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1.0 SUMMARY 

This report, along with the companion Comprehensive Data Report, 

summarizes the experimental and analytical results of a scale-model free-jet 

acoustic and aerodynamic investigation performed by the General Electric 

Company under NASA-Lewis Research Center sponsorship on single-stream 

convergent and convergent-divergent nozzles. 

Seven single stream model nozzles were tested for a total of one hundred 

forty acoustic test points so as to evaluate the effectiveness of 

Convergent-Divergent (C-O) flowpaths in the reduction of shock-cell noise 

under static and simulated flight conditions. The test nozzles included a 

baseline convergent circular nozzle, a c-o circular nozzle, a convergent 

annular plug nozzle, a c-o annular plug nozzle, a convergent multi-element 

suppressor plug nozzle and a c-o multi-element suppressor plug nozzle. To 

better quantify the effectiveness of c-o terminations for shock-cell noise 

control and to help formulate a proper physical model of the experimentally 

observed phenomena, diagnostic flow visualization with a shadowgraph and 

aerodynamic plume measurements with a laser velocimeter were performed with 

the test nozzles. Most of the tests were conducted at elevated exhaust nozzle 

temperatures (TT ~ 1730 0 R) and nozzle pressure ratios that are typical of 

mixed conditions of a variable cycle engine (VCE) applicable for advanced 

supersonic transport (AST). In addition, a theory of shock-cell noise for 

annular plug nozzles in the vicinity of the plug was developed based on recent 

theories of shock-turbulence interaction. 

Some of the key results of this investigation are: 

• Effectiveness of convergent-divergent terminations in the flowpaths 

of circular, annular and suppressor nozzles in the reduction of 

front quadrant noise has been demonstrated under both static and 

simulated flight conditions. At an angle of 50 degrees to the 

inlet, the perceived noise level (PNL) relative to the baseline 

convergent circular nozzle is reduced under static and simulated 

flight conditions, respectively, by a maximum of 7.5 and 11 dB with 

the c-o circular nozzle, 6 and 8 dB for the c-o annular nozzle 
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and 9.5 and 10 dB for the c-o multi-element suppressor nozzle. The 

shock noise benefit of these c-o nozzles is observed over a broad 

range of pressure ratios in the vicinity of their design conditions. 

• For the baseline convergent circular nozzle, eight shock-cells were 

observed on the nozzle axis while four to five shock-cells were 

noted along the lip-line. The c-o circular nozzle was noted to be 

completely shock-free at the design conditions. 

• At the c-o design condition, the c-o annular nozzle was found to be 

free of shock-cells on the plug. However, shock-cells downstream 

of the plug were noted indicating complete shock-cell noise 

reduction has not been achieved by the c-o termination on the 

annular plug nozzle. 

• The regions downstream of the plugs of convergent and C-D 

multi-element suppressor nozzles were identified to be practically 

shock-free. 

• The C-D circular nozzle was identified to be the quietest among the 

test configurations regarding front-quadrant noise levels. 

• Tabs were found to suppress both the discrete and broadband shock 

noise components for the convergent annular plug nozzle. However, 

the presence of tabs was found to shift the broadband peak 

frequency to a higher value. 

• Jet temperature does not significantly influence the shock-cell 

generated noise. 
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2.0 INTRODUCTION 

The General Electric Company under NASA-Lewis Research Center 

sponsorship has conducted scale model acoustic and diagnostic aerodynamic 

tests on circular, unsuppressed and mechanically suppressed annular plug 

nozzles to determine the effectiveness of convergent-divergent terminations in 

mitigating shock-cell associated noise. This contract report summarizes the 

major results of this study. A Comprehensive Data Report (Reference 2-1) 

contains the detailed acoustic and diagnostic test data. 

One source of jet noise from non-ideally expanded jets operating at 

supercritical pressure ratios is the shock-cell associated noise from the jet 

exhaust. The shock-cell associated noise has been identified as a potentially 

significant engine noise problem for advanced supersonic cruise aircraft at 

takeoff. Studies at the General Electric Company suggest that for practical 

designs, shock-cell associated noise may be in fact the limiting exhaust 

nozzle noise mechanism which could inhibit the ability to achieve subsonic 

commercial noise levels for advanced supersonic aircraft. For circular 

nozzles, References 2-2 and 2-3, as well as others, have demonstrated the use 

of convergent-divergent (C-D) nozzle passages as one means for achieving 

shock-cell noise control. Figure 2--1 from Reference 2-4 illustrates typical 

results obtained from ambient temperature tests. This figure shows that for a 

relatively large range of nozzle pressure ratios, a circular nozzle with a C-D 

termination designed for ideal expansion at a Mach Number, M., of 1.5 

(~ = j M~-l = 1.1) radiated significantly less noise than th;t of a 
J 

convergent circular nozzle operating at equivalent supercritical pressure 

ratios. 

Recently the General Electric Company, under NASA-Lewis sponsorship 

(Reference 2-5), has demonstrated the acoustic effectiveness of a 

convergent-divergent (C-D) termination on an annular plug nozzle with heated 

jets and under simulated flight conditions. The results from this test, 

summarized in Figure 2-2, indicated that in the vicinity of the C-D design 

point (M. = 1.44) up to 9.0 PNdB forward quadrant noise reduction, relative 
J 
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to a convergent circular nozzle, can be obtained for an advanced supersonic 

cruise type aircraft engine. The results also showed that the region of 

sensitivity for C-D effectiveness covered a wide range of operating conditions. 

For a more practical range of design jet Mach numbers, (M. = 1.3 to 
J 

1.5), the usefulness of C-D nozzles for shock noise control in flight needs to 

be ascertained. Additionally, the extent and range of validity of existing 

shock noise theories must be determined. To meet these needs, an experimental 

investigation of the usefulness of C-D nozzles for circular, annular plug, and 

multi-element suppressor nozzles in simulated flight was conducted over a wide 

range of operating conditions during this program. 

The overall objective of this program was to determine means by which 

supersonic jet shock noise can be reduced to acceptable levels for advanced 

supersonic aircraft. Specifically, the usefulness of C-D passages was 

investigated and the effect of off-design nozzle pressure ratio was determined 

statically and in simulated flight. Work efforts of this program consisted of 

the following major steps! 

1. Design and fabrication of convergent-divergent single stream flow 

passages for circular, annular plug and multi-element suppressor 

nozzles. The types of seven nozzle configurations investigated 

are described in section 4.0. 

2. Scale-model acoustic tests in the General Electric's Anechoic 

Free-Jet Facility. (The facility is described in Section 3.0.) 

Data were taken statically and at a free-jet velocity typical of a 

supersonic cruise aircraft at takeoff. One hundred forty acoustic 

test points were taken over the seven nozzle configurations for a 

wide range of exhaust nozzle velocity and temperature conditions. 

The acoustic data are discussed in section 5.0. 

3. Diagnostic flow visualizations with a shadowgraph and aerodynamic 

plume measurements with a laser velocimeter were carried out on 

the test configurations. Testing was done both under static 
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and simulated flight conditions. The General Electric's optical 

and laser velocimeter equipment was employed so as to quantify the 

effectiveness of C-D terminations for shock-cell noise control. 

The diagnostic data are discussed in Section 6.0. 

4. In addition to the acoustic and diagnostic studies, development of 

a theory of shock-cell noise for annular plug nozzles in the 

vicinity of the plug was carried out based on the Howe and 

Ffowcs-Williams model (Reference 2-6). This is presented in 

Section 7.0. 
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3.0 TEST FACILITY DESCRIPTION AND DATA REDUCTION PROCEDURES 

All of the acoustic, laser velocimeter, and shadowgraph tests of this 

program were conducted in the General Electric Anechoic Free-Jet Facility 

located in Evendale, Ohio. Brief descriptions of the facility and acoustic 

data acquisition, reduction, and flight transformation procedures are provided 

in this section (refer to Reference 2-1 for details). 

3.1 JET NOISE TEST FACILITY DESCRIPTION 

The test facility, schematically shown in Figure 3-1, is a cylindrical 

chamber having a diameter of 13.1 meters (43 feet) and a height of 21.95 

meters (72 feet). The inner surfaces of the chamber are lined with anechoic 

wedges made of fiberglass to yield a low frequency cutoff below 220 Hz and an 

absorption coefficient of 0.99 above 220 Hz. 

A tertiary duct surrounds the model nozzles with the necessary airflow 

to simulate a forward flight up to a Mach number of 0.41. The tertiary air 

passes through a silencer plenum chamber before it is discharged through the 

1.22-meter (4-feet) free-jet exhaust. An overhead view of the tertiary 

exhaust surrounding a test conical nozzle is presented in Figure 3-2. 

3.2 ACOUSTIC DATA ACQUISITION AND REDUCTION PROCEDURES 

A schematic of the microphone data acquisition system used to obtain 

the acoustic data during tests in the anechoic chamber is shown on 

Figure 3-3. This system is optimized for obtaining the acoustic data up 

through the 80 kHz 1/3-octave center frequency. The microphones used to 

obtain the data are B&K 4135, 0.64-centimeter (0.25-inch) condenser 

microphones for far-field measurements. All the tests are conducted with 

microphone grid caps removed to obtain the best frequency response. The 

cathode followers are the transistorized B&K 2619 for optimum frequency 

response and lower inherent system noise characteristics. All systems utilize 

the B&K 2801 power supply operated in the direct mode. 
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Figure 3-2. Overhead View of the Tertiary Exhaust With a Test Conical Nozzle. 
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The output of the power supply is connected to a line driver adding 

10 dB of amplification to the ngnal as well as adding "preemphasis" to the 
, 

high frequency portion of the spectrum. The net effect of this amplifier is a 

10 dB gain at all frequencies, plus an additional 3 dB at 40 kHz and 6 dB at 

80 kHz due to "preemphasis." This procedure improves low amplitude, high 

frequency data. In order to remove low frequency noise, high-pass filters 

with attenuations of approximately 26 dB at 12.5 Hz and decreasing to 0 dB at 

200 Hz are installed in the system. 

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB 

in 10 dB steps and a gain trim capability for normalizing incoming signals. 

The prime system used for recording acoustic data is a Sangamo/Sabre IV, 

28-track FM recorder. The system is set up for Wideband Group I (intermediate 

band double extended) at 120 ips tape speed. Operating at this tape speed 

provides a better dynamic range that is necessary for obtaining the high 

frequency/low amplitude portion of the acoustic signal. The tape recorder is 

set up for ±401o carri~r deviation with a recording level of 8 volts 

peak-topeak. During recording, the signal is displayed on a calibrated master 

oscilloscope, and the signal gain is adjusted to maximum without exceeding the 

8 volt peak-to-peak level. 

High-pass filters are incorporated in the acoustic data acquisition 

systems to enhance the high frequency data of microphones from 110 0 through 

160°; both the filtered and unfiltered signals are recorded on tape. For data 

below 20 kHz, the unfiltered signal is used to calculate the sound pressure 

levels; while for high frequencies, the filtered signal is employed. The 

entire jet noise spectrum at a given angle is obtained by computationally 

merging these two spectra. 

standard data reduction is conducted in the General Electric's AEBG 

Instrumentation and Data Room (lOR). As shown in Figure 3--4, the data tapes 

are played back on a CBC3700B tape deck with electronics capable of 

reproducing characteristics within the specifications indicated for Wideband 

Group I. An automatic shuttling control is incorporated in the system. In 

normal operation, a tone is inserted on the recorder in the time slot designed 

for data analysis. Tape control automatically shuttles the tape, initiating 

an integration start signal to the analyzer at the tone as the tape moves in 
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its forward motion. This motion continues until an "integration complete" 

signal is received from the analyzer, at which time the tape direction is 

reversed, and at the tone the tape restarts in the forward direction advancing 

to the next channel to be analyzed until all the channels have been 

processed. In addition, a time code generator is utilized to signal tape 

position as directed by the computer program control. 

All 1/3-octave analyses are performed on a General Radio 1921 

analyzer. Normal integration time is set for 32 seconds to ensure good 

inLegration for the low frequency content. The analyzer has 1/3-octave filter 

seLs from 12.5 Hz to 100 kHz and has a rated accuracy of ±1/4 dB in each 

band. Each data channel is passed through an interface to the GEPAC 30 

computer where the data are corrected for the frequency response of the 

microphone and the data acquisition system, corrected to standard day (15°C, 

70% RH atompsheric atLentuation conditions) as recommended by Shield and Bass 

(Reference 3··1) and processed to calculate the perceived noise level and OASPL 

from the specLra. For calculation of the acoustic power, scaling to other 

nozzle sizes, or extrapolation to different far-field distances, the data are 

sent to the Honeywell 6000 computer for processing. This is accomplished by 

transmitting the SPL via direct time share link to the 6000 computer through a 

1200 Band Modem. In the 6000 computer the data are processed through the 

Flight Transformed Full Scale Data Reduction (FT~SDR) Program as per the flow 

chart shown in Figure 3-5. The data prinloul is accomplished on a high speed 

"remote" terminal. In addition, the l"TFSDR Program writes a magnetic tape for 

CALCOMP plotting of the data. 

3.3 pIAGNOSTIC TEST INSTRUMENTATION 

3.3,1 LAS~R VELOCIMETER 

The basic optical system of the laser velocimeler used in the present 

program is a differenlial Doppler, backscatter, single· package arrangement 

that has the proven feature of ruggedness for the severe environments 

encountered in high velocity, high temperature jets. Figure 3-6 shows a 

photograph of the LV syslem in the General Electric Anechoic Test Faci.lity and 

a schematic arrangement of the laser package. The laser beams are projected 

from below the lens, forming an angle that keeps the major axis on the control 

14 
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volume ellipsoid to a minimum. The dimensions of the control volume are 0.535 

centimeter (0.25 inch) for the major axis and 0.518 centimeter (0.020 inch) 

for the minor axis. The range of the LV control volume from the laser 

hardware is 2.16 meters (85 inches). The three steering mirrors and the beam 

splitter are mounted on adjustable supports that are made from the same 

aluminum alloy to eliminate any temperature-oriented alignment problems. 

The remotely actuated platform has vertical, horizontal, and axial 

travel capabilities of 0.813 meter (32 inches), 0.813 meter (32 inches), and 

5.79 meters (228 inches), respectively. The resolution is +0.1588 centimeter 

(0.0625 inch) for each axis except for the last 5.28 meters (208 inches) of 

axial travel which has a resolution of ±0.3175 centimeters (0.125 inch). 

Seeding is by injection of aluminum oxide (AI
2
0

3
) powder having a 

nominal 1-micron diameter into the air supply to the burners and into a region 

exterior of the test nozzle so as to seed the tertiary air. The powder-feed 

equipment used is described in Reference 2-3. However, the air supply to the 

fluidized bed column is heated currently to about 394°K (250°F) to prevent 

powder aggregation by moisture absorption. 

The laser velocimeter signal processor is a direct-counter-(time 

domain) type similar to that reported in Reference 2-3, but with 

improvements. These improvements result in a lowered rate of false 

validations and improved linearity and resolution. Turbulent-velocity 

probability distributions (histograms) are recorded by a 256-channel, NS633 

pulse-height analyzer. The data acquired from the LV are transmitted to a 

micro-computer system (APPLE-II) for storage on a disk and performance data 

reduction. 

The processing capabilities of the LV system are as follows: 

• Velocity range - 10.7 to 1524 mps (35 to 5000 fps). 

• Random error for single particle accuracy (error associated with 

system inaccuracies such as fringe spacing, linearity, stability, 

burst noise) - 0.75~. 

17 



• Bias error for mean velocity - 0.5~. 

• False data rejection capability (possibility of accepting bad 

data) - 0.0002~. The system uses a 16-fringe control volume where 

all of the 8 center fringes are used in the data 

acceptance/rejection testing. On an average, 1000 accepted data 

samples are taken during a histogram. 

3.3.2 SHADOWGRAPH SYSTEM 

A shadowgraph system was installed in the anechoic free-jet facility to 

accomplish diagnostic flow visualization tests. To obtain the shadowgraph 

photos of good resolution, the system was mounted in near proximity of the 

nozzle. The light source mounted on the optical bench was a steady-state type 

system. Collimation of the light beam through the test volume was achieved by 

means of a reflective mirror system of 10 inch diameter. Shadowgraph images 

were backdropped on a screen that is located at 3.7m (12 feet 2 inches) from 

the jet nozzle. The steady-state light source, mirror and camera system is 

mounted on a platform that is remotely controlled so as to position the 

shadowgraph system over an approximately 0.91m (3 ft) vertical plume study. 

The schematic arrangement of the shadowgraph setup is shown in Figure 3-7. 
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Figure 3-7. Schematic Arrangement of the Shadowgraph Setup in the Anechoic 
Jet Facility. 



4.0 CONFIGURATION DESCRIPTION AND SCOPE OF TESTING 

In o~de~ to identify the effectiveness of the conve~gent-dive~gent 

termination in the flowpath fo~ shock-cell noise ~eduction, seven single 

st~eam nozzle configu~ations we~e tested du~ing this p~og~arn. In this section 

an outline of the nozzle configu~ations and the scope of the acoustic and 

diagnostic tests a~e desc~ibed. Detailed desc~iption of the test ha~dwa~e is 

given in the Comp~ehensive Data Repo~t of this cont~act (Refe~ence 2-1). 

4.1 DESCRIPTION OF TEST NOZZLE CONFIGURATIONS 

A total of seven single st~earn nozzle configu~ations we~e tested du~ing 

this p~og~am. They we~e g~ouped in sets in o~de~ to study the impact of 

conve~gent-dive~gent flowpaths on acoustic and ae~odynamic p~ope~ties ~elative 

to baseline conve~gent flowpaths. Th~ee sets we~e st~ctu~ed a~ound systems 

of a) ci~cula~ non-plug (Models 1 and 2), b) annula~ plug, non-mechanically 

supp~essed (Models 3 and 4), and c) annula~ plug, mechanically supp~essed 

(Models 5 and 6). The seventh configu~ation (Model 3 with tabs) was a 

modification of the conve~gent annula~ plug, nonrnechanically supp~essed 

system, to evaluate a potential method fo~ shock sc~eech elimination. The 

configu~ations a~e b~iefly desc~ibed as follows: 

• Model 1 - Baseline Conve~gent Ci~cula~ Nozzle 

• Model 2 - Conve~gent-Dive~gent Ci~cula~ Nozzle, Design Point at 

M = 1.4 

• Model 3 - Baseline Contou~ed conve~gent Annula~ Plug Nozzle 

(NonMechanically Supp~essed) 

• Model 3 w/Tabs - Baseline Contou~ed Conve~gent Annula~ Plug Nozzle 

with Shock Sc~eech Tabs (Non-Mechanically Supp~essed) 

• Model 4 - Conve~gent-Dive~gent Annula~ Plug Nozzle 

(NonMechanically supp~essed) 
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• Hodel 5 - 20 Chute Annula~ Plug Supp~esso~, Conve~gent Flow 

Element Te~inations 

• Model 6 - 20 Chute Annular Plug Supp~esso~, Conve~gent-Dive~gent 

Flow Element Te~inations 

within this section the basic model geomet~ies a~e desc~ibed. 

Table 4-1 surnrna~izes the significant dimensions of the seven configu~ations. 

4.1.1 BASELINE CONVERGENT CIRCULAR NOZZLE: HODEL 1 

The geometric dimensions of this configu~ation a~e p~esented in 

Figure 4-1, and it is shown installed in the Anechoic F~ee-Jet Facility in 

Figu~e 3-2. The nozzle external flow lines we~e designed to be compatible 

with f~ee-jet ope~ation and contou~ed to eliminate any flow separation 

upstream of the nozzle exit plane. The nozzle inte~nal flow passage near the 

5.094" dia. exit plane (Ath = 20.38 in
2

) has a mild convergence angle of 

5.3 for a distance of 1.7 throat diameters upstream of the exit plane. The 

no~zle has a thin trailing lip of thickness equivalent to 1~ of the throat 

diameter. Installed within the 48" dia. free-jet nozzle, it sets a system 

area ratio of approximately 89 (area free-jet nozzle/area primary nozzle). 

4.1.2 CONVERGENT-DIVERGENT CIRCULAR NOZZLE: HODEL 2 

The C-D circular nozzle is shown schematically in Figure 4-2. Its 

throat diameter of 5.1 inch closely matches that of Hodel 1, the convergent 

circular nozzle and, therefore, also has a free-jet system area ratio of 

approximately 89. The exit plane diameter of 5.395 inch, at a distance of 

5.525 inch from the throat plane, sets the area ratio, A 't/Ath t' at eXl roa 
1.119. The objective of the aerodynamic design for the C-D flowpath (design 

methodology is given in Reference 4-1) was to obtain isentropic, unifo~, and 

parallel flow at the nozzle exit for the design Hach No. of 1.4, the~eby 

preempting, to a large degree, any shock-cell induced noise. 
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Table 4-1. Summary of Significant Geometric Characteristics of Test Nozzles . 

Model Description 

• Convergent/C-D 

• Throat Area, cm~ 

(in~) 

• Throat Equiv. Dia., em. 

(in. ) 

• Throat Hieght, cm. 

(in. ) 

• Throat Radius Ratio 

• Exit Area, cm~ 
(inh 

• Exit Equiv. Dia, cm. 

(in. ) 

• Exit Height, cm. 

(in. ) 

• Exit Radius Ratio 

• System Area Ratio 

.... 
r:: 

QJ QJ '" r:: 00 <U 
..... loot ..... cu 
.... Cl.I ;:J ..... 

Q) > U N 
tI) c:: ~ N 
CU 0· ... 0 
<Q(.)(.):z; 

1 

Converg. 

131.5 

(20.38) 

12.94 

(5.09)_ 

89.0 

'" <U 
..... QJ 
;> ..... 
U N 

Q '" N I ..... 0 
(.)(.):z; 

2 

C-D 

131.8 

(20.43) 

12.95 

i5.10) 

147.5 

(22.86) 

13.70 

(5.395) 

1.119 

89.0 

3 

Converg. 

163.0 

(25.27) 

14.4 

(5.67J 

2.06 

(.811) 

.854 

71.6 

3 W/Tabs 

Converg. 

163.0 

~25.27) 

14.4 

J5.67>-

2.06 

(.811) 

.854 

71.6 

4 

C-D 

163.2 

(25.3) 

14.4 

~5.671 

2.06 

(.811) 

.854 

182.6 

(28.3) 

15.24 

(6.00) 

2.63 

(1.036) 

.791 

1.119 

71.6 

5 

Converg. 

131.3 

(20.36) 

12.93 

(5.09) 

.764 

89.0 

6 

C-D 

130.5 

(20.23) 

12.89 

(5.08) 

.764 

147.9 

(22.92) 

13.72 

(5.403) 

.743 

1.113 

89.0 
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Figure 4-1. Model 1: Baseline Convergent Circular Nozzle. 
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The C-D nozzle is shown uninstalled in Figure 4-3a and installed within 

the Anechoic Free-Jet Facility in Figure 4-3b. 

4.1.3 BASELINE CONTOURED CONVERGENT ANNULAR PLUG NOZZLE: HODEL 3 

The contoured convergent annular plug nozzle (non-mechanically 

suppressed) is shown schematically in Figure 4-4. Basic design parameters are 

summarized in Table 4-1. (See Reference 4-2 for design details.) 

4.1.4 BASELINE CONTOURED CONVERGENT ANNULAR PLUG NOZZLE WITH SHOCK SCREECH 

TABS: HODEL 3 WITH TABS 

This model utilized the same hardware items as Hodel 3. However, 8 

shock screech tabs were applied to the annular sleeve at the exit plane lip. 

The tabs were configured as shown in Figure 4-5. The design was initiated and 

scaled from Reference 4-3. The tabs were equally spaced around the annular 

sleeve utilizing nichrome straps. A photo of the application is shown in 

Figure 4-6. 

4.1.5 CONVERGENT-DIVERGENT ANNULAR PLUG NOZZLE: HODEL 4 

The C-D annular plug nozzle (non-mechanically suppressed) is shown 

schematically in Figure 4-7. 

Design parameters for the H 1.4 selected case are: 

Ath 25.3 in 2 
PTIPs = 3.120 • • 

A 28.3 in 
2 

1760 0 R • • TT e 

• AelAth 1.119 • T 1309°R s 

• (Rr)th 0.854 • V. = 2439 ft/sec 
J 

• (R ) 0.791 • Y = 1.351 r e 

'. H 1.4 

2S 



a) Convergent-Divergent Nozzle, 
Uninstalled. 

b) Convergent-Divergent Nozzle 
Installed in Anechoic Free Jet 
Facility. 

Figure 4-3. Model 2: Convergent-Divergent Circular Nozzle, Uninstalled and Installed. 
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Figure 4-4. Schematic of Model 3: Baseline Contoured Convergent Annular Plug Nozzle. 
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Figure 4-5. Schematic of Screech Tab Application to Model 3, Contoured 
Convergent Annular Plug Nozzle. 



Figure 4-6. Photo of Screech Tab Application to Model 3 , Contoured 
Convergent Annular Plug Nozzle. 
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Schematic of Model 4: Convergent-Divergent Annular Plug Nozzle. 



The internal flowpath of Hodel 4 is identical to that of Hodel 3 up to 

the throat plane. The throat plane for the C-D nozzle is at the tangency 

point of 15° plug angle to the crown radius. The supersonic flow is expanded 

to the appropriate area ratio (i.e., exit plane area/throat plane area) of 

1.119 as calculated by one-dimensional isentropic formula for the design Hach 

number of 1.4. 

4.1.6 20 CHUTE ANNULAR PLUG SUPPRESSOR, CONVERGENT FLOW ELEMENT 

TERMINATIONS: HODEL 5 

The annular plug suppressor system with convergent flow element 

terminations, Figures 4-8 and 4-9, utilizes the 20-chute mechanical suppressor 

of Reference 4-4. Within that program it was tested as a dual-flow system 

with an annular convergent inner flowpath. This nozzle is a scaled model of 

the YJI0l Test-Bed Engine suppressor configuration under Contract NAS3-20582. 

Specifics of the nozzle system are: 

Number of Suppressor Elements 

Elemental Planform Shape 

Suppressor Area Ratio 

Suppressor Radius Ratio 

Angle Sub tended by Each Chute, degrees 

Angle Subtended by Each Flow Element, degrees 

Chute Depth-to-Width Ratio 

Chute Entrance Design Hach Number 
2 Throat Plane Area, in. (Design) 

Equivalent Throat Diameter, in. 

System Area Ratio 

20 

Radial 

1.75 

0.764 

7.714 

10.286 

1.0 

0.7 

20.358 

5.09 

89 

4.1.7 20 CHUTE ANNULAR PLUG SUPPRESSOR, CONVERGENT-DIVERGENT FLOW ELEHENT 

TERMINATIONS: HODEL 6 

The annular plug 20-chute suppressor system with convergent-divergent 

flow element terminations is schematically shown in Figure 4-10 with photo 
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Figure 4-8. 

... 

Schematic of Model 5: 20. Chute Annular Plug Suppressor, Convergent 
Flow Element Terminations. 
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Figure 4-9. Photo of Model 5: 20 Chute Annular Plug Suppressor , Convergent 
Flow Element Terminations . 
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p~escnled in ¥igu~e 4· 11. Design melhodo1ogy fo~ the C-D elemental f10wpaths 

is documenled in lhe Comp~chcnsivc Design Repo~l (Refc~ence 2-1). Specific 

d(!sign valu(!s a~e summilrizcd as follows: 

• 
• 
• 

• 

• 
• 
• 

Mnch No. 

P IP ']. amb 

y 

V., ftlsee 
J 

Numbe~ of Supp~esso~ Elements 

Elemental Planfo~ Shape 

Suppressor Area Ratio 

Suppressor Radius Ratio 

Angle Sub tended by Each Chute, 
degrees 

Angle Sub tended by Each Flow Element, 
degrees 

Flow Area, in. 2 

Equivalent Flow Dia, in. 

Chute Blockage A~ea, in. 2 

35 

1.425 

3.238 

1730 

1271 

1.354 

2448 

20 

Radial 

1.133 

At Th~oat At Exit Plane 

1. 752 1.56 

.764 .743 

7.72 6.44 

10.28 11.56 

20.227 22.924 

5.075 5.403 

15.20 12.77 



Figure 4- 11 . Pho t o of Mo de l 6 : 20 Chute Annular Plug Suppresso r , Convergent
Dive r gent Flow Element Terminat ions , Uninsta11 ed . 
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4.2 SCOPE OF TESTING 

The test points for both acoustic and diagnostic tests were selected to 

meet the required objectives of the contract effort, i.e., to identify the 

usefulness of C-D passages and also to determine the effect of off-design 

nozzle pressure ratio under static and simulated flight conditions. 

4.2.1 ACOUSTIC TESTS 

The total number of static and flight acoustic tests performed with the 

seven selected nozzle configurations was 140. Details of the test conditions 

are given in Appendix I. Detailed acoustic test results are presented in the 

Comprehensive Data Report (Reference 2-1). 

4.2.2 DIAGNOSTIC TESTS 

The aerodynamic flow conditions of the LV tests and shadowgraph tests 

are presented in Appendices II and III respectively_ 
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5.0 ACOUSTIC TEST RESULTS 

The analysis of the acoustic test data of the model nozzle 

configurations described in Section 4.0 are presented in this section. 

This section consists of four subsections: Subsection 5.1 contains a 

discussion of the acoustic effectiveness of the convergent-divergent 

terminations in the shock-associated jet noise reduction. Discussions on the 

range of the C-D sensitivity are included also. SUbsection 5.2 contains a 

discussion of the influence of flight, jet plume temperature and the various 

nozzle configurations on the shock associated noise. Discussions on shock 

screech are presented in Subsection 5.3. Finally, spectral comparisons of 

acoustic data with predictions from existing analytical models are made in 

Subsection 5.4. Unless otherwise stated, the acoustic data presented herein 

are scaled to a tYpical supersonic cruise engine size of 1400 in. 2 at a 

2400 foot sideline distance, using the conventional diametric scaling method. 

5.1 ASSESSMENT OF NOISE REDUCTION BY CONVERGENT-DIVERGENT TERMINATION 

It has been well known for some time that shock noise is a significant 

entity in supersonic exhaust noise and its suppression is essential to achieve 

subsonic commercial noise rule levels for advanced supersonic cruise aircraft 

for commercial aviation. The role of shocks in supersonic exhaust noise 

generation for imperfectly expanded jet plumes has been extensively studied, 

both theoretically and experimentally by several investigators (References 5-1 

through 5-5). Yet, details of the relationship of shock noise to the dynamics 

of the turbulence-shock interactions remain unknown. 

From the viewpoint of shock noise suppression, a convergent-divergent 

(C-D) nozzle has been a matter of increasing interest to the jet engine 

manufacturers. Tanna (Reference 5-6) and Norum and Seiner (Reference 5-7) 

have reported the effectiveness of using a C-D termination to reduce or 

eliminate broadband shock-cell noise for circular cold jets. Under a recent 

GE/NASA program (Reference 2-5), the C-D effectiveness has been demonstrated 

with annular and coannular plug nozzles. In one case, a simple isentropic 

expansion area ratio design was used, while in another attempt, a more 

controlled contour design was evolved. In the former case, effective shock 
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reduction for the C-D design was not realized; while in the latter case, the 

effectiveness of a C-D termination in reducing shock broadband noise was 

demonstrated under both static and simulated flight conditions. These 

experimental studies have pointed out that a C-D termination can be an 

effective means for shock noise control for annular and coannular plug 

nozzles, but sufficient care in design and manufacture of the nozzle flowpaths 

must be exercised. 

A key objective of the present investigation was to systematically 

assess the value of a convergent-divergent nozzle as a means for shock noise 

control under VCE/AST operating conditions at both static and simulated flight 

conditions. 

In this subsection, the following plots are presented for both static 

and simulated flight cases: 

1. PNLSOo versus 10 log P 

2. 

3. PNL, OASPL versus e 

4. 1/3-octave SPL versus frequency 

The radiation angle e = 50 0 was selected as a representative forward 

quadrant radiation angle, while e = 130 0 was chosen to represent a typical 

aft quadrant radiation angle. 

In each figure, a comparison is made between a convergent and a C-D 

nozzle. Since the broadband shock noise is usually dominant in the forward 

quadrant, the first comparison will indicate effect of the C-D termination on 

«(,,)-1) 

* PNLN PNL -10 109(: )/.!L) 
ref \ Pamb 
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the level of the broadband shock noise. On the other hand, jet mixing noise 

is usually predominant in the aft quadrant, and, therefore the effect of the 

C-D on the jet mixing noise may be revealed by the PNLN1300 variation as a 

function of the fully expanded jet exit velocity. The third correlation 

between PNL (or OASPL) and the acoustic angle (9) is used in order to define 

the C-D effect on the acoustic radiation directionality. 

Finally, how the frequency content of the shock associated noise is 

affected by the C-D flowpath termination is evaluated by means of one-third

octave SPL spectrum comparisons. Throughout this subsection, the directional 

and spectral comparisons of a C-D nozzle with its convergent counterpart are 

made exclusively at the C-D design condition* which corresponds to a typical 

AST/VCE at takeoff. 

Following are the nominal C-D design conditions for the three C-D 

nozzles of this program. 

Model 

2 

4 

6 

P 
r 

3.122 

3.122 

3.222 

5.1.1 C-D EFFECTIVENESS OF CIRCULAR NOZZLE 

TT(OR) 

1730 

1730 

1730 

M. 
J 

1.40 

1.40 

1.42 

Overall characteristics of the supersonic jet noise produced by a 

circular C-D nozzle (Model 2) are first discussed relative to those of the 

baseline convergent circular nozzle (Modell). 

Variation of PNL500 with the shock strength parameter a( ~ j M~-l) and 

variation of PNLN1300 with the fully-expanded jet exit velocity (V
j

) for 

circular nozzles, with jet temperature maintained approxi.mately at 

*The test point whose last two digits are 13 corresponds to the C-D design 
point at static condition, while the test point whose last two digits are 14 
corresponds to the C-D design point at simulated flight conditions. Ex
amples: Test Point 213 (C-D design point of Model 2 static) and Test Point 
414 (C-D design point of Model 4, flight). 
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TT~17300R, are illustrated comparatively in Figure 5-1. Corresponding 

nozzle pressure ratios cover the typical VCE/AST takeoff conditions. In 

Figure 5-1(a}, we note that PNL500 increases with increasing pressure ratio 

like ~4 for the baseline convergent circular nozzle, while in the case of 

the C-D circular nozzle, PNL500 shows an almost constant value of 95.5 dB 

near the C-D design point, indicating the C-D effectiveness over a rather 

broad range of pressure ratios with as much as 7.5 dB reduction in terms of 

fNL. Since the shock-cell noise is, relatively speaking, dominant over the 

jet mixing noise in the forward quadrant, this observed reduction in PNL500 
must be attributed to the significant suppression of the shocks by the C-D 

termination. As will be discussed in later sections, this viewpoint is 

evidenced clearly by the diagnostic LV measurement results. Shown in Figure 

5-1(b) is the variation of normalized PNL1300 as a function of the jet exit 

velocity. No significant difference is observed in the normalized perceived 

noise level between the two nozzles, indicating that the C-D termination had 

no effect on the jet mixing noise generation mechanism. Figure 5-2 is 

presented to illustrate OASPL50o variation with ~ for the circular 

convergent and circular C-D nozzles, where the ~4 line is given as a 

reference. 

PNL and PNLN comparisons of the C-D circular nozzle with the baseline 

convergent circular nozzle for a simulated flight environment, V I = 400 a c 
fps, are presented in Figure 5-3. A front-quadrant reduction in PNL due to 

the C-D termination to the extent of 11 dB is noted in this figure. Again, no 

appreciable difference is noted in jet mixing noise level between the 

convergent and C-D nozzles at simulated flight conditions, as can be seen in 

Figure 5-3(b). 

Next, PNL and OASPL directivities at C-D design condition are presented 

in Figure 5-4. In this figure, test points 213 and 214 correspond to the C-D 

design point of the C-D circular nozzle (Hodel 2), and the acoustic data at 

the C-D design point are compared with those of the convergent circular nozzle 

(test points 113 and 114). A relative dominance of shock associated noise 

over jet mixing noise in the forward quadrant for the convergent nozzle can be 

observed in Figure 5-4. Larger magnitude of PNL values in the forward 

quadrant as compared with that for OASPL is also noted, which is indicative of 

a high frequency content shock noise. 
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Baseline Convergent Circular Nozzle. (Static) 
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An OASPL directivity comparison of scale model jets is i11uslrated in 

Figure 5-5, where the acouslic data are extrapolated to 40 foot arc distance. 

Here the sound radiated by lhe presence of shocks in a jet flow is observed to 

be fairly omni-directional. This result is in good agreement with the results 

oblained by cold jels under similar aerodynamic conditions (References 5-3, 

5-6 and 5-7). A rather flat directivity pattern as far as e = 100 0 is noted. 

Figure 5--6 illustrales similar direclivity comparisons of PNL and OASPL 

belween convergenl and C-D circular nozzle jets under simulated flight test 

conditions. A significant C-D benefil in the forward-quadrant is noted. 

Several importanl remarks can be made aboul the acoustic characteristics of 

discrele and broadband shock conlaining jels by comparing Figure 5-6 (flighl) 

wilh Figure 5-4 (slalic). Firsl the flighl speed is no led to have little 

affect on the forward quadranl PNL or OASPL for lhe C-D nozzle jets. This 

indicates that by the C-D lerminalion, shocks arc significantly, if not 

completely, e1iminaled from the C-D circular nozzle plume at the given test 

poinl, while the shock- cell noise of lhe baseline convergent circular nozzle 

undergoes a signi.ficanl amplification by fl ighl. 

Spectral characlerislics of shock associaled noise is discussed next in 

conjunclion wilh lhe C-D effecliveness. Speclral comparisons between lhe C- D 

circular nozzle and lhe baseline convergent no~zle arc presenled in ¥igure 5 7 

(static) and Figure 5-8 (flight). The aerodynamic condiLions arc idenLical lo 

lhose for Figures 5-4 lhrough 5-6. It can be observed in lhese figures thal 

lhe shock noise conlenl of lhe baseline convergenl circular nozzle is 

primarily associated with lhe mid lo high frequency bands. The peak not.ed in 

static data of lhe convergent configuraLion al a lower frequency was 

idenlified to be lhe screech fundamenlal (narrowband ind ieaLing the prCSf!nCC 

of the screech is presented laler in Figure 5 69). Il is noled thal wilh lhe 

use of the C-D flowpath termination. a significant rf'duction of both shock and 

discrete noise is achieved. As expected, however, the c-o tcrmin~tion does not 

affect the mixing noise generation, which is demonstrated by the almost identical 

spectral profiles observed in the aft quadrant. 

Figure 5- 8 illuslrales speclral compal'i.son belween a C- D circular 

nozzle and lhe baseline convergenl circular nozzle al lhe simulaled flighl 

condilion. The fundamenlal screech lone obseL'ved in the speclra shown in 

Figure 5-7 (slalic) is now noled lo be absenl (sec Figure 5-69, also). As is 
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known, the screech is produced by an acoustic feedback mechanism which is 

extremely sensitive to the externally exerted disturbances. The lack of the 

discrete screech tone in Figure 5-8 may be attributed to the disturbances 

caused by the simulated flight environment.* 

5.1.2 C-D EFFECTIVENESS OF ANNULAR PLUG NOZZLE 

In the present survey two annular plug nozzles were tested, one of 

which has a convergent termination while the other has a C-D termination in 

the flowpath. Both nozzles have an identical equivalent diameter of 5.67 

inches. The overall and spectral characteristics of the supersonic jet noise 

generated by the C-D annular plug nozzle (Model 4) compared with those of the 

convergent annular plug nozzle (Model 3) and the baseline convergent circular 

nozzle (Modell) are presented. 

Figure 5-9 presents PNL500 and PNLN1300 variations as a function of 

the shock strength parameter (~) and the fully expanded jet exit velocity, 

respectively. The total temperature of the plume was maintained at 

approximately TT~1730oR for all the test points shown in the figure. One 

of the striking observations in Figure 5-9(a) is that the C-D termination in 

the plug nozzle flowpath does not show any shock-cell noise reduction near the 

C-D design point as compared with its convergent counterpart. The reason for 

this is, as the diagnostic LV measurement results show (presented under 

Section 6.0), near the C-D design point both convergent and C-D plug nozzles 

have shocks in the region downstream of the nozzle plug, and the shock noise 

produced there is dominant over the shock noise generated on the plug 

surface. As LV test results also showed, the plume speed at the plug tip of 

the C-D plug nozzle is still supersonic when the flow is fully expended. 

Consequently, due to the plug curvature, the flow must necessarily experience 

an expansion in the proximity of the nozzle plug and, thus, a series of 

expansion/shock waves is formed in the region downstream of the plug which 

subsequently causes generation of downstream shock-cells. 

*Hay and Rose (Reference 5-8) reported that the relative motion of the ambient 
medium does not always eliminate screech tones. Similar observation has been 
made during this program, also. 
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A similar situation is observed for the plume of the convergent plug 

nozzle at the test point corresponding to the C-D design point. Because of 

its convergent termination, the flow is choked at the nozzle exit and the 

rapid variation in the mean pressure which must occur at the nozzle exit is 

accommodated by a system of Mach waves emanating from the nozzle lip. The 

cell-like structure of the jet arises from the subsequent multiple internal 

reflections of this system between the plug surface and the boundaries of the 

jet. It is well known that for a given Mach number and a streamline, 

generally there exists two shock angles which satisfy the relationships 

governing oblique shocks. The shock with a larger shock angle is called a 

strong shock wave, whereas the shock with a smaller shock angle is normally 

referred to as a weak shock wave. The plume velocity behind the strong shock 

wave is always subsonic. However, in the case of the weak shock wave, the 

flow maintains a supersonic speed before and after shock formation except for 

a certain range of the flow deflection angles. It is not always possible to 

predict which of these oblique shock waves actually occurs in a given flow. 

However, a system of weak oblique shock waves is preferably formed in most 

cases. This is understandable, because nature has a tendency to minimize 

entropy change in any thermodynamic process. Thus, since the flow still has a 

supersonic speed at the nozzle plug tip, subsequent formation of a system of 

compression and expansion waves is not avoidable, as in the case of its C-D 

counterpart. 

To summarize the above argument, based on the aerodynamic flow 

measurements to be discussed in section 6, it can be said that both the 

convergent and the C-D annular plug nozzles have shocks downstream of the plug 

at the C-D design point and, subsequently, generate shock noise which appears 

to be dominant over the noise produced by the shocks formed on the plug 

surface. Even so, it can be observed that over a wide range of pressure 

ratios, the C-D annular plug nozzle shows about 5 dB PNL500 reduction 

relative to the baseline convergent circular nozzle. At high pressure ratios, 

shock noise level tends to be saturated as is reported in Reference 5-6 for 

cold convergent circular nozzle jets. 

Figure 5-9(b) illustrates a correlation of PNLN1300 with the ideally 

expanded jet exit velocity for the baseline convergent circular, convergent 

annular plug and C-D annular plug nozzles. Here again, we note that the C-D 

termination appears not to significantly alter the mixing noise. 
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The co~~esponding flight data is p~esented in Figu~e 5-10. By 

compa~ing Figu~e 5-10(a) with 5-9(a), it is noted that the amount of 

amplification of shock associated noise by flight appea~5 to be diffe~ent fo~ 

diffe~ent nozzle geomet~ies. More amplification is obse~ved fo~ the 

conve~gent circula~ nozzle than fo~ the conve~gent annula~ plug nozzle. 

Mixing noise attenuation by flight, howeve~, appea~s to be the same, 

i~~espective of the nozzle geomet~y. Again, the C-O te~ination is noted not 

to affect the jet mixing noise level, though a modest noise ~eduction due to 

the cent~al plug is obse~ved (Refe~ence 5-9 and 5-10). 

Figu~e 5-11 shows the OASPL and PNL di~ectivity cha~acte~istics fo~ the 

convergent and the C-D annular plug nozzles, as compa~ed with those of the 

baseline conve~gent ci~cula~ nozzle. Again it can be seen that the C-D 

te~ination has very little effect. Howeve~, it can be obse~ved f~om these 

comparisons that, over the enti~e radiation angle ~ange, plug nozzzies have an 

edge on conve~gent ci~cula~ nozzles as far as noise ~eduction is concerned. 

The measurements indicate a 6 PNdB noise reduction, p~imarily in shock noise, 

at 6 = 50 0 and 1.5 to 2 PNdB noise ~eduction at the peak aft quad~ant 

acoustic angle, due p~ima~ily to sc~eech tone reduction but also including 

some reduction of jet mixing moise, as will be seen in subsequent spect~al 

compa~isons. 

Cor~esponding OASPL and PNL directivities in a simulated flight case 

are p~esented in Figure 5-12. These results show, compa~ing with the results 

for static conditions, that in the aft quad~ant the jet mixing noise has been 

reduced in flight. In the forward quadrant, amplification of the shock 

associated noise is observed. The measurements indicate 2 to 3 PNdB noise 

reduction for annular plug nozzles at the peak aft quadrant acoustic angle 

with a corresponding 8 PNdB reduction in the forward quadrant at 6 = 50°, as 

compared with the baseline convergent circular nozzle. 

The spect~al acoustic test ~esults fo~ the conve~gent and the C-D 

annular plug nozzles are shown in Figure 5-13 (static) and Figure 5-14 

(flight), which also include the spectra of the baseline convergent circula~ 

nozzle shown as a ~efe~ence. F~om an examination of a typical forward 

quadrant angle (6 = 50°) spectra, it is observed that a significant 

~eduction of high frequency noise components for the annular plug nozzle 
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occurs compared to those of the baseline convergent circular nozzle. A 

generally observed lower SPL for the c-o nozzle in the high frequency range 

may be attributed to the lack of the shocks formed on the plug surface. 

Furthermore, a two-hump spectral profile is noted for the convergent annular 

plug nozzle indicating two clearly distinguishable shock systems formed in the 

flow of this nozzle. Further discussions on the spectral characteristics of 

shock-cell noise from annular plug nozzles will be given in Subsection 5.4, in 

conjunction with the comparison of spectral data with prediction. 

To conclude this subsection, it should be mentioned that in order to 

further suppress shock broadband noise for the annular plug nozzles, some 

measures should be taken to mitigate shocks produced in the region downstream 

of the plug due to the plug curvature. One possible solution would be to use 

a long plug instead of the conventional truncated plug in order to allow a 

smooth plume expansion on the plug.* 

5.1.3 c-o EFFECTIVENESS OF MULTI-ELEMENT SUPPRESSOR PLUG NOZZLE 

In this subsection, the acoustic characteristics of the multi-element 

suppressor plug nozzles (Model 5 and Model 6) are discussed. The benefits of 

the convergent-divergent termination in the flowpath on the multi-element 

suppressor noise relative to its convergent counterpart and the baseline 

convergent circular nozzle is discussed. 

As described in Section 4.0, two multi-element suppressor nozzles were 

tested during the present shock noise investigation. The 20-chute-annular 

plug suppressor with convergent flow segment terminations (Model 5) has a 

suppressor area ratio of 1.75 and an equivalent exit diameter of 5.091 

inches. Its C-O counterpart, i.e., 20-chute-annular plug suppressor with 

convergentdivergent flow element terminations (Model 6), has a suppressor area 

ratio of 1.752 (at throat) and 1.56 (at exit) and is designed for an exit Mach 

*In the work effort on follow-on contract program, NAS3-23166, "Experimental 
Investigation of Shock-Cell Noise Reduction For Dual-Stream Nozzles in 
Simulated Flight," this idea has been explored, and preliminary test results 
with this type of nozzle have indicated additional reduction in shock noise. 
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Number of 1.42. The equivalent diameter at the throat is 5.075 inches. 

Geometrical details of these configurations are presented in Subsection 4.1. 

The PNL500 and PNLN1300 of the c-o suppressor nozzle (Model 6) 

measured during static and simulated flight tests are summarized in 

Figures 5-15 and 5-16, respectively. The measured data are compared in each 

of these figures with the corresponding data of the convergent suppressor 

nozzle (Model 5) and the baseline convergent circular nozzle (Modell). 

The PNLSOo data of the c-o suppressor nozzle measured at static 

conditions and shown in Figure 5-15(a) indicates 2 to 3 PNdB reduction 

compared to the convergent suppressor nozzle and 9.5 PNdB suppression relative 

to the baseline convergent circular nozzle near the c-o design point which 

corresponds to a typical AST takeoff condition. This comparison indicates the 

effectiveness of the c-o terminations in the flowpath of the chutes of the c-o 
suppressor nozzle. Corresponding simulated flight data comparisons are made 

in Figure S-16(a). An examination of this figure indicates a significant 

shock associated noise amplification by flight speed for each of the nozzles 

over the entire range of pressure ratios. It should be noted that the 

relative magnitude of PNLSOo among these nozzles remains almost unchanged, 

indicating an almost equal amount of flight amplification for each of the 

nozzles. This means that the acoustic data for the c-o suppressor nozzle 

still contains broadband shock noise components even at the c-o design 

condition, indicating that the c-o termination in the chute flowpath of the 

c-o suppressor nozzle is not as effective as that of the c-o circular nozzle. 

This is made clear by the aerodynamic flow measurement results presented in 

Section 6.0. 

The effects of C-D terminations on the jet mixing noise can be observed 

in Figures S-15(b) and S-16(b). An examination of these figures indicates a 

significant amount of the mixing noise reduction due to the suppressor (i.e., 

20 chutes). As indicated by the LV data presented in section 6.0, a rather 

rapid axial mean velocity decay and a consequent lower turbulence level in the 

jet plume produced by the convergent suppressor nozzle (Model 5) is 

responsible for lower static PNLN1300 magnitude compared to corresponding 

PNLN1300 for the c-o suppressor nozzle (see Figure 6-6). This may indicate 
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an adverse C-D effect on jet mixing noise caused by the C-D suppressor 

nozzles. However, the difference of PNLN1300 noted for the static data 

between the convergent and C-D suppressor nozzles apparently disappears in the 

simulated flight data. The reason for this is not apparent at the present 

time. 

The PNL and OASPL directivities of the C-D suppressor nozzle are 

compared to those of the baseline convergent circular and convergent 

suppressor nozzles in Figures 5-17 (static) and 5-1B (flight) at the C-D 

design condition. The C-D benefits in terms of PNL are evident over the 

forward quadrant angles, while in the aft quadrant the convergent suppressor 

appears to be more favorable, as far as mixing noise reduction is concerned, 

compared to the baseline convergent circular nozzle. since, as is indicated 

by the LV test data (see Section 6.1), shocks were formed only in the 

proximity of the jet exit (i.e., on the surface of the plug) for the 

suppressor nozzles (Models 5 and 6) at the C-D design condition, the 

characteristic length scale associated with the broadband shock noise emission 

should be of the order of chute flowpath dimension. Accordingly, 

corresponding peak frequency of the shock associated noise falls in a rather 

high frequency range. As a direct consequence of the high frequency noise 

which is weighted higher in the standard PNL calculation procedures, different 

directivity patterns for PNL and OASPL are noted. 

Figure 5-1B shows corresponding PNL and OASPL directivities under 

simulated flight conditions. Once again, a typical forward quadrant flight 

amplification and aft quadrant flight suppression in terms of both PNL and 

OASPL are noted. In addition, Figure 5-18(a) indicates that noise suppression 

due to the C-D effectiveness is only very moderately affected by flight in the 

forward quadrant. No systematic change, however, is observed in the aft 

quadrant. Figure 5-1B(b) illustrates the OASPL comparison of the C-D 

suppressor nozzle with the convergent suppressor and the baseline convergent 

circular nozzles in the flight case. Although not significant, some 

differences in OASPL are observed in the forward quadrant between the C-D 

suppressor and the corresponding convergent suppressor nozzles in contrast to 

the static case. 
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Typical spectral data corresponding to the flow conditions of Figures 

5-17 and 5-18 are provided in Figures 5-19 and 5-20. A significant change in 

spectral shape is observed for both kinds of suppressor nozzles relative to 

the rather simple spectra of the b'seline convergent circular nozzle. 

It may be useful at this point to consider what factors contribute to 

the complexity of these spectra. When the jet from a suppressor plug nozzle 

is imperfectly expanded, it can have several mutually independent sound 

sources located over the wide region of its flow field. Major noise sources 

would be mixing noise sources (near the jet exit and downstream of the plug), 

shock screech and broadband shock noise sources (on the plug surface and 

downstream of the plug), and so-called excess noise sources due to the 

obstructions (chutes) in the flowpath of the jet. A characteristic length 

scale is associated with each of these sound sources. This scale is usually 

determined by the mechanisms which generate the flow irregularities (e.g., 

turbulence). In this particular case, the width of the mixing layer at any 

axial station is an appropriate local measure of the scale of the 

energy-containing eddies which determine the shock and mixing noise emission, 

and the maximum thickness of the obstruction (chute) may be an appropriate 

choice for the length scale associated with the excess noise. These length 

scales along with suitably selected characteristic velocity (or time) scales 

form Strouhal numbers which determine the corresponding peak emission 

frequencies. Since the sound emission directivity differs from one type of 

source (e.g., monopole) to another (e.g., dipole), the location of the peak 

frequency in a spectrum varies not only with the emission angle but also with 

the type of source. 

An examination of a typical forward quadrant spectrum, say, at 

e = 50°, indicates that, compared to the baseline convergent circular 

nozzle, the c-o suppressor nozzle shows significant noise reduction over the 

entire frequency range of interest. However, when compared to the convergent 

suppressor nozzle, the c-o termination appears to have advantages only in the 

high frequency region. Apparently, the c-o effectiveness is observed in the 

frequency range above 1 kHz. A rather low sound pressure level observed in 

the low to mid frequency range for the convergent suppressor nozzle may be 

attributed, as indicated by the LV test data presented in Section 6.0, to the 

higher mixing rate and hence higher mean velocity decay rate. 
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corresponding spectra obtained under simulated flight conditions is 

presented in Figure 5-20. A static-to-flight comparison of the 50 0 spectra 

reveals a significant forward quadrant amplification of high frequencies for 

both suppressor nozzles. 

Finally, it may be useful to illustrate the overall acoustic efficiency 

of the C-D suppressor nozzle in terms of power level. This is presented in 

Figure 5-21 where corresponding PWL spectra for the baseline convergent 

circular and the convergent mUlti-element suppressor plug nozzles are included 

also. Selected test points are identical to those in Figure 5-18. The 

comparison indicates that over the wide range of frequencies, suppressor 

nozzles generate less noise relative to the convergent circular nozzle and the 

C-D suppressor nozzle has benefits in higher frequencies while the convergent 

suppressor nozzle radiates significantly less amount of low to mid frequency 

noise compared to the other two. To conclude the discussions on the 

assessment of noise reduction by the convergent-divergent termination, 

significant results from the analyses of this subsection are summarized below: 

• Effectiveness of the convergent-divergent termination in the 

flowpath in reducing front-quadrant noise has been demonstrated 

with the C-D circular, C-D annular and C-D suppressor nozzles 

under both static and simulated flight conditions. Maximum 

reduction in PNL500 relative to the baseline convergent circular 

nozzle was: 

- 7.5 (static) and 11 (flight) PNdB for the C-D circular nozzle at 

the design condition 

- 6 (static) and 8 (flight) PNdB for the C-D annular nozzle (but 

essentially no suppression relative to the convergent annular 

nozzle) 

- 9.5 (static) and 10 (flight) PNdB for the C-D multi-element 

suppressor nozzle (but only 2 to 3 PNdB reduction relative to 

the convergent suppressor). 

• The C-D benefit on the circular, annular plug and suppressor plug 

nozzle data is observed over a broad range of pressure ratios in 

the vicinity of the design condition. 
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• At the C-D design condition, the multi-element C-D suppressor plug 

nozzle yielded suppression to the extent of 9 PNdB at e = 130 0 

during both static and simulated flight tests relative to the 

baseline convergent circular nozzle. The corresponding reductions 

by the multi-element convergent suppressor plug nozzle were 

somewhat larger than those of its C-D counterpart and 12 and 9 

PNdB reductions were observed at e = 130 0 under static and 

simulated flight conditions, respectively. 

• The C-D annular plug nozzle possibly produces shock noise even at 

the C-D design condition because of the shock system formed 

downstream of the plug due to the plug curvature. 

• Complete shock noise suppression was not achieved by the C-D 

termination in the chute flowpath incorporated in the multielement 

suppressor plug nozzle tested during the present program. 

5.2 INFLUENCE OF FLIGHT, JET TEMPERATURE AND NOZZLE GEOMETRY ON SHOCK-CELL 

NOISE 

In this subsection, discussions on the influence of simulated aircraft 

motion, plume temperature and nozzle geometry on the shock-cell noise are 

presented. As before, unless otherwise stated, all the acoustic data 

presented in this subsection are scaled to a typical engine size of 1400 

in.
2 

at a 2400 foot sideline distance. 

5.2.1 INFLUENCE OF FLIGHT ON SHOCK-CELL NOISE 

In this subsection, static-to-flight comparisons are made in order to 

determine whether acoustic benefits of various nozzles over the baseline 

convergent circular nozzle under static conditions are retained in flight. 

PNL directivity and acoustic spectra are compared for typical underexpanded 

and overexpanded conditions, in addition to the ideally expanded flow 

condition. 
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S.2.1.1 C-D Circular Nozzle (Hodel 2) 

The influence of flight on the shock associated noise produced by the 

C-D circular nozzle (Hodel 2) is first examined. Figures 5-22 through 5-27 

illustrate static-to-flight PNL and spectral comparisons between the C-D 

circular and the baseline convergent circular nozzle data. 

Figure 5-22 presents static-to-flight PNL compacison between these 

nozzles at overexpanded flow conditions. An examination of this figure 

indicates that the flight amplification in the front quadrant for the 

convergent circular nozzle is significantly larger compared to that for its 

C-D counterpart under the given operating conditions. This result indicates 

that the convergent circular nozzle has a stronger broadband shock noise 

contribution. Consequently, in the front quadrant, larger noise reduction due 

to the C-D termination is observed under the simulated flight conditions than 

under the static conditions. A typical mixing noise attenuation is noted, in 

this figure, for the PNL data in the aft quadrant. Up to e = 130° where PNL 

takes a maximum value, the same trend as that observed in the forward quadrant 

is noted. At the emission angles larger than e = 130°, no systematic trend 

is observed. 

Static-to-flight spectral comparisons of the C-D circular nozzle 

acoustic data to the baseline convergent circular nozzle under identical flow 

conditions are presented in Figure 5-23 at twelve selected acoustic angles. A 

typical front quadrant spectrum comparison (e.g., at e = 60°) shows that a 

significant mitigation of sound pressure level due to the C-D termination is 

observed, primarily in the high frequency region for both static and simulated 

flight cases. Again, larger reduction in SPL due to the C-D termination is 

observed for the simulated flight case compared to the static case. In the 

aft quadrant (e.g., at e = 130°), in-flight noise reduction over the entire 

frequency range is noted. However, practically no influence of flight is 

observed on the magnitude of the noise reduction due to the 

convergent-divergent termination, which is negligible. 

Corresponding PNL and spectral static-to-flight comparisons at the C-D 

design point are presented in Figures 5-24 and 5-25. We note, by comparing 

Figures 5-22 and 5-24, that somewhat less PNL amplification by flight is 

observed in the front quadrant at the C-D design point, as compared to that 
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observed under overexpanded conditions. This is because of the fact that 

shocks were almost completely eliminated from the C-D circular nozzle plume at 

the C-D design point and, therefore, the sound produced by this nozzle does 

not experience the front quadrant amplification by flight. Accordingly, 

larger flight benefits correspond to the C-D circular nozzle at the C-D design 

point than that at overexpanded conditions. Corresponding static-to-flight 

spectral comparisons are illustrated in Figure 5-25. Comparing Figure 5-25 

with Figure 5-23, we note that the flight amplification of shock noise 

observed at e = 50° is slightly less for the C-D design operating condition 

than for the overexpanded case. 

Final static-to-flight PNL and spectral comparisons of C-D circular 

nozzle data with those of the baseline convergent circular nozzle are made at 

underexpanded plume conditions, results of which are provided in Figures 5-26 

and 5-27. The observations made based on the data of Figures 5-22 and 5-23 

correspond, in general, to the data presented in Figures 5-26 and 5-27. 

5.2.1.2 Convergent Annular Plug Nozzle (Model 3) 

Comparisons of the static and simulated flight PNL directivity and SPL 

spectral data of the convergent annular plug nozzle (Model 3) with those of 

the baseline convergent circular nozzle (Modell) over the design and 

off-design C-D operating conditions are presented in Figures 5-28 through 

5-33. The test results shown in these figures indicate that the flight 

amplification of shock-cell noise for the convergent annular plug nozzle is 

almost as much as observed for the convergent circular nozzle when pressure 

ratio is not large. However, at larger pressure ratios less flight 

amplification is observed for the convergent annular plug nozzle (Model 3) 

than for the baseline convergent circular nozzle (Modell), indicating 

relative weak shocks associated with the former nozzle at these pressure 

ratios. 

5.2.1.3 C-D Annular Plug Nozzle (Model 4) 

Comparisons of the static and simulated flight PNL directivity and SPL 

spectral data of the C-D annular plug nozzle (Model 4) with those of the 

baseline convergent circular nozzle (Modell) over the design and off-design 

operating conditions are presented in Figures 5-34 through 5-39. 
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The PNL directivity comparison presented in Figure 5-34 indicates a 

favorable PNL directivity pattern for the C-D annular plug nozzle over most 

observation angles at overexpanded plume conditions, as compared with the 

baseline convergent circular nozzle. Front quadrant amplification (of shock 

noise) and aft quadrant attenuation (of jet mixing noise) by flight is 

observed also. A small influence of forward velocity on the combined effect 

of the plug and the C-D termination is observed over the observation angle 

range of 40° through 130°. At 60°, for example, noise reduction due to the 

plug in combination with the C-D termination is 5 PNdB at the static 

condition, while at simulated flight the corresponding reduction amounts to 7 

PNdB. 

The implication of this result is that dominant shock noise source 

structure in the supersonic plume of the C-D annular plug nozzle is similar to 

that of the C-D circular nozzle. Since the equivalent diameter of the C-D 

annular plug nozzle (Deq = 5.67") is roughly equal to the jet exit diameter 

(measured at throat) of the C-D circular nozzle and, in addition, the jet 

diameter is a principle length scale associated with the shock-cell structure, 

it is possible that the C-D annular plug nozzle major shock noise source 

location is not in the proximity of the jet exit but is downstream of the plug. 

A static-to-flight spectral comparison of the C-D annular plug nozzle 

jet noise with the baseline convergent circular nozzle jet noise is presented 

in Figure 5-35 under identical aerodynamic conditions to those given in 

Figure 5-34. An examination of the typical front quadrant spectra (e.g., at 

e = 60°) indicates a significant flight amplification of high frequency 

noise for both nozzles. In addition, the forward velocity tends to shift the 

peak frequency to the right (i.e., higher frequencies). This may be partly 

attributed to the elimination of the discrete shock noise components 

(screech). This trend is observed for both convergent circular and C-D 

annular plug nozzles. A relatively modest flight amplification observed for 

the C-D annular plug nozzle, as compared with that observed for the baseline 

convergent circular nozzle, may indicate a relatively small shock noise source 

region downstream of the plug. At e = 130° where observed PNL has a maximum 

value as shown in Figure 5-34, a favorable spectral profile for the C-D 

annular plug nozzle is noted. Over the entire frequency range of interest, 

the flight attenuation is larger for the C-D annular plug nozzle relative to 

that for the baseline convergent circular nozzle. 
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Figures 5-36 through 5-39 represent corresponding static-to-flight.PNL 

and spectral comparisons between the C-D annular plug and the baseline 

convergent circular nozzles at the design and underexpanded flow conditions. 

No significant difference is observed in the results of these figures from 

those provided in Figures 5-34 and 5-35. 

5.2.1.4 Convergent Multi-Element Suppressor Nozzle (ModelS) 

Comparisons of the static and simulated flight PNL and SPL spectral 

data of the convergent multi-element suppressor nozzle (ModelS) with those of 

the baseline convergent circular nozzle (Modell) are presented in 

Figures 5-40 and 5-41. Figure 5-40 illustrates PNL directivities for Models 1 

and 5. Flight amplification observed over the front quadrant angles is 

similar to both nozzles. A rather flat directivity pattern over 50 0 -110 0 is 

noted for Test Point 514. 

5.2.1.5 C-D Multi-Element Suppressor Nozzle (Model 6) 

Comparisons of the static and simulated flight PNL and SPL spectral 

data of the C-D mUlti-element suppressor nozzle (Model 6) with those of the 

baseline convergent circular nozzle (Modell) over the design and off-design 

operating conditions is provided in Figures 5-42 through 47. Figure 5-42 

illustrates the static-to-flight PNL comparison of the C-D suppressor nozzle 

under a typical overexpanded plume condition (P
r 

= 2.87, TT - 1730 0 R). A 

general trend of the front quadrant amplification and the rear quadrant 

attenuation of PNL by flight is observed in this figure. However, as we note 

by comparing Figure 5-42 with Figures 5-22 and 5-28, significant reduction of 

PNL in the aft quadrant is observed only after about e = 130 0 in the case of 

the C-D suppressor nozzle. A similar observation can be made in the case of 

the design and underexpanded operating conditions (see Figures 5-44 and 5-46). 

As far as the amount of flight amplification of PNL in the forward 

quadrant is concerned, as noted in Figure 5-42, no significant difference was 

demonstrated between the suppressor and convergent circular nozzle, in 

contrast to the case of the C-D annular plug nozzle (Figure 5-36). 

A static-to-flight spectral comparison between the C-D suppressor and 

the baseline convergent circular nozzle acoustic data under a typical 
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overexpanded plume condition is presented in Figure 5-43. In the spectrum 

corresponding to Test Point 603, a prominent peak is observed near the center 

frequency of 160 Hz (6 = 60°) which is regarded as a screech tone, possibly 

generated in the flow region downstream of the center plug. This screech tone 

is effectively suppressed in simulated flight. However, the shock noise 

produced by the shock system formed on the plug surface is significantly 

amplified, as indicated by an increased level of the high frequency components 

whose peak is located at near 1.6 kHz. This may be partly due to the Doppler 

amplification of shock noise in the front quadrant and partly due to the 

enlargement of the supersonic mixing layer thickness by flight which is one of 

the key aerodynamic parameters associated with the shock noise generation 

(References 2-6 and 5-11). 

corresponding spectral comparisons at design and underexpanded 

conditions are presented in Figure 5-45 and 5-47, respectively. It should be 

noted that SPL attenuation by c-o termination under the simulated conditions 

observed in high frequency is more significant for the design operating 

conditions than either overexpanded or underexpanded operating conditions, as 

anticipated, because of significant reduction of shock noise by the c-o 

termination at this operating condition. 

Some significant differences, regarding jet mixing noise between c-o 

suppressor nozzle (configuration 6) and c-o annular plug nozzle 

(configuration 4) were identified by comparing test results presented in 

Figure 5-47 (e - 140°) and Figure 5-39 (e = 140°). We note that a 

significant mixing noise reduction by SPL by flight is observed over a wide 

range of frequencies for the C-D suppressor nozzle which is in contrast to the 

corresponding results by the C-D annular plug nozzle where only modest 

reduction by flight is noted in low frequencies. This could be understandable 

in view of the fact that suppressor redistributes mixing noise to higher 

frequencies. 

5.2.1.6 Summary of Flight Effects Results 

To conclude the discussions on the influence of flight on 

front-quadrant noise, principal results from the analyses of this sUbsection 

are summarized below: 
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• Perceived noise level measured with the convergent-divergent 

circular nozzle indicated comparatively smaller flight 

amplification of broadband shock noise than those for the baseline 

convergent circular nozzle over a wide range of operating 

condi tions • 

• Almost the same magnitude of flight amplification was observed for 

the PNL measured with the convergent annular plug nozzle as that 

for the C-D annular nozzle. 

• In the case of the multi-element suppressor nozzle, the flight 

amplification of shock-cell noise was found to be almost identical 

to those for the baseline convergent circular nozzle. 

5.2.2 JET TEMPERATURE EFFECTS ON SHOCK-CELL NOISE 

One of the issues relevant to shock associated noise is the effect of 

jet plume temperature on shock-turbulence interactions. Based upon his work 

on shock associated noise from imperfectly expanded jets, Tanna 

(Reference 5-6) concluded that the overall intensity of shock associated noise 

is essentially independent of the jet efflux temperature. However, the 

analytical work on the noise generated by an imperfectly expanded supersonic 

jet by Howe and Ffowcs Williams (Reference 2-6), indicates that the total 

radiated sound power, p. of shock associated noise is approximated by 

p = 

222 
11' a f3 p. V c 

where p is the excess pressure at the jet exit, f3 is the shock strength 

parameter, V and V represents the jet efflux velocity and the convection c 
velocity, respectively, and p corresponds to the local flow density which is 

inversely proportional to the local flow temperature. 

The complexity of the issue lies in the fact that the shock-cell noise 

component of imperfectly expanded supersonic jet noise is not easily isolated 

from the jet mixing noise components in the measurements. Since the jet 
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mixing noise follows the vS law and increasing jet temperature (at a given 

pres~ure ratio) increases jet velocity, heated jets are generally noisier than 

their cold counterparts. 

In this subsection the results of a comparative study of shock-cell 

noise characteristics between moderately heated (TT - S50 0 R) and high 

temperature (TT - 1750 0 R) jets are presented. The overall and spectral 

characteristics produced, under different flow temperatures, by convergent 

annular plug nozzle (Model 3), C-D annular plug nozzle (Model 4) and 

convergent suppressor nozzle (Model 5) are discussed.* These three 

configurations are determined to contain respectively, shock-cells on the plug 

and downstream of the plug (Model 3), downstream of the plug (Model 4), and on 

the plug (Model 5). (Refer to the discussion on the diagnosic data for 

details.) 

Typical front quadrant spectral comparison between the data obtained 

with the two stream temperatures for the convergent annular plug nozzle is 

provided in Figure 5-4S. The data indicates that in the high frequency region 

the spectral data agree with one another. The higher SPL at the peak 

frequency observed with the moderately heated flow is due to the first 

harmonic of the observed screech fundamental that coincided with the 

shock-cell broadband peak frequency. This is made clear by the data of 

Figure 5-49. In this figure the on-line narrowband data at e 60 0 obtained 

during the tests at the two stream temperatures are presented to indicate the 

presence of screech and its harmonic with the moderately heated jet. 

PNL- and OASPL-directivities and typical front quadrant spectra of C-D 

annular plug nozzle under ideally expanded flow conditions but at three 

different stream temperatures are presented in Figures 5-50, 5-51 and 5-52, 

respectively. As pointed out in section 5.1.2, this C-D configuration which 

had no shock-cells on the plug at these conditions was determined to have 

shock-cells downstream of the plug. Hence, this set of front-quadrant data 

demonstrates the effect of temperature on the noise due to these downstream 

*No such comparisons are provided with the convergent circular nozzle data as 
tests with moderately heated jets were not conducted with this configuration. 
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shock-cells. The data indicate little effect of temperature on shock-cell 

associated noise. On-line narrowband data measured at e = 90° for these 

test conditions are presented in Figure 5-53 to indicate the presence of 

screech and its harmonic with moderately heated jet (TT - 865°R) and 

absence of screech with the other two heated jets. 

Typical PNL- and OASPL-directivities and typical front quadrant spectra 

of convergent suppressor nozzle are presented in Figures 5-54, 5-55 and 5-56, 

respectively. As discussed later in Section 6.0, this convergent suppressor 

configuration under the test conditions of the presented data was observed to 

have 6 to 8 shock-cells on the plug and no shock-cells downstream of the 

plug. Hence, this set of data indicate no effect of temperature on the noise 

due to the shock-cells on the plug. On-line narrowband measured at e = 60° 

for these test conditions are presented in Figure 5-57 to indicate the absence 

of screech for both moderately heated and high temperature jets of the 

convergent suppressor configuration. 

To conclude this subsection, principal results from the above 

discussions are summarized below: 

• Heating has little effect on the shock-cell noise level. 

• These results are observed with convergent and C-D annular plug 

nozzles and convergent suppressor nozzle. 

5.2.3 INFLUENCE OF NOZZLE CONFIGURATION ON SHOCK-CELL NOISE 

This subsection provides data comparisons between the three tested C-D 

nozzles and similar comparisons between the three convergent nozzles of this 

program. In each of these comparisons, the data of the baseline convergent 

circular nozzle is given as a reference at comparable test conditions. 

5.2.3.1 Convergent-Divergent Nozzles 

Figure 5-58 comparatively illustrates a typical front quadrant 

perceived noise level as a function of 10 log ~ for four different nozzles. 

The aerodynamic conditions of the selected test points were: TT = 17300 R, 

2.8 < Pr < 3.9. The results indicate that multi-element C-D suppressor 
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Convergent Suppressor ;{ozzle at 1\-10 Plume Te;nperatures. 
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nozzle (Model 6) has the lowest front quadrant noise levels over the entire 

range of pressure ratio among the four nozzles shown in the figure. We note a 

maximum noise reduction of 9.5 PNdB for this nozzle relative to the baseline 

convergent circular nozzle, while the C-D circular and the C-D annular plug 

nozzles show almost an identical amount of reduction near the C-D design 

point. About 7-7.5 PNdB reduction is observed for these nozzles relative to 

the convergent circular nozzle. A corresponding simulated flight case is 

presented in Figure 5-59. The C-D circular nozzle shows the lowest noise 

level near the C-D operating pressure ratio and as much as 12 PNdB reduction 

is observed, relative to the baseline convergent circular nozzle. 

In order to examine the geometry effects of various C-D nozzles on the 

jet mixing noise, the normalized perceived noise level was plotted versus 10 

log (V./a b) at a typical aft quadrant observation angle (6 = 130°) for 
J am 

both static and simulated flight cases. The results are provided in 

Figures 5-60 and 5-61. An examination of these figures indicates that the 

convergent-divergent terminations in the flowpaths of Model 2 and 4 have no 

effects on the suppression of the jet mixing noise. Apparently, significantly 

lower PNLN1300 values for the C-D multi-element suppressor plug nozzle 

(Model 6) are due to the suppressor (20 shallow chutes) itself and not due to 

the C-D termination in the flowpath of the chutes. 

It is useful to review, at this point, the effects of center plug and 

the radius ratio of annular plug nozzles on jet mixing noise. Usefulness of 

employing a center plug in annular jets has been known for some time. Its 

presence prevents vortices forming in the vicinity of the jet exit plane. 

Williams et al. (Reference 5-9) reported that the employment of a center plug 

whose length is twice the diameter of the nozzle reduces the noise level of an 

annular jet with zero plug length by about 1 dB. Also, shorter length plugs 

show practically little improvement relative to zero bullet length. On the 

other hand, the analytical results obtained by means of the MGB-model 

(Reference 5-13) and by Yamamoto (Reference 5-10) show that a plug shorter 

than that suggested by Williams et al. is effective in reducing jet mixing 

noise. 

A recent GE study of jet noise of inverted velocity profile coannular 

plug nozzles (Reference 5-14) has indicated that outer stream radius ratio is 

a key coannular (or annular) plug nozzle noise reduction parameter; the higher 
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the radius ratio the greater the noise reduction at a fixed thrust. These 

results, hence, indicate that annular nozzles are quieter than circular 

nozzles, and, furthermore, annular plug nozzles have an advantage over annular 

nozzles with truncated centerbodies as far as jet mixing noise suppression is 

concerned. 

Next, the c-o effectiveness at the design operating conditions is 

examined for the three different c-o nozzle configurations in terms of PNL and 

OASPL directivities. The results are presented in Figures 5-62 through 5-67. 

Here again, a greater effectiveness of the c-o suppressor nozzle than other 

c-o nozzles is demonstrated over the entire range of observed angles. In the 

front quadrant, the c-o circular nozzle appears to be less noisy compared to 

the annular c-o nozzle. However, this trend is reversed in the aft quadrant 

where, generally, jet mixing noise is predominant. Data for the corresponding 

flight case are presented in Figure 5-63. Here we note a favorable front 

quadrant directivity pattern for the c-o circular nozzle. Compared to the 

plug nozzles, 1 to 2 PNdB lower noise level is observed for this nozzle. This 

is due to a better shock elimination by the c-o termination in the flowpath of 

the c-o circular nozzle. In the aft quadrant, however, the c-o suppressor 

nozzle still maintains its superiority over the rest of the nozzles. An 

important conclusion from this study is that, under simulated flight 

conditions, the c-o circular nozzle is the most efficient nozzle among the C-D 

nozzles tested as far as shock-cell noise suppression is concerned, while the 

c-o multi-element suppressor is by far the better nozzle in terms of jet 

mixing noise mitigation. 

Figures 5-64 and 5-65 present OASPL directivities for various C-D 

nozzles at the design operating conditions for static and simulated flight 

cases. The general trends observed in the results given in these figures is 

not significantly different from that noted in Figures 5-62 and 5-63, except 

that in the flight case, the C-D suppressor nozzle shows lower noise level 

than the circular C-D nozzle in the front quadrant. This is attributed to the 

difference in the way of handling high frequency components in the OASPL and 

PNL calculations. 
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Corresponding one-third-octave spectra for various C-D nozzles observed 

at the design operating conditions are presented in Figure 5-66 (static) and 

5-67 (flight). Examination of the figures indicates that: 

In the front quadrant spectrum (e.g., at e 50°) 

• Over the mid to low frequency range, the C-D suppressor nozzle 

shows the lowest noise level; however, in the high frequency 

range, the C-D circular nozzle is the quietest. 

• In the mid frequency range (i.e., 250 Hz<f<lOOO Hz), SPL for 

the C-D annular plug nozzle is generally higher than that for the 

C-D circular nozzle. 

• SPL flight amplification varies depending upon frequency and 

nozzle type as illustrated in Figure 5-68. 

In the aft quadrant spectrum (e.g., at e 

• Over the entire range of frequencies, the C-D suppressor nozzle 

shows the lowest SPL both at static and flight conditions. 

• In the mid to high frequency range, the C-D annular plug nozzle 

jet is slightly quieter than the C-D circular nozzle jet. 

• The C-D circular nozzle has a spectral profile basically identical 

to that of the baseline convergent circular nozzle, indicating 

that the C-D termination does not play any significant role in jet 

mixing noise suppression. 

At this point, further remarks can be made about the results 

illustrated in Figure 5-68. How flight affects the spectral contents of the 

front quadrant noise is illustrated in this figure for the test points 

selected in Figures 5-66 and 5-67. An examination of this figure indicates a 

general shock noise amplification by flight over a wide range of frequencies 

for all of the selected nozzles, except near 160 Hz. In addition, the C-D 

circular nozzle (Model 2) shows the least flight amplification over the entire 
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frequency range of interest, indicating shock suppression by the C-D 

termination of this no~zle. The apparent negative amplification in flight 

observed near 160 Hz is attributed to the fact that screech was eliminated 

under simulated flight conditions. This is verified in Figure 5-69, where the 

model size on-line narrowband acoustic data of Test Points 113 and 114 are 

presented. A strong screech is observed in the narrowband spectrum of Test 

Point 113 whose frequency was identified to be 1320 Hz and which falls in the 

160 Hz range (one-third-octave band) when scaled to a product size. The 

screech tone and its harmonic appear to be completely suppressed under 

simulated flight conditions. 

5.2.3.2 Convergent Nozzles 

Figure 5-70 comparatively illustrates a typical front quadrant PNL as a 

function of 10 log ~ for the three convergent nozzles tested during this 

program. The aerodynamic test conditions of the selected test points were 

TT ~ 1730 0 R and 2.8 < Pr < 3.9. The results indicate that both the 

convergent annular plug nozzle and the convergent mUlti-element suppressor 

plug nozzle have an almost equal amount of reduction relative to the baseline 

convergent circular nozzle at this radiation angle over a wide range of 

pressure ratios. A maximum noise reduction of 8 dB for these nozzles relative 

to the baseline convergent circular nozzle is noted. 

A corresponding simulated flight case is presented in Figure 5-71. A 

maximum of 10 dB reduction relative to the baseline convergent circular nozzle 

is observed for the annular plug nozzle (Hodel 3). 

In order to examine the effect of various convergent nozzles on the jet 

mixing noise, the normalized PNL was plotted versus log <V./a b) at a 
J am 

typical aft quadrant observation angle <6 = 130°) for both static and 

simulated flight cases. The results are provided in Figures 5-72 and 5-73. 

An examination of these figures indicates that, for a given thrust, aft 

quadrant PNL for the convergent multi-element suppressor nozzle is by far the 

lowest among the three tested convergent nozzles. This is observed both at 

static and simulated flight cases. Decreased PNL values corresponding to the 

convergent annular plug nozzle relative to those for the baseline convergent 

circular nozzle may be attributed to the annular jet effect. 
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Next, geometry effects on PNL and OASPL directivities are examined over 

three different convergent nozzles. The results are presented in Figures 5-74 

through 5-77. The OASPL directivity presented in Figure 5-76 indicates that 

the suppressor nozzle (ModelS) has an edge over the non-suppressor nozzles 

(Models 1 and 3) over the entire observation angles of interest. However, if 

noise signature is expressed in terms of the perceived noise level, as is 

illustrated in Figure 5-74, the annular nozzle (Model 3) shows a favorable 

directivity pattern in the front quadrant. This is because of less high 

frequency contents of the noise generated by the nozzle, as compared to the 

noise produced by the suppressor nozzle (ModelS). Corresponding flight cases 

for PNL and OASPL directivities are presented in Figures 5-75 and 5-77. It 

appears that the noise from the suppressor nozzle (Model 5) undergoes larger 

front quadrant flight amplification than that from the convergent annular 

nozzle (Model 3). To examine how each frequency component is affected by 

flight, one-third-octave spectra over various radiation angles are illustrated 

in Figures 5-78 and 5-79. Comparison of the spectra at e = 50°, for 

example, between static and flight cases indicates that in the case of the 

convergent annular plug nozzle flight affects mid to high frequencies, whereas 

flight predominantly affects high frequencies of noise generated by the 

convergent multi-element suppressor nozzle. These results, hence, indicate 

that the convergent annular plug nozzle produced shocks downstream of the plug 

as well as on the plug at supercritical conditions while the convergent 

mUlti-element suppressor nozzle produced shocks only in the close proximity of 

the nozzle exit, as illustrated by the laser velocimeter results to be 

discussed later. 

To conclude discussions of this subsection, major results are 

summarized below: 

• The convergent-divergent circular nozzle was identified to be 

quietest at the design operating condition among the three types 

of C-D nozzles tested in simulated flight, as far as front 

quadrant noise measured in terms of PNL is concerned. 

• The convergent-divergent multi-element suppressor plug nozzle was 

identified to be quietest among the three test C-D nozzles as far 

as aft quadrant noise is concerned, both at static and simulated 

flight conditions. 
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5.3 DISCUSSION ON SHOCK SCREECH 

The shock noise, generally, can be divided into two distinct 

categories, namely, broadband shock associated noise and shock screech. While 

the former is broadband in nature with a well-defined peak frequency of 

V IL(l+H Cose) (Reference 5-2), shock screech is discrete and usually 
c c 

has several harmonics. When a turbulent eddy is shed from the nozzle and 

collides with a shock, a sound wave is generated which propagates upstream of 

the jet. The sound wave tends to release another eddy as it passes the 

nozzle, and, thus, a feedback cycle is formed. This process generates sound 

at a fundamental screech frequency of V IL(1+H >, and harmonics thereof. 
c c 

Shock screech is not present normally in full-scale engine 

configurations due to physical irregularities, such as surface roughness, 

which generally weaken the feedback mechanism between the acoustic signal and 

shear layer disturbance. Hence, in order to develop a prediction model for 

the shock associated noise for full-scale engines based on acoustic data 

acquired from model jets, the characteristic properties of the broadband shock 

noise should be known. For this reason, during the acoustic tests of model 

jets, screech should be carefully eliminated by appropriate means. 

Tanna (Reference 5-6) was able to successfully eliminate screech for a 

convergent model nozzle by wrapping all surfaces surrounding the nozzle exit 
• 

with sound absorbing material and inserting a small projection inside the 

nozzle lip. However, the assumption that the two shock noise components are 

mutually independent has not been verified; and it is not clear, therefore, 

whether screech-eliminated shock noise actually reveals intrinsic properties 

of the broadband shock noise. 

A typical comparison between the front-quadrant narrowband spectra of 

convergent and C-D circular nozzles under static tests is presented in 

Figure 5-80. The aerodynamic conditions correspond to those of the design 

conditions of the C-D configuration. A strong discrete screech tone is noted 

with circular convergent nozzle at 1320 Hz with a harmonic at 2640 Hz (refer 

to Figure 5-69 for comparison between the static and simulated flight data). 

The corresponding C-D nozzle data indicates no such screech tones. This 

absence of screech with the C-D nozzle was noted over the range of test 
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pressure ratios and under both heated (TT - 1750° R) and moderately heated 

(TT - 850° R) test conditions. 

During the present study, a limited effort was conducted with the aim 

to identify screech tones with the test configurations and to determine the 

effect, if any, of projections (tabs) on both broadband and discrete shock 

noise components of the convergent annular plug nozzle. A spectral analyzer 

(Spectral Dynamics: SD-345) was used for shock-screech detection. In what 

follows, some representative results of this study are presented. 

The effect of the tabs was determined with the convergent annular plug 

nozzle (Model 3) with the tabs applied, as illustrated in Figure 4-5. The 

acoustic data obtained with and without tabs are compared to identify the 

effects of tabs on the shock associated noise. Figure 5-81 illustrates 

typical narrowband SPL spectra of shock associated noise produced by the 

convergent annular plug nozzle with and without tabs (on-line data; model 

scale). The aerodynamic flow conditions were Pr : 3.44, TT ~ 870 0 R for 

the test without tabs and Pr : 3.41, TT : 865°R with tabs. At f : 937.5 

Hz, a strong discrete-tone is observed in the spectrum without tabs, while 

this screech is almost completely missing in the spectrum with tabs. In 

addition, the frequency of the broadband peak is noted to have shifted to a 

higher value with the use of tabs. This frequency shift with the tabs is 

associated also with a reduction in the sound pressure level at the broadband 

peak relative to the level without the tabs. 

Effects of tabs on the PNL directivity and one-third-octave-band 

spectrum of shock associated noise at the moderately heated test conditions of 

Figure 5-81 can be seen in the results presented in Figures 5-82 and 5-83. In 

Figure 5-82, we note a significant PNL reduction by tabs. It is rather 

surprising to see that the PNL reduction is observed not only in the front 

quadrant where shock noise is generally dominant but also in the aft quadrant 

where jet mixing noise is important. An examination of the corresponding 

one-third-octave-band spectra depicted in Figure 5-83 indicates that the tabs 

apparently suppressed the screech as is seen at a typical front quadrant angle 

of e ~ 50°. However, it is not clear at this point how the tabs favorably 

alter the mixing noise mechanism in the aft quadrant. 
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Co~~esponding data obtained with the high tempe~ature jets 

(TT - 1750 0 R) a~e presented in Figures 5-84 through 5-86. Observations 

with the data of moderately heated jets are seen to be valid for the case of 

the high temperature jets. 

Next, the peak sc~eech f~equency from the conve~gent-dive~gent annular 

plug nozzle (Hodel 4) is examined in the light of Powell's model 

(Refe~ence 5-1). 

Powell suggested that the peak frequency of sc~eech is scaled by the 

expression 

f 
p 

v 
c 

whe~e V is the convection velocity and H is the convection Hach number 
c c 

calculated based on ambient sound speed. L rep~esents the characteristic 

length associated with screech gene~ation, which is usually taken to be equal 

to the averaged shock-cell spacing. The shock-cell spacing, however, is known 

to be cor~elated to the shock st~ength pa~ameter ~ as 

L k~D 

where D and k are the nozzle diamete~ and a nume~ical constant which may be 

related to the mode of screech (Reference 5-15), respectively. 

utilizing on-line narrowband acoustic spectra obtained with the 

convergent-divergent annular plug nozzle (Hodel 4), the peak screech frequency 

at e = 60° was plotted as a function of shock strength parameter,~. The 

results are presented in Figure 5-87 together with corresponding predictions 

of Powell. There are two sets of data in this figure; one was obtained at 

static conditons and the other in simulated flight. selected pressure ratios 

for these plots were 3.07<Pr <3.37, and plume temperature was maintained 

at TT ~ 850 0 R. An excellent agreement between data and Powell's 

prediction is noted. For these predictions, the convection velocity was 

chosen to be equal to 51 percent of the fully expanded flow velocity. 

Furthermore, values of 1.1 (static) and 1.33 (free-jet) were assigned to the 

constant k which is in the Powell's prediction expression. 
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since the selected nozzle for this survey was the convergent-divergent 

annular plug nozzle (Hodel 4), the jet diameter which defines the shock-cell 

spacing together with the shock strength parameter was accordingly replaced by 

the equivalent diameter defined based on the total flow area of the annular 

plug nozzle. It should be noted that at a given condition, peak screech 

frequency corresponding to the simulated flight case is smaller than that for 

static case, indicating shock-cell stretching by the free-jet flow. With a 

free-jet speed of 400 fps, averaged stretching amounts to 20 percent. 

It has been well established "that both screech and broadband shock 

noise peak frequencies can be adequately correlated to the shock strength 

parameter in terms of Helmoltz number (H) whi"ch is defined as 

f °D 
H P eg 

aamb 

Figure 5-88 illustrates the correlation between Helmholtz number and 

shock strength parameter based on screech data obtained with conic and C-D 

annular plug (Hodel 4) nozzles. The conic data are replotted from 

Reference 5-16. It appears that the "correlation may be approximated by 

H : O.85e-O. 8f3 

Following is the summary of the observations made during present 

screech survey: 

• Screech tabs appear to suppress both the discrete and broadband 

shock noise components. 

• Tabs tends to shift the peak broadband frequency to higher values. 

• They also alter jet mixing noise process to some extent. 

• Effects of tabs on shock associated noise are less significant for 

high temperature jets as compared to their low temperature 

counterparts. 

• A good correlation exists between screech-peak frequency and the 

parameter (3. 
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5.4 COMPARISON OF MEASURED SHOCK-CELL NOISE DATA WITH PREDICTIONS FROM 

EXISTING MODELS 

In this subsection results of a comparative study of the existing 

predictive models of shock-cell noise with measured data are summarized. 

It has been well established that the Harper-Bourne Fisher Model* 

(Reference 5-2) is the most directly applicable model to predict broadband 

shock noise produced by convergent circular nozzle jets. This is illustrated 

in Figures 5-89 and 5-90. In these figures the measured static and simulated 

flight total noise data of the convergent circular nozzle in a forward 

quadrant are compared with the predicted shock-cell noise data obtained from 

M & S program of Reference 5-13. This program essentially uses the HBF model 

to predict the shock-cell noise component. An examination of these figures 

also indicates that in the forward quadrant, shock-cell noise tends to 

dominate the total jet noise spectrum at middle to high frequencies. As 

described before, the strong peak located at 160 Hz in the static data is the 

shock screech that was identified earlier in Figure 5-69. 

Because of the success of the predictive HBF scheme, many attempts have 

been made to apply its concept to the prediction of shock noise produced by 

other types of nozzles, with appropriate modifications (References 5-17 to 

5-20). During this study, a similar attempt has been made with the aim of 

developing an applicable model to predict shock-cell noise generated by 

annular nozzle jets. In what follows, a discussion on the model for annular 

nozzle jets and the rationale for the modifications (to the HBF model) 

incorporated in the model is given. For the development of this model the 

acoustic and diagnostic LV test data of Model 3 (convergent annular plug 

nozzle), Model 4 (C-D annular plug nozzle), Model 5 (convergent suppressor 

plug nozzle) and Model 6 (C-D suppressor plug nozzle) were utilized. The 

spectral comparison presented in this sUbsection is made with the acoustic 

data scaled to an engine size of 1400 in. 2 at a 2400 foot sideline distance. 

*In what follows the Harper-Bourne Fisher Model is abbreviated as HBF model. 
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Figure 5-91 illustrates representative shock noise spectra for 

convergent circular (Modell) and convergent annular plug (Model 3) nozzles. 

The comparison is made with almost identical flow conditions for both nozzles 

at emission angle of e = 50° under static condition. It is noted. in this 

figure. that over the frequency range of interest the convergent annular plug 

nozzle shows lower SPL values to the extent of 1 to 5 dB relative to the 

baseline convergent circular nozzle. Since shock-cell noise is generally 

predominant at this emission angle (i.e., e = 50°), the difference in SPL 

observed between the circular and annular plug nozzles may be attributed 

mainly to lower shock-cell noise level corresponding to the annular plug 

nozzle. 

A similar spectral comparison between Hodel 3, convergent annular plug 

nozzle, and Model 4. convergent-divergent (C-O) annular plug nozzle, is 

presented in Figure 5-92. The selected aerodynamic flow conditions correspond 

to the c-o operating conditions of Model 4. It should be noted that, 

shock-cell noise level corresponding to Model 3 is slightly higher only in the 

high frequency range. As the diagnostic LV test results (see Section 6.0) 

with these nozzles indicated, under the given flow conditions Hodel 4 is 

practically shock-free on the plug. However. downstream of the plug. both 

Model 3 and Model 4 have shock-cells. This implies that the SPL difference 

observed between the two nozzles in the high frequency range may be attributed 

to the shock noise generated on the plug surface of the convergent 

configuration. 

The above-mentioned discussions on front quadrant noise from convergent 

annular plug nozzle are summarized as follows: 

• Under identical aerodynamic flow conditions, the convergent 

annular plug nozzle jet is quieter by 1 to 5 dB in the mid to high 

frequency range relative to the baseline circular convergent 

nozzle jet. 

• Shock-cell noise produced by the convergent annular plug nozzle 

jet have two components; one is associated with the shocks on the 

plug and the other with the shocks downstream of the plug. 
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These findings suggest a prediction scheme for the shock noise on 

convergent annular plug nozzles. First, two appropriate length scales 

associated with shock noise generation on the plug and downstream of the plug 

have to be defined. Then, the two predictions have to be combined. Finally, 

the combined sound pressure levels have to be decreased by 5 dB over the mid 

to high frequency range. Obviously the best choice for the length scale 

associated with the shocks downstream of the plug is the equivalent diameter. 

It is a common practice to use the hydraulic diameter as a characteristic 

length scale in the jet mixing noise prediction scheme for the suppressor 

nozzles. This hydraulic diameter may be used also to define the length scale 

associated with shocks in the close proximity of annular plug nozzle exit, 

though its rationale is open to question. 

Based on this scheme, spectral prediction of shock-cell noise of the 

convergent annular plug nozzle has been made after incorporating the above 

suggested modifications into the HBF model. Comparison of the predicted 

shock-cell noise data with the measured front quadrant data for a set of test 

conditions are provided in Figures 5-93 through 5-97. The test conditions 

range over pressure ratios of 2.96 < Pr < 3.34 at TT - 1730 o R. It 

should be noted that the measured data is the composite of jet and shock-cell 

noise. An examination of these figures indicates good agreement between the 

measured and predicted data. Since the shock-cell noise is known to dominate 

in the forward quadrant, this acceptable agreement justifies the suggested 

prediction scheme for shock-cell noise of convergent annular plug 

configurations. 

Next, a limited assessment of this prediction scheme for suppressor 

nozzles is presented. Figure 5-98 illustrates a typical front quadrant 

spectral comparison of shock-cell noise between the convergent 

20-shallow-chute suppressor nozzle (Model 5) and the C-D 20-shallow-chute 

suppressor plug nozzle (Model 6). Selected aerodynamic plume conditions 

correspond to the C-D operating conditions for Model 6. It should be noted in 

this figure that the C-D termination of the flow elements of Model 6 has both 

favorable and adverse effects on shock-cell noise suppression. In view of the 

relatively small characteristic length associated with the shock noise 

produced by the chute, the peak frequency of this shock noise is shifted to 

higher frequencies. as compared with the case of the unsuppressed annular plug 
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nozzle. Obviously, the C-D termination in the flowpath of the suppressor 

elements mitigates shocks on the plug, to some extent,* and an appreciable 

difference of high frequency SPL is noted between Model 5 and Model 6. 

However, as indicated by the laser velocimeter test results, the axial mean 

velocity of the flow for Model 5 is already subsonic at the plug tip, and, 

consequently, no shocks are formed downstream of the plug. This is in 

contrast to the case of Model 6 where substantially higher axial mean velocity 

is observed downstream of the plug. Hence, as indicated in Figure 5-98, the 

c-o termination has an adverse effect on shock noise suppression in the low to 

mid frequency range due to shock downstream of the plug. The results of 

Figure 5-98 indicates the following regarding a prediction scheme for 

shock-cell noise of suppressor configurations: 

• When the mean velocity decay rate is large enough so that the flow 

speed downstream of the plug is subsonic, shock-cell noise may be 

adequately predicted by the HBF model, incorporating a suitable 

length scale associated with a suppressor element. 

• When flow speed downstream of the plug is still supersonic, 

however, a composite of two predictionc (with weak shocks on the 

plug and downstream of plug) may be appropriate. 

Figure 5-99 illustrates a sample prediction of shock-cell noise from 

the convergent suppressor plug nozzle (Model 5) based on the HBF model, 

utilizing the hydraulic diameter of chute element as a characteristic length 

associated with shocks formed near the jet exit. 

The selected aerodynamic flow conditions are identical to those for 

Figure 5-98. It should be noted that for the prediction shown in Figure 5-99 

it was assumed that shock noise produced by each chute is mutually 

uncorrelated. A satisfactory agreement seen in this figure is encouraging. 

However, to fully establish the validity of prediction concept of shock-cell 

noise, more work, both theoretical and experimental, is needed in the future. 

*The diagnostic LV and shadowgraph tests have indicated that shock suppression 
by the C-D termination is not as complete for Model 6 as for Model 2, 
circular C-D nozzle. 
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6.0 DIAGNOSTIC TEST RESULTS 

To better understand shock associated noise generation mechanism and 

also to aid in the development of an analytical prediction model for shock 

noise, flow visualization using shadowgraph photography and mean velocity and 

turbulent velocity measurements using a laser velocimeter were employed. 

Scope and test matrices of the diagnostic tests with six model nozzles 

arc given in Appendix II and III. Detailed diagnostic data are in the 

companion Comprehensive Data Report (Reference 2-1). 

Guidelines of the diagnostic tests were: 

• From on-line acoustic sensitivity stUdies, determine the value of 

shock-free pressure ratio and range of sensitivity. 

• Identify regions of strongest shock formation (example: in the 

region of the annular plug or downstream of the plug). 

• By means of the laser velocimeter measuremenls, determine the mean 

and turbulent velocity distributions to assess the general 

shock-cell structure of the various types of configurations. 

• Identify the difference in shock structure in the flow, if any, 

between static and simulated flight cases. 

The results of the diagnostic data analysis of the model nozzle 

configurations described in Section 4.0 are presented in this section. 

This section consists of two subsections. Subsection 6.1 contains a 

discllssion on the laser velocimeter test results and Subsection 6.2 contains 

discussions on the flow visualization shadowgraph test results. 

6.1 ~ASER VELOCIMETER TEST RESULTS 

In an imperfectly expanded nozzle flow rapid variation in the mean 

pressure occurring at the nozzle exit is accommodated by a system of steady 
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waves emanating from the nozzle lip. The cell-like structure of the jet 

arises from the subsequent multiple internal reflections of the system at the 

jet boundaries. This cell structure is damped out generally before the 

centerline velocity has become subsonic. At the relatively high Reynolds 

numbers encountered in aeronautical applications, turbulent diffusion is 

probably the dominant mechanism responsible for the degradation of the cell 

structure. For this reason, current effort has been directed toward 

understanding of the flow behavior in the vicinity of an equivalent lip-line 

in jets. The study on supersonic flow field by Seiner and Norum (Reference 

5-19) is referenced in the present discussions wherever possible with the aim 

of identifying temperature effects, if any, on shock formation and 

shock-turbulence interactions in the supersonic jet flows.* 

The equivalent lip-line is defined as the line downstream of the plug 

being parallel to the jet axis and offset from it by half of the equivalent 

diameter. In what follows, the term "lip-line" is used; and, wherever the 

term is referenced downstream of the plug, it should be interpreted as 

"equivalent lip-line." 

Prior to discussions on the flow characteristics in the vicinity of the 

lip-line, general flow characteristics of supersonic jets from various nozzle 

configurations are discussed. 

6.1.1 GENERAL FLOW CHARACTERISTICS OF SUPERSONIC JETS 

In this subsection discussions on the mean flow characteristics of 

supersonic jets with and without shocks emanating from various single-stream 

nozzles are presented. 

6.1.1.1 Centerline Mean Velocity Distributions 

The axial mean velocity distributions of various nozzle jets are first 

examined. Figures 6-1 through 6-4 illustrate some representative results of 

the axial mean velocity measurements in the baseline convergent circular 

*Seiner and Norum used cold jets for their study while the discussions herein 
are mostly based on the test results for heated jets. 
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nozzle and the C-D circular nozzle jet. The selected test points have the 

aerodynamic flow conditions which correspond to the C-D operating conditions 

of the C-D circular nozzle (Pr - 3.12 and TT - 1700 0 R). 

The axial mean velocity variations on the jet axis for a typical 

supercritical jet is presented in Figure 6-1. Over a length of ten diameters 

from the nozzle exit, as many as eight shocks are observed. Gradual decrease 

of shock-cell spacing is also noted in this figure. Similar mean velocity 

distribution for the C-D circular nozzle jet (Hodel 2) at its C-D operating 

conditions is illustrated in Figure 6-2. Practically no shocks are observed, 

and the fully expanded flow velocity is maintained as far as near ten 

diameters downstream from the nozzle exit. These results were obtained from 

the LV measurements conducted under static conditions. with practically 

identical flow conditions to those shown in Figures 6-1 and 6-2 but with a 

simulated flight velocity of 400 fps, similar mean velocity distributions were 

measured with Hodel 1 and Hodel 2. The results of these measurements are 

presented in Figures 6-3 and 6-4. Again, strong shocks are noted in the mean 

flow for Hodel 1. Over a length of twelve diameters downstream of jet axis, 

nine or ten shocks are observed. Corresponding axial mean velocity 

istribution for Hodel 2 obtained in simulated flight is presented in 

Figure 6-4. No significant difference is observed between static and free-jet 

cases. 

Figures 6-5 through 6-8 represent the axial mean velocity distributions 

for the convergent circular (Hodel 1) and C-D circular (Hodel 2) nozzles at 

off-design conditions of Hodel 2, obtained with and without free-jet flow. 

Comparison of the results of these figures to those of Figures 6-1 through 6-4 

indicates that with a larger pressure ratio shock-cell spacing increases. 

The axial mean velocity distributions of the jet downstream of the plug 

measured with the convergent annular plug nozzle (Hodel 3) and the C-D annular 

plug nozzle (Hodel 4) with and without free-jet flow are presented next. 

Figures 6-9 through 6-12 illustrate these axial mean velocity distributions 

obtained at the C-D design conditions of Hodel 4 (Pr - 3.12, 

TT - 1730 0 R). It should be noted that both convergent and C-D nozzles 

have an almost identical shock pattern in the flow region downstream of the 

plug. Due to the plug step, a supersonic flow produces a series of expansion 
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and subsequent shock waves downstream of the plug. The multiple internal 

reflections of these waves at the jet boundaries give rise to the cell-like 

structure in the flow. No appreciable difference can be noted between static 

and simulated flight cases. 

Corresponding axial mean velocity distributions measured with Models 3 

and 4 at off-design conditions are presented in Figures 6-13 through 6-16. 

More pronounced shocks are observed for Model 3, under both static and 

free-jet conditions, relative to those of Model 4. 

Finally, a similar survey was made with the two multi-chute suppressor 

nozzles. The axial mean velocity distributions for the convergent 

20-shallow-chute suppressor nozzle (Model 5) and the C-D 20-shallow-chute 

suppressor nozzle (Model 6) are presented in Figures 6-17 through 6-20. The 

aerodynamic conditions for the selected test points correspond to the C-D 

design conditions of Model 6 (Pr - 3.12 and TT ~ 1730 0 R). 

Significantly, no shocks are observed downstream of the plug under the given 

aerodynamic conditions for both static and free-jet cases. Furthermore, we 

note that the axial mean velocity on the jet axis for Model 5 is already 

subsonic within the first ten diameters from the plug tip,* in contrast to the 

case of Model 6 where the flow maintains a supersonic speed as far as ten 

equivalent jet diameters from the plug tip, though no shocks are distinctly 

observed in this flow region. 

6.1.1.2 Radial Mean Velocity Distributions 

A limited number of radial traverses of the mean velocity were 

performed during this investigation. Some representative results of these 

measurements are presented in this SUbsection. 

*In this case the sonic velocity corresponds to V/Vj ~ 0.73 which was 
calcuated on the assumption that the flow temperature is uniform throughout 
the flow region and equal to the static temperature of the ideally expanded 
flow. 
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Radial distributions of the mean velocity (axial component) for the 

convergent circular (Hodel 1) and C-D circular (Hodel 2) nozzles are 

illustrated in Figures 6-21 and 6-22. The selected test points correspond to 

the C-D operating point for Hodel 2. 

The radial traverses by LV were made at four axial stations under 

static conditions and five in simulated flight. In Figure 6-21 one may note a 

series of radial mean velocity distribution profiles along the jet axis that 

are representative of flows in the presence of shock and expansion waves 

formed in the flow under the given aerodynamic conditions. Corresponding 

radial traverses with Hodel 2 are presented in Figure 6-22. The top-hat shape 

profiles which are typical for subsonic jets, indicating an isentropic 

expansion of the flow, is indicated in this figure. 

The radial distributions of the mean velocity downstream of the plug 

for the suppressor nozzles are presented in Figures 6-23 and 6-24. Figure 

6-23 illustrates the radial variations of the mean velocity for the convergent 

multi-element suppressor plug nozzle (Hodel 5) both at static and simulated 

flight conditions. Selected aerodynamic conditions correspond to the C-D 

design conditions of its C-D counterpart (Hodel 6). Two hump profile observed 

in this figure is due to the presence of the center plug. The free-jet flow 

is observed to stretch the profile in the axial direction. Similar results 

obtained with the C-D multi-element suppressor plug nozzle (Hodel 6) are 

presented in Figure 6-24. A comparison of the results between Figures 6-23 

and 6-24 indicates that due to the turbulence-shock interaction some amount of 

energy was extracted from the mean flow near the plug surface and, 

consequently, the mean velocity of Hodel 5 is appreciably lower than that of 

Hodel 6. 

6.1.2 HEAN AND TURBULENT FLOW PROPERTIES IN TURBULENT SHEAR LAYER 

By comparing the axial mean velocity and turbulent velocity 

distributions on the lip-line of C-D nozzles with those encountered with 

convergent nozzles, certain important features concerning the downstream 

development of supersonic turbulent mixing layer can be displayed. First, a 

comparison is made between the C-D circular nozzle and its convergent 

counterpart at the C-D design point, the results of which are presented in 
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Figure 6-25 as a composite of the curves for the axial mean velocity and 

turbulence intensity distributions measured on the lip-line* at static 

conditions.** We note, in Figure 6-25, that at least four (4) shocks 

are observed for the convergent nozzle while a nearly shock-free pattern is 

seen for the C-D nozzle. It appears that at the end of each compression cycle 

the flow velocity converges to that obtained in the shock-free flow. 

Furthermore, the peak turbulence levels for shock-containing flow appears to 

locate near the end of a compression cycle and the minimum levels occur near 

the end of an expansion cycle.t These observations have been reported by 

Seiner and Norum in some detail in Reference 5-19. The turbulence level for a 

shock-free case is likely to be an average of the turbulence level of the 

shock-containing flow. A rather low turbulence level observed over the first 

one jet diameter of the convergent nozzle may be attributed to the fact that 

the supersonic mixing layer is extremely thin in this flow region and located 

off the lip-line. 

Figure 6-26 presents the corresponding simulated flight cases for ~he 

convergent and C-D circular nozzles. Similar observations to those mentioned 

above can be made based on the results shown in this figure concerning general 

features of shock formation and shock-turbulence interactions. Some remarks, 

however, should be made in regard to observed differences between Figure 6-25 

and Figure 6-26. A significant low level of the axial mean velocity 

distributions observed over the first five jet diameters downstream of the C-D 

nozzle exit was identified to be due to a slight offset of the LV traverse 

location away from the lip-line. 

*As mentioned earlier, the equivalent lip-line traverse is defined as an axial 
traverse offset from the nozzle axis by one-half of equivalent diameter. 

**The data presented on all of these figures are measured minihistogram LV 
data which get plotted as dots on the x-y plotter. When two sets of LV data 
are shown on one figure, then the data of one set (as o~tained in dot form) 
is super-imposed by the second set (indicated by line obtained by a smooth 
curve drawn through the dots). The turbulence data were obtained from 
histograms. 

+These maximum turbulence levels are primar1iy associated with mid to high 
frequency turbulence components, as pointed out in Reference 5-21. 
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It was noted earlier from Figure 6-1 that under the aerodynamic 

conditions of Test Point 113, eight (8) shocks were formed on the jet axis. 

However, referring to Figure 6-25, only the first four (4) or five (5) of 

these shocks are noted along lip-line. This, therefore, raises a question 

regarding the number of shocks that should be taken into account in a 

shock-cell noise prediction mode1.* 

Figure 6-27 and Figure 6-28 represent similar mean velocity 

distributions in the lip-line parallel to the slant plug surface for the 

convergent and C-D annular plug nozzles. Due to lack of enough number of 

turbulence histograms to define the distribution of turbulence level, no 

turbulence data are given in these figures. The distance along the plug 

surface is normalized by the hydraulic diameter which is defined as four times 

the annulus area divided by the outer perimeter. The features of the 

oscillatory mean velocity distributions of shock-containing plumes for the 

circular nozzle, i.e., at the end of each compression cycle the mean velocity 

in the lip-line converges to that obtained in the shock-free plume, is also 

confirmed in the results shown in Figure 6-28, though in the static case 

(Figure 6-27) this is not very clear. 

The supersonic turbulent mixing layer of the convergent and C-D 

multielement suppressor nozzle jets were also examined. Some representative 

results are illustrated in Figures 6-29 through 6-32. In contrast to the 

higher temperature jet plumes so far discussed, lower temperature test points 

were selected for the present study with the suppressor nozzles. 

The lip-line mean velocity and turbulence level distributions parallel 

to the plug surface under static conditions are depicted in Figure 6-29, where 

the distance along the plug surface is normalized by the nozzle annulus 

height. In the case of the convergent suppressor nozzle, at least five (5) 

shocks are clearly observed. The turbulence levels of this convergent 

suppressor nozzle appear to be affected by the presence of shocks over the 

first four annulus heights from the core exit. 

*Harper-Bourne and Fisher (Reference 5-3) model assumes the total number of 
shock-cells to be eight (8) for a conical nozzle. 
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The dist~ibutions of the mean velocity pa~allel to the plug su~face for 

the C-D suppressor nozzle shows a rather complex pattern at the given test 

point. As is observed in the attached shadowgraph photo (see Figure 6-29>, 

the plume appears to be squeezed at approximately two annulus heights 

downstream of the exit plane, so that the lip-line mean velocity traverse 

(which is parallel to the plug surface) may possibly be outside of the 

supersonic shea~ layer in this flow region. 

Although the shock-cell patterns observed for Test Point 1613 (or Test 

Point 1614) a~e not so evident as those for Test Point 1513 (or Test Point 

1514), the plume is not likely to be perfectly expanded in the former case. 

This could also be seen from the rather oscillatory turbulence intensity 

distributions in the lip-line (Figure 6-29 and Figure 6-30). Hence, it may 

not be appropriate to conside~ Test Point 1613 (or 1614) as a shock-free case. 

Figure 6-30 ~epresents the simulated flight counterpart of 

Figure 6-29. Compa~ison of Figure 6-30 with Figure 6-29 indicates that with 

simulated flight more shocks in the lip-line flow ~egion are noted, as 

compared with the static case. 

Lip-line flow field downstream of the plug for the suppressor nozzles 

is analyzed in Figure 6-31 (static) and Figure 6-32 (flight). A p~actically 

shock-free flow pattern is observed for the convergent suppressor nozzle 

(Model 5), while formation of weak shock-cells is noted for the C-D suppressor 

nozzle (Model 6). However, in the latter case, the observed shocks do not 

appea~ to be strong enough to modify the incoming turbulent eddies. It should 

be noted that Model 6 shows higher mean and turbulent velocity levels than 

ModelS, and this should be certainly correlated to the ~adiation field 

intensity, particularly in the directions near the downstream jet axis. It is 

interesting to note, comparing Figure 6-31 with Figure 6-32, that the 

simulated flight case has a slightly higher mean velocity level over the 

static case; nevertheless, a lower turbulence level is observed over the 

entire flow region downstream of the plug for the flight case. This is, of 

course, due to the reduced mean shear caused by the addition of free-jet flow. 

Until now, discussions have been limited to the test points at C-D 

nozzle design operating conditions. In what follows test results of a limited 

number of test points at off-design conditions are discussed. Figures 6-33 
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and 6-34 represent the axial mean velocity and turbulent velocity 

distributions for the baseline convergent circular nozzle (Modell) at static 

and simulated flight conditions, respectively. Since Modell is a nozzle with 

the convergent flowpath termination, general flow field characteristics 

observed in the results presented in Figures 6-33 and 6-34 should be basically 

similar to those observed in Figures 6-25 and 6-26. Due to a higher pressure 

ratio, of course, the results presented in Figures 6-33 and 6-34 should show 

stronger shocks; and, therefore, more shocks should be detected both at static 

and simulated flight conditions. Corresponding test results with Model 2, 

circular C-D nozzle are presented in Figures 6-35 and 6-36. It should be 
I 

noted, by comparing Figures 6-35 and 6-36 with Figures 6-33 and 6-34, that 

although the plume was underexpanded at the given test points, the circular 

C-D nozzle (Model 2) had much weaker shocks as compared with the baseline 

convergent circular nozzle (Modell). For this reason, the observed forward 

quadrant noise level of the C-D circular nozzle at these test points is 

identified to be lower than the corresponding noise level for the baseline 

convergent circular nozzle, as is observed in Figures 5-1 and 5-3. 

Major results of the present flow-field survey by the laser velocimeter 

which have been discussed above ar~ summarized below: 

centerline Mean Velocity Distribution 

For the baseline convergent circular nozzle (Model I), eight shocks 

were observed on the jet axis, under the test conditions that match the design 

condition of C-D nozzle (Model 2). At the C-D design condition, the C-D 

circular nozzle was identified to be shock-free. At the C-D design 

conditions, the C-D annular plug nozzle was found to form shocks downstre~ of 

the plug, though near the jet exit (and on the plug) it was identified to be 

practically shock-free. 

The downstream flow regions of the convergent and C-D multi-element 

suppressor nozzle were identified to be practically shock-free. The level of 

the centerline mean velocity downstream of the plug was found to be 

significantly sensitive to the flowpath geometry of the suppressor chute. 
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Figure 6-35. Axial Mean Velocity and Turbulence Intensity Distributions Along 
Lip-Line for Shock Containing Flow; C-D Circular Nozzle (Model 2) 
- Static Test. 
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Figure 6-36. Axial Mean Velocity and Turbulence Intensity Distributions Along 
Lip-Line for Shock Containing Flow; C-D Circular Nozzle (Model 2) 
- Simulated Flight Test. 
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Free-jet flow tends to stretch shock-cell spacing axialwise. 

Radial variations of Mean Velocity Distributions 

At the C--D design condition, the radial mean velo:ity distribution 

profile for the C-D circular nozzle was found to be almost identical to that 

of a typical subsonic jet. 

Lip-Line Mean and Turbulent Velocity Distributions 

On the lip-line, at the end of each compression cycle, the local axial 

mean velocity in the shock-containing flow converges to that obtained in the 

shock- free flow. 

For the circular nozzles it was observed that turbulence levels of the 

shock-free flow give average values of the turbulence level of the 

shock-containing flow. It was also noted for the convergent circular nozzle 

that peak turbulence level on the lip-line occurs near the end of the 

compression cycle, whereas a minimum level is observed near the end of the 

expansion cycle. 

Judging from the fluctuating turbulence intensity distribution profile 

obtained from the lip-line traverse of the convergent circular nozzle, four to 

five shocks appear to interact with turbulent eddies. 

6.2 SHAOOWGRAPH PHOTO TEST RESULTS 

Diagnostic flow visualization shadowgraph photos were taken for six 

model nozzles. In this subsection, some representative shadowgraph photos* 

are presented with the aim to illustrate the effectiveness of the 

convergent-divergent termination in the flowpath of the c-o nozzles. 

Consequently, selected photos are limited to those corresponding to the plumes 

whose pressure ratio is equal to the C-D design pressure ratio (or for 

convergent nozzles, matched to the c-o design pressure ratio of their C-D 

counterparts). 

*For exact locations of the presented shadowgraphs, refer to the test matrix of 
shadowgraph photo testing given in Appendix III. 
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Figures 6-37 and 6-38 represent shadowgraph photos taken near the jet 

exit of the baseline convergent circular nozzle (Hodel 1) with and without 

free-jet flow. Apparently a system of compression and expansion waves 

emanating from the nozzle lip is noted in the flow which is produced to 

accommodate rapid variation in the mean pressure occurring at the nozzle 

exit. The shadowgraphs under simulated flight conditions appear to have more 

clarity, in general. 

corresponding shadowgraph photos of the C-D circular nozzle are 

presented in Figures 6-39 and 6-40 where the aerodynamic conditions of the 

plumes correspond to the C-D design condition of the nozzle. It should be 

noted that strong shocks observed for the baseline convergent circular nozzle 

are eliminated. 

Shadowgraph photos taken with the convergent and C-D annular plug 

nozzles with and without free-jet flow are presented in Figures 6-41 through 

6-44. The aerodynamic flow conditions of the plumes correspond to the C-D 

design condition of the C-D annular plug nozzle. In these figures, we observe 

the shock-cell structure on the plug surface and an expansion fan near the 

plug tip which indicates possible shock noise emission from the downstream of 

the plug. In the case of the C-D annular plug nozzle (Figures 6-43 and 6-44), 

the shocks observed on the plug appear to be significantly weaker than those 

for the convergent annular plug nozzle (also demonstrated by the LV data of 

Figures 6-27 and 6-28). This is attributed to the C-D termination in the 

flowpath of the C-D annular plug nozzle. However, as indicated by expansion 

waves observed near the plug tip, the C-D termination in the nozzle flowpath 

is not enough for the plug nozzles completely to suppress shocks. 

Figures 6-45 and 6-46 illustrate the static and simulated flight axial mean 

velocity distributions on the jet axis downstream of the plug obtained by LV 

measurements for the C-D annular plug nozzle where the aerodynamic flow 

conditions are almost identical to those shown in Figures 6-43 and 6-44. 

Although not significantly strong, five to six shocks are observed in these 

figures. Also, the centerline mean velocity maintains its supersonic speed as 

far as ten equivalent jet diameters.* 

*Sonic velocity corresponds to V/Vj ~ 0.7. 
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A rather complex shock-cell structure is observed for the multi-element 

suppressor plug nozzles presented in Figures 6-47 through 6-50. Shocks 

produced by more than one chute are shown possibly in a shadowgraph photo. It 

should be noted that rather strong shocks are observed on the plug surface of 

the convergent suppressor nozzle, but practically no shock is formed 

downstream of the plug, indicating that the axial mean velocity has already 

decayed to a subsonic velocity before flow reaches the plug end, in contrast 

to the case of the c-o suppressor nozzle (Figures 6-49 and 6-50) where 

an expansion fan at the plug tip is noted, which is indicative of the flow 

being still supersonic there. The weak shocks observed on the plug surface of 

the c-o suppressor nozzle may be attributed to the convergent termination of 

the chute flowpath projected on the radial cross section. 

To conclude the discussions of this section, it may be said that a high 

degree of consistency was identified concerning aerodynamic characteristics of 

shock-containing flow between laser velocimeter and shadowgraph test results. 
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7.0 PREDICTIVE HODELING* 

Shock associated noise is a dominant contributor to the acoustic far 

field of high velocity jets operating at supercritical pressure ratios. The 

physical process by which shock noise is generated is as follows. In a 

convergent nozzle operating at supercritical pressure ratio, a pattern of 

regularly spaced shock formation exists. These shocks divide the plume into 

cells such that the spacing and strength of the shocks diminish in the 

downstream direction due to the mixing of the jet plume with the ambient air. 

The mixing process also produces turbulence in the form of statistically 

regular eddies which convect downstream with the flow. As these eddies pass 

through (or by) the shock fronts, they disturb the shocks, causing them to 

emit acoustic waves. The acoustic waves from the various shock-cells can 

constructively or destructively interfere, depending on the shock spacing, the 

eddy convection velocity and the lifetime of a given eddy. 

As mentioned above, the primary physical mechanism for the production 

of broadband noise by the presence of shock-cells in the jet plume is the 

emission of acoustic waves by the shock fronts as they are disturbed by the 

passage of turbulent eddies. The eddies, produced in the mixing layers of the 

plume, are themselves unsteady fluctuating "blobs" of vorticity, so that the 

emitted acoustic waves from the shocks have characteristics which are related 

to the properties of the turbulent disturbances (e.g., their characteristic 

frequency and amplitude) as well as the shock structure. The purpose of this 

section is to establish one plausible relationship, based on a systematic but 

highly idealized model, among the acoustic field, shock structure and 

turbulence. 

Al~ost thirty years ago, Lighthill (Reference 7-1) studied the 

properties of the scattered acoustic energy, resulting from the passage of a 

sound wave through a volume of turbulence, using his acoustic analogy. 

Lighthill also extended his results for a periodic wave train to an incident 

acoustic pulse propagating at the (constant) speed of sound and found that the 

*This section was authored by T. F. Balsa of the General Electric Corporate 
Research and Develop~ent Center, Schenectady, New York. 
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energy scattered is infinite because of the "perfect resonance of the 

successive rays (i.e., wave fronts) emitted forward." But by permitting this 

pulse to be a weak, non-linear shock, he arrived at the total energy 

scattered and speculated that "the energy freely scattered when turbulence is 

convected through a stationary shock wave pattern in a supersonic jet may form 

an important part of the sound field of the jet." This last remark is 

certainly true. 

Ribner, in a series of papers culminating in Reference 7-2, provides 

the flux of acoustic energy emanating from the downstream side of a stationary 

shock of finite strength as a body of isotropic turbulence passes through this 

shock. The ratio of the acoustic to the turbulent energy fluxes varies almost 

linearly with the shock density ratio reaching a maximum value of 0.062 when 

the incoming shock Mach number is infinity. Ribner's work was motivated by 

his desire to predict the intensity of sound waves generated by supersonic 

jets. 

The works of Lighthill and Ribner are classic in the way that their 

results can be derived from the fundamentals of fluid mechanics and certain 

other generally accepted ideas. On the other hand, the somewhat more recent 

work of Harper-Bourne and Fisher (Reference 5-2) is highly heuristic in a 

sense that it postulates a simple but effective model of shock associated 

noise that needs, as input, certain experimentally measured quantities. There 

is little doubt, however, that the Harper-Bourne Fisher model is the most 

directly applicable to shock noise generated by supersonic jets and, given the 

empiricism that the model needs, it indeed predicts the noise of these jets in 

the far field. 

The recent paper of Howe and Ffowcs-Williams (Reference 2-6) is clearly 

a compromise between these classic and intuitive studies; these authors 

approach the problem of shock associated noise from a fundamental perspective 

yet maintain enough realism so that their overall conclusions seem to be borne 

out qualitatively by experimental data. Howe and Ffowcs-Williams consider an 

ideal supersonic jet consisting of a perfect stream of air (i.e., slug flow) 

crisscrossed by a family of infinitesimally weak oblique shock and expansion 

waves. Turbulence, represented by a ring vorlex of cerlain slalislical 

desciplion, is allowed to drift downsl~eam and to pass through this wave 



system; because of this, noise is radiated, and the shock waves in the jet 

decay due to turbulent diffusion. The ring vorlex is a mathematical 

idealization of the coherent/large· scale structures, or axisymmetric puffs, 

that are so prevalent in supersonic jets. 

According to Harper-Bourne and Fisher, a given turbulent eddy interacts 

with many (say eight to ten) shock-cells and the relatively coherent 

scattering of sound from these cells results in a sound spectrum characterized 

by a sequence of sharp peaks which are clearly related to the shock spacing 

and the convection speed of the eddy. Thus, this component of shock 

associated noise is almost diagonally opposite to that considered by Lighthill 

and Ribner; very loosely, they assume that the identity or lifetime of an eddy 

is so short that these eddies interact only with one shock at a time and 

mUltiple interactions with a family of shocks are additive in the mean square 

sense. Therefore, a more reasonable assumption, adopted by Howe and 

F'fowcs-Williams, is that the eddy is "frozen" and noise is radiated because 

energy is extracted from the shock slt'uclure by this frozen eddy. 

Clearly the two essential ingredients of shock noise are an extensive 

shock structure and the interaction between (frozen) turbulence and these 

shocks. In order to have a shock system, a jet is needed; in this section, 

the jet is an ideal stream of air (i.e., slug flow), and the steady shock 

structure is calculated from linearized supersonic flow. These assumptions 

are the same as those of Howe and Ffowcs-Williams. However, in order to have 

an interaction between turbulence and the shocks, a jet is ~ot needed and 

indeed, for the description of this interaction, we ignore the effects of jet 

flow in this section. This is in contrast to the work of Howe and 

FfowcsWilliams. Very roughly speaking, the present work may be thought of as 

an extension of Lighthill's work to a periodic system of shocks, but there are 

two very important differences that need to be emphasized: first, we consider 

a genuine interaction (i.e., a feedback) between the steady flow and the 

acoustic field (there was no such feedback in Lighthill's work); and second, 

our formalism differs quite considerably from Lighthill's (we use the acoustic 

analogy of Howe (Reference 7-3). 

There is a considerable body of experimental data which suggests that 

the shrouding effect of the jet flow is unimportant for shock associated noise 

(except, of course, for the determination of the shock structure per se). It 
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is well known that shock noise is the most dominant in the forward quadrant; 

in terms of the emission angle e, this is defined by ~!2 < e < •. 
Clearly, convective amplification effects are not very important in this 

region, therefore, to the extent that these effects are modified by the jet 

flow are also unimportant. Furthermore, shock noise is relatively insensitive 

to jet temperature (i.e., the noise depends on the pressure ratio of the jet 

alone) so that again the complicated temperature dependence of the noise 

created by the shrouding of the turbulence by the hot jet column is not needed 

(see Harper-Bourne and Fisher (Reference 5-2) and Tanna (Reference 5-6). 

Thus, our model of shock associated noise seems quite plausible; indeed this 

model predicts many of the observed characteristics of shock associated noise 

in a simple and transparent fashion. The derivation of the theory is also 

quite direct and does not involve energy conversion arguments between the 

steady and unsteady flows. 

7.1 PRELIMINARY REMARKS AND PERTURBATION EQUATIONS 

The physical problem under consideration is shown in Figure 7-1.* We 

assume that an imperfectly expanded supersonic annular jet of velocity U
1

, 

and thickness a, exhausts into and mixes with the ambient. The characteristic 

mean speed of sound in the jet is taken to be c
1 

so that the requirement of 

supersonic flow implies M1 = U
1

!C
1 

> 1, a condition which is assumed 

to hold in the immediate vicinity of the jet exit. Because of locally 

supersonic flow in the jet, a well-known shock pattern is established within 

the jet. Of course, the strength of the shocks in the pattern decreases with 

distance downstream because of turbulent mixing. As a result of this mixing 

of the jet with the ambient, intense turbulence is created in the jet shear 

layer. This turbulence convects through the more or less spatially periodic 

shock structure thereby radiating noise. This is called shock associated 

noise and the purpose of this section is to describe its characteristics under 

highly idealized conditions. 

*The symbols used in this section are defined in the text where they first 
appear and are not consistent with those of the rest of this report, which 
are listed in Section 9.0. 
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where y = const is the ratio of specific heats, the perturbation velocity 

components relative to the moving system are denoted by y = (u, V, w) and the 

dots in (2a) stand for terms quadratic in the perturbations. In obtaining 

(2), it is assumed that the perturbed flow takes place at constant entropy 

(i.e., the perturbation entropy vanishes) and the fluid obeys the ideal gas 

law with constant specific heats. In regions of irrotational flow, the 

perturbation velocity components (u, V, w) are related to the enthalpy B via 

a (u, v, w) 
at -VB (2c) 

where V denotes the usual spatial gradient operator and the perturbation 

pressure p is expressible as 

l£E. 
p at 

aB + (U _ U ) aB 
at c ax 

(2d) 

where the derivatives in (2c, 2d) are evaluated in the moving coordinate 

system. Equation (2c) comes from the Grocco form of the momentum equation 

whereas (2d) is obtained from the linearized Bernoulli equation. Note that 

the fluid velocity y relative to the translating coordinate system has 

components V = (U - U + u, V, w) and B is the perturbation stagnation - c 
enthalpy (but we leave the tilde off). 

The wave equation describing the generation and propagation of sound 

through a turbulent jet is given by (Reference 7-3) as 

[ D (-1 ~) + -1 DV • V _ 61 B* 
Dt 2 Dt 2 Dt 

V • (I x Y 
c c 

-1 DV • (I x y) 
2 Dt 

c 
(3 a) 

where I = V x Y is the vorticity, c is the acoustic speed, 6 denotes the 

Laplacian operator and the convective derivative is defined as 

D/Dt = alat + y • V. The vector y is the velocity of the fluid relative 

to the moving coordinate system. The governing equation (3a) is valid when 

the entropy fluctuations in the jet, as sources of sound, are negligible. 
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The work of Howe and Ffowcs-Williams (Reference 2-6), which deals with 

this problem in a general and systematic way, suggests that the acoustic 

analogy of Howe (Reference 7-3) is a useful starting point. This implies that 

the physics of the sound generation and propagation process may be described 

by a suitable wave equation whose dependent variable is the stagnation 

enthalpy B*. 

Consider a laboratory coordinate system (xl' Yl' zl; t
l

) where 

xl is along the jet axis the tl denotes time and a translating coordinate 

system (x, y, z; t) related by the Galilean transformation 

x + U t c 

y 

z 

t = t 
1 

where U = const > 0 is the uniform speed of the moving coordinate system 
c 

relative to the laboratory system. 

later in this section. 

U will be assigned a physical meaning 
c 

(la) 

(lb) 

(lc) 

(ld) 

Suppose small perturbations are superimposed on an otherwise uniform 

flow with constant (i.e., independent of space and time) pressure p and 

density p. Let the unperturbed flow have velocity components (U, 0, 0) 

relative to the laboratory coordinate system and assume that the tilde (-) 

above a quantity denotes an arbitrary perturbation associated with that 

quantity. Then from the usual definition of the stagnation enthalpy B* 

"relative" to the moving coordinate system, we find 

B* ....-:L- E. 2 
1 

+ (U - U) 12 + B + .... r - p c 
(2a) 

B f. + (U - U ) u 
p c (2b) 
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In order to obtain relatively simple closed form solutions to (3a). we 

must invoke two bold simplifications that are quite useful and frequent in the 

study of jet noise. First. the convective derivatives D/Dt of the fluid 

velocity y and speed of sound c are replaced by zero; the implications are 

that in jet flows. on the average. the convective derivative means 

differentiation along the axis and. again in some average sense. the velocity 

y and acoustic speed c change slowly in this direction (especially when 

compared to changes in the transverse plane); therefore. these changes are 

negligible. Thus. (3a) is replaced by 

v . (I x y) (3b) 

where now the left-hand side of (3b) is recognized as a convected wave 

operator and the right-hand side is the source of sound; sound is generated by 

vorticity--a result first enunciated explicitly by Powell (Reference 7-4). 

It is worthwhile to look at our first simplification from another 

perspective. For purely vortical flows. which a free-jet is. the acceleration 

of the fluid DY/Dt vanishes in the linear theory; in other words. these 

vortical disturbances in the linear theory carry no pressure fluctuations. It 

is known that in a free-jet the pressure fluctuations are quadratically smallj 

and since these are balanced by the acceleration of the fluid. the latter must 

also be small. Furthermore. if the jet is nominally cold 
2 

c = c~ = const (c~ speed of sound in ambient). c can be pulled out 

of the differentiation in the first term on the left-hand side of (3a). Thus. 
2 2 

it can be argued that (3b). with c replaced by c~. describes the 

sound generation and propagation process in a cold jet reasonably well. 

Clearly neither of these phenomena is affected drastically by allowing the 

acoustic speed to vary. in which case we recover (3b). Of course. it must be 

recognized that by replacing (3a) with (3b) the effects of turbulent diffusion 

and the scattering of sound by the turbulence are largely ignored. 
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At this point, the acoustic speed c and fluid velocity y in (3b) a~e 

still dependent on the space coo~dinates; all we have assumed so far is that, 

in a suitable ave~age, the va~iation of these quantities along the axis of the 

jet is small. In o~de~ to go fu~the~ in a way that is f~ee f~om unnecessa~y 

algeb~aic complications, we invoke the second of ou~ assumptions. We divide 

physical space into two ~egions--the jet and the ambient--and linea~ize (3b) 

in each of these ~egions about a uniform unperturbed state. This assumption 

will be discussed fu~the~ in a following pa~ag~aph. Fo~ example, in the jet 

(whose extent in physical space will be defined momenta~ily) we assume that 

the unpe~tu~bed velocity components ~elative to the labo~ato~y coo~dinate 

system a~e given by (Ul , 0, 0) and the unpe~tu~bed p~essu~e, density and 

speed of sound a~e denoted by Pl' P
l 

and c
l

' respectively, all these 

quantities being constants in space and time. The ambient is assumed to be at 

rest with ~espect to labo~ato~y space and the p~essu~e, density and speed of 

sound a~e given by Pm' Pm and cm' Note that we also assume that 

the static p~essu~e va~iation ac~oss the jet is negligible so that 

Pl = Pm' Since the jet is gene~ally hot, c
l 

and cm a~e usually 

unequal. 

After linearizing the left-hand side of (3b) about the unpe~tu~bed 

state described above, we obtain, in the jet, 

where ~ 

we have 

v . (I x y) (4a) 

v x Y is the perturbation vorticity. Similarily, in the ambient 

[~ ~ 
2 at 

c m 

U
c 
~ 2] _~] B 
ax o (4b) 

since there the vorticity perturbations vanish. Note that (4a, 4b) are 

written relative to the translating coordinate system. Governing equations 

(4a, 4b) have constant coefficients; therefore, they are amenable to simple 

analytical techniques. 
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The source term on the right-hand side of (4a) can be further separated 

into 

v • (I x Y) v • [I x (Y - Y)] + V • (I x Y) 

and since the problem is linear, we can deal with each of these sources 

independently and then superimpose the pertinent solutions. Now 

(Y - y) = (U - Uc ' 0, 0) so that the source term V • [[ x (Y - Y)] is 

linear in the perturbation vorticity r. In the present paper, we wish to study 

only the effects of the quadratic source term V • (r x y)--remember this 

can be done because of 1inearity--for reasons discussed momentarily. 

The division of the physical space into the two regions (i.e., the jet 

and the ambient) is done in an obvious and conventional way: the jet is 

assumed to occupy a doubly infinite thin annular region of thickness a, 

bounded on the interior by a solid cylindrical surface corresponding to the 

nozzle plug (see Figure 7-1), and surrounded externally by the ambient. 

Clearly within this context, the left-hand sides of (4a, 4b) correspond to the 

well-known and frequently used assumptions of slug flow (Mani, Reference 7-5) 

or the vortex sheet analogy of Ffowcs-Wi11iams (Reference 7-6); see also 

Dowling, Ffowcs-Wi11iams and Goldstein, Reference 7-7). 

Since the annular jet surrounding the plug is assumed to be thin, we 

"unwrap" the jet and solve the planar rather than the cylindrical problem; this 

is done to facilitate any calculation in the sense that easily calculable 

trigonometric functions take the place of Bessel functions. The governing 

equations for the stagnation enthalpy in the jet (- w < xl < w, 0 5 
zl < a) and ambient (- W < X < w, z > a) respectively are 

1 1 

L1 (B) v. (i x y) (Sa) 

Lw (B) 0 (5b) 
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where the operators L1 and Lm are defined in (4a, 4b). Note that 

because of the "unwrapping" of the thin jet, in the rest of this section the 

plug surface is taken to be at zl = 0, on which the condition 

aB/az
1 

= 0 is satisfied [see Equation (2c) and Figure 7-21. 

The perturbation vorticity is expressed as 

l = c(x) & (zl - h) i 

where i is the unit vector in the Y1 direction, & (zl - h) is the delta 

function with support at zl = h ~ a and C(X) is a random function 

(6) 

describing the strength and spatial coherence of the vorticity. Since the 

entire flow field is assumed to be two dimensional (i.e., independent of the 

azimuthal angle and, because of "unwrapping," independent of the lateral 

coordinate Yl)' equation (6) corresponds to a "ring" of concentrated 

vorticity (located at zl h) traveling downstream with velocity U 
c 

relative to the laboratory coordinate system. In some idealized sense, (6) 

represents the effects of axisymmetric coherent structures in the jet and (Sa, 

5b) describe the noise generated by these structures. Note that the physical 

dimensions for C is velocity, and it is assumed that (C lUI) « 1 

where U1 is the jet velocity. Furthermore, the vorticity is frozen in the 

translating reference frame so that in the laboratory reference frame C = 

Clearly U is the convective velocity of the c 
turbulent structures in the jet and our translating coordinate system is 

attached to these eddies. Generally U
c 

~ 0.6 U1 (Davis, Fisher and 

Barratt, Reference 7-8). 

The task before us is to solve (Sa, 5b), with the given vorticity (6), 

subject to certain boundary and matching conditions across th~ vortex sheet. 

Since (Sa) has a source or inhomogeneous term which is random, it is 

convenient to solve our governing equations by decomposing all perturbations 

into mean (i.e., into an average) and random parts. For example, let the 

(perturbation) stagnation enthalpy B be written as a sum 13 = B + B' where the 

overbar represents ensemble average and the prime denotes the random component 

such that B' = O. Then by averaging (Sa), we obtain 
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v . (I' x Y') (7a) 

since the mean part of the vorticity I is assumed to vanish. This is 

because in the vortex sheet analogy of Ffowcs-Williams (Reference 7-6), the 

mean vorticity in the jet shear layer is lumped into an infinitely thin vortex 

sheet that separates the jet from the ambient. After subtracting (7a) from 

(Sa), we obtain the equation for the random part of the enthalpy field 

v . [i' x Y + I' x Y' - I' x y'] (7b) 

Since the turbulent velocity fluctuations (' IU1) are generally small, the 

last two terms in the right-hand side of (7b) may be ignored because they are 

quadratically small in (' IU
1

) whereas the first term is linear. This 

approximation ignores the scattering of sound by jet turbulence. 

Note that (7a, 7b) describe the mean and random components of the flow 

field in the jet. External to the jet, the relevant equations are 

L ... (B) o (7c) 

and across the vortex sheet interface suitable matching conditions are 

enforced. The relationships between the mean and random parts of the velocity 

components, pressure and enthalpy are readily obtained from (2c, 2d) by 

ensemble averaging. For example from (2c), we find 

a Y 
at VB 

a V' 

at -VB' (8a,8b) 
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Clearly governing equations (7a, 7b) are coupled since the random 

velocity Y' in (7a) comes from the solution of (7b) for B'; this latter 
;:v 

equation cannot, however, be solved until the mean velocity y is known from 

(7a). Very roughly speaking, the right-hand side of (7a) accounts for the 

effects of turbulent diffusion that lead to the decay of the shock structure 

in the jet. On the other hand, the right-hand side of (7b) represents the 

source of noise: specifically, noise is generated as turbulence interacts with 

the mean velocity field in the jet. In the study of shock associated noise, 

the relevant mean velocity is that due to the shock structure. 

In the following sections, we outline the matching conditions across 

the shear layer and solve the governing equations. 

7.2 SOLUTION FOR THE MEAN VELOCITY FIELD 

In this section, the task before us is to solve for the mean enthalpy 

field B which obeys, in the jet 

v • (l' x Y') 

where the operator L1 is defined in (4a). Since the right-hand side of (9) 

(9) 

is unknown at this point (because the random velocity field Y' is unknown), we 

write down the general formal solution. This is done by defining Fourier 

transform pairs in the translating coordinate x and time t as follows: 

f (w, k) 1 f e- ikx e+iwt dx dt (lOa) 
-co -co 

f (x, t) 7 1 /\f e+ikx e-iwt dk dw (lOb)* 
_CD _CD 

*i (_1)1/2 
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where f = f (x, t) is an arbitrary function of time. Note that hat ~ 

implies that the argument of a variable is w (frequency) and k (axial wave 

number) • 

After applying Fourier transforms in the usual way to (9), we obtain 

( d2 + r2 ) ~ dz2 B -xl (w, k) 6 (z - h) -x2 (w, k) 6' (z - h) 

where r is the transverse wave number 

[w - k (U
l 

- U )]2 2 _______ ~ __ ~c~_ _ k2 r (w, k) = 
2 

c l 

and the functions Xl and X2 are defined 

-C<X) u' (x, t) o 

Note that u'o and ~'o are the axial and transverse random velocity 

(Ua) 

(Ub) 

(Uc) 

(Ud) 

rv rv rv 

components [i.e., Y' - (u', 0, w')] evaluated at the transverse location of 

the vorticity z = h ~ a. Again we remark that the overbar represents 

ensemble averaging, Ul and cl denote the velocity and acoustic speed of 

the jet with Hl = Ul/cl > 1. The branch of r will be defined later. 

The relationship between the Fourier transforms of the perturbation 

pressure p and enthalphy B follows from (2d). 

A 
B = 

w -
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It is clear that in the ambient the mean value of the perturbation pressure 

vanishes. Since the pressure is continuous across the vortex sheet 

corresponding to the jet shear layer, we have 

P = 0 on zl = a, xl > 0 (13a) 

Within the nozzle (xl < 0), the mean value of the perturbation pressure is 

taken to be P = const for all values of the transverse coordinate zl S a. 

In other words, the mean flow field in our model is obtained by letting a high 

pressure (P > 0) supersonic jet expand in the ambient. P denotes the over 

(under) pressure in the jet depending on whether P is positive (negative). 

After transforming the above boundary condition ~ = PH (- xl )* into 

the moving coordinate system xl = x + uct and using Fourier transform 

(lOa) and (12), we find 

A 
B = S (w, k) 

6 (w + U k) 
c 

k 

A 
Clearly (13b) is to be satisfied on z = a; for 0 < z < a, B obeys (lla) 

A 
and on z = 0, aB/az = 0 because of the rigid plug surface [see (2c)]. 

(13b) 

The solution for the Fourier transform of the mean stagnation enthalpy 
6 
B can be written down immediately. 

A 
Across the location of the vorticity z = 

h, B and its first derivative satisfy certain well-known jump conditions which 

are readily derivable from (lla) by integrating across z = h. We find, after 

some straightforward algebra arising from our previous remarks, 

A 

A 
B A(3) cosrz z < h 

B = A(l) cosrz + A(2) sinrz 

where the coefficients A(j) (j 1, 2, 3) are 

z > h 

*H(X) denotes the Heaviside function; it is unity or zero depending on 
whether X is positive or negative. 
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___ s ___ + Xl sinra cosrh sinra sinrh 
cosra r cosra + X2 cosra 

A(2) Xl - r cosrh - X2 sinrh 

A(3) ___ S ___ + Xl sinr{a - h2 + X2 
cosr{a - h2 

cosra r cosra cosra 

Note that in (14) r, S, Xl and X
2 

are functions of the frequency w 

and wave number k. 

(14c) 

(14d) 

(14e) 

From~(14) ~d the Fourier transform of (2c), we can readily derive mean 

velocities u and w. These velocities, evaluated at the location of the source 
. ~ z = h, will be needed in the solution of the random field [see (7b»). S1nce B 

and its derivative (d/dz) are discontinuous acros~ z = hI we use the algebraic 
~ ~ + L.l D.. 

mean of Band dB/dz at z = h- in order to obtain Uo and w00 We find 

" Xl X2 Uo 
k (S cosn + .. - 1111 T + 1112 2) C&l cosra 

(lSa) 

A 
Xl -

c ir (s sinn + ·0 1122 X2, C&l costa 1121 n- + 
(lSb) 

where 

II rc cosn 11 - sin a - h) costa 
(lSc) 

(lSd) 
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sinfb 
P22 = cos rCa - h) costa 

Note that in (15), s, r, Xl and X2 are functions of wand k. 

(15e) 

(15f) 

This concludes the formal solution of the mean enthalpy and velocity 

fields. We shall return to them, however, in a later section once the 

coupling between the mean and random fields is explicitly established. This 

coupling is contained in the interaction functions xl and X2 [see 

(llc, lId)] which depend on the random field and are presently unknown. 

7.3 SOLUTION FOR THE RANDOM VELOCITY FIELD 

We now turn to the random enthalpy field B' which, in the jet and 

ambient, approximately obeys 

L (B') = V . (l' x y) 
1 

L~ (B') o 

"-
where operators Ll and L~ are defined by (4a, 4b). Note that l' is 

(16a) 

(16b) 

the random vorticity specified by (6) and y denotes the mean velocity field 

obtained in the previous section. 

The above equations can be solved by enforcing the usual (and 

wellknown) matching of the pressure and particle displacement across the 

vortex sheet interface. In fact, for the case of cylindrical geometry, this 

was done by Howe and Ffowcs-Williams (Reference 2-6). Their results are 

extremely complicated, however, and our objective is to obtain simpler results 

that use many of their ideas but at the same time lie closer to the classic 

and successful works of Harper-Bourne and Fisher (Reference 5-2), Ribner 

(Reference 7-2) and Lighthill (Reference 7-1). 
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It is known from experimental data (see Harper Bourne and Fisher 

(Reference 5-2) and Tanna (Reference 5-6) that shock associated noise is the 

most dominant in the forward quadrant; in terms of the observation angle e, 
measured relative to the jet axis, shock noise is important in the range 90° 

< e < 180°. Furthermore, at a given jet Mach number M1 = U1 /c 1 
> 1, shock noise is largely insensitive to the temperature of the jet. This 

suggests that the shrouding effects of the mean flow are not important for 

shock associated noise; of course, exactly the opposite is true for pure 

mixing noise (Mani, Reference 7-9). 

To state the above differently, it is known that the most important 

effect of the mean flow (i.e., jet velocity and temperature) on jet noise is 

the production of complicated convective amplification and temperature 

effects. For example, in the case of the mixing noise of hot jets, the 

socalled density exponent of the noise is an elaborate function of source 

frequency, observation angle, jet temperature, etc., (Mani, Reference 7-5) 

rather than the single value of 2 as predicted by Lighthill (Reference 7-9). 

Since neither of these two effects (i.e., convective and temperature) are 

particularly significant for shock noise, we may, to a good approximation, 

ignore the shrouding effects of the mean flow. Based on these remarks, the 

governing equation for the random field in the jet becomes, in place of (16a), 

v . (I' x y) (17) 

Clearly (17) holds throughout space because of (16b). 

For our purposes (17) is most conveniently solved again by Fourier 

transforms [see (10»); however, this time the frequency and axial wave number 

are denoted by Q and K, respectively, in order to avoid confusion later on. 
A 

Furthermore, the transform of a quantity f is denoted by f (rather than f). 

Thus (17) becomes 

2 
~ + y2 ) B' = - ~ (0. K) 6 (z - h) - ~ (0. K) 6' (z - h) 
dz 
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where y is a transverse wave number whose branch will be specified later: 

(0 + I U )2 
y2 :0 l (0, I) = --"""'2-c- - 12 (lab) 

c", 

and the functions /\1 and /\2 are defined by 
y 

---r \ (lac) 
~ (0, I) :0 II [ C (x) Wo (x, t)] 

y 

r --- '\ 
'l (0, I) = - [ C (x) no (x, t)] (lad) 

where the inverted flex von the right-hand sides of (18c, 18d) acts on the 

product enclosed by the square brackets. 

Equation (18a) is solved by enforcing the Sommerfeld radiation 

condition* and the vanishing of the first derivative at infinity and the plug 

surface respectively. Clearly the scattering of the random field by the jet 

nozzle is ignored. After satisfying the usual jump conditions across the 

source z = h, we find 

y 

B' = [C(2) - 1 e(l)] cosyz, z < b (19a) 

y 

B' = - 1 C(l) exp (lyz), z > b (19b) 

*Actually, we assign a small imaginary value to Q and invoke boundedness as 
z -+ m. 
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.. .. 
where 

iI -= - y"O (X, T) cosyhl (l9c) 

a:> a:> 

C(2) (D, I) 1 J e iDT dT J [- U
O 

(X, T) cosyh 
'" 47? -CD ..... 

iK -= r () -iKX dX - -:y"0 (X, T) sinyhl 'b X e 
(l9d) 

Note that y, /\1' /\2' c(l) and c(2) are functions of the 

new Fourier transform variables (G, K); we emphasize this again in order to 

avoid total confusion later on. Observe also that the axial component of the 

mean velocity is denoted by ~ (x, z, t) and ~o (x, t) stands for 

~ (x. h. t). If ~ is discontinuous across z = h. ~o :.quals the algebraic 

average of u across z = h. Similar remarks hold for Wo (x. t), ~o' (x, t) 

and wo' (x, t). 

After inverting (19a, 19b) to obtain the random enthalpy B' and using 

(2c), we find 
CD a:> 

ii ' (x, t) '" i I e -iDt dD I !. e iIx [C U ) e iyh 
0 -'2 

-CD D -a:> 

+ (c(l) + i C(2» cosyhl dK 

(20a) .. .. 
;; , (x, t) '" - ~ I e-

iOt 
dD J :t... e

iIx [c(l) e iyh 
0 --0 ..... 
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(20b) 

Furthermore, by invoking the equivalent of (12) for the relationship between 

pressure and enthalpy and inverting (19b), the random pressure field in the 

moving coordinate system becomes 

CD 

I 
_O_+--::-U_K_ (1) 

C C e irz eiKx dK 
_CD 0 

whenever z > h. Note that in (20) y, e(l) and e(2) are functions of 

(Q, K). 

(20c) 

We have now derived expressions (20a, 20b) for the random velocity 

field at the source. These depend in a complicated way on the corresponding 

mean velocities ~ and ~ through coefficients e(l) and e(2) [see 

(19c, 19d)]. However, by the use of (llc, 11d) and (20a, 20b) the interaction 

functions Xl and X2 may be expressed (at least formally) in terms of 

mean velocities Uo and ~O by evaluating explicitly the right-hand sides of 

(11c, 11d). This is done in the following section. 

7.4 INTERACTION BETWEEN MEAN AND RANDOM FIELDS 

In Section 3, we have expressed the mean velocity field (lSa, lSb) in 

terms of certain properties of the random field (i.e., xl and X2). In 

Section 4, the situation is reversed in the sense that the random field is 

expressed in terms of the mean velocity field [see (19c, 19d) and 20a, 20b)]. 

The purpose of this section is to establish the correct simultaneous 

relationships between the mean and random fields by first evaluating 

interaction functions Xl and X2 via (llc, lId) and (20a, 20b). This 

results in expressions for Xl and X2 in terms of the mean velocity 

fields. Next these expressions for Xl and X2 are substituted into 
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(lSa, 1Sb) from which we obtain unique values for the mean velocity field. 

This procedure is algebraically complex since sometimes we deal with the 

velocity fields directly, other times we deal with their Fourier transforms. 

'" A straightforward sUbstitution of the transverse component w'o of the 

random velocity from (20b) into (llc) for Xl results in a six fold 

integral over (n, K), (X, T) and (w, k). Incidentally, it now becomes 

apparent why we have chosen different symbols for the Fourier transforms of 

the mean and random fields. We must distinguish between the dummy variables 

of integration in order to avoid total chaos. The integrand for Xl will 

contain the two point correlation of turbulence, '(x) ,(X). Because the 

turbulence is assumed to be homogeneous 

CCx) CCX) R (X -x) (21) 

where R is the correlation function. By an obvious change of a variable of 

integration, one of the integrals reduces to a delta function. Because of 

this, a second integral can be immediately evaluated and using a third 

integral for the definition of the turbulence spectrum, the original six fold 

integration reduces to a three dimensional integral. By employing the 

definition of Fourier transforms and using the same procedure for X2 ' the 

final results are 

1\ 1\ 

Xl (w, l:) .. ii aU + ·0 al2 0 (22a) 

1\ 1\ 

X2 (fIJ, l:) 
.. 

+ ;;0 .. Uo a2l a22 
(22b) 

where 

aU = ~ I r e irh 
sinrh t (K - l:) dK 

-CD 
(22c) 
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CD 

CD 

2 
a22 .. 1.1 L e iyh cosyh t (I - 1:) dI 

III .. Y 

Note the following extremely important point: in (22c -

22f) Y = Y (~, K). Because of this, coefficients a (m 
mn 

1, 2) are functions of (~, k). 

1, 2; n 

The wave number spectrum of the turbulence is defined by 

CD 

and since R is an even function of its argument 

(22d) 

(22e) 

(22f) 

(23a) 

t (1:) "" ! I R (a) coska da (23b) 

t is obviously real and an even function of the wave number k. From 

"energy" considerations, we must also have t ~ O. 

Clearly (22a, 22b) provide an explicit representation of the 

interaction functions Xl and X2 as a linear combination of the Fourier 

transform of the mean velocities at the source. If we now take this 

representation to eliminate Xl ~nd X2 Arom (lSa, lSb), we obtain a 

system of linear equations for ~o and ~O' The inhomogeneous term in this 

system is clearly proportional to S; S is the Fourier transform of the 

boundary condition for the mean enthalpy field at the edge of the jet (13b). 
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Since the turbulent velocity fluctuations «(/U
1

) are small, the 

coefficients Q occurring in (22a, 22b) are quadratically small. Because mn 
of this, Xl and X2 are also quite small so that (lSa, lSb) may be 

solved by perturbing about the' = 0 state. Thus, in the complete absence 

of turbulence 

II 

- k s cosJ'b 
Uo = j;j costa (24) 

and the mean field is generated by the shock pattern set up by the under 

(over) expanded jet. In order to obtain the axial component of the mean 

velocity, the inverse transform of (24) must be found. This is a simple task 

since the w integral has a contribution only at the single point 

w = -U k because of the occurrence of the delta function in the definition c 
of S (13b). Therefore, from (lIb), r in (24) may be replaced by ~lk 

where ~1 = (M~ - 1)1/2. Note that the last remark defines the 

proper branch of r. Now the remaining k integral associated with the 

inverse Fouder transform of (24) has contributions only from the poles of the 

integrand, namely, from points where cosra = cos~l ak = O. (Obviously, 

the k integral is most conveniently evaluated in the complex k plane.) These 

points are on the real axis at ~I akn ~ (n + 1/2) v (n ~ 0, 41, 

±2 •... ). 

Clearly the above conclusions are not expected to be modified greatly 

in the presence of a "small" amount of turbulence in the jet (Le., (lUI 

« 1). It is well known that the randomness associated with turbulence 

leads to diffusion that results in the downstream weakening of the shock 

structure. Mathematically this will occur if the poles of the relevant 

integrand contain imaginary parts. 

Of course, the already outlined mathematical procedure contains the 

physics to which we have brieflx allud~d; we now set out to demonstrate this. 

The solution of (lSa, lSb) for~o and ~o is straightforward when Xl 

and X2 are given by (22a, 22b) and coefficients Q (m = 1, 2: n = 1, mn 
2) are small. In terms of the determinant D of the linear system of 

equations, we have 
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t. 
cosID (a ) 1 + 0 

Uo =-s mn 
101 D 

t. 

.. if S 
sinfh + 0 (a ) 

;:0 mn 
Ii) D 

where 

D - [1 + 0 (a )] cosr. + [_ a 1 cos
2

Th a i cosTh sinfb 
IIIn 11 c; r - 12"C;j r 

Note that in the approximation contained in (2Sa, 2Sb), we ignore additive 

effects of 0 (a ) due to turbulence; we simply look for the displacement 
~ ~ 

~f the poles, of the integrand of the inverse Fourier transfot"m of ~o and 

(2Sa) 

(2Sb) 

(2Sc) 

~O' away from the real axis. These poles are the zeroes of the detet"minant 

D on which we now concentrate. 

Our objective is to obtain the simplest possible expressions for these 

zeroes while retaining the effects of turbulent diffusion to lowest order. 

This can be done by observing that the most likely location for the turbulence 

is at the edge of the shear layer h = a. Furthet"more, based on what was 

said previously, the zeroes of D are expected to be very near ~1 ak = (n 

+ 1/2) ~ (n = 0, ±1, ••• ) so that cosrh = O. Therefore, to a 

reasonable degree of approximation 

[1 + 0 (a ) ] cosra + [-a ir 2 (a2 )] sinra D = - sin rh + 0 
~ 22 

(0) ~ 
(2Sd) 

or 

D = [1 + 0 Camn )] [cosrCa i 
+ ;;; a22 

2 sin rh) + 0 Ca!n)] (2Se) 
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Finally we 

(c ) that 
mn 

ignore terms of 0 (a ) or smaller except the one effect of 0 
mn 

leads to an imaginary part for the zeroes. Thus, in the 

desired approximation, the determinant of the syslem of linear equations 

becomes 

Where Re ( ) denotes the real part of a complex number and c 22 
(w, k) is defined by (22f). 

(26) 

We are now ready to obtain the mean component of the velocity field at 

the source. From (25a), (26) and the result for S (13b), we find that the 

Fourier inverse (lOb) leads to 

II> 

.. 1 P 1 i k (x + U t) cos k /31 h dk 
Uo (x, t) = TnT -p U e - C ~ 

1 1 '" cosk /31 (a +~) ~ 

(27a) 

after evaluating the w integral involving the delta function. The quantity 

6 = 6(k) is defined as 

h II> ~ 
Re I - e irh cosyh , (K - k) dK 

_II> r 

where in (27b) y = y (-U k, K). Similarly, the transverse mean velocity 
c 

and the mean pressure are given by 
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and 

II) 

c 
lk(x + U t) c 

(27c) 

cosk fli :r; dk 

cosk fll (. + fA) T 
(27d) 

Note that (27d) is valid for z < h and comes from (14a), (14e), (12) and the 

results of this section for Xl' x2 ' and D. Finally, the integrals in 

(27a, 27c, 27d) will be evaluated in another section by the method of residues 

and a somewhat more explicit representation for 4 = 4(k) will be furnished 

also. 

7.5 ACOUSTIC FIELD 

In section 7.3, we have obtained a representation of the random 

pressure field (20c) which is valid for z > h. OUr immediate objective is 

to derive an expression for the random far field as ( 2 + 2)1/2 Xl zl 
~ mi clearly this will be the acoustic field. This is done by the method 

of stationary phase, once the pressure field is expressed in terms of 

laboratory coordinates. 

From (20c), we find 

where we have written t for tl (since a Galilean transformation does not 

alter time), cel ) (Q, K) is given by (19c) and \10 and wO' required by 

(19c), can be obtained from (27a, 27c). The solution given by (28) is for 
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planar problem with which we have been dealing. In the far field, the 

approximation of planar flow is not good because this approximation cannot 

predict the spherical decay of the acoustic field. Furthermore, the planar 

problem has associated with it a number of other "peculiarities" such as a 

convective amplification factor which is a fractional power of the usual 

Doppler factor (Howe, Reference 7-3). In order to avoid these unfamiliar (but 

correct for planar flow) effects and to obtain simply the familiar 

axisymmetric solution, we observe that exp (iyz1) in (28) is precisely the 

outgoing wave solution which should be replaced by (2/~ Y r)1/2 exp 

[i y (r - b) - i~/4] as r ~ = where r is the distance from the jet 

axis and b is the plug radius. In the rest of this paper, but only for the 

calculation of the far field, we make this replacement. 

The inner or K integral of (28) may be evaluated by the method of 

stationary phase (Carrier, Krook and Pearson, Reference 7-10, p. 273). When 

the eddy convection Mach number is subsonic, M c 
is a single point of stationary phase at 

~ K K* c 1 -= 

W, K*) ~ y c 1 -= 

U Ic < I, there 
c = 

cos9 
M cos9 

c 

sin9 
M cos9 c 

and e is usually interpreted as the emission angle measured from the jet 

(29a) 

(29b) 

axis. After performing the well-known algebra associated with the stationary 

phase calculation, we find that the acoustic pressure in the far field reduces 

to 

i:. = 2i 1 f C(l) (D. K.> 
P.., - R (1 - M cose>2_", 

c 

(30) 

exp iD [R/c", - t - b sine/c", (1 - Mc cos9)] dO 
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where R ~ ~ is the distance from the nozzle exit. It is worth emphasizing 

that, strictly speaking, Rand e are the length and direction (relative to 

the axis of the jet) of the vector to the observer from the emission location 

of the moving source; in other words, Rand e are retarded coordinates 

(Morse and Ingard, Reference 7-11, p. 723). This fact must be recalled in the 

following section when we discuss the implications of the theory. When the 

eddy convection Mach number is supersonic (i.e., M > 1), the necessary 
c 

changes are explained in the next section. 

The above expression (30) for the acoustic field can be simplified 

further by evaluationg c(l) (Q, K*) explicitly from (19c) and (27a, 

27c). The three fold integral over (X, T, k) can be reduced to a double 

integral since the integration with respect to T results in a delta function, 

6 (Q + Uck). After substituting c(l) into (30), the Q integral is 

trivial; this yields a double integral for the acoustic field as follows 

where 

fiI KO 
h cosk PI h + --- cosy 0 

YO 
cosk PI [a + U(k») 

x exp ik [(X + M b sine)/(I - M cose) - M R + U t] c c c c 

M cose 
c 

KO .. k ""l-';;'Mrrc-c-o-s~e:-
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H sine 
c 

k 1 - H cose 
c 

The quantity of physical interest is not the instantaneous acoustic 

pressure in the far field but its spectrum defined by 

• 

(31c) 

w (~) - ~ I p'(t) p'(t + ~) el~ d~ (32) 
~ 

where w is the radian frequency and T is an arbitrary time delay. The 

quantity p'(t) is given by (31a). After substituting (31a) into (32), a five 
+ fold integral results over the dummy variables of integration (k, X), (k , 

x+) and T. The integrand contains the factor (X) (x+) = R 
+ (X - X), which is the two point correlation of the turbulence. An obvious 

change in the variables of integration X and x+ leads to an integral which 

is calculable in terms of the delta function 0 [(k + k+)/(l -

H cose)]. 
c 

The evaluation of a second integral results in the appearance 

of the wave number spectrum ~ in place of the correlation R. 

Based on the preceding remarks, the original five fold integral reduces 

to a three dimensional integral. Further progress is possible, however. The 

k+ integration is trivial; the contribution arises from the point 

k+ -k. Because of this, the T integration is simple, resulting in 0 

(w - U k) and the remaining integral over k has contribution at k 
c 

wlU only. Therefore, the final result for the spectrum is 
c 
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2 
Pm 

l' (Ill) co 2 2 
1T R U 

C 

1:0 
[~l 10 cosYOh sink J!lh - sinYoh cosk J!

l
h]2 

2 I 2 1. cosk J!l (a + iA(k)] I 

2 1/2 
where k = w/Uc ' Recall ~1 = (H1 - 1) where M1 > 1 is 
the jet Hach number, t is the wave number ~pectrum of the turbulence and 

KO and YO are defined by (31b, 31c). Note that in arriving at (33) we 

(33) 

have assumed that A(k) is an odd function k; this will be proven in the next 

section. 

7.6 DISCUSSIONS AND CONCLUSIONS 

The spectrum of shock associated noise was derived in the previous 

section and is given by (33). In this section, we study, in detail, the 

implications of our theory when the turbulence spectrum is specified in a 

reasonable but completely ad hoc manner. Before we do this, however, there 

are a number of loose ends that need to be addressed. 

First the choice for the branch cuts of the transverse wave number 

Y = Y (n, K) in the complex K plane must be decided. We do this through 

a procedure of Lighthill (Reference 7-12) in which n is assigned a small, 

positive imaginary part so that exp (- int) will be growing in time [see 

(lOb)]. We now choose that branch of Y which renders exp (iyz) 

exponentially small as z ~ +~. This fixes the desired branch at which 

point the small imaginary part may be set to zero. It is important to realize 

that the branch cuts are quite different when the eddy convection Hach number 

H is subsonic and supersonic. Roughly speaking when H < lone branch c c 
goes "up" and the other "down" in the complex K plane. On the other hand, for 

supersonic eddy convection, both branches go "down." The path of integration 

for the K integral is the real axis [e.g., (20 a, b, c)]. 
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Based on these remarks, it is easy to show from (27b) that for k > 0 

II 
ak 

c 
1 + M 

2 c 

A. (k) 
sin k 1l1h 

JI{ (ak)2 U2 
c - ak C 

1 - M 
where 

On the other hand for k < 0, we have 

A. (k) 

c 

~ COS2J1 t ( K - ak 
J1 

, ( K - 81: ) dK 
8 

a 

(34a) 
) dK 

(34b) 

Replacing k by (-k) in (34b), changing the variable of integration from K to 

(-K) and also invoking the fact that ~ is an even function of its argument, 

we arrive at ~ (k) 

the wave number k. 

- ~ (-k); in other words, ~ is an odd function of 

The above representations (34a, b) for ~ (k) are valid when the eddy 

convection Mach number is subsonic (Me < 1). When the eddy convection 

Mach number is supersonic (M > I), we similarly have 
c 
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K2 2 K - a1 
- cos f1 t ( ) dE: 

f1 a 

K2 2 t ( K - .1 ) dE: - co. f1 

f1 • 

whenever k > O. We again have 6 (k) as an odd function of k so that we 

(34c) 

will not write out the expression for this quantity for negative wave numbers 

in the supersonic case. It is possible to show that for k > 0, 6 (k) < 
o and (34a) and (34c) are equal and finite when K = 1. c 

A short physical interpretation for a 22 (~, k), therefore, 

indirectly for 6 (k), has already been given in section 5. There we state 

that a 22 is responsible for shifting certain poles off the real axis and 

representing the effects of turbulent diffusion. We now elaborate on this by 

evaluating the mean pressure field (27d) in the jet. 

Observe first (x + uct) = xl where xl is the laboratory 

coordinate measured along the axis of the jet. Thus, the mean pressure field 

in laboratory coordinates is independent of time as expected. The infinite 

sequence of poles associated with the integrand of (27d) occurs approximately 

at 

1 i 6 (k ) 
131 ak = (n + 2") 11' [ 1 - ---a.:.::

n
:-] (35a) 
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since ~ (k)/a is small, where 

1 (n + 2) ~ for n 0, ±I, ±2, ... 

These poles occur in the upper half plane for all values of n. The path of 

integration is the real aixs, for reasons discussed above (in connection with 

the K plane), passing above the pole at k = O. For a point within the nozzle, 

xl < 0, and the contour in the k plane is closed in the lower half plane. 

By the method of residues 

-p = p (35b) 

so that indeed the mean pressure in the nozzle is given by the overpressure 

P. On the other hand, in the jet proper xl > 0 and the contour is closed 

in the upper half plane. By the method of residues we find 

... 
cos [(n +.i.> 7T z/a] cos [(n + 21) 7T xl/f.

l 
a] 

(_l>n _________ ~ ________ ~~--~----~~--

(n + f> 

(35c) 

In the absence of turbulence (i.e., ~ = 0), (35c) represents the 

well-known shock pattern in a planar jet. This pattern extends from the 

nozzle exit to downstream infinity without any change in strength; the pattern 

is created by the successive reflections of a shock wave from the plug surface 

and the jet shear layer. (Of course, in our linearized model, these shock 

reflections are simply Mach wave reflections.) In the presence of turbulence 

(~ ~ 0), the shock pattern decays in the downstream direction [recall 

~ (k) is negative for k positive] because of the randomness or diffusion 

associated with the turbulence. This decay is the largest for the n = 0 term 

or "mode" of (35c) since I ~ (k) I is a decreasing function of positive wave 
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numbers k. Thus, the interaction between the mean and random fields, through 

the action of turbulence, removes energy from the lower order modes of the 

mean field. Clearly this energy shows up in the disturbances associated with 

the random field and we now turn to the examinaton of this effect. 

The spectrum of the acoustic field is (33) 

W (00) 

2 1/2 . where k = oo/Uc ' 61 = (M1 - 1) ,$ ~s the wave number spectrum 

of the turbulence (23a) and KO and YO are defined by (31b, c). The jet 

velocity, density and over (under) pressure are given by U1 , P1 and Pi 

(36) 

the spectrum is given for an observer located at a distant point in the far 

field at polar position (R, e) relative to the nozzle exit. The eddy 

convection Mach number is M = U Ic and the location of the c c CXI 

turbulence is near the edge of the shear layer at zl = h = a. The 

frequency 00 is the angular frequency of the source (i.e., the source 

frequency) in its convecting reference frame. 

Observe first that the spectrum W is generally of order t which in 

turn is proportional to the square of the turbulence fluctuations. Therefore, 

shock associated noise is quite negligible except at frequencies where the 

denominator of (36) becomes small. This occurs at 

k n 0, ± 1, ... (37a) 
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In particular, since both the turbulence spectrum ~ and the last factor in 

(36) decreases rapidly with increasing frequency, shock associated noise is 

significant only at the source frequency 

U !. __ c_ 
2 a 61 

(37b) 

The last remark agrees, at least qualitatively, with the experimental results 

of Harper-Bourne and Fisher (Reference 5-2) and Tanna (Reference 5-6). Note 

that the main contribution to the acoustic spectrum arises from the lowest 

"mode" of the shock-cell system. 

In order to make additional progress, we must make reasonable 

assumptions for the turbulence spectrum~. Since this spectrum describes 

the vorticity fluctuations in the turbulence, it must be of the form (wave 

number)2 ~ where ~ is the spectrum of the turbulent Velocity 

fluctuations. There is, of course, no experimental information on ~ and we 

must make a crude (but perhaps not unrealistic) guess. This guess limits the 

accuracy of our theory; clearly this theory cannot be anything more than a 

qualitative model for shock associated noise. It also becomes immediately 

clear that detailed numerical calculations for the specturm, sound pressure 

level, etc., are totally unwarranted since the accuracy of those calculations 

hinges on the form of the turbulence spectrum. We shall be content here with 

giving overall trends for the various features of shock associated noise. 

Assume that the wave number spectrum of the vorticity is given by 

222 
~(k) - (kL) exp (- k L) (38) 

where L is the length scale of the turbulence. The proportionality sign in 

(38) may be replaced by an equal sign if certain constants, inessential for 

the present discussion, are included in (38). This spectrum attains its 
-1 maximum at k = L ,corresponding to a dominant vortical eddy size of max 

length L. Since the shock associated noise of a supersonic jet is generated 

336 



by the large-scale coherent structures that originate in the jet instability 

wave, L »a. In other words, a typical eddy has a long lifetime and 

passes through several (say eight) shock-cells before it loses its coherence 
-1 

significantly. Therefore, k = L ~ 0 so that from (34b) max 

'" 
2 -'" J f (~) d~ 

A (k) e! 
sin k Plh cos2 ak I ~ -co 2 rr 

lakl f (~) d~ cos (~) • U2 U2 lakl· 1 
c c 

since k Blh ~ k B1a = ~/2 at the peak frequency of shock associated 

noise. In other words, the dominant contribution to the integral in (34b) 

comes from the point where ~ is the maximum; this point is at K ~ ak. 

Therefore, ~(k)/a = 0 (Iakl-I ). 

At the peak frequency of shock associated noise, cosk Bla ~ 0 so 

(39) 

that the denominator of the last factor in (36) is nearly independent of ak 

[see equation (39)]. On the other hand, the numerator of the last factor in 

(36) is of order unity at the peak frequency since it is a combination of 

trigonometric functions which are themselves of order one. Therefore, based 

on these remarks and (36), at the peak frequency, the last factor in W(~) is 

nearly independent of the frequency. 

Using this observation, converting (36) into one-third octave spectrum 

after multiplying by ~ and integrating to obtain the overall sound pressure 

level, we find that 

... '" 

2 (1 - )1
1 

) I t (k') k U ) c cose -m 
1 

(40) 

k2 I cosk Pl [a + lACk)] 12 

where k k/(l - Me cose). 
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It is a most interesting consequence of the present theory that the 

overall sound pressure level of shock noise has associated with it a single 

power of the convective amplification factor (1 - H cose). Generally one 
c 

thinks of shock associated noise as being omnidirectional; but the data of 

Tanna (Reference 5-6) clearly show a slight non-omnidirectional pattern. 

Whether this is due to the contamination of shock associated noise by pure 

mixing noise as the observation angle e is reduced from (say) 130 0 to 90 0 is 

not clear. In any case, Howe and Ffowcs-Williams (Reference 2-6) also obtain 

a directional pattern. Finally, it is seen from (40) that the sound pressure 

level is proportional to the square of the overpressure p2. Since the 

strength of the steady flow field (35c) is proportional to P [which in turn is 
2 2 

proportional to (Hl - 1)], we find that the noise scales on P 
2 4 

(H1 - 1). This is also in agreement with experiment. 
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8.0 CONCLUSIONS AND RECOMMENDATIONS 

8.1 CONCLUSIONS 

Seven single stream model nozzles were tested to evaluate the 

effectiveness of convergent-divergent nozzle terminations in the reduction of 

shock-cell noise under static and simulated flight conditions. The test 

nozzles included a baseline convergent circular nozzle, a convergent-divergent 

circular nozzle, a convergent annular plug nozzle, a convergent-divergent 

annular plug nozzle, a convergent mUlti-element suppressor plug nozzle and a 

convergent-divergent multi-element suppressor plug nozzle. The seventh 

configuration was a modification of the convergent annular plug nozzle to 

evaluate a potential method for shock screech elimination. 

One hundred forty acoustic test points were taken over the seven nozzle 

configurations for a wide range of exhaust velocities and temperatures. 

Diagnostic flow visualization with a shadowgraph and aerodynamic plume 

measurements with a laser ve10cimeter were performed also on the test nozzles 

to better quantify the effectiveness of C-D terminations for shock-cell noise 

control and to help formulate a proper physical model of the experimentally 

observed phenomena. 

In addition to the acoustic and diagnostic studies, a theory of 

shockce11 noise for annular plug nozzles in the vicinity of the plug was 

developed based on concepts of Howe and Ffowcs-Wi11iams (Reference 2-6). 

The significant results from the analyses of the measured data are: 

• Effectiveness of convergent-divergent terminations in the 

f10wpaths of circular, annular and suppressor nozzles in the 

reduction of front quadrant noise has been demonstrated under both 

static and simulated flight conditions. At an angle of 50 degrees 

relative to the inlet, the perceived noise level relative to the 

baseline convergent circular nozzle is reduced under static and 

simulated flight conditions, respectively, by a maximum of 7.5 and 

11 dB with the C-D circular nozzle, 6 and 8 dB for the C-D annular 

nozzle and 9.5 and 10 dB for the C-D multi-element suppressor 

339 



nozzle. The shock noise suppression of these c-o nozzles is 

observed over a broad range of pressure ratios in the vicinity of 

their design condition. 

• Smaller amplification of broadband shock noise of the c-o circular 

nozzle was observed in flight than for the convergent circular 

nozzle. However, equal magnitude of flight amplification of front 

quadrant noise was observed for convergent and c-o annular nozzles. 

• Jet temperature does not appear to affect significantly the 

measured levels of shock-cell noise. 

• The c-o circular nozzle was identified to be quietest among the 

test configurations in simulated flight as far as measured 

frontquadrant noise is concerned. 

• The convergent multi-element suppressor nozzle was identified to 

be the quietest among the test configurations as far as 

aft-quadrant noise is concerned, under both static and simulated 

flight conditions. 

• For the baseline convergent circular nozzle, eight shock-cells 

were observed on the nozzle axis while four to five shock-cells 

were noted along the lip-line. The c-o circular nozzle was noted 

to be completely shock-free at its design condition. 

• The use of tabs with the convergent annular plug nozzle was found 

to suppress both the discrete and broadband shock noise 

components. However, the presence of tabs was found to shift the 

broadband peak frequency to a higher value. 

• At the c-o design condition, the c-o annular nozzle was found to 

be free of shock-cells on the plug. However, shock-cells 

downstream of the plug were noted, indicating complete shock-cell 

noise reduction has not been achieved by the c-o termination on 

the annular plug nozzle. 
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8.2 RECOMMENDATIONS 

Based on the studies conducted during this program, the following items 

are suggested for future investigation: 

• In order to achieve further shock noise reduction with the plug 

nozzles, a systematic study should be carried out in search of an 

appropriate plug geometry design which effectively eliminates 

shocks in the flow region downstream of the plug. 

• Diagnostic LV measurements should be conducted with a particular 

emphasis on the determination of the axial mean and turbulence 

velocity distributions in the center of shear layer and the clear 

definition of sonic line which plays an important role in the 

shock-cell noise generation mechanism. The latter could be 

achieved by detailed radial traverses of axial mean velocity in 

the proximity of the jet exit plane. 
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A 

a 

AST 

C 

C-D 

CDR 

o 

F 

Fref 
f 

FTFSDR 

H 

h 

k 

L 

LV 

M 

M 
c 

n 

OASPL 

OAPWL 

P 

P 

P 
r 

PNL 

9.0 NOMENCLATURE 

Cross-sectional Area 

Speed of Sound 

Advanced supersonic Transport 

Convective Amplification Factor 

Convergent-Divergent 

Comprehensive Data Report 

Diameter 

Thrust 

Reference Thrust, 5130 pounds 

Frequency 

Flight Transformed, Full-Scale Data Reduction Computer Program 

Helmholtz Number 

Annular Step Height 

Harper-Bourne and Fisher Constant 

Shock Cell Spacing 

Laser Velocimeter 

Mach Number 

Convection Mach Number 

Flight Amplification Exponent, or nth Shock Cell (Section 6.0) 

Overall Sound Pressure Level 

Overall Sound Power Level 

Pressure 

Excess pressure 

Defined = PT/Pamb 
Perceived Noise Level, PNdB 

PNLN Normalized PNL, Defined as PNL - 10 log 
<.>-1 

(F/F f)(p·lp b) re J am 
RH Relative Humidity 

Radius 

Side Line 

R 

SL 

SPL Sound Pressure Level 
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T 

V 

Vc 

VCE 

x 
X' 

B 

A 

Y 

e 
p 

SUBSCRIPTS 

ac, alc 

amb 

e 

eq 

hyd 

p 

j 

r 

s 

T 

th 

50 0 

130 0 

Temperature 

Ideally Expanded Velocity 

Convection Velocity 

Variable Cycle Engine 

Mass Flow Rate 

Axial Distance 

Axial Distance Measured Along Plug Surface 

Atmospheric Absorption Coefficient 

Shock strength Parameter (B2=M2_1) 

Difference in Level 

Specific Heat Ratio 

Angle Measured Relative to the Inlet Centerline 

Density 

Density Exponent 

Aircraft 

Ambient Conditions 

Exit 

Equivalent 

Hydraulic 

Peak 

Based on Ideal Jet Conditions 

Ratio 

Static 

Stagnation Condition 

Throat 

Evaluated at e 50 0 

Evaluated at e 130 0 
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APPENDIX I: AERODYNAMIC AND ACOUSTIC TEST DATA 

The ae~odynamic flow conditions corresponding to the acoustic test 

points taken on each of the test configurations are tabulated in this 

appendix. The data are tabulated in both the SI and English units. 

Sample sheets describing the variables listed in the aerodynamic data 

tables a~e presented in Tables I-I and 1-2. 

The acoustic data that are summarized in the tables are far-field PNL 

results [scaled to an AST nozzle size of 9032 cm
2 

(1400 in
2

) and 

ext~apolated to 731.5 m (2400 ft) sideline] at selected angles of e 50°, 

60°, 70°, 90°, 120°, 130°, and 140° relative to engine inlet. 

The test results are summarized in Tables 1-3 through 1-8. Detailed 

I acoustic ~esults are in Reference 2-1. 
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w 
U1 
o 

Table 1-1. Description of Aerodynamic Data Sheet. 

(English Units) 

r Mode 1 Numbe: Nozzle Throat 
Area (Hodel Size) 

I 
r 

Throat Area of 
Scaled Nozzle (AST Size) 

NOZZl.E - HODEL 5 4REA [tl(1[lEL SIZE: = 20.]6 ; FULL SIZE 11100.00] :;Q. Itl. 

TEST 
POItlr V 

ac 
FTISEC 

P T 
r T 

DEG H 

F 
v w 

j 
FT /SEC LB/SF.C LB 

I.f 
Thrust 

Flow Variables 

Free Jet Velocity (Simulated Aircraft Velocity) 

TEST 
POUlT 

Test Point Number 

Dry Bulb Temperature 

T I' RH NF LVH 

~/'T' 

/ to log V"j-' 

LBH Pill. (fULl. SIZE, 2QOO 
AIIGl.E HELATIVE TO 

Overall Power ~ 
Level / 

fT SlOE LI~E), dB 
INLET, Df;1..~~:E5 

o Arl'l. 
~l!Ih 

DEG R 
8mb 

PSIA 

Barometric J / 
Pressure / 

Relative
Humidity 

50 70 90 110 

10 109(V /a .) 
jamb 

[ 

120 l]U dll 

Perceived Noise Level at Selected Angles Relative 
to Inlet and @ 2400 ft. sideline; Nozzle 

dB\\ 

Scaled to 1400 sq. in. AST Size 
PNL Normalization Factor '" 1 
Defined as ~}O log (+ )l+ J - ; Normalized PNL = PNL + NF 

ref \ Pam 



TEST V V 

Table 1-2. Description of Aerodynamic Data Sheet (Concluded). 

Model r Number 

(International Units) 

Nozzle Throat 

rl ______ ~[ ___ A_rea (Hodel Size) 

Throat Area of 

1 Scaled Nozzle (AST Size) 
I .- _ .... _. - ... -.. - ---, 

NOZZLE - MODEL 8 AREA [MODEL SIZE - = 0.0116 ; FULL SIZE - TOTAL = 0.9031J sQ.m. 

T 'l" P If F 
POINT ac J T J r 

0 0 
re/s m/s K K kg/s N 

~ 
I 

w 
I.n 
I-' 

Flow Variables 

Free Jet Velocity (Simulated Aircraft Velocity) 

Test Point Number 



Table 1-3. Aerodynamic and Acoustic Test Data - Modell. 

NOZZLf. - MODEL 01 AREA [MODEL SIZE - INNER = O. • OUTER = 20.38 FULL SIZE = 1400.00] SQ.IN. 

TEST F POINT V P T V W 
ac r T j 

F'i:~to;C DEG R FT/SEC LB/SEC LB 

103 0 2.87 1718 2333 733.1 531611 
104 400 2.88 1708 2327 736.3 53258 
105 a 2.96 1708 23511 758.2 55"'75 
106 1100 2.96 17111 2358 756.9 55 ... 85 
107 a 3.02 1718 2381 172.2 571117 
108 400 3.03 1711 2318 175.1 57282 
111 a 3.08 1708 2392 189.3 58672 
112 400 3.08 1715 2396 787.0 58609 
113 a 3.12 1707 21103 800.5 59787 

IN 1111 1100 3.13 1715 21110 799.7 598911 
\.11 
N 119 0 3.23 1709 2434 821.6 62616 

120 400 3.23 1707 2431 826.7 621166 
121 a 3.32 1100 2452 852.8 611982 
122 400 3.32 1110 2459 851.0 65039 

TEST T P RH NF LVM LBM PNL (FULL SIZE. 2400 FT SIDE LINE). dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET. DEGREES 

DEG R PSIA S dB 50 60 70 90 120 130 140 dB 

103 499.9 14.43 92 -6.0 3.28 -0.60 101.6 101.0 104.8 105.2 111. 6 115.3 112.2 185.9 
104 500.0 14.42 92 -6.0 3.27 -0.59 106.7 104.9 107.9 106.0 110.5 112.6 109.8 184.5 
105 500.5 14.43 92 -6.2 3.32 -0.44 102.5 10 1.6 105.8 106.3 112.8 115.7 112.3 186.6 
106 500.9 14.43 92 -6.2 3.32 -0.43 107.1 105.8 108.2 107.0 111.0 112.7 109.7 184.9 
107 500.6 14.43 92 -6.4 3.37 -0.33 102.5 101.1 106.2 106.6 112.5 115.6 113 .8 187.0 
108 500.6 14.42 92 -6.4 3.36 -0.32 109.3 107.2 108.8 107.8 111.0 113 .4 110.4 185.6 
111 500.3 14.43 92 -6.5 3.39 -0.23 103.4 102.1 106.3 106.9 112.9 116.7 114.5 187.5 
112 500.6 14.42 92 -6.5 3.39 -0.24 109.6 108.0 109.8 108.2 111. 5 113. " 110.2 185.9 
113 500.6 14.43 92 -6.6 3.41 -0.11 103.5 102.6 100.5 107.5 113.7 116.9 113.2 187.5 
114 502.1 14.43 92 -6.6 3.41 -0 .16 110 .4 10B.3· 109.6 10B.3 111. B 113 .9 110.7 186.3 
119 500.7 14.43 92 -6.9 3.46 -0.02 104.6 103·1 101.3 10B.5 113.8 116.3 112.8 187.7 
120 502.4 14.43 92 -6.9 3.45 -0.03 110.8 109.0 110.9 109.2 112.2 114.3 111 • 1 ]87.0 
121 500.6 14.43 92 -7.1 3.49 0.10 104.8 104.0 107.9 108.8 113.6 111.0 113.1 187.9 
122 502.6 14.43 92 -7.1 3.50 0.10 111.4 109.7 111.5 110.0 112.9 114.9 111.2 lB1.6 



Table I-3. (Cont'd) 

••••••••••••••• S I.UNITS ••••••••••••••• 

NOZZLE - HODEL 01 AREA [HODEL SIZE = 0 0131 FULL SIZE = a 90311 sq ·m. 

TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
103 O. 711.1 95q.q 725.6 2.8729 332.5 lq780 
10q 122 709.3 948.9 720.7 2.8768 334.0 14806 
105 O. 717.5 948.9 714.9 2.9610 3Q3.9 15Q22 
106 122 718.7 952.2 717.4 2.9616 3Q3.3 15425 
107 O. 725.7 954.Q 715.3 3.02Q5 350.3 15887 
108 122 72Q.8 950.6 711.6 3,0307 351.6 15925 
111 O. 729.1 9Q8.9 707.1 3.083Q 358.0 16311 
112 122. 730.3 952.8 710.3 3.0815 357.0 16294 

w 113 O. 732.4 948.3 704.1 3.1249 363.1 16621 
\.n 
w 114 122. 73Q.6 952.8 707.1 3.1297 362.7 16651 

119 o. 741.9 949.4 698.2 3.2331 375.4 17408 
120 122. 741.0 948.3 697.7 3.2268 375.0 17366 
121 o. 747.Q 944.4 688.9 3.3232 386.8 18065 
122 122. 749.5 950.0 693.0 3.3247 386.0 18081 

TEST T P RH NF LVM LBM PNL (FULL SIZE, 2400 FT SIDE LINE) dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG.K Pascal J dB 50 60 70 90 120 130 140 dB 

103 277.7 99459. 92 -6.0 3.28 -0.60 101.6 101.0 104.8 105.2 111.6 115.3 112.2 185.9 
104 277.8 99442 92 -6.0 3.27 -0.59 106.7 104.9 107.9 106.0 110.5 tt2.6 109.8 184.5 
105 278.0 99475. 92 -6.2 3.32 -0.44 102.5 101.6 105.8 106.3 112.8 115.7 112.3 186,6 
106 278.3 99472. 92 -6.2 3.32 -0.43 107.1 105.8 108.2 107.0 111.0 112.7 109.7 184.9 
107 278.1 99502 92 -6.4 3.37 -0.33 102.5 101.7 106.2 106.6 112.5 115.6 113.8 187.0 
108 278.1 99452 92 -6.4 3.36 -0.32 109.3 107.2 108.8 107.8 111.0 113 .4 110,Q 185.6 
111 277.9 99465. 92 -6.5 3.39 -0.23 103.4 102.1 106.3 106.9 112.9 116.7 l1Q.5 187,5 
112 278.1 99445. 92 -6.5 3.39 -0.24 109.6 108.0 109.8 108.2 111. 5 113.4 110.2 185.9 
113 278.1 99506 92 -6.6 3.41 -0.17 103.5 102.6 106.5 107.5 113.7 116.9 113.2 187.5 
114 278.9 99479. 92 -6.6 3.41 -0.16 110.4 108.3 109.6 108.3 111 .8 113 .9 110.7 186.3 
119 278.2 99482 92 -6.9 3.46 -0.02 104.6 103.7 107.3 108.5 113 .8 116.3 112.8 187.7 
120 279.1 99506. 92 -6.9 3.45 -0.03 110.8 109.0 110.9 109.2 112.2 114.3 111. 1 187·0 
121 278.1 99459. 92 -7.1 3.49 0.10 104.8 104.0 107.9 108.8 113.6 117.0 113.1 187.9 
122 279.2 99495. 92 -7.1 3.50 0.10 111. 4 109.7 111.5 110.0 112.9 114.9 111.2 187·6 

-



Table I-4. Aerodynamic and Acoustic Test Data - Model 2. 

NOZZLE - MODEL 02 AREA [MODEL SIZE = 20.43 FULL SIZE = 1400.00] SQ. IN. 

TEST . 
POINT V P T V W F 

ao r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

201 0 2.72 1723 2282 693.3 49162 
202 400 2.72 1141 2301 682.4 ~8194 

203 0 2.81 1122 2334 130.5 52918 
204 400 2.89 1725 2343 128.8 53074 
205 0 2.95 1128 2365 151.3 55233 
206 400 2.91 1132 2313 11l6.1 55012 
207 0 3.02 1116 2318 110.8 56968 
208 1100 3.01l 1130 2395 165.9 51000 
211 0 3.01 1121 2398 183.1 581l 11 
212 1100 3.08 1136 2410 111l.5 58013 
213 0 3.12 1128 21111 1911.2 59655 
211l 1100 3.13 1736 21125 787.2 59323 
215 0 3.18 1117 21126 812.3 61262 
216 1100 3.19 1122 21132 805.6 60890 

w 219 0 3.22 1729 2446 819.6 62303 
l.n 220 1100 3.23 1734 21153 813.1 62033 
.&:- 221 0 3.31 1112 21158 841.1 6~111l 

222 400 3.33 1113 2462 842.9 64508 
223 0 3.51 1115 2508 896.1 69852 
224 1100 3.52 1137 2528 884.5 691198 

TEST T P RH NF LVM LBM PNL (FULL SIZE 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA J dB 50 60 70 90 120 130 140 dB 

201 510.1 11l.1l5 10 -5.6 3.11l -0.93 96.6 96.6 100.2 101.6 110.3 111l .6 110.1 181l.1 
202 535.3 14.30 39 -5.8 3.01 -0.91 99.5 98.1l 101.1l 101.1 101.8 111 • 1 109.1 182.8 
203 512.0 14.1l3 70 -6.1 3.23 -0.61 95.8 95.1l 99.1l 101.8 111 .2 115.5 110.8 185.3 
201l 531l.8 14.29 39 -6.3 3.15 -0.51 98.9 91.6 100.9 101.6 108.6 111.1 110.2 183.8 
205 510.6 11l.~3 10 -6.3 3.29 -0.1l5 95.3 95.5 99.0 101.9 111. 6 115. 7 110.3 185.1l 
206 525.1l III .29 39 -6.1l 3.25 -0.1l3 98.0 97.14 100.6 101.14 109.14 112.3 110.3 1814.2 
201 510.3 14.1l3 10 -6.1l 3.32 -0.31l 95.4 95.2 99.1 101.9 111.7 115.6 112.1 185.9 
208 521l.8 114.29 66 -6.5 3.29 -0.30 91.1 91.2 100.5 100.1 109.3 113 .0 110.3 185. ,. 
211 511.0 III .1l3 10 -6.6 3.35 -0.25 95.3 95.1l 99.2 102.14 111. 5 116.2 111.9 186.1 
212 531l.2 11l.30 66 -6.7 3.28 -0.21l 98.3 97.1l 101.0 101.4 109.9 113.1 111.0 186.0 
213 512.0 14.43 70 -6.7 3.38 -0.18 95.7 95.6 99.6 102.4 113.4 115.7 111.2 186.2 
211l 532.4 11l.30 66 -6.8 3.31 -0.11 98.4 91.1 100.8 101.8 109.8 113.1 110.9 185.9 
215 511.0 11l.1l3 10 -6.8 3.1l0 -0.09 96.5 96.4 100.1 102.8 112.2 115.8 111.5 186.3 
216 532.7 111. 30 66 -7.0 3.32 -0.08 99.3 98.7 101.1 102.6 110.6 113.4 111.0 186.8 
219 510.6 14.43 70 -6.9 3.44 -0.03 96.1 96.9 100.8 103.1 112.1 116.9 111.4 186.9 
220 533.1 14.30 66 -7.0 3 36 -0.02 99.8 99.1 102.0 102.8 110.5 1114.5 111.0 181.2 
221 510.2 114.43 10 -7.1 3:46 0.09 98.1 98.1 101.1 103.8 113 .3 116.6 111.1l 181.0 
222 531.5 11l.30 66 -1.3 3.38 0.10 100.9 100.0 102.9 103 0 110.9 114.0 111.6 181.6 
223 511.2 14.1l3 10 -7.5 3.55 0.31 100.7 100.2 103. 8 105:8 113·9 116.8 112.5 181.6 
224 531.1 14.29 66 -1.6 3.50 0.33 103.1 102.8 105.8 105.0 112.0 115. 1 112.2 188.6 



Table 1-4. (Cont' d) . 

NOZZLE - HODEL 02 CONTINUED 

TEST , 
POINT V P T V W F 

ac r T j 
FTISEC DEG R FTISEC LB/SEC LB 

. 226 400 2.62 1708 2235 664.1 46125 
253 0 3.87 1705 2580 992.0 79554 

1206 400 3.07 886 1709 1099.1 58389 
1207 0 3.12 874 1708 1124.6 59709 
1208 400 3.13 879 1714 1124.4 59895 
1211 0 3.18 870 1714 1146.0 61055 
1212 400 3.18 880 1725 1141.5 61189 
1213 0 3.23 869 1723 1164.9 62387 
1214 400 3.22 873 1726 1162.1 62354 
1215 0 3.28 870 1734 1182.2 63715 
1216 400 3.28 870 1735 1183.4 63801 

w 1219 0 3.32 866 1738 1202.1 64953 
VI 
VI 1220 400 3.33 871 1744 1199.7 65032 

1221 0 3.37 875 1756 1214.1 66265 
1222 400 3.37 874 1755 1213.6 66208 

TEST T P RH NF LVH LBH PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET. DEGREES 

DEG R PSIA % dB 50 60 70 90 120 130 140 dB 

226 534.5 14.30 39 -5.6 2.95 -1.18 99.6 98.7 101.2 100.3 106.3 109.0 108.8 181.5 
253 511.9 14.42 70 -B.2 3.67 0.67 104.0 104.3 101.0 108.5 114.8 111.4 113.3 189,1 

1206 530.0 14.30 77 -9.8 1.80 -0.25 99.1 96.5 99.4 97.9 99.7 99.4 99.1 175.6 
1207 524.6 14.29 77 -10.0 1.82 -0.17 94.5 94.0 91.7 99.2 102.6 103.2 106.5 180.6 
1208 529.6 14.30 77 -10.0 1.82 -0.16 97 .0 96.1 99.0 97 .6 99.B 99.1 99.2 175.2 
1211 525.4 14.29 77 -10.1 1.83 -0.10 94.5 93.9 97 .6 99.2 102.7 103.5 107.0 180.8 
1212 529.6 14.30 77 -10.1 1.84 -0.09 96.4 95.7 98.8 97.7 100.0 99.6 99.5 175.1 
1213 532.1 14.30 77 -10.3 1.83 -0.03 95.3 94.5 98.1 99.8 102.9 103.5 107.1 181.0 
1214 528.7 14.30 77 -10.2 1.85 -0.03 96.5 96.1 99.3 98.2 100.3 99.6 99.9 115.5 
1215 526.0 14.29 77 -10.3 1.88 0.04 96.2 95.6 99.2 100.3 103.3 104.0 108.0 181.1 
1216 528.9 14.30 77 -10.3 1.87 0.04 97.7 97.0 99.8 98.8 101.0 99.8 100.0 176.1 
1219 525.5 14.30 77 -10.4 1.89 0.10 97.3 96.6 100.5 101.0 103.7 104.1 107.5 181.9 
1220 528.8 14.28 77 -10.4 1.90 0.11 99.0 98.1 101.2 99.7 101.5 100.6 100.9 176.9 
1221 526.0 14.30 77 -10.5 1.94 0.16 98.2 97 .6 101.1 101.6 104·3 104.5 108.3 182.3 
1222 527.9 14.29 77 -10.5 1.93 0.16 100.7 99.2 102.1 100.6 102.2 101.2 101.7 177.B 



Table I-4. (Cont'd) 

••••••••••••••• S.I.UNITS • •••••••••••••• 

NOZZLE - HODEL 02 AREA [110DEL SIZE = 0.0132 . FULL SIZE; = 0.9031] sq.m. 

. 
TEST V V T T P W F 
POINT ac j T J r 

0 0 

m/s m/s K K kg/s N 
201 O. 695.6 957.2 738.8 2.7162 314.5 13667 
202 122. 701.3 970.6 749.6 2.7221 309.5 13565 
203 0 711.4 956.7 727.8 2.8658 331.3 14728 
204 122. 714.1 958.3 727.6 2.8882 330.6 14755 
205 o. 720.9 960.0 724.3 2.9519 340.8 15355 
206 122. 723.3 962.2 725.2 2.9662 338.7 15310 
207 o. 724.8 953.3 715.0 3.0176 349.6 15837 
208 122 730.0 961.1 719.7 3.0400 347.4 15846 
211 o. 730.9 956.1 713.5 3.0734 355.5 16239 
212 122 734.6 964.4 719.7 3.0784 351.3 16128 
213 0 736.7 960.0 713.3 3.1212 360.2 16584 
214 122. 739.1 964.4 716.3 3.1290 357.1 16492 

w 215 O. 739.4 953.9 704.9 3.1820 368.5 17031 
Vt 
0\ 216 122. 741.3 956.7 706.7 3.1885 365.4 16928 

219 O. 745.5 960.6 707.5 3.2214 371.8 17321 
220 122. 747.7 963.3 709 2 3.2329 369.1 17246 
221 O. 749.2 951.1 694:8 3.3133 384.2 17991 
222 122. 750.4 951.7 694.4 3.3271 382.3 17934 
223 O. 764.4 952.8 685.0 3.5067 406.5 19419 
224 122 770.5 965.0 693.9 3.5190 401.2 19321 

TEST T P RH NF LVH LBH PNL (FULL SIZE. 2400 FT SIDE LINE) . dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG.K Pascal % dB 50 60 70 90 120 130 140 dB 

201 283.4 99613. 70 -5.6 3.14 -0.93 96.6 96.6 100.2 101.6 110.3 114.6 110.7 184.7 
202 297.4 98573 • 39 -5.8 3.07 -0.91 99.5 98.4 101.4 101.1 107.8 111 .1 109.7 182.8 
203 284.4 99465. 70 -6.1 3.23 -0.61 95.8 95.4 99.4 101.8 111.2 115.5 110.8 185.3 
204 297.1 98556. 39 -6.3 3.15 -0.57 98.9 97.6 100.9 101.6 108.6 111.1 110.2 183.8 
205 283.1 99482. 70 -6.3 3.29 -0.45 95.3 95.5 99.0 101.9 111.6 115.1 110.3 185.4 
206 291.9 98526. 39 -6.4 3.25 -0.43 98.0 97 .4 100.6 101.4 109.4 112.3 110.3 184.2 
201 283.5 99506. 10 -6.4 3.32 -0.34 95.4 95.2 99.1 101.9 111.1 115.6 112.1 185.9 
208 291.5 98556 66 -6.5 3.29 -0·30 97.7 97 .2 100.5 100.1 109.3 113.0 110.3 185.1 
211 283.9 99475. 10 -6.6 3.35 -0.25 95.3 95.4 99.2 102.4 111.5 116.2 111.9 186.1 
212 296.8 98581 66 -6.7 3.28 -0.24 98.3 97.4 101.0 101.4 109.9 113.1 111.0 186.0 
213 284.4 99462. 70 -6.7 3.38 -0.18 95.7 95.6 99.6 102.4 113 4 115.1 111.2 186.2 
214 295.8 98576. 66 -6.8 3.31 -0.17 98.4 97.7 100.8 101.8 109:8 113.1 110.9 185.9 
215 283.9 99472. 10 -6.8 3.40 -0.09 96.5 96.4 100.1 102.8 112.2 115.8 111.5 186.3 
216 295.9 98597· 66 -7.0 3.32 -0.08 99.3 98.7 101.7 102.6 110.6 113.4 111.0 186.8 
219 283.7 99486. 10 -6.9 3.44 -0.03 96.7 96.9 100.8 103.1 112.7 116.9 111.4 186.9 
220 296.2 98576. 66 -7.0 3.36 -0.02 99.8 99. I 102.0 102.8 110.5 114.5 111.0 187.2 
221 283.4 99459. 10 -1.1 3.46 0.09 98.1 98.1 101.7 103.8 113.3 116.6 111.4 187.0 
222 295·3 98587. 66 -1·3 3.38 0.10 100.9 100.0 102.9 103.0 110.9 114.0 111.6 187.6 
223 284.0 99489· 70 -7.5 3.55 0·31 100.1 100.2 103.8 105.8 113.9 116.8 112.5 181.6 
224 295.4 98536 66 -7.6 3.50 0.33 103.7 102.8 105.8 105.0 112.0 115.1 112.2 188.6 



Table 1-4. (Concluded) 

••••••••••••••• S I.UNITS ••••••••••••••• 

NOZZLE - MODEL 02 CONTINUED 

. 
TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
226 122 681.2 948.9 739.7 2.6173 301.2 12823 
253 o. 786.4 947.2 661.9 3 8716 450.0 22117 

1206 122. 520.9 492.2 357.2 3.0734 498.5 16232 
1207 O. 520.6 485.6 350.8 3.1245 510.1 16599 
1208 122 522.4 488.3 352.4 3.1300 510.0 16651 

w 1211 O. 522.4 483.3 347.3 3.1761 519.8 16974 
VI ...., 1212 122. 525.8 488.9 351.1 3.1805 517.8 17011 

1213 O. 525.2 482.8 345.5 3.2259 528.4 17344 
1214 122. 526.1 485.0 347.0 3.2240 527.1 17335 
1215 0 528.5 483.3 344.4 3.2771 536.2 17713 
1216 122 528.8 483.3 344.4 3.2792 536.8 17737 
1219 0 529.7 481.1 341.3 3.3236 545.3 18057 
1220 122 531.6 483.9 343.1 3.3290 544.2 18079 
1221 O. 535.2 486.1 343.4 3.3727 550.7 18422 
1222 122 534.9 485.6 343.0 3.3733 550.5 18406 

TEST T P RH NF LVM LBM PNL (FULL SIZE, 2400 FT SIDE LINE) dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG .K Pascal S dB 50 60 70 90 120 130 140 dB 

226 296.9 98590 39 -5.6 2.95 -1.18 99.6 98.7 101.2 100.3 106.3 109.0 108 8 181.5 
253 284.4 99455. 70 -8.2 3.67 0.67 104.0 104.3 107.0 108.5 114.8 117 .4 113:3 189.1 

1206 294.4 98587. 77 -9.8 1.80 -0.25 99.1 96.5 99.4 97.9 99.7 99.4 99.1 175.6 
1207 291.4 911556. 77 -10.0 1.82 -0.17 94.5 94.0 97.7 99.2 102.6 103.2 106.5 180.6 
1208 294.2 98621 77 -10.0 1.82 -0.16 97.0 96.1 99.0 IJ7 • 6 99.8 99.1 99.2 175.2 
1211 291.9 98546 77 -10.1 1.83 -0.10 94 5 93.9 97.6 99.2 102.1 103.5 107.0 180.8 
1212 294.2 98576. 77 -10.1 1.84 -0.09 96'4 95.1 98.8 91.7 100.0 99 6 99.5 175.1 
1213 295.6 98583. 77 -10.3 1.83 -0.03 95:3 94.5 98.1 99.8 102.9 103:5 107.1 181.0 
1214 293.7 98610. 77 -10.2 1.85 -0.03 96.5 96.1 99.3 98.2 100.3 99.6 99.9 175.5 
1215 292.2 98553· 77 -10.3 1.88 0.04 96.2 95.6 99.2 100 3 103.3 104.0 108.0 181.7 
1216 293.8 98600. 77 -10.3 1.81 0.04 91.1 91.0 99.8 98:0 101.0 99.8 100.0 116.1 
1219 291.9 98573 • 77 -10.4 1.89 0.10 97.3 96.6 100.5 101.0 103.7 104.1 107.5 181.9 
1220 293·8 98476. 71 -10. 11 1.90 0.11 99.0 98.1 101.2 99.1 101.5 100.6 100.9 176.9 
1221 292.2 98600. 17 -10.5 1.94 0.16 98.2 91.6 101.1 101.6 104.3 104.5 108.3 182.3 
1222 293.3 98492. 11 -10 5 1.93 0.16 100.1 99.2 102.1 100,6 102.2 101.2 101.7 177 .8 



Table 1-5. Aerodynamic and Acoustic Test Data - Model 3. 

NOZZLE - MODEL 03 AREA [HODEL SIZE = 25.28 FULL SIZE = 1400.00) SQ.IN. 

TEST . 
POINT V P T V W F 

ae r T j 
FTISEC DEG R FTISEC LB/SEC LB 

30]" 0 2.89 1736 2352 732.1 53510 
304 400 2.90 1731 2350 732.3 53495 
305 0 2.96 1131 2316 748.4 55258 
306 400 2.99 1749 2392 751.2 55845 
309 0 3.07 1733 2407 117.0 56120 
310 400 3.06 1146 2413 769.1 51692 
313 0 3.16 1141 2436 196.0 60260 
314 400 3.16 171111 21139 794.6 60231 
315 0 3.21 1743 2452 606.1 61479 
316 400 3.22 1135 2449 612.0 61604 
321 0 3.34 1740 2467 641.7 65049 
322 400 3.38 1727 2465 654.7 66015 
349 0 2.38 1601 2064 625.6 40145 

1301 0 2.98 663 1666 1063.1 56092 
w 1302 400 2.96 613 1677 1079.1 56248 
VI 1313 0 3.24 667 1723 1113.9 62664 
co 1314 400 3.24 670 1726 1174.7 63067 

1323 0 3.44 871 1763 1242.2 66072 
1324 400 3.45 613 1767 1245.4 66395 
4303 0 2.69 1734 2349 731.2 53396 

TEST T P RH NF LVH LBH PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA ~ dB 50 60 70 90 120 130 140 dB 

303 536.0 14.38 69 -6.3 3.16 -0.56 96.1 97.5 99.3 102.4 106.7 112.6 110.6 165.4 
304 533.6' 14.35 64 -6.3 3.17 -0.55 101.2 100.4 101.1 102.6 104.3 109.2 106.2 162.7 
305 539.4 14.36 69 -6.5 3.19 -0.43 96.9 96.3 100.0 103.1 109.0 113.0 111.0 165.6 
306 535.1 14.34 64 -6.5 3.24 -0.39 101.3 101 • 1 101.9 103.1 107.3 110.4 109.0 163.7 
309 540.4 14.36 69 -6.8 3.25 -0.25 95.8 97.4 99.3 103.0 109.5 113.7 111.1 186.0 
310 535.0 14.33 64 -6.6 3.28 -0.27 99.3 100.5 101. 1 103.3 108.0 111. 1 109.3 184.0 
313 539.5 14.35 89 -6.9 3.30 -0.13 96.9 9B.3 100.0 103.6 110.1 114.0 111. 7 186.6 
314 535.1 14.33 64 -6.9 3.33 -0.12 100.5 101.6 102.3 103.6 106.1 110.B 110.1 184.6 
315 539.5 14.33 89 -7.0 3.33 -0.06 98.3 99.7 101.6 104.B 110.0 114.5 111.5 lB6.B 
316 535.6 14.34 64 -7.0 3.34 -0.04 103.0 104.0 104.4 105.2 109.2 111.6 110.3 185.5 
321 539.4 14.32 89 -7.3 3.39 0.12 100.2 101.3 103.3 106.4 110.6 115.2 111.7 187.8 
322 539.1 14.35 64 -7.4 3.39 0.16 103.8 104.1 104.8 106.6 109.4 112.8 110.7 168.6 
349 540.4 14.34 89 -5.2 2.58 -1.97 92.3 93.6 95.0 98.0 103.7 106.6 107.1 180.5 

1301 539.7 14.35 B9 -9.8 1.65 -0.41 99.4 100.2 101.6 103.0 101.4 101.3 101.2 180.9 
1302 542.5 14.35 64 -9.8 1.67 -0.40 103.6 103.9 103.6 103.5 102.0 99.9 97.3 181.4 
1313 540.2 14.34 89 -10.4 1.80 -0.01 99.2 100.1 101.7 103.6 97.3 103.0 103.0 182.8 
1314 542.4 14.35 64 -10.4 1.80 -0.00 104.8 105.6 106.1 104.8 102.2 102.8 98.9 185.8 
1323 540.7 14.33 66 -10.7 1.89 0.23 102.2 103.5 104.9 106.6 105.2 104.7 104.7 187.9 
1324 541.5 14.34 66 -10.8 1. 90 0.25 105.1 106.1 107.9 105.7 103.6 103.0 100.8 185.3 
4303 537.0 14.38 68 -6.3 3.16 -0.57 94.7 97.0 98.7 102.3 107.7 111.0 109.7 164.5 



Table 1-5. (Cont'd) 

NOZZLE - MODEL 03 CONTINUED 

TEST 
POINT V P T V W F 

ac r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

4313 0 3.13 1132 2423 193.1 59110 
4321 0 3.34 1116 2468 850.6 65252 
5301 0 2.91 865 1666 1080.8 55952 
5313 0 3.23 864 1118 1114.8 62140 
5323 0 3.41 866 1154 1238.5 61496 

w TEST T P RH NF LVM LBM PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 
\J1 POINT amb amb ANGLE RELATIVE TO INLET, DEG REES 
\0 DEG R PSIA J dB 50 60 10 90 120 130 140 dB 

4313 531.5 14.38 68 -6.9 3.29 -0.16 91.6 99.2 100.9 104.3 109.1 112.8 110.1 186.1 
4321 536.9 14.38 68 -1.4 3.31 0.12 98.1 100.6 102.1 105.5 109.9 113.8 110.8 181.3 
5301 539.0 14.38 69 -9.8 1.65 -0.42 91.1 98.6 100.1 101.1 100.9 100.6 100.0 178.4 
5313 538.1 14.38 69 -10.4 1.19 -0.03 99.0 100.0 101.5 103.3 102.4 102.4 102.1 180.1 
5323 538.1 14.36 68 -10.1 1.88 0.20 100.2 101.2 102.6 104.8 103.9 103.3 103 -3 182.0 



Table 1-5 . (Cont'd) 

••••••••••••••• S.I.UNITS • •••••••••••••• 

NOZZLE - HODEL 03 AREA [HODEL SIZE - 0.0163 FULL SIZE - 0.90311 sq m. 

TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
303 0 716.9 964.4 732.0 2.8923 332.1 14876 
304 122. 716.3 961.7 729.7 2.8973 332.2 14872 
305 .0 724.2 965.0 727.6 2.9637 339.5 15362 
306 122. 729.1 971.7 731.4 2.9885 340.7 '15525 
309 o. 733.7 962.8 718.7 3.0733 352.4 16158 
310 122. 735.5 971.1 726.1 3.0611 348.9 16039 
313 o. 742.5 967.2 716.8 3.1568 361.1 167511 
314 122. 743.4 968.9 717.9 3.1585 360.4 16745 
315 O. 747.4 968.3 714.8 3.2061 365.9 17092 
316 122 746.5 963.9 710.3 3.2174 368.3 17182 
321 O. 758.0 966.7 705.1 3.3438 381.8 18084 
322 122. 757.4 959.4 697.4 3.3767 387.7 18353 

w 349 0 629.1 889.4 709 7 2.3770 283.9 11160 
0\ 1301 0 507.8 479.4 350:8 2.9785 491.3 15594 
0 1302 122. 511.1 485.0 354.7 2.9843 489.5 15637 

1313 0 525.2 481.7 344.2 3.2368 532.5 17477 
1314 122. 526.7 483.3 345.5 3.2437 532.8 17539 
1323 0 537.4 483.9 339.9 3.4359 563.5 18924 
1324 122. 538.6 485.0 340.5 3.4461 564.9 19014 
4303 O. 716.0 963.3 731.6 2.8885 331.7 14844 

TEST T P RH NF LVH LBM PNL (FULL SIZE 2400 FT SIDE LINE). dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG K Pascal J dB 50 60 70 90 120 130 140 dB 

303 298.9 99179 69 -6.3 3.16 -0.56 96.1 97·5 99.3 102.4 108.7 112.6 110,6 185.4 
304 296.4 98910. 64 -6.3 3.17 -0.55 101.2 100.4 101.1 102.6 104.3 109.2 108.2 182.7 
305 299.7 98987. 69 -6.5 3.19 -0.43 96.9 98.3 100.0 103.1 109.0 113.0 111.0 185.8 
306 297.3 98889. 64 -6.5 3.24 -0.39 101.3 101.1 101.9 103.1 107.3 110.4 109.0 183 7 
309 300.2 98994. 89 -6.8 3.25 -0.25 95.8 97.4 99.3 103.0 109.5 113.7 111. 1 186:0 
310 297.2 98816. 64 -6.6 3.28 -0.27 99.3 100.5 101.1 103.3 108.0 111 • 1 109.3 184.0 
313 299.7 98964 89 -6.9 3.30 -0·13 96.9 98.3 100.0 103.6 110.1 114.0 111.7 186.6 
314 297.3 98812. 64 -6.9 3.33 -0.12 100.5 101.6 102.3 103.6 108.1 110.8 110.1 184.6 
315 299.7 98819. 89 -7.0 3.33 -0.06 98.3 99·7 101.6 104.8 110.0 114.5 111.5 186.8 
316 297.5 98863. 64 -7.0 3.3 11 -0.04 103.0 104.0 104.4 105.2 109.2 111. 6 110.3 185.5 
321 299.7 98765. 89 -7.3 3·39 0.12 100.2 101.3 103.3 106.4 110.6 115.2 111.7 187.8 
322 299.5 98910. 64 -7.4 3.39 0.16 103.8 104.1 104.8 106.6 109.4 112.8 110.7 188.6 
349 300.2 98889. 89 -5.2 2.58 -1.97 92.3 93.6 95.0 98.0 103·7 106.6 107.7 180.5 

1301 299.8 98913. 89 -9.8 1.65 -0.41 99.4 100.2 101.6 103.0 101.4 101.3 101.2 180.9 
1302 301.4 98920. 64 -9.8 1.67 -0.40 103.8 103.9 103.8 103.5 102.0 99.9 97.3 181. 4 
1313 300.1 98886 89 -10.4 1.80 -0.01 99.2 100.1 101.7 103.6 97.3 103.0 103.0 182.8 
1314 301.3 98950. 64 -10.4 1.80 -0.00 104.8 105.6 106.1 104.8 102.2 102.8 98.9 185.8 
1323 300.4 98802 66 -10.7 1.89 0.23 102.2 103.5 104.9 106.6 105.2 104.7 104.7 187.9 
1324 300.d 98876 66 -10.8 1. 90 0.25 105.1 106.1 107.9 105.7 103.6 103.0 100.8 185.3 
4303 298.3 99152 68 -6.3 3.16 -0.57 94.7 97.0 98.7 102.3 107.7 111.0 109.7 11l4.5 



Table 1- 5 (Concluded) 

••••••••••••••• S.I.UNITS ••••••••••••••• 

NOZZLE - MODEL 03 CONTINUED 

• 
TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
VJ 4313 O. 138.5 962.2 114.2 3.1330 360.0 16616 
0\ 4321 O. 152.2 953.3 694.9 3.3414 385.8 18140 I-' 

5301 o. 501.8 480.6 352.0 2.9675 490.2 15555 
5313 O. 523.6 480.0 343.6 3.2257 532·9 17442 
5323 0 534.6 481.1 338.9 3.4081 561.8 18164 

TEST T P RH NF LVM LBM PNL (FULL SIZE 2400 FT SIDE LINE) dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG K Pascal ~ dB 50 60 10 90 120 130 140 dB 

4313 298.6 99145. 68 -6.9 3.29 -0.16 91.6 99.2 100.9 104.3 109. 1 112.8 110. 1 186. 1 
4321 298.3 99152. 68 -1.4 3.31 0.12 98.1 100.6 102.1 105.5 109.9 113 .8 110.8 181.3 
5301 299.4 99179. 69 -9.8 1.65 -0.42 97.7 98.6 100.1 101.1 100.9 100.6 100.0 118.4 
5313 298.9 99152. 69 -10.4 1.19 -0.03 99.0 100.0 101.5 103.3 102.4 102.4 102.1 180.1 
5323 298.9 99038. 68 -10.1 1.88 0.20 100.2 101.2 102.6 104.8 103.9 103.3 103.3 182.0 



Table 1-6. Aerodynamic and Acoustic Test Data - Model 4. 

NOZZLE - HODEL O~ AREA [HODEL SIZE = 25.28 FULL SIZE = PIOO.OO] SQ.IN. 

TEST . 
POINT V P T V W F 

ac r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

~01 0 2.72 1725 228~ 693.5 49232 
402 ~OO 2.72 1730 2289 693.5 ~9348 

~03 0 2.8~ 1736 2335 722.9 52~69 

~O~ 400 2.87 1737 23~5 128.7 53101 
~05 0 2.97 1739 2379 755.0 55822 
~06 ~OO 2.97 1736 2377 755.2 55790 
~07 0 3.02 1728 2387 770.0 57133 
~08 ~OO 3.0~ 1735 2397 772.1 57510 
~11 0 3.07 173~ 2~07 781.7 58~74 

412 ~OO 3.09 1732 2410 785.6 58848 
413 0 3.12 1731 2~18 793.6 59643 
41~ 400 3.11 1741 2423 795.5 59911 
415 0 3.16 1737 2~35 803.5 60806 

w ~16 ~OO 3.18 1742 2~43 806.4 61236 
0- 419 0 3.23 1729 24~7 821.9 625111 
N 420 400 3.23 1750 2463 817 .6 62597 

421 0 3.33 1738 2~81 846.0 65233 
422 400 3.34 1739 2484 8~6.6 65357 
423 0 3.53 1739 2533 897.5 70652 
~24 400 3.54 1744 2537 895.8 7061111 

TEST T P RH NF LVH LBH PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA % dB 50 60 70 90 120 130 1~0 dB 

401 527.3 14.46 58 -5.8 3.07 -0.93 95.0 95.9 97.8 102.0 108.5 112 .~ 111. 3 185.2 
402 537.7 14.45 47 -5.9 3.04 -0.91 97.3 97.4 98.3 100.3 105.0 108.3 108.5 181.2 
403 526.8 14.46 58 -6 • .1 3.17 -0.66 94.8 95.7 97.8 102.5 109.1 11 ~. 1 112.2 186.0 
404 538.1 1~.45 47 -6.3 3.14 -0.61 97 .1 97.6 98.8 100.8 106.1 109.8 109.5 182.6 
405 529.7 14.46 58 -6.4 3.24 -0.42 96.1 97.0 98.9 103·3 110.0 114.7 112.3 186.11 
406 537.1 14.45 47 -6.5 3.21 -0.42 99.5 99.8 100.7 102.~ 107.3 110.6 110.2 183.5 
407 530.2 1~.45 58 -6.6 3.25 -0.33 96.3 97.2 99.1 103.4 110.1 114.9 111.4 186.3 
~08 5,39.7 14.45 47 -6.7 3.23 -0.31 100.0 100.1 101.2 102.8 107.7 111. 3 110.4 184.3 
411 530.~ 1~.~5 58 -6.7 3.29 -0.25 96.3 97 .4 99.2 103.6 110.3 115.0 111.1 186.4 
412 539.7 1~.44 45 -6.8 3.26 -0.23 100.0 100.3 101.0 102.8 107.9 111.7 110.7 184.2 
413 530.5 14.46 58 -6.8 3.31 -0.18 96.5 97.6 99.4 103.6 110.4 115.2 111.6 186.5 
414 537.6 14.56 44 -6.9 3.29 -0.19 100.5 100.6 101.4 103.3 108.4 111. 9 110 .9 184.7 
~15 530.4 1~.45 58 -6.9 3.34 -0.12 96.8 98.0 99.9 104.1 110.6 115.3 111. 9 186.7 
416 537.7 14.45 45 -7.0 3.32 -0.10 100.8 101.0 101.7 103.5 108.6 112.2 111.0 185.3 
419 531.7 14.45 55 -7.1 3.35 -0.03 97.8 99.0 100.6 104.9 110.4 115.5 112.0 187.4 
420 538.6 14.45 45 -7.1 3.35 -0.02 102.0 101.4 102.3 104.2 108.9 112.6 111. 3 185.5 
421 532.7 14.45 55 -7.3 3.41 0.11 99.6 100.6 102.0 106.3 111. 1 115.8 112.3 187.9 
422 538.5 14.43 45 -7 3 3.39 0.12 103.5 103.3 104.0 105.8 109.6 113.1 111 .8 186.3 
423 533.1 14 45 55 -7.7 3.50 0.34 100.1 101.1 102.9 107.1 112.3 116.9 112.7 188.7 
424 539.5 14.43 45 -7.7 3.48 0.35 105.0 104.8 105.4 106.5 110.8 114.4 112.1 187.5 



Table 1-6. (Cont'd) 

NOZZLE - HODEL 04 CONTINUED 

TEST 
POINT V P T V W F 

ac r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

449 0 2.36 1590 2048 628.0 39975 
451 0 2.41 1716 2155 618.0 41394 
1152 1100 2.112 1720 2160 617.5 41448 
453 0 3.92 1731 2610 997.0 80877 
1154 400 3.91 1746 2620 990.2 80643 

1405 0 3.07 873 1696 1116.7 58863 
1406 400 3.05 874 1691 1111.5 58426 
1411 0 3.18 872 1716 1156.7 61683 
1412 400 3.18 868 1714 1165.7 62098 
1413 0 3.23 865 1720 1182.6 63237 
1414 400 3.23 861 1716 1188.8 63417 
1415 0 3.22 859 1713 1185.4 63095 

w 11116 400 3.26 866 1727 1196.1 64201 
C\ 1419 0 3.31 851 1721 1224.2 651190 
w 11120 1100 3.32 861 1733 1221.8 65802 

11121 0 3.37 851 1731 121111.11 66968 
11122 1100 3.37 854 1734 1243.7 67038 
1466 400 3.02 999 1802 1026.6 57502 
1468 400 3.04 1254 2029 913 .1 57579 
1470 400 3.02 1487 2208 831.5 57071 

TEST T P RH NF LVM LBM PNL (FULL SIZE, 2400 FT SIDE LINE). (HI OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA ~ dB 50 60 70 90 120 130 140 dB 

449 535.5 14.44 51 -5.2 2.57 -2.05 93.3 94.2 96.0 99.6 104.7 107.3 108.1 187.3 
1151 536.0 14.116 55 -5.0 2.78 -1.82 93.3 93.9 95.8 100.11 105 7 108.9 109.1 182.7 
452 537.7 14.45 51 -5.0 2.79 -1.81 94.0 94.6 95.6 98.1 102'5 104.2 104.5 177.7 
453 532.8 14.45 55 -8.4 3.63 0.71 99.0 100.2 101.9 106.9 113:3 117 .8 113.5 189.5 
454 539.0 14.44 45 -8.4 3.62 0.70 102.1 103.0 104.0 106.3 111.9 115.1 113.0 188.6 

1405 525.1 14.43 61 -9.9 1.19 -0.25 91.5 98.1 99.5 102.2 101. 6 103.4 104.3 180 .4 
1406 542.9 14.49 112 -10.0 1.10 -0.29 100.1 101.0 101.14 100.1 99.0 98.1 91.6 1.16.0 
1411 527.0 14.144 61 -10.1 1.83 -0.10 97.3 98.5 99.5 101.9 101.8 103.8 104.8 180.6 
1412 5142.6 114.50 42 -10.3 1.16 -0.09 100.3 101.1 101.6 100.4 99.6 99.4 98.5 116.4 
11413 527.3 14.414 61 -10.3 1.84 -0.02 91.3 98.8 100.0 103.6 102.2 104.3 104.9 181.2 
14114 543.5 14.50 42 -10.5 1.17 -0.02 101 .1 101.6 102.1 101. 1 100.0 99.1 99.0 116.9 
11415 536.9 114.49 58 -10.4 1.78 -0.03 91.6 99.2 100.6 103.9 102.1 1014.2 105.1 181.4 
1416 5143.0 114.49 42 -10.5 1.80 0.02 101.8 102.5 103.6 101.8 100.5 100.4 99.4 111.8 
1419 536.8 14.48 58 -10.6 1.81 0.09 98.1 99.9 101.1 106.1 103.4 104.6 106.0 182.4 
1420 542.4 14.50 42 -10.6 1.81 0.10 102.4 103.1 104.8 103.3 101.3 101.1 100.2 178.9 
1421 539.0 14.41 58 -10.7 1.82 0.16 98.9 100.5 102.3 106.9 10il.0 105.4 106.4 182.8 
lil22 542.8 14.49 42 -10.8 1.81 0.16 105.0 110.6 105.1 104.0 102.1 101.9 101.0 180.9 
1466 539.3 lil.48 414 -9.3 2.00 -0.34 100.3 100.3 100.4 100.1 100.2 100.2 99.6 116.9 
1468 540.6 14.40 45 -8.2 2.50 -0.31 100.3 99.1 100.3 100.9 102.5 104.il 105.4 179.4 
1410 539.3 14.44 45 -1.4 2.88 -0.34 100.3 99.1 100.4 101.5 105.2 108.1 109.2 181.9 



Table 1-6. (Cont'd) 

NOZZLE - HODEL CONTINUED 

TEST 
POINT V P T V W F 

ac r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

740l 0 1.50 1745 1519 366.7 173111 
91105 0 3.03 1360 2112 817 .3 51580 
91106 400 2.99 1347 2092 886.2 57619 
9411 0 3.14 13111 2126 916.8 60577 
91112 400 3.111 13115 2130 917.0 60707 
91113 0 3.17 1340 2132 924.8 61271 
9414 1100 3.15 1352 2136 915.7 60797 

w 9415 0 3.27 1346 2161 953.0 64018 
a.. 9416 1100 3.28 1351 2167 953.3 64208 
~ 

91121 0 3.36 1384 22111 966.0 66480 
9422 1100 3.35 1371 2201 966 9 66145 

TEST T P RH NF LVH LBH PNL (FULL SIZE. 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA J dB 50 60 10 90 120 130 140 dB 

11101 541.3 111.50 44 -2.6 1.25 -10.00 19.11 80.8 83.0 87.5 91.6 92.2 90.2 167.6 
9405 542.2 14.50 44 -7.8 2.61 -0.33 96.3 97.6 9B.8 101. 7 106.0 109.5 111.3 184.3 
9406 543.3 14.14 42 -7.9 2.63 -0.38 100.1 100.3 100.9 101.0 103.3 105.9 107.3 180.5 
9411 541.2 14.49 44 -8.1 2.71 -0.15 96.5 91.1 98.9 101.9 106.8 110.4 112.0 184.9 
9412 543·3 14.51 42 -B.2 2.71 -0.15 99.6 100.1 100.7 100.8 104.0 106.5 10B.0 181. 1 
9413 541.7 14.49 44 -8.2 2.72 -0.11 96.6 98.0 99.2 102.1 106.5 110.3 112.0 184.9 
9414 543.2 14.50 42 -8.1 2.72 -0.14 100.2 100.5 100.7 101.5 104.4 106.9 10B.5 181.4 
9415 540.0 14.48 58 -8.4 2.18 0.03 98.6 100.0 101.2 103.8 107.3 110.8 112.7 lB5.7 
9416 5112.9 111.50 112 -8.4 2.18 0.011 102.7 103.1 103.0 103.0 105.3 108.2 109.4 183.0 
9421 539.5 14.49 58 -8.5 2.89 0.15 100.0 101.6 102.6 105.2 10B.3 112.4 112.6 186.4 
9422 543.8 14.48 42 -B.5 2.84 0.13 105.4 105.6 104.9 1011.2 106.1 10B.6 110.1 lB3.8 



Table 1-6. (Cont'd) 

••••••••••••••• S.I.UNITS • •••••••••••••• 

NOZZLE - HODEL 04 AREA [HODEL SIZE o 0163 FULL SIZE = o 9031] sq.m. 

. 
TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
401 O. 696.2 958.3 139.9 2.1116 314 6 13681 
402 122. 691.1 961.1 141.6 2.1236 314:6 13119 
403 o. 111.1 964.4 135.9 2.8421 321.9 14581 
404 122. 114.8 965.0 134.5 2.8617 330.5 14164 
405 O. 125.1 966.1 121.9 2.9106 342.5 15519 
406 122. 124.5 964.4 126.6 2.9104 342.6 15510 
401 0 121.6 960.0 119.9 3.0213 349.3 15883 
408 122. 130.6 963,9 122.1 3.0353 350.2 15988 
411 o. 133.1 963 3 118.9 3.0130 354.6 16256 
412 122 134.6 962:2 111.3 3.0885 356.3 16360 
413 O. 131.0 961.1 115.2 3.1163 360.0 16581 
414 122. 138.5 961.2 119.1 3.1109 360.8 16656 

w 415 O. 142.2 965.0 114.8 3.1613 364 .5 16904 
0\ 416 122 144.6 961.8 116.0 3.1111 365.8 11024 
VI 419 o. 145.6 960.6 101.4 3.2259 312.8 11319 

420 122. 150.1 912.2 116.2 3.2300 310.9 11402 
421 O. 156.2 965.6 105.1 3.3285 383.1 18135 
422 122. 151.1 966.1 104.9 3.3361 384.0 18110 
423 0 112.1 966.1 693.9 3.5338 401.1 19642 
424 122. 113.3 968.9 695.9 3.5360 406.3 19640 

TEST T P RH fiF LVH LBH PNL (FULL SIZE 2_00 FT SIDE LINE) dB OAPWL 
POINT 8mb 8mb ANGLE RELATIVE TO INLET DEGREES 

DEG K Pascal S dB 50 60 70 90 120 130 140 dB 

401 292.9 99684. 58 -5.8 3.01 -0.93 95.0 95.9 91.8 102.0 108.5 112.4 111.3 185.2 
402 296.1 99610. 41 -5.9 '3.04 -0.91 91.3 91.4 98.3 100.3 105.0 108.3 108.5 181.2 
403 292.1 99681. 58 -6.1 3.11 -0.66 94.8 95.1 91.8 102.5 109.1 114.1 112.2 186.0 
404 298.9 99621. 41 -6.3 3.14 -0.61 91.1 91.6 98.8 10n.8 106.1 109.8 ' 109.5 182.6 
405 294.3 99611. 58 -6.4 3.24 -0.42 96.1 91.0 98.9 103.3 110 ;0' 114.1 112.3 186.4 
406 298.4 99620 41 -6.5 3.21 -0.42 99.5 99.8 100.1 102.4 101.3 110.6 110.2 183.5 
401 294.5 99633. 58 -6.6 3.25 -0.33 96.3 91.2 99.1 103·4 110.1 114.9 111.4 186.3 
406 299.8 99658. 41 -6.1 3.23 -0.31 100.0 100.1 101.2 102.8 101.1 111.3 110.4 184.3 
411 294.5 99610 58 -6.1 3.29 -0.25 96·3 91.4 99.2 103.6 110.3 115.0 111.1 186.4 
412 299.8 99556. 45 -6.8 3.26 -0.23 100.0 100.3 101.0 102.8 101.9 111.1 110.1 184.2 
413 294.1 996611. 58 -6.8 3.31 -0.18 96.5 91.6 99·4 103.6 110.4 115.2 111.6 186.5 
4111 298.1 100351 411 -6.9 3.29 -0.19 100.5 100.6 101.4 103.3 108.4 111.9 110.9 184.1 
415 294·1 99633 58 -6.9 3.34 -0.12 96.8 98.0 99.9 104.1 110.6 115.3 111.9 186.1 
416 298.1 99633 45 -1.0 3.32 -0.10 100.8 101.0 101.1 103.5 108.6 112.2 111.0 185.3 
419 295.4 99631 55 -1.1 3.35 -0.03 91.8 99.0 100.6 lOll .9 110.4 115.5 112.0 187.11 
420 299.2 99606 45 -1.1 3.35 -0.02 102.0 101.11 102.3 1011.2 108.9 112.6 111.3 185.5 
421 295.9 996511 55 -7.3 3.41 0.11 99.6 100.6 102.0 106.3 111 .1 115.8 112.3 187.9 
1122 299.2 99516. 115 -1·3 3.39 0.12 103.5 103.3 1011.0 105.8 109.6 113.1 111 .8 186.3 
423 296.2 99620. 55 -1.1 3.50 0.311 100.1 101.1 102.9 101.1 112.3 116.9 112.1 188.1 
4211 299·7 99526. 115 -1.7 3·118 0.35 105'0 1011.8 105.11 106.5 110.8 1111.4 112.1 181.5 



Table 1-6. (Cont'd) 

NOZZLE - HODEL 04 CONTINUED ••••••••••••••• S.I.UNITS ••••••••••••••• 
. 

TEST V V T T P W F 
POINT ac j T j r 

0 0 

mls mls K K kfi/S N 
449 O. 624.2 883.3 705.6 2.3592 28 .9 11113 
451 O. 656.8 953.3 759.8 2.4140 280.3 11508 
452 122. 658.4 955.6 761.4 2.4181 280.1 11523 
453 0 795.5 961.7 670.8 3 9159 452.2 22484 
454 122 798.6 970.0 677.2 3:9106 449.1 22419 

1405 O. 516.9 485.0 351.8 3.0718 506.5 16364 
1406 122 515.4 485.6 353.1 3.0453 504.2 16243 
1411 O. 523.0 484.4 348.0 3.1757 524.7 17148 
1412 122 522.4 482,2 346.5 3.1826 528.8 17264 
1413 o. 524.3 480.6 343.4 3.2346 536.4 17580 
1414 122. 523.0 478.3 342.1 3.2319 539.2 17630 
1415 0 522.1 477.2 341.7 3.2219 537.7 17541 
1416 122 526.4 481.1 343.1 3.2632 542.5 17848 

w 1419 0 524.6 472.8 335.8 3.3122 555.3 18207 
C'I 1420 122 528.2 478.3 339.4 3.3216 554.2 18293 
C'I 

1421 o. 527.6 472.8 334.1 3.3696 564.5 18618 
1422 122 528.5 474.4 335.3 3.3687 564.1 18637 
1466 122 549.2 555.0 405.1 3.0157 465.7 15986 
1468 122. 618.4 696.7 511.8 3.0377 414.2 16007 
1470 122. 673.0 826.1 613.9 3.0174 377.2 15866 

TEST T P RH NF LVH LBH PNL (FULL SIZE 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG.K Pascal J dB 50 60 70 90 120 130 140 dB 

449 297.5 99590. 51 -5.2 2.57 -2.05 93.3 94.2 96.0 99.6 104.7 107.3 108.1 187.3 
451 297.8 99715. 55 -5.0 2.78 -1.82 93.3 93.9 95 8 100.4 105.7 108.9 109.1 182.7 
452 298.7 99600. 51 -5.0 2.79 -1.81 94.0 94,6 95:6 98.1 102.5 104.2 104.5 177.7 
453 296.0 99637. 55 -8.4 3·63 0.71 99.0 100.2 101.9 106.9 113 .3 117.8 113.5 189.5 
454 299.4 99533· 45 -8.4 3,62 0.70 102 7 103.0 104.0 106.3 111.9 115.7 113.0 188.6 

1405 291.7 99462. 61 -9.9 1.79 -0.25 16b:~ 
98.7 99.5 102.2 101.6 103.4 104.3 180.4 

1406 301.6 99910. 42 -10.0 1.70 -0.29 101.0 '101.4 100.1 99.0 98.7 97.6 176.0 
1411 292.8 99580. 61 -10.1 1.83 -0.10 97.3 98.5 99.5 101.9 101.8 103.8 104.8 180.6 
1412 301.4 99953 42 -10.3 1.76 -0.09 100.3 101.1 101.6 100.4 99.6 99.4 98.5 176.4 
1413 292.9 99563. 61 -10.3 1.84 -0.02 97.3 98.8 100.0 103.6 102.2 104.3 104.9 181.2 
1414 301.9 99960. 42 -10.5 1.77 -0.02 101.1 101.6 102.1 101.1 100.0 99.7 99.0 176.9 
1415 298.3 99873. 58 -10.4 1.78 -0.03 97.6 99.2 100.6 103.9 102.7 104.2 105.1 181.4 
1416 301.7 99883. 42 -10.5 1.80 0.02 101.8 102.5 103.6 101.8 100.5 100.4 99.4 177.8 
1419 298.2 99856 58 -10.6 1.81 0.09 98.7 99.9 101.1 106.1 103.4 104.6 106.0 182.4 
1420 301.3 99947. 42 -10.6 1.81 0.10 102.4 103.7 104.8 103.3 101.3 101.1 100.2 178.9 
1421 299.4 99772. 58 -10.7 1.82 0.16 98.9 100.5 102.3 106.9 104.0 105.4 106.4 182.8 
1422 301.5 99910. 42 -10.8 1.81 0.16 105.0 110.6 105.7 104.0 102·1 101.9 101.0 180.9 
1466 299.6 99809. 44 -9.3 2.00 -0.34 100.3 100.3 100.4 100.7 100.2 100.2 99.6 176.9 
1468 300.3 99307. 45 -8.2 2.50 -0.31 100.3 99.7 100.3 100.9 102.5 104.4 105.4 179.4 
1470 299.6 99540. 45 -7.4 2.88 -0.34 100.3 99.7 100.4 101.5 105.2 108.1 109.2 181.9 



Table I-6. (Concluded) 

••••••••••••••• S I.UNITS ••••••••••••••• 

NOZZLE - MODEL CONTINUED 

. 
TEST V V T T P \{ F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
71J01 O. ~63.0 969.1J 876.3 1.1J995 166.3 1J813 
91J05 o. 61J3.7 755.6 558.3 3.0251J 397.9 16008 

w 9406 122 637.6 748.3 554.3 2.9910 402.0 16018 
0\ 9411 O. 648.0 71J5.0 51J1J.1 3.1398 415.9 16841 
-.,J 94~2 122 61J9.2 71J7.2 51J5.8 3.11J22 1J15.9 16877 

91J13 o. 649.8 71J4.1J 51J2.3 3.1662 1J19.5 17031J 
91J11J 122. 651.1751.1548.3 3.11J69 415.1J 16902 
9415 O. 658.7 747.8 539.5 3 2719 432.3 17797 
91J16 122 660.5 750.6 541.7 3.2761 432.1J 17850 
9421 O. 674.8 768.9 551.1J 3.361J2 438.2 181J82 
9422 122. 670.9 761.7 51J6.6 3.3518 438.6 18389 

TEST T P RH NF I..VM LBM PNL (FULL SIZE 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG.K Pascal ~ dB 50 60 70 90 120 130 llJO dB 

7401 300.7 99997 1J4 -2.6 1.25 -10.00 79.4 80.8 83.0 87.5 91.6 92.2 90.2 167.6 
9405 301.2 99960 41J -7.8 2.67 -0.33 96.3 97.6 98.8 101. 7 106.0 109.5 111 .3 184.3 
91J06 301.8 101614. 42 -7.9 2.63 -0.38 100 .1 100.3 100.9 101.0 103.3 105.9 107.3 180.5 

. 9411 300.7 99913 IJIJ -8.1 2.71 -0.15 96.5 97.7 98.9 101.9 106.8 110.1J 112.0 184.9 
91J12 301.8 100024 42 -8.2 2.71 -0.15 99.6 100.1 100.7 100.8 101J.0 106.5 108.0 181.1 
9413 300.9 99906 41J -8.2 2.72 -0.11 96.6 98.0 99.2 102.1 106.5 110.3 112.0 184.9 
9414 301.8 99977 • 1J2 -8.1 2.72 -0.14 100.2 100.5 100.7 101.5 101J.1J 106.9 108.5 181 • ~ 
9415 300.0 99835 58 -8.1J 2.78 0.03 98.6 100.0 101.2 103.8 107.3 110.8 112.7 185.7 
9416 301.6 99964 1J2 -8.1J 2.78 0.04 102.7 103.1 103·0 103.0 105·3 108.2 109.1J 183.0 
9421 299.7 99886. 58 -8.5 2.89 0'15 100.0 101.6 102.6 105.2 108.3 112.1J 112.6 186.1J 
9422 302 ·1 99869. 1J2 -8.5 2.81J 0·13 105.4 105.6 104·9 104.2 106.1 108·6 110 .1 183·8 



Table 1-7. Aerodynamic and Acoustic Test Data - Model 5. 

NOZZLE - HODEL 05 AREA [HODEL SIZE = 19.89 FULL SIZE = 1400.00] SQ.IN. 

TEST . 
POINT V P T V W F 

ac r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

507 0 3.02 1713 2378 771.3 57002 
508 400 3.01 1712 2373 770.6 568114 
513 0 3.13 1718 2412 795.6 59631 
514 400 3.12 1706 240 1 800.6 59746 
519 a 3.23 1707 2432 824.2 62315 
520 400 3.20 1701 2420 821.1 61760 
541 a 2.40 1696 2137 615.6 40889 
542 400 2.41 1712 2152 616.7 41252 
543 a 2.70 1703 2264 692.2 48699 
544 400 2.69 1727 2275 684.3 48385 
545 a 3.62 1718 2537 921.9 72694 
546 400.. 3.61 1696 2518 928.9 72703 

w 1505 0 3.07 853 1677 1125.8 58675 
0'\ 1507 a l'2 857 1690 1139 .0 59824 
00 1511 a .18 853 1698 1164.8 61476 

1513 a 3.~2 851 1704 1182.4 62619 
1519 a 3.21' 851 1713 1201.1 63960 
1519" 0 3.32 852 1725 1219.3 65358 
1521 a 3.37 853 1734 1234.1 66495 

TEST T P RH NF LVH LBH PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET. DEGREES 

DEG R PSIA J dB 50 60 70 90 120 130 140 dB 

507 528.3 14.39 69 -6.6 3.24 -0.33 96.7 100.4 102.9 104.0 99.0 104.3 102.8 181.7 
508 532.8 14.43 82 -6.6 3.22 -0.35 101.3 103.9 106.2 105.0 99.1 104.0 99.9 181.2 
513 528.4 14.38 69 -6.8 3.30 -0.17 96.9 100.5 103.4 104.2 99.2 104.8 102.4 181.7 
514 531.6 14.44 82 -6.9 3.27 -0.18 103.8 105.1 106.9 105.3 99.9 104.8 101.1 182.0 
519 528.3 14.37 69 -7.1 3.34 -0.02 97.2 100.9 103.4 104.6 99.6 104.7 103.4 182.5 
520 531.3 14.43 82 -7.1 3.31 -0.06 102.2 105.3 107.3 105.4 100.7 104.8 101.4 182.5 
541 527.9 14.39 69 -4.9 2.78 -1.87 91.6 94.7 99.4 99.5 95.4 101.3 99.5 177 .8 
542 535.3 14.42 82 -5.0 2.78 -1.83 95.7 97.6 102.2 99·8 94.9 99.2 95.8 175.6 
543 528.6 14.40 69 -5.8 3.03 -0.96 94.3 98.2 101.4 102.1 97.3 103.0 100.2 179.8 
544 534.6 14.42 82 -5.8 3.03 -0.99 97.8 100.7 103.8 102.4 97.0 101.'2 98.0 178.3 
545 528.1 14.39 69 -7.9 3.53 0.43 98.2 101.6 104.4 105.6 100~5 106.2 105.6 183 7 
546 534.5 14.43 82 -8.0 3.47 0.43 103.2 105.9 108.1 106.6 101.5 106.0 102.9 183'.4 

1505 526.4 14.37 77 -10.0 1.73 -0.25 95.8 99.0 99.0 102.4 94.9 96.5 96.2 178.5 
1507 525.8 14 36 77-10.1 1.77 -0.18 95.9 99.8 99.2 102.6 95.0 98.1 96.3 178.9 
1511 527.4 14.38 77 -10.2 1.78 -0.09 96.1 99.8 99.3 103.1 95.2 97.8 96.7 179.0 
1513 527.4 14.40 77 -10.3 1.80 .-0.04 96.1 100.0 99.4 103.0 95.4 98.5 96.9 178.9 
1515 527.6 14.39 77 -10.4 1.82 0.03 96.5 100.2 99.6 103.3 95.5 98.5 97.3 179.4 
1519 527.5 14.39 77 -10.5 1.85 0.10 96.6 100.2 99.6 103.4 95.3 98.6 97.3 179.4 
1521 527.5 14.37 77 -10.6 1.88 0.16 96 8 100.2 99.9 103.5 95.7 99.1 97 .4 179.6 

• 



Table 1-7. (Concluded) 

••••••••••••••• S.I.UNITS • •••••••••••••• 

NOZZLE - HODEL 05 AREA [HODEL SIZE = 0·0128 FULL SIZE = o 90311 sq.m. 

. 
TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/s N 
507 O. 72~.8 951.7 713.2 3.02~7 3~9.9 158~7 

508 122. 723.3 951.1 713.2 3.0138 3~9.5 15803 
513 O. 735.2 95~.~ 708.8 3.1268 360.9 16578 
51~ 122. 731.8 9~7 8 703.5 3.1226 363.1 16610 
519 0 7~1.3 9~8:3 69l.6 3.2307 373.9 1732~ 

520 122. 737.6 9~5.0 69 .8 3.2010 372.~ 17170 
5~1 O. 651.~ 9~2.2 751.5 2.~026 279.2 11367 
5~2 122. 655.9 951.1 758.1 2.~128 279.7 11~68 

5~3 O. 690.1 9~6.1 730.7 2.70~2 31~.0 13538 
5~~ 122. 693.~ 959.~ 7~2.7 2.6903 310.~ 13~51 

5~5 o. 773.3 95~.~ 680.3 3.6206 ~18.2 20209 
(...J 5~6 122. 767.5 9~2.2 671.1 3.6138 ~21.3 20212 
0- 1505 0 511.1 ~73.9 3~3.8 3.0729 510.7 16312 
\0 

1507 0 515.1 ~76.1 3~~.0 3.1180 516.6 16631 
1511 o. 517.6 ~73.9 3~0.6 3.1787 528.3 17091 
1513 O. 519.~ ~72.8 338.7 3.2183 536.3 17~08 

1515 O. 522.1 ~72.8 336.9 3.2707 5~~.8 17781 
1519 0 525,8 ~73.3 336.0 3.3235 553.1 18170 
1521 o. 528.5 ~73.9 335.0 3.3690 559·8 18~86 

TEST T P RH NF LVH LBH PNL (FULL SIZE 2~00 FT SIDE LINE) dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG.K Pascal J dB 50 60 70 90 120 130 1~0 dB 

507 293.5 992~0. 69 -6.6 3.2~ -0.33 96.7 100.~ 102.9 10~.0 99.0 10~,3 102.8 181.7 
508 296.0 99~59 82 -6.6 3.22 -0.35 101.3 103.9 106.2 105.0 99.1 10~.0 99.9 181.2 
513 293.6 99172. 69 -6.8 3.30 -0.17 96.9 100.5 103.11 1011.2 99.2 1011.8 102.~ 181. 7 
5111 295.3 995110. 82 -6.9 3.27 -0.18 103.8 105.1 106.9 105.3 99.9 1011.8 101.1 182.0 
519 293.5 99103. 69 -7.1 3.3~ -0.02 97.2 100.9 103.11 1011.6 99.6 1011.7 103.4 182.5 
520 295.2 99459 82 -7.1 3.31 -0.06 102.2 105.3 107.3 105.4 100.7 1011.8 101.4 182.5 
5111 293.3 99182. 69 -11.9 2.78 -1.87 91.6 94.7 99.4 99.5 95.11 101.3 99.5 177.8 
5112 297.4 9911112. 82 -5.0 2.78 -1.83 95.7 97.6 102.2 99.8 94.9 99.2 95.8 175.6 
543 293.7 99290. 69 -5.8 3.03 -0.96 94.3 98.2 101.11 102.1 97.3 103.0 100.2 179.8 
5411 297.0 99398. 82 -5.8 3.03 -0.99 97.8 100.7 103.8 102.4 97.0 101.2 98.0 178.3 
5115 293.11 992110 69 -7.9 3,53 0.~3 98.2 101.6 104.4 105.6 100.5 106.2 105.6 183.7 
5116 296.9 991186. 82 -8.0 3.47 0.43 103.2 105.9 108.1 106.6 101.5 106.0 102.9 183.4 

1505 292.5 99095. 77 -10.0 1.73 -0.25 95.8 99.0 99.0 102.4 94.9 96.5 96.2 178.5 
1507 292.1 99028 77 -10.1 1.77 -0.18 95.9 99.8 99.2 102.6 95.0 98,1 96.3 178.9 
1511 293.0 99112. 77 -10.2 1.78 -0.09 96.1 99.8 99.3 103.1 95.2 97.8 96.7 179.0 
1513 293·0 99267. 77 -10.3 1.80 -0.011 96.1 100.0 99.4 103 0 95.11 98.5 96.9 178.9 
1515 293.1 99196. 77 -10.4 1.82 0.03 96.5 100.2 99.6 103'3 95.5 98.5 97.3 179.4 
1519 293·1 99193. 77 -10.5 1.85 0.10 96.6 100.2 99.6 103:11 95·3 96.6 97·3 179.4 
1521 293·1 99085. 77 -10.6 1.88 0.16 96·8 100.2 99.9 103.5 95.7 99·1 97.4 179.6 



Table 1-8. Aerodynamic and Acoustic Test Data - Model 6. 

NOZZLE - HODEL 06 AREA [HODEL SIZE = 19.65 , FULL SIZE = 11l00.00] SQ.IN 

TEST • 
POINT V P T V W F 

ae r T j 
FT/SEC DEG R FT/SEC LB/SEC LB 

601 0 2.71 1711 2273 697.6 49286 
602 400 2.72 1710 2274 696.7 49242 
603 0 2.87 1715 2331 736.6 53367 
601l 400 2.87 1721 2333 733.2 53165 
605 0 2.96 1712 2356 757.9 55502 
606 400 2.95 1710 2353 756.7 55350 
607 0 3.03 1705 2373 778.7 57423 
608 400 3.02 1727 2387 771.2 57216 
611 0 3.08 1711 2394 790.1 58781 
612 400 3.07 1718 2395 7811.2 58376 
613 0 3.13 1714 2410 802.2 60082 
614 400 3.13 1720 2414 796.8 59779 

w 615 0 3.18 1712 2423 8111.8 61356 ..... 616 400 3.18 1732 2438 806.3 61096 
0 

619 0 3.23 1707 2433 824.4 623311 
620 1100 3.23 1727 2447 824.1 62686 
621 0 3.32 17111 21162 851.2 65135 
622 400 3.33 1709 2461 8118.3 64879 
623 0 3.51 1715 2509 898.4 70064 
624 400 3.52 1718 2513 895.2 69916 

TEST T P RH NF LVM LBH PNL (FULL SIZE, 21100 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 

DEG R PSIA J dB 50 60 70 90 120 130 140 dB 

601 535.0 14.50 47 -5.9 3.02 -0.93 93·6 97.7 98.8 101.3 103.4 105.2 106.2 181.5 
602 536.2 14.115 112 -5.9 3.02 -0.92 101.9 103.6 102.7 103.5 103.6 98.6 101.8 179.7 
603 536.0 14.48 47 -6.3 3.13 -0.60 911.1 97.11 98.3 101.5 103.7 105.9 107.6 182.0 
6011 541.8 14.46 42 -6.3 3.11 -0.61 99.2 102.5 102.1 103.11 105.1 101.6 103.4 180.4 
605 535.6 14.47 47 -6.5 3.17 -0.114 93.9 97.2 98.1 101.6 104.4 106.8 108.3 182.11 
606 536.7 14.45 83 -6.5 3.16 -0.45 99.0 101.9 102.5 102.7 104.3 101.6 103.7 179.9 
607 536.3 14.48 47 -6.7 3.20 -0.32 93.8 97.2 99.0 101.4 104.6 107.4 108.7 182.7 
608 537.4 14.45 83 -6.7 3.22 -0.33 98.9 101.8 102.3 102.7 101l.8 103.3 104.6 180.3 
611 537.2 14.46 47 -6.8 3.21l -0.211 911.1 97.6 99.3 101.9 104·9 107.6 109.11 183.0 
612 540.8 14.43 66 -6.8 3.22 -0.25 99.2 102.2 102.6 102.8 105.1 103.5 1011.8 180.9 
613 537.2 14.46 47 -6.9 3.26 -0.16 911.1 97.9 99.6 102.1 105.2 107.9 109.6 183.2 
6111 540.7 14.39 66 -6.9 3.26 -0.16 100.2 102.6 102.9 103.4 105.3 105.0 105.3 181.3 
615 537.0 14.45 47 -7.1 3.29 -0.09 911.5 98.2 99.7 102.3 105.2 108.3 109.7 183 8 
616 542.6 14.38 63 -7.0 3.29 -0.09 100.3 102.7 102.9 103.4 105.6 105.3 105.7 181.6 
619 537.3 14.~7 47 -7.2 3·31 -0.02 94.6 98.4 100.0 102.6 105.6 109.0 110.2 183.8 
620 5112.3 14.115 63 -7.2 3.31 -0.02 100.2 102.8 103.3 103.8 105.8 105.7 106.3 182.0 
621 536.9 14.45 111 -7.11 3.36 0.10 95.5 99.3 101.0 103.3 106.0 109.3 110.8 1811.3 
622 5111.0 14.35 59 -7.4 3.34 0.11 100.11 1011.0 103.9 104.1 105.6 106.1 107.11 182.6 
623 537.3 14.115 42 -7.8 3.114 0.32 95.4 99.1 101.0 103.6 107.2 111.3 111.7 185.5 
6211 544.3 14.39 59 -7.8 3.42 0.33 100.5 103.4 104.0 105.3 107.0 107.6 108.7 183.7 



Table 1-8. (Cont'd) 

NOZZLE - MODEL 06 CONTINUED 

TEST 
POINT V P T V W F 

ac r T j 
FTiSEC DEG R FT/SEC LB/SEC LB 

1605 0 3.01 818 1101 1116.8 59042 
1601 0 3.12 865 1699 1145.3 60494 
1611 0 3.11 866 1109 1161.0 61614 
1613 0 3.21 863 1114 1119.6 62851 
1615 0 3.21 866 1129 1191.6 64348 
1619 0 3.33 864 1138 1222.1 66011 

w 1621 0 3.31 864 1745 1236.6 61059 
...... 
...... TEST T P RH NF LVM LBM PNL (FULL SIZE, 2400 FT SIDE LINE), dB OAPWL 

POINT amb amb ANGLE RELATIVE TO INLET, DEGREES 
DEG R PSIA % dB 50 60 10 90 120 130 140 dB 

1605 528.8 14.49 41 -9.9 1.19 -0.26 94.0 91.2 98.6 100.1 98.4 98.8 98.5 111.5 
1601 530.5 14.49 41 -10.1 1.18 -0.17 94.2 91.6 98.8 100.3 98.4 98.6 91300 111.3 
1611 530.6 14.48 41 -10.2 1.80 -0.11 95.1 98.3 99.5 100.8 98.8 99.0 98.2 111.1 
1613 531.9 14.49 41 -10.3 1.81 -0.05 95.0 98.5 99.6 100.8 98.1 99.0 98.4 111.9 
1615 532.2 111.111 41 -10.4 1.84 0.03 95.1 98.4 99.1 101.0 98.8 99.0 98.1 118.3 
1619 532.5 111.41 41 -10.5 1.86 0.11 96.1 99.3 100.6 101.8 99.2 99.5 99.1 118.1 
1621 533.0 14.48 41 -10.6 1.88 0.16 96.0 98.2 99.9 101.9 99.1 99.9 99.5 178.8 



Table I-S. (Cont'd) 

••••••••••••••• S.I.UNITS • •••••••••••••• 

NOZZLE - MODEL 06 AREA [MODEL SIZE = 0.0127 FULL SIZE 0.9031] sq m. 

. 
TEST V V T T P W F 
POINT ac j T j r 

0 0 

m/s m/s K K kg/S N 
601 o. 692.8 950.6 733.7 2.7146 31 .4 13702 
602 122. 693.1 950.0 732.9 2.7186 316.0 13689 
603 0 710.5 952.8 724.3 2.8725 334.1 14836 
604 122. 711.1 956.1 726.9 2.8678 332.6 14780 
605 O. 718.1 951.1 717.3 2.9563 343.8 15430 
606 122 717.2 950.0 716.6 2.9528 3Q3.2 15388 
607 0 723.3 947.2 709;1 3.0282 353.2 15964 
608 122 727.6 959.4 719.1 3.0242 349.8 15906 
611 o. 729.7 950.6 708.5 3.0830 358.4 16341 
612 122. 730,0 954.4 712.1 3.0716 355.7 16229 
613 o. 734.6 952.2 706.4 3.1321 363.9 16703 
614 122 735.8 955.6 709.1 3.1319 361.4 16619 

w 615 o. 738.5 951.1 702.9 3.1814 369.6 17057 

" 616 122. 743.1 962.2 711.4 3.1840 365.7 16985 
r-> 619 o. 741.6 948.3 697.6 3 2315 373.9 17329 

620 122 745.8 959.4 706.1 3.2323 373.8 17427 
621 o. 750.4 952.2 694.8 3.3245 386.1 18108 
622 122 750.1 949.4 692.4 3.3325 384.8 18037 
623 o. 764.7 952.8 684.7 3.5117 407.5 19478 
624 122. 766.0 954.4 685·8 3 5171 406.1 19437 

TEST T P RH NF LVH LBH PNL (FULL SIZE 2400 FT SIDE LINE), dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG K Pascal S dB 50 60 70 90 120 130 140 dB 

601 297.2 99940. 47 -5.9 3.02 -0.93 93.6 97.7 98.8 101.3 103.4 105,2 106.2 181.5 
602 297.9 99640. 42 -5.9 3.02 -0.92 101.9 103.6 102,7 103.5 103.6 9B.6 101.8 179.7 
603 297.8 99860 47 -6.3 3.13 -0.60 94.1 97.4 98.3 101.5 103 7 105.9 107.6 182.0 
604 301.0 99717. 42 -6.3 3.11 -0.61 99.2 102.5 102.1 103·4 105' 1 101.6 103.4 180.4 
605 297.5 99748. 47 -6.5 3.17 -0.44 93·9 97.2 98.1 101.6 104:4 106.8 108.3 182 4 
606 298.2 99640. 83 -6.5 3.16 -0.45 99·0 101.9 102.5 102.7 104.3 101.6 103.7 179) 
607 297.9 99805. 47 -6.7 3.20 -0.32 93.8 97,2 99.0 101.4 104.6 107.4 108.7 182.7 
608 298.5 99644 83 -6.7 3.22 -0.33 98.9 101.8 102.3 102.7 104.8 103.3 104.6 180.3 
611 298.4 99671. 47 -6.8 3.24 -0.24 94.1 97.6 99.3 101.9 104.9 107.6 109.4 183.0 
612 300.4 99495. 66 -6.8 3,22 -0.25 99.2 102.2 102.6 102.8 105.1 103.5 104.8 180.9 
613 298.4 99691. 47 -6.9 3.26 -0.16 94.1 97.9 99.6 102,1 105.2 107.9 109.6 183.2 
614 300.4 99196. 66 -6.9 3.26 -0.16 100.2 102.6 102.9 103.4 105.3 105.0 105.3 181.3 
615 298.3 99647 47 -7.1 3.29 -0.09 94.5 98.2 99.7 102.3 105.2 108.3 109.7 183.8 
616 301.4 99125. 63 -7·0 3·29 -0.09 100.3 102.7 102.9 103.4 105.6 105.3 105.7 181.6 
619 298.5 99102. 47 -7.2 3.31 -0.02 94.6 98.4 100.0 102.6 105.6 109.0 110.2 183.8 
620 301.3 99637. 63 -7.2 3.31 -0.02 100.2 102.8 103.3 103.8 105.8 105.7 106.3 182.0 
621 298.3 99651. 41 -7.4 3.36 0.10 95.5 99.3 101.0 103.3 106.0 109.3 110.8 184.3 
622 300.5 98937 59 -7.4 3.34 0.11 100·4 104.0 103.9 104,1 105.6 106.1 107.4 182.6 
623 298.5 99600. 42 -7.8 3.44 0.32 95.4 99.1 101.0 103.6 107.2 111.3 111. 7 185.5 
624 302.4 99189 59 -1.8 3.42 0.33 100.5 103·4 104.0 105.3 107.0 107.6 108.7 183.7 



Table I-8. (Concluded) 

••••••••••••••• S.I.UNITS ••••••••••••••• 

NOZZLE - HODEL 06 CONTINUED 

. 
TEST V V T T P W F 
POINT ac j T j r 

0 0 
w m/s m/s K K kg/s N 
'" w 1605 O. 518.5 487.8 354.2 3.0690 506.6 1641 

1607 o. 517.9 480.6 347.2 3.1231 519.5 1681 
1611 0 520.9 481.1 345.9 3.1698 526.6 1714 
1613 O. 522.4 479.4 343.4 3.2126 535.1 1747 
1615 O. 527.0 481.1 342.8 3.2718 543.2 1788 
1619 0 529.7 480.0 340.2 3.3342 554.3 1835 
1621 O. 531.9 480.0 339.1 3.3711 560'9 18611 

TEST T P RH NF LVH LBH PNL (FULL SIZE 2400 FT SIDE LINE) dB OAPWL 
POINT amb amb ANGLE RELATIVE TO INLET DEGREES 

DEG.K Pascal J dB 50 60 70 90 120 130 140 dB 

1605 293.8 99886. 47 -9.9 1. 79 -0.26 94.0 97.2 98.6 100.1 98.4 98.8 98.5 177 .5 
1607 294.7 99890. 47 -10.1 1.78 -0.17 9lj.2 91.6 98.8 100.3 98.4 98.6 98.0 171.3 
1611 294.8 99815. lj1 -10.2 1.80 -0,11 95.1 98.3 99.5 100.8 98.8 99.0 98.2 177 .1 
1613 295.5 99876. 47 -10.3 1 .81 -0.05 95.0 98.5 99.6 100.8 98.1 99.0 98.lj 177 .9 
1615 295.7 99751. 41 -10.4 1.8lj 0.03 95.1 98.4 99.1 101.0 98.8 99.0 98.1 178.3 
1619 295.8 99158. 47 -10.5 1.86 0.11 96-1 99.3 100.6 101.8 99.2 99.5 99.1 118.1 
1621 296.1 99842. 41 -10.6 1.88 0.16 96.0 98.2 99.9 101.9 99.7 99.9 99.5 178.8 



TEST 
POINT 

113 

114 

121 

122 

TABLE II-I. AERODYNAMIC CONDITIONS OF LV TEST POINTS OF MODEL 1, CONVERGENT 
CIRCULAR NOZZLE 

P TT 
r 

oK 
(DR) 

3.128 946 
(1703) 

3.128 
963 

(1734) 

3.316 
949 

(1708) 

3.323 
953 

(1715) 

Pr - PRESSURE RATIO 

TT - TOTAL TEMPERATURE 

Ts - STATIC TEMPERATURE 

T s 

oK 
(DR) 

702 
(1264) 

716 
(1288) 

693 
(1247) 

696 
(1252) 

Vj V ale 
m/s oils UMAnS 

(ft/s) (ft/s) 

732 0 
STATIC CONDITION, CORRESPONDS 

(2402) TO C-D DESIGN POINT 

739 122 FLIGHT SIMILATED, CORRESPONDS 
(2425) (400) TO C-D DESIGN POINT 

749 0 
STATIC CONDITION, 

(2457) UNDEREXPANDED FLOI-l 

751 122 FLIGHT SIMULATED, 
(2464) (400) UNDER EXPANDED FLOW 

V j - FULLY EXPANDED JET EXIT VELOCITY 

V I • FREE JET VELOCITY a c 
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TABLE II-2. AERODYNAMIC CONDITIONS OF LV TEST POINTS OF HODEL 2, CONVERGENT-DIVERGENT CIRCULAR 
NOZZLE FOR DESIGN AT Mj~I.4 

TEST 
POINT 

213 

214 

221 

222 

207 

211 

P TT 
r 

oK 
(OR) 

3.121 949 
(1708) 

3.121 953 
(1716) 

3.309 943 
(1697) 

3.312 948 
(1707) 

3.018 948 
(1707) 

3.074 949 
(1709) 

P - PRESSURE RATIO r 
TT - TOTAL TEMPERATURE 

T - STATIC TEMPERATURE 
8 

T 
9 

oK 
(OR) 

704 
(1268) 

708 
(1275) 

688 
(1239) 

693 
(1247) 

711 
(1280) 

708 
(1274) 

Vj V ale 
mls mls REMARKS 

(ft/s) (ft/s) 

732 0 STATIC CONDITION, 
(2403) C-D DESIGN POINT 

734 122 FLIGHT SIMULATED, 
(2409) (400) C-D DESIGN POINT 

746 0 STATIC CONDITION, 
(2447) UNDEREXPANDED FLOW 

748 122 FLIGHT SIMULATED, 
(2455) (400) UNDEREXPANDED FLOW 

723 0 STATIC CONDITION, 
(2372) OVEREXPANDED FLOW 

728 0 STATIC CONDITION, 
(2390) OVEREXPANDED FLOW 

Vj • FULLY EXPANDED JET EXIT VELOCITY 

Vale = FREE JET VELOCITY 



TEST 
POINT 

313 

314 

321 

322 

309 

1313 

TABLE II-3. AERODYNAMIC CONDITIONS OF LV TEST POINTS OF MODEL 3 
.---- ------'---'-'-"----'==---=-

CONTOURED CONVERr.ENT ANNULAR PLUr. NOZZLE 

P TT 
r 

oK 
(oR) 

3.146 971 
(1747) 

3.136 952 
(1713) 

3.320 
963 

(1733) 

3.353 
955 

(1719) 

3.061 955 
(1719) 

3.239 
487 

(877) 

P • PRESSURE RATIO r 
TT • TOTAL TEMPERATURE 

T • STATIC TEMPERATURE 
8 

T 
8 

oK 
(oR) 

721 
(1297) 

706 
(1271) 

703 
(1266) 

696 
(1252) 

713 
(1284) 

348 
(627) 

Vj V 
alc 

mls mls REMARKS 
(ft/s) (ft/s) 

743 0 
STATIC CONDITION, CORRESPONDS 

(2439) TO C-D DESIGN POINT 

735 122 FLIGHT SIMULATED, CORRESPONDS 
(2411) (400) TO C-D DESIGN POINT 

755 0 
STATIC CONDITION, 

(2476) UNDEREXPANDED FLOW 

754 122 FLIGHT SIMULATED, (2474) (400) UNDEREXPANDED FLOW 

730 0 STATIC CONDITION, 
(2394) OVEREXPANDED FLOW 

528 0 STATIC CONDITION, LOW TEMP. 
(1734) CORRESPONDS TO C-D DESIGN PT. 

Vj = FULLY EXPANDED JET EXIT VELOCITY 

V I = FREE JET VELOCITY 
a c 



TEST 
POINT 

413 

414 

421 

422 

407 

411 

419 

TABLE II-4. 

P r 
TT 

oK 
(oR) 

3.108 957 
(1723) 

3.122 966 
(1739) 

3.299 966 
(1738) 

3.329 963 
(1733) 

3.025 962 
(1732) 

3.069 962 
(1732) 

3.214 938 
(1689) 

Pr - PRESSURE RATIO 

AERODYNAMIC CONDITIONS OF LV TEST POINTS OF MODEL 4 
CONVERGENT-DIVERGENT ANNULAR PLUG NOZZLE FOR DESIGN 
AT M

j 
-::: 1. 4 

T Vj V s ale 
REMARKS oK m~s m/s 

(oR) (ft/s) (ft/s) 

712 735 0 
STATIC CONDITION, 

(1282) (2411) C-D DESIGN POINT 

718 739 122 FLIGHT SIMULATED, 
(1293) (2426) (400) C-D DESIGN POINT 

707 754 0 
STATIC CONDITION, 

(1272) (2474) UNDEREXPANDED FLOW 

703 756 122 FLIGHT SIMULATED, 
(1265) (2479) (400) UNDEREXPANDED FLOW 

722 729 0 
STATIC CONDITION, 

(1299) (2392) OVEREXPANDED FLOW 

718 733 0 
STATIC CONDITION, 

(1293) (2405) OVEREXPANDED FLOW 

691 736 0 
STATIC CONDITION, 

(1243) (2416) UNDEREXPANDED FLOW 

TT - TOTAL TEMPERATURE 

T - STATIC TEMPERATURE 

Vj - FULLY EXPANDED JET EXIT VELOCITY 

V / - FREE JET VELOCITY a c 

8 



w ...., 
00 

TEST 
POINT 

513 

514 

1513 

1514 

TABLE II-5. AERODYNAHIC CONDITIONS OF LV TEST ~OINTS OF MODEL.2L CONVERGENT 
20-ELEMENT ANNULAR SUPPRESSOR NOZZLE 

P TT 
r 

oK 
(oR) 

3.123 962 
(1732) 

3.128 957 
(1722) 

3.209 472 
(850) 

3.214 472 
(850) 

P • PRESSURE RATIO r 
TT • TOTAL TEMPERATURE 

T • STATIC TEMPERATURE 
8 

T 
8 

oK 
(oR) 

715 
(1287) 

711 
(1279) 

338 
(609) 

338 
(609) 

Vj V 
ale 

m/s m/s REMAUS 
(ft/s) (ft/s) 

738 0 STATIC CONDITION, CORRESPONDS 
(2421) TO C-D DESIGN POINT 

736 122 FLIGHT SIMULATED, CORRESPONDS (2415) (400) TO C-D DESIGN POINT 

518 
STATIC CONDITION, LOW TEMP. 

(1701) 0 CORRESPONDS TO C-D DESIGN PT. 

519 122 FLIGHT SIMULATED, LOW TEMP. 
(1702) (400) CORRESPONDS TO C-D DESIGN PT. 

Vj - FULLY EXPANDED JET EXIT VELOCITY 

V / - FREE JET VELOCITY a e 



TEST 
POINT 

613 

614 

1613 

1614 

TABLE 11-6. AERODYNA!lIC CONDITIONS OF LV TEST POINTS OF MODEL 6, CONVERGE~T~ 
DIVERGENT 20-ELEMENT ,\NNULAR SUPPRESSOR NOZZLE FOR DESIGN 
AT Ij := 1.4 

P TT 
r 

oK 
(oR) 

3.128 960 
(1728) 

3.125 961 
(1729) 

3.216 473 
(852) 

3.215 474 
(853) 

P - PRESSURE RATIO r 
TT - TOTAL TEMPERATURE 

T - STATIC TEMPERATURE 
8 

T 
s 

oK 
(oR) 

71) 
(1283) 

713 
(1284) 

339 
(610) 

339 
(611) 

V. V 
J ale 

m/s m/s REMARKS 
Cft/s) Cft/s) 

718 0 STATIC CONDITION, 
(2420) C-D DESIGN POINT 

737 122 FLIGHT SIMULATED, 
(2419) (400) C-D DESIGN POINT 

519 
STATIC CONDITION, 

(1704 ) 0 C-D DESIGN POINT 

520 122 FLIGHT SIMULATED, 

(1706) (400) C-~ DESIGN POINT 

V.l = FULLY EXPANDED JET EXIT VELOCITY 

V I = FREE JET VELOCITY 
a c 

LOW TEMP. 

LOW TEMP. 



TABLE III-I. Test Details of Shadowgraph Photographs with Convergent Circular 
Nozzle (Hodel 1). 

~ 
." 
til :z: 
t:I 

Shadowgraph Test Flow .... 
Photograph Details Hatchio8 Matching :>< 

Conditions .... Teat Acoustic LV .... 
Point V P TT' V

j
, Shadowgraph Test Test ;' a/c, r No. 

Pictorial Representation Point Point 
fpa oR fps ~ 

~ ~ c: 
~ 113 0 3.12 1718 2411 2 3.33 113 113 ~ 

II> !X ., 
3 10.50 .... .... 

N (') 
~ 

Q. 0-1 4 17.67 
x til .... ~ 

5 24.42 ., 0-1 w 0 co a 
~ 

0 6 31.45 
~ 
~ ~ .... .... 
~ :>< ., 

114 400 3.13 1721 2414 10 3.19 ~ 
..., 

114 114 := 0 
0 ~ 

11 10.50 ~ 
~ 

'" = 12 17.67 I 

~ 
.... 

13 24.42 

14 31.45 ~ = 
." = 5114 400 3.23 834 1689 15 3.38 0 
0-1 
0 

16 10.20 
;! 

17 18.08 ~ 
0-1 
~ 

18 24.96 

19 31.85 



W 
<XI .... 

Test 
Point 

5113 

7113 

Table 111-1. (Concluded) 

Shadovgraph Test Flow 
Photograph Details Conditions 

V P TT' Vj I Shadowgraph ./e, r No. renter Locatio Pictorial Representation 
fps oR fps X(In.) Along 

Centerline 

0 3.22 839 1693 20 3.00 

21 10.74 

~x 22 17.71 

23 24.66 

24 31.19 10 
0 3.24 537 1358 30 3.51 

31 10.26 

~ 
32 16.50 

33 23.39 

34 30.92 I . 
x=O 

Hatching Hatching 
Acoustic LV 

Test Test 
Point Point 

- -

- -



w 
00 
N 

Test 
Point 

213 

221 

222 

214 

TABLE 111-2. Test Details of Shadowgraph Photographs with Convergent-Divergent 
Circular Nozzle (Hodel 2). 

Shadowgraph Test Flow 
Conditions Photograph Details Hatching 

Acoustic 
V P TT o Vj 0 Shadowgraph Test a/co r No. renter Locatio 

oR 
Pictorial Representatio~ Point 

fpa fps X(In.) Along 
Centerline 

0 3.12 1716 2408 1 3.16 213 

2 9.91 

~ 
~ 

3 16.65 x 

0 3.31 1710 2458 4 3.20 221 

5 9.95 r-- ---L4't5'X6\ ... 
~~ 

r 

6 16.69 x 

400 3.31 1706 2454 7 3.18 222 

8 9.93 1------ 8 9_ ~ .. ,. 
9 16.67 1----Jo x 

400 3.11 1707 2400 10 3.18 214 

11 10.14 

~ ~ 12 16.67 x 

x~O 

Hatching 
LV 

Test 
Point 

213 

221 

222 

214 



Table 111-2. (Conc1~d~d). 

Sbadowgrapb Test Flow 
Photograph Details Hatching Hatching 

Test Conditions 
Acoustic LV 

Point V P TT" Vj I Shadowgraph Test Test a/c i r No. enter Locatio Pictorial Representation Point Point 
fpa oR fps X(In.) Along 

Centerline 

7214 400 3.24 559 1384 13 3.32 

14 10.07 

15 16.81 x w 
0) 
w 16 23.56 

7213 0 3.24 517 1332 18 3.16 

19 10.62 

20 17.36 

21 24.11 

7211 0 3.2l 514 1323 22 3.20 

23 9.95 

24 16.69 

25 23.44 

211 0 3.16 866 1708 27 3.16 1211 
28 9.91 

-~ 
29 16.65 x 



Test 
Point 

4313 

(With 
Tabs 

4321 
(With 
Tabs 

5323 
(With 
Tabs 

1313 

TABLE III-3. Test Details of Sha40wgraph Photographs with Convergent Annular 
Nozzle (Ho4el 3). 

Shadowgraph Test Flow Photograph Details Conditions 

V P TT' Vj" Shadowgraph a/c, r No. Genter Locatio Pictorial Representation 
fps OR fps X (In) Y (In) 

0 3.11 1726 2413 4 -9.9 4.02 Y 
---.. 4 

5 2.67 0.0 i5 6.. ---6 9.77 0.0 x 
.... ./ 

0 3.33 1688 2444 9 -9.68 4.02 

~ 10 2.82 0.0 
~ 

11 9.92 0.0 ~ - x 
--.:. 

0 3.39 856 1740 12 -9.39 4.02 

~~ 13 2.82 0.0 

14 9.92 0.0 .. x 
.... --

0 3.22 866 1720 16 -9.31 3.69 

17 2.97 0.0 

~ 
18 10.07 0.0 

~ 
I X 

--.;: 

Hatching Hatching 
Acoustic LV 

Test Test 
Point Point 

4313 -

4321 -

5323 -

1313 1313 



Table III-3. (Concluded). 

Shadowgraph Test Flow 
Photograph Details Matching Matching Conditions Test Acoustic LV 

Point V P TT' Vj' Shadowgraph Test Test a/c. r No. renter Locatio Pictorial Representation Point Point 
fro..: oR fps X (In) Y (In) 

313 0 3.14 1731 2424 20 -9.35 4.03 

~ 
313 313 

121 -2.40 4.03 ,.--20 2 
22 2.43 0.0 _ ~ ..13_ 

23 9.53. 0.0 _ x ---
314 400 3.14 1709 2410 25 -9.73 4.05 

~ 
314 314 

26 -2.63 4.05 

27 2.20 0.0 7 28 -"-

28 9.30 0.0 
.. 

x --=-
322 400 3.31 1715 2460 30 -9.42 4.03 322 322 

31 2.51 0.0 

~~- ~ 

x -



Test 
Point 

413 

411 

421 

TABLE 111-4. Test Details of Shadowgraph Photographs with convergent-Divergent 
Annular Nozzle (Hodel 4) • 

Shauowgraph Test Flow Photograph Details Matching Conditions 
Acoustic 

V P TT' Vr Shadowgraph Test a/c. r No. renter LocatiOl Pictorial Representation 
oR 

Point 
fps fps X (In) Y (In) 

0 3.10 1687 2382 3 -6.94 3.1 ~~y 
413 

4 0.23 3.1 

- -~ 7 2.08 0.0 
~ 

5 9.18 0.0 '- :-C5C7 x -==-
0 3.07 1704 2387 8 -6.85 3.1 

~ 
411 

9 0.32 3.1 -::£Bn 
10 2.17 0.0 

-I-=:JC..)" .. 
11 9.27 0.0 x 

--../ 

(I 3.32 1687 2442 14 -6.85 3.1 421 

15 0.32 3.1 Y 

16 2.17 0.0 

17 9.27 0.0 ~~ ,. 1 17 
- .... ~ 

~ 
x -

Hatching 
LV 

Test 
Point 

413 

411 

421 



w 
00 ..... 

Test 
Point 

422 

414 

Table 111-4. (Concluded). 

Shadowgraph Test Flow Photograph Details Conditions 

V P TT' Vj' Shadowgraph 
a/c, r No. renter Locatio 

oR 
Pictorial Representation 

fps fps X (In) Y (In) 

400 3.34 1693 2451 18 -7.09 3.1 

=~ 
-19 0.08 3.1 

20 1.93 0.0 ~ 

x -
400 3.09 1700 2389 21 -7.09 3.1 

22 0.08 3.1 ~ Y 

23 1.93 0.0 

~B3 24 9.03 0.0 
x --

Matching Matching 
Acoustic LV 

Test Test 
Point Point 

422 422 

414 414 



w 
()) 
()) 

Test 

Table 111-5. Test Details of Shadowgraph Photographs with Convergent Suppressor 
Nozzle (Hodel 5). 

Shadowgraph Test Flow Photograph Detail!'! Conditions 

Point V 
a/c. 

P TT· Vr No. 
Shadowgraph 

r k:enter Locatio Pictorial Represe~tation 
fp.,. oR fps X (In) Y (In) 

1513 0 3.21 849 1701 1 

~ 2 
~ 

3 x 

1521 0 3.37 852 1733 4 -£N ~ 5 - ~ 

...JT 
-<. x 

513 0 3.12 1717 2411 6 -£7P D 7 x -
-~ 

514 400 3.13 1725 2420 8 

~ - Jt.... 
1514 400 3.22 849 1702 11 

12 

~~r 13 
11 '~ 

~ 

x 

Matching Matching 
Acoustic LV 

Test Test 
Point Point 

1513 1513 

1521 -

513 513 

514 514 

- 1514 



Table 111-5. (Concluded). 

Sbadovgraph Test Flow 
Photograph Details Hatchins Hatching 

Test Conditions 
Acoustic LV 

Point V P TT" Vj " Shadowgraph Test Test a/c. r No. renter Locatio Pictorial Representation Point Point 
{ps oR fps X (In) Y (In) 

400 3.37 859 1740 14 

I----n-~ y 

- -1522 

15 

16 " l.J.s.~ 
~-~ 

7513 0 3.27 542 1368 20 - -
21 I~Y 20 
22 , ~ 
21 - .- ~ 

I~ 
x 

24 



w 
'J:) 

o 

Test 
Point 

613 

614 

4614 

4612 

Table 111-6. Test Details of Shadowgraph Photographs with Convergent-Divergent 
Suppressor Nozzle (Model 6) 

Shadowgraph Test Flow 
Photograph Details Conditions 

V P TT' Vj' Shadowgraph a/c, r No. r.enter Locatio Pictorial Representation 
fps oR fps X (In) Y (In) 

0 3.13 1715 2412 1 -6.57 4.28 

~ 
2 0.53 2.73 

3 7.63 0.0 
~ 

4 14.73 0.0 x 

5 21.83 0.0 

400 3.13 1712 2410 6 -6.57 4.28 Y 
7 0.53 2.73 

~~ 
8 7.63 0.0 

9 14.73 0.0 
-c X 

10 21.83 0.0 1-07 -

400 3.72 1726 2566 11 -6.57 4.28 

~L. 
400 3.42 1730 2499 12 -6.57 4.28 

~JY 
~ 
x 

Hatching Hatching 
Acoustic LV 

Test Test 
Point Point 

613 613 

614 614 

- -

- -



Table 111-6. (Continued). 

Shadowgraph Test Flow Photograph Details Matching Matching 
Test 

Conditions Acoustic LV 
Point V P TT' V

j
, Shadowgraph Test Test 

a/c, r No. r-enter Locatio Pictorial Representation Point Point 
fps oR fps X (In) Y (In) 

4610 400 3.21 1740 2451 13 -6.57 4.28 ~y - -
x 

4606 400 3.02 1733 2390 14 -6.57 4.28 

!~ 
y - -

x. 

4604 400 2.72 1732 2290 1.5 -6.57 4.28 ~Y - -
x 
~ 

4602 400 2.37 1591 2055 16 -6.57 4.28 Y - -
6 

- ! 
7614 400 3.26 609 1448 17 -5.52 3.52 - -y 

18 1.58 0.99 17 \ 18 
19 8.68 0.0 j 19 20 21 . - --p 

20 15.78 0.0 ~ 
x 

21 22.88 0.0 



I'T1 
I 

N 
N 
(Xl 

Test 
Point 

7613 

N 0' 

Table III-6. (Concluded). 

Shadowgraph Test Flow 
Conditions 

V P TT' Vj' at. .... r No. 

fps oR fps 

0 3.26 560 1389 22 

23 

24 

25 

26 

Photograph Details Matching Matching 
Acoustic LV 

Shadowgraph Test Test 
renter Locatio Pictorial Representation Point Point 
X (In) Y (In) 

-6.3 3.52 

~~ 
- -

0.8 0.67 

7.9 0.0 

15.0 0.0 ! --trr x 

22.1 0.0 
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