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PREFACE 
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SUMMARY 

i m 

Jet noise suppression technology has ulways 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 aerodynamics, jet noise generation and transmission 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 
confirmed 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 imititube jet noise-suppressor nozzle is composed of 
a number of noise sources: 

i 

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 (Pj, Tj and Vj) in the post- 
merged jet region are equal to the average conditions m 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 of 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 of the multitube jets can still be detected in the flow. 
The outer row of jets in the multitube-nozzle efflux appear to shield the noise generated 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 
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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 noise suppression across 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 of 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 tiie 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 where previous 
work was lacking. 

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

The nlain emphasis in the experimental program was placed on static acoustic testing of 
parametrically related multitube nozzles and hardwall ejectors. Thrust performance data was 
always acquired in conjunction with the acoustic data to assure data repeatability and to 
establish test conditions accurately. The thrust performance results arc reported in volume IV 
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 controlling the acoustic energy after it has been generated by the jet. Acoustic effects 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). Examination 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 5, and 
consisted of studies of double-layer or broadband absorbers and 'distributed" linings.  Lining 
impedance tests were conducted in the presence of grazing flow to enhance the analytical or 
prediction model described in volume VU. Analytical studies were conducted to investigate 
the effects of variations of noise-source locations and ejector internal flow profiles on jet noise 
absorption by acoustic linings. 

The above experimental studies were conducted over a range of jet temperatures (ambient 
< Tj <1150oF) and nozzle pressure ratios (2 *• PR <! 4). 

Previous experience, both analytical and experimental, has indicated that significant thrust- 
performance losses for suppressor nozzles can result from low-speed external (Iowas, for ex- 
ample, during airplane takeoff and climbout. Similarly, an airplane's forward velocity affects 
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jet noise generation and radiation. The jet noise suppressor system's acoustic performance 
m l he final analysis, has to be evaluated with forward night effects taken into account      ' 
I heretore, representative suppressor configurations from the above static program were 
tested for acoustic performance in a low-speed wind tunnel and the results are reported 
in this document. 
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The extended concrete surface provided essentially an infinite acoustic baffle, resulting in 
lairly uniform pressure doubUng over the frequency range of interest of 200 Hz to 80 kHz. 
Phis teclinitiue allowed spectra tu he measured which were free-field in shape, but 6 db 
above free-field in level. Data could then be easily corrected to free-field levels for further 
analysis. The centerline-heipht microphones were Brue! and Kjaer 1/4-in. Model-4135 
free-field units with the diaphragms pointed at the sound source and protected by wind- 
screens. The data from the centerline microphones was oidy used to monitor and verify 
thai the data acquired by the ground microphones was not affected hy acoustic shadowing 
caused by wind or temperature gradients across the ground plane. 

2.1.2 TIÜ WALL ISOLATION FACILITY 

The Wall Isolation Facility (WIF) was used mainly for jet noise-source location tests. It 
was. however, also used as a backup lor the HNTF, because it could be operated in a 
conventional way for measuring far-field noise from jet exhaust nozzles. It also had the 
capability of coupling two Immer systems in parallel to provide independently variable 
coannularjets 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 How measurements, plenum pressure, 
and temperature measurements to establish nozzle test conditions. 

The WIF consists of a scale-model jet located entirely inside a 20- by 50- by 20-ft test cell. 
This is shown schematically in figure 4. The facility is fed by a 300 psi air supply with a 
maximum mass flow of 40 lb/sec. The maximum total jet temperature attainable is 2000oF. 
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 nozzle 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 
travel of approximately 20 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 
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). 

J 
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An iris mechanism (fig. 6) was mounted Hush against the outside wall concentric with the 
lixed aperture. The diameter of the remote controlled iris could be varied continuously 
from 5 to 36 in. 

The outside face of 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- 
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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I he Wll was also used for conventional testing of exhaurt nozzles when- their location 
relative to rhe f«f-fiekl microphone array was fixed. In this program the WIF- was used 
speuhcally in a Icsl series re(|uirinji eoannular Hows to study temperature and vetodtv 
gradient effects. 

Two burner systems were mounted parallel as shown in fifllfe 7. [he independently con- 
trollable hot Hows entered a coannular plenum chamber which supplied air to the test 
nozzles. 

In the outside arena, digs, 8 and 9) eight microphones were mounted vertically over the 
let centerlme on a boom having a :5-(t radius curvature about the aperture center They 
were mounted at [0° intervals beginning at 20" from the exhausi direction of the jet axis 
and continuing up to 90°. I he acoustic far-fteld pressures were measured by 1/4-in  Brucl 
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2.1 J IHI  LOVV-SPI 51) WIND TUNNI L 

fhe Inruard velocity effects on noise generation and radiation from let exhaust nozzles was 
studied in the Hoeing 9- by l)-t't Induction Tunnel Facility (fig. 10), 

I he tunnel includes acoustically-lmed panels on the ceiling and side walls of the test section 
a burner to heat the facility's compressed air supply to the required total temperature and a 
traversing microphone system to acquire sideline acoustic data at selected angles   I he wind 
tunnel is powered by a lurboprop engine that induces ambient air through the test section 
at velocities up to 165 knots (27H ft/sec). The propeller turns at a constant rpm and controls 
tunnel velocity by varying pitch. I or this test series, noise data were obtained with the 
tunnel oil and at 165 knots. The tunnel air flows through a large, rectangular bell-mouth 
inlet, a (low straightening grid, and a diffuser, prior to reaching the M-bv ^-ft constant area 
test section. I he flow is then diffused and expelled from the tunnel by the four-bladed 
propeller. A kerosene burner is located within the model's nacelle and incorporates a 
propane gas spark ignition system. During the test, the burner heated the nox/le air to a 
constant I 150 F, The nacelle installation included a boundary-layer bleed to better simu- 
late the boundary layer of an actual engine installation. Noz/.le pressure ratio, total tempera- 
ture, tunnel velocity and traversing microphone positions are monitored and set within the 
facility s control room. 

I he acoustic instrumentation consisted of two 1/4-in. Hruel and Kjaer Model-4n5 micro- 
phones with bullet-shaped grip caps. One of the microphones was mounted on a traversing 
mechanism capable of remote positioning from 70° to 165° relative to the inlet axis The 
second microphone was in a fixed location at 1 20° from the mlet and on the opposite side 
Ol the tet axis, and served as a reference for the traversing microphone. Both microphones 
were at the jet centerline height and on a sideline 2 ft from the jet axis. 
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2.2 ACOUSTIC DATA ACQIJISITION AND ANALYSIS 

A typicul 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 seconds during stabilized nozzle pressure ratio 
conditions on a fourteen-track annlog tape recorder for subsecjuent analysis after test com- 
pletion. Basic analysis of the recorded acoustic data was performed in a separate facility 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, I'DBX-I computer, digital magnetic tape recorder, and associated monitor, control, 
interface and peripheral service equipment (figs. I 3 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 l/3-octave-band 
filters, covering the frequency range of 200 to 80 kHz. The filters meet International Stan- 
dard IEC 225 and U.S.A. Standard 51.1 1-1966 Class III requirements and are calibrated with 
both sine wave and random noise inputs. The true rms detector section of the analyzer has a 
dynamic range of 60 dB and a resolution of +0.25 dB. The square law response of the de- 
tector is verified by the two sine wave insert method per 1LC 179, Paragraph 8.5. 

Frequency response compensation 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 % 
format compatible with existing CDC-6600 computer software. All components of the 
reduction system are periodically certified to the manufacturer's specifications by the 
Boeing Flight Test Calibration Laboratory. 

2.2.1   INSTRUMENTATION CALIBRATION 
1 

To insure proper data quality as well as day-to-day repeatability all acoustic systems were 
calibrated on a regular basis. Three types of calibration were performed on the data 
acquisition system prior to recording test data. The first determined tlie frequency response 
of the microphone preamplifier and power supply. This was performed before and after 

) 
each test using the electrostatic actuator method illustrated in the block diagram in figure 
15. The sweep oscillator frequency is referenced to an electronic counter, certified and 
calibrated by the Boeing Flight Test Laboratory. 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 calibration, using the sweep oscillator in figure 15 was done to determine the I 
relative response of the signal coiuiitioning amplifiers, 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 
of that portion of the instrumentation. When tlie frequency response of the system relative " Ä 

to 250 Hz had been determined, corrections were computed for each 1/3-octave- band and 
applied to the data during reduction to obtain a uniform (Hat) system response at all fre- 
quencies within the data bandwidth. 
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The third calibnjtion WüS an end-tu-end sensitivity check, performed each day before and 
after a test. An acoustic pistonphone calibrator with a constant, known sound pressure level 
(SPl.) at 25Ü 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 ModeI-4220 pistonphone which has a 
certification traceable to the U.S. Bureau of Standards through a secondary standard main- 
tained by the Boeing Metrology laboratory. 

2.2.2 ACOUSTIC DATA ANALYSIS FORMAT 

A standardized acoustic data analysis procedure was followed during the preliminary stages 
of each 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 770F 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 W1F 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 each 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 158° at 50-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 extrapolated 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 calculation 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 of engines and engine shielding (AIR 876) 

Atmospheric absorption (ARP866) 
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• l.xtra 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 WIF were different from the normal far-field noise tests conducted with jet exhaust 
nozzles. Therefore, these differences are described separately below. 

2.3.1 TEST PROCEDURES 

For a given test configuration and test condition the jet flow boundary was first determined 
by means 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 I6.n for each trequency 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 1 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/Dand curve-fitting an analyti- 
cal function to it. An example of the curve fit and 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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techniqu« "sees" the noise sources as tliey emerge from the jet surface and hence fails to 
account for propagatior paths inskle the jet. 

2.4  LOW-SPfcl-D WIND TUNNEL ACOUSTIC DATA ACQUISITION 
AND ANALYSIS 

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

2.4 1 TEST PROCEDURES 

For a given nozzle-test installation, noise data was first acciuired with the tunnel turned off. 
Jet noise data were recorded for approximately 20 seconds with the traverse microphone 
portioned at a series of angles from 70° to 165° relative to the inlet centerline. Noise data 
for 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. 

C 

2.4.2 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 for further analysis. This was done in two steps. The first extrapo- 
lation employed model scale frequencies and corrected the SPL's from a 2-ft sideline to a 
50-ft polar arc. This was done to correct for 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 
OASPLand PNL values were calculated. Two values of PNL were calculated for each spectrum; 
one using the scaled measured frequency/SPL values, the other applying a 1/3-octave-band 
frequency shift in consideration of Doppler effects. Since the wind tunnel technique does 
not include Doppler effects, this added calculation was necessary for later analysis. 
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9 3.0 TEST HARDWARE 
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The model scale acoustic test harilware 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 ejectors 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 photographs of the test hardware are presented in figures 19 through 37. 

NOZZLH 

4.16-in. RC 

e-in. RC 

37T-3.3 AR-CPA-RT/RC 

7T-3.3 AR-CPA-tT/RC 

19T-3.3 AR-CPA-HT/RC 

37T-3.3 AR-CPA-HT/RC 

61T-3.3 AR-CPA-HT/RC 

37T-2.75 AR-CPA-HT/RC 

37T-4.5 AR-CPA-HT/RC 

37T-6.0 AR-CPA-HT/RC 

37T-3.3 AR-RA-RT/NC 

37T-4.5 AR-RA-HT/RC 

TEST HARDWARE 

DESCRIPTION 

4.16-in. round convergent reference nozzle 

6-in. round convergent reference nozzle 

37 Tubes, 3.3 Area Ratio, Close-Packed Array, 
Round Tubes with Round Convergent Ends 

7 Tubes, 3.3 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

19 Tubes, 3.3 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

37 Tubes, 3.3 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

61 Tubes, 3.3 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

37 Tubes, 2.75 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

37 Tubes, 4.5 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

37 Tubes, 6.0 Area Ratio, Close-Packed Array, 
Elliptical Tubes with Round Convergent Ends 

37 Tubes, 3.3 Area Ratio, Radial Arrangement, 
Round Tubes with Nonconvergent Ends 

37 Tubes, 4.5 Area Ratio, Radial Arrangement, 
Elliptical Tubes with Round Convergent Ends 

PRECEDIIO PAGE BUNK-NOT fILMiJ 
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NOZZLt 

31T-2.75 AR-RA-tT/RC 

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

61T-3.1 AR-CPA-RT/NC 

61T(Canted)-3.l AR-CPA-RT/NC 

851-3.1 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, 6.5 7-in.-diameter, 4.16-in.-lor'g 

Cylinderical Ejector, 7.31-in.-diameter, 4.I6-in.-long 

Cylinderical Ejector, 7.98-in.-diameter, 4.16-in. long 

Cylinderical Ejector. 7.98-in.-diameter, 24-in. lo^-j 

) 
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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 mechanisms 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 older effects 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 a 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 1 1 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. Area ratio appears to have an impact on 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 
siiow highest suppression, while at the largest area ratio, the high pressure ratios tend to 
give the best suppression, reaching about 1 1 dB. 

The jet noise power levels normalized by the commonly used function of-10 log p2A and 
plotted against idea! jet velocity are shown in figures 42 and 43 as a function of tube num- 
ber and nozzle area ratio respectively. The apparent discrepancies in test data '>r overlapping 
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 SOURCES 

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: 

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

(2) Jet postmerging turbulence noise. 

(3) Spiral-mode flow-instability noise. 
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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 for the 
7-tube, 3.3 AR nozzle. Premerged jot turbulence generates broadband noise which results 
in the high frequency peak of the typical double-peak multielement noise spectrum. The 
postmerged jet turbulence generates broadband noise composing the low frequency peak of 
the spectrum. Shock noise is a tone component that tends to occur only at near ambient 
total temperatures. Sometimes a second harmonic of shock noise is apparent. Spiral-mode 
flow-instability noise (ref. 10) affects a relatively narrow band of frequencies, noticeable at 
low values of total temperature. The facility's burner core noise is composed of tones and 
broadband noise affecting the lower frequency portion of the spectrum, especially at low 
jet velocities. Burner core-noise interference 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 sufficient 
altitude has been gained during takeoff. The premerged jet generates high frequency noise 
in a region extending from the nozzle exit plane to where the elemental jets coalesce. 

The dimensions of this region are such that an acoustically absorbent, lined shroud of 
practical size can be installed around the jet premerging region thus reducing this source of 
noise. The effect of unlined ejectors will be discussed in section 4.1.2 of this 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 frequency 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 each elemental jet increases, 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 for 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. 
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The jet flow area ratio in this study is related to the fully expanded jet area, e.g., AR8(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 parametric 
study over the range of pressure ratios from 2.0 to 4.0. 
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The premcrged jet turbulence noise power levels with the components of shock and spiral- 
mode flow iüstability noise removed are shown in figures 47 and 48. The power levels are 
shown as a function of jet velocity and have been normalized by 10 log (p + p0)^A. The 
density term is proportional to the mean density of the jet mixing region, which has been 
shown to be a useful relationship 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 tlow area 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 How 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 level. 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-expanded 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 d(A/A*)0-5. The multitube nozzle premerged noise 
peak frequency correlates with a simple jet (4.1-in. RC), but there is a significant scatter of 
values. 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/TQ)

0,5
 to account for temperature 

effects and by 0.0043NT 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; 

f = 
(0.6 - 0.0043NT)Vj ^ Hz 

'(x.) 
0.5 

(£f 
0.5 

(1) 

!0 

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 (TJ/TQ)

0
-
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 tubes 
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 How 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 
How 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 51 shows the individual flow axes and 
lengths of the respective supersonic core regions measured with the 61-tube, 3.3 AR nozzle 
(PR = 3.0 and Tj = 1000oF). 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 
program, 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. 

I 

I 

4.1.1.2 Postmerged Jet Turbulence Noise 

The postmerged jet turbulence noise has been particularly troublesome when considering 
suppressor nozzle systems for SST application. The high nozzle pressure ratios, e.g., 
PR > 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 ejector can not absorb this noise. 

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 1000oF(Vj = 2191 ft/sec) the post- 
merged jet core conditions as measured wet? PR ~  1.6 and Tj = 67S0F which is equiva- 
lent to a jet velocity of 1315 ft/sec. The diameter of the postmerged 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 
0.5(Tj + T0) points from the temperature profiles taken with the various multitube (CPA) 
nozzles. It was found that for all practical purposes the postmerged jet core diameter can be 
assumed to be equal to the multitube-nozzle array flew diameter at the exit plane. 

The postmerged 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. Ft can be seen that the area ratio is the major 
parameter affecting postmerged noise levels, with the noise decreasing with increasing 
area ratio. 

B 
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Tarn's equation can be n g   ^ ^    '      . ^ ^ been fou"d that the higher order terms of 
tieflected without loss oi accuracy using the following equation. 

f , •202ao  /Mj^ l\05   I vt\ 
ffd        ^MT^-H I 1.436 - 0.361 J^-I (2) 

a0 is the speed of sound in air 

d is the fully MpMded n„w .l.,,,,..^.,-,,!,,,, elemental Jel 

number increases the spiral-mode tlow .K ■ l T ,S (fl8S- 62 and 63>- As tu^ 
ratio has little effect o   s   r"ml e m, "     'h'At f T^ ^^ ^ 64)' No-Ie area 

(MT < ] 22) the evirit-n,. '   r . At nozzle Prt-,ssure ratios less than 2 5 & .^   rs:onf^zcrr rdettct' ^,hc :~< 
power leveb naulted An esthM    n , .        " ^l"6^^ 3-1" 5-dB higher 

b- ^ uSi„e IIK ^n
d

era
a„d ifsÄ

as «*spec "and i)eam 'ja,tcra - 
4.1.1.4 Shock Noise 

vetoär^Ä^ ^ -^ - ^^ at supersoniciet 
nozzle spectra. The nndtitl        ^  0w^10fC T WaS a,S0 detected in the '""'titube 
^."der hot tlow conditions. vZ^^Z:   7!^ t0 radiate Shotk "oi- 
with the shock noise or its har- 1 ^ t   '    1"üde.no^1!lstab'1'ty noise frequency coincided 
comports. The lollow   g emn ^Ttinn h^ ^ ainplifi-tion ^^oth noise 
the fundamental screech-trC^y^t M,^^ ^ ^ ^ <° ^ 

: 

' M - 
K d(PR .89) 0.5 

, for PR >  1.89 
(3) 

where a0 = speed of sound 

d   - fully expanded jet diameter from each tube or nozzle 
I K  - nozzle pressure ratio 

K   " constant 
"   157 for R/C nozzle 
= 2.74 for multitube nozzles 

4.1.1.5 Test Facility Burner Core Noise 

with the bun«, and other upstream ^"b^ni^^T"' "^ iS assoda"!<i 

contains both tones and broadband component, , i X 2« 1   l^'r COre ""^ 
Portron or the noise speetrnm. This rmwLed ^Z^^^^Z^ 
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with the normal jet noise analysis. It can, hrvvever. lend a degree of realism to the analysis, 
because similar burner core noise components have been detected radiating from the nozzles 
of full scale engines. 

In a continuing effort to improve test facilities The Hoeing Company has modified the 
burner designs to reduce this hternal noise source. Progressively during this program, the 
test facility's burner noise wa* reduced to the level where it could no longer be detected 
in the jet noise spectra, (on; eipientlv care had to be taken with the early test data, because 
it contained burner core noise. A very interesting sidelight to the facility's burner noise 
problem was the discovery that the multilube 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 low frequency parts of the spectrum. This phenomena of burner core 
noise reduction with the multitube nozzles is attributed mainly to the change in cross- 
sectional area (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 expresvd as: 

A dB =   10 log (.   + 
Al/A.) 

4     V 
(4) 

0 for wave lengths ( X ) > duct diameter ( D ) 
where A|  ■ duct area 

AT ■ nozzle area 

c 
In the case of the multitube-nozzle tests, Aj/^ ■ 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 area 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 

whl'^^Z 1Ir'u
liCa,r,S- eniine "^ ha- a ^«»te area secndary exhaust nozzle 

which« requked to cpt.m./e nozzle perfomumce during the total flight envelope i e 

rv n!   ^'"T'TL 
aCCek:ra,ion and SU^,rs"1^ ***■ »"ring the takeof. phase. thWse'cond- 

n ,   1 ,        .        ' '" ?eCt0r rel:,,iVe t0 ,he Primary noW nozzk"- r;"ri^ "<** suppressor 
ms. Hanons tins secondary nozzle or ejector is a very convenient adjunct. A properly sized 
ejector w.th respect to the mult.tuhe nozzle can improve no.se suppression. Londly   te 
ejector prov.des a means of supporting acoustically absorbent materials that will further 
attenuate jet exhaust noise. luruwr 

A number of multitube nozzle/ejector cont.gurat.ons have been tested in the past (refs  1 
2 and 5 . Acoust.cally hned ejectors have suppressed premerged ,et noise by as much as   ' 
12 dB.    oose httmg hardwall ejectors have shown little effect on suppressor nozzle 
nuliated noise. 

When the rat.o ol the ejector diameter to the nozzle array diameter approached unity  noise 
suppression ol 1 to 2 PNdB was possible w.th a tight-llttrng hardwall '■ ector (ref. 1)jiote 
genera eo by mulfele.m-nt jets surrounded by a hardwall ejector apparently propagated 
Jiowns ream beyond the ejector exit and into the tar-tield unaffected! When 'he ejector 
t.ts fght ly around the jet efflux, the velocity of secondary How between the elemental jets 
and ejector wall increases, providing some suppression of premerged jet noise seemingly due 
to  he relative velocity effect. Similar results have been obtained in this test program  In 
dditim, t was noted that a hardwall ejector can provide substanfal reducfem of postmerged 

let no.se as well as higher amounts of suppression of premerged jet noise. 

Vf^^'^l5 AR nOZZle WaS K"SU'd Wi,,1 tll,VC hftnIw*B ^^n wi"' area ratios of 2 6 
70 ^      \        n0,Se POWCr SPeCtra r0r CaCh ^fi^tto" are shown in figures 68 through 
0 or nozzle pressure ratios ol 2.G. 3.0 and 4.0. where TT -   1 150^. The smallest ejector 

in all cas.s rmilts in the lowest premerged noise levels (high frequencies). The best results 
were at amed at the lowest pressure ratio. At PR - 4.0 the effect of the ejector on jet 

K^". ZT T a,nSlderab,y dim^d. This may be due to lengthening of the elemental 
jet« potential and supersonic cores at higher Mach numbers resulting in the premerged jets 
extending beyond the ejector exit. *    J 

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

n^ TM w f :    t'"T11"1" r10"ad,ievcd at0 3-0 dB ^^on ofwmmtd M noise. I his was considered unusual since the postmerged jet region is beyond the ejector 

U   .^r "VT'0" l;6-7Jet Vel0city pronies taken at {h< ^J^-tor exit indicate that 
c knefc energy o. the mult.tube-noz.zle postmerged jet is reduced when an ejector is 

mstailed. One may conclude that an ejector promotes better mixing of the premerged jet 
region to result in the lower postmerged jet velocity. 

Suppression of premerged jet noise by the 2.6 AR ejector was unexpectedly high, e.g., 6.7 
dB It 10 kHz. Tins amount of suppression is substantially greater than would be expected 
from the re ative velocity effect. A possible explanation of these high values of suppression 
-s shown schemat.caly.n figure 72. The region of high turbulence in the outer row of jets is 
Situated m a relat.vely localized part of the jet mixing region. Since noise generation is 



  

I 

c. 

associated with jet turbulence, one may assume that the qrime noise sources are being 
convected downstream in the jet mixinp region where maximum shear exists. The frequency 
ol the sound sources is a function of the width of the jet mixing region according to the 
Strouhai number relationship. This means that specific frequencies radiated by turbulence 
will emanate predominantly from localized parts of the jet mixing region, if this condition 
e;;ists it is possible that the radiation efficiency 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 ejector'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 
ejector dimensions. 

Varying phase relationships are expected to exist between different source frequencies and 
their reflected signals so that a series of maxima and minima should be apparent in the 
ejector'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 of X 14 as shown. 

There is not sufficien; data available at this time to either confirm this or suggest some other 
hypothesis of noise suppression by hardwall ejectors. More work should certainly be con- 
ducted in this area since the test data shown in figure 71 demonstrates the existence of some 
hitherto unrecognized suppression mechanism which may be used to enhance jet noise 
suppression for no/zle/ejector configurations. 

ligures 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 ejector, resulting in lower kinetic energy in the postmerged jet. 
All of the combinations of nozzles and ejectors show substantially the same trends. 

4.2 JLT mtSE DIRECTIVITY CHARACTERISTICS 
OF REGULAR MULTITUBE NOZZLES 

The directivity of radiated jet noise is an important consideration when evaluating jet noise- 
suppressor characteristics. Ncnse 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 effects. In jet noise suppressor analysis, jet noise directivity effects relative 
to a given observer (e.g., under the flight path or on a sideline from 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 far-field observer. 

The single R/C nozzle has a simple directivity pattern because it is usually dominated by 
only one noise generating mechanism, jet turbulence. The OASPL directivity characteristics 
of multitube-nozzle jet noise is the result of several noise generating mechanisms, and con- 
sequently, it is best to analyse each 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 CONVERGENT 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 of 2.0 and total temperatures of 60oF, 500oF and I 150oF 
respectively. The beam patterns are of l/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 lb, being recorded at a constant nozzle 
pressure ratio, has dual variables ol jet temperature and velocity. For the supersonic jet 
velocities, the high frequency data is hard to interpret 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 from 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 show the noise directivity at the peak frequency for the R/C nozzle, i.e., 
0.22 =  fd/V. The ambient temperature jet peaks at an angle of 150° which is nearer the jet 
axis than a hot jet. At 1150oF. jet noise peaks at 140° to the nozzle inlet axis. An increase 
in pressure ratio from 2.0 to 4.0 tends to cause a change in directivity away from the 
jet axis. 

J 

4.2.2 MULTITUBE NOZZLES 

The far-field jet noise beam patterns radiyted 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 1150oF. The beam 
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 
earlier; 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 of 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 Hat or omnidirectional. The trends are somewhat similar to those 
shown for the R/C nozzle in figure 77. 

> 
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The postmenedje] peak-noise directivity of muhltube nozzles of 3.3 AR are shown in 
...ures «I and^for PK   =  2.0 and 4.0 a. TT -   1 I SO"!'. The test data rron^JoTzles with 
tube numbers vary.nj. Iron, 7 to 61 collapses within a bandwidth shown  At nozzle PR - 2 0 
■ he postn.erged noise appears to peak between 150° and 155° For higher jet velocities     " 

I K = 4.0) the postnuMged noise is refracted away from the jet axis and peaks at angles 
between 130° and 150°. In figuresHI and 82 the H/C nozzle's beam patterns are slLn 
(or comparison and .t can be seen that at the higher pressure ratios (e.g., 4.0) the multitube- 
nuz/le postmerged noise has a very similar characteristic. At the lower pressure ratios the 
premerged noise in the total spectrum is relatively high compared to the postmerged jet 
noise and is harder to separate out in component form, so that the postmerged noise beam 
Pattern between <>()<' and I 30" Is probably affected by the premergld nc^n^ponem 

Area ratio has a more pronounced effect on postmerged jet noise directivity than does the 
tube number, as shown in figures 83 and 84 versus 81 and 82. At PR = 2 Oand TT = 1 150or 
the Postmerged jet peak frequency directivity is relatively broad with the maximum   ' 

at 130   - 140   »or the larger AR nozzles (fig. 83). As the area ratio becomes smaller the 
postmerged jet noise beam pattern narrows considerably with the maximum occurring at 

50    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 tor the same nozzles and gas conditions are shown in figures 85 and 
86. Again the test data lor 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 approxnnate the premerged jet noise directivity. 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 can be seen in 

MU% ,   H      ■s;,,ra|-m"de
i
noise as «Pfci^ in section 4.1.1.3 is quite directive and peaks 

at )0   to the jet axis. The beam pattern between 120° and 155° is not pure spiral-mode 
llow-instabihty noise, but is a combination with premerged jet turbulence noise. 

The jet turbulence noise directivity characteristics for multitube nozzles with a nominal 
AR o  3.3 are summarized in figures 88 through 91. For a PR = 2.0 the postmerged iet 
turbulence noise directivity for TT - 60oF, 500oF and 1150oF is shown in figure 88 
I he cool-jet noise peaks nearer to the jet axis than do the hot jets, except the 500üF-iet 
appears to peak further away from the jet axis than does the 1 150oF-jet, i.e., 140O versus 

II \!hlr^0n ,0r ^ is.not ""derstood. It is possible that an adverse temperature profile 
on, the burner was affecting directivity; however, no measured data is available to substan- 

1 8* 'IT    ^f 1
An eStUnatC Üf mean Post™^ J^ noise beam patterns is shown in 

hgure 88. The dashed portions of the beam patterns are predictions assuming that interfer- 
ence trom premerged jet turbulence, spiral-mode llow-instability. and burner core noise 

> 

At PR - 4.0 the postmerged jet noise is considerably more directive at 60oF< TT < 11 50oF 
than at lower pressure ratios, e.g., PR . 2.0. This is shown by figures 88 and 89 The higher- 

iTat PR "^ O1 n0iSe PeakS fUrther ^^ fr0ni the jet aXiS than d0eS the low-temP^ture 
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Ilie prcmergcd jet turbulence noise becomes more directive when the pressure ratio is 
increased from 2.0 to 4.0 (figs. 90 and {)| |. Ihe high levels between 90° and 120° in 
ligure 91 are due to spiral-mode How-instability interference. 

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

4 2.3    MULTITUBF NOZZLES WITH HARRWALL EJECTORS 

The effect of a hardwall ejector on multitube-nozzle jet noise has been shown in a previous 
section of this report to introduce a relative velocity effect and changes in noise-source 
efficiency due to reflections off the ejector wall. These mechanisms largely affect pre- 
merged (high frequency) noise; however, the presence of the ejector seems to promote jet 
mixing thus reducing postmerged jet noise levels also.  By examining jet noise beam patterns 
one can see the hardwall ejector has a decided affect 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 ejectors installed, i.e., 2.6 AR, 3.1 AR, and 3.7 AR sized ejectors, 
for PR = 2.0 and Tj = I 150oF.  All three ejectors were of the same length, i.e., 2 Dj£ long. 
it is apparent that the directivity ot the premerged jet noise is affected significantly with 
reductions in noise noticeable at angles greater than I 10°, re; nozzle inlet axis. Similar 
effects on jet noise directivity have been observed in previous programs (ref 5). An explanation 
tor this directivity effect of hardwall ejectors has been proposed in reference 5, 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 ejector 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 ejector, e.g., 2.h AR ejector. A schematic of the noise-refraction process 
with a light-fitting ejector is illustrated in figure 93. 

As the ejector AR is increased in figure 92, it can be seen that the refractive effect on the high 
trequencies is reduced. This is most likely due to the reduced velocity gradients across the 
ejector exit of the looser ejectors.  All 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 ejector increased the premerged jet noise power 
level at PR = 4.0. Since the fully expanded jet flow area increases as Mach number increases, 
it is possible that the jet efflux from the 31-tube nozzle was severely scrubbing the ejector 
walls adding to the generation of high frequency noise. The larger AR ejectors, where ejector- 
wall scrubbing should not be a problem still showed very little in the way of noise reduction or 
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d au v, y effects. Nagamatsu (ref. 13) had concluded that maximum noise from a supersonic 
jet ad.ates from a reK.on near the supersonic core tip. Noise-source location tests discussed in 
section 4.6 confmn this hypothesis. Consequently it can be established that at PR =4 0 the 
Peak no.se sources for the above ejectors 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 
suppress.on that » svktent at the higher pressure ratios may be due entirely to the effect of 
relative velocity or noise generation. 'c.) to me enett ot 

4 3 PERCEIVED NOISE CHARACTERISTICS OF REGULAR MULTITUBE NOZZLES 

m IS^™'IT'JC! n0iSe Terati0n 3nd SU"^essi0" mechanisms have been discussed 
IK v ,   Uman     Tg' hüWCVer' iS m0re SenSitive t0 SOmt noise frequencies than 

,       nZ^   h* CO-WOrkers (rd ,4> h™ »t "P a calculation procedure for perceived 
no.se level   PNL) In dB, also called PNdB which is supposed to take into account people' 
annoyance to certa.n no.se qualities.  Ratings in terms of PNL's are widely used for aircraft 
noise evaluat.on and are now an integral part of aircraft noise certification as per FAR 36 

nh-L     rn   M   ^ .T0011 aircraft'Jet "«^ is mainly a problem during the full power takeoff 
phase of fhg it and for no.se certification purposes. This translates to a sideline noise case   In 

weL^N ' V-L;l nülSH Si;PP:efiün ^™teristics 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.e., sideline noise). 

The model scale suppressor nozzle data recorded on a 50-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 set of aircraft/flight ' 
parameters were used in the PNL computation program: 

3 
4. 
5, 
6. 
7. 

Number of engines: 
Airplane altitude for max. noise 
Hngine attitude (angle of incidence + climb angle) 
Ambient temperature: 
Relative humidity: 
Observer location: 
Scale factor: 

4 
1000 ft 
20° 
77ÜF 
70% 
21 28-ft sideline 
1 to 8 

^■LT"1^^?«1 Vaiues.Were derived from afield noise levels. Presented PNL values 
ittdude a +3 PNdB correct.on to represent nominal ground reflection interference adjustments. 

4.3.1    ROUND CONVERGENT NOZZLE 

fxh in^^ir^f; R/C "r210' eqUiValent t0 an u'1suPPr^sed jet engine nozzle of 6-sq ft 
out area (full scale) served as a reference to derive the values of PNdB suppression. Maximum 
per e,ved no.se levels nomaUzed by 10 log p2A are sll0wn in fi        95 ^ 

a* ^ 
predicted usmg 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. 
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The   ./C nozzle PNL beam patterns are shown in figure 96 for a jet temperature of ! i iOuF. 
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 I'NL occurs 10° further 
away from the jet axis.  Another interesting feature is the relatively rapid increase in noise 
occurring at the 90° angle as ;he 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 shown in the previous section that peak PNL's from R/C nozzles can be normalized by 
-10 log p-A. Perceived noise from multitube nozzles has to be treated in two parts. The post- 
nierged jet noise which has physical properties similar to a simple jet will normalize by -10 log 
p"-A.  Multitube-nozzle jet noise which is dominated by the premerged jet turbulence noise, on 
the other hand normali/es with -10 log (p+ p0)-A, (ref. 1 ).  Examples oi'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 p-A.  For pressure ratios 
less than 3.0, premerged jet noise dominates and PNL values normalize by subtracting 10 log 
(p + ß0)-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 seen in figures 98 and 99, the reference R/C 
nozzle peaks at 130° to 140°, 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 spectrum. 

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 PNdB 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 1 I to 16 PNdB as area 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 common to multitube nozzles becomes less evident and noise-suppression values 
decrease. 

3 

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 nozzle, because of the Strouhal number 
relationship, causing that noise to be weighted in a region of lower 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 Thrust 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 thrust losses it is necessary to compare the 
suppressor results as shown in figures 101 through 104.  It 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.  In some instances thrust performance gains 
are made with increased hardware scale as will be shown in volume 10 in the discussion of 
lull-scale test results. 

Several observations can be made from PNL suppression versus the percent of thrust loss: 
(!) variations in tub- length affect thrust grossly, but has little effect on suppression; (2) the 
noise-suppression tc   hrust-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) 
better noise-suppression to thrust-loss ratios occur as the tube number decreases; however, 
high levels of suppression are attained only by a large number of tubes. 

At low pressure ratios, i.e.. PR - 2.0 and TT - 11 50ÜF, 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.e., PR = 4.0 and TT - 11 50oF, representative 
ol 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 2.0 to 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 

7Tubes. 3.3 AR-CPA 
19 Tubes, 3.3 AR-CPA 
37 Tubes, 3,3 AR-CPA 
61 Tubes, 3,3 AR-CPA 

Tube Spacing Ratio* 

1.717 
1.687 
1.667 
1.66 

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

The genertl characteristics of suppressor nozzles with hardwall ejectors have been discussed 
in sections 4 1 2 and 4.2.3. The extrapolated sideline PNL's show similar trends, e.g., loose- 
fitting hardwall ejectors, because of insufficient length, have little effect on suppression 
values   An ejector with too small an AR relative to the nozzle can result in wall scrubbing 
accompanied by excessive noise suppression loss. The major effect observed in the oppressor/ 
ejector results on the PNL scale is the more pronounced directivities shown in figure   06. At 
the lower nozzle pressure ratio (PR * 2.0) all of the ejectors b.-am towards 110   and then as 
the pressure ratio is increased, the beam pattern swings to 130° 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 velocity in figure 107. The 2 6 AR ejector 
experienced excessive wall scrubbing from the jet efflux for PR >3.0 resulting m structural 
vibrations and rapid loss in noise suppression with 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 ejector thrust performance 
on acoustic evaluation of suppressor systems is shown in figure 108. Under static conditions. 
most ejectors will augment the overall thrust of an exhaust system. Compared to a bare 
multitube nozzle, an ejector suppressor will have a gain in the thrust coefficient as shown m 
figure 108   The amount of thrust augmentation depends on many factors as discussed in 
volume 4, hence the example shown should not be interpreted as being typical "'/'lector 
systems   A case in point is the sharp change in thrust performance between the AR 3.1 and 
3 7 ejectors   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 combined 
performance of 16 PNdB for 1.5% thrust gain versus the bare multitube nozzle ot 1 2.5 PNdB 

for 1% thrust loss. 

4.4 JET NOISE CHARACTERISTICS 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 elements. It is quite possible that irregular tube spacing and element size may have 
some distinct advantages. To investigate these possibilities various additional suppressor 
nozzles were designed and tested and the results 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 radial-array multitube nozzle was essentially to improve thrust pedormance by 
providing unrestricted radial paths for ambient air to ventilate the nozzle base plate and thus 
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folr.n'h ^ f** *****?*** il! V0lume 4-  The noise characteristics of radial arrays were 
found to be smnlar. 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 tor the corresponding regular arrays (fig. 109). The premerged no'se beanf 
patterns m figures II0 and 111, on the other hand, are very similar. Thereforc'the increase 
m premerged jet no.se « thought to be due to a combination of loss in shilling by tlJou er 
row ol tubes and to the lengthened premerged jets radiating more high-frecp.enty no  e 

c ause   hey are spaced further apart in the radial array. Postmerged jet nLe evefcto 
figure 11 2 are unaffected by the type of tubular array, but the beam patterns in figures 113 
and 1 14 show a slnlt away from the jet axis. This change in directivity of the po tm rged 

Sate PN^Th aVh0 '^Tf Vel0Cit,CS and "" ^^^ a'Tect exLpo dehne I ML s. It has been found that the sideline PNL's for radial-array nozzles are higher 
an  or corresponchng regular arrays causing the jet noise-suppression levels relative'   fa 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 How passage and a centerbody, is given in section 3,0. This nozzle 
was tested to see whether the jet efflux from the outer row of tubes could effectively 4ield 
ann^-fW mixing noise m the center of the jet. The nozzle was designed to simu^ the 
61 tube. 3.3 AR, close-packed-array nozzle in the following aspects (fig. 117)- (i) the nozzle- 
arnjy diameter was made equal, (ii) the two outer rows of 42 tubes weJe identical in sl^d 

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 ol annulus sizes with the 42-tube nozzle. It can be seen that the premerged 
noise levels compare reasonably well; the small changes in level are the result o  in^s d   ' 
lemental jet length for the zero-annulus configuration and postmerged noise 0V "lap ^ the 

mo^aimü1'düT0    gUratnn-  ^ ^^«^ P-tmerged jet noise that Us I 

S^Tf^re m   m        T   I ferenCeS Can beSt be eXp,ainCd by eXami"i"S ** ÖOW protiks m   igure 1 19. The annulus flow is attached to the tapering centerbody and does not 
mix w. h the ambient air as rapidly as does the tubular How round the periZy leaving a 

ugh velocty core a long distance downstream which accounts for the high pos merged fe noise 
levels,   n contrast when the annulus is closed off completely, the PcnPLZ ieUW mix 
out without attaching to the centerbody, resulting In very low postmerged vefoci i s Ind 
correspondingly ow noise levels. This latter-type of flow is characteristic of e^ r aed flow 
on the centerbody wh.ch 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 nois   suppre    on 
values are identical for annulus heights up to 0.533 in., beyond which a fall-ofY a eXe 
At higher jet velocties where the postmerged jet noise levels become dominant all the 
annu us conf durations are inferior to the regular 6I-tube design for the reasons'explained 
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4.4.3    «UL1TTUBE NOZZLES W,T„ VARVINC OUTPH-TUHE-ROW CHARACTERISTICS 

study was performed uJ^2ZolZ       ^ ^ ^^ T"is "art of ^e 
conditions m the ou.e. uL l^T^ T^ZZT™ " ^ ^ 

'HU^^;^^^^^^ ajd acoustic reterence. A second 
section 3.0 for description) to dc   v t     i^t n ' OUter rOW Canted ol,tward ^ee 
well as with each oth r. .n       outer    wf I1' aCt,0n With ^ Central Clu8ter »nets, as 
ofreducinglow frequent^tme^Mn^ l^Jl"1^ *** th0^ht to be a — 
ing renamed unaffected   rj.is coidfa  o h  ^' P ,7 ,      hat the Preme^djet noise shield- 
AR without changing the ^Zl^^l ?* V S^8 0f ^«««^ ^ multijet 
Which had the 24 tubes in ^l^^T^ A ^ ™"itube nozz,e was tested 
now area as described in section 1 0    Hn    o^l   u' ti T      0neS 0f the Same ^"^nt 
the central cluster of 37 tubes wis still "T " '^ * ^ 0f 85 tubes' exc^ ^t 
of the 85-tube nozzle was O ^Sfredu^^ m T^^ "^ n0Zzle- Tlle Pun>ose 
1-erpremerged noise levels (Tp to 3 ^ Vt™^ ^ WüU,d ,ead ^ 
central cluster was not degraded. ' SllIeld,ng of the noise ^m the 

4.4.3.1   Sound Power Characteristics 

A comparison of the total SPI 's of fh* tur. ... 
«mp^tur« and nozzl tl^e a ,,  N   Z2 CSIS S'0W" in ''^ '2I f°" range of jet 
HA l-oinl of view. Scpar ,i »    ... t«" !," ,°      T    C,"|S Can be ^ in "» dal!' '><"■> 
postmerged je, „oise yields a cle^X,^ '   " "S '""^"^ "' P"m"^ '"» 

varies as Ihe 411, to 5tl, „„wer of V,   pÄ vStw        " T'1""^'" ,,oise te«1 

power inereases a, abon, the 2.7,1, „we iv^'^ e^aler 1 ,an 2000 fl/see Ihe sound 
outer row of lubes has led to hither i,re,„em,n,.1 ,'7        *'""* """ """^ of th= 
the delayed mixm, resulted in n   nc   as d tat,    7.T ""',0 ' dB) pr0bab|y "«»"W 
hand the SS-lube conf.„ration     I Tfc .      I,," ,   "■''«"'"^i«' «Öon. On the other 

- - which ,s ,ess l|.a., Hle e.peced 3^^ ^T^tC^'SI'^'ned 

äää ihS:,::: rs wr ^o« -^^.«..^.e 
when the shielding Ms are eh> e  ,     I    ee lr^   "V" ral *"«■ Figure 122 shows that 
Premerged Jet no,se than w le, I, y        , ,    o" ""* ^ """'' ««««" '" "-'•i^mg 

were perked to obtain , and CÄÄSrÄÄ ^^ 
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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. It can be seen that the 61-tube nozzle's postmerged 
jet noise is close to the predicted "clean" jet curve.  The 85-lube nozzle's postmerged jet noise 
is about 3.5 dB higher because the smaller jets in the outer rows mix-out faster leaving a 
smaller diameter, 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 How AR in 
the postmerged jet region. 

The relative comparison of premerged and postmerged jet noise power levels is shown in 
figures 125 and I 26. In all cases the postmerged jet noise increases more rapidly with nozzle 
pressure ratio than does the premerged jet noise. It can also be seen that the 61-tube nozzles 
are postmerged jet noise dominated only at the 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 lor the basic 
nozzles in figure I 27, 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 the 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). Typically the premerged jet noise peaks between 110° and 
I 30° 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 155°) 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 21 28-ft sideline and 
converted to the PNL scale to provide a subjective evaluation of the manipulation of the flow 
from the outer row of tubes. The normalized results arc shown in figures 132 and 133 as a 
function of jet temperature and velocity together with a standard noise curve for the un- 
supprcssed round jet. The PNL suppression values relative to the R/C jet are shown in figure 
134. Because the premerged jet noise levels of the 85-iube 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 postmcrged 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 the lower jet velocity premerged jet noise dominance causes the PNL 
to peak between 1 20° and 130° followed by a very rapid fall-off as the jet axis is approached. 
At the higher jet velocity, postmcrged 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 outer 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 postmcrged jet noise 
component when this noise source is dominant. This latter result is achieved at the expense 
of the delay in the merging of the outer row of jets and higher prer.'.erged jet noise levels. 

4.5 JET NOISE SHIELDING 

The reduction of jet noise can be accomplished either by modifying the noise generation 
processes or by modifying the transmission paths between the source ?md 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 shields 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 tlw, problem of sound propagation through fluids with 
changing thermodynamic properties and velocity. The problem of sound refraction in the 
atmosphere when the wind is blowing was treated by Lord Rayleigh (ref. 1 6).  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 each side of the plane. It is these conditions which are 
responsible for the cutoff phenomena (to be explained later) which is the most valuable 
characteristic of the gas layer sliield. 

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) could become unstable and that a resonance could occur 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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Ribiier (ref. 18) also trt-atcd tlic single discontinuity problem in terms of the equivalent 
aerodynamic problem of flow over a wavy wall. Ribner pointed out that three fundamentally 
different phenomena can occur: (I) ordinary reflection and transmission, (2) totid reflection 
with an exponentially-decaying disturbance in the second medium, and (3) ampiihed reflec- 
tion and transmission, lie also examined the energy balance and concluded that the moving 
fluid is the source of energy for the amplified waves. 

Veh (ref. I1)) wived the problem of two surfaces of discontinuity which gives a layer of lluid 
between two semi-infinite regions. He unfortunately used the wrong boundary conditions, 
but he published a corrected solution in reference 20. It 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 shielding phenomena. 
Joiie>i (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. His 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 disagree- 
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 '.vith a shielding gas layer and that the concept should be pursued 
further. 

4.5.1     ANALYTICAL APPROACH FOR A TWO DIMENSIONAL MODEL 

Yeh's theoretical model (ref. 20) was used 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 lluid separated by vortex sheets. 
The layers may have different velocities, densitites, sound speeds and specific heat ratios, 
however, the properties of each layer are assumed uniform within the layer. A sketch of the 
physical model and nomenclature of the problem are shown in figure 136. 

The wave configuration in figure 136 shows ordinary reflection and transmission. The 
incident pressure is a plane wave of wave number. k0, incidence angle, 0O and unit amplitude, 
111. The reflected wave has an amplitude, IRI and leaves vortex sheet A with an angle, 

0R (= 180 - eo). Part of the incident wave is refracted at A, penetrates into the shielding 
layer (region one) and travels at an angle, 61. 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 reflected waves in the shielding layer have not been shown 
in the figure because they do not appear in the final solutions for IRI and ITI. 

The above description is not the only way the waves can be configured in the problem. There 
are a number of possible wave patterns, depending on the incident wave angle Ö0, the fluid 
properties and velocities in the three regions. These configiuations will be discussed after the 
equations are introduced. 
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The equations which describe the wave propagation through the three-layered region are given 
below,    t n 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 number and phase velocity at the vortex sheets give the tollowing 
equations of constraml. 

koSin0o = k| Sinfl, =k2 Sin^T (5) 

k0(VoSinÖ0+co)-kj(VjSiB01+ c,) = k:(V2Sin ö: + c2) (6) 

Applying the boundary conditions of continuity, pressure, and displacement at the vortex 
sheetsand then solving for the complex amplitude of the reflected and transmitted waves 
gives 

R a e2ik0d Cos $Q   l(l -r\ T^Costk^CosQ))-! (Tj - r2 ) Sin (l^d Cos 0,) ] 

Id +rI r2)cos(k^ coso,) +r( r, +r2 j sin tk^ cose, >) (7) 

T= .     2e ikod Cos eo  
ui +r1r2)Cos(k1dCos01)+i(r1+r2)Sin(k1dCos01)i 

(8) 

where T, and r2 are defined as 

Poco
2Sin20I 

11 = 

P!c|-Sin20o (9) 

i 

r.- P^-Sin 202 

p2C22Sin20| CO) 

hquations 5 through 10 are the solution of the wave equation for the problem. They are 
rearranged below to give some physical insight into the 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 of wave number and phase velocity at the vortex 
sheets (equations 4 and 5), there are ranges of angles for the incident wave which completely 
change the character of the solution. Solving equations 4 and 5 for Sin 0 ■ gives 

-cJ-Sin0o 

Sin»,«    Atf.yi  (11) 

\\-1~-)sine0 
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As long as the value of the right side of the equation lies in the range of minus one to plus one, 
01 is real and a wave propagates into region one.  When the value is outside this range, 01 
becomes complex and the character of the solution changes so that instead of a propagating 
wave, an exponentially decaying disturbance occurs in region one. An identical relationship 
exists for Oj in terms of the wave and fluid properties in regions one and two.  Setting Sin Ö, 
and Sin 0^ ^W^ to ±1 gives equations for 0o and 6 | in terms of the acoustic speeds and 
velocities of the regions. The angles thus determined are called the cut-off angles. 

The cut-off angle 0j is shown as a function of the velocity difference between the layers in 
figure 137. Curves arc 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 of exponential decay. 

There is a region (not shown) at high relative speeds where wave motion again appear;, and 
there is considerable amplification of the incident sound waves. This region lies outside the 
range of 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 ( I R I =  1.0). If region one were infinite in the 
negative y direction, the exponential disturbance would decay to zero and there would be no 
further effect. However, region one is of 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 tlse 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-ujfdoes 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 Hows of practical interest. Because of the large 
attenuation in the cut-off region, it is desirable to adjust the properties and velocities 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 falls within 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 shielding 
model. 

The following conditions were assumed in figure 136: 

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

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

(c) All Hows have the same static pressures and specific heats. 
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One important result seen in the transmission cocfTicient 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. 

F-igure 141 shows the angle of the transmitted wave as a function of the angle of the incident 
wave. The refraction effect of the shielding layer gives a shadow region 90° <ö-, < 1 50°.  In 
the range from 90° <01 < 160.5° a very weak wave exists in region two because there is 
cut-off at the region zero - region one interface.  From 162.5O<0| <2i0o there is transmission 
at both interfaces and for 210o<0| <270ü the region one-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 
How. 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 shielding 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 experimental 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 of I in. and width of I 2 in. giving an eccentricity of 1/1 2. 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 
measurements were made in the jet to ensure that an adequately two-dimensional flow was 
obtained and to provide necessary inputs for the theoretical analysis. The shield exit pressure 
ratio was 1.3 and the exit's total temperature was 700oF. 

An oscillator, amplifier 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 techniques were used for data reduction. Because of the 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 the actual transmission loss was being measured. 
Initially, the transmission loss across the shield was determined for four transverse micro- 
phone positions behind the shield.  It was desirable to minimize the shield noise level at the 
microphone without receiving sound-source energy 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: 

^ 

! 

1 

Microphone No. x in. Z in. 
1 8 2.5 
2 12 3.0 
3 16 3.5 
4 20 4.0 

(y»0) 

DRIVHR POSITIONS (aimed at x - 12 in., z - 0 in.) 

Ö0 (Nominal) x in. L in. 
90 12.0 -120.0 

100 -8.8 -118.2 
no -29.0 -112.8 
120 -48.0 -103.9 
125 -56.8 -98.3 
130 -65.1 -91.9 
135 -72.8 -84.8 
140 -79.9 -77.1 

J 

The 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 120° from the jet inlet axis there 
is very little, if any, transmission loss. Beyond 120°, 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) is chiefly responsible for the noise radiated to the far field 
from the premerged 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+1 /n0) where n0 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 (n0/2 + 1) 
which is the total efficiency en. The difference in dB levels,according to Middleton and Clark, 
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between the noise of an equivalent area simple jet and that due to a multitube nozzle with 
tube diameters of d is 

10 log- 

5 
d-ej 

02" 
(13) 

dray, Gutierrez and Walker (ref. 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 of 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 (fig, 144), upstream of the axial location of maximum noise 
generation. The spreading scalloped shield region generates the premerged jet noise observed 
by a far-field observer. The premerged noise is related to the mixing region defined by the 
angle 0 and the number of jets in the outer row. 

^[ooo-sin-l    (l/2,VJ/a/d)]forl2QO>90O 

Ö = 2si■1"l   (l+^x/d)) for0<9ü" 

(14) 

(15) 

( 
The ratio of Ö to 360° may be interpreted as the radiation efficiency of each tube in the outer 
row. 

s       is the jet spreading slope, approximately 1/10 

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

H 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 
shielding hypothesis was developed. The region of a supersonic jet where maximum noise 
radiation occurs is near the end of the supersonic core (ref. 13). According to H. Lu (ref. I 2), 
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.  If this is the case the geometry of merging Hows in a multitube nozzle 
at the end of the elemental jet's potential core may be a significant relationship in premerged 
jet noise. 

The radius of the 10% Vj contour in a simple jet is approximately ecpial 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 flows have not merged, the acoustic efficiency of each tube in 
the outer row can be estimated: 

180+4^-2 COS'1 JL 
e   * No 2d 
« 360 ^6) 

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

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

/180+i^-2 cos"1 J 
PWL suppression = -10 log    ^2 1« s \ 360 (17) 
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To evaluate the above hypotheses, as well as generate additional test data that could give more 
insight into this subject of shielding, a special test program was conducted. A 61-tube, 3.1 AR 
nozzle was used in a dual-flow mode, where one heated air source supplied the central'cluster 
of 37 tubes and a second heated air source supplied the outer row of 24 tubes. The air sources 
could be controlled for pressure ratio and temperature independently of each other. Initially 
a test was conducted where the nozzle was run first with one air supply (37 central tubes) 
then with the second 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 spectra. The low frequency 
peak of the spectrum, caused by the postmerged jet turbulence, experiences a large reduction 
in level when the outer row of 24-tubes-only is operating. There is no significant difference in 
premerged jet noise level apparent between the 24-tube and 61-tube cases. This provides 9 
good support for the argument that the outer row of jets from a multitube nozzle can effectively 
shield the premerged jet noise generated by the innermost jets. 

The noise power level normalized 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 
configuration, 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 contri- 
bution of postmerged jet noise. Apparently, there are changes occurring in the region where 
the jets merge which may be a function of nozzle pressure ratio or jet velocity causing a 
transfer of energy from the premerged jet to the postmerged jet. The greater demand for § 
secondary flow by the central jets as pressure ratio increases causes 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/sec to 2771 ft/sec. This annulus array of jets probably does not 
experience a significant change in the geometry of the jet merging region, since the demand * 
for secondary air inside the array is much less than for the 61-tube configuration. The 24- 
annulus-tube configuration noise data provides an opportunity to check the geometric 
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shielding hypothesis expressed by Middleton and Clark fref. 22) and Gray, Gutierrez and 
Walker (ref. 23) and the procedure developed in this program. 

The results of the predicted noise reductions relative to a round nozzle of equal area using 
the above three methods are summarized 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 shielding concept and is not accounted for in any of the 
three methods. 
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In the late fifties, 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 
approached an optimum at a spacing ratio of 1.5.  In this study a greater reduction in noise 
power resulted when the How was supersonic. 

Consequently possible explanation to the reduction in noise beyond that expected from 
geometric shielding is the existance of acoustic and/or flow-mutual coupling between 
adjacent jets which could result in (I) 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-How 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 shielding 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 data were acquired. 

I 

Primary Supply . Secondary Supply 
(Central 37 Tubes) (Outer Row of 24 Tubes) 

PR,         TT, VJI (ideal) 

2771 ft/sec 

PR2 TT2       VJ2(ideal) 
3.8       150 0oF 1.64 !500oF    1772 ft/sec 

2.05 1500oF    2105 
2.7 1500oF    2438 
3.8 1500oF    2771 
1.98 1000oF    1772 
2.73 1000oF    2105 
4.1 ]000oF    2438 
3.8 I070oF    2438 

3 8        150 0oF 2771 ft/sec 3.8 690oF   2105 
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Primary Supply 
(Central 37 Tubes) 

PR, TI VJ I (ideal) 
2.73     lOOOOF    2105 ft/sec 

2.73      I000oF    2105 ft/sec 

2.0       I000oF    1784 ft/sec 
2.0        I000OF    1784 ft/sec 

NO FLOW 

2.0 
2.5 
3.0 
3.5 
3.8 

1500oF 2072 ft/tec 
I5000F 2351 
I500oF 2548 
1500oF 2697 
1500oF 2771 

Secondary Supply 
(Outer Row of 24 Tubes) 

PR2 ^T2 VJ2(ideal) 
2.0 500c F 1439 
3.0 500c F 1772 
1.54 1000° F 1439 
1.94 1000° F 1747 
2.73 l000oF 2105 
1.38 1500° F 1443 
1.64 I5000F 1772 
2.05 1500oF 2105 
2.7 I500oF 2438 
2.73 580° F 1772 

1.4 1500° P 1474 
1.2 1500oF 1095 

2.0 1500oF 2072 
2.5 1500oF 2351 
3.0 1500oF 2548 
3.5 1500ÜF 2697 
3.8 1500oF ' 2771 

NO FLOW 

4.5.3.1    Noise Power Characteristics 

I'wL'nm SÄ ZTr'"" a"J Vel0d,y C0,"r01 üf ,lle ,l0" from «» —-"be ruw was nrst analyzed from the noise power point of view. Figures 149 through 1 5T «h«™ 

A high temperature, low velocity flow from the outer row of tubes can be used to shield the 
Ingh frequency jet no.se as shown fa figure 149. Keeping the secondary flowtmpe   tl 

lev       T, ^"^r ^"S the "^ Ve,0City' furth^ ******** the Ingh f   JencT'o se 
oJtt Jh    '      T68 ^^ the n0iSe ,eVel " P^^ntiy due to the noise genera   d by the 
outer ube row   An est.mated power spectrum for the noise generated by the Imtral cluste 

tl^rjz inp l;,det! sprovide a 8ross indka tio"ot ^ -- lei ingt^ d
us; tne outer row of jets.  Estimated spectrum was derived from 61-tube test H^ ht J    * 

the pre- and postmerged parts of the power spectrum by tl" follow'ngmjhod'    JUSt,n8 
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It was assumed that the post merged jet noise is proportional to the total flow area while the 
premerged jet noise was proportional only to the outer row jet now area.  Figure 145 shows 
that these assumptions for 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 noise levels to hold true. It is recognized that the latter is a gross 
assumption since secondary effects of mutual coupling between jet elements, crossHow 
mixing effects and relative velocity effects have been ignored.  Nevertheless, figure 149 shows 
hat dropping the jet velocity in the outer Tube row decreases the premerged jet noise power 

level   It is very interesting to note in figure 150 that similar shielding and noise reduction 
etlects can be achieved when the How temperature in the outer tube row is lower than the 
central cluster, 

'- 

c 

The effect ol varying the secondary How 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 
01 the spectrum is determined by the How velocity in the outer row of tubes   Figures 1 5^ 
and I 53 provide further evidence that the velocity in the outer tube row is the significant 
parameter, because variations of secondary nozzle pressure ratio and jet temperature shov 
very small changes in noise power levels. 

)VV 

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 no-se 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 1S4 
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 
1 55 and 156 show again that as the jet velocity in the outer row of tubes is reduced shielding 
of the noise from the inner cluster of jets becomes less effective. Secondly, for a given velocity 
the lower-temperature How in the outer row of tubes seems to form a more effective sliield 
than does a hot flow. 

The multitube nozzle's postmerged jet noise power is a function of the mean postmerged jet 
How cond.tions 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 though the flow conditions in the outer tube row were varied over a wide range'of 
jet temperature and velocity, there is little effect on postmerged jet noise 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 appeared to shield the premerged jet 
noise generated by the central cluster of jets. It was shown that shielding 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 
retractive effects can only be obtained from directivity curves. 

43 

:K-. ■,-,;.,';,o«,: 



A typical set of directivity curves is shown in figure 158 tor the peak 1 /3-octave band of the 
premerged jet noise. These 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 (V^) 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.. -1 On log Vj2/Vj |(, where n = 3.1 for Vj2 > 
2000 ft/sec and n - 4.3 for Vj-, < 2000 ft/sec). When the directivity curves are normalized 
for the jet velocity, good agreement is seen in figure 159 for the example where the outer 
row of tubes effectively shields 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 1 60 and 161. First, figure 160 clearly shows the refractive effect at angles greater 
than 120°. This effect was discussed in sections 4.5.2 and 4.5.3 and can be represented 
schematically as shewn in figure 1 62. 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 cut-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 noise reductions due to refraction at angles close 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 generated by the outer row of jets. 

The noise levels between 90° and I 20° 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 each other for all the cases tested with dual flow. This meant that a generalized 
trend for the effects 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 measuied 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 c, 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 shielding is replotted in figure 165 as a function 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 VJJ - 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 central- 
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array je  velocity, a very peaked premerged Jet noise beam pattern results. The central-array 
jets tend to dominate the 90° to 130" arc noise level, while the outer-row jetr tend to 
dominate the 140» to I .0" arc noise level. The central-array Jet noise is attenuated in the 
W   to 120   arc by the outer-row Jet How due tc acoustic impedance (pc) mismatch and 
urbulance scattenng. In the I 20° to 160° arc tl e central-array Jet noise is greatly attenuated 

by severe refraction and reflection of noise by the outer row jet turbulence. There isan indi- 
cation that »''-^verely retracted noise is being radiated downstream, affecting overall noise 
levels m the 1 50" - 160° arc.   I here is probably a relative velocity effect on central-array jet 
noise levels wh.ch 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 which will affect premerged jet noise levels. The test data from this program 
however, is insufficient to resolve quantitatively all the mechanisms 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 m figure 167 for the peak 1/3-octave postmerged jet noise band. The beam patterns 
are very similar to that from the 37-tube cluster alone and appear to be little affected by Jet 
velocity variations in the outer tube row. The directivity characteristics of the dual-flow test 
ser.cs is best summarized in figures 168 and 169. Comparing the beam patterns of the mono- 
How case ot the 61-tube nozzle with various dual-How configurations, it can be seen that 
the law frequency, postmerged jet noise characteristics are not affected while significant 
Chang.-* 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 arc between 90° and 1 20°, and refractive/reflective effects at angles beyond I 20° 

4.5.3.3   Perceived Noise Level Suppression 

These dual-flow multitube nozzle tests were run primarily to provide jet noise suppression 
technology mformation to better understand jet noise suppression mechanisms. Consequently 
jet noise suppression in absolute terms is 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-tlow mode of the 
test tacihty, 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 
can be seen that relative to the monoflow case, noise suppression is improved by reducing the 
jet temperature in the outer t-,. ,e row. Conversely, an increase in the outer jet temperature 
degrades the jet noise suppre;- (ion. These changes in the peak sideline noise suppression 
however, are simply due to changes in the premerged jet noise levels as a result of Jet velocity 
variations in the outer tube row. y 

4.6 APPARbNT JET NOISE-SOURCE DISTRIBUTIONS AND RELATED FLOW PROFILES 

Identification of noise source locations m 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 iet noise generating mechanisms. The experimental technique used 
was the 'wall isolation technique" of Potter and Jones (ref. 3) and MacGregor and Simcox 
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(ref. 4). R/C nozzie and multitube suppressors, witli and without hard wall ejectors, were 
evaluated. The following nozzle and jet variables were evaluated; 

• Jet temperature 
• Jet velocity 
• Nozzle tube number 
• 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 500oF to 1150oF. It can be seen 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 
argument (ref. 1 3) that in supersonic jets the peak noise-source locations occur 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 occur 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. These higher 
velocities delay the decay of the postmerged jet and thus the low-frequency noise sources are 
lound further downstream. 

Since jet noise sources of any given frequency band occur 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 occur very close to the multitube-nozzle exit 
plane. 

4.6.2    NOISE SOURCE DISTRIBUTION 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 1150oF and the nozzle pressure ratio varied between 2.0 
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 
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trend shown is lor the noise sourees 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 
high 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 elemental 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 source regions and consequently as the velocity increases with pressure ratio 
(fig. I 7^) the noise sources appear to be displaced downstream. 

4 6 3    NOISE-SOURCE DISTRIBUTION VARIATION WITH NOZZLF TUBE NUMBER 

It has been pointed out in previous discussions that tube number is one of the key variables 
in a multielement-nozzle noise signature. By holding the nozzle-array area ratio and jet gas 
conditions constant and varying tube number from 7 through 61, the results shown in figure 
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, l^w 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 cenfirm this. The 7-tube nozzle results appear to deviate slightly from the 
other nozzles at the low frequencies but thi   is thought to be associated with data repeatability 
when trying to determine the peak value of a relatively fiat, broad source distribution. The 
flow-profile results in figure 181 tend to further substantiate the low frequency noise char- 
acteristics with varying tube number because it clearly shows how bc.;h the 7- and 61-element 
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 area ratio is the other major geometric variable affecting jet noise. Far- 
field noise analysis ha^ shown AR to mainly affect the low frequency postmerged jet noise. 
Noise-source location results for a 37-tube nozzle series of varying area ratios are shown in 
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The noise source characteristics of 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 tlow 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 

. 

figure 182,  Based on noise-source characteristics discussed in preceding sections, the premerged, 
high frequency sources should correlate with the elemental supersonic core tip. Figure 182 
shows this to be generally true for the smaller area ratios (AR < 3.3). For area ratios greater 
than 3.3. the jet element spacing becomes large atid 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 displacement of 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 of multielement jets are quite different for 
different area ratios as shown by the tlow profiles in figure 183.  A larger AR nozzle with 
accompanying larger jet spacing is able lo entrain more ambient air to the center of the jet 
cluster to more rapidly mix the jet Hows and achieve lower mean velocities in the postmerged 
jet noise-source region. 

j 
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4 6 5    NORMALIZATION OF NOISE-SOURCE DISTRIBUTION RFSULTS FOR REGULAR 
ARRAY NOZZLES 

The jet noise-source location results have been discussed in terms of various nozzle geometric 
and gas parameters.  It is clear from these discussions that for multitube nozzles the noise 
sources fall into two categories of premerged or postmerged jet noise sources. The source 
characteristics of each region are quite different 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 
elemental 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 550ÜF and 11 50oF. 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. It 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 550oF and 
I 150oF as shown in figure 185. Postmerged jet noise-source locations of course, will not 
correlate with round convergent jet data as premerged jet sources did in figure 184. 

i 

) 

4.6.6    NOISE-SOURCE DISTRIBUTION CHARACTERISTICS OF IRREGULAR NOZZLE 
ARRAYS ) 
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postmcrgcd jet. low frequency sources are stretched out further downstream for the radial 
array. The tlow-profile results in figure 187 show that although ventilation in the outer rows 
ol tubes is improved, the higher density of primary How 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 dimensions 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 tile differences in the postmerged jet low frequency source locations can be seen 
In figure 189 ol the How profile«. Although the flow from the outer row of tubes was mixing 
at the same rate tor both nozzles, the annulus How 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 established. A selected number of these nozzles were sub- 
sequently fitted with a series of hardwall ejectors and the resultant changes in their respective 
noise distribution characteristics were observed. 

In the test program, ejector lengths were held constant at L/Dp = 2.0, while their uiameters 
were varied to obtain different ejector area ratios (2.6, 3.1, and 3.7). Jet conditions at the 
nozzle exit were the same as for the bare multitube-nozzle scries (NPR = 3.0 and Tj - I 150oF). 

Generally, the effect of an ejector installation on a multitube suppressor is to displace the 
sources downstream without necessarily changing the shape of the curve.  Figure 190 shows 
the source-location results of four 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 ejector 
particularly in the mid- to high frequencies implies that similar acoustic generation mechanisms 
exist in the premerging region. The ejector shields these high frequency sources and delays 
their appearance lor approximately one ejector-length as is evidenced in the four cases of 
figure 190. The source distribution curves also show that the low frequency, 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 multiJi-he 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 
ejectors on the very high frequencies, These sources are seen to shift or bulge further down- 
stream when the ejector is tight.  Figure 190b shows this high frequency source shift when the 
loose 3.7 Ak ejector is compared to a 3.1 AR ejector.  Figures 190c and 190d also show that 
a high frequency, downstream bulge is present. This tight-ejector phenomena is best explained 
by observing in figures 191 and 192, the ejector-exit flow profiles which indicate a high velocity 
spike at the ejector lip. This is conceivably due to now attachment to the ejector wall   As a 
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result of this How attachment in a tight ejector, the higher velocities at the ejector lip are 
responsible lor a new shear region generating additional high frequency noise sources which 
are additive to those radiating trom 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 efficient and the high lip-exit 
velocities are not observed and no additional source regions are created. 

4.7 FLIGHT FFFFCTS ON JFT NOISE SUPPRESSION 

The use of a modified 9- by 9-ft low-speed wind tunnel for determining jet noise flight effects is 
being pursued at The Boeing Company. Comparisons with fiight test results have shown that mean- 
ingful flight-effects information can be obtained with this technique. Because of the acoustic 
near-field nature of measurement, absolute noise levels are difficult to record accurately between 
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 effects noise tests for a baseline R/C 
nozzle and a reference 37-tube suppressor nozzle with and without ejector shrouds. 

4.7.1     BASELINE ROUND CONVERGENT NOZZLE 

Acoustic near-field spectra measured under static conditions in the wind tunnel are compared 
with far-field spectra measured in the HNTF for 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 of 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 neai- 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 confidence in the validity of taking what amounts to near- 
field data and extrapolating it to the far-field and then treating this data as being representative 
of normal far-field measurements. 

Jet noise flight effects for the baseline R/C nozzle are shown in figures 195 through 200. The 
peak-noise spectra comparisons of figure 195 and 196 include flight spectra at the indicated 
idea! and relative jet velocities and static spectra having ideal jet velocities that match the 
flight ideal and relative jet velocities. As shown the static and flight spectra match reasonably 
well at equal relative velocity. It is noted that the flight spectra were corrected for Doppler 
frequency effects by shifting all calculated SFL values to the next lower 1/3-octave band. 
This accounts for source motion past a stationary observer that is not inherent to a wind 
tunnel test. 
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The curves of OASPL and mi versus relative jet velocity (fig. 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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velocity). The slope ol the OASPL/velocity curve varies withiet velocity, however, in the 
subsonic to sonic region the relationship follows a Vj8 to Vi5'characteristic. 

The ilight ott'ect at angles closer to the inlet is a strong function of nozzle pressure ratio. 
Figures 198 through 200 show the results for a near-Held angle of 130°. At these angles the 
low frequency part of the spectrum contains facility burner noise and hence those frequencies 
have been cut out from the analysis. Previous near/far-field comparisons show that this angle 
is equivalent to a far-field angle of 100° to I 10°, again due to the source-location effect. At 
pressure ratio 2.0 the flight spectra compare favorably with the static spectra at equal relative 
velocity (fig. 198). At pressure ratio 3.0 and 4.0 (fig, 198 and 199) the flight effect 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 flight noise levels are obviously not predictable using relative velocity. It is 
very difficull to directly relate the observed near-field flight effect to far-field for this situation. 
The 130° near-field data has a jet noise component representative of a low far-field angle 
(lOO1 ) while the shock noise component may be more representative of a different far field 
angle (I 30° or less) depending upon source location and radiating characteristics of this noise 
source. Consequently each source (jet and shock) must be evaluated independently. 

in order to assess a far-field flight effect it is necessary 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 (light and can be estimated by applying the relative 
velocity principle.  Based on this test it is recommended 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    MULTTTUBE 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 noise frequencies. But this is expected because the near- 
field spectra should show a lower noise level in the postmerged jet frequency range (50 Mz 
to 200 Hz) for the 130° angle due to the downstream source location of this noise com- 
ponent. 1 he 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.  Postmcrged 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 postmcrged jet mixing noise is prominent. 

Jet noise flight effects for the 37-tiibe 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 llight spectra compare reasonably well with static spectra at equal relative veloJty. The 
experimental results of section 4.5.4 show that the prcmerged jet mixing noise of a 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 How 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 (Vj, - V^), 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 OASPL 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 (3° to 4°). 

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 less than 120° the flight noise reduction becomes progressively less. This is thought 
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- 
sequently 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 field). 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 120°. 

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 
postmcrged jet mixing noise is obscured at the lower angles due to burner-noise performance. 
The postmcrged 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 near-peak postmcrged 
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 
reasonably 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    MULTITUBl 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-field spectra measured in the HNTF. The comparisons are 
made for peak noise at PR ■ 4.0 for a loose ejector (AR ■ 3.7). Similar spectrum comparison 
with an AR - 3.1 ejector 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 flight effects. 
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Jet noise flight effects for the 37-tube nozzle with an AR = 3.1 ejector shroud at lower pressure 
ratios are shown in figures 21 I through 214. This configuration is referred to as having a 
tight fitting shroud since the shroud and tube array have essentially the same effective AR. 
Static and flight peak noise spectra »ire compared in figure 211 for PR 3.0, The reduction of 
premerged jet mixing noise due lo external How 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 ft/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 flight and is accounted for in the analysis. 

Static and flight OASPL and PNL directivity comparisons are provided in figures 212 and 
213 for PR = 2.0 and 3.0 operation. As shown, 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 How. 

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

1. Reduce tlfl? low frequency postmerged jet mixing noise by interpolating static data as a 
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 frequency shift is to calculate PNL for no frequency 
shift and a full I/3-octave-band shift. 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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general agrtunent with a change m veloaty oi this magnitude as illustrated in figure 216. 

It is interesting to note that the change in premcrged jet mixing noise with power settine 
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3. Apply a Doppler frequency shift as a function of flight velocity and angle. 

4. Calculate the flight noise level using the corrected spectra. 

47.4    JET NOISE SUPPRESSION WITH FLIGHT EFFECTS 

The acoustic flight effects determined from the wind tunnel tests mrf Hi*,-,,^ i •   ,. 
sections were applied to the far-field, static test data ^^^t^^T 
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peak jet noise suppression characteristics could be extrapolated to flight. The following 
summari/es the llight effects as they were applied to the different configurations assuming 
a Hight velocity of 300 ft/sec. 

• Baseline R/C nozzle: Use the relative velocity relationship therefore interpolate static 
data at Hight VR to establish llight PNL. 

• SJ-tube nozzle without shroud:  Use the relative velocity relationship as described above. 

• 37'tube nozzle with arm 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 
mcrged-jet relative velocity procedure for postmerged jet noise and no reduction of 
prcmerged jet mixing noise. Calculate llight peak PNL using corrected spectra for no 
Doppler shift and l/3-octave-band Doppler shift.  Interpolate between the two PNL 
values to account for the expected amount of Doppler shift at the peak angle. 

yi'cno,^? WaS d0ne l0r Pre88Ure ratiüS 30 and 40 with a J1rimary Z™ total temperature of 
I 150  F. The resulting far-field static and llight peak PNL values are shown in the table 
below tor the four nozzles. The static and llight PNL suppressor levels are tabulated as are 
the changes in suppression due to flight. The Hight 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 . Vj ^ - V^. The high frequency noise level was 
Proken into premerged jet mixing noise and postmerged jet mixing noise. The premerged 
jet noise remained unchanged while postmerged noise was reduced in the same manner as 
the low frequency. The two noise levels were recombined to produce the estimated level 
Shown in (igure 221. 

I 

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 nozzle 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 of suppression occurs in Hight 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 

Nozzle PR 6 
Static 
PNL 

PNdB 

Flight 
PNL 

PNdB 

Static 
suppression 

PNdB 

Flight 
suppression 

PNdB 

Flight 
Asuppression 

PNdB 

Ref. conical 

Nozzle 

4.0 

3.0 

130° 

130° 

118.0 

115.3 

114.4 

109.5 

37-Tube 

(Ref) 

4.0 

3.0 

130° 

110° 

104.9 

101.2 

100.4 

97.0 

13.1 

14.1 

14.0 

12.5 

+0.9 

-1.6 

37-Tube + 

AR 3.1 shroud 

4.0 

3.0 

110° 

110° 

104.1 

101.4 

100.8 

99.5 

13.9 

13.9 

13.6 

10.0 

-0.3 

•3.9 

37-Tube + 

AR 3.7 shroud 

4.0 

3.0 

110° 

110° 

105.2 

101.6 

101.0 

99.3 

12.8 

13.7 

13.4 

10.2 

+0.6 

-3.5 

Note: 2128-ft sideline 
1000-ft altitude 
TT= 1150oF 
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5.0 ACOUSTICALLY LINED EJECTORS 

. 

X 

The mechanisms of high velocity jet noise suppression with multitube nozzles and hardwall 
ejectors have been described in section 4.0. It has been shown that the characteristics of a 
multielement 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 How area. Secondly, these premerged jet noise sources are located relatively close to 
the nozzle exit plane providing the opportunity for the use of acoustically lined ejectors 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 of tiiat 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 relationships in 
ejectors. Measured lined-ejector sound power insertion loss, however, was always lower than 
predicted for the following two main reasons: 

'. 

I 

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

• Noise generated downstream of the ejector exit plane, which cannot be attenuated by 
the lining, may have prevented the true measurement of lining attenuation. 

It was concluded in reference 5, 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 
temperature and velocity gradients inside the ejector. 

The work conducted for this program report was essentially an extension of that carried out 
in reference 5. It 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 attenuation in ejectors. 

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 5 and included the use of the same test hardware 
and the same single-layer acoustic linings. The second series 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. 

5.1.1     SINGLE-LAYER ACOUSTIC LININGS 

To complete the work that was undertaken in reference 5, the following single-layer acoustic 
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 effect of ejector axial placement on lining efficiency. 

The 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 * ! .4) because the results for the higher pressure ratio 
are obscured by the high jet-noise levels generated beyond the ejector's exit plane. 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 quantified 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 avial 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 same 
acoustic lining in the downstream half 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 ejector is 
a limiting factor to the amount of jet noise absorption that can be observed from the total 
system, the second-ha!f-lined configuration provides as much absorption as the fully-lined 
case. This indicates that in designing acoustic linings the potential for jet aoise absorption by 
a given area of lining should be balanced against the level of the downstream jet noise sources 
in order to avoid unnecessary lining weight and cost penalties in a given suppressor system. 

Finally, the effect of the ejector-inlet opening relative to the nozzle exit plane was investigated 
from the point of view of noise leakage to the far field, as well as overall ejector 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 jet axis. This was determined by using 
an acoustic baffle across the ejector inlet and observing the results as shown in figure 225. 
Noise radiation from the ejector inlet can affect the acoustic lining effectiveness as observed in 
the far Feld 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 nozzle 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, 

5.1.2DOUBLE-LAYER ACOUSTIC LININGS 

Acoustic lining theory indicates that multiple-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 to 
support the model-scale suppressor system program described in volume X. 

(i)    Lining no. 1: 

I 

0.21 in. 

0.15 in. i iiniTTM 
34% open area 

8% open area 

(ii)   Lining no. 2: 

C 

0.35 in. 

0.15 in. 

25% open area 

8% open area 

0 

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 evaluate the broadband aspects of double-layer designs by 
comparing it against an equivalent smgle-Iayer 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 ejector 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 ejector. The sound pressure attenuation spectra at various angles from the 
jet 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 ol measured lining attenuation directivity results are shown in figure 
227 to illustrate these difficulties. 
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Both linings no. I 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, I to see if similar trends of changes in absorption and 
tuning would be observed as for single-layer linings reported in reference 5. 

Typical 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 hsertion 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 ejector 
These curves also show that the ultrasonic frequencies from deep within the ejector 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 hmng 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 mid frequencies 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 setting) or they can also vary by changing the basic nozzles 
In this program an L/DE = 2 ejector with lining no. I was tested with the three LNHP series 
Of nozzles and the results are shown in figure 230. The three nozzles had different area 
raüos, 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 ejectors 
is further illustrated by the directivity patterns in figures 23 I 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 tiiat hypothesis by showing reduced af muation 
levels at angles close to the jet axis. Secondly, high frequency jet noise radiation from 
ejectors has exhibited a very strong directivity peak at or near 110° which invariably 
shows up in lining attenuation beam patterns as an attenuation minimum. This phenomenon 
is not well understood at present and deserves further study. 

5.1.3 FULL SCALE DOUBLE-LAYER ACOUSTIC LIMNGS 

Full scale double-layer acoustic linings were designed and fabricated to support the full scale 
suppressoMlemonstrator 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 scaled by a factor of five. In other words the full scale lining was tuned 
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to have a Hat frequency response between 1.25 and 2.5 kHz. The full scale lining was also 
fabricated using perforated plates and honeycomb spacers as follows: 

77.. 1 2.5 in 

J_ 
30% open area 

8% open area 

The full 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 100% lining of the ejector. 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 scale 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 

Acoustic linings in the walls of an ejector shroud are used to absorb the jet noise that is 
generated inside and which 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 accuracy 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 prixedures. Such a mathematical mode! 
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 model 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 microphones. The acoustic pressure on the surface of the lining is given by 
P| and at the bottom of the cavity by p7. If the cavity is assumed to have a circular cross- 
section, the acoustic pressure in the cavify can be written in the form: 

; 

Pcav. = C Jn (k/m>r) [e^x0"'"^ + Re^x^'^x] ei(n0 + «Ö ( 18) 

where C is a constant related to the modes of propagation, while R is another constant that 
can be evaluated. Only plane waves can propagate in the cavity at frequencies below 22,000 
Hz for a core of 0.95-cm diameter since higher order modes are cutoff, as shown below for 
the second lowest mode: 

•> 

[la-.j 0 
0 

lane wave 

Jl(k/m)r0) = 0 

k/^ = 0    :    ph 

kr(2)r0 ■ 3.84— f = 22,000 Hz 

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

t 

k/'^o = 0 

1 h 
V 

■ 
• ■ 1    1 

PI p 

1 
Zcav 

1   i 

1 

< »  
1 

1    , 
1    "   •     1 • 

• 

ZCdy is known 

Ze is unknown 
J 
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Then: 

: 

■<: 

Pcav " P0(t",kx + Reikx)eiwt 

at x = d (bottom of cavity) 

hence. 

Pcav ■  Po  t"ikX + eik(x " 2t|)] e^t 

P = P0(l   + e-2id)eiwt 

= 2p e'(a)t " ktl) P2 "  ^P0e 

From .the circuit, 

but 

Z. 
P]  - P 

V   ■ 
'cav 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

a^to ri'o1:00 i,nPedanCe 0f ' tUbe 0f len8th d' ,t Can be obtain«1 froi11 the '«nnulas 

zcav = ipccot(kd) ^5) 

From equations 21, 22, 23, 24 and 25 

ze      Pi  - P? cos(kd) 

Assuming, 

PC 

Pc if^sin (kdT 

Pi 
— ■ rexp(i0) 

re'(0 - n/2) 

sin(kd)  + ' cot (kd) 

(26) 

(27) 

(28) 

I 
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Hence, 

Re(Z /pc) = R r sin 0 
pc       sinfkd) 

Im(ZJpc) =^- = 4^4-4 
pc        sin(kci) cot(kd) 

is the ratio of the sound pressures at the upper side of the acoustic facing and the bott 
of the cavity. 0 1S the phase difference between p, and p2. When p, and p. are given in 

(29) 

(30) 

om 

decibels, r is expressed by 

I0log|0(Pl/P2) 
= e- 15 dB (31) 

where dB = 20 log10 (p,^) 

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 cm long attached to 
an air supply. The test section was 15.25 cm long with a cross-section of 7.5 cm 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 maximum sound pressure level that was achieved in this facility was approximately 
165 dB. Two imcrophone arrays were used to obtain sound pressure and phase information. 
I he array flush with the acoustic facing consisted of three microphones while the array at 
the bottom of the cavity had two. The timenlependent 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 
ree-stream flow, at the lining surface and at the bottom of the cavity. The boundary 

layer profile was pleasured with a total pressure rake. 
i 

5.2.2 ANALYSIS OF TEST RESULTS 

The normalized ou cputs of the two sets of microphones were analyzed on a narrow band 

«nnVpi   rn ,,anfwidth, tü reJect ™iSe-floor and distortion interference. The phase 
and bFL ditteience results were plotted on line, on X-Y plotters. 

sm'^rJm^n^'T-f^'ffn liningS Were teSted for the followin8 8 frequencies of 
500. 630 800, 1000, 1250, 1606. 2000 and 2500 Hz. The lining specifications are given 
in the following table. 
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Material 
type 

Plate A 
Plate B 
Plate C 
Plate D 

% open 
area 

41 
33 
23 
24 

Hole 
dia. 
(cm) 

.0914 
,0914 
.0406 
.09''4 

Plate 
thickness 

(cm) 

.0635 

.0635 
0406 
.0635 

D.C. flow resistance 
(rayls) 

at 20 cm/sec 

0.37 
0.81 
1.6 
1 06 

at 100 cm/sec 

0.85 
1.57 
3.74 
3.04 

The tests were conducted at grazing flow Mach numbers of 0.2 and 0 4 For the Mach 
number 0.4 tests two boundary-layer thicknesses were used and designated as thin and 
thick, 

r 

The test results in the form of normalized flow resistance (R/pc) versus particle velocity 
(Vp) through the lining surface are presented in figures 238 through 249. 

A leas:   nme fit curve has been drawn through each set of test data. The test data was 
compared with similar data published in reference 27. It was concluded that the M - 0 2 
results obtamed m this test series were too 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 g.ven in reference 27. The revised flow resistance model for perforated plate linings 
m t he presence ol grazing flow is given below with the curves also being shown in figures 
238 through 249. The normalized now resistance is given by: 

( 
where 

RVC 

K 
-= .75(RVC) + .5 N/.25(RVC)

2
 + 4RJ+ (RVA) + (RM 

the steady flow viscous component 

I), (32) 

I .03 t^J 

Xo(Ö + .416) 

RVA    - the fluctuating flow viscous component 

_ 3.83 x   K)"5 

RMI     " inertia effects 

(1   -a + t/d) 
f0 3/2 

X(Ö  +  .416) 

=   1.138 (I  - a^) 
M     -(.51 t/d + SN) 
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1.8 ft o 

Rp       ■ grazing flow effects 

=   .1667 M. -(.507 t/d) 

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

X 
trc [... 85d(] - j/o)9<8 65 M, + .819M0) ]. (33) 

fliis 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 How. There 
appear to be some unresolved problems at low values of grazing-dow Mach number, 
(M< 0.2), which should be investigated further. However, for ejector and jet noise applica- 
tions higher Mach numbers (M > .4) are more typical where also better accuracy was attained. 

This test series also showed the need for further improvements in the experimental tech- 
nitpies 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 

The current prediction procedures for sound attenuation in lined ducts assume that the 
sound is generated by an unspecified source distribution located upstream of 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. 

In a jet, however, the noise sources are distributed in the entire jet volume which, in part, 
is shrouded by the ejector-suppressor (fig. 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. 

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 duct is infinitely 
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 could not 
define these coefficients 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). Ka.n r Cum 
...nusand Mun.ur (ret  32) considered a more difficult problem, not amenabl   to a U eoret- 

a^Ltr ;^haü ,0 he M usi";1 ,Ulm^, —-■Th^ ^ - p— 
Rice (ref. 28) and Lansing and Zorumsk, (ret, 33) assumed a pressure distribution at the 
entrance and at the ex.t ol the lined section of the duct. They obtained an expression for 
• he acousne 1.Id inside the lined-duct region and matched tins expressiv tX^ 
P ^.re   . rdnmon at both ends. In this .„anner. the pressure field was complete^ deHed 
and no additional assumphons were necessary for obtaining the attenuation. 

Lansing and Zorumsk, (ref. 33) also considered sources inside the duct, but no systematic 
analysis ol location effects on the attenuation are presented. Tester (refs. 34 and 35) has 
constructed a solution tor the pressure field generated by a source (monopole) tor an 

^VaTe^UCt' bUl ^ "^ n01 C01Kerned abOUt the ^^ 0f — -^ "" 
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The work presented in this section concerns the effects of source location on the sound 
attenuation by Imed ducts when the sources lie inside region of interest (fig 251) As 
mdicated before, this type of problem arises when a lined duct shrouds a jet, i.e., in the use 
of ejector-suppressors for reducing jet noise. .-   .      ,      i 

The source location effects will be analyzed for a two-dimensional channel (fig. 25 1) where 
he coordmate z lies along the direction of sound propagation while x is the other coordin- 
te J and rj are the nondimensional coordinates. Currently used procedures assume that 

^ t .te ',1;    t'    '      >        If " 'f lined ihroi^0"t its entire length; this assumption 
1 uhtatts the determination ol 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 source, will be assumed to exist inside the lined 
egnKnt  and the analys.s w.ll be carried out for an infinitely long, lined duct and for 

uniform low (no boundary layer). Flow gradient effects will be analyzed separately and 
desenbed In section 5.4. A f.-rrher simplifying assumption will be the use of a solution of 
ji rectangular duct geometry tr represent a cylindrical ejector. Viscosity effects will also 
DC neglected. 

Alter obtaining the pressure field for a single source, the solution will be extended to 
source distnbutions. When source distributions are considered, the manner in which the 
sources pulsate with respect to one another greatly affects the composite pressure This 
w.ll 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. « wy uwse 
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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 fields 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 'k 

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: 

5 5 
0-P       .,       ...   .  ^"p      „ .     3p   ,     ? . . 0 

 hr -   2 1 S —*- +    S^O  = + (1  - M0) K-- 2is-^-+   szp = Ah-'6(1? -   rjs) S(f- ^) ,        (34) 

where 

^s and TJ   are the source coordinates. 

M0 is the Mach number of the steady flow, f is the frequency, c is the speed of sound and 
the source strength is assumed proportional to Ae'60^ The time dependence has been taken 
to be of the form e,u;t. 

Ut: 

PC^ T?) =   J£        t-mPm(T?)cos(m7rn (35) 

m = 0 

where 

m- \i 
so that: 

P    - \   P(^^) cos(mir|)d| (36) 
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Also, 

/ 

a2P cos (m TTJ) d^ = (-1) in (I) I- 1 W/|-o -(m7r)z P m (37) 

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

it) ^i(-l)^Y^P-2i^|E--^ii>) (38) 

where, 

i) = 1,S = 0 
2. f *  1 

and Yj; are the non.iimensional admittances. As in references 37 and 38, the boundary con- 
ditions are replaced by unknown velocity source distributions fv 0?), so that: 

(ti {|, ■r^' (39) 

The pressure field inside the duct is obtained as a function off,, (17); after this, the conditions 
are imposed which allow us to determine the unknowns, f„ (77) and thus the pressure field. 
This method can be used not only when the admittances Yv are constant but also when they 
are known functions of 17; 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: 

(I   " N1oill!>]l" 2isMo dP
m ' 

d7?2 dTJ 

mi + 1 

2  ['-(¥)2] m 

f\(V) + (-l)m+ ' f2(t?) + Ah-6(77 - T7s)cos(m7rJs) 

Let us define the Fourier integral of Pm (17) as follows (ref. 39): 

(40) 

» 

K io) Ml 

■ 

v/Iir    J 
Vmm*aridri 
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Equation 38 is rewritten in the foliowi ns form: 

f„0?) = i (-1 )p s Y„   ( p - 2 i --2- iJP      Mo   a2P \ 

Then, equations 40 and 42 b 

(42) 

ecome after the application of the Fourier integral; 

- [d   - M02)a2 + 2asM0 - s2 + (ni^2j ^ . p](o) + (.1)m+lF2 

+ A e      sC08(mff|g) , 

fa) 

,(") , 

(43) 

(44) 

From equation 43, obtain: 

Pm (a) «     ÜZ-IJ    ' F2(g) + A e      scos(m7rf) 

8    - (l-M2)o2 - 2 0SMO - (mrr)2 (45) 

On the other hand, by performing the t 
transformed into: appropriate operations on equation 35, it can be 

\(o) =   ]£ em Pm(g)(-l)(i;-1)m (46) 
m = 0 

Ü slK^e understood in equation 46 that when . - 1. (-!)(- D m s j) ^t^r the 

Hence, from equations 44 and 46 the basic set of expressions is obtained: 

f» = M^isY^l  - oM0y 

) 

Q 

t 

I 

E(.1)(.-l)me    l^lZ^i^jm^^^o^im^) 
m 2       ~   ~  5 "^5—" ~  * 

B    - (l-M(r)o- - 2osM0 -(niTr)2 (47) 
m = 0 

P " 1,2 
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From the nonhomogeneous system of algebraic equation 47, the functions F^Ca) can be 
determined. 

r ^         A'V    i0T?s sY2Sl S2 - iS3(l-isY2S4) 
F-|(o) = sA Y| e     \  

F2(o) = sA'Y2 e    's 

D 

I S4' iS^d -isY,' S4) - s Y', S, S3 

D 

(48-a) 

(48-b) 

where: 

I Y; = Y, (1- zM) (49) 

I 
S,  - Y,    <-1)m Gm/Rm 

m=0 

(50-a) 

o 

(-1) t
m_m Gni cos (m TT %,.) 

m=0 

m=0 

R m 

Gm cos (m TT Ss) 

R m 

(SO-b) 

(50-c) 

84 = em/R m'   m 
m=0 

(50-d) 

Rm " s2 - 0 -Mo)°2 - 2soM0 - (mir)2 

D = (1 -isY,'S4)(l -isY^S4) + s2 Y,' Y9S,2 
1 "4 

(51) 

(52) 

The solution for p(^, 17) is given by the expression: 

+ 00 

EGm cos (m TT 5) 

m=0 v/Tir 
Pm(a)e-107? da (53) m 
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where Pni(o) is obtained from equations 46 and 48: 

p   (0) = 
A'c     S   rVlsY^S.S, -iS,(l-isY'?S4) 

m{a) Rin      L D 

m , .        iS^(l    isY   S4   - sY   S. S, 
+ (- ),T1 + ' Yo — 1—2- LJL-J- 

The pressure field p f^, r?) can be written in the form: 

+ cos (m "Oj (54) % 

Pi 

00 c» 

M).£cioi^.2ii£RM sidues (55) 
m=0 J=l 

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 i the use of the eigenfunctions cos (m n £) 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: 

0 

"J 

jC[pI  = Ah2 e •Vs(5(T7-7is)6(f-^)] (56) 

where £ | pi represents the lelt-uand side of equation 34 and e gives the orientation of the 
dipole (fig. 251). 

Equation 56 can be written in the form: 

X(pl  -- Ah2  [cos^da(n-l?8)||- S(M8) + sinÖd6(^s).iL. g^.y],       (57) 

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

The presence of aquadrupoie is 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 monopoles (fig. 251). Extending what was 
done for the dipole, the following is obtained: 

i 

t 
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XI p 1   = A h2 I cos B | cos 02 S(7] - r]$)• 

Vs 
S(MS) 

(i ^huo^e.j—jin-^^sa-^ ^ -'  ''*' ä|s 

+ sin0lSinö26(f^s)-iLT5{7?.7?   j] 
dr?; J 

The angles ö| and 02 are interchangeable. 

(58) 

The right-hand side of equation 58 represents a combination of lateral and longitudinal 
guadrupoles giving rise to what Ribner calls oblique quadruples (ref. ^TSs ot the 

i 

d^ (59) 

cwrespond to longitudinal (or axial) quadruples (ref. 41) that can be constructed from 
three monopoles or two dipoles (Morse and Ingard, ref. 42). 

The terms 

Tl2'^5a^,'V(T?^) and T2!-ir^-^l-^-v. (60) 

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

Since the right-hand side of e nation 58 was obtained from two dipoles oriented in a 

n general tins ,s not so. In practical applications the orientation and location of the dinoles 
Seneratmg the quadrupoles are random. This implies that TJJ will be random Tun    ons o 

muastT Swl^ t0 Perf0rm nUmeriCal eValUati0nS the bOUnds or the ^antlües TL 

From equations 57 and 58, by following the same procedure used for monopoles the 

r/wrad  f        iP0.,eS J"' ?UadrUPO,eS iS 0btained- The SO,l,ti0" is -nilar ^ qu   ion 55 w1th a different value for the residues. These results can be found in appendix B 
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5.3.3 CALCULATION OF ATTENUATION 

ü^xTr^ i"sk,e 'he "ned K8mH"',he aOTiistit '—^ ^"-" 
i     _ po ^ Mo PP*M^      , 
'r? 4 (uu* + vvw*) + — 2.+ JL{pw* + p*w) 

4f)oco      4 

The acoustic energy flux is obtained by integrating over the duct cross-section. 

I 

0 = h I .d| 

(6!) 

(62) 

Since a two-dimensional channel is being investioatftH  th* n „;.     u 

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

17^ 0r aPPendiX C "'"^ the aC0UStiC energy f,UX- ^ a«—«0. in decibels 

Att.  -   ICHogjofQO^VQ^)] 

where 

Q (T?0) is the energy flux at r? = T?0 

Q ini) is the energy flux at r? = 7?L 

^L > V0 

Sod ^uUs lll'r Tt t0 P;ediCt thC attenUatiün 0f fan noi8e ^ lined ducts with 

(63) 

shows 
A lined ejector shrouds only part of the let ffu. JKK TU* I ,    ,• 

7 
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The acoustic energies \x and h0 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: 

Li + Eo 
; Atteff. = IOk*IOR ♦ B (64) 

wlieri': 

Ej is the resiiiual acoustic energy inside the ejector after attenuation. 

t 
I he expression above can be rewritten in the form: 

F , '   + (EJ/E/XEO/EI)] 
Atteff. ^  10 [lo|10(Ej/Ei) " '^10        j T&$    \ (65) 

It tlie assumption is made that equation 63 is equivalent to: 

Att.  -   l010f10(Ej/E;) (66) 

, Then. Ej/Ej can be determined; in this way, all (|uantities in equation 65 are known. 

What was said above is useful provided that Ej is given experimentally. E| must be evalu- 
ated analytically. If the attenuation is given experimentally. Bi can be easily obtained 

On the other hand, the purpose of this work is to develop the ability to predict attenuations 
j C hy assuming some source d..,tributions. In this context, both Ej and Ej must be evaluated 

analytically. It is simple to define the acoustic energy flux Hj leaving the lined ejector, 
since the composite pressure and particle velocities can be evaluated at the exit without 
difficulties; they will give the composite effect of all sources at the exit. However, it has 
not been possible to find a similar expression for Ej since the sources are distributed inside 
the ejector. 

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 TJ -dire» tion, i.e., the total energy flux Ej is given by the sum of each 
source flux evaluated at an rj very close to each source. In a similar fashion. Ej was obtained 

| us the sum of the fluxes that the sources produce at the exit plane of the ejector. However. 
the sources lying on the same cross-section were assumed to be correlated (though not 
necessarily in phase). Equation C-13 of appendix (" synthesizes the above statement 

Another manner of evaluaiing Ej and Ej gives rise to the concept of insertion loss. In this 
case Ej is the total energy flux at the exit of a hard walled duct while E] is the flux exBting 
at the exit of the same duct with soft walls. Then: 

Insertion loss =  10 logjQ (Ej^/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 llux. Also, the insertion loss as a func- 
tion of frequency did not look correct in most of the examples tried. The reasons for this 
behavior are not understood.   Because of these problems, the concept of insertion loss was 
not used. 

When only one source is involved, its location with respect to TJ is 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 rj-coordinate. The analysis shown below refers to the 
location effects ot the single source with respect to ihe {-coordinate. 

Conversely, when a source distribution is considered, the functional dependence of the 
source location with respect to r? 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 

PJI. r?) ■ Ah:i V Gm cosdnTr^ V  an l^j (68) 

m^O j=|    n=l 

where TflM is given by equation C-7 of appendix C. 

The composite pressure given by a generalized source distribution function H($,. r/., u;) 
is expressed by equation D-6 of appendix 0: S    ^ 

(2) 
^s 1 

^w«.*)" j.      j    IKMs-^n^Tj^VdM^ (69) 

where r({, 77; £_. i7s) is expressed by D-5 of appendix D. 

an and H($s. r?s. w) have similar  roles in the above expressions. 

a;n has the role of a weighting factor in defining the composite pressure.  It can be a func- 
tion ol n and frequency. The location of a source, given by n. may affect the weight it has 
on the total pressure. The pair {s. T?, in H(£, r?s, OJ) has the same role when a generalized 
source distribution is considered. 

Ihe eflect due to source location can be included as a component in the weighting function 
a. 
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It couKI happen thut identical sources do not pulsate in phase. Then, 

• 

P(,,(£.T?) = Ah u 
nrt 

J       N 

:mcos(m7r^Vy^ 
n 

■|OJ,nT<"). m.j (70) 

where L. are the time ditterenlials with respect to some specifiecl initial time,  hi this man- 
ner, phase ditlerences are created among tiie components ol the composite pressure which 
can he accounted as part of the weighting Function OL..  In jienerai. the phase differences 
will he functions of frequency. 

i 

All the results shown in Uns section were obtained using expression 66. t;j and Ej were 
obtained analytically. 

5.3.3.1   Single Monopole 

A lining optimized for a narrow frequency hand 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  I./h ■ 3.333 
Impedance of acoustic lacing =  1.05 (1   + if/15) 
Cavity depth =   1.42 cm, duct height = 30 cm 

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 
sume.   The medesof the reference mentioned above are associated with the poles in the 
present work. 

It can be seen from these results that the source location has a strong effect or. the attenua- 
tion. The source located closest to the lining gives rise to a broader spectrum than the ones 
corresponding to sources located farther away 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. 

1 he spectrum obtained from reference 44 lies in between the spectra corresponding to the 
isolated sources. 1 his 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 in;;ide a 2/3-octave-band range. 
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5.3.3.2 DisrribiiUMl Monopok-s 

Appendi« Dgive« the pmsun generated by a genenUzed dittribution function H({  r?   w). 
Unfortunately. experimentaity obtait»d Murce distribution data are limited   I he invrsti- 
ption ol source locationi in a |el as a function of frequency is lust beginning to produce 
some results (sec. 4.5). 

If ■ fuiit« number Of sound sources whose locations are wdl defined are consulered  | 
question arises about the values the weighting function a,, should have.  As will he shown 
l^>. "lie value ol tins tunction is of paramount importance In obtaining meaningful pre- 
diclions For the attenuation when source distributions are concerned. 

In .-.der to analyze the effects of source distribution, very simple configurations of five 
and ten mononoles were Studied, and also an array of monopoles was analyzed   Four 
cases were investigated; one where the weighting function a., was a constant (uniform 
weight), and three where the Weighting Function was not a constant (non-umform weight, 
as shown below: ^    '' 

(a)    Uniform weight    In this instance the ttn have the same constant value   K 
were located at. 

£s=  [ 1+301- D-Mn-.^.S)2 + .35] /h 

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

^s= [M 3{n- in (n-.95)2 + .35]/(3.7h) 

r?s = r7/2li 

The location of the sources is sketched below: 

ive sources 

(71) 

(72) 

(73) 

(74) 

< 
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I igures 255 and 256 show the attenuatkni spectra of the ten- and flve-aources configu- 
rations, respectively. 

(b)   Instead of aawmii^ thai ilu-«n wer. constant, different vttuea which wen- functions 
ol n, bm independent ol co. were assigned to them, so that: 

an - -2.5 n- +  15  n - 12,5 (75) 

for both live- and ten-sources configurations. This function a., gives low weights to 
sources corresponding ton ■  I and n - 5. The coordinates |s and rj, of the sources 
were the same as in the previous case. 

The attenuation spectra were plotted in figures 254 and 255. 

(c)    Here. cvn was made a lunction ol n and I, as lollows: 

8 ,. i 

-i 
indif)- - I0(n0 +65, S-SOUTMS configuration 

792(nO- +21.8(nf)-48.5, 10-sources configurat 

(76) 

iguration 

t where the frequency f is given in kHz. I he first a,, above gives the lowest weights to 
nl ;    J and nf »• 8. while the second one has the lowest values at nf ■  25.  The 
coordinates £s and 7?s were the same as in (a) and (h). 

I luse attenuation spectra are also shown in figures 254 and 255. 

The functions a,, chosen above are not representative of any known physical problem 
and, most likely, il other functions had been selected the results would have been 
different.   Nevertheless, it is expected that the main conclusions to be derived below 
still hold.   It can be seen from figure 253, where all the results for the configurations 
with ten sources have been plotted. Ihal the curves corresponding to the ttn, which 
are independent of w, are similar, although the one !oi constant an lies below the 
others. Hie curve corresponding to a,,, also a function of frequency, has a second 
"eak 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. It is 
obvious that the shape of the attenuation curve will depend upon the weight assigned 
lo each source, i.e., if sources lying closest to the wall have the largest weight, the 
composite spectra will be similar to the ones of those sources taken alone. This is 
10 because no phase difference has been given to the sources (there is only one 
source per cross-section). The results shew the importance of the weighting function 
Oft in defining the attenuation. 

(d)   In this case monopole arrays were considered, one for each frequencv. All frequencies 
were represented in each cross-section which was defined by T?S.   Ibis meant that the 
number of arrays per cross-section was equal to the number of frequencies chosen. 
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Ten values for 77s were selected. 

(e)    Had, array contained twenty monopote. nndomly distributed as a function of I    The 
£s and ?7S are >!iv -n as follows; * • 

e- 1.2 m 

*s=U(n) 

when: 

Ll(n) is given by a random number generator 

and   7?L is the nondimensional lined length. 

The location of the sources is sketched below: 

(77) 

(78) 

4 
f? • 0       '•, 7      %, 4        1,, i 

In this sketch. 

V = Vi 

Th 

^fi-*»L/2«,(fi- 1.2 10) 

e random number generator is a computer program that 
based on the normal or uniform distribut 

gives a set of numbers 
ion as requested.  In this problem the U(n) 

were selected m such a way that the probability density function is: 

:> 

where d is defined as follows: 

_i_e-D-J(n)-.50] 2/(2d2) 
dTSr 

1/6 = 0.1666 
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Then the probability that a source lies between £| and fy 's 8iven by; 

dVEF 
-(ts-.50)2/(2d2)    ,. 

e    s d{s 

(80) 

The L)(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 foran were used in this case. They are: 

16.2(.50-$s)2 + ii2 (81) 
an = e 

_   i ß 
"n    c (82) 

The first an 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 an is a function of n only by way of ß. 

The phase 12 is defined according to: 

ft - 2 7rV(n) (83) 

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

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 spectn corresponding to the an above show striking differences, especially at the peaks. 
At the same time, these attenuation spectra are quite dissimilar with the one obtained using 
the approach of relerence 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 

Twoconfigurations were analyzed for dipoles, namely (a) 0d ■ 7r/2 and (b) 0d = 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 
the differences between the cases (a) and (b) are large. When the dipole axis is oriented 
parallel to the duct axis, 0d ■ t/2, the location effects are similar to those of the monopole; 
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i.e. the dosor the source to the w.ll the higher the attenuation   Also the attenu .t.nn 

■»k valuCs of H. Sp.,,ra „. ror xnK locations 5OT li.gher ihiin tl,osi
u

i;,"™-("a')
l"» 

5.3.3.4 Single Quadrupole 

difLrences among .hcm J'lyZv PCC,m'y- ^ '" ,hC ^'" dipoles ,h' 

5.3.3.5 Distribution of Dipoles and Quadrupoles 

In this configuration, arrays „f dipoles and quadrupoles were considered. 

rl;: ^SSlt^-,0Wed the ^^ ^^ ^ in ^^— ".3.2. 

i 

a    = exp(in) 

where 
(84) 

« ■ 27rV(n) 

V(n) was given by a random number generator and it followed a uniform distribution 

The spectra correspondinj- to this case are shown in (Inure 262. 

The spectrum corresponding lo the monopoles was the nme mm ,>„.. o. .i. 
fim** 256.   The results shown m figure -rP VdTclt ■ 11 ^ü? "hOWn '" 'i^mi ^oz maicate that the dipoles give signincantly 

(85) 

7 
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more attenuation than the monopoles, and quadrupoles more attenuation than the dipoles. 

The curves shown in figure 262 correspond to one random case based on random numbers 
for source position, phase, 0j. 0 ] and (K 'f a different set of random values had been as- 
signed, then the spectra corresponding to each type of source would change. 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 of another. 

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

Past studies of sound attenuation by acoustically-lined ducts in the presence of a mean flow 
have assumed a uniform How profile across the duct with no gradients present. In an ejec- 
tor surrounding a jet How the temperature and velocity varies in both radial and axial direc- 
tions as shown by some typical 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 5 1) 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   BASK EQUATIONS AND NUMERICAL TECHNIQUES 

Figure 263 depicts the geometry of the problem. The basic differential equation from 
reference 52 is; 

d(QM)    dQ 
d2p 2»z     &   ,  djj 

cl£2 l-tQMl/i,       Q 

dP      2 
-rr+ s- 

d£ 

/I-^QMV 
\ Q-J    * I P = 0, (86) 
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where 

£ ■x/7 

1 - k«h/2 

^ = kz/koo 

Q 'i   - N/T/T«. 
''OO 

M is the Mach number 

c is the local speed ol sound, 

liquation 86 also includes the effects ol density gradients, given by the tenn 

_L   iJQ 
0 * df 

Equation 86 is based on the following assumptions:  (a) viscosity effects are neglected, (b) 
heat transfer effects are neglected, and (c) 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. 

The determination of the eigenvalues is done using the Runge-Kutta technique that furnishes 
starling values. The differential equation Hb can be written in the form: 

d(QM) 
fgl     d^        J_    dQ 

gl     l-(0M))u7 
+0 ' df 

g2 -.^K1^)2^] 
The following parameters are used in this method, 

m](.)) = ß [•(.i) 

n^tj) ■ f> ^,0+ 1/2)   [Y<J) + -7—J +g2Ü+ 1/2) [P(j)+.56Y0)J 

(87) 

(88) 

(89-a) 

(90) 

(91) 

i 
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w ■■    ^^ 

a)*a gi(j +1/2) 
YCD + nnU)] _ ) 

■ [g,(j + 1/2) -3—    +g2(J+1/2)   [p<J) + -56Y(j) + .256m1(jj}'    , (92) 

ni4(J)-5|giU + 1) [Y(j) + m3(j)J + g2(j + 1) [P0) + 6Y(j) + .5m2(j)5]    , (93) 

P(j + 1) - P(j) + 6   Y(j) + f m, (j) + ni2(j) + mtf))/(} , 

Y(j+ I) = Y(j) + m|(j) + 2m2 (j) + 2m3(j) + m4(j)   /6, ] 

(94) 

(95) 

< 

In the expressions above 6 is the step size, j is index associated with the point in the finite 
difference scheme.The quantities g^ + V2) and ^(J + '/i) mean that gj and g2 are eval- 
uated between j and j +  1 by performing a simpie'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): 

P(j) = P()-l) + DP(j-l) 

Y(j)   = Y(j-1) + DY(j-l) 

(96) 

(97) 

where: 

DP(k) = 6   Y(k) + .5DY(k-I) + |2DY2(k-2)+|DY3(k-3) + ^DP4(k-4) (98) 

DY(k) = ß   F(k) + .5DPY(k - 1) + j^DPY^k - 2, +|DPY% - 3) +^DPY4(k - 4)   , (99) 

I)PY(k)-F(k+ l)-F(k), 
(100) 
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Even with these formulas that improve the accuracy of the Runge-Kutta technique, it is 
difflcuH to get more than five good modes at the higher frequencies such as when fh/c is 
>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. •J 

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: 

^ w=^ F(M7) 

OLD   dF/dM? 

(101) 

In general, the starting values for JUZ 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: 

Also, for even modes. 

Pt =0 =   '       (imaginary part = 0) (102) 

For odd modes. 

ft)    ■0 
(103) 

3 

while 

(P)  _ n 
= 0     (Real and imaginary 

* components are zero) 
(104) 

/iP\ , ^r-M2Q(0)M(())V 
V'^ = 0

=SV\      ao)    ) -^ (105) 

) 

In the last expression Q(0) and M(0) stand for Q and M at £ = 0. 

86 

I-, 
mm* 



The procedure outlined above requires un milidl miess tor/i, which would be the first 
(ji ) . ■ in the entire sequence of iterations. This very first value for ^z can be obtained 
from prediction programs that do not consider Mow profiles. The importance of this 
initial guess cannot be stressed enough since the Newton-Raphson method is, in many 
cases, very sensitive to the value assigned to the first (^z)0|t|. otherwise the iterative process 
does not converge. 

5.4.2 CALCULATION OF ATTENUATION 

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

If gradients are considered, the solution 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 procedure (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 allow 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 normalimi with respect to 

1 

N       =     I   P   P*d£ 1 n, n       I    n   n  * (106) 

where Pn 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- 
lowing the procedure shown in reference 55. Hquation A«19 of reference 55 has been used 
.n the past to determine the attenuation. 
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The acoustic energy flux, according to Blokhintsev, when the local and reference tempera- 

tures are not the same, is the following; 

H(f) r n. m     4 pc 

n       m 
4p00c00Z-fZ^ i     '    |rzN)n(ZN)1 n-0  m=0   I i-       n m 

(ZN 

The total acoustic energy tlux, normali/ed with respect to Nn m is given by: 

(107) 

n       m 

—   tüP*   dl 2    JO' n, m U5 

N n, m 
(108) 

dP 
In equal ion 107 P represents the pressure. Y =-jr and 

ZN ■   1 -|uz0M (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 Möhring (ref. 56). 

■ / */ *    r'n, m     2 cc 

oo       oo 

t.. 
■Q2 

n       in 
.PocZ-zZ-r   ^•'"    s2(ZN)J(ZN)ni 

n=0  m=0 v " 

d(QM) 
^—dT" 

(Pn Y,; ♦ P. Yn) ♦ [20M ♦ 02   « n + H. m) <' " ^ 
P   P rn r in 

dNkCZN^r 
(110) 



■^r 

< 

-n, m 

/l.n^m 

1/2. n = m 

The total acoustic energy flux, according to Mohring. normalized with respect to Nn _, is 
given by the expression 

■r^Er 
n        m 

K m (111) 

P and Y include the /-dependence. 

The integration 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- 
O^M o 

(W elW > . I" I T?" [n 
s Poo Coo      (Z^      n-mL1^z,nOMo     l^z.mOMo 

/ n      m 

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

The attenuation is given by the usual expression: 

ll (112) 

Att.= 10log10 |K(0)/E(L)| (113) 

where l.iO) corresponds to conditions at z = 0 
and E(L) represents the tlux at z = L. 

Two Mach number and ore temperature profile were investigated. 

(a)    This Mach number profile is expressed by: 

M-M I(l-^)a-a(l-{)l 
0 I -a 

a< 1 
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I ho exprriMkin above can give a set of profiles by varying a. When a = 0 the plug-flow case 
is obtained.  Figure 264 depicts this sot of profiles. 

i{M   M  [u sr'-J 
(115) 

atf-0(duct-axis)^ = 0 

The average Mach number of expression I 14 obtained by integrating from t = I to { = 0, is 

M, 
Mav = 

o   2 +a 
I  +Q (Mr,) 

(b)   The second set of profiles is obtained from the following expression; 

M = M, 
_ z0 + o lc{o)z2 ^d(o)z31 

I + o(c(o) + d(o) 
(117) 

o< 1 

where 

I-I.| 

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

c(o) 2z, (1 -z,) (118) 

d(o) = 3—" (119) 

where /., - I - £, gives the location of the hump (fig. 266). The average Mach number is 
given by 

M av L   1 +o(c(o) + d(o))    J   Mo (120) 

When o = 0, the plug-How profile is obtained. M0 is the Mach number at the duct center. 
One important characteristic of both profiles is that when { is close to 1 they behave like 
profiles of turbulent boundary layer. 
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Tlie profile chosen Cor (he Q is the rollowinp: 

By chansinp (3 trom I to higher values, a set of profiles can be obtained (fig. 267). 

(121) 

#.«0-« (122) 

which is zero at the axis. 

When ^ - 1, the plug-flow profile is recovered. 

5.4.3 DISCUSSION OF RKSULTS 

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

Duct height = 12.7 cm 
lining length ■ 25.4 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 ■ Ü.35, Hole Diam ■ 0.15865 cm, thickness = 0.0508 cm, 
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;ii, 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 number = 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 sinular attenuations, as shown in 
figure 267.  In the subsequent discussions results obtained by using Blokhintsev's formula 
only will 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 value on the axis was allowed to vary. Both cases gave very 
similar results which indicate that as the profile becomes more rounded, i.e., increasing 
value of a (fig. 269), the position of the peak in the spectrum shifts towards lower fre- 
quencies with an accompanying increase in attenuation level. 
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The effect of a humped Math 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 
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-frequency 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 
duct Mach numbers is shown in figure 272. The tendency 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 arc 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 computatio-.al 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 summari/.ed in figure 273 for all the flow profiles studied to demonstrate 
the significance of taking into account How profiles in lined-duct attenuation calculations. 
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6.0 CONCLUSIONS 

C 

Jet noise suppression, a major problem in the development of quiet airplane systems, has 
experienced ■ mbttantial technology advance as described in this report. Fundamental 
technolony development has lead to a better understanding of nozzle aerodynamics, noise 
generation and noise transmission processes. This newly aapiired 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 How. I lie 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, postmetfed 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 How-instability noise dominate. 

Multitube-noz.zle postmerged-jet noise radiates from a region which has How 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 postmerged jet core are equal to the average 
flow conditions (Pj. T-p and Vj) in a round jet which has expanded to a diameter equal to 
the multituhe-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 postmerged jet, core 
velocity profile affects peak PNL values when this source of noise is dominant. A fiat 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, e.g., core noise, 
an important consideration when determining multitube nozzle effectiveness in suppressing 
jet noise. Care should be exercised to provide a 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 ■ 
few one-third-octave bands. 

The elemental 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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I he acoustic characteristics of a jet noise suppressor system are a composite of the above 

noise mechanisms. Secondly, the suppressor system is invariably evaluated on the subjective 
PNL scale 1 his 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 
ejectors was studied in a low-speed wind tunnel. It 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 

relative velocity. Presence of ejectors in the suppressor system degraded the premerged jet 
noise suppression in flight beyond the relative velocity effect. The amount of degradation 

was a (unction 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 night. The forward velocity studies on jet noise con- 
ducted in this program, now enable the designer to take flight effects into account at an 
earlier stage in the design process. 

A parallel propulsion performance technology program (vol. IV) 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 RECOMMENDATIONS 
» 

The planned systematic approach used in this program to invefiiftte high-velocity jet noise 
suppression mechanisms has paid off by giving better insight into mulitube nozzle aero- 
dynamics, noise generation and noise transmission processes. As a natural follow-on to this 
work, a similar program should be conducted to study jet noise suppression at subsonic 

| velocities. Such a program should not necessarily be restricted to multitube nozzles alone, 
because the best suppressor concept tor low velocity jet noise suppression has not been 
established is yet. The tubular nozzle concept, however, should be pursued to some length, 
because studies in this program have shown a promising (t( md. At lower jet velocities smaller 
area 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 point ot view of flight hardware design, smaller area ratio nozzles are more practical. 

The multielement-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. How turbulence effects 
should be studied and accounted for. 

This program has shown that jet noise shielding with low velocity, peripheral flows has 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 

I 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 in 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 

I change) in the engine's exhaust duct system. Consequently the engine internal (core) 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. 

t 
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, 

t radiation and suppression to establish the necessary confidence in applying the static jet 
noise technology. 
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Analyticül studies were undertaken to investigate noise-source location and (low-prorie 
effect« on jet no.se absorption in acoustically lined ejectors. The techniques of solution of 
these analyt.cal problems proved to be more cumbersome and time consummg 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 area. 
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f/fft/re /ff. - Schematic of the Measurement Steps Involved 
in Obtaining a Source Distribution 

114 

 niiiimi n 



^ 

0 

0 

Freq 20000 H? 

Y = a,^ fcXP | -1/2(x/a2)2] i   + 33 

] CSES ~a   - I      »      1       T       1 

10 15 
Nozzle to wall spacing, X/D 

Figure 17. - Curve Fit of Linearized Sound Power Data 
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Figure 18. — Axial Source Distribution 
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Figure 172. — Apparent Noise Source Location as a Function of Jet Temperature 
for a Multitube Nozzle 



^  Core length: L    = d (5.22 M;090  4  0.22) 
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o   Supersonic core length:      L    =-11.25 M-^   ♦  48.75 M  - 32.5 
' I I 

*   See reference 13 

Figure 173. — Supersonic Jet Geometry Showino Dependence 
on Jet Mach Number and Tube Diameter 
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Figure 176. — Peak -3 dB Density Distribution as a Function of Jet Temperature 

!63 

mmmmm mmmmm 



^^^mmmfp 

I 

100 

BO 

20 

10 

I 

PR  -   3.0 

PR   ■   4,0 
1 

t3      A   O 

a 

n 

n 

Q 

A 

A 

n 

Q 

Q 

□ 

O 

o 

A      o 

A      O 

A       O 

A O 

A     0) 

A     O 

9 

^7 

4.16-in dia R/C nozzle 

D PR  - 2.0 
A PR 2.5 

PR   ■ 3.0 
7 PR  ■ 4.0 

TT  ■   1150°F 

V 

V 

D A        Q 

A O 

AO 

□      OA 

□ 

y 

v 

v 

iß V 

Ao 

o 

A        O 

A        O 

JO Jet cores 

=L J L 
4 6 8 

Center of noise producing volume (X/D) 

10 

Figure 177. — Apparent Noise Source Location as a Function of Pressure Ratio 

264 

) 

\ 

J 

12 

am 



loor 

• 

(7 T, 3.3 AR-CPART/RC nozzle 

rT 1150oF 

1   1 PR ■  2.0 

A PR 2.5 

o PH ■  3.0 

<v PR 4.0 

LJ 

D AO   ^7 

□ A       or 

a. 
2 4 6 8 

Center of Noise Producing volume, X/D 
10 

I Figure 178. — Apparent Noise Source Location as a Function of Pressure Ratio 

265 

IMMVCRMMMMSMMI mmmm- 



c 
c 

BE 

Q. 
u 
K 
< 
H 

q 
I1                                                 '  

o                                            . 
n 

0 

n           0 

'      1^ 

01 

B 
h 

0 . 
CM 

IT) 1 •* 
O. 
'— 

UT 

n. )' 

o 
-C 
E o 

rsi 

P 
X 
c 
o 

3 
o 

X 
< 

I f BE 
Q- 

8 
o 
CN 

.2 ;« 
Q 
o 

I 
■S  ig 

e Or 
JE Ll- 

"g S 
5 S 

1 

«I 
0  9) 

I 
a 

R! 

it 

3 

) 

} 

DOS/Jj AjpO|3A ^3 

26G 

t ■«■ 



mm 

100 

x 

c S 
a 
6 s 

TT -  1150oF 

No/zle 
7T, 3.3 AR CPA ET/RC 
19T, 3.3ARCPAET/RC 

-•    37T, 3.3AR-CPA RT/RC 
61T, 3.3 AR-CPA ET/RC 

4.16 in.dia R/C nozzle 

4 8 

Center of noise producing volume, (X/D) 

Figure 180.—Apparent Noise Source Location as a Function of Tube Number 

267 

Milk 



r 
i 

j 

—— 

38S/IJ 'A}ioo|aA  "Q 

268 



—i !  
i . 

100 

t 
I    10 

If 
u 
c v 
3 

U 

  37T, 2.75 ARCPA ET/RC 
  37-T, 3 3 AR CPA RT/RC 

  37T, 4.5 AR CPA ET/RC 

  37T, 6.0 AR CPA ET/RC 

30 
1150oF 

4 8 

Center of noise producing volume, X/D 

12 

F/guAe /ff2 - Apparent Noise-Source Location as a Function of Area Ratio 

269 



-• 

1 
5; 
1 .9 

5« 
6 <o 
(Q     Q, 

s^ 
|o 

^§ 
ft) e 

1« il 
«- « 
a • 
O   ft) 
ß B II 
%J 
|| 

£ As 

23 .■> 

) 

oas/n AiooiOA ^3 

270 



■I   mmemmmm 

100 

50 

10 

(Dr 

^A_^ 

V 

X 
O 
D 
0 
A 
A 

PR 

'T 

AR 

L). 

Nozzle 
R/C nozzle 

7-T, 3.3AR CPA ET/RC 
19T, 3.3ARCPA-ET/RC 
37T, 3.3 AR CPA-RT/RC 
61 T, 3.3 AR-CPA ET/RC 
37 T, 2.75AR CPA ET/RC 
37 T, 4.5 ARCPAET/RC 
37 T, 6.0 ARCPAET/RC 

« 2.0 to 4.0 
■ 550oF to 1150oF 

diameter of tube array 
D = diameter of equivalent R/C nozzle 

", 15.22 M. 0-9 + 0.221 (core length) 

A x 

(AR)0-5 l 

Figure 184.—Normalized Premerged Noise Source Location 

271 



wm^ *mm 

IOOI  

5.0 

i 0 
f D„ 

- 

.5 

CR 

IT 

2.0 to 4 0 
550oFton50oF 

(iiameter of tube array 
tiiametei of equivalent R/C nozzle 

Nozzle 

O 7-T, 3.3 AR CPA-ET/RC 

D 19-T, 3.3AR-CPA-ET/RC 
0 37-T, 3.3ARCPA RT/RC 
A 61T, 3.3ARCPA ET/RC 
A 37T, 2,75AR CPAET/RC 
■ 37-T, 4.5 AR CPAET/RC 
• 37 T, 6.0AR CPAET/RC 

1 

10 20 

(X) (AR) 

Figure 185.-Nornialized Postmerged Noise Source Location 



 in- ■ MM» 

100 

PR - 3.0 
TT ■   1150oF 

Nozzle 

•► 37-T 4.5 AR CPA ET/RC 
- 37T, 4.5 AR-RA ET/RC 
 37T, 3.3 AR RA RT/NC 
 37-T, 3.3 AR CPA RT/RC 

j I u J 
4 8 

Center of noise producing volume, X/D 
12 

Figure 186. — Apparent Noise Source Location as a Function of Tube Array 

273 

'""■"»I »■■■«—w— 



r 

m £ 
*^ 
u 
'0 
Ti s 
ft 
fi 

b > 
c "1 
Ci! k c> t 
^ M 
ft to 
TI ^ 
^ £ 

0 o 1 c 
0 

P 

i f « 
C m --^ a nj 

o | 
K N 

l 
O i 
5 5 
,8 +- 

v ^ 1 5 1 « 
n H^ a 

i 
o 

00 

i 

oasßi AlfaOfM 13 

274 



:,: 

100 

bO 

IQ 
i 

> 
o 
c E 5 
o 

,1 

0 
o 

PR  =  3.0 
TT  ■   1150°F 

42-T,3.3AR ET/RC 
with 0.383-in. wide annulus 

61 T, 3.3 AR-CPA   ET/RC nozzle 

o 

0 
o 

Center of noise-producing volume, X D 

10 

Figure 188. - Apparent Noise-Source Location Comparison of a 61-Tube Nozzle 
Versus a 42-Tube With 0.383-in. Annulus Nozzle 

275 



^^ 

J » 

14 
3 
2 

1« 
81 
5^ i.    , 

c 
^■5 

o 

Ü 
0 

^S 
? 0 

c Ös 
^^ 

«A Tj    Qj 

c 5?   N 

s ^^ 
Q c IjJ ^^ 0) 
X -c Ig C (1) 
o ■ S3c\ 

^1 B ^ 

o N O.  to 

ra 
N 
0 c a^ 

X 
< C 

0 
B d)   Ni 

o 

j 
pa

ris
on

 o
f 

th
 

6
1
-T

u
b
e
 N

oz
 

tu 5 to 
t— a o 

I 
.05 

) 

oas/n Ajpoia/v^o 

276 



PR  -  3,0 
TT -   1150° F 

100 r 
(b) 

37-T, 3.3 ARCPA RT/RC nozzle 

I   • 

I 

I 

 Without ejector 
 W/3.1AR ejector 
 W/3.7AR ejector 

42T, 3.3 ARET/RC nozzle 
with 0.383-in. wide annulus 

0 5 10 
Center of noise producing 
volume, X/D 

Figure 190. — Apparent Noise-Source Location Shift With Ejector 
Installation on Four Multitubc Configurations 

Center of noise producing 
volume, X/D 

277 

MHMMM 
■ 



r 

o 
u 
s 

QC. 

< 

to 

o 
in 

o 

O 

-> 

) 

o o o 

D3S/IJ AjpOlOA "IQ 

278 



„., —— ■III I    ■ wmfj 

I 
Q 
X 
c 
o 

1 

J> 
N »> 
N p 
| C) < Ql 

ft uj 
a or 

^ 
3 
§ Pi 
« Qi 

H- 00 

Q O 

$ ~J 

H. 
0 «0 
V VI 

0. S 
ai g C s 
5 > i G 
a. r» ,  Uj 

2 or 
i2 5 

N 
>*- ^ 
rj *w 

■c e 6» S P 
v. - 
§ 03 

5 4w 

ö ^ 

I 

279 

mm» 



_—,  

NOTF:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 193.-9 ft by 9 ft Wind Tunnel Noise Test, Comparison of Near- and Far-field 
Peak Noise Spectra, Reference Conical Nozzle, PR 2 and 3 
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NOTE:     The wind tunnel absolute noise values shown tor this configuration 
are not directly comparable with other configurations. (Ret", page 50.) 
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Figure 194—9 ft by 9 ft Wind Tunnel Noise Test, Comparison of Near- and Far-field 
Peak Noise Spectra. Reference Conical Nozzle, PR ■ 4 
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NOTE:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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NOTE:     The wind tunnel absolute noise values shown for this ton figuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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NOTE:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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NOTE;     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 

2470; Vp      2255fi sec 

Vj|  ■  2470ft/!.sc 

Vj|   ■   2255 ft/sec 

100 foot sideline 

Static (tunnel-off) 

Flight (tunnel-on) 
no Dopplor shift 

'     '     « J L 
so 100 

J 1 1 L_J 1 I I      i     '      I      I     i      I     i 
400 200 400 800 1600 315C 6300 12600 

1/3 octave band center frequency, Hz 

Figure 199.-9 ft by 9 ft Wind Tunnel Noise Test, Comfjarison of Static and Flight 
Spectra (130°), Reference Conical Nozzle, PR 4 

286 

'^WMNIBWMl 
IIPIIWIWIIIHIII wi.iu.iiiii .iiii.jriwrinmi.inp,,! .«m*-* 



NOTT:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 

130 

oo 

CL 

O 

120 

'■•©G 2.0 

0   4.0 

B   3.0 3.0 ■  PR 

100-foot sideline 

O  Static (tunnel-off) 
□  Flight (tunnel on) 

no Dopplet shift 

140 

QD s 
z 
Q- 

z 
a. 

130 - 

1? 14 

4.o a 

-L 
16 19 20 

Relative velocity, VR ■ Vj|   - Ve 

22 

100 ft/sec 

24 26 

Figure 200.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Relative Velocity 
Relationship at 130^, Reference Conical Nozzle 

287 

MMMMilli 



o 
c "•' 
2 ■ w     00 
M   nj 
S    D, 
3 
bO ■— 

IS   M 
c tK 
o  — 5 ^ 
a -2 
o  § 
c   I 
s c 

2 0 

■ k 
| £ 
1 o 
> J= n S I; 

& 
E 
c ^3 

S i 
■B    +* 

■ 

C 
c 

q 
o n 
•" 

o b *- 
<T! at 

> 
LL D 
(- ^ 
<? Tl 
X — ro 

<v 9 a B 
c a^ 
1) -»- 

'♦— ^_ 
fclB 03 
to ttl 

u. ^ 
<o 

■ > 
*-- 

tr \ 
9^ Q. T3 

C 

'^ 

ii 

ro 

1 
OJ ^^ "^^^^ J °r 
N ^N^^^**^^^ / C/3   O 
N ^^^^^ ^^^^^ Jf 1 a ^^s^,^ <^ 
c ^^««^ .^-^ to 

3 ^\ >, A o 
> 
I 

c / ^v_> ̂ ^>ä. rM B / Ti ^^ J 
U / ^S K / 

r I o 
\ 

S y f 
a •— \ N w 

a; •— X V 
a: 

> 

in 

> 

\ 

10 

\ V 

»a 
^ E o | B eg 
M ^ 1« 
>   ft 9 H)   io 

~) 5 < > K!^ 
> 
0 
p ^52 
> *fA 
a» 

"5 u -Q J 5 E ^ « o 
O^ ~J 

o IT) 
CM R 

) 

an idsvo 

288 



NOTF: 

I 

I 
CM 
o 
8 
o 

CD 

a. 
en 

I 

The wind tunnel absolute noiv values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 202—9 ft by 9 ft Wind Tunnel Noise Test, Comparison of Near- and Far-field Peak 
Noise Spectra (130°) 37- Tube Nozzle (Ref) Without Shroud, PR 2 and 3 
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NOTH:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 203—9 ft by 9 ft Wind Tunnel Noise Test, Comparison of Static and Flight 
Peak Ncise Spectra (130°) 37Tube Nozzle (Ref) Without Shroud, PR 4 
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NOTF:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 205.-9 ft by 9 ft Wind Tunnel Noise Test OASPL and PNL Directivity 
Static versus Flight 37-Tube Nozzle (Refj Without Shroud, PR 3 
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NOTE:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 206.-9 ft by 9 ft Wind Tunnel Noise Test OASPL and PNL Directivity 
Static versus Flight 37-Tube Nozzle (Ref) Without Shroud, PR 4 
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NOTE I he wind tunnel absolute noise values shown lor this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 207.-9 ft by 9 ft Wind Tunnel Noise Test OASPL and PNL Relative Velocity 
Relationship, Peak Noise 37 Tube Nozzle (Refj Without Shroud 
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NOTt:     The wmd tunnel absolute noise values shown for this B****" 
are not directly comparable w.th other conf.gurat.ons. (Ref. page 50. | 
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Figure 2W-9 ft bv 9 ft Wind Tunnel Noise Test, Comparison of Near- and Far-Field 
Peak No.se Spectra i12(P}, 37-Tube Nozzle. With AR 3.7 Shroud. PR 4 
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Figure 911 -9 ft bv 9 ft Wind Tunnel Noise Test. Comparison of Static and Flight Peak 
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NOTH:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 212—9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Directivity, Static 
versus Flight, 37 Tube Nook (Ref) With AR 3.1 Shroud, PR 2 
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NOTE:     The wmd tunnel absolute noise values shown tor this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 213.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Directivity, Static 
versus Flight. 37 Tube Nozzle (Ftef) With AR 3.1 Shroud, PR 3 
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NOTE The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 214.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Relative Velocity 
Relationship, Peak Noise (175°), 37-Tube Nozzle (Ref) With AR 3.1 Sf,roud 



NOTE:     The wind tunnel absolute noise values shown lor this configuration 
are not directly comparable with other configurations. (Ref page 50.) 
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Figure 215—9 ft by 9 ft Wind Tunnel Noise Test, Comparison of Static and Flight Peak 
Noise Spectra (12CP}, 37-Tul)e Nozzle (Ref) With AR 3.7, Shroud, PR 4 
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NOTF:     The wind tunnc! absolute noise values shown for this configuratic. 
are not directly comparable with other configurations. (Ref. page 50.) 

ion 

Angle relative to inlet, degrees 

Figure 217—9 ft by 9 ft Wind Tunnel Noise Test, OASPL andPNL Directivity, Static 
versus Flight, 37-Tube Nozzle (Ref) With AR 3.7Shroud, PR 2 
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NOTE:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 218.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Directivity, Static 
versus Flight, 37Tube Nozzle IRef) With AP 3.7 Shroud. PR 3 



NOTE:     The wind tunnel absolute noise values shown for this configuration 
are not directly comparable with other configurations. (Ref. page 50.) 
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Figure 219.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Directivity, Static 
versus Flight, 37-Tube Nozzle (Ref) With AR 3.7 Shroud, PR 4 
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NOTE;     T.- wind tunnel absolute noise values shown for this configuration 
are ,vM directly comparable with other configurations. (Ref. page 50.) 
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Figuj 220.-9 ft by 9 ft Wind Tunnel Noise Test, OASPL and PNL Relative Velocity 
Relationship, Peak Noise (12(P}, 37-Tube Nozzle (Ref) With AR 3.7 Shroud 
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a.  Configuration Usert in the Analysis of Fan Noise Reduction Prediction. 
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Current formula 
^ =   033 

 t  -  .50 

M0 =  .50, ZL/h ■ 3.33, C0 ■ 34000 (m/s) 
Impedance of facing ■   1.05(1  + i  f/15000) 
Cavity depth ■   1.92 cm 

.033 
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< 

Figure 253—Attenuation Spectra for Single Monopoies 
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Figure 254—Attenuation Spectra for a Distribution of Ten Monopoies 
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"0 
c 
o 

c 

12 4 8 

'c The ^  are randomly obtained 

Figure 256—Attenuation Spectra for a Random Distribution of Twenty Monopoles 
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Single dipole, öd  =  7i72 

r 

fh/c 

Figure 257.-Attenuation Spectra for Single Dipoles. 0d ■   7r/2 

6^  = 0, Single dipole 

fh/c 

1 

1 

I 

F/^tyre 258—Attenuation Spectra for Single Dipoles, 6^=0 
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öj   -  #2 ~  0. Single long, quadrupole 

. 

fh/c 

Figure 259.-Attenuation Spectra of Single Quadrupoles Corresponding to the 
Configuration 0 j =0=0 

2 

s = .50 
» .40 
= .033 

Single Lateral Quad;upole 

fh/c 

Figure 260.-Attenuation Spectra of Single Quadrupoles Corresponding to the 
Configuration Oj ■ 0,0^ - TT/2 (Lateral Quadrupoles) 
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£s = .033 
= 133 
■ .50 

9) m $2 '   11/2 Single long, quadrupole 

fh/c 

Figure 261—Attenuation Spectra of Single Quadrupoles Corresponding to the 
Configuration 0; = ^ ~ n//2 

Monopoles 
Dipoles 

i — Quadrupoles 

fh/c 

Figure 262.—Attenuation Spectra for Different Noise Sources 
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d. Current programs 

Velocity profile 

b. Non-uniform velocity and temperature 

Figure 263—Sketch of Geometrical Configuration for Flow Profile Analysis 
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f/firure 264—Parabolic Type Mach Number Profiles 
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Figure 265.— "Humped" Mach Number Profiles 
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ajaa 

• Duct axis 

Figure 266.-Speed of Sound Ratio Profiles 

Blokhintsev formula 

     Möhring formula 

15 

Frequency, kHz 

Figure 267.~Attenuation Spectra in Decibels, Obtained Using Blokhintsev and 
Möhring Formulas for Constant Mach Number Profile 
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Uniform velocity profile 

Velocity profile (at right) 

Velocity profile 

M av • 0 60 
■ 0.16, M 

a ■ 0.25, M 
a = 0.16, Mal, = 0.56 

av 0.542 

15 

9    10 
B 
o 
ra 
C 

Type of Mach no. profile 
No temperature gradient 

4 8 16 
Frequency, kHz 

Figure 268—Attenuation Spectra in Decibels Corresponding to the Parabolic Type of 
Mach Number Profile.  Mach Number on Axis = 0.6 

Uniform velocity profile 

Velocity profile 

Velocity profile 

M„ ■  0.60, M av 0.60 
Velocity prof ile (at right)    a ■ 0.16, M „ ■ 0.60 

a ■ 0.25, UäV = 0.60 

Wall 

Type o\ Mach no. profile 
No temperature gradient 

2 4 8 16 
Frequency, kHz 

Hgure 269—Attenuation Spectra in Decibels Corresponding to the Parabolic Type of 
Mach Number Profile.  Average Mach Number Constant and Equal to 0.60. 
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I 

Uniform velocity profile    M 060 

Velocity profile (at right)  a -   0.16, Mat, ■ 0.672 

Velocity profile a = 0.25, M ,ir 0.725 

Type of Mach no. profile 
No temperature gradient 

CD 

2 4 8 16 
Frequency, kHz 

Figure 270—Attenuation Spectra in Decibels Corresponding to the "Humped" Type of 
Mach Number Profile.  Mach Number on Axis = 0.6 

Uniform velocity profile     M      - 0.60 

 Velocity profile (at right)   a ■ 0 16, M^ = 0.60 

Velocity profile (at righ»)   a = 0.?5, M au 0,60 

Type of Mach no.profile 
No temperature gradient 

go 

8 16 
Frequency, kHz 

Figure 271.-Attenuation Spectra in Decibels Corresponding to the "Humped" Type of 
Mach Number Profile When the Average Mach Number is Constant and 
Equal to 0.60. 
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Frequency, kHz 

— Uniform velocity and temperature, M 
di' 

0,60 

Non-uniform velocity and temperature, prof lies at right, M      = 0.p0, a ■ 0.25, ß =   1.75 

Uniform velocity, temperature profile at right, M v ■ 0.60, a = 0,/3 =   1.75 

Figure 272—Attenuation Spectra in Decibels With a Tc vperature Gradient 

In all cases the average Mach no. is 0.60. 

2 4 
Frequency, kHz 

Uniform velocity and temperature 

Uniform temperature, parabolic Mach no. profile a 

Uniform velocity, non uniform temperature 

Uniform temperature, humped Mach no. profile    a 

025 

0.16 

I 

Figure 273—Attenuation Spectra in Decibels Obtained From the Previous Figures to Show 
the Range of Effects of the Velocity and Temperature Gradients 

• 

350 



. in    m ii 

Acoustic facing 
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Figure A-1.  Sketch of Acoustical Panel Used in the Analysis 
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Figure B 1.   Location of Poles and Path of Integration for the Hard Wall Case 
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Figure B-2.  Location of Poles and Paths of Integration for the Soft Wall Case 
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which can be written in the nonüimensional form, as follows: 

3 

()p, 
-isY 

7  »1        -i 

l1l -'s    57' s2   aT?2 

If the ^-dependence is of the form e   z , then: 
-ikzT? 

(A-IO) 

W = ',SY    V      8 Pi (A-l!) 

where k/ ■ k.Jti. 
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APPENDIX B 
ANALYSIS OF THE INTEGRATION REQUIRED 

TO OBTAIN p(^r}) 
1.     MONOPOLES 

The poles of Pm(o \ are given by: 

Rm - 0 and 1) - 0 

a.      If the hardwall case is studied, the only possible solution is 

(B-l) 

Rm(o) ■ o. i.e. 

«m^-O-Mr,)^-^)^-^) 
(B-2) 

where 0| and o^ are the roots corresponding to each branch 

-M()±   /i-(l-M5)(m7r/s)2 

a-, 

°\> 

1-Mg 

üft- 
I -M: 

a-) < 
M. 

1-M2 

(B-3) 

In figure B-l the location of the poles has been depicted. The distance OP defining the 
position of the line S] s^ is equal to -M0/( l-M2 ). When m > >/{n   v/l -M2 ), a | and 09 
become complex quantities; in this instance, the poles given by O] are located on the line 
INT while those given by o^ can be found on Psi. Since these complex poics correspond to 
cut-off modes for the hardwall duct they will not be considered here. 

Where R|n = 0 D ♦00 (assuming that Y j and YT have a very small value, non-zero) 

- . r 

D= (l +-;i7   '    2)-i| (Y', +Y2) cotX 
AT 

\=    \/s2-(l - M2)«2 - 2oxM() 

(E-4) 

hxpression B-4 will be verified below. /When hardwalls exist X= mrr. The interesting fact is 
that 1) (equation 54» is denommator of an expression whose numerator also becomes infinite. 

♦ 
By performing the algebra, the main parts of D and the numerator (assuming that Yj and Y-» 
have, for the lime being, a small value) are: 
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^^^^^^^^i 

Hence. 

Numerator ■ ( | )m+I (Yi + ^ A sinA 

A    sinX 

In the case of" hardwalls. then: 

Numerator 
f)       - cos(m7r£s) 

(B-5) 

Fm(ff) 
2 Alr **P(iofiJcot(m*tr) 

2ir(i'^i)(oro2) (B-6) 

FigUW B-! depicts the location of the pole a, und n       » 
-mcM^fon.  A small unaginary part, t^n^ul^    ^'^ "^ ™d ^ ^ <* 
that the radiation cond 
ax 

•I tne raduition cond.tion at « is satisried   Sin " ^   ? ,, *,s1
sl,mec] r<» ° ] ."id o, such itions> 0. is assumed forai a 

lyir 
by: 

off ty) ._Ahzi G 
M in 

i^(rnnj^cos(m7r£) 

0 m=0 
o, -a-, 

|e
,,JI^s-^     . 

fe^^s-7?). 
(B-7) 

l>.     For the softwaJI case 

D - 0 

rhfi roots must be oomml»«    u . , 
numbers. " '^  R'" Cmmt be Wro « ^ ca« since the roots lor Rm ^ real 

It is possible to obtain the followin,, expressions, 

Sl" I/AsinX 

52 " cosAfs/XsinA 

53 ■ (sinA^ + cotA • cosX^VX 
(B-8) 

i 

) 
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S4 ■ cotX/X 

where, 

X-  p-('-Mr.)"2-2saM0]
I/2 

Reptadns the first and last of these expressions into equation 52, the latter becomes: 

(B-4; 

Therefore, the poles are given hy the expression: 

(^s^Y^tanX^^+Y;) (B.9) 

which is the usual expression, (ref. 1 7 and 22) required in order to determine the eigenvalues 
«or a rectangular duct when opposüe duct walls have linings of dissimilar admittances 

The location of the poles 0/ " > and a^ in the complex a-plane and the paths of inteuration 
are s .own .n .igure B-2. As custonJry, the path of integration is positiv/w 1^ ^ r " 
clockwise. The poles are differentiated according to: 

lm (a/1»)^.   Real (a/1)) 

Im (o/-») >o.   Real (0j(2)) 

M, 
> 

< 

I -M; 

M, 

1 -M; 

The double poles mentioned by Tester (ref. 45) are unlikely to ex,s, when opposite walls 
ave  mmgs o d.ss.nular ad.mttance. These double poles arise when the two opposi^w 11s 

Ikdv  th"^ Ü       ■ n ad;',ittanCe ^ When thC linin8 is ^""^ ^ <** »ique cy hkely, these double poles do not exist when the lining is optimized for a frequency band 
most 

T^er (ref ^and^T ^ ^ '' ^ ^'^ tü ,hat 0f ^ haS ^ ^ ^ ^y 
r,"   L      ; . 35) anti " Wll, m bC repeated herc- The P"1« ^e of first order and the residues are given by: 

..] )-(-l)m Y^CM 

i*" 1,2 

(B-10) 
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I I   II       j-l 

Using I' Hospital rule, get 

Residue - Z^J j exp (io^^j, j 

Jm.j 
-2s Yl Y2 /_cotx._L_\is(Y;+Y;) 

C^aj^-sYjS! 82-183 (l -isY2S4) 

C^OjC))-182(1 - it YIS4) -sY;S3S1 

(B-ll) 

when Yi --'■ 0 and Y2 -*• 0 expression B-l 1 gives the result corresponding to the hardwall case. 
The pressure (acoustic propagator) tor this case can be written in the form: 

.(1) 
00 00 

p(t r?) = Ali2i/ *€„, costm^) 

ni=0 

^».e'VH-^)^,, Jm,.) 
(B-I2) 

Jm.j , T?<T?S 

The solution B-l 2 gives the pressure for all points inside the duct including the walls, however, 
it cannot give the ^-component of the particle velocity at the wall. This velocity component 
at the facing of the lining is obtained from expressions 38 and <M. 

The number of poles required for the expression B-l 2 to converge increases when the frequency 
increases, but for practical purposes this number is seldom larger than 20. In this context, the 
series is meant to converge when the remaining terms contribute less than 1% of the total result 
in absolute value. 

The ^-component of the particle velocity at the wall is given by: 

{p) = Idi! /(   ) 
ip^/l-o^'MA 

{B-13) 

where 
+00 

yr?) - s s     27r    J   ^ 15 

s"^   , do (B-14) 

v= 1,2 
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Hence 

AD.ll 
Y, Ah 

j=I (ijj'-'e  J        s      ,T?<T?S 

(B-15) 

where 

nd^U  _ 1    owx) 
-AC, (B-16) 

\~        \\J    Xsitr-x/ v JL J 

In the expression above, the numerator and the denominator are functions of aj ¥> 

u-) can be expressed in a similar manner. 

2.     DIPOLtS AND QUADRUPOLES 

In order to obtain tiie pressure fields for dipoles and quadrupoles it is not necessary to go 
through the entire process done for monopoles. They can be obtained directly by pertorming 
certain operations on equation B-12. These operations, done with respect to the variables £s 

and i|r are possible because linearity considerations and they are defined by the right hand 

side of equations 57 and 5X. 

Then the pressure field corresponding to one dipole positioned at £s. if, is given by 

rfi). -",' . T?  > Tfs 

pj(^Tj)-Ah:!i2^€mcos(m^ 
m-0 

oo   (l) 

Si 
I   /    {V\     iOjU'(TJ   -Tj) 

(»m.V' "^^ 

(B-17) 

where 

i>= 1.2 

(B-18) 
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The pressure field ot a quadrupole is given by 

(g(UL.IO|(l)(V^       . 

(f.»?)" Ah-i  >     €   cosdmrfc)}    \ .-,. (B-19) 

where 

Q&hm**$\ • cos ö.i^+ia/^smiö^ö^^i-o:*2^» sine, •sinö.Zl^: 
u s r * s 

»•■ 1,2 
(B-20) 

The {-component ot the particle velocity at the wall for dipoles and quadrupoles is obtained 
by operating on the result given by expression B-16 corresponding to monopoles. 

Hence, for dipoles it is 

2v: ^^t 
lcosöd_._J. +i0j(l)sinöduj(I) 

j=l d u (2) 
P^d'aT"    +ioj(2)siny/, U;(2) 

e   J        s       • T?>T?S 

(B-21) 

lOj^'tT?   -ty) 
e   J        s      - »7 < TJS 

and, for quadrupoles 

n 
Po co (21, 

(B-22) 

M   / II(2)   »r 'IV T')     ^ I  l'q:,| c -T?<TJS 

where 

d2 U^) d UiW 
U ^'j =cosÖ|     COSÖT 1—+ 'Oi(l')sin(0i +ö-))-r-r

! 0:2(1^) -,i    t2 J '       -   d {, j .       ■"•  u ts j        sin0, • sin 0^ Ui'*'' 

»►■ 1,2 

(B-23) 

J 

) 
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APPENDIX C 
EVALUATION OF THE ACOUSTIC ENERGY FLUX IN A DUCT 

I.     SINGLE SOURCE:  MONOPOLES 

The case where TJ > T?S is of concern. Then: 

<1), 
p(i T?) ■ Ah2! 2^ Gni coKimrl Jj Z^^ el0J    (T?S' n) (C-l) 

m=0 

; 

wliere ZJ^ K was defined in appendix B. 

Also. 

u ■ 1 .i£ 
ißoCoil'O^yUJ^t    ** 

(C-2) 

w 
 J . dp 
ip0c0(l-oj

(,>M0/s)s     W 
(C-3) 

Hence: 

Ah2 '(1). .(!)/ 
(niTr) G   iiii(imr|). 

Mo1^-?, m  ■ "W   l-Oi(1)Mn/s 

m,j io;'"(TJ -TJ) 
 e   J        ■ (C-4) 

o-i 

Airi 
W ■ T-"7" /   J    f-       COS( niTTi; ) 

O^'ZiH ;„(! 
P0c0i 

(C-5) 
m=0 .pi     '-"i        0' 

By usinü equations 61 and 62 of the main body of this report, the following is obtained: 

T 2    ^ 

Ho  c       £ <    m 

m=0 

.(1) 
M. 

where 

1 -0j(l,Mo| 

I     ,n        ♦.,,    -21m(0:(1)(TJ 
+ T   M   I Z'''   Z ' '-'e J rnv 'ol ^in.j ^m, | l 

S-TJ) 

(C-6) 

Tin" 

12, in=ü 

(I. in^O 

m**» 
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2      SOURCE DISTRIBUTION. (MORE THAN ONE SOURCE) 

I et us define 

T       =Z     .ei0iMl(r^s"T7, 

I m. 
m'J    l-a/')Mo/s 

So. if there is more than one source, p. „ and w can be expressed by: 

m=0 j=|     n=1 

All2    y. J       N 

(C-7) 

(C-8) 

iii=0 

(C-9) 

(C-10) 

w = 
Ali2i 

j=l    n=l 

J        N 

m=0 pi    „=] 

in the expressions above J is the number of poles used and N the number of i 
weighting paramete- 
a complex quantity 

The composite total acoustic energy flux is given by: 

(Gin PoV ^ 6m -s(m.f »^ J2 0j( 1 )an vjn). 

we.ghting parameter an can be a function of frequen^and'^ce bcation.; in general, ., . 
sources. The 

c=2 ' K«  /'m7r\ 
T 2    L      H J        w 

+ M  r o'm 

J      N 

i-^t / j     I      an vm,j 
Fl   n=! 

+ M   T o'm 

J       N 

CI 
Fl    n=I 

J       N 

j=I    n=1 

•T (n) 
an    m, j 

+ 2rmReal 
"J        N 

Lj=l      n-i 
"n 'm.j ' 

J       N 

yy Oi*(1,a;v*(n 
/ J / *    j n  vm, j 
F i  "= i 

(C-I2) 
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w 
., 

where L is the number of cross-sections containing sources while N is the number of sources 
in each o! these cross-sections.  In the expression above the sources lying on a specilic cross- 
section are assumed to be correlated and they give a composite energy flux. On the other 
hand, no correlation exists for the sources lying on dissimilar TJS; the. the total eneigy llux is 

the sum of the individual fluxes of each source. 

All the expressions obtained in this appendix can easily be extended to dipoles and 

quadrupoles. 
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APPENDIX I) 
PRtSSURt FIELD PRODUCED BY GENERALIZED 

SOURCE DISTRIBUTIONS 

» 

Assume that there is a source distribution function M(fs> 17,, w). It is of interest to obtain the 
pressure generated by this source distribution. Only the case r/ > rjs will be analyzed here 
since the otiier case, when T? < T^ follows t!ie same procedure. 

From B-l 2. appendix B: 

r'"(^v V^Ah^ emcos(n^,£;   tni*t   ^^ ,».,> 

Pi m=0 

Performing the algebra. Zm i can be written in the fonr: 'm. 

m, j     • it 
sY, Y,   (-l)mi Y^        Y, cotX 

XsinX 
cos X^s 

i Y m+l I    IY, Y2 0OtX     (-D^'iY^Y 
L  x x^     ^ X'-sinX 

(D-2) 

sinX^j 

where 
■Xs 

-2s2 Yj Y,    /cotX        1      \     /   ,        , v 
(l-M^Oj (I) + sM, •J'!01) 

The cosXts and sinXi's must be expanded in function of cosdmrf).  In this way, Z     • can be 
transformed into: ni,J 

QO 

Zm, j = *£  S (Sn. j Li,' * - dm, j «8 *) «MWrl 
n=0 

(D-3) 

where 

_sY| Y2     (-1)111+1 iY2     Yj cotX 
cni,j"     ,2       + XsinX      ''       X 

- ' Y'       sYl Y2C0tX     H )m+1 l Y j Y'2 

Vj="T~ X2,sinX 

(D-4) 

» 

m   - 
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I (i)    (-1 )r XsinX 

ri(i>.   x[l-(-l)ncosXl 

A^ - (riTr)- 

So. the acoustic propagator becomes: 

(D-4) 

m-0 j= 1 n=o 

where 

m cos(n7r^s) 

(D-5) 

qn,m    cm,j Ln     (1rn,j ^h 

The composite pressure given by the distribution function m., »„ CJ) can be written in the 
form: N 

V*i(2)   ' 

PCü = H(fs. TJ^OJ) H^, T?;^. T7S) djs d^ (D-6) 

V%=V (1) 0 
I ''s 

It vvas assumed that the sources lie in the region rjs
(' ^ < TJS

(2)
 < T? and 0 < ^  < 1 

Repla-ing the expression D-5 of the acoustic propagator into D-6. the latter becomes: 

P) 

oo /• ' ,     fi\ go 

m=0 J   ml"i n=i) 

p^ - Ah-i^ ^   Em cosCm drj.. 

where 

^S
(,) 

(D-7) 

* 

l 

w) cos(n7rJs) d£. (D-8) 

372 

mmnttpmmt mn mm IMIIIII IKMIII 



mmmmmmmm 

If the distribution function H(fs, T?S, W) is a constant, the pressure p    is: 

oo J 

in=0 i= I 

"ioi(l)T,(2)   \aSl\py 
e   -'      's    - e   J       ■ 

•'J 
:.) 

♦ qy^—e    ' 'n, m 

(D-9) 

T?>J7- 

Formula D-9 gives the composite pressure for a uniform distribution of sources. 

373 

mmmmm 


