise sources of any given frequency band oceur over a large volume, looking at
source location results in terms of peak values, figures 171 and 172, may not be sufficient.
Hence, to see if jet temperature changes have any additional effects not perceptible in figures
171 and 172 the data is shown in figures 175 and 176 for a jet flow region whose boundaries
represent a reduction in sound power of one half from the maximum or -3 dB. No new trends
with jet temperature can be seen. It is interesting to observe, however, how compact the high-
frequency noise-source volume is for the multitube jet as compared to the simple conical jet.
Secondly, the high-frequency jet-noise sources oceur very close to the multitube-nozzle exit

plane. 3

4.6.2 NOISE SOURCE DISTRIBUTICH VARIATION WITH NOZZLE PRESSURE RATIO

Tests were conducted with a R/C nozzle and a 37-tube, AR 3.3 nozzle where the jet

temperature was kept constant at 1150°F and the nozzle pressure ratio varied between 2.0 2

and 4.0. The resultant distributions of the peak noise sources are shown in figures 177 and
178. It is quite apparent that significant changes in source locations occur with varying
pressure ratio for the R/C nozzle, lesser variations are seen for the multitube nozzle. The

46 .



T ey Rgrmoe-

trend shown is for the noise sources to move downstream with increasing nozzle pressure
ratio. As pointed out in section 4.5.1 the noise-source location trends in supersonic jets can
be related to the supersonic core tip which is a function of jet Mach number and nozzle
diameter. Since Mach number is a function of nozzle pressure ratio, the core lengths and the
lugh frequency noise sources are PR dependent. Figures 177 and 178 show the supersonic
core lengths relative to the test data and generally confirm the measured noise-source
location trends. The multitube nozzle results in figure 178 do not appear to show as large

a variation with pressure ratio only because the data has been normalized with respect to
the equivalent R/C nozzle diameter. The premerged jet noise sources are characterized by
the eiemental jet dimensions and hence appear to be more compact relative to the single
(large) R/C jet in figure 177.

The postmerged jet, low frequency noise sources are dependent on the local subsonic
velocities in the sotrce regions and consequently as the velocity increases with pressure ratio
(fig. 179) the noise sources appear to be displaced downstream, .

4.6.3 NOISE-SOURCE DISTRIBUTION VARIATION WITH NOZZLE TUBE NUMBER

It lias been pointed ont in previous discussions that tube number is one of the key variables
in a multiclement-nozzle noise signature. By holding the nozzle-array arca ratio and jet gas
conditions constant and varying tube number from 7 through 61, the results shown in ligure
180 were obtained. The results from a R/C nozzle are also included for comparison purposes.
The general trend is again for the premerged jet noise band peaks to correlate with the tip of
the supersonic core. If the results are normalized with respect to the unsuppressed R/C
nozzle, they show a progressive shift of the noise sources closer to the no ‘zle exit plane as
the tube number is increased. This comes about for two reasons; first the elemental jet
diameter decreases with increasing tube number, and secondly, the spacing between adjacent
jets decreases causing the individual jets to mix-out sooner and thus affecting noise source
characteristics. Figure 180 shows very little change in the high frequency source locations
between the 37- and 61-tube nozzles. This is thought to be due to a lack of resolution in this
particular noise-source measurement and analysis technique which prevents accurate source
determinations to be made very close to the nozzle exit plane so that most of the test data
tends to become asymptotic to X/D =1.2.

Postmerged jet, low frequency noise characteristics of multitube nozzles have been shown in
previous discussions to be independent of tube number variations, and the results in figure 180
generally tend to cenlirm this. The 7-tube nozzle results appear to deviate slightly from the
otlier nozzles at the low iyeruencies but thi is thought to be associated with data repeatability
when trying to determine the peak vaiue ol a relatively flat, broad source distribution. The
flow-profile results in figure 181 tend to further substantiate the low freyuency noise char-
acteristics with varying tube number because it clearly shows how be.ch the 7- and 61-clement
jets mix out to achieve very similar velocity profiles in the postmerged jet noise-source region.

4.6.4 NOISE-SOURCE DISTRIBUTION VARIATION WITH NOZZLE AREA RATIO
The multitube-nozzle arca ratio is the other major geometric variable affecting jet noise. Far-

lield noise analysis has shown AR to mainly affect the low frequency postmerged jet noise.
Noise-source location results for a 37-tube nozzle series of varying arca ratios are shown in
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figure 182, Based on noise-source characteristics discussed in preceding sections, the premerged,
liigh frequency sources should correlate with the ciemental supersonic core tip. Figure 182
shows this to be generally truce for the smaller arca ratios (AR < 3.3). For area ratios greater
than 3.3, the jet clement spacing becomes large and the interior jet cores are not well shielded
acoustically by the outer jets. The jet cores in the center of the nozzle cluster appear to be
stretched, showing an apparent displiacement ol noise sources in the downstream direction.

As expected, the postmerged jet, low frequency noise sources are shown in figure 182 to be
very sensitive to AR change. The mixing rates ol multiclement jets are quite different “or
different area ratios as shown by the flow profiles in figure 183. A larger AR nozzle with
accompanying larger jet spacing is able to entrain more ambient air to the center of the jet
cluster to more rapidly mix the jet flows and achieve lower mean velocities in the postmerged
jet noise-source region.

4.6.5 NORMALIZATION OF NOISE-SOURCE DISTRIBUTION RESULTS FOR REGULAR
ARRAY NGZZLES

The jet noise-source location results have been discussed in terms of various nozzle geometric
and gas parameters. 1t is clear from these discussions that for multitube nozzles the noise
sources fall into two categories of premerged or postmerged jet noise scurces. The source
characteristics of each region are quite dilferent and are governed by different nozzle para-
meters, hence they are best analyzed separately.

The premerged jet noise-sources are primarily associated with the supersonic core tip of the
clemental jets. Nozzle AR, or elemental jet-spacing ratio appears to be a second order effect.
An empirical test data collapse has been obtained for all of the premerged jet noise frequencies
as shown in figure 184. The data covers supersonic jet velocities for nozzle pressure ratios
between 2.0 and 4.0 and jet temperatures between S50°F and 1150°F. Since premerged jet
noise is related to individual elemental jet characteristics it is not surprising that the R/C
nozzle data also normalizes with the multitube data. 1t should be reemphasized that this
normalization procedure is limited to symmetrical close-packed arrays of multitube nozzles.

The postmerged jet noise sources have been shown to be primarily a function of nozzle AR
and jet velocity. An empirical collapse of the test data has been obtained for nozzle-exit gas
conditions ranging over pressure ratio from 2.0 to 4.0 and jet temperature of 550°F and
1150°F as shown in figure 185. Postimerged jet noise-source locations of course, will not
correlate with round convergent jet data as premerged jet sources did in figure 184,

4.6.6 NOISE-SOURCE DISTRIBUTION CHARACTERISTICS OF IRREGULAR NOZZLE
ARRAYS

The noise source characteristics ol close-packed arrays have been discussed in section 4.5.1
through 4.5.5. Many deviations from a close-packed array are possible, but only two examples
will be examined here: the radial array and the composite array of a nozzle containing tubes,

a flow annulus and a centerbody.

The radial-array nozzle results are compared with the close-packed arrays in figure 186. There
does not appear to be any significant effect on the premerged jet noise characteristics. The
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postmerged jet, low frequency sources are stretehed out further downstream for the radial
array. The flow-profile results in figure 187 show that although ventilation in the outer rows
of tubes is improved, the higher density of primary flow in the center of the cluster of jets is
not well ventilated, maintaining a high velocity core for a long distance downstream.

The 42-tube-annulus-centerbody nozzle was a duplicate of the 61-tube, AR 3.3 nozzle as far
as the nozzle peripheral diniensions were concerned., Therefore, it is not surprising to see that
the premerged jet high frequency noise-source characteristics in figure 188 are identical. The
reason for the differences in the postmerged jet low frequency source locations can be seen

in figure 189 of the flow profiles. Although the flow froi the outer row of tubes was mixing
at the same rate for both nozzles, the annulus flow in the center of the composite nozzle was
attaching to the centerbody and thus failed to mix with the ambient air.

The 42-tube-annulus nozzle thus shows very large centerline velocities in the postmerged jet
noise region leading to a stretched-out source volume.

4.6.7 NOISE-SOURCE DISTRIBUTION VARIATION WITH HARDWALL EJECTORS

In the preceeding discussions that noise distribution characteristics of a number of multitube
nozzle configurations have been establislicd. A selected number of these nozzles were sub-
sequently fitted with a serics of hardwall ejectors and the resultant changes in their respective
noisc distribution characteristics were observed.

In the test program, ejector lengths were held constant at L/Dg = 2.0, while their uiameters
were varied to obtain different cjector areca ratios (2.6, 3.1, and 3.7). Jet conditions at the
nozzle exit were the sanie as for the bare multitube-nozzle series (NPR = 3.0 and T ) 15008,

Generally, the effect of an ¢jector installation on multitube suppressor is to displace the
sources downstream without recessarily changing the shape of the curve. Figure 190 shows
the source-location results of feur bare-suppressor nozzles and the downstream shift of the
sources when an ejector is installed. The similarity in the curves in the presence of an cjector,
particularly in the mid- to high frequencies implies that similar acoustic generation mechanisms
exist in the premerging region. The cjector shields these high frequency sources and delays
their appearance for approximately one cjector-length as is evidenced in the four cases of
figure 190. The source distribution curves also show that the low frecruency, jet noise-source
locations of the bare suppressor versus the ejector cases approach one another,

Flow profiles and centerline velocities (fig. 191) indicate that at a given axial station in the
postmerged jet region of a mnliitube flow, with and without an ejector, the geometry and gas
conditions are very similar and hence, account for the similar source locations that are observed.

The greatest ejector effect on source locations is the one observed between tight and loose
cjectors on the very high frequencies, These sources are seen to shift or bulge further down-
streaim when the cjector is tight. Figure 190b shows this high frequency source shift when the
loose 3.7 AK ejecior is compared to a 3.1 AR ejector. Figures 190c and 190d also show that

. a high frequency, downstream bulge is present. This tight-cjector phenomena is best explained
by observing in figures 191 and 192, the cjector-exit flow profiles which indicate a high velocity
spike at the ejector lip. This is conceivably due to flow attachment to the gjector wall. Asa
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resuft of this lTow attachment in a tight ¢jector, the higher velocities at the gjector lip are
responsible for i new shear region generating additional high frequency noise sources whicl
are additive to those radiating from inside the ejector. Consequently, the second high
frequency jet noise-source region shows up as the bulge in the source-location curves in
figure 190. For loose ejectors the mixing process is not as eflicient and the high lip-exit
velocities are not observed ard no additional source regions are created.

4.7 FLIGHT EFFECTS ON JET NOISE SUPPRESSION

The use of amodified 9- by 9-ft low-speed wind tunnel for determining jet noise flight effects is
being pursued at The Boeing Company. Comparisons with fii ght test results have shown that mean-
ingful flight-effects information can be obtained with this techinique. Because of the acoustic
near-field nature of measurement, absolute noise levels are difficult to record accurately betwecn
hardware configuration changes, Therefore, the results presented in this section were used

only to develop incremental changes with flight velocity. The flight increments measured in the
wind tunnel were then applied to acoustic far-field data to generate accurate absolute noise levels.

This section presents the results of the wind tunnel flight elTects noise tests for a baseline R/C
nozzle and a reference 37-tube suppressor nozzle with and without ¢jector shrouds.

4.7.1 BASELINE ROUND CONVERGENT NOZZLE

Acoustic near-field spectra measured under static conditions in the wind tunnel are compared
with far-lield spectra measured in the HNTF lor nozzle pressure ratios of 2.0, 3.0 and 4.0.

The comparison in figure 193 and 194 is made after the respective data have been extrapolated
to a common 100-ft sideline. Because of the distributed nature ol jet noise sources it is some-
what meaningless to compare the near-field spectra on an angle basis that is normally referenced
to the nozzle exit plane. Therefore, in all this work the comparisons are made for the peak-
noise spectra regardless of angle. The near- and far-field peak-noise spectra compare reasonably
well and indicate that the near-field jet noise peaks at an angle closer to the jet axis. This is an
expected result due to the downstream location of important jet-noise sources. The above
comparison was made to establish conlidence in the validity of taking what amounts to near-
field data and extrapolating it to the far-ficld and then treating this data as being representative
of normal far-ficld measurements,

Jet noise flight effects for the baseline R/C nozzle are shown in tigures 195 through 200. The
peak-noise spectra comparisons ol figure 195 and 196 include Itight spectra at the indicated
ideal and relative jet velocities and static spectra having ideal jet velocities that match the
flight ideal and relative jet velocitics. As shown the static and flight spectra match reasonably
well at equal relative velocity, 1t is noted that the flight spectra were corrected for Doppler
frequency effects by shifting all calculated SPL values to the next lower 1/3-octave band.
This accounts for source motion past 1 stationary observer that is not inherent to a wind
tunnel test.

The curves of OASPL and PNL versus relative jet velocity (Tig. 197) show that peak jet noise
is significantly reduced by flight. Further, the flight noise level can be estimated by applying
the relative velocity principle to the static data (interpolate static data at flight relative
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veiocity). The slope of the OASPL/velocity curve varies with jet velocity, however, in the
subsonic to senic region the relationship follows a VJS to VJ() characteristic.

The flight effect at angles closer to the inlet is a strong function ol nozzle pressure ratio.
Figures 198 through 200 show the results for a near-field angle of 130°. At these angles the
fow Trequency part of the spectrum containg facility burner noise and hence those frequencies
have been cut out from the analysis. Previous near/lar-field comparisons show that this angle
is equivalent to a Far-field angle of 100° to 1109, again due to the source-location effect. At
pressure riatio 2.0 the flight spectra compare favorably wiil: the static spectra at equal relative
velocity (Tig. 198). At pressure ratio 3.0 and 4.0 (fig. 198 and 199) the flight cffect is con-
siderably different from the pressure ratio 2.0 case and is due to the presence of shock noise.
The near-field data includes both screech and broadband shock noise. As indicated the screech
frequency is reduced slightly by external velocity and if anything is higher in level. The
broadband level appears to be reduced slightly but this is likely due to the jet noise component
being reduced.

The comparison of static and flight OASPL and PNL versus relative velocity (fig. 200) shows
that the pressure ratio 2.0 flight noise level is consistent with relative velocity. The pressure
ratio 3.0 and 4.0 Night noise levels are obviously not predictable using relative velocity. 1t is
very difficult to directly relate the observed near-field flight effect to Tar-field for this situation.
The 1309 near-ficld data has a jet noise component representative of a low far-field angle
(100°) while the shock noise component may be more representative of a different far field
angle (130° or less) depending upon source location and radiating characteristics of this noise
source. Consequently cach source (et and shock) must be evaluated independently.

In order to assess a Far-field flight effect it is necessiary to isolate the jet and shock noise
components (fig. 201). This may be done by the use of jet noise prediction techniques. The
jet noise component will be reduced in flight and can be estimated by applying the relative
velocity principle. Based on this test it is reccommended that the shock noise component
remain unchanged by flight velocity. The two sources are then added to define the predicted
flight noise level for the particular angle of interest.

4.7.2 MULTITUBE NOZZLE

Acoustic near-field spectra measured under static conditions in the wind tunnel are compared
in figure 202 with near- and far-field spectra measured in the HNTF at nozzle pressure ratios
of 2.0 and 3.0. The spectra are representative of the peak noise in each case. The low fre-
quency part of the wind tunnel spectra containing burner noise has been removed. The high
frequency premerged jet noise dominates the peak noise levels of this nozzle and the near-
field spectra appear to correlate well between the two facilities. The comparison with the
far-field spectra does not appear as good at the postmerged jet noise low frequencies as it
does at the higher premerged jet noisc frequencies. But this is expected because the near-
field spectra should show a lower noise level in the postmerged jet frequency range (50 Hz
to 200 Hz) for the 130° angle due to the downstream source location of this noise com-
ponent. The premerged jet mixing noise is generated close to the nozzle exit plane and for
this reason the premerged jet mixing noise radiates more like a point source and near- and
far-field signals are essentially the same for a given angle. It is concluded that the near-field
wind tunnel signal is representative of the far-field if noise-source locations are properly ac-
counted for. Premerged jet mixing noise flight effects may be related directly on an angle to
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angle basis. Postmerged jet mixing noise flight effects can only be evaluated by analysis of
wind tunnel data not influenced by burner noise. This occurs at angles near the jet axis
where burner noise radiation is weak and postmerged jet mixing noise is prominent.

Jet noise flight effects for the 37-tube suppressor nozzle are provided in figures 203 through
207. Static and flight peak noise spectra comparisons are shown in figure 203 for PR 4.0.
The flight spectra compare reasonably well with static spectra at equal relative velocity. The
experimental results of section 4.5.4 show that the premerged jet mixing noise of a4 multi-
tube suppressor is dominated by the outer row of tubes. For this nozzle configuration, the
entrained velocity around the outer tubes is probably rather low during static conditions.
Consequently external flow will decrease the relative velocity of the outer tubes and there-
fore substantially reduce the mixing noise of these elements. If it is assumed that the outer
jets undergo a full relative-velocity effect (V1 - Voo), then the flight noise reduction follows
a slope greater than the static data. This is possible because the static data reflect not only a
changing primary jet velocity but a different flow structure due to the changing pressure ratio.

Static and flight OASPL and PNL directivity comparisons are shown in figures 204, 205 and
206, for pressure ratios 2.0, 3.0 and 4.0. At PR 2.0 the flight reduction of QASPL and PNL
is consistent with static data at equal primary relative velocity for all of the angles shown.
The peak flight noise angle is relatively unchanged for OASPL but appears to shift slightly
toward the inlet for PNL (39 to 49),

At pressure ratios 3.0 and 4.0 the flight reduction of OASPL and PNL exceeds the static
predicted values at angles above 120°. The reason for this is that the peak premerged jet
mixing noise flight reduction is greater than the static throttle curve would predict (fig. 208).
At angles Iess than 1209 the flight noise reduction becomes progressively less. This is thouglht
to be the result of premerged jet shock noise that appears to be prominent in the near-field
spectra at low angles. The far-field spectra do not appear to reflect this component, con-
seqquently it may be a highly directive noise source that either does not radiate strongly to

the far-field (bow-shock phenomena) or radiates at an angle less than 90° (not measured in
the far ficld). On this basis it is expected that the far-field noise levels will be reduced during
flight at all angles above 90° consistent with the wind tunnel results above 1200,

The curve of peak OASPL and PNL versus relative velocity in figure 207 indicates that the
relative velocity simulation of flight noise reduction will provide a good estimate at PR 2.0
and a somewhat conservative estimate at PR 3.0 and 4.0. The slope of this curve and the
resultant flight effect is dominated by the premerged jet mixing noise. The flight effect on
postmerged jet mixing noise is obscured at the lower angles due to burner-noise performance.
The postmerged jet mixing-noise flight effect is evaluated in figure 209 and is considered to
be representative of all angles. A frequency of 100 Hz was selected as a necar-peak postmerged
jet mixing frequency and is consistent with the Strouhal relationship for the mixed jet. The
velocity chosen for comparison is the relative velocity of the merged jet as obtained from
downstream velocity profile measurements. As indicated the flight noise level compares
rcasonably well with the static value at equal relative velocity. This is consistent with flight
effects for the uniform flow R/C baseline nozzle.
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4.7.3 MULTITUBE NOZZLES WITH HARDWALL EJECTORS

Acoustic near-field spectra measured under static conditions in the wind tunnel are compared
in figure 210 with near- and far-ficld spectra measured in the HNTF. The comparisons are
made for peak noise at PR = 4.0 Tor a loose ejector (AR = 3.7). Similar spectrum comparison
with an AR = 3.1 ¢jector could not be made because of microphone calibration errors

» discovered after the test. Again, the premerged jet high frequency noise compares reasonably
well with normal far-field measurements and justifies the wind tunnel technique for inter-
preting ight efTects.

Jet noise fhight effects Tor the 37-tube nozzle with an AR = 3.1 ejector shroud at lower pressure
ratios are shown in figures 211 through 214. This configuration is referred to os having a
tight Titting shroud since the shiroud and tube array have essentially the same effective AR.
Static and flight peak noise spectra are ecompared in figure 211 for PR 3.0. The reduction of
premerged jet mixing noise due to external flow is seen to be quite small. Internal pressure
measurements indicate that entrained air velocities surrounding the outer row of tubes is
substantial during static operation (the order of 500 {t/sec). With the tunnel on the entrained
¥ velocity increases only slightly (on the order of +20 ft/sec for a tunnel velocity of 280 ft/sec).
Thus the premerged jet mixing noise that is dominated by the outer-tube relative velocity is
essentially unaffected by external flow. A slight decrease in frequency due to Doppler effects
is favorable to aft quadrant PNL reduction during tlight and is accounted for in the analysis.

Static and flight OASPL and PINL directivity comparisons are provided in figures 212 and
213 for PR = 2.0 and 3.0 operation. As shcwn, there is a moderate peak-noise reduction at
PR =2.0 but no reduction at PR = 3.0. The flight noise reduction increases at angles near the
jet axis and is due to the prominence of postmerged jet noise in this region that is being
reduced by the external flow.

Static and flight OASPL and PNL are compared as a function of primary relative velocity in
figure 214. This plot shows that the usc of relative velacity does not provide a good estimate
of inllight noise. The best approach would be to correct static spectra at each angle as

k follows:

[

i | 1. Reduce tlf low frequency postmerged jet mixing noise by interpolating static data as a
y » function of mixed-flow relative velocity.

; 2. Leave the premerged jet noise levels unchanged.

3. Apply a Doppler frequency shift as a function of flight velocity and angle.

‘ 4. Calculate the flight noise level using the corrected spectra. It is noted that a convenient
method to account for Doppier Trequency shift is to calculate PNL for no frequency
shift and a full 1/3-octave-band shilt. The desired value at each angle may then be
interpolated depending upon the extent of the actual frequency shift at each angle.

) Jet noise flight effects for the 37-tube nozzle with an AR = 3.7 ejector shroud are illustrated

in figure 215, In contrast to the AR = 3.1 shroud, this configuration is considered to be a
relatively loose fitting shroud. Static and flight spectra comparisons are shown in figure 215
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for PR = 4.0. The reduction of premerged jet mixing noise is greater than that of the tight-
fitting AR = 3.1 shroud (fig. 211), but less than that of the 37-tube nozzle without shroud
(fig. 203). Internal pressure measurements for this nozzle indicate that there is a significant
increase in outer-tube relative velocity due to external flow. The increase is of the order of
100 ft/sec for a tunnel velocity of 280 ft/sec. The reduction of premerged jet mixing noise is
in general agreement with a change in velocity of this magnitude as illustrated in figure 216.

It is interesting to note that the change in premerged jet mixing noisc with power setting
(pressure ratio) is less for the shrouded configuration than the unshrouded. Internal pressure
measurements for the shrouded nozzle indicate that the outer-tube relative velocity change
with PR is significantly less than the change in primary velocity. For example the PR = 2.0
premerged jet mixing noise was reduced by about 3.5 dB by throttling from 1870 ft/sec to
1650 ft/scc. The actual change in outer-tube relative velocity is estimated at 160 ft/sec for
the throttling increment of 220 ft/scc. Usinga V relationship and an estimated internal
relative velocity of 1550 ft/sec the reduction in noise level is 3.8 dB for 160 ft/sec and 5.3
for 220 ft/sec. The 3.8 dB compares well with the measured 3.5 dB. The unshrouded
nozzle spectra showed a premerged &et mixing noise reduction of about 5 dB for a throttling
delta velocity of 280 ft/sec. The V relationship calculates a reduction of 5.6 dB assuming a
negligible entrained air velocity around the outer tubes. This tends to indicate that premerged
jet mixing noise does respond to outer-tube relative velocity.

Static and flight OASPL and PNL directivity comparisons are shown in figures 217, 218 and
219 for PR =2.0, 3.0 and 4.0. These curves show that the flight noise levels compare reasonably
well with static data at equal primary 1¢elative velocity for all angles. The low angle noise is
dominated by premerged jet mixing noise while the angles near the jet axis are dominated by
postmerged jet mixing noise. Aithough the outer tubes experience a moderate change in
telative velocity (100 It/sec) due to external flow the cffect on jet mixing noise is significant

in comparison with the throttling noise reduction. The bostmerged jet mixing noise is reduced
by airplane velocity in accordance with relative velocity of the mixed jet.

The curve of peak OASPL and PNL versus primary relative velocity (fig. 220) also shows that
the flight values can be estimatcd by interpolating the static data at flight relative velocity.

The approach for a loose ejector would require that static spectra be adjusted as lollows:

I. Reduce the low frequency postmerged jet mixing noise by interpolating static data asa
function of mixed flow relative velocity,

2. Reduce premerged jet mixing noise in accordance with outer tube relative velocity change
using a V® relationship.

3. Appty a Doppler frequency shift as a function of flight velocity and angle.
4. Calculate the flight noise level using the corrected spectra.
4.7.4 JET NOISE SUPPRESSION WITH FLIGHT EFFECTS

The acoustic IMight effects determined from the wind tunnel tests and discussed in the previous
sections were applied to the far-Tield, static test data measured in the HNTF. In that way the
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peak jet noise suppression characteristics could be extrapolated to flight. The following
summarizes the flight effects as they were applied to the different configurations assuming
a tlight velocity of 300 I't/sec.

L Baseline R/C nozzle: Use the relative velocity relationship therefore interpolate static
data at INight VR to establishi flight PNL.

®  37-tube nozzle without shroud: Use the relative velocity relationship as described above.

®  37-tube nozzle with area ratio 3.7 shroud: Use the relative velocity relationship as
described above,

®  37-tube nozzle with area ratio 3.1 shroud: Create a flight spectrum assuming a
merged-jet relative velocity procedure for postmerged jet noise and no reduction of
premerged jet mixing noise. Caleulate flight peak PNL using corrected spectra for no
Doppler shift and 1/3-octave-band Doppler shift. Interpolate between the two PNL
values to account Jor the expected amount of Doppler shift at the peak angle.

The analysis was done or pressure ratios 3.0 and 4.0 with a primary gas total temperature of
1150°F. The resulting Tar-ficld static and flight peak PNL values are shown in the table
below for the four nozzles. The static and flight PNL suppressor levels are tabulated as arc
the changes in suppression due to Ilight. The flight spectra for the configuration with an

AR 3.1 shroud is shown in figure 221. The low frequency level was established by inter-
polating the static data at Vr post = V] mix = Voo The high frequency noisc level was
broken into premerged jet mixing noise and postmerged jet mixing noise. The premerged

jet noise remained unchanged while postmerged noisc was redueed in the sume manner as
the low frequency. The two noise levels were recombined to produce the estimated level
shown in figure 221,

The results in the table below show the changes in suppression in going from static to flight
conditions. At PR = 4.0 a slight gain in suppression is indicated for the 37-tube nozzle and
37-tube nozzie with AR = 3.7 shroud. This is the result of the small change in noise level
experienced by the R/C nozzle at high jet velocity. As the pressure ratio is reduced, a
significant loss ol suppression occurs in Iight for each suppressor. The loss is greater for the
shrouded configurations than the unshrouded configuration.
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STATIC AND FLIGHT PNL FOR
REFERENCE CONICAL AND 37-TUBE NOZZLE WITH

AND WITHOUT SHROUDS
Static | Flight Stetic Flight Flight
Nozzle PR 0 PNL PNL suppression suppiession QAsuppression

PNdB | PNdB PNdB PNdB PNdB
Ref. conical 40 | 130° | 1180 | 114.4
Nozzle 3.0 130° | 115.3 | 100.5
37-Tube 40 ] 130° | 1049 | 100.4 13.1 14.0 +0.9
{Ref) 3.0 | 110° | 101.2 97.0 14.1 12,5 -1.6
37-Tube + 4.0 110° | 104.1 | 100.8 13.9 13.6 0.3
AR 3.1 shroud | 3.0 110° | 101.4 99.5 13.9 10.0 3.9
37-Tube + 4.0 110° | 105.2 | 101.0 12.8 13.4 +0.6
AR 3.7 shroud | 3.0 110° | 101.6 99.3 13.7 10.2 -3.5

Note: 2128-ftsideline
1000-ft altitude
T = 1160°F

| 56




. 5.0 ACOUSTICALLY LINED EJECTORS

The mechanisms of high velocity jet noise suppression with multitube nozzles and hardwall
ejectors have been described in section 4.0. 1t has been shown that the characteristics of a
multiclement nozzle are such that a large portion of the acoustic energy occurs in the high
& frequency part of the spectrum (premerging jet noise), as compared to a R/C nozzle of the
same tlow area. Secondly, these premerged jet noise sources are located relatively close to
the nozzie exit plane providing the opportunity for the use of acoustically lined cjectors to
further attenuate this component of jet noise. Extensive studies using acoustically lined
ejectors for jet noise absorption have been conducted and reported in reference 5. The
major objectives oi that program (ref. 5) were to experimentally evaluate the application of
& conventional duct-lining design procedures and scaling relationships to the design of
acoustically lined ejectors for jet noise suppression. It was found that the basic design
procedure for acoustically lined ducts with airflow could be used as a first approximation
for the determination of the lining tuned-frequency and noise attenuation relatio nships in
ejectors. Measured lined-ejector sound power insertion loss, however, was always lower than
{ predicted for the following two main reasons:

®  The acoustic sources are distributed within the ejector and are not located upstream of
the ¢jector entrance as the lining prediction procedures normally assume.

®  Noisc generated downstream of the cjector exit plane, which cannot be attenuated by
the lining, nay have prevented the true measurement of lining attenuation.

It was concluded in reference S, that an accurate prediction of lining sound power insertion
loss requires the quantitative description of the acoustic source distribution in the ejector
together with a knowledge of the way in which acoustic energy propagates through the

o temperature and velc city gradients inside the ejector.

The work conducted for this program report was essentially an extension of that carried out
in reference 5. 1t consisted of further experimental evaluations of acoustic linings in
ejectors, improvements to the semi-emperical lining impedance model with grazing flow and
analytical studies to determine the impact of noise-source distribution effects and flow

[ gradient effects on lining attcnuation in ejectors.
i 5.1 TEST PROGRAM RESULTS
Two kinds of acoustically lined ejector tests were conducted in this program. The first was
’ a direct extension of the work of reference § and included the use of the same test hardware
and the same single-layer acoustic linings. The second serics of tests were done in support of
' the model scale suppressor nozzle system described in volume 6 and consisted mainly of
"- double-layer acoustic lining tests. The results are described below.
4 5.1.1 SINGLE-LAYER ACOUSTIC LININGS
L
'*_ To complete the work that was undertaken in reference 5, the following single-layer acoustic
I, lining tests were run:
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®  Using a mix of two lining depths to achieve an increased bandwidth of noise absorption.

®  Changing the location of the lining in the ejector to determine most efficient placement
of lining.

® Investigate the elfect of ejector axial placement on lining efficiency.

Tlie use of distributed single-layer linings has been suggested as a method of increasing the
attenuation bandwidth, i.e., making them appear as broadband liners. The technique was to
line the upstream half of the ejector with a lining tuned to high frequencies and the down-
stream half with a lining tuned to lower frequencies, much along the lines of the noise source
distribution trends. The results are shown in figure 222 and include constant depth linings of
0.55 inch and 1.0 inch for comparison. The effect of the distributed linings can best be seen
at the lower nozzle pressure ratio (PR = 1.4) because the results for the higher pressure ratio
are obscured by the high jei-noise levels generated beyond the ejector’s exit planc. Figure 222
shows that in principle, the distributed lining concept is feasible and that it will give a broader
bandwidth coverage than a given single-layer lining. The amount of improvement attainable
can not be presently quantificd and will be highly sensitive to the skill of the designer in
knowing the flow environment and noise sources inside the ejector and the effect of the noise
sources beyond the ejector.

It is commonly accepted that the noise sources in a jet are distributed over a large volume in
the axial direction. Assuming convection of the acoustic energy by the flow inside the
ejector, the acoustic lining near the exit should be exposed to more jet noise than the lining
at the upstream end and consequently should have the potential for absorbing higher jet noise
levels. This hypothesis was investigated by alternately lining the upstream half and then the
downstream half of the ejector and comparing the results with the fully-lined configuration
as shown in figure 223. Again the results at the higher nozzle pressure ratio tend to be obscured
by the exterior jet noise levels, but the lower pressure ratio case clearly shows that the sarne
acoustic lining in the downstream hall of the ejector can absorb more of the jet noise than in
the upstream half. In the PR = 4.0 example, where the jet noise downstream of the cjector is
a limiting factor to the amount of jet noise absorption that can be observed from the total
system, the second-half-lined configuratipn provides as much absorption as the fully-lined
case. This indicates that in designing acoustic linings the potential for jet .10ise absorption by
a given area of lining should be balanced against the level of the downstream jet noisc sources
in order to avoid unnecessary lining weight and cost penalties in a given suppressor system.

Finally, the effect of the cjector-inlet opening relative to the nozzle exit plane was investigated
from the point of view of noisc leakage to the far field, as well as overall cjector positioning
relative to the jet noise sources. Tests were run with an ejector in three axial locations relative
to the nozzle exit plane as shown in figure 224, When the ejector was in the downstream
position it was found that some high frequency noise was radiating from the ejector inlet to
the far field, especially at angles close to 90° from the jetaxis. This was determined by using
an acoustic baffle across the ¢jector inlet and obscrving the results as shown in figure 225.
Noise radiation from the ejector inlet can affect the acoustic lining effectiveness as observed in
the far f.cld for the total suppressor system. The results in figure 224 show that at low nozzle
pressure ratios (PR = 1.4) when the premerged jet noise sources are close to the nozzle exit
plane and the ejector inlet, noise leakage from the inlet reduces lining effectiveness when the
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ejector is in the downstream location. Conversely, at supercritical nozrle pressure ratios
(PR = 4.0) the premerged jet noise sources are much further downstream so that moving
the lined-ejector axially to enclose more of the premerged jet noise sources more than off-
sets the noise leakage from the ejector inlet.

The above examples illustrate the importance of having a detailed knowledge of lined
ejector characteristics in combination with jet noise-source location information and the
radiation paths to the far-field observer.

5.1.2"DOUBLE-LAYER ACOUSTIC LININGS

Acoustic lining theory indicates that muitiple-layer tuned linings will absorb sound over a
broader bandwidth of frequencies than a single-layer tuned lining. It has been found in prac-
tice that a double-layer lining design makes a good compromise between the added com-
plexity, weight and cost of multiple-layer linings and the improvements in acoustic energy
absorption. Two sets of double-layer perforated plate acoustic linings were fabricated tc
support the model-scale suppressor system program described in volume X,

(1) Lining no. 1:

0.211in. T_‘._.”,—r—-— ’
0.15 in. ]-’—,I—"_r,-—ll_{-ql-r

34% open area

8% open area

(ii) Lining no. 2:

0.35 in. ' ' l I 25% open area
||

0.15 in. | | | 8% open area

Lining no. 2 was also fabricated and evaluated full scale on a turbojet engine as described in
volume X.

Lining no. 1 was used initially to eviluate the broadband aspects of double-layer designs by
comparing it against an equivalent single-layer configuration. The resultant sound-power in-
sertion-loss spectra are shown in figure 226 for a range of nozzle gas conditions. It can be
seen that for a given lined-ejector length the double-layer configuration does exhibit broader
bandwidth characteristics. Increasing the ¢jector length naturally increases the insertion loss
levels, both as a result of increased lining area as well as enclosure of more jet noise sources
within the large ejeetor. The sound pressure attenuation spectra at various angles from the
Jjet axis are difficult to analyze because of the complex relationships between the radiation
characteristics of ejectors and the masking effect of the jet noise sources beyond the ejector
exit plane. Examples of measured lining attenuation directivity results are shown in figure
227 to illustrate these difficulties.
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Both linings no. 1 and no. 2 were used subsequently to support the final model scale sup-
pressor system (LNHP-2, -3, and -4) evaluation described in volume X, Lining no. 2 was
designed as a variant of lining no. 1 to see if similar trends of changes in absorption and
tuning would be observed as for single-layer linings reported in reference §.

Ty pical results of sound-power insertion-loss spectra are shown in figure 228 for lining no. 2
with the LNHP-2 suppressor system. Variation of power 1sertion loss with nozzle pressure
ratio (jet velocity) can be seen. The double-layer lining was designed to give an approx-
imately flat response between 6.3 and 12.5 kHz which experimentally could only be observed
at the lower pressure ratio (PR = 2.0). For the design nozzle PR of 3.0 the broadband nature
of the lining is obscured by the postmerged jet noise sources downstream of the gjector.
These curves also show that the ultrasonic freqnencies from deep within the gjector are ab-
sorbed more efficiently than the mid frequencies that occur closer to the ejector exit plane.

Both linings no. 1 and no. 2 were tested with the LNHP-2 suppressor system and their rela-
tive characteristics are shown in figure 229. The results indicate that the impedance charac-
teristics of lining no. 1 are closer than lining no. 2 to the optimum required for the particu-
lar ejector environment. An increase of about 25% in the sound power insertion loss is
observed across the midfrequencies of the spectrum.

As mentioned earlier, the jet noise absorption characteristics of a given lined ejector will be
dependent of the noise-source location and flow-gradient properties inside the ejector. These
vary with nozzle velocity (power sctting) or they can also vary by changing the basic nozzles.
In this program an L/Dg = 2 ejector with lining no. 1 was tested with the three LNHP series
of nozzles and the results are shown in figure 230. The three nozzles had different area
ratios, tube sizes and numbers (vol. X ), so that both source locations and flow gradients in
the ejectors were affected. Consequently the same lined ejector showed different jet noise
absorption characteristics. The very complex nature of jet noise absorption by lined gjectors
is further illustrated by the directivity patterns in figures 23 1 and 233. These results are
difficult to interpret except for some very generalized observations. As discussed in section
4.2.3, the premerged jet noise from multitube nozzles and ejectors is refracted to and tends
to dominate the noise at angles between 90° and 120°. At angles between 130° and the jet
axis the dominant noise sources are from the postmerged jet beyond the ejector exit plane
and very little of the energy from inside the ejector is directed to those angles, The beam
patterns in figures 231 through 233 reflect that hypothesis by showing reduced at' 2nuation
levels at angles close to the jet axis. Seeondly, high frequency jet noise radiation from
ejectors has exhibited a very strong directivity peak at or near 1100 which invariably

shows up in lining attenuation beam patterns as an attenuation minimum. This phenomenon
is riot well understood at present and deserves further study.

5.1.3 FULL SCALE DOUBLE-LAYER ACOUSTIC LININGS
Full scale double-layer acoustic linings were designed and fabricated to support the full scale
suppressor-demonstrator program reported in volume X. The full-scale suppressor was five

(5) times the LNHP-2 model suppressor’s size (linear dimensions), so that the model scale
lining depth was also sealed by a factor of five. In other words the full scale lining was tuned
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to have a flat frequency response between 1.25 and 2.5 kHz. The full scale lining was also
fabricated using perforated plates and honeycomb spacers as follows:

P o T e
l ~l —.I_]—T _|-|‘-|_'I_I - 8% open area

The tull scale, acoustically lined ejector was evaluated by first testing a fully lined configura-
tion, and following with a second configuration where the alternate flat panels in the 24-
sided ejector were hardwall (i.e., 50% acoustically lined). The latter configuration was repre-
sentative of a practical SST ejector design where the variable-area secondary nozzle require-
ment would prevent 1007 lining of the ¢jector. The resultant sound-power insertion-loss
curves for the above two configurations are shown in figure 234. These results show that
the 50%-lined ejector suffers a penalty in the high frequency absorption as compared to the
fully lined case. The fully lined ejector behaves in a similar way to the model scale counter-
part in figure 228 when analyzed as a function of nozzle pressure ratio. Increasing the noz-
zle pressure ratio tends to degrade the overall lining effectiveness.

Lined ejector scaling comparisons are made in figures 235 and 236. Model scale data was
selected that most closely duplicated the J-58 engine test conditions of jet temperature and
nozzle pressure ratio. The sound-power insertion-loss spectra in figure 235 compare very
well when the model scale tuning frequency is displaced by the scaling factor of 5. There
appear to be significant differences in the very high frequency absorption characteristics,
but these are of secondary importance, when compared to the primary design frequencies
which usually lie in the most sensitive annoyance (PNL) range. The very high frequency
characteristics shown in figure 235 are thought to be highly dependent of flow profiles in
the ejector and they are most difficult to seale in such tests as these. The beam-pattern
comparisons in figure 236 show good agreement between the scaled data at angles between
90° 110 110° from the engine inlet axis. At angles closer to the jet axis the full-scale tests
achieved higher attenuation levels than the model scale. However, the noise at these angles
has little impact on the overall suppressor performance as shown in volume X.

5.2 ACOUSTIC IMPEDANCE OF PERFORATED PLATE LININGS
IN THE PRESENCE OF GRAZING FLOW

Acoustie linings in the walls of an ¢jector shroud are used to absorb the jet noise that is
generated inside and whieh propagates along the ejector with the jet flow. The acoustic
linings are exposed to a high-velocity, grazing flow along the surface which has a very large
effect on the impedance of the acoustic material. The impedance, in turn, determines the
absorption characteristics of the liners. Therefore, the aceuracy of acoustic lining attenuation
prediction procedures depend very heavily on the accuracy of the lining impedance values in
the ejector environment. The current practice is to use semi-empirical mathematical models
of the impedance in lining attenuation prediction pricedures. Such a mathematical model

is given in reference 27. The model has been derived largely from experimental work.
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Additional experimental work was conducted under this contract to extend the experimental
data base and hence improve the semi-empirical impedance mmodel of reference 27. The ex-
perimental evaulations were limited to perforated plates which at the present time are the
only practical lining materials for the ejector environment.

5.2.1 EXPERIMENTAL TECHNIQUE

The experimental technique used was the two-pressure method of determining the complex
impedance and is based on measuring the sound pressure difference and phase difference
across the resonator aperture. Figure 237 shows part of the test section of the facility and the
location of the micropliones. The acoustic pressure on the surfacz of the lining is given by
P and at the bottom of the cavity by Py If the cavity is assumed to have a circular cross-
section, the acoustic pressure in the cavity can be written in the form:

Peav. = C Jn (kW) [erie ™ Rk ™M ] itng+wn (g
where C is a constant related to the modes of propagation, while R is another cunstant that
can be evaluated. Only plane waves can propagate in the cavity at frequencies below 22,000

Hz for a core of 0.95-¢m diameter since higher order modes are cutoff, as shown below for
the second lowest mode:

[Tgf'],i? Iy kM =0

kr(] , =0 kr(l) =0 : plane wave
k(P r, = 3.84—-1 = 22,000 Hz

The equivalent electric circuit of the acoustic panel of figure 237 is depicted below:

o 7,

Pl P

SSTE
<=

anv is known

Ze is unknown
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Then:
3
Poaty = By (kx4 Re'k")ei“’t (19)
atx = d (bottom of cavity)
g ’ 5 =
-1 'E‘E 0
hence,
Peay = Do LeikX 4 cik(x - 20)] it 20)
» .
, p = po(] + e-2id)ciwt (2])
. p2 - 2poel(w[ - kd) (22)
£ ) From the circuit,
:': Z = Py -» 3
: e STV (23)
5
' but
P &
i _p
- VEge— (24)
g cav
;l Z .4y is the entrance impedance of a tube of length d. It can be obtained from the formulas
7 above, for x = Q:
-t ,
F L.,y = ipccot (kd) (25)
% From equations 21, 22, 23, 24 and 25
i .
f Z, P} - pp cos (kd)
. pc 1py sin (kd)
i
f Assuming,
i b,
1!‘ £ —p'é- = rexp(ip) (27)
i
3 Z \i(¢ S "./2)
| pz = “sm Ry * i cot (kd) (28)
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Henee,

- v - R rsing
Re(Ze/pe) pc s (kd) (29)
Im(Zy/pc) = X = Teose_, (kd) (30)
B pe sin (kd)

is the ratio of the sound pressures at the upper side of the acoustic facing and the bottom
of the cavity. ¢ is the phase difference between P) and py. When p} and py are given in
decibels, r is expressed by

0'0210P1PD 54 (31)

where dB = 20 log; (py/py)
Equations 29, 30, and 31! are the basic expressions used in the test data analysis.

The test facility used consisted of a wooden duct approximately 150 ¢m long attached to
an air supply. The test section was 15.25 c¢m long with a cross-section of 7.5 ¢m by 7.5 cm.
The boundary layer on the test sample was controlled by means of suction just upstream of
the acoustic panel. A variable speed driven siren was used as the sound source and was
positioned above the test sample as shown in figure 237.

The maximun sound pressure level that was achieved in this facility was approximately
165 dB. Two microphone drrdys were usec io obtain sound pressure and phase information.
The array flush with the acoustic facing consisted of three microphones while the array at
the bottom of the cavity had two. The time-dependent outputs of the microphones in each
array were added together and averaged. Arrays of microphones were used to reduce the ef-
fects of possible acoustic facing irregularities. Total temperature was also measured in the
free-stream flow, at the lining surface and at the bottom of the cavity. The boundary
layer profile was measured with a total pressure rake.

{
5.2.2 ANALYSIS OF TEST RESULTS
The normalized oviputs of the two sets of microphones were analyzed on a narrow band
basis (20 or 200 Hz bandwidth) to reject noise-floor and distortion interference. The phase
and SPL difference results were plotted on line, on X-Y plotters.
Four samples of perforated-sheet linings were tested for the following 8 frequencies of

500, 630, 800, 1000, 1250, 1600, 2000 and 2500 Hz. The lining specifications are given
in the following table,
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4 i D.C. flow resistance
que Plate (rayls)
Material % open dia. thickness
type area (cm) (cm) at 20 cm/sec at 100 cm/sec
Plate A 41 .0914 .0635 0.37 0.85
Plate B 33 .0914 .0635 0.81 1.57
» Plate C 23 .0406 .0406 1.6 3.74
Plate D 24 094 0635 1.06 3.04

The tests were conducted at grazing flow Mach numbers ol 0.2 and 0.4. For the Mach

number 0.4 tests two boundary-layer thicknesses were used and designated as thin and
) thick.

The test results in the forni of normalized flow resistance (R/p ¢) versus particle velocity
(Vp) through the lining surluce are presented in figures 238 through 249,

’ A leas:-square fit curve has been drawn through each set of test duta. The test data was
comparcd with similar data published in reference 27, It was concluded that the M = 0.2
results obtained in this test series were toc high. The M = 0.4 results, however, were con-
sidered to be accurate enough to use them to modify the semi-empirical flow resistance
model given in reference 27. The revised flow resistance model for perforated plate linings
in the presence of grazing flow is given below with the curves also being shown in figures
238 through 249, The normalized flow resistance is given by:

B'SC-= TSRVC) +.5 V2SRVO? + 4RZ + (RVA) + (RMI), (32)

where
RVC = the steady flow viscous conmponent

__03t0?

Ao (0 + .4106)

RVA = the fluctuating flow viscous component

_ 383 x 103 ro3/2

- o C S t/")\/7\(0 + 416)
RMI = inertia effects

H

1.138_(_'..:_23)_;\4pc (51 t/d + Sy
a2l
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Mp ¢
Rg = grazing flow elfects
| - o° 507 t/d .
- I(\(‘7 N’lo """(""TI— c—(~ t () :

The experimentally obtained values for the reactive component of the impedance with
grazing tlow were not accurate enough to warrant any changes to the existing function
which is reproduced below:

i 2
—-——;‘_ ~200 [y gsa- 7 V) e-B.65Mg% + 819My) | (33)

This limited test series has demonstrated that the two-pressure method can be used to obtain
consistent results for the resistance of acoustic linings in the presence of grazing Now. There
appear to be some unresolved problems at low values of grazing-flow Mach number,

(M= 0.2), which sliould be investigated further. However, lor ejector and jet noise applica-
tions higher Mach numbers (M 2 .4) are more typical where also better accuracy was attained.

This test series also showed the need for further improvenients in the experimentai tech-

niques so that data for reactance in the presence of grazing flow could be obtained. Sim- ’
ilarly the whole impedance data base should be extended by further experiments to higher-

grazing Mach numbers (M > .45).

5.3 NOISE SOURCE LOCATION EFFECTS ON THE ATTENUATION
IN ACOUSTICALLY LINED DUCTS 3

The current prediction procedures for sound attenuation in lined duets assume that the
sound is generated by an unspecified source distribution located upstream ol the region of
interest, figure 250a. This approach has been found to be valid for fan noise studies when
predicting the sound attenuation by lined ducts.

3
In a jet, however, the noise sources are distributed in the entire jet volunie which, in part,
is shrouded by the ejector-suppressor (Iig. 250b). It has been demonstrated experimentally
(ref. 5) that the same analysis can not be used to predict the noise reduction by ejector-
suppressors. Therefore it is necessary to develop an analysis of noise attenuation by lined
ducts where the noise sources are distributed inside the lined-duct segment. 3

Many researchers, references 28 and 32 among others, have treated the problem of obtain-

ing the attenuation in ducts without considering sources inside the region of interest. Ko

(ref. 29) and Mungur and Gladwell (ref, 30) have assumed that the lined duet 1s inflinitely

long and they obtain the total pressure by superposition of modes. In order to get the

attenuation Ko had to assume that the modal coefficients were all the same. He ¢ould not 1
define these coelficients unless a specific noise source or source distribution was assumed.
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No attenuation spectra were presented in reference 30. Kurze and Allen (ref. 31) presented
attenuation spectra but they considered only one mode (least attenuated). Kapur, Cun-
mings and Mungur (ref. 32) considered a more difficult problem, not amenable to a theoret-
ical solution, which had to be solved using a numerical procedure. They did not present
attenuation spectra.

Rice (ref. 28) and Lansing and Zorumski (ref. 33) assumed a pressure distribution at the
enivance and at the exit of the lined section of the duct. They obtained an expression for
the acoustic field inside the lined-duct region and matched this expression to the assumed
pressure distribution at both ends. In this manner, the pressure field was completely defired
and no additional assumptions were necessary for obtaining the attenuation.

Lansing and Zorumski (ref. 33) aiso considered sources inside the duct, but no systcmatic
analysis of location effects on the attenuation are presented. Tester (refs. 34 and 35) has
constructed a solution for the pressure field generated by a source (monopole) for an
mfinitely long, lined duct. but he was not concerned about the effect of source location on
the sound attenuation.

The work presented in this section coneerns the effects of souree location on the sound
attenuation by lined ducts when the sources lie inside region of interest (fig. 251). As
indicated before, this type of problem arises when a fined duct shrouds a jet, i.e., in the use
of cjector-suppressors for red ucing jet noise,

The source location effects will be analyzed for a two-dimensional channel (fig. 251) where
the coordinate z fies along the direction of sound propuagation while x is the other coordin-
afe. £ and n are the nondimensional coordinates. Currently used procedures assume that
the duet is infinitely long and that it is lined thiroughout its entire length; this assumption
facilitates the determination of the solution since reflection from the duct ends or from
changes in the wall admittance are neglected.

In the problem treated in this section, the sources will be assumed to exist inside the lined
scgment, and the analysis will be carried out for an infinitely long, lined duct and for
uniform flow (no boundary fayer). Flow gradient effects will be analyzed separately and
described in section 5.4, A fortlier simplifying assumption will be the use of a solution of
arectangular duct geometry te represent a cylindrical ejector, Viscosity effects will also
be neglected.

After obtaining the pressure field for a single source, the solution will be extended to

source distributions. When source distributions are considered, the manner in which the
sources pulsate with respect to one another greatly affects the composite pressure. This

will be accounted for by a weighting function (source distribution function) in the definition
of the composite pressure field. Two kinds of solutions will be presented: (a) when the
weighting function is a prescribed function of source location, and (b) when the weighting
function is a random function of the variables mentioned above. Since jet noise is mostly
generated by quadrupoles and, in some cases, dipoles, the pressure field generated by these
sources will also be obtained.
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The technique used to solve the distributed source problem is based on the work presented
in references 36, 37 and 38.

The first part of this section gives a detailed analysis of the procedure required to determine
the pressure field of monopoles. In the second part the basic differential equations that
give the pressure ficlds for dipoles and quadrupoles are obtained. Some of the mathematical
details not required to understand the basic procedure can be found in appendix A.

5.3.1 MONOPOLE NOISE SOURCES &

A two-dimensional channel with uniform flow is assumed for this study. The duct will
have a zero boundary layer.

The fundamental differential equation is:

(o]

2
I e - M2 21 20 2 = AN b - mg B(E- £ . (34)
ot an n ‘

where

£ = x/h, n = z/h, s

b

_2nfh
c

Eq and ng are the source coordinates.

Mg is the Mach number of the steady flow, fis the frequency, c is the speed of sound and

the source strength is assumed proportional to Ae!@t, The time dependence has been taken
to be of the form elwt,

Let:
w ~
P(&n) = 2 enP(mMeos(mmi) (35)
m=0
where
. {i.m =0
€m 2,m# 0
so that:
]
P = | P cos(mmg)de (36)
: (0]
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Also,
o)
0°p . = (1ym (9P (9p _ 2 :
f—ggi-cos(mns)ds (-1) (55)s=1 (BE)E“O (mm)“ P, (37)

As shown in appendix A, the boundary conditions must e written in the following form:

)
-~

M M 2
aE) = iV p_ [8) QP__ QO i) P 3%
(aE E=t, 1Y s g ( bl‘-—-s 3% %) ———anz 5 (3%)

where,

0
1

Sl

and Y, are the nondimensional admittances. As in references 37 and 38, the boundary con-
ditions are replaced by unknown velocity source distributions f, (M), so that:

(-g-g-)gz 1y (39)

The pressure field inside the duct is obtained as a function of f, (m); after this, the conditions
are imposed which allow us to determine the unknowns, fy (n) and thus the pressure field.
This method can be used not only when the admittances Y, are constant but also when they
are known functions of n; the only problem is that the algebra becomes more cumbersome.

The finite Fourier transform, equations 36 and 37, is applied to equation 34; the latter
becomes:

S

3
(1 - My) a2B, - 2isM, 4B +s [ -(--—)] P =
)
dn? dn (40)

———

fra + O™ e m) + AN 8 - ng costn £y

Let us define the Fourier integral of Bm (n) as follows (ref. 39):

— } ~ ) . )
Pp() = P (e 9Mdn (41)
m m f m
o0
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Equation 38 is rewritten in the following form:

M M.2.2
= i (.1\W - —.2.@.2_—&-6__‘1 42
fo(m) = i(-1) 4 (p 25 s on 2 anz)v (42)

Then, equations 40 and 42 become after the application of the Fourier integral;

- [(l - My?)o? + 20sM, - 52 + (m1r)2] Po= Fi(o) + (1Mt F5(0)

o (43)
+A %M cos(mmé,) |
g M 2
Fy(o) = i¢-1ysy, (; - a-;(’.) P,(0) , (44)
From equation 43, obtain:
1o
- Fi(o) + (-l)m+lF2(o) +A e nscos(mnf)
fm (0) = —— 7Y 42 7 R
§° - (l -—M0 )o - 2osMO - (mm)
On the other hand, by performing the appropriate operations on equation 35, it can be
transformedinto;
o0
Fv (0) = E & Fm(o) -y - m (46)
m=0
It should be understood in cquation 46 that when p = LHv-Hmg 1, whatever the
value of m,
Hence, from equations 44 and 46 the basic set of expressions is obtained:
Flo) = (1)isY, (1 - oM,)"
s
e - ym + | , 07
. Z ('1)(V' Dm ¢ Fl(o) + (-1) Fy(o) + A'e cos (mm§,) (47)
o 2 - (l—M02)02 - ZOSMO -—(m7r)2
m=0

v=1,2
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From the nonhomogencous system of algebraic equation 47, the functions Fj,(a) can be

determined.
1 1
i SYyS8: 89 - iS2a(1-i5Y9Sy)
Fi(o) = sA' Yy s —2-12 D3 24
. . (_— 1
o don 1S9 (1-isY) Sy - sY ) Sy S;3
Fs(0) = sA'Yy ¢ 8 5
where:
= _aMo 2
Y, =Y, (1- eMe)
[» o]
Sl = E ( ('])m En]/I{rn
m=0
- €_cos(mmEy)
€os .
%= 2: e
m
m=0
[» o}
€ cos (mm &)
5 Z
m=0 Rin
[» o]
S4 = Z €m/Ri
m=0

R, = 2 - (1 .'Mg)a2 = s a My = (m )2

D= (1-isY;S)(l-isY}Sy + s2Y| Yy S 7

The solution for p(&, n) is given by the expression:

+ oo

2\ € cos (mwk)
p(En) = o
%

P (0)eM dog
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wlere P 1(0) is obtained from equations 46 and 48:

- A ™S TYsY58,8, - i83(1-isY)Sy)
Pinlo) = =

D

iSy(1-isY{S4) -sY;8:S
+(-l)ln+lYf2 2 l 5" L3 l+cos(m'rr.§)], 54)

The pressure ficld p (¢, n) can be written in the form:

p(E.m) = Z —5-"3‘7(7’“?"51 1wi E Residues (55)
m=0 J=1

The integral in equation 53 has been evaluated in appendix B.

Equation 55 represents the pressure field of a monopole source not only for a duct with
hard walls but also for a lined duct. The interesting feature of the solution given by equa-
tion 55 s the use of the eigenfunctions cos (m 7 ) that constitute a complete set and are
orthogonal. This last property simplifies the evaluation of the total acoustic energy flux.

5.3.2 DIPOLE AND QUADRUPOLE NOISE SOURCES

In order to determine the pressure field generated by dipoles and quadrupoles some
changes must be introduced to the right-hand side of equation 34. The pressure field of
a dipole is obtained from;

Lipl = Ah? e -G [8(n-ng 8(E-E) | (56)

where L[p] represents the lett-uand side of equation 34 and e gives the orientation of the
dipole (fig. 251).

Equation 56 can be written in the form:
2ip) = AR [cosoq80n-n9 4 JEC B~ + sindy Bt - £ 4 - sn-n)]. 67)

This is the basic differential equation that gives the pressure field of a cipole.

The presence of a quadrupole 18 indicated by the appearance of second derivatives or prod-
ucts of first derivatives in the right-hand side of equation 34, A quadrupole is generated by
the appropriate combination of three or four monopolcs (fig. 251). Extending what was
done for the dipole, the following is obtained:
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(12
LIp] = Ah? [cos fycos 8 8(n -ns)_'; 6 (¢-¢)
dg,

#5in (01 +05) o= 8n-ng S a(e )
S S

D
+5in 0, sin 0, 8(¢ -gsy-f‘j—z- 5 (n-n, )] (58)
s

The angles 0y and 05 are interchangeable.

The right-hand side of equation 58 represents a combination ot lateral and longitudinal
quadrupoles giving rise to what Ribner calls oblique quadrupoles (ref. 40). Terms of the
types

2 2
il 6(n-ns)'§§5 5(k-£) and T,y 6(e-ss)§-n2— Sang ., (59)
S

correspond to Icigitudinal (or axial) quadrupoles (ref. 41) that can be constructed from
three monopoles or two dipoles (Morse and Ingard, ref. 42).

The terms

d .. d - d L d
T;g'&"g 5(5-53)'3';7:5(72-723) and '12;'-@-8-5(?53)'35;5(17-173), (60)

correspond to lateral (or tesseral) quadrupoles that are constructed from two dipoles.

Sinee the right-hand side of e suation 58 was obtained from two dipoles oriented in a
specific manner the quantities Ty have known values given by sines and cosines. However,
in general this is not so. In practical applications the orientation and location of the dipoles
generating the quadrupoles are random. This implies that Tyj will be random functions of

location and in urder to perform numerical evaluations the bounds of the quantities Ty
must be known,

From equations 57 and 58, by following the same procedure used for monopoles, the
pressure field for dipoles and quadrupoles is obtained. The solution is similar to equation
55 with a different value for the residues. These results can be found in appendix B,
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5.3.3 CALCULATION OF ATTENUATION

When no sonrces are present inside the lined segment, the acoustic intensity in the g
-direction is given by:

M *
L = P0% Yo (Uu* + ww*) +_p_11 M, + L (ow* + prw) (61)
Ui 4 : 0% 4

The acoustic energy flux is obtained by integrating over the duct cross-section.
Q =h I77 d¢ (62)

Since a two-dimensional channel is being investigated, the Q given by equation 57 is the
acoustic energy flux per unit length in the direction perpendicular to £ and 5. There are
other formulas, references 45,46 and 47, that express the energy flux under fewer con-
straints than those of equation 61, but they are not needed for the problem treated here,

The evaluation of u, wand p can be found in appendices B and C.

Formula (C-6) of appendix C expresses the acoustic cnergy flux. The attenuation in decibels
is given by:

Att. = 101og; [Q (n,)/Q () ] (63)
where
Q(ny) is the energy flux at 5 = Mo
Q(ny) is the cnergy flux at 5 = ny
> M

Equation 63 has been used to predict the attenuation of fan noise by lined ducts with
good results. The attenuation of jet noise by a lined ejector must be evaluated using a
different formula, although, similar to expression 63,

A lined ejector shrouds only part of the jet (fig. 252). The lower graph of this figure shows
the far-field relative PWL per unit of axial length as a function of axial distance, the
frequency being the parameter,

For any frequency, part of the acoustic energy is generated outside the egjector creating an
effective floor to the attenuation that could be achieved with that particular lined ejector.,
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The acoustic encrgies E; and I, generated inside and outside, respectively, of the ejector
can be obtained from figure 252 by numerical integrations.

The effective attenuation that could be achieved is given by the formula below:

E; + E,
Aﬂ.c“’" = IOIOEIOT"‘_E,— (64)

where:
E; is the residual acoustic energy inside the ejector after attenuation.
The expression above can be rewritten in the form:

) | = I + (Ej/E) (EG/E)]
Att..er. = 10 -oglo(l:.i,l:i) - logyg T kT, J (65)

If the assumption is made that equation 63 is equivalent to:
Att. = 10 loglo (L‘I/E;) (66)
Then, lflih'; can be determined; in this way, all quantities in equation 65 are known.

What was said above is useful provided that E; is given experimentally. l: must be evalu-
ated analytically. If the attenuation is given cxpcrlmcntally, E; can be e.mly obtained.

On the other hand, the purpose of this work is to develop the ability to predict attenuations
by assuming some source d...ributions, In this context, both L, and L, must be evaluated
analytically. 1t is simple to define the acoustic energy Nux E! i leaving the lined ¢jector,

since the composite pressure and particle velocities can be cvalu.md at the exit without
difficulties; they will give the composite cffect ot all sources at the exit. However, it has

not been possible to find a similar expression for E; since the sources are distributed inside
the ¢jector.

In order to circumvent this problem, drastic assumptions were made concerning the manner
in which the sources pulsate with respect to one another. It was considered that the sources
are uncorrelated in the i -direction, i.e., the total energy flux E; is given by the sum of cach
source flux evaluated at an n very dou to cach source, In a sumldr fashion, L was obtained
s the sum of the fluxes that the sources produce at the exit plane of the qeuor. However,
the sources lying on the same cross-section were assumed to be correlated (though not
necessarily in phase). Equation C-13 of appendix C synthesizes the above statement.

Another manner of evaluaiing Ej and E] gives rise to the concept of insertion loss. In this
case I:; is the total energy flux at the exit of a hard walled duct while !:; is the flux existing

at the exit of the same duct with solt walls. Then:

Insertion loss = 10 log; o (E;(P)/E}) (67)
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However, this method gave results that had, in some cases, no physical meaning (negative
values for the insertion loss). The sources lying closest to the duct exit had a dispropor-
tionately large overall effect on the acoustic energy flux. Also, the insertion loss as a func-
tion of frequency did not look correct in most of the examples tricd. The reasons for this
behavior are not understood. Because ol these problems, the concept of insertion loss was
not used,

When only one source is involved, its location with respect to n s irrelevant because the
duct analyzed is lined throughout its entire length, which is infinite, and therefore it is
possible to change the origin of the p-coordinate. The analysis shown below refers to the
location effects of the single source with respect to the §-coordinate.

Conversely, when a source distribution is considered, the functional dependence of the
source location with respect to n is an important parameter in defining the attenuation.

In the case having a finite number of sources, equation C-10 (appendix C) gives the com-
posite pressure:

J N
Pt )= AhZj €5 cos(nmf)z Z ®, Tg?,)j (68)
=l n=|

m=

where '|‘|(]{‘)j is given by equation C-7 of appendix C.

The composite pressure given by a generalized source distribution function H(E, Ng W)
is expressed by equation D-6 of appendix D:

"
"s(") |
P& = 1. HiEg g, @) T(E n: £, ng) dé dng (69)

775-(”0

where I' (¢, 7 Eg. ng) is expressed by D-S of appendix D.
o, and H(g,, 7, w) have similar roles in the above expressions.

a, has the role of a weighting factor in defining the composite pressure. It can be a func-
tion of n and frequency. The location of a source, given by n, may affect the weight it has
on the total pressure. The pair £g, ng in H(E, g, w) has the same role when a generalized
source distribution is considered.

The erfect due to source location can be included as a component in the weighting function

@,
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It could happen that identical sources do not pulsate in phase. Then,

J N
Z z; -iwt

P, (E.n)= ALZi €, costmm) ¢ ¥l Tfll]l‘)j (70)
=l n=

m=

where t,, are the time dilferentials with respect to some specified mitial time. In this man-
ner, phase differences are created among the components of the composite pressure which
can be accounted as part of the weighting Function oy,. In general, the phase differences
will be functions of frequency.

'
All the results shown in ¢his section were obtained using expression 66. E; and E; were
obtained analytically.

5.3.3.1 Single Monopole

A lining optimized Tor a narrow frequency band according to equation A-20 of reference
44 was chosen for all the studies made. The lining characteristics and How parameters are:

Mach number 0.50 (exhaust mode)

Speed of Sound = 34,000 cm/s
Nondimensional, lined length L/h = 3.333
Impedance of acoustic facing = 1.05 (1 + il/15)
Cavity depth = 1.92 em, duct height = 30 ¢m

In figure 253, three spectra corresponding to three dissimilar source locations in the duct
were plotted together with the spectrum obtained from equation A-20 of reference 44. The
spectra corresponding to other source locations lie in between the ones plotted. Reference
44 assumed that the root mean square of the pressure amplitudes of all modes were the
same. The modes of the reference mentioned above are associated with the poles i the
present work.,

It can be seen from these results that the source location has a strong effect on the attenua-
tion. The source located closest to the lining gives rise to a broader spectrum than the ones
corresponding to sources located Farther sway from the wall; also, the peak attenuations of
the spectra of these sources are lower than the peak of the attenuation curve corresponding
to the source located nearest to the wall. This means that the lining will be more efficient
when the noise sources are closer to the wall.

The spectrum obtained from reference 44 lies in between the spectra corresponding to the
isolated sources. This result would indicate that a set of sources could generate that spec-
trum.

One interesting feature of all the spectra plotted is that the location of the peaks in the
attenuation curves do not vary much: they lie inzide a 2/3-octave-band range.
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5.3.3.2 Distributed Monopoles

Appendix D gives the pressure generated by u generalized distribution function Lt
Unfortumately, experimentally obtained source distribution data are imited. The
gation of source locations in a jetas a function
some results (sec. 4.5).

investi-
of frequency is just beginning to produce

If a finite number of sound sources whose locations are well define

d are considered, g
question arises about the

alues the weighting function «, should have. As will be shown
later, the value of this function is of paramount importance in obtainmg m :aningtul pre-
dictions for the attenuation when source distributions are concerned.

In order to analyze the effects of source distribution, very simple con figurations of tive
and ten monopoles were studied, and also an array of monopoles was analyzed. Four
cases were investigated; one where the weighting function «, was a constant (uniform
weight), and three where the weighting function was not a constant (non-uniform weight),
as shown below:

ta)  Uniform weight. In this instance the oy have the same constant value. Five sourees

were located at:
5

£=[143m-D+m-.952+ 35] /i (71)

ng =1/l (72)

-

Also, a ten-source configuration was analyzed with the coordinates

"

= [1+300- D+ m-.952+ 35] /3.71) (73)

ng = n/2h (74)

The location of the sources is sketehed below:
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(¢)

(d)

Fignres 255 and 256 show the attennation spectra of the ten- and five-sources configu-

rations, respectively,

Instead of assuming that the &,y were constant, different virlues which were functions
of n, but independent of w, were assigned to themr, so that:

ay = 25 0 4 15 n - 125 (75)

for both five- and ten-cources configurations. tThis function a, gives low weights to

sources corresponding ton = Fand n = 5. T he coordinates Es, and n, ol the sources
were the same as in the previous case.

Fhe attenuation spectra were plotted in Hgures 254 and 255,

Here, o, was made a function of nand 1, as follows:

‘ O nl')2 - 10(nI) + 65, S-sources configuration
a =

n (76)
I-.?‘)Z( nl')2 + 21.8(nl) - 48.5, 10-sources contiguration

where the frequency fis given in kHz. The first oy above gives the lowest weights to
nf =7 and nf = 8, while the second one has the lowest values at nf = 25, The
coordinates £ and ng were the sume asin (a) and (b).

These attenuation spectra are also shown in figures 254 and 255,
The functions oy, chosen above are not representative of any known physical problem
and, most likely, il other functions had heen selected the results would have been
different. Nevertheless, it is expected that the main conclusions to be derived below
stitl hold. It can be seen from figure 253, where all the results For the configurations
with ten sources have been plotted, that the curves corresponding to the «, which
are independent of w, are similar, although the one for constant ay, lies below the
others. The curve corresponding to &y, also a Function of frequency, has a second
neak higher than the first (about 3 dB). Larger differences in the spectra corre-
sponding to the configurations with five sources can be seen in figure 255. 1t is
obvious that the shape of the attenuation curve will dependc upon the weight assigned
to each source, ic., it sources lying closest to the wall have the lurgest weight, the
composite spectra will be similar to the ones of those sources taken alone, This is

50 because no phase difference has been given to the sources (there is only one

source per cross-section). The results show the importance ol the weighting function
ay in detining the attenuation,

In this case monopole arrays were censidered, one for each frequency. All freqquencies

were represented in each cross-section which was defined by Ng. This meant that the
number of arrays per cross-section was equal to the number of frequencies chosen.
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Ten values for n, were selected.
(¢) Eacharray contained twenty monopoles randomly disiributed as a function of&g The
£ and ng are ziven as follows:
£,=Um) (77)
N5 =np/2¢ (78)

where:

U(n) is giver by a random number genergtor
and gy is the nondimensional lined length,

The location of the sources is sketched below:

_4¢

l
| it |
| 2 |
I - |
! o - |
S SR e | —
n=0 Ts,7 N4 s, 1 mEng

In this sketch,

775, Q = nL/zQ’ (Q = i, 2, ceny IO)

The random number generator is 4 computer program that gives a set of numbers
based on the normal or uniform distribution as requested. In this problem the U(n)
were selected in such a way that the probability density function is:

L o [Um) - .50] 2/242) (79)
dv2m

where d is defined as follows:

d = 1/6 = 0.1666
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Then the probability that a source lies between & and £y is given by:

£
1 (s 502D 0)
dVinr 2

£

The U(n) have been chosen in such a way that the most likely location for a source is near
the duct center where ¢ = .50. This choice may or may not be in agreement with what
actually happens in a jet where the sources might be clustered away from the axis but main-
taining axial symmetry.

) Two dissimilar expressions for a, were used in this case. They are:
162 (.50 -£)2+i 8 81)
o, = ¢ ?
n
oy = ol &2 82
¥

The first a, above was chosen in such a way that it has the lowest values when the sources
are close to the walls, while it has the highest magnitude for sources located near the duct
axis. The second o is a function of n only by way of £2.

The phase 2 is defined according to:
Q=2nV(n) (83)

where V(n) were given by the random number generator. A uniform distribution was as-
sumed for the V(n).

v The attenuation spectra corresponding to the weighting functions expressed above are
shown in figure 256 together with the spectrum obtained applying the analysis of reference
44,

The spectra correspending to the a ) above show striking differences, especially at the peaks.

t At the same time, these attenuation spectra are quite dissimilar with the one obtained using
the approach of reference 44. This could simply mean that the lining used is not optimum
for the particular geometrical configuration and source distribution considered.

5.3.3.3 Single Dipole

§ Two configurations were analyzed for dipoles, namely (a) 04 = 7/2and (b) 64 = 0.

Results for three source locations of configuration (a) are shown in figure 257 while three
representative spectra of (b) are shown in figure 258. it can be seen from the figures that

i the differences between the cases (a) and (b) are large. When the dipole axis is oriented
I s parallel to the duct axis, 04 = 7/2, the location effects are similar to those of the monopole;
K
!
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1.c., the closer the source 1o the wall the higher the attenuation, Also, the attenuation
spectra are close (but not equal) to those of the monopoles. When the dipole axis is ori-
ented normal to the duct walls 04 = O the effects of source position follow a different
pattern since the farther the source is from the wall the higher the attenuation, and the
peak values of the spectra are, for some locations 50% higher than those of case (a).

5.3.3.4 Single Quadrupole

Three configurations were analyzed for quadrupoles, (a) 0| = 02 =0 (b) 0| = 0,

0y = m/2 and (¢) 01 = 02 = m/2. The spectra corresponding to these three configura-
tions are shown in figures 259,260 and 261 respectively. As in the case of dipoles the
differences among them are very large,

The spectra corresponding to longitudinal quadrupoles, generated by monopoles lying
along the ¢-direction 0, = 02 = 0, do not show large changes when the single quadrupole
moves from the duct center towards the wall. The main result s the large attenuation,

The results for the latera? quadrupole show proportionally larger changes than in the previ-
ous configuration when the source moves from the wall towards the center of the duct,

The spectra corresponding to the other longitudinal quadrupoles, generated by monopoles
lying along the ndirection 0, = 02 = /2 show a behavior similar to that of dipoles
oriented in the same direction. In this instance the attenuation increases when the source
gets closer to the duct walls and there is a definite shift of the peaks of the attenuation
spectra towards the lower frequencics when the source moves away from the walls.
5.3.3.5 Distribution of Dipoles and Quadrupoles

In this configuration, arrays of dipoles and quadrupoles were considered.

The distribution of the sources followed the same pattern as in (d) of subsection 5.3.3.2.
The weighting factor «;, used wus:

a, = exp(if) (84)
where

£ =272V(n) (85)
V(n) was given by a random number geacrator and it followed a uniform distribution.

The dipole angles 04 and the Guadrupole angles 0y and 0+ were also obtained from the
random number generator and us V(n) they followed the uniform distribution.

The spectra corresponding to this case are shown jn figure 262.

The spectrum corresponding to the monopoles was the sume as one of the curves shown in
figure 256. The results shown in figure 262 indicate that the dipoles give significantly
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more attenuation than the monopoles, and uadrupoles more attenuation than the dipoles.

The curves shown in figure 262 correspond to one random case based on random numbers
for source position, phase, 8 4,0 and 0. Hf a different set of random values had been as-
signed, then the spectra corresponding to each type of source would ¢hange. By using the
Monte Carlo technique it is possible to determine the mean of a very large number of spec-
tra, obtained by changing the random numbers assigned to the quantities mentioned above,
This was not tried because of the very large amount of computing time required. From a
few samples done it seems that the spectra do not change much going from one set of ran-
dom numbers to another. The important point is that there are differences between spec-
tra of one type of source and those ol another.

5.4 VELOCITY, TEMPERATURE AND DENSITY GRAPIENT EFFECTS
’ ON SOUND ATTENUATION IN DUCTS

Past studies of sound attenuation by acousticalty-tined ducts in the presence of a mean flow
have assumed a uniform flow profile across the duct with no gradients present. In an ejec-
tor surrounding a jet flow the temperature and velocity varies in both radial and axial direc-
tions as shown by some typicat examples in section 4.5. In order > make lined ducts anal-
yses more realistic it has become necessary to investigate flow gradient effects. In the fol-

‘ . lowing study only radial-flow gradients were investigated.

It has been shown by many investigators (refs. 48 through 51) that velocity gradients
affect the eigenvalues and hence the attenuation. Similar effects for temperature gradients
are shown in reference 52. Beckemeyer, in reference 53, shows that density (temperature)
gradients localized inside boundary layers adjacent to duct walls can have a significant
effect on single modes. In none of the previous references, however, has a systematic
presentation been made of the effects of flow gradients on the attenuation spectra.

‘ In this section the fundamental differential equation is solved using the Runge-Kutta and

€ Adams-Bashforth techniques to obtain the propagation-constants. Later the attenuation
spectra are evaluated by using two dissimilar methods. The effects of two examples of
velocity profiles and one temperature profile are investigated.

5.4.1 BASIC EQUATIONS AND NUMERICAL TECHNIQUES

Figure 263 depicts the geometry of the problem. The basic ditTerential equation from
reference 52 is:

d?p |28, TQE . TE

d(QM) do'l
dp
a T T @0t aET

2
g [op] RGN 3 Y o
Q_- M 7 p-'oy
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where
b ]
h
E=x/7
s =Ko /2
My =K, Koo }
¢ [
M is the Mach number.
¢ is the local speed of sound.
Equation 86 also includes the effects of density gradients, given by the term
1. dQ
Q d¢
Equation 86 is based on the following assumptions: (a) viscosity effects are neglected, (b)
heat transfer effects are neglected, and (¢) mean pressure is uniform throughout.
Only the case where opposite duct walls have equal admittances has been solved. The fol-
lowing procedure can be extended to the case of dissimilar admittances. 1
The determination of the cigenvalues is done using the Runge-Kutta technique that furnishes
starting values. The differential equation 86 can be written in the form:
dy -
G = mY -gP=F 87) B
dpP
Y =3F (88)
2 d(QM)
Tz dE 1 dQ
BL=T-@Wi, *Q 4 254) )
| -u,QM \?
g2=“2[( Q) 0
The following parameters are used in this method. 4
m () = 8 () 90)
LT ()
|112(j)=6'g|(j+ 112) [YG) +—5— | +g2G+ 1/2) [PG) + 58Y®)] ¢ . o) 3
84
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, . Y() + () . . . .'|I
m3() =8 g,G+1/2) 5| o+ 1/2) [P+ .58YG) + .255m,o)J’ . (92
my() =8 ‘lgl(i +1) [Y(j) + m3(i)] tegy(g+1) [P(i) +6Y() + .5m2(j)6] ; 93)
PG+ 1)=PG)+ 6 [YG) +(m() + myH(j) + m3(i))/6J ; (94)
Y@ + l)=Y(_|)+[ml0)+2m2(|)+2m3(|)+1114(|) /6, (95)

In the expressions above § is the step size, j is index associated with the point in the finite
difference scheme, The quantities g1( + %)and g2( + %) mean that g} and gy are eval-
uated between j and j + | by performing a simple averaging.

The Runge-Kutta method could give large errors if used alone. After obtaining values of P
and Y for the first five points, P and Y for the sixth point is given by (Adams-Bashforth
technique):

PG) = PG-1) + DP(-1) (96)
Y() = YG-1) + DY(G-1) o7
where:
- ‘ 5 2 | 23]~ d
DP(k) = & {Y(k)+ SDY(k - 1)+ 73 DY2(k - 2) + §DY3(k - 3) + 555 DPH(k - 4) ©8)
DY(k) =6 ‘ F(k) + .SDPY(k - 1)+ ~S—DPY2(k -2 % 3DPY3(K - 3) +-2—SIDPY4(k -4, (99)
l ) T 730
DPY(k) = F(k + 1) - F(k), (100)
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Even with these formulas that improve the accuracy of the Runge-Kutta technique, it is
difficult to get more than five good modes at the higher frequencies such as when fh/cis

>4, In order to maintain accuracy, the step size must be reduced but the computational
time increases accordingly.

Methods of this kind using backward differences are generally referred to as Adams-Bash-
forth methods. These methods belong to the more general predictor-corrector techniques
described in reference 54.

The use of backward differences improves the accuracy of the solution but they tend to
enhance small perturbations that may arise in the process of finding the solution. If occur-
rences of this type happen, the solution cannot be obtained because some of the quantities
needed in the numerical process become infinite, However, situations of this kind are not
common and they generally happen at high fh/c when the starting points for the solution
are not close enough to the final value.

The numerical scheme starts at the duct axis proceeding toward the lined wall. It is un-

likely that the first try for the eigenvalue will give the solution. The Newton-Raphson
method is used to determine the eigenvalues:

F(u,)

) _Fy) (101)
NEW - “2oLp” IFdy,

(My)

In general, the starting values for K, are very important. Since opposite walls have linings
of equal admittance the solution for p can be split into even and odd modes. For the even
modes p has the following value at the axis:

PE =0 = 1 (imaginary part = 0) (102)
Also, for even modes,
(g{) -0 (103)
£=0
For odd modes,
(P)e =0 =0 (Realand imaginary (104)

components are zero)
while

1P | - 1, QUM(0)\ 2
(-:T{)£=0 =S\/( Q0 ) -4 (105)

In the last expression Q(0) and M(0) stand forQ and M at ¢ = 0.

.86

L)




[ -

-y

©

The procedure outlined above requires an initiat guess for u, which would be the first
("L)o]d in the entire sequence of iterations, This very first value for u, can be obtained
from prediction programs that do not consider flow profiles. The importance of this
initial guess cannot be stressed enough since the Newton-Raphson methed is, in many
cases, very sensitive to the value assigned to the first (u,),14. otherwise the iterative process
does not converge.

5.4.2 CALCULATION OF ATTENUATION

The determination of the attenuation in the case of uniform flow parameters requires that
some assumptions be made coneerning the mode amplitudes, The easiest assumption is to
consider all these mode amplitudes equal, This has proven to be a reasonable assumption
since the results tend to agree with experimental siow duct data.

If gradients are considered, the sotution is usually obtained by following a numerical pro-
cedure and some way must be found to make meaningful comparisons of the attenuation
spectra corresponding to uniform and nonuniform How parameters, i.e., if a numerical
approach is used to solve the uniform case, the attenuation should be the same as that fol-
lowing a purely theoretical proced ure (closed-form solution). Since the pressure, or the
first pressure derivative (depending on type of mode), at the duct center (starting point)
can have any value, a procedure has to be constructed that would atllow comparison with
uniform flow results, regardless of the values assigned to the pressure and first derivative
at the starting point,

The following assumption makes this comparison possible: the acoustic energy flux of

each mode n is normalized with respect to

*
Now= | PPt (106)

where P is the pressure of the n-mode,

As in references 49, 50, and 55, the contribution to the acoustic energy flux of the terms
arising from crossproducts is assumed zero. This is not a bad assumption since it can be
shown that if a random distribution of phases is assumed to exist between the modes, the
average contribution of the cross terms to the energy flux is zero.

5.4.2.1 Blokhintsev's Equation
A generalized version of the Blokhintsev equation, valid when the temperature at infinity
(reference temperature) is not the same as the local temperature, can be obtained by fol-

jowing the procedure shown in reference 55. Equation A-19 of reference 55 has been used
in the past to determine the attenuation.

87



The acoustic energy flux, according to Blokhintsev, when the locai and reference tempera-
tures are not the same, is the following:

o0 o0 *
Y. Y
s . 1 n'm
E(t ) ["‘flb)m P S {Q3M [ +
2:} : ’ 4p,t z: Ny 2
. - o0 ~o0 20 (ZN)n (I,N)m S

n=0 m

(107)

* *® * *
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z,nHz, m ll ml L p p* OM +Q n'm ‘zl m, _m ntz n] ‘
(ZN),, (ZN) b (ZN) ZN), |

m m

The total accustic energy flux, normalized with respect to Nn a0 is given by:
*

h ]
=+ JE® 4
S\ \ 2 '/(') ‘n, m
E(b) = Z (108)
t an m Nn' "

In equation 107 P represents the pressure, r% and

ZN = l-#ZQM (109)
Equation 106 has been obtained assuming no-shear, and no temperature or density grad-
ients. However, when performing the integration equation 107, each point (or strip) has
a different value for Q and M. In this manner, Blokhintsev’s formula can be extended to
problems having gradients.

5.4.2.2 Mohring's Equation

Some investigators (ref. 56 and 57) have obtained expressions for the acoustic energy flux
that account for gradients. The expression used in this work was given by Mohring (ref. 506).

o0 o0 2
(m) =Zz: (M) - __'_..z: -Q . d@QM) |
’ bn' m- 2 Coo Poo EO en‘ " 52 (ZN)% (ZN):nz d¢

n n n=0 m=

PP
* o] * n"m
(Pn Yt P Yn) 5 [20M +Q~° (“z, n YK, m) (1- Mz)] E N N } ) (110)
n m
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l.n#*m
En, m=
1/2,n=m
The total acoustic energy flux, according to Méliring, normalized with respect to Nn e iF
given by the expression
:(m)
i) J l‘ n, m
E(™ = E E (111)
n m

m

P and Y include the z-dependence.

The incegration in expression 111 must be carefully done for the limiting case where the
shear layer thickness tends to zero. In this instance there is a nonvarnishing contribution
from the first term of expression 110,

This contribution is expressed by:

I -;P—M—— Q € Lg" gl (112)
<8 Poo Coo nomgr- Bz, oM, |- Hz, mQMo ’
nom

This result was obtained by taking Q constant across the duct,

The attenuation is given by the usual expression:
Att. = 10 log) g |E(0)/E(L)} (113)

where E(0) corresponds to conditions at'z=0
and E(L) represents the flux at z= L.

Two Mach number and ore temperature profile were investigated.

(a) This Mach number profile is expressed by:

[ -H)%-a(l -§))

M=M, %

(114)
a<l
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he expression above can give a set of profiles by varying . When a = 0 the plug-flow case
is obtained. Figure 264 depicts this set of profiles. k]

dM [a-eo-1.9

a-?-=-aMo | ¢ (115)
3
at £ =0 (duct-axis) %= 0
The average Mach number of expression 114 obtained by integrating fromé=1to £ =0, is
M, ,
_ 0 24+«
Mav= 7T 19 (e
(b) The second set of profiles is obtained from the following expression:
M=M. - 2%+¢ [c(a)l2 + d(o)23]
~ "o I + o(c(a) +dfo) (117)
o<1
where
3

z=1-¢

By varying o a set of profiles is obtained (fig. 265). These profiles have a hump.

z?-Z‘f'l 3

C(0)=“2z| a-7p) (118)
+2¢
d(a)-‘-i!—%(m (119)
where zp =1 - EI gives the location of the hump (fig. 266). The average Mach number is 2

given by

[rl—l +c<o>%+d<o>%]
0

Mav= [T+ otct0) + d(o)) (120
3
When o = 0, the plug-flow profile is obtained. M, is the Mach number at the duct center.
One important characteristic of both profiles is that when £ is close to | they behave like
profiles of turbulent boundary layer.
3
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The profile chosen for the Q is the following:

Q=£2+(1-£2)p (121)

By changing g from 1 to higher values, a set of profiles can be obtained (fig. 267).

) %:35(1-3) (122)

which is zero at the axis.
When g = 1, the plug-flow profile is recovered.
5.4.3 DISCUSSION OF RESULTS

Several numerical samples have been evaluated using the above analysis techniques. In all
cases a fixed duct geometry and acoustic lining was employed:

» Duct height 12.7 ¢cm
Lining length = 254 cm
Mach number at duct center variable
Temperature at duct center 1060 K

The following double-layer perforated plate lining was assumed:

Outer layer - Open Area = 0.35, Hole Diam = 0.15865 ¢m, thickness = 0.0508 ¢m,
Particle Mach number = 0.02, Mach number used to compute the impedance =
0.40, pressure ratio = 0.90, temperature ratio = 2.40, speed of sound = 66,000
cm/s, core depth = 0.846 c¢m, temp. ratio air cavity to air duct = 0.75

Inner layer - Open area = 0.05, hole diam. = 0.15865 cm, thickness = 0.0508 cm,
Particle Mach nuimber = 0.008, Mach number used to evaluate the impedance = 0,
pressure ratio = 0.90, temperature ratio = 1.60, core depth = 0.424 cm, temp.
ratio air cavity to air duct = 0.90, blockage in both cases = 0.95

Although two dissimilar methods were used to obtain the acoustic energy flux, namely,
Blokhintsev’s and Mohrings, it was found that both gave similar attenuations, as shown in
figure 267. In the subsequent discussions results obtained by using Blokhintsev’s formula
only wili be used.

The effect of the first Mach number profile on attenuation in a lined duct are shown in
figures 268 and 269. In figure 268 the Mach number on the axis was kept constant while
the average Mach number was allowed to vary. In figure 269 the average Mach number
was kept constant while the valuc on the axis was allowed to vary. Both cases gave very
similar results which indicate that as the profile becomes more rounded, i.¢., increasing
value of « (fig. 2G9), the position of the peak in the spectrum shifts towards lower fre-
quencies with an accompanying increase in attenuation level.

k
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The effect of a humped Mach number profile (fig. 265) on attenuation ir a lined duct is

shown in figures 270 and 271. Again the Mach number on the axis was kept constant in 3

figure 270, and the average Mach number constant in figure 271. In figure 270 where the
average Mach number varied there is a small change in low-Irequency attenuation with
hardly any changes in peak values. In Figure 271 where the Mach number on the axis
varied the changes were even less significant,

The effect of a temperature profile on attenuation in a lined duct with constant average 4
duct Mach numbers is shown in figure 272. The teridency is for the attenuation peak to
shift to a lower frequency and increasing in level as compared to the uniform profile case.

The above examples are a very limited set of results that need to be extended to cover a
much broader range of cases in order to provide some quantitative conclusions to the flow
profile effects. The computational techniques used are very time and budget consuming

so that the work could not be carried beyond that discussed above. The results obtained
this far have been summarized in figure 273 for all the flow profiles studied to demonstrate
the significance of taking into account flow profiles in lined-duct attenuation calculations.
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6.0 CONCLUSIONS

Jet noise suppression, a major problem in the development of quiet airplane systems, has
experienced a substantial technology advance as described in this report. Fundamental
technology development has lead to a better understanding of nozzle aerod ynamics, noise
generation and noise transmission processes. This newly acquired knowledge was applied in
the design of a full scale suppressor system demonstrator which is described in volume X,
The full scale test results confirmed the veracity of the acoustic design technology employed.

The multitube-nozzle parametric test program provided far-field jet noise data which,
together with jet noise-source location and flow-profile data. enabled identification of prime
noise sources in the flow. The characteristics of these noise sources have been identified. It
has been concluded that the double-peaked far-field noise spectrum of a multitube nozzle is
composed of the output of several different noise generating mechanisms.

At low frequencies, postmerged jet-mixing turbulence noise, and facility engine core noise
is dominant, while at high frequencies elemental jet-mixing turbulence noise, shock (or
screech) noise, and spiral-mode flow-instability noise dominate.

Multitube-nozzle postmerged-jet noise radiates from a region which has flow characteristics
similar to a simple jet. The postmerged jet core diameter is approximately equal to the multi-
tube-array diameter. The gas conditions in the postimerged jet core are cqual to the average
flow conditicns (P, Top, and VJ) in a round jet which has expanded to a diameter equal to
the multitube-array diameter. The fully-expanded-flow area ratio is an important considera-
tion when considering postmerged jet core gas conditions.

The postmerged jet noise peak frequency is related to the Strouhal number relationship
where the dimension term is equal to the multitube-nozzle array diameter and the velocity
term is equal to the postmerged jet, potential core velocity. The postmierged jet, core
velocity profile affects peak PNL values when this source of noise is dominant. A flat profile
attained by proper tube distribution, e.g., close-packed-array arrangement, yields lower PNL
values. A postmerged jet core velocity profile which peaks in the center, e.g., radial-array
arrangement of tubes, results in higher PNL values. This is due to a change in the direction
of postmerged jet noise frequencies away from the jet axis. The postmerged jet noise power
levels were not affected significantly by postmerged jet core velocity profile shape, however.

Multitube suppressor nozzles provide reduced noise levels in the low frequency portion cf
the jet noise spectrum. This is due to the low jet velocity inherent with the postmerged jet
region. This situation makes facility (or engine) upstream generated noise, ¢.g., core noise,
an important consideration when determining multitube nozzle effectiveness in su ppressing
jet noise, Care should be exercised to provide s quiet burner system in a test facility used for
jet noise research purposes. In this test program the facility’s core noise was apparent in a
few one-third-octave bands.

The elementai jet mixing turbulence noise is generated in the premerged jet region. The outer
row of jets in the multitube nozzles’ efflux effectively shields noise generated by the inner
jets. About 4 to 5 dB of additional suppression of premerged jet noise was realized with the
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61-tube nozzle beyond that expected from geometric shielding concepts. It has been postu-
lated that this additional suppression is due to acoustic or flow mutual-coupling between
adjacent elemental jets. The premerged jet noise peak-frequency is related to the Strouhal
number relationship modified by fully-expanded flow area, total temperature and number
of tubes.

Shock noise, or screech tones in the multitube-nozzle jet were observed, especially at
ambient flow conditions. The tone frequency was a function of the tube diameter and noz-
zle pressure ratio. This phenomenon is not expected to occur under the hotter supersonic
gas conditions common to contemporary jet engines.

A new source of multitube-nozzle supersonic jet high frequency noise was identified. This
noise is apparently generated by spiral-mode flow-instability at nozzle PR 3 2.5. The
frequency of this noise mechanism agrees with theory, being a function of tube diameter,
Mach number and jet velocity. The noise is primarily directed at 90° to the jet axis. Noise
level is a function of the number of tubes in a nozzle array, exit area, and nozzle pressure
ratio. Spiral-mode flow-instability can influence peak PNL as well as EPNL values.

Of all the multitube-nozzle geometric parameters tested, only two were found to be dom-
inant acoustically. Tube number determined the premerged noise levels, while the array’s
area ratio determined the postmerged noise levels. Tube arrangement and flow radial dis-

tribution were found to be second order effects.

Hardwall ejectors surrounding multijet flows were found to provide additional jet noise
suppression. An ejector induces additional secondary flow between the jet elements causing
some noise reduction due to a relative velocity effect. It is also postulated that under favor-
able geometric conditions, noise reflections from the ejector wall back to the source region
may be affecting the noise generation process, reducing the sound output. Fully-mixed
ejector configurations were found to also reduce postmerged jet noise, probably due to a
lowering of the kinetic energy in the postmerged jet. Ejectors, generally, were shown to have
a very distinctive radiation characteristic, causing the premerged jet noise to peak at ap-
proximately 110° from the engine inlet.

Multitube-nozzle jets were shown to have inherent jet noise shielding properties associated

with the premerged jet noise. In addition, it was shown that high temperature, low velocity
flow in the outer row of jets was a very effective acoustic shield against the noise generated
by the central cluster of jets.

Acoustical linings in the ejectors were another means of increasing the premerged jet noise
suppression. The linings have to be tuned to the noise frequencies generated inside the
ejector. Similarly the lining impedance has to be optimized for the flow and noise environ-
ment inside the ejector. The overall lining effectiveness, from the far-field noise peint of
view, is determined by the relative level of the noise floor of the jet noise generated beyond
the ejector exit plane. Analytical studies showed that noise-source distribution and flow-pro-
file characteristics inside the ejectorare also important in determining the lining effectiveness.
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The acoustic characteristics of g Jet noise suppressor system are a composite of the above
noise mechanisms. Secondly, the suppressor system is invariably evaluated on die subjective
PNL scale. This means that the properties of the above noise components have to be weighted
according to the annoyance scale and properly balanced relative to each other, as described
in volume X, in order to achieve maximum jet noise suppression.

The effect of forward velocity (flight) on jet noise suppression with multitube nozzles and
eiectors was studied in a low-speed wind tunnel. 1t was concluded from the wind tunnel
studies that the peak noise from an unsuppressed R/C nozzle varied simply as the relative
velocity. Multitube nozzles without ejectors also radiated peak noise simply as a function of
refative velocity. Presence of cjectors in the suppressor system degraded the premerged jet
noise suppression in flight beyond the elative velocity effect. The amount of degradation
was a function of ejector diameter: loose fitting ejectors suffered less loss than tight fitting
configurations. The postmerged jet peak noise, however, was unaffected and followed the
relative velocity function.

Until very recently, the normal course of action was to optimize the acoustic characteristics
of suppressor systems for their static performance and then take whatever flight penalty
there was when the design was tested in flight. The forward velocity studies on jet noise con-
ducted in this program. now cnable the designer to take flight effects into account at an
carlier stage in the design process.

A puarallel propulsion performance technology program (vol. 1V) has achieved similar ad-
vances in the basic understanding of suppressor nozzle system performance mechanisms. A
coordinated effort between noise and propulsion staffs enabled these advances in technology
to be incorporated into the full scale suppressor system demonstrator described in
volume X.
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7.0 RECOMMZINDATIONS

The planned systematic approach used in this program to invesiigate high-velocity jet noise
suppression mechanisms has paid off by giving better insight into mul‘itube nozzle aero-
dynamics. noise generation and noise transmission processes. As a na‘ural follow-on to this
work. a similar program should e conducted to study jet noise stippression at subsonic
velocities. Such a program should not necessarily be restricted to multitube nozzles alone.
because the best suppressor concept for low velocity jet noise suppression has not been
established as yet. The tubular nozzle concept. however, should be pursued to some length,
because studies in this program have shown a promising t >nd. At lower jet velocities smaller
arca ratio nozzle arrays (AR < 3.0) are better jet noise suppressors than large area ratio
arrays which is the reverse of the high velocity case. This is an encouraging trend because
from the pointof view of Right hardware design, smaller area ratio nozzles are more practical,

The multiclement-jet noise studies established the similarity in flow structure and noise
characteristics between the postmerged jet noise component and an equivalent simple jet.
This work should be continued to establish firmly the quantitative relationships between the
postmerged jet and the simple jet. In order to Finalize this work., flow turbulence effects
should be studied and accounted for.

This program has shown that jet noise shiclding with low velocity, peripheral flows hus sup-
pression potential. Jet noise shielding studies should be continued to develop a quantitative
base to this technology in order that rational design concepts could be initiated. Dual-flow
(turbofan) and multicycle engines are natural future candidates for the application of the
gas-shielding/jet-noise suppression concept.

Hardwall ejectors coupled to multitube nozzles were shown to exhibit a hitherto unrecog-
nized noise suppression mechanism. where the reflected noise from the ejector wall appeared
to influence the jet noise generating efficiency. This hypothesis should be explored further.
It should be first verified and then quantified so that full use of this jet noise suppression
mechanism could be used it future applications.

The multitube nozzle concept has been considered only for its jet noise suppression charac-
teristics. A large area ratio multitube nozzle introduces an area change (acoustic impedance
change) in the engine’s exhaust duct system. Consequently the engine internal (eore) noise
propagating through this system will experience some transmission loss, as was observed in
some of the model scale test configurations. Therefore, from the point of view of engine
core noise reduction. this aspect of suppressor nozzle installations should be looked into. so
that all the benefits are extracted in the final analysis.

Jet noise suppression technology is firmly established in terms of static evaluation and analy-
sis. The most important application of jet noise suppression, however, is under flight condi-
tions where the relative velocity effects modify the statically observed results. A low-speed
wind tunnel was used successfully to study these effects on multitube-nozzle ejector systems.
A great deal more work is necessary in the area of flight effects on jet noise generation,
radiation and suppression to establish the necessary confidence in applying the static jet
noise technology.
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Analytical studies were undertaken to investigate noise-source location and flow-profile
effects on jet noise absorption in acoustically lined cjectors. The techniques of solution of
these anatytical problems proved to be more cumbersome and time consuming than origin-
ally envisaged. Efforts should be made to streamline the methods of solution so that a wider

range of cases could be studied, leading to a quantitative understanding and improvement
in this technology arca.
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Figure 3. — HNTF Ground Microphone Installation
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Figure 6. — Exterior View of Wall Isolation Facility
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Figure 30. — Reference Conical and Multitube Nozzles
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Figure 33. — 42-T/Annulus, 3.3 AR-CPA-ET/RC (0.383-in.-Wide Annulus)
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Figure 39. — Multitube Nozzle 3.3 AR, Total Jet Noise Power Suppression
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Figure 42. — Normalized Total Jet Noise Power Levels fcr Area Ratio 3.3,

Close-Packed Array Multitube Nozzles
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Figure 43. — Normalized Total Jet Noise Power Levels for Close-Packed Array,
37-Tube Nozzles
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Figure 45. — Composite Jet Noise Power Spectra for the 7-Tube, 3.3 AR Nozzle
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Figure 47. — Normalized Premerged Jet Noise Power Levels
for 3 3 Area Ratio Nozzles
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Figure 55. — Postmerged Jet Noise Power Levels for
Area Ratio 3.3 CPA Multitube Nozzles
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Figure 56. — Normalized Postmerged Jet Noise Power Levels
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Figure 68. — 31-Tube, 2.75 AR Nozzle With Hardwall Ejectors,
Jet Noise Power Spectra (PR = 2.0, Ty = 1150° F)
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Figure 69. — 31-Tube, 2.75 AR Nozzle With Hardwall Ejectors
Jet Noise Power Spectra (PR = 3.0, Tr=1150° F)
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165

s 155

PW

145

31-T 2.75 AR-RA-ET/RC nozzle

————— 31-T, 2.75 AR, with 2.5 AR ejector

. —  31.T, 2.75 AR, with 3.1 AR ejector
wem s oo 31T, 2.75 AR, with 3.7 AR ejector

Postmerged noise

Premerged noise

2.0 22 2.4 2.6 20 2.2 2.4 2.6
Nozzle exit jet velocity, 1000 ft/sec

Figure 73. — Postmerged and Premerged Jet Noise Power Levels
for 31-Tube Nozzle /Ejector Configurations

37-T3.1AR-CPA-RT/RC nozzle
------ 37-T- 3.1 AR with 3.1 AR ejector
— —.—37-T-3.1 AR with 3.7 AR ejector

Postmerged noise

Premerged noise

20 22 24 2.6 20 2.2 24 ' 26
Nozzle exit jet velocity 1000 ft/sec
Figure 74. — Postmerged and Premerged Jet Noise Power Levels
for 37-Tube Nozzle/Ejector Configurations

—rm e 61-T-3.1 AR-CPA-ET/RC nozzle
—————— 61T7-3.1 AR, with 3.1 AR ejector
e 61-T-3.1 AR, with 3.7 AR ejector

Postmerged noise Premerged noise

—_ -
| 1 |
2.0 22 24 2.6 20 2.2 2.4 2.6

Nozzle exit jet velocity 1000 ft/sec

Figure 75. — Postmerged and Premerged Jet Noise Power Levels
for 61-Tube Nozzle/Ejector Configuratiors
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Figure 76. — R/C Nozzle Beam Patterns at PR = 2.0
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Figure 77. — R/C Nozzle Beam Patterns at 1150° F
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Figure 78. — R/C Nozzle Jet Noise Peak-Frequency Beam Patterns (PR = 2.0)
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Relative 1/3 octave band level, dB

L 1 1 L
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Angle, degrees re: nozzle inlet axis

47
Ag = 13.6in?
|
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Figure 79. — R/C Nozzle Jet Noise Peak-Frequency Beam Patterns (PR = 4.0) !
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Figure 80. — 37-Tube, 3.3 AR Nozzle Jet Noise 1/3 octave band
Beam Patterns. Ty = 1150° F
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Relative 1/3 octave band level, dB

Nozzles

Pl 7-T-3.3 AR-CPA-ET/RC 400 Hz

i 19-T-3.3 AR-CPA-ET/RC 400 Hz

e L 37-T-3.3 AR-CPA-ET/RC 400 H:
| 7 61-T-3.3 AR-CPA-ET/RC 400 H2z

-~
L’
] | | | ] 1
90 100 110 120 130 140 150

Angle, degrees re: inlet axis

Figure 81. — Multitube Nozzle Postmerged Jet Noise Peak-Frequency
Beam Patterns at PR = 2.0
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') Figure 82. — Multitube Nozzle Postmerged Jet Noise Peak-Frequency
4 Beam Patterns at PR = 4.0




Relative 1/3 octave band level, dB

Nozzle

16 O 37-7,2.75 AR-CPA-ET/RC 400 Hz
[ 377,33 AR-CPA-ET/RC 400 Hz
A 377,45 AR-CPA-ET/RC 500 Hz
<> 37.1,6.0 AR-CPA-ET/RC 500 Hz

| | | | | | | |
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Angle, degrees re: nozzle inlet axis
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Figure 83. — 37-Tube Nozzle Postmerged Jet Noise Peak-Frequency Beam Patterns
(Ty = 1150° F, PR = 2.0)
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Figure 84. — 37-Tube Nozzle Postmerged Jet Noise Peak-Frequency Beam Patterns
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Relative 1/3 octave band level, dB
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e 7 Nozzles
g 7 7 tubes — 61 tubes 3.2 — 10 kHz
@\(;/ 2.75 AR — 6.0 AR
2
| | | ] |
100 110 120 130 140

Anglz, degrees re: inlet axis

Figure 85. — Multitube Nozzle Prererged Jet Noise Peak-Frequency
Beam Patterns at PR = 2.0
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Relative 1/2 octave band level, dB
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-16; Nozzles Freq
7 tubes — 61 tubes 4 - 10kHz
2.75 AR - 6.0 AR
| | ] ] | |
90 100 110 120 130 140 150

Angle, degrees re: inlet axis

Figure 86. — Multitube Nozzle Premerged Jet Noise Peak-Frequency
Beam Patterns at PR = 4.0
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Relative 1/3 octave band level, dB
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O 771,33 AR-CPAET/RC 6.3kHz
(O 197,3.3 AR-CPAET/RC 10 kH2

<> 317,3.3 AR-CPAET/RC 16.4 kH2
A 617,33 AR-CPA-ET/RC 20 kHz
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" A 2
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Angle, degrees re: nozzle inlet axis

Ag = 136in?

Figure 87. — Multitube Nozzle Spiral-Mode Flow- Instability Jet Noise
Peak-Frequency Beam Patterns (T 1= 60° F, PR = 4.0)
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Relative 1/3 octave band level, dB
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37T, 3.3 AR-CPA-ET/RC
61T, 3.3 AR-CPA-ET/RC
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Angle, degrees re: nozzle inlet axis

Ag = 13.6in?

Figure 88. — 3.3 AR Multitube Nozzles Postmerged Jet Noise
Peak-Frequency Beam Patterns (PR = 2. 0)
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Figure 89. — 3.3 AR Multitube Nozzles Postmerged Jet Noise
Peak-Frequency Beam Patterns (PR = 4.0)
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Figure 90. — 3.3 Area Ratio Multitube Nozzles Premerged Jet Noise
Peak-Frequency Beam Patterns (PR = 2.0)

181




Relative 1/3 octave band level dB
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Figure 91. — 3.3 AR Multitube Nozzle Premerged Jet Noise
Peak-Frequency Beam Patterns {PR=4.0)
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1/3 octave band SPL, dB re: 0.0002 ybar

250 Hz 4000 Hz
1Mo .

100 — —
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Figure 92. — 1-Tube Nozzle With Ejectors at PR = 2.0, Tp= 1150° F
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Figure 94. — 31-Tube Nozzle With Ejectors at PR = 4.0, Tr=11 50° F
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PNLy, — 10iog p 2 A, PNdB re: 2128 ft SL

e
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4.1-in. R/C nozzle
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20° engine attitude
4 engines

FAR 36 STD day (77° F, 70%RH)
3 PNdB above free field

Scale factor: 8

Full scale A = 6 ft2

A 1 1 1 1 1 1

1400 1600 1800 2000 2200 2400 2600
Y ) ft/sec

Figure 95. — Baseline Nozzle "Normalized' Peak Perceived Noise Levels
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PNL, PNdB re: 2128-ft sideline
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PR
0 4.0
* 35
7 3.0
X 25
H20
4 enginec
120
L
1or
-
100 §
m 3
BO
m i i i i e —
90 110 130 150

Directivity angle, degrees

s 0
Ty = 11507 F

Figure 96. — R/C Nozzle PNL Beam Patterns
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Figure 97. — 37-tube, AR 3.3 Nozzle "Normalized" PNL
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Figure 100. — A Summary of Multitube Nozzle PNL Suppression as a Function
of Tube Number and Area Ratio
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Jet noise suppression, & PNdB re: 2128-ft sideline

12t

F o
/// Full scale
/ Ag = 6.05 ft?
s
Nozzle description
OL = 3in, 7T, 3.3AR-CPA-ET/RC
i JL = 3in. 18T, 3.3AR-CPA-ET/RC
O OL = 3in, 37T, 3.3AR.CPA-ET/RC
AL = 3in. 37-T, 3.3AR-RA-RT/NC
X7 L=1in. Y'L=2in. VL = 3in. 37-T, 2.75AR-CPA-ET/RC
i y // OL = 3in. 37-T, 4.5AR-CPA-ET/RC
QL = 3in. 377, 4 5AR-RA-ET/RC
AL = 3in, 37T, 6.0 AR-CPA-ET/RC
L <L = 3in. 61T, 3.3AR-CPA-ET/RC
[ 3 L = tube length (model scale)
NOTE: Thrust loss based on ambient temperature flow measurements.
i — 2 2 2 o
4 8 12

Static thrust loss, percent re: R/C nozzle

Figure 101. — Multitube Nozzle Acoustic Noise Suppression/Thrust Loss
Relationship at (T =11 50° F, PR = 2.0, V)= 1875 ftfsec)
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Jet noise suppression SPNdB re: 2128-ft sideline

14

12

10

e "l & Y a & &

Nozzie description

din, 7-T, 3.3AR-CPA-ET/RC
3in.19-T, 3.3AR-CPA-ET/RC
3in.37-T, 3.3AR-CPA-ET/RC
3in.37-T, 3.3AR-RA-RT/NC
3in.37-T, 2.75AR-CPA-ET/RC
3in.37-T, 4 5AR-CPA-ET/RC
3in.37-T,45AR-RA-ET/RC
3in.37-T, 6.0AR-CPA-ET/RC
din.61-T,3.3AR-CPA-ET/RC

tube length (model scale)

JL=1in VL = 2in,

QD<o ap OO0

il Rt T AR B i all el e
"

2L = tin, dL = 2in,

Note: Thrust loss based on ambient temperature flow measurements,

4 a8 12
Static thrust loss, percent re: R/C nozzle

Figure 102. — Multitube Nozzle Acoustic Noise Suppression/Thrust Loss
Relationship at (Ty=1150° F, PR = 2.5, V= 2126 ft/sec)
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Jet noise suppression, &PNdB re: 2128-ft sideline

T A R N TS

e

J."r. Full scale "
. / Ag = 6.05 ft
0 _ /

(%4

Nozzle description

OJL = 3in. 7-T,3.3AR-CPA-ET/RC
1 CIL = 3in. 19-T, 33AR-CPA-ET/RC
2 L = 3in. 37-T, 3.3AR-CPA-ET/RC
4L = 3in. 37-T, 3.3AR-RA-RT/NC
A L=1in. Y L=2in. VL =3in 37T, 275AR-CPA-ET/RC
4, OL = 3in. 37-T, 4 5AR-CPA-ET/RC
QL = 3in. 37-T, 45AR-RA-ET/RC

" j &L = 3in. 37-T, 6.0ARCPA-ET/RC
i
a4
P !

|

/
I

r b

O L=tin. fL=2in. DL = 3in. 61-T, 3.3AR-CPA-ET/RC

[ / L = tube lesigth (model scale)

o

Note: Thrust loss based on ambient teraperature flow measurements.

& " i 2 i .

0 4 8 12

Static thrust loss, percent re: R/C nozzle

Figure 103. — Multitube Nozzle Acoustic Noise Suppression/Thrust Loss
Relationship at (Tr = 1150° F, PR = 3.0, V, = 2303 ftkec)
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.% Nozzle description
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) L = 3in. 37T, 3.3AR-CPA-ET/RC |
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/ LPL=1in C(,_ - 2in@ L = 3in. 61T, 3.3AR-CPA-ET/RC
1 L = tube length (modei scale)
Note: Thrust loss based on ambient temperature flow measurements,
¢ 0 4 8 12
Static thrust loss, percent re: R/C nozzle
!
Figure 104. — Multitube Nozzle Acoustic Noise Suppression/Thrust Loss
Relationship at (Ty = 1150° F, PR = 4.0, V; = 2544 ft/sec)
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Peak PNL suppression, &PNdB re: 2128-ft sideline

Ty = 1150° F
Full scale
Ag = 6.05 #t2

Nozzle

© 7-T,3.3AR-CPA-ET/RC
& 19-T, 3.3AR-CPA-ET/RC
© 37-T, 3.3AR-CPA-ET/RC
A 61-T, 3.3AR-CPA-ET/RC

4}
2}
Note: Thrust loss based on ambient temperature flow measurements.
0 - ' 2 ’y e 2
0 5 10

Static thrust loss, percent re: R/C nozzle

Figure 105. — 3.3 Area Ratio Multitube Nozzles Jet Noise
Suppression/Thrust Loss Characteristics
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PR =20, Ty = 1150°F PR = 4.0, Ty = 1150°F

—

Mo

100 —

70 |:

120

Nno+—
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BO}—

I L | 1 l 70 I 1 I 1 ] l

110 130 160 90 110 130

Directivity angle (deg.)

31-T, 2,75 AR-RA-ET/RC nozzle
- = —e—=-31-T, with 2.6 AR ejector
——————— 31-T, with 3.1 AR ejector
--------------- 31-T, with 3.7 AR ejector

Figure 106. — 31-Tube, 2.75 AR Nozzle With Hardwall Ejectors,
2128-ft Sideline PNL Beam Patter::s
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PNL suppression, PNdB re: 2128 ft SL

25

20

15

10

0
Ty = 11507 F

.
-
-
- ——
- ~
— ‘_... -

- - "_"'"ln,.\

- - ,—-";#""‘
- g— "'\“ ‘\t‘

b= 31-T, 2.75 AR-RA-ET/RC nozzle

...... 31.T, with 2.5 AR ejector
«w—==31-T, with 3.1 AR ejector
----- =31-T, with 3.7 AR ejector

] l | ] |

== «=31-T, with 2.5 AR ejector (1’ setback)

1.8 20 2.2 24 2.6

Noazzle exit jet velocity, ft/sec

Figure 107. — 31-Tube, 2.75 AR (RA) Nozzie PNL Suppression
With and Without Hardwall Ejectors
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Figure 109. — 37-Tube, 4.5 Area Ratio Nozzle, Premerged Jet Turbulence Noise
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Figure 110. — 37-Tube Nozzle Premerged Jet Noise Peak-Beam Patterns
(Tr = 1150°F, PR = 2.0)
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Figure 111. — 37-Tube Nozzle Premerged Jet Noise Peak-Beam Patterns
(Ty = 1150° F, PR = 4.0)
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<> 37-tube, 3.3 AR-RA-RT/NC
A 37-tube, 4.5 AR-CPA-ET/RC
V 37-tube, 4.5 AR-RA-ET/RC

: (o]
Ty = 500° F

PWL dB re: 10_13watts

Figure 112. — Postmerged Jet Noise Power Levels from Close-Packed Arrays
and Radial-Type Arrays
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Figure 113. — 37-Tube Nozzle Postmerged Jet Noise Peak-Beam Patterns
(Ty = 115G° F, PR = 2.0)
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PNL suppression, A PNdB

PHL suppression, A PNdB

37-tube nozzle
Elliptical tubes, R/C ends (CPA)

VJ = 1875 ft/sec Eliptical tubes, R/C ends (radial arrangement)

PR = 20 Round tubes, R/C ends (CPA)
Ty = 1150°F Round tubes and ends (radial arrangement)
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VJ = 2126 ft/sec
PR =25
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15
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Area ratio

Figure 115. — Effect of Area Ratio on Noise Suppression for 37-Tube Nozzles
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37-tube nozzle
QO Elliptical tubes, R/C ends (CPA)
Vv, = 2303 ft/sec Efliptical tubes, R/C ends (radial arrangement)

PR = 3.0 , Round tubes, R/C ends (CPA)
Ty = 1160°F Round tubes and ends (radial arrangement)

PNL suppression, &PNdB

2544 ft/sec
4
1150° F

PNL suppression, 5PNdGB

3
Area ratio

Figure 116. — Effect of Area Ratio on Noise Suppression for 37-Tube Nozzles
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1/3 octave band PWL (dB re: 10° 13 watts)
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————— 42-tube, 1.067 in. annulus, 18.9 in flow area
== == —— -~ 42-tube, 0 in, annulus, 9.4 in2 flow area
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Figure 118. — Comparison of Regular Multitube Nozzle Noise With

Multitube /Plug Nozzle Noise Levels
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Figure 120. — 42 Tubes with Annulus and Plug, Jet Noise PNL Suppression
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Ty = 1500°F
172 O 1)
170 0O e
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a Nozzles
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Figure 121. — 3.1 Area Ratio Multitube Nozzle 1:tal Jet Noise Power Levels
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— - —e85.T, 3.1 AR-CPA-RT/NC (outer row of 24 tubes blocked)
------- 85.T, 3.1 AR-CPA-RT/NC (2nd row of 24 tubes blocked)

fgure 122, — Multitube Nozzles Premerged Jet Noise Power Level
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Figure 123. — Premerged Jet Noise Suppression as a Function
of Tube Row Spacing Ratio for a 61-Tube Nozzle
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Figure 124. — Normalized Postmerged Jet Noise Power Levels
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PWL — 10 log A, dB re: 10-13 warts
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Figure 125. — 61-Tube and 61-Tube (canted) Nozzles Premerged
and Postmerged Jet Noise Levels, Ty = 1500° F
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PWL — 10 log A, dB re: 10-13 watts
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Figure 126. — 85-Tube Nozzle Configurations, Premerged
and Postmerged Jet Noise Levels, Ty = 1500° F
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! Figure 127. — Multitube Nozzies Premerged and Postmerged
. - Jet Noise Levels, Ty = 1500° F




1/3 octave band SPL dB re: 0.0002, u bar at 50 ft PA

1/3 octave band SPL,dB re: 0.0002 u bar at 50 ft PA
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======= 61T, (canted), 3.1 AR-CPA-RT/NC

L. — m— . 85T, 3.1 AR-CPA-RT/NC
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& o Angle, degrees re: inlet axis
TT 1500° F
PR = 20

Figure 128,

112

— Multitube Nozzle Premerged Jet Noise Directivity
for T7-= 1500° F, PR = 2.0
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Tr = 1500°F
P;?r = 38 Angle, degrees re: inlet axis

Figure 129, — Multitube Nozzle Premerged Jet Noise Directivity
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Figure 130. — Multitube Nozzle Postmerged Jet Noise Directivity

for Ty = 1500° F, PR = 2.0
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1/3 octave band SPL, dB re: 0.0002 u bar at 50 ft PA
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Figure 131. — Multitube Nozzle Postmerged Jet Noise Directi vity
for Ty = 1503° F, PR = 3.8
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PNL suppression, PNdB re: 2128 ft SL
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-===== 61-T, (canted), 3.1 AR-CPA-RT/NC
——--85-T, 3.1 AR-CPA-RT/NC

—---= 85-T, 3.1 AR-CPA-RT/NC (outer row of tubes blocked)
—=-~— 85-T, 3.1 AR-CPA-RT/NC (2nd row of tubes blocked)
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Figure 134. — Sideline Noise Suppression With Irregular Array Nozzles
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Perceived noise level (PNdB)
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veeeneens 61 tubes, 3.3 AR (outer tubes canted)
—— _ 85 1tubes, 3.3 AR

e mm... 85 tubes, 3.3 AR (first row of tubes blocked)
— - —85 tubes, 3.3 AR (2nd row of tubes blocked)

Figure 135. — Multitube Nozzle PNL Beam Patterns
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Figure 136. — Three-Layered-Flow, Acoustic Model and Nomenclature
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Wave transmission region
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Figure 137. — Cut-Off Angles
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Figure 138. — Transmission Coefficient K o = 2.0
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Figure 141. — Spatial Redistribution of the Incident Wave
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Figure 142. — Jet Noise Shield Test Schematic
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Figure 143. — Tone Source, Measured Transmission Loss
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Middleton and Clark Gray, Gutierrez and Walker
shielded area hypothesis shiglded area hypothesis
ref, 22 HE_[IU ref. 23
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s/d = 1.655 at MJ = |
L)

Array center

§ = spacing between nozzle centers
d = fully expanded flow diameter

NO= number of tubes in outer row

Figure 144. — 24-Tube Annulus Arrangement Shielding Geometry
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Figure 145. — Multielement Jet Component Noise Levels

233

’ —
I
I 130}
!
i ¢
P‘ el
tl.
120 | | ] Lot Ll Ll | Lo L
t 102 2 5 103 2 5 104 2 5 105
Frequency, Hz
61-T, 3.1 AR-CPA-RT/NC Ty = 1500° F
nozzle PR = 38

D e L A T SR



P = e

PWL — 101og A, dB re: 10”13 watts

PWL suppression, dB,

180

175

170

165

i '/'wP"‘ Tr = 1500°F
-tf&
o
I 1 'l 1 I | i 1 AL
2000 2500 3000

V j (ideal), ft/sec

* Normalized by outer row tube area

12
-
/’/
10,k e 24-tube annulus
—— o—— — —-;—", ]
8 R 61-tube (premmged jet noise)
—d

6

4p

2

4 1 1 [} 1 1 i ¢ :

2000 g o

vV lideal), ft/sec

Figure 146. — Premerged Jet Noise Normalized Power Levels for a
51-Tube (CPA) Nozzle and 24-Annulus Tube
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Figure 147. — Premerged Jet Noise Geoimetric Shielding Suppression Predictions
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1/3 octave band noise prwc: evel, dB re: 10'13 watts
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Figure 149. — Dual-Flow Noise Power Spectra for Constant
Secondary Flow Total Temperature (Case 1.)
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Figure 150. — Dual-Flow Noise Power Spectra for Constant
Secondary Flow Total Temperature (Case 2)
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Figure 151. — Dual-Flow Noise Power Spectra For Constant
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Figure 175. — Peak -3dB Density Distribution as a Function of Jet Temperature
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