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PREFACE 

^18 report describes the work perforned under the DOT/FAA Core Engine 
Noise Control Program (Contract DOT-FA72WA-3023). Tne objectives of the 
program were: 

e Identification of component noise sources of core engine noise 

Identification of mechanisms associated with core engine noise 
generation and noise reduction 

• Development of techniques for predicting core engine noise in 
advanced systems for future technology aircraft. 

The objectives were accomplished in 4 phases as iollows: 

Phase I - Analysis of engine and component acoustic data to identify 

potential sources of core engine noise and classification 
of the sources into major and minor categories. 

Phase II - Identification of the noise generating mechanisms associated 

with each source through a balanced program of: 

e Analytical studies 

a Component and model tests 

• Acoustic evaluation of data from existing and advanced 
engine systeas. 

Phase III - Identification of noise reduction mechanisms for each source 

through a program with elements similar to phase II. 

Phase IV - Development of improved prediction techniques incorporating 

the results obtained during the preceding two phases. 

The work accomplished is reported in three volumes corresponding re¬ 
spectively to the three objectives stated above. 

Volume I - Ident fication of Component Noise Sources. 

Volume II - Identification of Noise Generation and Suppression Mechanisms. 

Volume III - Prediction Methods. 
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CORE ENGINE NOISE CONTROL PROGRAM 
OVERALL REPORT ORGANIZATION 

Contract Phase 

Phase 1 

Phase II 

and 

Phase III 

Phase IV 

Contract Docuaentatlon 

Identification of Component 

Noise Sources 

Definition of Mechanises of 

Noise Generation 

Definition of Mechanises of 

Noise Reduction 

Developeent of prediction 
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SUMMARY AND CONCLOSIONS 

Tills volume contains information on the detailed investigation of the source 
generating mechanisms and suppression of seven core noise sources: 

1. Coannular Jet noise 

2. Conbustor noise 
I 

1 

3. Turbine noise 

4. Interaction noise 

5. Obstruction noise 

6. Casing radiation 

7. Compressor noise • 

Hie coannular jet noise investigation was largely carried out on General 
Electric's low ambient noise level jet noise facility. A detailed test program 
was run to determine the effects of the fan flow passing over the high velocity 
core jet for a range of area ratios (fan nozzle area/core nozzle area), fan jet 
velocities, and velocity ratios (fan jet/core Jet). 

Four core suppressors were also riri - two lobe suppressors, a hole suppressor 
and a spoke suppressor. These tests indicated that an 18 lobe, area ratio 2 
(annulus area/core flow area) suppressor with a carefully faired (capped) core 
cowling would produce about 5 PNdB of suppression statically with a core jet 
velocity of 1600 ft/sec. 

A series of tests were conducted to determine the effects of Internal tur¬ 
bulence on jet noise generation. These tests indicate Increases in noise of up 
to 7.5 db OASPL when axial turbulence Increases from 2X to 20Z. 

The area of coabustion (low frequency core) noise presents a unique neasure- 
ment problem in the engine system because of its close relation to jet nc i.se in 
the spectrum. Therefore, it was advantageous to test the conbustor as a component 
at atmosphf > -. pressure. Two conbustors were tested. The data from those tests 
showed a conflation with temperature rise and mass flow as well as exit velocity. 
The exit geometry was also found to affect the directivity of conbustor noise 
radiation. 

A low frequency noise suppressor was also tested. It showed considerable 
suppression over a wide frequency band. 

In the higher frequency range, turbine noise was investigated. Component 
tests were employed along with an analytical method for the prediction of 
turbine discrete freouency noise. A single stage high pressure turbine test 

V 



Indicated no change in noise level with inlet turbulence when the turbine inlet 

nozzle was choked. A thrive stage turbine was also tested with and without 

increased axial spacing between the blade rows. The basic discrete frequency 

noise data indicated a good correlation with Ideal work extraction and blade 

tip speed. Increased blade row spacing showed reductions in tone levels of 3 db 

?WL per spacing-to-chord doubling for a spacing Increase from 0.29 to 0.89 rotor 

true chords. The analytic prediction showed good correlation with the actual 
component noise data. 

Interaction noise was found to be related to turbine tone noise generation. 

» The "haystack’' phenomenon in the noise spectrum has been attributed to the inter- 

action of a turbine tone with the turbulence In the coannular jets. This process 

occurs without amplifying the acoustic energy. Thus interaction noise can be 

reduced by reducing turbine noise or decreasing Jet mixing turbulence intensity. 

The noise created by obstructions in engine flowpaths was investigated 

through the use of a free jet laboratory test facility. Both noise and wake 

survey data were caken for a series of commonly shaped obstructions. All of 

the noise data acquired was fomd to correlate with a parameter based on the 

model chord, span, maximum thickness, and drag coefficient, plus with the in¬ 

coming velocity. In geuetal, the more streamlined shapes (lowest drag) 

resulted in the least noise. 

Although casing radiation is not a true "source" in that the origin of the 

acoustic energy is related to other engine components, the characteristics of 

the casing can play a part in determining the overall engine noise signature. 

The acoustic impedance of the casing was found to be a function of the casing 

thickness, critical and ring natural frequencies, and the location of internal 

struts. 

Core compressor noise was examined largely from the point of view of its 

suppression and overall contribution to the engine noise signature. Generally, 

the core compressor contributes little to the engine spectrum. What noise does 

reach the farfleld is principally radiated from the erglne inlet. The suppres¬ 

sion of this noise can be accomplished by using compressor inlet treatment. 

Thus, in each of the seven areas cited, the source mechanisms and various 

means of suppression were examined. This was accomplished through a balanced 

program of analytical work, component testing, and engine test data analysis. 
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SECTION 1.0 

introduction 

Core engine noise has been assuming increasing significance in bypass 

engines as fan noise has progressively been brought under control. The maior 
sources of concern «er« identified in Volume I as: 

$ • Jet 

• Combustor 

• Turbine and Turbine/Jet Interactions 

• Obstructions in the Flowpath. 

Two other noise sources of less immediate concern,but which may require 
attention in a continuing noise reduction program, were identified as: 

e Compressor 

e Casing Radiation 

The above delineation was used to allocate the effort of the Core Engine Noise 
Control Program. 

This volume describes the work performed urder Phases II and III of this 

the definition and substantiation of the mechanisms of the noise 

generation and noise suppression, respectively. These objectives were achieved 

through a balanced analytical and experimental program, supported by evaluation 

of a large amount of acoustic data previously obtained on a wide variety of 

engines. Model and component tests were performed to supplement the analytical 

work of Phase II in or<L¿r to establish the basic parameters which control 
the noir.e generation. 

The facilities utilized for the Phase II tests were also used for Phase 

III work in order to stibstantiate the analysis and to extend and validate 

suppression concepts developed under previous programs. For example, a) sup¬ 

pressor nozzle designs evolved under high velocity single jet programs were 

tested on the low velocity core jet in a coannular flow configuration, b) a 

fan noise reduction technique of opening axial spacing between blade rows 

was applied to turbines, and c) combustor noise suppression was demonstrated 
using a deep cavity resonator. 

The phase 2 and 3 information reported ip this volume Was used to form 

the basts for construction of the prediction methods reported in Volwne III. 

1-1 



SECTION 2.0 

JET NOISE 

2.1 BACKGROUND 

The high bypass turbofsn engine significantly reduced the jet noise 

problea by trsnaferring the high velocity core jet energy to the low velocity 

fun stress. Recent advances in fan noise suppression however, have reduced 

engine noise levels to the point where core jet noise is again a dominant 

source. Attention has thus been directed toward estsbl'shlng the acoustic 

characteristics of high bypass dual flow exhaust systems and toward developing 

viable suppression techniques. 

The experimental investigations related to defining and to understanding 

the mechanisms of jet noise in dual flow systems must start with a background 

of basic data applicable to a wide range of engine exhaust systems. Some 

recent data (References 2.1-1 to 2.1-5) is available for subsonic coaxial jet 

noise generation, but very little systemic evaluation of jet noise character¬ 

istics has been undertaken. Experimental data is particularly needed for: 

relatively large models with hot primary gas flows. The interaction of 

annular gas flows at different temperatures has not been investigated signifi¬ 

cantly from the acoustic standpoint. 

The approach taken was to utilize a simple baseline dual flow nozzle 

configuration (such as Figure 2.1-1) and to investigate the effects of second¬ 

ary to primary area ratio and velocity ratio at or.e temperature ratio. The 

same baseline model configuration was used to investigate the effects of flow 

turbulence intensity on jet noise generation. 

2.2 UNSUFPRESSED CONFIGURATION TESTS 

2.2.1 Objectives 

The objective of the baseline unsuppressod dual flow nozzle evaluation 

was to investigate and deilne the secondary to primary area ratio and velocity 

ratio effects on the acoustic characteristics. The variation of the secondary 

and primary areas and velocities covered the range of current and proposed 

turbofan engines. The resulting data provided a prediction technique for the 

basic noise levels of various engine systems and established the interaction 

effects of dual flow nozzles. 

2.2.2 Test Model Hardware 

The corn jet baseline nozzle consisted of a contoured convergent nozzle 
as shown in Figure 2.2.2-1. The exit diameter wac 3.56 Inches (0.09m). 

Four coplanat secondary nozzles vete designed to have secondary (fan) flow 

to primary (core) flow area at ratios of 2,4,6, and 8 (Figure 2.2.2-2). The 

fan shroud exit diameters and thr. geometric configuration of th», hardware are 
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also shown in the figure. The model hardware provided a family of coplanar, 

coannular convergent nozzles applicable to current and future aircraft 

Installations as well as a basic reference configuration for dual flow jet 
noise testing. 

2.2.3 Teat Facility Description 

The models were tested on a dual flow acoustic test facility with 

capabilities for hot core flow and cold secondary flow. This Jet Engine Noise 

Outdoor Test Stand (JENOTS) is located at General Electric, Evendale, Ohio 

(Figure 2.2.3-1). The coannular facility Includes an acoustically trer.ced 

plenum (Figure 2.2.3-2) In which upstream piping, valve, and combustor noise 

Is absorbed. Cold high pressure air is supplied separately to the plenum 

secondary and primary chambers through air lines from compressors in a nearby 

building. The core flow is heated In the prebumer up to temperatures of 

1600° R (890° K) by a combustor using jet fuel (JP4). Hence, the core and 

fan flow streams are Independently controlled and produce clean jet sources 
at low velocity conditions. 

2.2.3.1 Coannular Plenum 

The coannular rig is shown schematically in Figure 2.2.3.1-1. Air for 

the primary and secondary streams is supplied from the Evendale central air 

supply system through 10 inch (0.254 m) and 16 inch (0.406 m) air lines 

respectively. The plenum chamber to which the test models were attached 

served a two-fold purpose: 1) to give the flow a uniform velocity profile, 

and 2) to eliminate any high frequency system noise through the use of 

acoustically treated baffles located in the secondary and primary streams. 

Flow conditions for the primary and secondary streams were controlled 

separately with the airflows being measured using an orifice plate system 

coupled with pressure and thermocouple rakes. Flow condi';*>ns at the nozzle 

exit plane of the models were set through the use of total pressure and total 

temperature rakes located on the model. The range of conditions under which 

the facility operates are: 

Bypass Ratio 

Fan Temperature (° R) 

Core Temperature (° R) 

Fan Pressure Ratio 

Core Pressure Ratio 

Fan Weight Flow (Ib/sec) 

Core Weight Flow (lb/sec) 

Minimum Maximum 

0 15 

ribient ambient 

ambient 1600 (890 K) 

1.05 3.5 

1.05 4.0 

0 30.0 (13.6 kg/sec) 

0 30.0 (13.6 kg/sec) 
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Several precautions have been taken to eliminate extraneous noise (piping 

noise, etc.) emanating from the facility Itself. Where posslb^fe, all air 

supply lines were wrapped with acoustically absorbing material to prevent pipe 

noise from escaping through the walls of the air supply lines. All elbows in 

the air supply lines were packed with acoustically absorbing material to mini¬ 

mize the generation of turning noise. To eliminate the high frequency piping 

noise, the plenum chamber (Figure 2.2.3-2) uses acoustically treated baffles. 

The low Mach number of the flows over the baffles (0.06 to 0.18) assured the 

effectiveness of the treatment which gave 25dB suppression for freit'encies 
greater than 1000 Hz. 

2.2.3.2 JENOTS Acoustic Arena 

The outdoor facility has the nozzle centerline 55 inches (1.4 m) above 

the ground plane. The ground plane is composed of concrete to a radius of 

20 feet (6.1 m) from the nozzle exit and then crushed rock to a 40 foot 

(12.2 m) radius. A grassy field exists beyond the acoustic arena. All struc¬ 

tures present in the facility have been designed to eliminate acoustic reflec¬ 
tion Interference at the microphone positions. 

The outdoor arena is subject to ambient weather conditions. The outside 

air temperature, barometric pressure, and wet and dry bulb temperatures are 

recorded throughout a test. The wind speed and wind direction are also recorded. 
These data are used to correct the sound data to standard day. 

No acoustic testing is conducted during rain, snow, or winds over 10 mph. 

2.2.3.3 Facility Acoustic Validation 

Acoustic farfield data is recorded using a 40 ft (12.2 nO hemispherical 

arc microphone array consisting of 1/2 inch (0.0127 m) condenser microphones 

mounted on 16 ft (4.88 m) towers. The towers are positioned at 10° (0.175 rad) 

intervals to provide data from 20° (0.35 rad) to 160° (2.8 rad) from the inlet 

axis, see Figure 2.2.3.3-1. The towers are fitted with goose neck adapters 

for the microphones to Insure no reflections from the towers (Figure 2.2.3.3-2). 

This microphone array was implemented to minimize the effect of ground 

reflections on scale model data. By changing the geometry of the facility the 

loci of the reflection points moved closer to the source. Figure 2.2.3.3-3. 

This caused the ground reflection pattern to shift to the low frequency range 

(see Figure 2.2.3.3-4). The effect on the ppectra due to the microphone 

mount is presented in Figure 2.2.2.3-5. Through a combination of these geo¬ 

metrical improvements plus the careful attention paid to reducing extraneous 

piping and valve noise sources by treating the pipework with lead wrapping and 

reducing any airborne noise such as combustor rumble by the design of the 

coannular plenum chamber (see Figure 2.2.3-2) a smooth jet noise spectrum 

unhampered by ground effects can be obtained. Figure 2.2.3.3-6 shows a narrow 

band (80 Hz) spectrum of jet noise from a conical nozzle measured on the final 
facility configuration. 

r 
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MICROPHONE 

FIGURE 2.2.3.3-2 MICROPHONE GOOSE NECK ADAPTER 
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PLAN VIEW 

80° ^’ínívwi1??0^ ?0° (*35 Rad*)» SAME GEOMETRY AS 
100 (1.75 Rad.) THROUGH 160° (2.8 Rad.) 

OLP MICROPHONE ARRAY 

• 40 FT. (12.2 m) ARC 

• MICROPHONE HEIGHT 
* 55" (1.4 m) ABOVE 
GROUND 

NEW MICROPHONE ARRAY 

• 40 FT. (12.2 m) 
HEMISPHERICAL ARC 

• MICROPHONE HEIGHT 
= 15.9 FT. (4.85 m) 
ABOVE GROUND 

1.75r 1.58r 

FIGURE 2.2.3.3-3 COMPARISON OF JENOTS OU) AND NEW 
MICROPHONE ARRAY 
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MODEL CONICAL NOZZLE 

40 FT. (12.2 tn) HEMISPHERICAL ARC 

90° (1.575 rad) TO JET EXHAUST AXIS 

MICROPHONE AT 15.9 FT. (4.85 tn) ABOVE GROUND PLANE 

NOZZLE CENTER LINE AT 55" (1.4 tn) ABOVE '{ROUND PLANE 

V. - 1000 FT/SEC (304.8 m/Sec) 

80-Hz BANDWIDTH 

FIGURE 2.2.3.3-6 NARROWBAND ANALYSIS OF JENOTS MEASUREMENT 
WITH NEW MICROPHONE ARRAY, SHOWING ABSENCE 
OF GROUND REFLECTIONS. 
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mmmm girunppWMIPfW« I ! fl !4U‘l I ' 1!.. II .. 
..^1.1^..1...111.„in, 

usina tÎTL^Ï aC<TtÍC data tweeted for ground reflections) 
using the iidcro^hone array and anechoic chamber acoustic data over a ranee of 

Jet velocities is given in Figure 2.2.3.3-7. The anechoic chamber data furve 

was obtained from Reference 2.1-5. The data repeatability is excellent and 

the agreement over a velocity range of 600 ft/sec (182.9) to 1500 ft/sec 

(. m/sec) is within 2dB. A spectral comparison betweer JEMOTS and the 
sank, anechoic chamber data is shown in Figure 2.2.3.3-8. 

th. 0f 'Í* 0utd00r 8t“d “ere evaluated to astabll.h 
the noise floor below which acoustic testing was not practical. Figure 

h;.' i V °W8 a typical 8et of spectra for a conical nozzle operating over 
e velocity range of 400 (121 m/sec) to 1600 ft/sec(488 m/sec). For a let 

U ve^Irly JbUnt “ÍÜ I"“™ at the P«k PoUr OASPL angla 
very nearly ambient. The spectrum corresponding to V1 - 582 ft/sec (176 

“r '"i ^Ient ra"8e 11 L conclLad t^rafora, 
ft/aac (l^n/aac) ” ”0lSe ^ t0 600 ft/ 

2.2.4 Test Program 

flow d^tatatt^ffrHWa8ide!Í8ned t0 "e/3”™ the far field noise and nozzle 
tlow data at specified velocity ratios for each area ratio configuration 

The fan velocities were set at 400, 600, 800, and 1000 feet per second (221 

ITi f2>“d and tha valoclt, ratios (fan valoclty to cor, valnilty) 
of 1.0, .833, .714, and .625 resulted in the test matrix shown in Table 2.2.4-1. 

2.2.5 Test Results 

,, Farfieid acoustic data and nozzle flow data were recorded on the base¬ 
line conical nozzle and on four coannular* coplanar dual f. >w nozzles with 

secondary to primary flow areas of 2, 4, 6, and 8. The detailed test results 

f^cíiontf ni“ App®ndicea C md D* nozzle jet exit velocities as a 

Appendix A "îï ! Pre88Ure ratl08 and temPeratn«s are shown in 
“oustlt data are summarized as peak values on the 40 foot 

Appendix ^ ^ Pertinent “rodynamic data) in tabular form in 

2.2.5.1 Baseline Conical Nozzle Jet Noise 

The baseline conical nozzle or core nozzle was evaluated, as a reference 

TL :o“oot\;rr r ait veirity ^ on the 40 foot (12.2 m) arc are shown in Figure 2.2.3.3-9. Except for the 

background "LVleve^' ^ ^ leVelS a" abova tha “»‘“t 

Directivities of the conical baseline nozzle over a range of velocities 

ÍL 8Ure 'Z2-5'1-1- ^ P»ak »Sias occur, as uj“ 
I0™' kapaatabllity of the data 1. also evident in tint mlior velocity 

noHlIÎ» ! .° Jot1chan*e ;he directivity significantly. Thus, the core 
V îîp C!Î conlcal “»“le and provides a good baseline from which 

™lMu“se dual flou different secondary flow rates and 
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/ JENOTS DATA 

o 10/20/72 SCALED 

E 

°/ 
/ 

< 

o 10/06/72 CORRECTED TO STD. DAY 
O 10/11/72 252’ (76.8m) ARC 

¿ 08/22/72 3.558" (.091 m) DIA. 
CONICAL NOZZLE 

-\-\_i_1_L 1 1 
-.2 

J_L 

LOG 
0 

y*o 
.2 .4 

_L _L 

Ft/Sec 400 600 800 1000 VS00 2000 3000 

m/Sec 121.9 182.9 304.8 457.2 609.6 914.4 

FIGURE 2.2.3.3-7 OASPL COMPARISON BETWEEN JENOTS AND 
ANECHOIC CHAMBER DATA 
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1 ... 

PT. 
No. 

ANGLE FROM 
INLET 

Deg. Rad. 
JET VELOCITY 
Ft/Sec m/Sec 

• 40 FT. (12.2 m) ARC “ J 

• AS-MEASURED DATA CORRECTED 70 
STANDARD DAY a 4 

• 3.558" (.09 m) CONICAL NOZZLE £ j? 

o 7 

150 2.625 
150 2.625 
140 2.45 
140 2.45 
140 2.45 
140 2.45 
140 2.45 

372 113.4 
582 177.4 
798 243.2 
992 302.4 

1208 368.2 
1428 435.3 
1558 474.9 

FIGURE 2.it.j.3-9PEAK OASPL SPECTRA FOR CONICAL BASELINE RUN NO* 5 
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• 40 FT. ARC (12.2 m) 

• A3 MEASURED DAT* CORRECTED TO STANDARD DAY 

• 3.558" CONICAL NOZZLE (.09 m) 

.35 .70 1.05 1.40 1.75 2.10 2.45 
ANGLE FROM INLET 

2.80 

‘-i 
(Ft/Sec) (m/Sec) 

1558 - 474.9 
1608 - 490.1 
1622- 494.4 

1428 
1409 
1418 

435.3 
429.3 
432.2 

1208 
1198 
1212 

368.2 
365.2 

-369.4 

998 
982 

1014- 

304.2 
299.3 
309.1 

798 
804 

243.2 
245.1 

582 
573 

- 177.4 
-174.7 

Degrees 

Radians 

FIGURE 2.2.5.1-1 OASPL VS ACOUSTIC ANGLE FOR CONICAL NOZZLE 
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2.2.5.2 Dual Flow Nozzle Jet Noise 

The effect of secondary flow rate and secondary Jet exit velocity (V2g) 

was evaluate^ by testing the core nozzle with each of the four shrouds and by 

varying the velocity ratio (secondary/primary) as shown in Table 2.2.4-1. 

The farfie Id acoustic results show that secondary flow does Indeed suppress 

the core jet noise below the level of the core jet alone at a given core jet 
velocity (Vg). 

The peak angle OASPL 1/3 octave band spectra for a secondary (fan) exij 

velocity of 800 ft/sec (244 >a/s) for all four dual flow configurations are 

shown in Figures 2.2.5.2-1 through 2.2.5.2-4 (see Appendix for other data). 

At area ratio 2, some high frequency suppression occurs with increase in the 

core jet velocity. At area ratio 4 (Figure 2.2.5.2-2), reductions in core 

velocity below the fan velocity result in the fan Jet dominating the spectra. 

When the core velocities exceed the fan velocity, the low frequency levels 

Increase, while the high frequency noise levels tend to be suppressed. The 

trend of high frequency suppression is very apparent at area ratio 6. The 

area ratio 8 dual flow nozzle shows the low frequency noise levels Increasing 

with core jet velocity, while the high frequency levels initially decrease 

and then finally increase. Overall, the spectra indicate that the presence of 

secondary flow tended to reduce the generation of high frequency noise. 

The peak OASPL are shown plotted versus velocity for each configuration 
in Figures 2.2.5.2-5 through 2.2.5.2-8. These summary curves show the 

suppression effects of secondary flow. At velocity ratios (fan to core) of 

1.0, the noise levels are equal to those obtained from a single nozzle flow 

with the diameter and jet velocity equal to that of the dual flow configura¬ 

tion. The core nozzle, only reference plotted in each of the figures, shews 

the scope of the V2g/Vg ■ 1.0 locus. As the core velocity increases 

(v28/v8 < 1*0)» the decreased slope of the lines at constant fun velocity 
indicates that suppression is present. In fact, at V28/V8 - 0.625, the noise 

level of the combined fan and core flows is less than the noise level of the 

core flow by itself. The cross-over occurs at V28/Vg ¿0.75 for the config¬ 

urations tested. Thus, the effect of secondary flow is such that the core 

Jet noise level can be suppressed below that of a single flow nozzle. 

As a point of reference, a comparison was made between the data measured 

at JENOTS and the data presented in Reference 2.1-3 from Wyle Laboratories. 

Note that the Wyle Lab data was for cold flow. Figure 2.2.5.2-9 presents plots 

of OASPL versus angle from the inlet for comparable test conditions for the 

area ratio of 2. This directivity comparison indicates very good agreement at 

all angles. The 1/3 octave band spectra at 140° (peak OASPL angle) is shown in 

Figure 2.2.5.2-10. The JENOTS data is slightly higher at low frequencies and 

slightly lower at high frequencies. However, the JENOTS data was for hot core 
flow and was not corrected to free field, which may account for the 
discrepancies. 

Other Wyle Lab data was available for an area ratio of 5 and was compared 

with the JENOTS data for area ratios of 4 and 6 (see Figures 2.2.5.2-11 and 

2.2.5.2-12). The trends are consistent. However, the JENOTS data for the 
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AS-MEASURED DATA 
CORRECTED TO 
STANDARD DAY 

40 FT. (12.2 m) \RC 

A 

o 
o 

o 

PT. 
No. 

16 

17 

18 

19 

ANGLE FROM 
INLET CORE VELOCITY 

Deg. Rad. Ft/Sec m/s 

806 246 

954 291 

1129 344 

1291 394 

150 2.625 

150 2.625 

150 2.625 

150 2.625 

FIGURE 2.2.5.2-1 PEAK OASPL SPECTRA FOR AREA RATIO = 2 MODEL, 
FAN VELOCITY 800 FT/SEC (244 m/s) 



... NJ . ill I.MM. ....- ...III«!.... ,11 ■ 11111,1,»!IW( 1 

« 

ANGLE FROM 
FT. INLET CORE VELOCITY 
No. Deg. Rad. Ft/Sec m/a 

AS-MEASURED DATA 
CORRECTED TO 
STANDARD DAY 

40 FT. (12.2 m) ARC 

O 23 
û 29 
O 35 
□ 41 
o 47 

150 
150 
160 
150 
150 

2.625 
2.625 
2.80 
2.625 
2.625 

602 
726 
987 

12G0 
1339 

183 
221 
301 
366 
423 

110 

100 

CM 
B 
Z 

i 
o 

X 
CM 

(U 
u 

PÛ 
•V 

(U 
CO 

I 
ro 

1.0 

FREQUENCY, KHz 

10.0 40.0 

FIGURE 2.2.5.2-2 PEAK OASPL SPECTRA FOR AREA RATIO = 4 MODEL, 
FAN VELOCITY 800 FT/SEC (244 m/s) 
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ANGLE FROM 
PT. INLE'r CORE VELOCITY 
No. Deg. R&c., Ft/Sec m/s 

• AS-MEASURED DATA 
CORRECTED TO 
STANDARD DAY 

• 40 FT. (12.2 m) ARC 

O 16 150 2.625 820 

û 17 150 2.625 982 

° 18 150 2.625 1139 

° 19 150 2.625 1341 

250 

299 

347 

409 

FIGURE 2.2.5.2-3 PEAK OASPL SPECTRA FOR AREA RATIO = 6 MODEL. 
FAN VELOCITY 800 FT/SEC (244 m/s) 
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ANCLE FROM 
PT. INLET CORE VELOCITY 
No. Deg. Rad. Ft/Sec m/s 

• AS-MEASURED DATA 
CORRECTED TO 
STANDARD DAY 

• 40 FT. (12.2 m) ARC 

O 16 140 2.45 783 

û 17 160 2.80 945 

o 18 160 2.80 1088 

o 19 150 2.625 1297 

239 

288 

332 

395 

FIGURE 2.2.5.2-4 PEAK OASPL SPECTRA FOR AREA RATIO - 8 MODEL, 
FAN VELOCITY 800 FT/SEC (244 m/s) 
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• Angle From Inlet » 140° (2.45 rad.) 

• Scale Model Data 

• 50.6 Ft. (15.4 m) Arc 

• Wyle Lab data scaled to 
Equivalent JENOTS Size 

WYLE LAB DATA 

Area Ratio » 2 

V28/V8 “ ,69 
Vg - 1359 Ft/Sec (414 m/Sec) 

JENOTS DATA 

Area Ratio » 2 

V28/V8 * -69 
Vg - 1407 Ft/Sec (429 m/Sec) 

FIGURE 2.2.5.2-10SPECTRAL COMPARISON BETWEEN JENOTS AND 
WYLE LAB DATA 
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• Angle From Inlet = 140° (2.45 rad.) 

• Scale Model Data 

• 50.6 Ft..(15.4 m) Are 

• Wyle Lab Data Scaled to 
Equivalent JENOTS Size 

WYLE LAB DATA 

Area Ratio = 5 

V28/V8 =-693 
Vg » 1362 Ft/Sec (415 m/Sec) 

JENOTS DATA 

Area Ratio » 4 

V28/V8 “ *67 

JENOTS DATA 

Area Ratio = 6 

V28/V8 = -72 
Vg - 1381 Ft/Sec (421 m/Sec) Vg = 1390 Ft/Sec (424 m/Sec) 

FIGURE 2.2.5.2-12 SPECTRAL COMPARISON BETWEEN JENOTS AND 
WYLE LAB DATA 
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f"*. "tl0 4 «"»elation appears sllghtl» high, a possible consequence of 
S ! Î . !?” flow; Ihe JB difference ln OASPL between area ratios of 4 
and 6 indicates the effect of increasing area ratio. Figure 2.2.5.2-12 show* 
good agreement between the three spectra at the 140° angle. 

resul^einerndary fl?W 8hleldln8 effect suggested by Williams (Reference 2.1-4) 

OASPL (Core O^r^Uin <Parameter WhlCh Can b6 rePresented by OASPL (COAN) - 
^ îw ‘ William8 su88ests that for small velocty ratios 

1 p( \ d2 'Vo2*.av°o2UC^UtPUî ?f aucoannular nozzle "«y be represented 
t.ai ► a ® r 28 ) where d is the core nozzle diameter. For laree 
(ll0Cd2/n2fÍ082Í42®/V8 > 1}» he su8Rests that P2 ^ d2 . (d2/D2 v82 + 8 
It d /D } V28 } D ls the diameter of the secondary nozzle Usine 
the core nozzle as reference (Pc % d2 vfl8) „ 8et of theorL?°!i ? 

OASPL CCOAB,-OASPL (CORE) vs. V 8/V8 f„“ ^rlo“ „ s'” “ D c.n b" 

SînrtgÂ'p'l-5;2-1.3 ïhT8h 2-2-5-2-16 Sh0” these c«r“,b'„r area 
attreemen.2Sith unfn2’ 4J ^3°11 8 Wlth th* data superimposed. Good 

vl^Äa^d1^8 the0ry iS °btalned ln 311 Cases th* -«e of 

that- lut tre?dS su880steii in Figures 2.2.5.2-13 through 2.2.5.2-16 indicate 
hat the maximum suppression will occur at velocity ratios (V2«/Vfl) of 

approximately 0.5. This trend 1. supported b, thedau.t ires ratio 4. 

SunnrJIÍ!/eSUlt\0f ^ ^ ^ have da“onstrated that core nozzle 
secondarv°n T achíeved by utilizing an annular secondary flow. The ' 
alone ill COannular nozzle “odifies the core nozzle 
of t hí 5 characteristics. The overall sound pressure level (OASPL) 

£r, ^“í, ^'LflnVríT' area tatlo decreases with respect to the 
The OASPíT , ^ for initial increases in fan flow velocity (from zero). 
The OASPL^a! flow reaches a minimum when the velocity ratio Vog/Va is aporox- 

MsH/ The eífeCt Cf area ratl° (A28/A8) at this point is8 to lower'the 
üicreases L^Lcond “A* °f 6aCh con“8-ation increases. Further increases in secondary flow velocity raise OASPI j i «-k ^ . , 
ratio V28/V8 of 0.7 the 0ASPLauai fLw - OASPL Í r° 'ï f a velo<:1^ 
in secondary flow increas» thfoACPT j u ï, w?rv onlr Further increases 
flow alone X TMo rc A ú È u 0ASPbdual flow higher than the levels of core 

Ä-“rr “ E» ” X. . 
2*2.6 Summary and Conclusions 

Experimental investigations have been successfully completed on the w 

the'core'flow'was'heated ^ »caL'Z^'ve“ ^t^'and 

l^irfeîi ' ' iS i"""''“* teTÀÎTf gr'„öJ1refUc«„r''ld' 

ln veiocity'function'12^18 "hnh ‘“h”*“1»" 
be made If a fixed core velocU, “ co^iderS'' ^ S'V"al '’baar''at1»"8 
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A SUPPRESSION VS. V0,/V 

• Area Ratio = 4 

• Scale Model Data 

• Standard Day 

• 40 Ft. (12.2 m) Arc 

• Peak OASPL Angle 

I01ogJ\+40Iog(d +(i 
a D¿ 

J 

1000 305 
900 275 
800 244 
700 214 
oOO 183 
500 153 

V?o 
401og(l- I”) = ?! 

8 

¿ -10 

-20 

VELOCITY RATIO, V28/Vg 

FIGURE 2.2.5.2-14 A SUPPRESSION VS V2q/V8 FOR AREA RATIO = 4 
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^SUPPRESSION VS V28/V8 

• Area Ratio - 6 
• Scale Model Data 
• Standard Day 
• 40 Ft. (12.2 m) Arc 
• Peak OASPL Angle 

28 
Ft/Sec m/Sec 

o 1000 305 

a 800 244 

O 600 183 

û 400 122 

FIGURE 2.2.5.2-15 A SUPPRESSION VS V28/V8 FOR AREA RATIO = 6 

2-37 



T
O
D
 

U
B
O
D
 

tno/p 
2000* 

:a:l 
9
P
 

1
J
S
V
0
 
- 

I
d
S
V
O
 

..... .  i1 'll. ...11 ! ■!! < 111 ||i| MULH^IPUH p 

A SUPPRESSION VS 

• Area Ratio » 8 
• Scale Model Data 
• Standard Day 
• 40 Ft. (12.2 m) Arc 
• Peak OASPL Angle 

Ft/Sec (m/Sec) 

o 1000 305 

o 800 244 

O 600 183 

û 400 122 

FIGURE 2.2.5.2-16 A SUPPRESSION VS V28/V8 FOR AREA RATIO = 8 
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1. Th* introduction of secondary air (fan flow) causes an initial reduction 

in the noise output (OASPL or OAPWL) of the dual flow system relative to 
the conical nozzle. 

2. This observed noise reduction reaches a maximum when the ratio of fan 
velocity to core velocity is of the order of 0.5. 

3. The maximum value of the observed noise reduction is increased when the 

area ratio (fan flow area to core flow area) is increased. 

4. At a velocity ratio of approximately 0.75, the noise output of the dual 

flow system is equivalent to the single core jet. Further increases in 

velocity ratio produce a dual flow noise output which is consistent with 
the fully mixed jet region. 

5. A substantial data bank of coannular flow has been made available to 
provide the basis for a prediction method. 



2.3 UPSTREAM TURBULENCE TESTS 

2.3.1 Objectives 

tn ¿-I116 °bJecíive® of the test series were to conduct a series of experiments 

ÎL veWitv îït i °í Chari8e^ Ín up8tre8m turbulence intensity Uvels on 
ï«Jtîcs o? Ill n°i8e T it0 V 0Tm a detailed 8urvey of the turbulence charac¬ 
teristics of the exhaust plume using the laser velocimeter. 

2.3.2 Test Procedure and Facility Description 

2.3.2.1 Cold Flow Acoustic Duct Test 

the the8e obJecîive8 could be met» a series of tests were conducted in 
the coid flow acoustic duct to determine the turbulence generation character¬ 
istics of five designs, which incorporate either rods or plates. These con- 

thfrof^n ar! defined ln F18ure 2.3.2-1. A sehe atic of the test setup in 
the cold flow duct is shown in Figure 2.3.2-2. P 

• The axial distance from the turbulence generation plane to nozzle 
®XÍC pi £1116 • 

.-00,. 11,6 “T ,linpo^tant parameters of the scale model farfield acoustic 

-rïJTÔ'Sw thlS C°ld fl°“ duct test- P*r«»et,ra ,r. s™™- 

• The incident Mach number into the turbulence generators. 

The Kach number in the acoustically treated section. 

• The Mach number in the section where the cross-correlations measure¬ 
ments were made using the acoustic correlation probe. 

hv fhr*6 h?t flî“ 8nemo,neter wa8 used to measure the turbulence levels generated 
y the various designs at the simulated nozzle exit plane. Hot film probe 

rre:iWT "T a?r°88 the duCt t0 deteraine the mean velocity profile 
nd the fluctuating u profile. These data facilitated the calculation of the 

arbulence intensity profile across the duct for each design tested. For each 
configuration, the turbulence intensity profile is shown ^Figure 2.3.2-3. 

The most successful design was configuration 5 which incorporated axially 

aggered plates. This design generated curbulence intensity levels (u'/U) of 

2Z and, unfortunately, a non-uniform mean velocity profile. The profile can 

aenírít! M U8ln8 íhe la8er doppler velocimeter. In the process of 
SlÜJ 8 hlgh levels of Arbulence intensity, the interaction of flow and the 

ai fluctuating pressure level which may be described 
as either flow noise or obstruction noise. It is essential in the farfield 

tests to measure the effect of changes in turbulence intensity levels on far- 

thl ‘ï® lncrea8e cau8ed flow ooise. In order to determine 
of flow noise, cross-correlation measurements were performed using 
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an acoustic probe. The results of these measurements Indicate a strong 
cot relation with the amplitude of a pressure fluctuation traveling at the 
Mach number in the duct (l.e.f turbulence level) and almost no correlation 
with a fluctuating pressure signal traveling at the duct Mach nunfcer plus the 
speed of sound in the duct (i.e., flow noise). These results indicate that the 
staggered plate design, configuration 5, is an acceptable ueans of increasing 
the turbulence intensity level at the nozzle exit plane without contaminating 
the farfield acoustic measurements with flow generated noises. As a result 
of this peries of tests, the staggered plate design was used to generate the 
highest turbulence level for Jenots testing, the single plate (configuration 4) 
was used to generate the intermediate turbulence level, and the pipe with no 
obstruction was used as the baseline configuraton. 

2.3.2.2 Jenots Test Series 

After the turbulence generation devices were defined as the result of the 
cold flow acoustic duct test, a scale model test program was performed on the 
Jet Exhaust Noise Outdoor Test Site," (Jenots). The facility has been des¬ 

cribed in Section 2.2.3. A schematic of the test hardware is presented in 
Figure 2.3.2-4. As labeled in Figure 2.3.2-4, the test configuration was 
divided into threii sections. The sections are described as follows: 

Section 1 - Turbulence Generation Section 

This section has the capability to incorporate different designs which 
generate various levels of turbulence intensity. The designs used for this 
specific test series are presented in Figure 2.3.3-5. The configurations were: 
(1) staggered plates, (2) a single plate, (3) a semicircular screen, and (4) 
a smooth section with no obstructions. Selection of these turbulence genera¬ 
tion designs was based on the results of the "Cold Flow Acoustic Duct Test." 
The staggerîd plates generated the highest turbulence level; the single plate, 
the intermediate level; and the smooth section provides baseline turbulence 
level. The purpose of the screen was to generate a velocity profile having 
the same shape as the designs incorporating the plates, but with low turbulence 
levels. 

Section 2 - Acoustically Treated Section 

The acoustically treated section was designed to suppress the flow noise 
generated by the exhaust stream-plate Interaction. The cold flow acoustic duct 
test results showed that the plates Introduced the desired high turbulence 
levels in the stream. A byproduct of the turbulence generation however, was 
flow noise. The objective of the test program was to determine the effect of 
turbulence intensity changes on low velocity jet noise and tno acoustically 
treated section was to prevent the farfield acoustic measurements from being 
contaminated by an Internally generated noise. 

Section 3 - Core Nozzle 

This section was designed to simulate the aerodynamic flow path of a 
typical engine exhaust nozzle. A mounting pad for an acoustic probe actuation 
system was also Incorporated into the design. This actuation system enabled the 
probe to traverse radially across the duct. 
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The actual testing sequence was divided into three phases: laser veloci- 

meter (LV), acoustic probe, and farfleld noise measurements. The LV measure¬ 

ments were used to define the turbulence intensity levels for each of the test 

configurations. The acoustic probe data served a dual function: 1) to allow 

cross-correlation of the Kulite data, and 2) to allow the calculation of the 

duct acoustic power level for comparison with the measured acoustic power 

spectrum of the externally generated jet noise. The farfleld measurements 

determined the change in jet noise due to turbiuence intensity changes at the 
nozzle exit plane. 

A schematic of LV monitoring points is given in Figure 2.3.3-6. The LV 

was used at each monitoring point to define the m*an velocity, Ü, and an axial 

fluctuating component, u'. From these two parameters, the turbulence intensity 

levels were calculated. To enhance the development of the analytical and 

empirical prediction procedures, a detailed exhaust plume LV survey was also 

made for baseline and staggered plate configurations at a jet velocity of 800 

ft/sec (244 i¿/s). The planes where these traverses were made are defined in 

Figures 2.3.2-6 and 2.3.2-7. Typical velocity profiles at the nozzle exit 

plane to illustrate the data obtained for each of the configurations are 
presented in Figure 2.3.2-8. 

The acoustic probe measurements were conducted after the LV measurement 

phase of the program was completed. The test matrix and a schematic defining 

the radial probe locations are presented in Figure 2.3.2-9. Data points 12P, 

13P and 14P were completed, but during test point 15P, the pressure transducer 

mounted on the probe failed due to ice formation inside the nozzle. The pre¬ 

liminary results from the probe data that were obtained are presented on 

Figure 2.3.2-10. These results are from a cross-correlation analysis and show 

the maxmimum energy correlation as a function of time delay. Note the strong 

correlation with a time delay that corresponds to a signal traveling at the 

Mach Number of the exhaust duct (i.e., turbulence), and the weak correlation 

with the time delay of a signal traveling at the duct Mach Number plus the 

speed of sound (i.e., flow noise). This preliminary result Indicates that 

the flow noise energy is much less than the turbulent energy. The test matrix 

for the farfleld acoustic measurements is presented in Figure 2.3.2-11. 

2.3.3 Discussion of Test Results 

The test program consisted of aerodynamic flowfield surveys, acoustic 

probe results and farfleld acoustic measurements. Figure 2.3.3-1 illustrates 

the turbulence levels produced at the nozzle exit pla;.c by the various 

turbulence generation devices. To further illustrate the effect of changes 

in upstream turbulence levels on the turbulence levels in the exhaust plume, 

the contours of u'/U are presented in Figure 2.3.3-2. Analysis of the data 
supports the following trends. 

• The mean velocity profiles for the baseline configuration were 

very uniform radially for all power settings. 

• The staggered plate turbulence generator, configuration 4, caused 

an asymmetric mean velocity profile at the nozzle exit plane. 
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COfŒ ENGINE NOISE CONTROL - TEST II 
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Dashed Lines 
Indicate The 
Flanes Where 
X-Y LDV 
Traverses Are 
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FIGURE 2.3.2-6 SCHEMATIC OF LASER VELOCIMETER 
MONITORING LOCATIONS 
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CORE ENGINE NOISE CONTROL - TEST 

Configuration 

1 Core Exhaust 

Velocity 

Ft/Sec 

Baseline Baseline Single Staggered 

Non-Uniform Plate Plate 
Profile 

500 

6cj 
700 

8oo 
900 

1000 

1- P 4-P 7-P 12-P 

2- P 5-P 8-P 13-p 

9-P 14-P 

10-P 15-p 

3- P 6-P n-p 16-p 

Location #3 

. n 
FIGURE 2.3.2-9 ACOUSTIC PROFE MOUITORIUG LOCATIONS 

AND TE »T MATRIX 
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CORE ENGINE NOISE CONRTOL - TEST II 

* Data Point 14P, Position 2 

FIGURE 2.3.2-10 CROSS CORRELATION ANALYSIS OF ACOUSTIC 
PROBE DATA 



CORE ENGINE NOISE CONTROL - TEST II 

Configuration 

Core Exhaust 
Velocity 
ft/sec 

Baseline 

500 

600 

TT8 

1- A 

2- A 

Baseline 
Non-Uniform 

Profile 

^750®R 

7- A 

8- A 

700 3-A 

800 

900 

4- A 

5- A 

1000 6-A 

9-A 

10- A 

11- A 

12- A 

500 

600 

700 

800 

900 

1000- 

25- A 

26- A 

27- A 

28- A 

29- A 

30- A 

Tt8^ 1300 °R 

31- A 

32- A 

33- A 

34- A 

35- A 

36- A 

Single 
Plate 

13- A 

14- A 

15- A 

16- A 

17- A 

18- A 

37- A 

38- A 

39- A 

40- A 

41- A 

42- A 

Staggered 
Plate 

19- A 

20- A 

21- A 

22- A 

23- A 

24- A 

43- A 

44- A 

4 5-A 

46- A 

47- A 

48- A 

FIGURE 2.3.2-11 TEST MATRIX - FARFIELD ACOUSTIC MEASUREMENTS 
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• The turbulence intensity profiles for the baseline case were approx¬ 
imately between 2X and 4Z. 

• The turbulence Intensity profiles for the staggered plate configura¬ 

tion were non-uniform with mean levels between 8% and 18%. 

In addition to using the LV to define the turbulence levels at specific points 

in the nozzle exit plane, it was also used to perform a continuous traverse 

at the nozzle exhaust plane to define the mean velocity profiles for each of 

the configurations. Definition of these velocity profiles is essential in the 

analysis of the acoustic data because for three of the four configurations 

evaluated the velocity profiles were highly asymmetric. Based on a momentum 

weighted velocity calculation, the configurations all have the same mean 

velocity. Jet noise is dependent on exhaust velocity to the eighth power 

and hence the nozzles with the asymmetric velocity profiles would produce more 

Jet noise than the baseline nozzle having the flat potential flow type velocity 

profile. Because of this effect, configuration 2 incorporated a semicircular 

screen designed to produce an asymmetric profile similar to the profile 

produced by the two high turbulence level configurations, but accompanied 
by a very low turbulence intensity level. 

In presenting the farfleld acoustic data average or momentum weighted 

values of jet velocity were used. The acoustic data for each of the configura¬ 

tions was measured at the same weight flows to insure the comparisons between 

the configurations would be made at the same mean velocity. In analyzing the 

acoustic data, the following important points should be noted. 

• The comparisons of configurations 1 and 2 show the effect of having 

a non-uniform velocity profile only and not the effect of changes 
in turbulence Intensity. 

• Configuration 2 should be used as a baseline to determine the 

effect changes in turbulence levels had on farfield jet noise. 

The peak OAPSL for each configuration is plotted as a function of jet 

velocity in Figure 2.3.3-3 to summarize the acoustic results. The maximum 

effect caused by change in turbulent intensity level is observed at the lowest 

jet velocity. Comparison of configurations 2 and 4 indicates that a change in 

overall turbulence intensity level of approximately 7% produced an 8 dB change 

in peak OASPL. In contrast,at the highest power setting only a 5dB increase 

is observed. This smaller difference at the higher power setting was due 

primarily to a decrease in turbulence level caused by an Increase in Mach 
number. 

For highly suppressed engines, the jet noise may be the major noise com¬ 

ponent at angles other than the jet peak. To show the effect that turbulence 

intensity has on these other angles, the directivity patterns for each of the 

four configurations evaluated are presented for the high and low power settings 

respectively, in Figures 2.3.3-4 and -5. These results indicate that at the 

higher power setting an increase in turbulence causes 8 dB increase in the 

forward quadrant as opposed to only a 5 - 6 dB increase in the aft quadrant. At 

the lower power setting, the trend is not clear because of the influence of 
ambient noise levels. 
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Up to this point, the acoustic results have been presented in terms of 

QASPL. In defining and understanding the mechanisms of noise generation, 

a spectral analysis was also considered. The effect of changing turbulence 

intensity level on peak angle spectrum shape is Illustrated in Figures 2.3.3-6 

and -7. Comparison of the high velocity spectra indicates that an Increase in 

the turbulence intensity results in a uniform increase in SPL level across the 

entire spectrum. In contrast, at the low velocity point (590 ft/sec), the 

increase is 3-4 dB greater at high frequency than at low frequency. In 

analyzing this data, the data below 200 Hz was not considered, because on a 
Scaled basis this data would not be used. 

2.3.4 Conclusions 

The analysis has shown that changes in the turbulence levels at the exhaust 

nozzle exit plane have a marked effect on the farfield noise signature of a 

conical nozzle. This effect is a function of jet velocity and acoustic angle. 

An increase in turbulence Intensity level was found to result in an increase 

in the farfield level of a single flow system. This conclusion is also 

supported by the observation that a change in the turbulence intensity levels 

at the nozzle exit plane causes a change in the turbulence levels in the 
exhaust plume of the nozzle. 
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2.4 SUPPRESSOR TESTS 

2.4.1 Objectives 

• To examine existing single jet suppressor data and determine which 

configurations are compatible with the coannular flow environment. 

• Test promising core suppressor configurations and determine their 
aero-acoustlc characteristics. 

2*4*2 Hardware Selection - Suppressor Configurations 

In Section 2.2 the acoustic characteristics of coannular flow systems were 

etermlned. It was found that as the secondary flow velocity was increased In 

relation to a given primary jet velocity, an initial attenuation of the high 

frequency jet noise occurred. On further increasing the secondary jet velocity 

above a velocity ratio of about 0.75, the jet noise was in excess of that of the 

primary jet alone. The initial attenuation was found, on a spectral basis, to 

be due to large reductions of high frequency sound accompanied by small increases 

at the low frequency end of the spectrum (see Figure 2.4.2-1). It was hypothe¬ 

sized that the noise reduction associated with coaxial jets could be increased 

y esignlng core nozzle suppressors which promote more rapid mixing. The 

multi-lobe, the multi-tube, and the multi-spoke suppressor configurations are 

capable of providing mixing for single jets as summarized in Figure 2.4.2-2. 

Hie trends suggest that, for low velocity, the classical single flow suppressors 

provide little suppression. Test results from low area ratio (annulus area/core 

area) multi-element core jet suppressors (Figure 2.4.2-3) indicate a trend of 

increasing suppression with increasing number of elements. A low element 

number suppressor,however, has less mechanical complexity, less weight and 

suffer fewer drag losses than a high element number design. Examination 
of the peak angle spectra in Figure 2.4.2-4 suggests that even though the 

s ng e Jet suppression Is small, low element number core suppressors might be 

practical for coannular systems if the observed fan flow interaction effect 
continues to decrease high frequency noise. 

Several types of suppressors were designed and built with the object of 

achieving the desired acoustic performance. An initial baseline configuration 

was also built and is shown in Figure 2.4.2-5. The configuration was chosen to 

simulate the geometry of a typical high bypass ratio turbofan engine with the 

tan nozzle exit plane located forward of the core nozzle exit plane to give a 

separate flow system. In this design the fan flow passes over the core waist 

cowl before interacting with the core flow. The initial suppressors evaluated 

were the multi-element type, 18 lobe daisy suppressors; one with an annulus 

area-to-core flow area of 2 ani the other with an annulus area-to-core flow area 

0 .. W 49 partlcular work vas Supported by Independent Research and Develop¬ 
ment but is reported here for completeness. Schematics of the two configura¬ 

tions a« shown in Figures 2.4.2-6 and 2.4.2-7. Following initial testing, a 

design modification was Instituted on the AR-2 multi-element configuration 

whereby the waist cowl contour was smoothed out by brazing metal caps in the 

ob* region (the flow of the fan air between the lobes remained unaltered). 

This configuration is shown in Figure 2.4.2-8. This modified suppressor was 
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FIGURE 2.4.2-1 ACOUSTICAL CHARACTERISTICS OF 
UNSUPPRESSED COANNULAR NOZZLES 
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FIGURE 2.4.2-3 SUPPRESSION VS ELEMENT NUMBER FOR 
SINGLE FLOW SUPPRESSORS 
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FIGURE 2.4.2-4 SPECTRAL CHARACTERISTICS OF MULTI-ELEMENT 

SINGLE FLOW SUPPRESSORS 
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also tested with a coplanar fan shroud see Figure 2.4.2-9). Photographs of the 

above configurations are shown In Figures 2.4.2-10 to 2.4.2-12. The modifica¬ 

tion to the multi-lobe AR=2 suppressor onsisted of an Initial phase whereby 

the required contour was determined bv applying clay to the Lobes This 

yielded the shape from which the metal caps were constructed as shown in 
Figure 2.4.2-13. 

Additional test configurations were designed based upon the information 

obtained from these initial tests. A new reference nozzle. Baseline II, was 

constructed with a smoother, more accurate waist cowl geometry as is shown in 

Figure 2.4.2-14. The designs were comprised of easily assembled components. 

Figure 2.4.2-15 shows a photograph of the 24 hole core nozzle components. The 

assembly is shown in Figure 2.4 2-16. The final configuration, a 24 spoke 

nozzle is shown mounted on the coannular plenum in Figure 2.4.2-17. The 

dimensions of the configurations are given in Figures 2.4.2-18 to 2.4.2-20. 

Each model has an annulus area-to-coie f1 >w area of 2, and a secondary flow 

area-to-core flow area of 2.55. 

2.4.3 Test program 

Farfield acoustic measurements and aero-thermo data were recorded for the 

configurations previously described. 'he ore flow noise and fan flow noise 

were measured independently, then together as a dual flow system. The independent 

variables were core and fan flov; velocities. The core velocity ranged from 

500 ft/sec (152 m/s) to 1600 ft'sec (488 m/s). 

The test matrix for Suppressor "est 1 is outlined in Table 2.4.3-1. This 

test was comprised of Baseline ', the 18 uncapped lobes iore suppressor AR*2, 

and 18 lobe core suppressor AR-a 8. The objective of the test matrix was to 

simulate the cycle parameters of a typical advanced technology turbofan engine 

from the approach power setting up to taneoff power conditions. The test 

matrix for Suppressor Test 2 is described in Table 2.4.3-2. This test consisted 

of the capped lobe suppressor in seoarate and coplanar configurations. Table 

2.,4.3-3 shows the test matrix fo Suppressor Test 3. The configurations 

tested were Baseline II, the 24 hole core suppressor and .he 24 spokt core 

suppressor. The aerodynamic data measured during the tests are tabulated in 

Appendix C. The data was scaled by a factor of 7.5 to represent engines in 

the 40000 lb (177.9x10%) thrust class. The acoustic data was scaled by the 

same factor and therefore represents full scale. 

2.4.4 Test Results -Suppressor Test 1 

The 0ASPL directional charac*er’stics of the three configurations were 

compared at a farfield distance of 200 ft (61 m ) sideline. instrumentation 

difficulties prevented data processing of signals from microphones located 

forward of 100° (Figure 2.4.4-1) when the AR 4.8 core suppressor was being 

tested with core flow only; however sufficient information was available to 

show that this suppressor provided some noise reduction at the extreme aft 

angles. In contrast, the AR 2 configuration increased the levels of the core 

jet. As the core jet velocity was increased from 660 ft/sec (201 m/s) to 1600 

ft/sec (488 m/s) the effectiveness of both suppressors improved, as shown in 
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FIGURE 2.4.2-14
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Table 2.4.3-1. Test Matrix, Low Velocity Jet Noise Suppressor Test 1. 

Core Only Configuration 1 Baseline 1 (Test Points 1 through 6) 

Configuration 2 18 Lobe Core Suppressor AR - 2 (Test Points 23 through 28) 
Configuration 3 18 Lobe Core Suppressor AR - 4.8 (Test Pointer 45 through 50) 

vcore 
ft/sec 

Too re 
•r 

vcore 
m/s 

Tcore 
•K 

470 
670 
900 
1240 
1490 
1600 

1086 

1164 
1254 
1381 

1473 
1516 

143 
204 
274 

378 
454 
488 

603 
647 
697 
767 
818 
542 

Fan Only Configuration 1 (Test Points 7 through 12) 

Configuration 2 (Test Points 29 through 34) 
Configuration 3 (Test Points 51 through 56) 

vfan 
ft/sec 

Tfan 
•r 

Vf an. 
m/s 

Tfan 
•k 

468 

609 

755 
926 

1013 
1039 

Ambient 
Ambient 

Ambient 
Ambient 
Ambient 

Ambient 

143 
186 

230 
282 

309 

317 

Ambient 

Ambient 
Ambient 

Ambient 
Ambient 
Ambient 

Dual FLow Configuration 1 (Test Points 13 through 22) 

Configurstion 2 (Test Points 35 through 44) 
Configuration 3 (Test Points 57 through 66) 

'core Vf_ 

ft/iec 
‘core 

•r 
Tfan ^core Vfan Tcore Tfan 

m/s *K 

470 
670 

900 
1240 
1490 

1600 
1600 
1600 
670 

670 

468 
609 

755 
926 

1013 
1039 
839 

639 
450 
300 

1086 
1164 

1254 
1381 
1473 
1516 

1516 
1516 
1164 

UM 

Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 

143 
204 
274 

378 
454 

488 
488 
488 
204 

204 

143 
185 

230 
182 
309 

317 
256 

195 
137 
91 

603 
647 
697 
767 
818 
342 
842 
842 
647 
647 

Ambient 
Ambient 
Ambient 
Ambient 

Ambient 
Ambient 
Ambient 

Ambient 
Ambient 

Ambient 
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T«kl« 2.4.)-2. Tot Matrix Lo«* Valoclty J«< Mols« Supproaor T*at II 

Configuration 
Configurât Ion 

4. 18 Capped Lobe Soopreaaor Mt 
)> 18 Capped Lobe Suppreaaor AR 

2 Staggered Plow. 
2 Coplanar flou. Teat Points 1 thru ) 

Tot Pointa 4 through ■> 

»fan 
ft/oc 

Anblent 
Aablent 
Anblent 
Aablent 
Anblent 
Anblent 

Configuration 
Configuration Taat Pointa 10 through )7 

ft/aac 

Aablent 
Aablent 
Aablent 
Aablent 
Aablent 
Aablent 
Aablent 
Aablent 
Aablent 
Aablent 

640 
640 
640 
675 
675 
675 
544 
641 
641 
638 
624 

Aablent 
Aablent 
Aablent 

647 
647 

Aablent 
Aablent 

Aablant 
Aablent 
Aablent 
Aablent 
Anblent 
Aablent 
Aablent 
Aablant 
Aablant 
Aablent 

356 
IM 
356 
375 
375 
375 
358 
356 
356 

354 
347 

Aablent 
Aablant 
Aablant 

359 
359 

Aablent 
Aablent 

Configuration 4 
Configuration 5 Teat Pointa 38 through 

»fan 
ft/sae 

2-87 

424 
56) 
620 
785 
900 
800 

1060 
1083 
1040 
1028 

640 
675 
675 
675 
640 
640 
647 
647 
644 
641 

129 
172 
189 
239 
274 
244 
450 
330 
317 
313 

356 
375 
375 
375 
356 
356 
359 
359 
358 
356 





Figure 2.4.4-2. Noise reduction, relative to the baseline, was obtained by 

both suppressors in the aft quadrant. The angle of maximum noise shifted from 
130° in the unsuppressed mode to 120° in the suppressed mode. Single flow jet 

noise was more effectively reduced by the AR 4.8 suppressor. 

The directional characteriseics of fan flow only at approach power is 

shown in Figure 2.4.4-3. The flow noise was increased relative to the baseline 

for both configurations. The deeper penetration into the fan flow of the AR 

4.8 suppressor caused an Increase of 10 dB in the OASPL at each angle. At the 

take-off power setting shown in Figure 2.4.4-4, the AR 4.8 configuration causes 

large increases in noise level of the order of 15 dB. The AR 2 lobes do not 

penetrate the fan flow stream so deeply and the impingement noise associated 

with that configuration is only of the order of 3dB above the baseline. 

The OASPL directional characteristics of dual flow at approach power is 

shown in Figure 2.4.4-5. The fan flow impingement noise was sufficient to 

cause noise level increases at all angles and was particularly severe for the 

AR 4.8 suppressor. At the take off power setting shown in Figure 2.4.4-6 the 

more favorable geometry of the AR 2 core suppressor provided modest amounts of 

noise reduction at the angles above 110“ and no Increase at other angles. The 

AR 4.8 configuration however, continued to amplify the noise levels at all 

angles. In order to understand this result, it is necessary to examine the 

SPL spectral distribution at the peak noise angle. In Figure 2.4.4-7, the 

oeak angle spectra for core flow noise at approach power is shown fox each 

configuration. Both configurations increase the sound levels at all frequencies 

above 100 Hz. Noise reduction is achieved below 100 Hz, but it does not effect 

OASPL significantly. As the core velocity is increased the frequency conver¬ 

sion becomes more pronounced as is observed for the takeoff power case shown 

in Figure 2.4.4-8. Both suppressor configurations successfully attenuate low 
frequency noise up to 630 Hz. 

The peak angle spectrum plots of the fan only at the two extremes of 

velocity are shown in Figure 2.4.4-9 and 2.4.4-10. At approach power, the 

lobes of the AR 4.8 configuration increase the SPL in each frequency band by 

approximately 10 dB. In Figure 2.4.4-10, the higher fan flow velocity caused 

discrete tones to be generated from the AR 4.8 configuration; the general in¬ 

crease in SPL over the frequency range is again about 10 dB. It is not certain 

if the tones would be generated at these frequencies (if at all) on the full 

size engine since they were shifted in accordance with the scaling laws. An 

increase in the mid and high frequency bands is observed for the AR 2 configu¬ 

ration. The fan flow noise levels increased so much during their passage over 

the lobes that they control the spectral characteristics of the dual flow 

operation. In Figure 2.4.4-11, at approach power, both dual flow spectra of 

the suppressed configurations are higher than the reference baseline. At 

takeoff power, as is shown in Figure 2.4.4-12, a small noise reduction is 

achieved by the AR 2 configuration in the low frequency region. The AR 4.8 

configuration increased the SPL at all frequencies with the exception of the 
50 Hz and 63 Hz 1/3 octave bands. 

The relationship between single flow OAPWL and core jet velocity is shown 

in Figure 2.4.4-13. The baseline nozzle has a relationship, the AR 2 

suppressor nozzle has a relationship. Power level reductions aie generally 
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FIGURE 2.4.4-7 PEaK ANGLE SPECTRA, CORE ONLY, 

^CORE ** 660 FT/SEC (201 tn/s) 

UM VELOCITY JET NOISE SUPPRESSOR TEST 1 

* 200 ft. (61m) SIDELINE 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

* 200 ft. (61m) SIDELINE 

* PEAK ANGLE SPECTRA 

* INCLUDES EGA 

FIGURE 2.4.4-8 PEAK ANGLE SPECTRA, CORE ONLY, 

VCORE 3600 FT/SEC ( 488tn/s) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 200 ft. (61m) SIDELINE 

• PEAK ANGLE SPECTRA 

• INCLUDES EGA 

• A28 - 17.28 ft2 (1.61m2) 
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FIGURE 2.4.4-9 PEAK ANGLE SPECTRA, FAN ONLY, 

VFAN 580 FT/SEC ( 177m/s) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 200 ft. (61m) SIDELINE 

• PEAK ANGLE SPECTRA 

• INCLUDES EGA 

• Ag - 5.66 ft2 (.53m2); ^ a 17.28 ft2 (1.61m2) 

S 

5 
I 
3 
8 
8 
5 
1 

«ANO -O. 

FIGURE 2.4,4-11 PEAK ANGLE SPECTRA, DUAL FLOW, 

VCORE ^60 FT/SEC (201 m/s>> 
VpAN - 580 FT/SEC (177 m/s) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 200 ft. (61m) SIDELINE 

• PEAK ANGLE SPECTRA 

• INCLUDES EGA 

• Ag - 5.66 ft2 (.53m2)} = 17.28 ft2 (1.61m2) 

100 HKX: 
FREQUFM.MN CYClfS r.K or JN. 

10 va)L 

FIGURE 2.4.4-12 PEAK ANGLE SPECTRA, DUAL FLOW, 

VC0RE ** 1600 FT/SEC ( 488tn/s) 

VFAN " 950 FT/SEC ( 290m/s) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST I 

• Single Flow; 

• Ag = 5.66 Ft2(.53ni^) 

O Baseline 

□ 18-Lote Core Suppressor, AR = 

FIGURE 2.4.4-13 OAPWL VS VC()RE, SINGLE FLOW 
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small because these suppressor mechanisms are essentially that of the frequency 

conversion and little energy is extracted. This fact is shown in Figure 

2.4.4-14 at a 1500 ft (474 m) sideline distance where OASPL reductions occur 

at core jet velocities below 1000 ft/sec (305 m/s). Since the suppressor 

mechanism forces energy im'o the higher frequencies the perceived noise level 

relationships at 1500 ft ('74 m) shown in Figure 2.4.4-15 do not reflect the 
reduction obtained in OASPL. 

The relationship between OAPWL and core jet velocity for the dual flow 

operation is shown in Figure 2.4.4-16. For the AR 4.8 configuration the 

increase in power level due to the fan impingement noise amounts to almost 

throu8hout the velocity range. A similar result was obtained fot peak 
OASPL and core velocity as seen in Figure 2.4.4-17. The peak perceived noise 

level characteristics follow similar trends as is shown in Figure 2.4.4-18. 

The relationships obtained for the AR 2 configuration were close enough to the 

baseline levels to suggest that if the increase in fan noise levels could be 

controlled by smoothing the flow contour over which the secondary air passes, 
a noise reduction might be obtained for dual flow operation. 

2.4.5 Test Results. Suppressor Test 2 

The 18 lobe daisy core nozzle suppressor was modified in an attempt to 

straighten the flow passing over the lobes by brazing metal caps in those 

locations. Apart from re-testing the "capped" lobe suppressor in its initial 

configuration, i.e., staggered exhaust planes, the capped suppressor was 

tested with a coplanar fan shroud to investigate possible improvements caused 

by this configuration. Since the modification did not alter the internal 

characteristics, the noise signature for single flow jet noise was unaffected. 

The results of the modification to the OASPL directional characteristics of 

fan flow noise at approach power is shown in Figure 2.4.5.1, where uncapped 

and capped lobe measurements are compared. The OASPL’s from th¿ tests on the 

capped lobe indicate a reduction at all angles relative to the initial design, 

particularly at forward angles. At this low velocity the modification did not 

reduce the levels down to the baseline. At the takeoff power setting, shown 

in figure 2.4.5-2, the reduction in OASPL due to the capped lobe modification 

is sufficient to lower the levels to that of the baseline at all angles (with 

the exception of the aft angle locations of 120° to 150° where the levels are 

2 dB above the baseline). The same results are obtained during dual flow 

operation (Figures 2.4.5-3 and 2.4.5-4). The modification is particularly 

successful at takeoff power where there is a 2 to 3 dB reduction in level at 
all angles relative to the "uncapped" design. 

A further series of tests were conducted in order to examine another 

potential improvement possible with the cappev. lobe configuration; the fan 

shroud was replaced by another providing an extension in length sufficient to 

produce a coplanar system. Although not expected to effect core jet noise, it 

was hoped that the fan scrubbing noise might be shielded by the duct extension. 

In Figures 2.4.5-5 and 2.4.5-6 the OASPL directional characteristics of fan 

flow at approach and take power are compared for short and long (coplanar) 

duct configurations. The long duct provided a measurable shielding effect at 

all angles for both power settings particularly at approach power (see Figure 

2-102 



LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 1500 Ft. (457m) Sideline 

• Ag = 5.66 Ft2 (.53m2); No EGA 

O Baseline 

□ 18-Lobe Core Suppressor, AR = 2.0 

O 18-Lobe Core Suppressor, AR » 4.8 

Ft/Sec 

m/s 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 1500 Ft. (457m) Sideline 
2 2 

• Aö = 5.66 Ft. (.53m ); No EGA 

O Baseline 

□ 18-Lobe Core Suppressor, AR = 2.0 

PRIMARY JET VELOCITY 

4.8 

Ft/Sec 

m/s 

FIGURE 2.4.4-15 PEAK PNL VS VC0RE, SINGLE FLOW 
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!/)W VELOCITY JEn' NOISE SUPPRESSOR TEST 1 

• Dual Flow; No EGA 

• Ag - 5.66 Ft2 (.53m2), A28 = 17.28 Ft2 (1.61m2) 

190 

180 

170 

• • 
a> 160 

o 
150 

140 

O Baseline 

□ 18-Lobe Core Suppressor, AR 

O 18-Lobe Core Suppressor, AR 

2.0 
4.8 

130*-1-1-1_I_L.J_I_I_I 
200 500 1000 2000 Ft/Sec 
61 152 305 610 m/s 

PRIMARY JET VELOCITY 

FIGURE 2.4.4-16 OAPWL VS VCQRE, DUAL FLOW 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 1500 Ft.(457m) Sideline, No EGA 

• Ag = 5.66 Ft2(.53m2); A28 = 17.28 Ft2 (1.61m2) 

O Baseline 

□ 18-Lobe Core Suppressor, AR = 2.0 

O 18-Lobe Core Suppressor, AR = 4.8 

PRIMARY JET VELOCITY 

Ft/Sec 

m/s 

FIGURE 2.4.4-17 PEAK OASPL VS VC()RE, DUAL FLOW 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 1 

• 1500 Ft. (457m) Sideline, No EGA 

• Ag = 3.66 Ft2 (.53m2); A28 = 17.28 Ft2 (1.6im2) 

O Baseline 

D 18-Lobe Core Suppressor, AR 2.0 

4.8 

FIGURE 2.4.4-18 PEAK PNL VS VC0RE, DUAL FLOW 
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2.4.5-5) where approximately 5 dB reduction in fan flow was measured at ail 

forward angles and even greater reduction at aft angles. A comparison of both 

configurations with dual flow operation at approach and takeoff power are shown 

in Figures 2.A.5—7 and 2.A.5—8. The 1>ong duct did reduce the dual flow levels 

at t te part power setting but no effect was observed at the full power setting 
where core jet noise is the primary noise source. 

A comparison between the uncapped and capped lobe peak angle spectra are 

shown in Figures 2.A.5-9 to 2.A.5-12. The effect of the modification at the 

low fan velocity (Figure 2.A.5-9) was to lower the fan only SPL's by 2 to 3 dB 

in all frequency bands. At the complementary dual flow condition (Figure 

2.A.5-11) the reduction in SPL's is greater than for the fan alone - 3 to 5 dB. 

The modification appears to have improved the interaction between fan and core 

flow, particularly at high frequencies. At the fan velocity simulating takeoff 

conditions (Figure 2.A.5-10) the fan only SPLs are reduced A to 5 dB in the 

high frequency range. With the dual flow system, Figure 2.A.5-12, levels are 
reduced in all frequency bands by 2 dB. 

The peak angle spectra for the short and long duct configurations are 

shown in Figures 2.A.5-13 to 2.A.5-16. At low fan velocities (Figure 2.A.5-13) 

the long duct achieves shielding of low frequency fan flow generated noise; 

but there is no similar reduction in this portion of the spectra during dual 

flow operation (Figure 2.A.5-15). At the high fan velocity shown in Figure 

2.A.5-1A, low frequency fan flow noise is shielded by the long duct configura¬ 

tion, however, at the comparable dual flow condition the observed reduction 

does not materialize and a small increase in high frequency noise occurs 

(Figure 2.A.5-16). Thus the long duct configuration provides little or no 

improvement in dual flow jet noise levels over the velocity range of interest. 

Tne relationship between dual flow OAPWL and core jet velocity for uncapped 

and capped configurations is shown in Figure 2.A.5-17. The modification pro¬ 

vides OAPWL reductions down to 1000 ft/sec (305 m/s) and at the takeof* power 

results in 5 dB reduction relative to the baseline. The SPL data was extra¬ 

polated to 1500 ft (A57 m.) sideline, without EGA, to simulate a microphone 

reading at a typical aircraft flyover situation. In Figure 2.A.5-18 the peak 

OASPL is shown related to core jet velocity. Relative to the baseline, the 

modified suppressor OASPL's are lower commencing at 900 ft/sec (275 m/s) and 

at the takeoff power setting achieve a total reduction of 7 dB. The relation¬ 

ship between perceived noise level and core jet velocity is shown in Figure 

2»A.5—19. At the takeoff power condition the modified lobe core suppressor 

configuration provides 5 PNdB reduction in dual flow jet noise. The suppressor 

was effective down to a core jet velocity of 1100 ft/sec (335 m/s), whereas 

the original suppressor only achieved 2 PNdB suppression at the takeoff power 
and zero at a core jet velocity of 1500 ft/sec (A57 m/s) 

2-A.6 Test Results, Suppressor Test 3 

The configurations evaluated in this test series include a new baseline 

configuration, a multi-hole configuration and a multi-spoke configuration. 

The core suppressors had annulus-to-core flow area ratios of 2; similar to the 

successful 18 capped lobe suppressor already evaluated. The directional 
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LOW VELOCITY jet noise suppressor TEST 2 

18-LOBE DAISY CORE NOZZLE, AR - 2.0 
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characteristics of these configurations for core jet only are shown in Figure 

2.4.6-1 for the approach power case. Note that the SPI.'s have been extrapolated 

to a 1500 ft (457 m/s) sideline, without EGA. At this low velocity there is 

little noise supprt sion achieved by either suppressor. The multi-spoke sup¬ 

pressor actually produced an increase in noise at all but the extreme aft 

angles. At the core velocity corresponding to takeoff power (Figure 2.4.6-2) 

the multi-hole nozzle suppresses satisfactorily at all angles. The multi-spoke 

nozzle was more successful at aft angles above 120° (which was the peak angle 

for this configuration compared with 130° for the baseline and multi-hole core 
suppressor). 

The fan only directional characteristics for approach power are shown in 
Figure 2.4,6-3. Fan flow noise increased when passing over the waist, cowl of 

both suppressor configurations. This is unexplained since, apart from minor 
geometrical differences, the suppressor waist cowls are as clean as the 

baseline configuration. At the takeoff power velocity, shown in Figure 

2.4.6-4, a discrete tone vas observed when the 24 spoke configuration was being 

tested, it was sufficient in strength to cause increases in SPL's of at least 

10 dB above the baseline levels. It Is reasoned that a modification made to 

this configuration to strengthen the nozzle to withstand higher pressure ratios 

may be responsible for the tone generation. The design modification produced 

an 0.5 inch (.0127 m) lip which probably produced a ring tone dependent upon 

an acoustic feedback mechanism. The phenomena was investigated in a recent 

paper by W.A. Olsen, 0. Guttierrez and R.G. Dorsch (Reference 2.4.6-1). The 

figures relating to this design modification include "as measured data," with 
nc correction for the ring tone. 

The directional characteristics of dual flow operation at approach power 

«.re shown in Figure 2.4.6-5. The levels of both suppressor configurations 

were greater than the baseline. At the takeoff power setting, shown in 

Figure 2.4.6-6, the multi-hole core suppressor provided suppression relative 

to the baseline at angles close to the jet axis; the multi-spoke levels, 

continued to be effected by the generation of tones. A better understanding 

of the directional plots is obtained by inspection of the peak angle spectra 
at the various conditions described. 

The core only spectra at approach power is shown in Figure 2.4.6-7. The 

suppressor configurations are both successful in reducing low frequency noise 

but at the expense of increases in high frequency noise; this is typical of 

multi-element nozzles. The spectra at takeoff power is shown in Figure 2.4.6-8. 

The noise reduction of low and mid frequency noise is achieved by both suppressor 

configurations. The mid frequency suppression is superior to the multi-lobe 

core suppressor previously tested. The replacement of a circular jet by 

malti-elements tends to produce a greater proportion of high frequency noise 

Since the data has been extrapolated to a typical flyover altitude of 1500 

ft (457 m), h:iwever, higher frequency sound is reduced due to greater atmos¬ 

pheric absorption. The multi-hole suppressor spectra was such that there is 

little difference with the baseline at high frequencies. The multi-spoke 

configuration was more efficient in transferring energy from low to high 

frequencies so consequently there is still high frequency noise present above 
the baseline spectra. 

2-128 



H 
to 

S 

oí 
o 
CO 
CO 

s 
Oi 

Ê5 
CO 

Cd 
CO 

.<N 
< s 
O 00 
cd in 

CM 
• 

Cd H g Cx, 

•J CM 
Cd • 
Q VO 

M CO II 

i 
H 
Cd 

a 
CM 

C'» 
m 

< 

g 
H W 
0= a 

o o 
m 

§ 
w 
CO 

o o 
vO 00 
r—Í • 

CM 

o m 

CM 

o o 
CM r-1 
i—I • 

CM 

o m .J 
o z 
i—I • M 

O O 
00 

I 
Pu, 

9 

o m 
vo o 

o o 
O’ t"* 

o 
00 

o o 
NO 

o 
m 

Z<ro/P ZOOO* '*1 9P "idSVO 

2-129 

FI
GU

RE
 
2
.
4
.
6
-
1
 

0A
SP

L 
VS
 
AC

OU
ST

IC
 
AN

GL
E,
 
CO

RE
 
ON
LY
, 

VC
0R

E 
66

0 
FT

/S
EC
 
(2
01
 
m/

s)
 



2-118 

O O 
vO oo 

o m 

o o 
CN 

O o □ 

o o 
00 <J 

o m 
so O 

o o 
r** 

Zra3/P 3000* *a- 9P "láSVO 

2-130 

F
IG

U
R

E
 

2
.4

.6
-2
 

O
A

S
P

L
 

V
S
 

A
C

O
U

S
T

IC
 

A
N

G
L

E
, 

C
O

R
E
 

O
N

L
Y

, 
V

C
0

R
E
 

1
6

0
0
 

F
T

/S
E

C
 

(4
8
8
 

m
/s

) 



zmo/P Z000* *3* 8P ‘idSVO 

2-131 

F
I
G
U
R
E
 
2
.
4
.
6
-
3
 

O
A
S
P
L
 
V
S
 
A
C
O
U
S
T
I
C
 
A
N
G
L
E
,
 
F
A
N
 
O
N
L
Y
,
 

6
4
0
 
F
T
/
S
E
C
 
(
1
9
5
 
m
/
s
)
 



CO 

H 
c/î 

g 

H 
W 
►o 

CS 
S 

vO 
< • 
O r-l 
W V-' Cá 

O en o <n 
z • 

H 
en 
S 
Dm 
è 
en 
b] 
en 

Z co 
M • 
•J ^ 
U r-l 
Q 

m en o 
Z 

M R 

e es 
1^» m 

s a 

00 
es 
< 

M 
H 
b W 

° § 
m m 
i—i en 
• • 

en en 

o 
U 
Q 

O O 
vO 00 ï—t • 

CS 

o m 
<t o- 
i—i • 

es 

o o 
es r-l r-C • 

es 

O m 
O r- 

H 
a 
Z 

Pi 
b 

a 
o 

o o 
oo 

o m 
vo o 

o o 
'S- r». 

O 
o 

o 
ejv 

o 
oo 

o o 
vo 

zmo/p 2000' ap 'aasvo 
2-132 

FI
G

U
R

E
 

2
.4

.6
-4
 

0A
S

P
L
 

V
S 

A
C

O
U

ST
IC
 

A
N

G
L

E
, 

FA
N
 

O
N

L
Y

, 
V

pA
N
 

1
0

0
0
 F

T
/S

E
C
 

(3
0

5
 
m

/s
) 





WfÇgÊÊÊËÊÊÊM 

tN 

H /-N 
tupg 

S 
CO vo 

co f—i 
H 
co 
S 

O 
ce! U 
O 

00 
CM c 

en 
en 
ë 

CM 

Oh 
PU 
» 
en 
u 
en 

•J 
g 

H CM 

00 
CM UO 

• • 
vo 

O 
Z 

en 

H 
W 

8 
CM 

UO 
<r 

u 
H 

y 
O 
O 
UO 

en 
• • 

o 
O 

O 
itv 

O 
oo 

,oao/p 2000* 9P 'idSVO 

o 

1 

2-13A 

FI
G

U
R

E
 

2
.4

.6
-6
 

O
A

SP
L
 

V
S 

A
C

O
U

ST
IC
 

A
N

G
L

E
, 

D
U

A
L 

FL
O

W
, 

V
rn

R
F
 

1
6

0
0
 

F
T

/S
E

C
 

(4
8

8
 

m
/s

) 
V

FA
M
 

1
0

0
0
 F

T
/S

E
C
 

(3
0

5
 
m

/s
) 



T»
W

W
D
 O

C
T

/.
v

*
. 

.-
.,-

-4
0 

»Ç
V

iL
 J

N
 

S
B
 

RH
 0

.0
sd

 .
‘A

iC
P

O
ii

A
P

 

LOW VELOCITY JET NOISE SUPPRESSOR TEST 3 

• n o ii ;. V ., 

• 1500 FT (457m) SIDELINE, SINGLE ENGINE 

• NO EGA 

• Ag = 6.2 FT2 (,58m2) 

FIGURE 2.4.8-7 PEAK ANGLE SPECTRA, CORE ONLY 

VC0RE “ 660FT/SEC (201m/S) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 3 

• 1500 FT (457m) SIDELINE 

• NO EGA 

6 A8 = 6.2 FT2 (.58m2) 

FIGURE 2.4.6-8 PEAK ANGLE SPECTRA, CORE ONLY, 

VCORE ” 1600FT/SEC (488m/S) 
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The fan spectra at approach power is shown in Figure 2.4.Ö-9. The 

spectra levels exhibit minor increases in level, and the emergence of tones 

begins at 80Hz. The fan spectra at takeoff power is shown in Figure 2.4.6-10. 

The emergence of the tone phenomena associated with the multi-spoke configura¬ 

tion becomes quite pronounced at this fan velocity; however, noise levels 

associated with the fan flow over the multi-tube waist cowl showed minor 

Increases relative to the baseline. 

Observance of the spectra at this stage suggests the hypothesis that if 

the fan interaction effect is maintained, the dual flow results would show a 

reduction in high frequency noise thus providing an overall suppression of the 

coannular flow system. Analysis of l:he dual flow spectra at approach power 

however, (Figure 2.4.6-11) indicates increases in SPL's over the majority of 

the frequency range for both configurations. Inspection of the peak spectra 

at takeoff power (Figure 2.4.6-12) demonstrates similar results inconsistent 

with the hypothesis. The low frerjency suppression attained during core flow 

only tests is reduced considerably (even if the measured pure tone is considered 

to be a phenomena associated with the specific model configuration only) and no 

reduction of high frequency noise is attained. This can be explained by con¬ 

sidering the suppression mechanism of these suppressors, which essentially con¬ 

sists of replacing a single area jet by several smaller area elements. Unlike 

the multi-lobe arrangement, the turbulent mixing zone of the multi-tube and 

multi-spoke nozzles is not in direct contact with the secondary flow stream 

except in the vicinity of the jet periphery. The multi-lobe mechanism, on the 

other hand, simply Increases the area over which the fan flow (if it is 

correctly Introduced) can react favorably to reduce the turbulent shear. Thus, 

it may be concluded that core suppressors of the spoke and hole type will not 

reduce the dual flow noise for the velocity range being considered in this 
study. 

Graphs summarizing «-he above tests are presented for the core flovr only 

in Figures 2.4.6-13 to 2.4.6-15. The relationship between core only OAPWL 

and core Jet velocity (Figure 2.4.6-13) shows that the multi-hole configuration 

produced OAPWL reductions down to 1000 ft/sec (305 m). The peak core only 

OASPL is related to core jet velocity in Figure 2.4.6-14. The multi-tube 

configuration is an effective suppressor over most of the velocity range. At 

the takeoff power setting the multi-spoke suppressor is more effective, pro¬ 

viding 7 dB noise reduction. In Figure 2.4.6-15, the peak core only perceived 

noise level relationship demonstrates the subjective nature of. the suppressor 

mechanisms. The conversion of low frequency energy into the high frequency 

tegime is reflected In both suppressor curves, particularly in the case of the 
multi-spoke configuration. 

For the purpose of constructing re:listic summary plots of the configura¬ 

tions with dual flow operation, the tones measured during the test on the 

multi-spoke nozzle were considered not representative of a full scale design 

and thus were removed and the levels recalculated. On this basis the OAPWL is 

related to core jet velocity in Figure 2.4.6-16, the peak OASPL is related to 

core jet velocity in Figure 2.4.6-17, and the peak perceived noise level 

related to core jet velocity in Figure 2.4.6-18. Each of the curves is 

similar; the large increase in high frequency noise with a corresponding lack 

of fan interaction effect is the cause of the multi-spoke's poor performance. 
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• 1500 FT (457m) SIDELINE, SINGLE ENGINE 

• NO EGA 

• A28- 17.3 FT2 (1.6m2) 

FIGURE 2.4.6-9 PEAK ANGLE SPECTRA, FAN ONLY, 

VFAN " 6*<*T/SEC (195m/S) 
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LOW VELOCITY JET NOISE SUPPRESSOR TEST 3 

b*NO r+'i 

20 1 

• 1500 FT (457a) SIDELINE, SINGLE ENGINE 

• NO EGA 

• A28 » 17.3 FT2 (1.6m2) 

FIGURE 2.4.6-10 PEAK ANGLE SPECTRA, FAN ONLY, 

VFAN I000FT/SEC (305m/S) 
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The small amount of suppression indicated for the multi-hole configuration was 

the result of its performance as a core jet suppressor only. 

2.A.7 Summary and Discussion of Results 

The selection of hardware for the suppressor tests was based on the 

assumption that certain suppressor configurations which cause premature mixing 

oi the primary flow could be utilized to give additional suppression in con¬ 

junction with the secondary flow interaction effect. A study of existing data 

on multi-etement core suppressors suggested that for the velocity range of 

interest, low area ratio/low element number designs might achieve the desired 

noise reduction goals. Suppressor Test 1 showed that the level of fan noise 

measured when passing over the baseline waist cowl could rise to unacceptable 

levels when a disturbance in the flow stream (such as the penetration of lobes) 

was allowed. This ruled out, for the present, multi-lobe suppressors with high 

ratios of annulus area to flow area. When the penetration of lobes is not too 

severe, as is the case with the annulus area-to-core flow area of 2, "capping" 

the lobes (brazing metal caps over lobes to maintain a smooth flow contour 

while still allowing the fan flow to mix with the core flow) resulted in a 

measurable reduction. This suppressor configuration was evaluated along with 

24 spoke and 24 hole configurations all of which had area ratios (total annulus 

area/actual flow area) of 2.0. 

The summary plots (Figures 2.4.4-13 to -18, 2.4.5-17 to -19, and 2.4.6-13 

to -18) provide an ideal basis of comparison of the systems. Baseline I differs 

from Baseline II in that it had a smaller core area, a different plug geometry 

and a less tapered waist cowl. The noise reduction of the multi-spoke nozzle 

(and to a lesser degree, that of the multi-hole configuration) was affected by 

a discrete tone phenomenon which was not included in the noise level calcula¬ 

tions since characteristic jet noise spectra is broadband in nature. 

The multi-lobe configuration was the most successful relative to the base¬ 

line configuration in achieving the required acoustic objective. The multi¬ 

hole and the multi-spoke configurations were acoustically inferior when oper¬ 

ating in the dual flow mode. This probably occurred because they did not 

sufficiently mix the two streams, as is necessary for the secondary flow inter¬ 

action effect to occur. No effect was observed on dual flow noise levels as a 

result of extending the fan duct to a coplanar location. 

2.4.8 Conclusion 

A multi-lobe core suppressor configuration was found to be the most suitable 

method of capitalizing on the inherent suppression capability of a dual flow 

system. At typical takeoff power settings representing advanced turbofan 

engines, the reduction in perceived noise level was 5 PNdB at a 1500 ft (457 m) 

distance. 

The foregoing numbers provided for the suppressor effects are conservative 

estimates in that they are obtained from a comparison with the Baseline I con¬ 

figuration. If Baseline II is used for the comparison as much as 2 PNdB extra 

suppression is indicated. 
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y ■ first viscosity coefficient 

X * second viscosity coefficient (X 'v - 2/3 y) 

I - unity tensor 

Taking the time derivative of continuity, and the divergence on momentum 

and eliminating the flux of momentum flux term yields the following wave 

equation. 

2 

y2p . div div (p u u - t1) + (p - a^ p) (2.5.2-3) 
dt¿ o 0 

or 

V^p ■ div div T (2.5.2-3a) 
0 

where T * Lighthills stress tensor 

>0 2 
■pl-x'+puu-a pi 

0 

a0 - ambient speed of sound 

In deriving this wave equation there are no restrictive assumptions that 

the fluid obeys an equation of state; in fact all continuous flows satisfy a 

wave equation such as equation (2.5.2-3) or (2.5.2-3a). 

Far from the flow region itself, the right-hand side of equations (2.5.2-3) 

and (2.5.2-3a) must vanish identically. This leaves the well known homogeneous 

wave equation for acoustic wave propagation through a stationary-uniform 

medium. The right-hand side of either equation (2.5.2-3) or (2.5.2~3g) has 

the form of a quadruple source which is at rest. The stress sensor, T, is a 

stress produced by pressure, viscous shear stress, and momentum flux. One may 

now imagine the medium as being at rest at any point in space and interpret 

all the additional effects caused by the flow as a result of inhomogeneities, 

which are continuously distributed throughout a limited part of the medium. 

The formal transformation of a differential equation of the Form (2.5.2-3a) 

into an integral equation is obtained by the well known Kirchhoff integral. 

Then the integral equation for the density perturbation field becomes: 

(2.5.2-4) 

Noise resulting from 
fluctuating shearing stresses 
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Where the subscript, o, designates the turbulent source region and the bracket 

[] means evaluated at the retarded time t - r/a0. (See the sketch below for 

the Identification of the coordinate system). Physically, the retarded time 

effect means it takes a finite time for the sound emitted from the source 

region to travel the distance R, from the source to the observer. 

Observer 

Origin 

Generalized Coordinate System 

Neglecting any solid boundaries as a noise source, it can be shown that equation 

(2.^.2-4) may be written as: 

where p0 is the undisturbed density of the medium, r is the position of the 

observer, and r0 is the position in the turbulent region. The integral is 

evaluated over the entire region of turbulence. The solution given by 

equation (2.5.2-5) expresses the density disturbance at point r and time t 

vnich results from a region of turbulence which is at rest relative to the 

observer. 

Now in the radiation field, differentiations in (2.5.2-5) can be carried 

out very simply. By defining: 

index notation equation (2.5.2-5) may be written as and using an 

2-151 





-5/2 

Mc(os 3)' 
(2.5.3-2) 

Bquai^n (2.5.3-2) is seen to directly link the local aerodynamic proper- 

tie? with the acoustic farfield pressure field. By using the aerodynamic flow 

ield analysis described above, the complete jet plume can be considered to 

An?ePînd?nt co"elatlon volumes whose frequency content is specified 
by the P.O.A.L. Davies relation 0)^2¾ 1,1 u» (Reference 2.5.3-1). 

The required local aerodynamic properties necessary for the evaluation of 

fs rí8^8'íneKatt by 8imple conlcal Jets is well documented in References 

«i: 1 .í .? Z5' .y116 General E1«ctric computational schedule necessary for 
detalled acoustic properties is represented in Figure 2.5.3-1 

\lemT8 are comPvtationally constructed throughout the plume. 
Associated with each volume element are the local aerodynamic properties of 

, P, u . Since these properties vary throughout the jet plume, so does the 

frequency and the acoustic source strength. The sound pressure levels can be 

computed, using Equation (2.5.3-2), stored, and summed for each one-third octave 

band at any emission angle. Through suitable integration, the overall power, 

power spectra, and overall sound pressure levels can also be computed. 

whar lí8 aeroaJou8tJc relationship expressed by Equation (2.5.3-2) describes 

írPoM Cr°n y Tí6™0 t0 “ 8elf-nol8e" generation; that is noise generated 
directly by a turbulence - turbulent interaction. Lilley (Ref. 2.5.3-6). 

Maestrello (Ref 2.5.3-7), Csanady (Ref. 2.5.3-8), Jones (Ref. 2.5.3-9), 

derawïrr rCT?dy/Reí* 2*5*3-10> illustrated convective terms which 
deal with the turbulent and mean shear interaction field, which is referred 

° a8ahea; n°i8e' Reference (2.5.3-4) has illustrated that with a combination 

of self and shear noise radiation terms many of the observed acoustic char¬ 

acteristics of subsonic and supersonic stationary exhaust jets are illustrated. 

2,5,4 Application of the Turbulent Mixing Model for Moving Jet Aircraft 

. . . ^ n°W the turbulence is being generated by the engine of an airplane 

which is in motion relative to the observer, the solution to equation (2.5.2-5) 

Ffow.Munirs 1S con8idered by Rlbner (Ref. 2.5.2-5) and 

Williams ^1118 (Ref’ 2,5,4”1 30(1 ~2)* 1116 work here follows that of Ffowcs- 

velnrírveWfCOOrdínatT Sy!tem 13 deflned which “oves with the aircraft at a 
^ „C tyi0f “a° ^ uIn the new coordinate system, a point in the turbulence is 
moving along with the aircraft is identified by the position vector n. The 

the s^8^P<Mt 7T í6 COOrdinate «Veen's is r0 - n - a0 Nt when both specify 
the same position in the turbulence. Signals received by the observer at time 

E - 181/-0., At thl. time the r.l.tion.hip b"tveeí 

oordinates is r0 - n - a0Nt f N|r| as shown in Figure 2.5.4-1. In the new 

The^coord? ^ 3 functlon of Position n and retarded time t - |R|/a0. 

ydl?aïe transyonnation has the property of changing the volume element 
in the turbulent region given by: 
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FIGURE 2.5.4-1 TURBULENCE DISTRIBUTION RELATIVE TO 
AIRCRAFT MOVING WITH VELOCITY M*a IN 
OPPOSITE DIRECTION TO AIRCRAFT. 
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dVn - dVy [l+!1râ 
The solution for the density disturbance which results from a turbulent 

region of fluid moving with the aircraft is: 

(p(r,t) - pn) - »2 /•’’’ui"’1 

4,.2 [ |rI + N ■ R] 
dvn (2.5.A-1) 

or 

where 

x.x. 

(p (r,t) - po) » 

Aira^ [ |rI + N • R]3 

T - t-M 

T11 ^n,T^ 
dV 

3t 

(2.5.A-2) 

The Doppler factor [1 + N * R/|r|] represents the influence of the movement of 

the sources. Ffowcs-Williams has shown that the acoustic intensity in the 
farfleld can be written as: 

V.lVe 
i* 2 5 »6 loir a p R 

o o 1 + 
N M 

If 34 P ijkl dVn dV2 (2.5.4-3) 
3r 

The acoustic intensity given by (2.5.4-3) is the field generated by the 

turbulent flow from the jet exhaust of an aircraft traveling at velocity 

-a0N through a uniform stationary medium. The acoustic intensity for the 

turbulent moving jet is approximated by: 

-1 
I(r>t) . _(A ,+ NQ») 

P0R ao ((1 - ftc(o80)2 + (aMc)2)-5^ 

(2.5.4-4) 

where N is defined as the flight speed Ue, divided by the ambient speed of 

sound a0; Mç is defined as: 0.63 (Ui/a0 - N); Uj is the jet exit speed relative 

to the aircraft. The term a is the eddy decay parameter which is more compli¬ 

cated than the parameter used in the static jet noise case since the integral 

transverse and longitudinal turbulent length scales are affected by the relative 
motion of the fluids. 
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lhe source function In the acoustic Intensity expression (2.5.3-2) can be 

handled by a method similar to the one used by Kobrynski (Reference 2.5.4-3). 

Recalling from the previous section on stationary jets, the source function per 
unit uncorrelated volume can be written as: 

-2 
S 'v Tz oi4 V (2.5.4-5) 

=2 
where T* is the rms value of the fluctuations of the strength of the quadrupole, 

u> is the characteristic angular frequency of the fluctuations and Ve is the 

characteristic volume of the eddies. For a jet in flight the quantities in 
equation (2.5.4-5) may be written as: 

T2 \ p 
j (03 - V 

"e a + vy 

<üe * Ua (1 ^ N ^08 0)» characteristic angular frequency emitted 
by the stationary jet. 

ui = The apparent observed frequency 
a 

Ve 'v- L3 

Using this information detailed spectral computations can be formulated for the 

flight case in a fashion similar to the calculations performed for the station¬ 
ary jets. 

2.5.5 Influence of Flight on Single and Dual Flow Exhaust Nozzles 
Aerodynamics 

Subsections 2.5.3 and 2.5.4 illustrated how the noise generating mechanisms 

of an exhaust jet can be related to the detailed turbulent flow properties of 

stationary and moving exhaust jets. In order to utilize the technique discussed, 

the aerodynamic flow properties must be available. For stationary single 

exhaust Jets, General Electric's aerodynamic computation method is well docu¬ 

mented (References 2.5.3-1 to -4). Discussed below are some parametric studies 

illustrating the influence of flight velocity on the turbulent and mean 

velocity distributions for a single and a dual flow nozzle. Since the basic 

turbulent mixing flight acoustic model relies directly on an aerodyncmic source 

function, the aerodynamic properties are of interest to gain insight into the 
acoustic source characteristics. 

Figures 2.5.5-1 and -2 illustrate predicted comparisons of radial mean 

and turbulence velocity profile«» for a dual flow jet typical of the CF6, and a 

single jet at the same cycle condition as the dual flow core nozzle. Both 

predictions are shown for a relative flow (flight) environment. Figure 2.5.5-1 

shows the mean velocity profiles for the single and dual flow jet at axial 
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dcore = 33*1M (°-851m) dfan ^ 54*3" (1“3% m) 

M. « .9537 M. - .9429 
JCORE JFAN 

T. - 1314°R (730e¿O T. - 549°R (305°K) 
-'FAN 

FIGURE 2.5.5-2 PREDICTED RADIAL TURBULENCE INTENSIFY PROFILES 
AT AIRCRAFT MACH NUMBER = .1976 

FIGURE 2.5.5-1 PREDICTED RADIAL MEAN VELOCITY PROFILES 
FOR DUAL FLOW AND SINGLE I LOW JETS AT 

AIRCRAFT MACn NUMBER .1V76 



s 

locations of 3.5 and 11 core Jet diameters. The Influence of the secondary 

fan How on the mean velocity Is readily apparent. For the dual flow nozzle 

condlt^ns, the mean velocity profiles are seen to decay less rapidly than the 

mean velocity profile of the single Jet in the same relative flow environment. 

The turbulence intensity profiles for the same two cases are shown in Figure 

^-5.5-2. At the X/D ■ 3.5 location, the dual flow turbulence intensity profile 

is seen to have two "humps" of turbulence. One hump near the core jet lip, and 

a second hump near the fan jet nozzle lip. The level of turbulence for the 

dual flow jet Is predicted to be some what less than the core Jet alone case. 

However at X/D ^ 11, the two "humps" of turbulence for the dual flow Jet smooths 

oat to a single hump which is broader and sllg.itly higher in level than the 
single jet in flight. 

Figures 2.5.5-3 and -4 illustrate the predicted axial mean velocity and 

turbulent velocity decay for the dual flow and single flow nozzles in flight. 

Figure 2.5.5-3 slows the influence of the additional fan flow on the mean velocity 

decay. The dual flow Jet in flight has a less rapid mean velocity decay than 

the single jet cas*. This implies a somewhat longer, higher velocity, and 

smoother initial miting region. Further downstream however, a more rapid mixing 

must take place since the mean velocity decay is seen to approach the single 
flow case. 

The axial decay of turbulence intensity at the core jet nozzle lip for 

the dual flow and single flow jet in flight is shown in Figure 2.5.5-4. The 

diff®rent decay profiles are observed. The single jet has a peak very near 

the nozzle exit, while the dual flow jet turbulence intensity decay is seen to 

peak some 10 diameters downstream; thereafter higher levels of turbulence are 

predicted (contributing to the dual flow mean velocity decay approaching the 
single jet case shown in Figure 2.5.5-3). 

2-5.6 Application of Turbulent Mixing Aero/Acoustic Models :o Ideal 

Single and Dual Flow Moving Jets 

2.5.6.1 Flight Predictions for a Single Jet 

On a gross basis, it can be shown from dimensional arguments for turbulent 

mixing noise (Reference 2.5.3-2), that the sound power amplification for a 

oving jet is different than for a stationary jet and is given by 

(Uj - Ue)8 

(1 - Ue/Uj)4 
(2.5.6.1-1) 

The jet mixing aerodynamics are of course modified with the movement of 

the jet. The amplification factor (l-Ue/Uj)-4 is due to the elongation of the 

turbulent mixing region. As an illustration of how the actuel data correlates 

with the above predicted velocity dependence, Figure 2.^.6.1-1 shows F-106/J85 

flyover acoustic results. Shown on this figure are measured daca, SAE prediction, 

and the noise levels predicted by the simple formulation above. The new velocity 

dependence is seen to be in better agreement with measurements than the SAE 
prediction. 
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FIGURE 2.5.5-4 PREDICTED AXIAL DECAY OF TURBULENCE INTENSITY 

AT r/r = 1 FOR DUAL FLOW AND SINGLE FLOW JETS o 
AT AIRCRAFT MACH NUMBER = .1976 
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To Illustrate some of the detailed predictions possible with this 

analysis, Figure 2.5.6.1-2 shows a theory/data comparison of the change of 

sound pressure level spectrum due to aircraft motion. Again F-106/J85 flight 

data is shown as a comparison. The reduction of noise 1.: ‘•'..e low frequencies 

and amplification of noise in the high frequency jet exhcucf noise due to 

aircraft motion is clearly shown by the theory and the data. 

As an example of the directivity and spectral characteristics predicted 

by this method. Figures 2.5.6.1-3 and 2.5.6.1-4 show predicted trends of OASPL 

and 1/3 OBSPL for two types of turbulent mixing noise models (a self-noise 

model and a self-noise/shear-noise luodel). For static subsonic and supersonic 

jet noise predictions the self-noise/shear-noise model was found to be more 

representative of the ideal jet (see Reference 2.5.3-2 and 2.5.3-3). 

2.5.6.2 Flight Predictions for a Dual Flow Nozzle 

In Section 2.5.5 detailed aerodynamic predictions were presented 

showing the influence of flight on the plume characteristics of single and 

dual flow nozzles typical of the CF6 at takeoff conditions (see Figures 2.5.5-1 

through -4). As a final illustration of the acoustic prediction, Figure 2.5.6.2-1 

shows predicted jet noise OASPL versus Jet angle for a dual flow nozzle in flight 

and stationary. The predictions show a reduction in jet noise due to flight 

at all jet angles. The jet cycle conditions choosen were typical of a CF6 
at takeoff flight conditions. 

2.5.7 Summary 

In the above sections, the formulation of the senerating mechanisms for 

simple exhaust nozzles based on existing turbulent mixing noise concepts were 

reviewed. It was shown how such turbulent mixing models can be formulated 

for computational studies, and how the acoustic model depends on the detailed 

mean velocity and turbulent velocity aerodynamic exhaust plume properties. 

Discussions and illustrations were given for single and dual flow nozzles. 

Sections 2.5.1 through 2.5.4 reviewed the typical analysis used for 

turbulent mixing acoustic modeling for stationary and moving jets ana how this 

type of analysis can be adapted for performing detailed calculations. Section 

2.5.5 was a presentation of a study illustrating the influence of flight on 

the turbulent velocity and mean velocity exhaust jet distributions for single 

and dual flow jets. Inferences as to the noise generation distributions can 
be made from these results. 

In Section 2.5.6 aero-acoustic predictions were presented for single and 

duax flow jets in motion. These rather simple acoustic models showed favorable 

agreement with observed velocity dependence of flight noise and the relative 

difference in sound-pressure-levels between a static jet and a jet in motion. 

The beneficial influence of flight on dual flow exhaust jet noise was also 
shown. 

The aero acoustic model formulations presented herein can be used to pre¬ 

dict the influence of flight on ideal Jet exhaust noise. However, they can be 
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improved. Areas of improvement include the proper acoustic modeling for jet 

density influences and a more exact model specification of the detailed 

spectral behavior of single and dual flow jets« The influence of the velocity 

and temperature gradients on the refraction of the sound also needs to be 
understood. 

Due to the complexity of this analysis (see References 2.5.3-1 to -A), 

the lack of experimental data required for verification, and the needed 

improvements sighted above, this method is not being recommended as a general 

prediction procedure for relative velocity effects. This analysis will, 

however, prove very useful as a guide to further efforts on relative velocity 
effects. 
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SECTION 3.0 

COMBUSTOR NOISE 

3.1 BACKGROUND 

In studying the noise generated by turbojet engines, it has been noted 

that as the Jet velocity is decreased, the engine noise levels diverge fro« 

those predicted or measured for pure jet noise sources (Figure 3.1-1). At 

these lower velocities it is believed that broadband noise generated in the 

core of tKe engine is radiating from the exhaust nortle. One of the possible 

sources for this frequency broadband noise is the combustor. 

In order to determine the significant parameters which might affect the 

generation of combustor noise, a review of available published literature 

was made. One noise predictor, equation, proposed by P.Y. Ho and R.M. Tedrick 

(Reference 3.1-1) was derived by using the Buckingham n - Theorem on a list 

of independent variables describing the combustor. The noise factor deter¬ 

mined was: 

(1 + f) 

where the subscripts 3 and A denote conditions at combustor inlet and exit, 

respectively. P and T are the total pressure and temperature, V the velocity, 

f the fuel-air ratio and De the effective diameter. 

Both engine and air rig component test data were used to obtain this above 

factor. There is, however, a conflict in the sound power levels. For air 

rig combustor component noise data: 

-13 
OAPWL - 20 log10 (F^ + 81 dB, rg 10 Watt 

and for engine combus? ^.01. noise data: 

OAPWL - 40 log10 (Fj^) + 23 dB, 10 13 Watt 

2 
This implies that the air rig combustor noise changes as F and engiue com¬ 

bustor noise changes as . 

Motsinger (Reference 3.1-2) uses an expression for the acoustic combus¬ 

tion efficiency which is expressed as 
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This expression can be put in terms of a ncise factor similar to that of Ho 

and Tedrick’s: 

” ■ i) 
The subscript 0 denotes ambient conditions and W 's the air mass flow. 

Using this factor and the data from a T6i turboshatt engine, Motsinger 

recommends the following equation: 

OAPVL - 20 log10 + 56.5 dB, re 10-13 Watt 

which can be used tc predict the overall sound power level for combustor 

noise from turboshaft engines. 

Gerend, Kumasaka and Roundhill (Reference 3.1-3) propose using an engine 

core noise prediction that involves raising the turbine pressure ratio to the 

third power. Their prediction for QASPL at a 200 ft. sideline distance at 

the 110* angle (referenced to the engine inlet centerline), is: 

0ASPL + constant 

The subscript 5 denotes turbine exit condltious. Also, • 

P is the compressor pressure ratio. The temperature and the 

considered as important parametere. 

T4 

¿íHi 
and 

ow are 

Arnold (Reference 3.1-4) suggests a parameter proportional to the momen¬ 

tum changes that occur during combustion: 

POWER 
QV_ 

Aq0 [1-(¢-1)] 

where A is the exit area, q0 the specific stoichiometric heat of combustion, 

Q the heating value of the fuel, V the volume, and $ the equivalence ratio 

(fuel-air ratio/stoichiometric fuel-air ratio). The subscripted V's stand 

for velocity as above. 

The velocities, temperatures, heat release and exit areas ars considered the 

Important parameters. 
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Strahle (Reference 3.1-5) stai.ee that the combustion power level will be 

proportional to the velocity and diameter cubed, the laminar flaw speed 

squared, and a function of the reaction rate Integrated over the reacting 
volume. 

Current published work suggests based on the survey discussed above, 

that the air flow rate, temperature, pressure, and the temperature rise across 

the combustor are important noise parameters. 

3.2 COMPONENT TESTS 

In order to resolve some of the apparent differences in combustion noise 

prediction methods it was decided that the best results would be obtained by 

using full scale annulai combustors for the component tests. By doing thi¿ 

it was anticipated that tne combustor acoustic signatures would be more 

representative of aircraft engine combustor noise. A current technology CF6 

and an advanced technology (A.T.) combustor were selected for the test. 

3.2.1 Objectives 

The goal of this investigation was to determine the most applicable 

equations for power level prediction, spectral shape characteristics, and 

directivity factors for combustion noise. Two combustors were tested over a 

wide range of temperature aid flow rates in order to identify those parameters 

which would correlate combustor noise. The parameters considered most important 

were the air and fuel flow rates, the inlet temperature, pressure, and the in¬ 

let turbulence intensity. Acoustic data was obtained in both the nearfield 

and the farfield. 

3.2.2 Hardware 

Atomization Type Combustor 

The CF6-6 engine combustor is of the conventional fuel nozzle atomization 

type. The axial swirler dome configuration was used for the test. Fuel is 

delivered by means of a dual orifice fuel nozzle that sprays the fuel into the 

combustor through two concentric sprays in these engines. The atomized fuel 

is mixed with air entering the axial swirler caps shown in Figure 3.2.2-1. 

Carbureting Type Combustor 

The A.T. combustor is a scroll or carbureting type premixing combustor. 

Fuel and air atomization and mixing are accomplished with the scroll device, 

as shown in Figure 3.2.2-2. The scroll device relies on the energy of the air 

stream to atomize and carbúrate the fuel, thus eliminating the need for a high 
pressure atomizing nozzle. 
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Test Configuration 

A cross section of the two coabustors (Figures 33.2.2-3 and 3.2.2-4) show 

some of the differences in the liner shapes. The CF6 liner is relatively 

parallel to its centerline while the A.T. liner expands radially outward as 

the air travels through it. The A.T. liner is also shorter and smaller in 

diameter than the CF6. It was expected chat the differences between these two 

combustors configurations would contribute to different levels of turbulent 
mixing. 

Attached to each combustor rig is a horn and centercone. T.’ere are two 

reasons for this. It is possible that broadband jet noise could Interfere 

with the similar broadband combustor noise signature. In order to minimize 

the jet noise contamination the exit velocities were diffused in the horn. 

The second reason for the horn was tj provide an impedance coupling from the 

combustor liner to the farfield. The design of the horn was aimed at pro¬ 

viding a high acoustic transmission coefficient down to frequencies below 
100 Hz. 

The combustor component tests were conducted on the JENOTS Facility. A 

detailed description of the JENOTS Facility was previously provided in Section 

2.2.3. An instrixnentation schematic of the combustor test at JENOTS can be 

seen in Figure 3.2.2-5. A heater was used upstream of the combustor to pre¬ 

heat the air. A bolk absorber muffler with a high porosity faceplate was 

installed ahead of the test combustor in order to reduce upstream noise. A 

single hot wire anee^meter was used to monitor the turbulence intensity levels 

entering the combustor. A nearfield microphone probe was mounted at the 

liner exit plane for the CF6 test. Four rakes upstream and do>vnstream of 

the combustor measured the total temperatures and pressures. The sound 

pressure levels were measured in the farfield by microphones on a 40 foot 

arc, at 10° intervals from 30° to 1608 from the inlet. All acoustic data wa. 

recorded on magnetic tape. Photographs of the two combustors on the test 

stand can be seen in Figures 3.2.2-6 and 3.2.2-7. 

3*2.3 Test Procedure 

The test matrix was designed to isolate the effects of the temperature 

rise, airflow rate and inlet temperature. In order to do this over a wide 

range, it is necessary to understand certain limitations in combustion test¬ 

ing. Combustors are designed fo operate within a range of (AP/P3). An air¬ 

flow rate of 7.5 lb/sec gives í (AP/P3) that is elote to the design value for 

both test combustors when operating at atmospheric pressure. Initial plans 

were to test the combustors at one half (3.75 Ib/sec) and at two times 

(15 lb/sec) this flow rate. The A.T. combustor would not burn at the 15 
lb/sec airflow rate however, and was therefore limited to a 10 lb/sec maximum 
flow in order to maintain proper burning. 

At each of the selected airflow rates, fuel/air ratios were selected to 

give temperature rises of 1700, 1200, 700° F (945, 667, 389° C' and a no flame 

baseline. This matrix was initially set up to be tested two times, at 200° F 
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(9J.3* C) and 500* F (260° C) inlet temperatures. It was not possible to get 

all of the data at the 500* F (260* C) temperature. It was necessary to reduce 

the inlet temperature to 350* F (176.6* C) at the maximum airflow rates in 

order to get the combuetors to burn properly. A table of test point*, temper¬ 

atures and pressures is presented ln Appendix D. 

3.2.4 Test »iesults 

Acoustic Efficiency 

The air and fuel flow rates plotted against the acoustic efficiency show 

trends that are similar to ones seen b, Knott (Reference 3.2.4-1), (see Figures 

3.2.4-1 and 3.2.4-2). Generally the acoustic efficiency increases with an 

increase in flow. The A.T. combustor, however, shows higher acoustic efficiency 

levels than the CF6 for the same air or fuel flow rate. In Figure 3.2.4-3, 

the CF6 efficiency does not markedly increase while the a.T. combustor does 

with an increase in the equivalence ratio (the fuel/air ratio divided by the 

stoichiometric fuel air ratio). This is believed to be due to the higher 

degree of turbulent mixing in the A.T. combustor. When the efficiency is 

compared to the exit velocity (Figure 3.2.4-4), the data seems to correlate 

better but it still includes the higher rate of increase in power level with 

fuel/air ratio for the A.T. combustor. 

Acoustic Power Level 

The overall power level (0APWL) was calculated for each test point for a 

spectrum limited to the range from 100 to 2000 Hz. Above 2 KHz the noise 

levels were more than 20 dB below the peak one-third octave band level, which 

usually occurred between 200 and 400 Hz. The power level trends versus the 

mass flow and temperature rise can be seen in Figures 3.2.4-5 and 3.2.4-6. 

The power level increases with the temperature rise squared and with the air 

flow rate to the third power. Using these two terms by themselves will not, 

however, yield a good prediction parameter. A correlation (Figure 3.2.4-7) 

involving the mass flow cubed and the temperature rise squared has a standard 

deviation of 5.6 dB. Steps were taken to reduce this standard deviation. It 

was found that by changing the mas^ flow cubed to the mass flow times the exit 

velocity squared and dividing through by the exit area (Figure 3.2.4-8) would 

reduce the standard deviation to 3.2 dB. This correlation may be expressed as: 

0APVL ' [-^ (T4 - T3)2] 

4 

Since this results in ■» kinetic energy flux term per unit area times the 
temperature rise squared, the next step was to normalize the temperature rise 

by dividing through by the exit temperature (Figure 3.2.4-9): 
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OAPVfL ) 

This reduced the standard deviation to 2.3 dB. Looking at this parameter, if 

(Ta - TO2 is assumed to be - T^, neglecting the cross term, the OAPWL is 

proportional to the increase in kinetic energy flux through the combustor. 

OAPWL ' IX“ iV4 ' V3^ 

This assumption changed the standard deviation to 2.4 dB. The parameter now 

has the units of Watts per unit area (Figure 3.2.4-10). 

The kinetic energy flux at the exit station is more than ten times the 

kinetic energy flux at the inlet station just ahead of the fuel nozzles for 

any of the test point where the combustor was burning. Since the exit 

velocity is so much higher, the inlet velocity can be neglected and does not 

change tne correlation. We are now left with a term which is directly related 

to the exit velocity to the third power since: 

Hence, OAPWL ~ Pa V, . . .n 
The exit velocity to the third power correlates the data to the same 2.4 dB 

deviation (Figure 3.2.4-11) as above. 

If ail of the data are plotted in the form as jet noise (Figure 3.2.4-12), 

the same trend is realized. It can be seen from the slope of the data tnat 

the power level increases with the velocity to the third power. This is in 

agreement with Strahle’s conclusions (Reference 3.1-5). The effect of the 

exit density can be seen in Figure 3.2.4-13. It is difficult to obtain any 

trend and it appears that it may safely be ignored in a correlation. The 

overall power level corrected for the exit velocity, (OAPWL - 10 ^810 v4>» 
is plotted against various temperature and pressure combinations in Figures 

3.2.4-14 and 3.2.4-15. Again, no strong trerl can be discerned. Similar 

difficulty is encomtered in determining anv trend with the combustor diameter 

or the liner exit area. 

Directivity 

Typical directivity patterns are shown in Figures 3.2.4-16 and 3.2.4-17. 

The CF6 combustor has its peak radiation between 110° and 130 from the inlet 

The A.T. combustor has a broader directivity pattern that peaks in the range 
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FIGURE 3.2.4-14 PARAMETER vs. TEMPERATURES 
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from 110° to 140°. The trends are applicable In the range of peak combustor 

nr ¿.se frequencies. The difference in the directivity pattern is attributed 

to the difference in the radiation characteristics of the exit geometries. 

One of the differences between the two (Figures 3.2.2-3 and 3.2.2-4) was that 

the A.T. horn was a full foot longer than the CF6. Also, the centevbody of 

the CF6 extended about 40 inches (102 cm) past the exit plane of it's horn, 

while the A.T. centerbody projected only 14 inches (35.6 cm) beyond :t's 

horn. Hence, the CF6 centerbody was about 10 inches (25.4 cm) in diameter 

versus 3 inches (7.6 cm) for the A.T. at the horn exit plane. 

Spectrum 

The one third octave npectra, normalized to the overall power level, are 

shown in Figures 3.2.4-18 and 3.2.4-19. There are ground reflections in this 

farfield data. The ground reflection first null occurs at 160 Hz and the 

first reinforcement is at 300 Hz. Since the ground reflection controls the 

farfield spectrum below 300 Hz, it is necessary use nearfield data to 

determine the true spectrum shape. Narrowband spectra for turbulence inten¬ 

sity, nearficld and farfield sound pressure levels are shown in Figure 3.2.4-20. 

The nearfield peak levels increase with the fuel/air rafio, while the spectral 

shape is roughly constant. The nearfield probe narrowbands also show that the 

peak frequency increases with the fue1. air ratio aand that this peak occurs 

between 100 and 200 Hz. However, the farfield microphone narrowbands show the 

spectra peaking between 200 and 300 Hz because of the ground reilection prob¬ 

lem. Hence the slight increase in the peak frequency with fuel/air ratio 

cannot be discerned in the farfield data. 

The turbulence entering the combustor appeared to determine the combustor 

noise spectrum, as is seen from Figure 3.2.4-20 which displays the close resem¬ 

blance between corresponding turbulence and nearfield, probe-measured, noise 

spectra. During the tests, the inlet turbulence was found to vary only a few 

percentage points around an average intensity u'/U of 11%. 

Conclusion 

The tests on the two full scale, annular combustors with matched end 

impedance and at ambient pressure showed that: 

• Combustor noise power level follows 3 velocity to the third power 

scaling law. 

• The directivity pattern will depend on the exit geometry. 

• The spectrum shape will closely follow the turbulence spectrum 

entering the combustor. 
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3.3 SUPPRESSOR TREATMENT SELECTION 

Because of design constraints, it is apparent that the only viable tech¬ 

nique of reducing combustor noise is through application of acoustic treatment. 

Several samples of different types of acoustic suppressors were examined and 

representative candidates were selected and tested. The tests were conducted 

under another FAA contract and details may be found in Reference 3.3-1. Al¬ 

though these selection testr. were not conducted under the Core Engine Noise 

Control Program, a synopsis of the investigation is included here for 

completeness. 

3.3.1 Objective 

The purpose of these tests was to select the most desirable acoustic 

treatment from a mechanical and noise reduction point of view to function 

in a high temperature environmer». 

3.3.2 Hardware 

A list of acoustic suppressor materials suitable for high temperature 

applications was drawn up. The list included various bulk absorbers con¬ 

structed of fibers capable of withstanding high temperatures, ceramic material 

configurations, and resonators constructed of high temperature alloys. Two 

representative samples of each of the three types were selected. Detr.ils of 

the six selected samples can be seen in Figure 3.3.2-1. Cer-Vit is a ceramic 

material in the form of quarter wave tubes. The two samples differ in hole 

diameters and percent of open area exposed to the high temperature environment. 

The single degree of freedom (SDOF) resonators are fabricated from a high 

temperature alloy. The two samples differ in the percent of open area. The 

bulk absorber, Mono-Block, had two cavity depths and was retained during the 

test with a high porosity faceplate. 

The samples were tested in the high temperature acoustic duct facility. 

A schematic of the duct can be seen xii Figure 3.3.2-2. Two combustor cans 

placed upstream of the test section heated the duct up to 1800° F (982° C) and 

thermocouples were used to measure the temperature along the duct. A Hartman 

generator provided a pure tone source and ten acoustic probes, five upstream 

and five downstream, were used to measure the transmission loss of the samples. 

3.3.3 Test Results 

From the mechanical point of view, the ceramic material was too brittle. 

However, the ceramic had no difficulty with the temperature level or tempera¬ 

ture changes during the test. The SDOF panels showed no deterioration other 

than the normal darkening in color and are mechanically desirable due to the 

fact that they can double as a load carrying surface in an engine. Upon 

examination after the test, the bulk absorber showed signs of deterioration. 

The binder used to hold the high temperature fibers in a fixed position had 

burned away leaving the fibers susceptible to being blown away by high velocity 

air flows. 
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3.3.4 Conclusions 

The SDOF resonators displayed the best combination of suppression and 

structural integrity. The tests showed that the design method outlined in 

Reference 3.3.4-1 could successfully be used to design the high temperature 

treatment. It is a fairly straight forward procedure to extrapolate the 

suppressor design to peak at the low frequencies necessary for combustor noise 

application. It was found, however, that a resonator design peaking at 200 Hz, 

to match the combustor noise peak frequency, would be rather bulky for aircraft 

engine installations. It was felt, instead, that a suppressor could be de¬ 

signed peaking at 500 Hz and incorporating sufficient bandwidth to provide 

the required noise attenuation over the entire combustor noise spectrum. The 

size in this case, while still fairly large, would present far less problems 

in accommodating within the engine. Assuming an environment of 1500° F 

(816° C) and a Mach number of 0.3, the design requirement resulted in a sup¬ 

pressor cavity 12" (30.5 cm) deep. Details of the final design are shown in 

Figure 3.3.4-1. There are indications that the same suppression characteris¬ 

tics could be obtained through a judicious combination of various types of 

resonators which could result in a significantly reduced envelope. 

3.4 SUPPRESSED COMBUSTOR TESTS 

3.4.1 Objectives 

The objective of the combustor suppressor test program was to demonstrate 

that the level of noise generated within the combustor could be reduced 

through application of acoustic treatment. The more advanced technology, 

full scale annular combustor was chosen as the baseline for this investigation. 

Nine test points, consisting of three air flow rates with three different 

fuel-air ratios each, were selected in order to demonstrate combustor noise 

suppression over a range of operating conditions. Further, to deteraine the 

suppressive effect of an abrupt impedance change on the propagation c<f 

combustor noise, a second configuration, which had the horn and centerbody 

removed, was included in the suppressor test plan. 

3.4.2 Hardware 

Farfield acoustic levels for the full scale suppressed A.T. annular 

combustor were measured at the JENOTS test facility. The test program and 

set-up for the two suppressed configurations which were examined were 

similar to the previous baseline testing at the same site. A photograph of 

the A.T. combustor mounted on the JENOTS test stand with the suppressor and 

horn installed is presented in Figure 3.4.2-1. 

Acoustic data were recorded at the same microphone locations as for the 

baseline combustor testing. Thus the microphones were positioned at 10 degree 

intervals from 30° to 160° along the same 40 foot (12.2 m) arc. Additional 

details describing the JENOTS facility and sound field are contained in 

Section 2.2.2. 
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A schematic of the combustor-suppressor test set-up is presented in 

Figure 3.4.2-2. The air Tlow was preheated to 200° F (93° cj upstream of the 
combustor to simulate air coming from a compressor. The muffler section, 

inlet rakes, and preheater were unchanged frrm the previous baseline a.T. 

combustor testing. The deep cavity suppressor, which was described in Section 

3.3.4, was attached immediately downstream of the combustor for both suppressed 

configurations. The exhaust pressure and temperature vakes were thus located 

the length of the suppressor section farther downstream from the combustor 

than for the basei.ine test. The schematic. Figure 3.4.2-2, shows the horn 

and centerbody installed. For the second suppressed configuration, the horn 

and centerbody were both detached in order to examine the effects of an abrupt 
change in impedance. 

The test matrix selected for the suppressor testing was nearly the same 

as the one for the baseline tests. Three air flow rates were again investi¬ 

gated - nominally these were 3.75 Ibs/sec (1.7 kg/sec), 7.5 Ibs/sec (3.4 

kg/sec), and 10 Ibs/sec (4.5 kg/sec). Three fuel-air ratios were tested for 

each weight flow giving a total of nine test points for each configuration. 

These were fuel-air ratios of zero, 0.011, and approximately 0.025. At the 

air flow rate of 10 Ibs/sec, it was not possible to maintain combustion with 

the 0.011 fuel-air ratio. In place of this point, the higher fuel-air ratio 
of 0.025 was repeated. 

A 200° F (93° C) inlet combustor temperature was used throughout the 

suppressor test program. The higher inlet temperature of 500° F (260* C), 

included in the baseline testing, was deleted from the suppressed combustor 

test plan due to the difficulty experienced holding that inlet temperature 

constant at the higher air flow rates. In addition, the highest fuel-air 

ratio examined during the baseline program was deleted in that the suppressor 

was not designed for the temperatures existing immediately downstream of the 
combustor at this power setting. 

3.4.3 Test Results 

The A.T. baseline combustor and the two suppressed combustor configura¬ 

tions are schematically shown in Figure 3.4.3-1. The deep cavity resonator 

was inserted between the combustor and the horn for the first suppressed 

configuration. This configuration was modified by removing the horn and 

centerbody for the second suppressed configuration. The farfield acoustic 

results measured for these configurations have been compared and ai.alyzed to 

determine the amount of combustor noise reduction achieved with tlu matched 

end impedance and with the abrupt impedance change produced by remcving 
the horn. 

The results are presented through the frequency range of general interest 

for a combustor (100 Hz to 2000 Hz). These data have been corrected to 

Standard Day conditions of 59° F (15° C) temperature and 70Z relative 

humide y. The sound pressure levels are presented for the 40 foot (12.2 ta) 
arc distance at which they were measured. 





SUPPRESSED A.T. COMBUSTOR WITH HORN 

SUPPRESSED A.T. COMBUSTOR WITHOUT HORN 

FIGURE SCHDMTICS OF BASELINE AND TWO SUPPRESSED A.T. COMBUSTOR 
CONFIGURATIONS. , ,, 



(1) Deep Cavity Resonator Suppression 

Broad low frequency suppression was achieved by Installing the deep cavity 

resonator downstream of the combustor. Comparisons of the PWL spectra for 

the baseline and the suppressed combustor with horn are presented In Figures 

3.A.3-2 through 3.4.3-4. The test results are compared for three air flow 

rates - nominally 3.75 Ibe/sec (1.7 kg/sec), 7.5 Ibs/sec (3.4 kg/sec), and 

10.0 Ibs/sec (4.5 kg/sec) at three fuel-air ratios (f/a) each. (Note that 

the f/a of 0.011 has been replaced by a repeat of the higher fuel-air ratio 

for the 10 Ibs/sec (4.5 kg/sec) flow rate). The delta PWL spectral reductions 

are shown in Figure 3.4.3-5 for the three air flow rates. 

The suppression of the acoustic power levels for the case without combus¬ 

tion is shown for each air flow rate. The baseline PWL's were reduced 10 dB 

or more by the resonator from 100 Hz through 315 Hz. The maximu"i reduction 

occurred at 200 Hz and 250 Hz. As can be seen In Figure 3.4.3-5, the varia¬ 

ción of delta PWL with frequency for a f/a of zero was ver} similar for the 

three air flow rates. 

Several observations can be made concerning the baseline and suppressed 

combustor P’.TL comparisons, Figures 3.4.3-2 through 3.4.3-4. Ground reflection 

effects, which are related to the sound field setup and noc the combustor, 

occurred from 125 Hz through 315 Hz. Below this frequency region, the power 

level at 100 Hz for the higher fuel-air ratio (likewise the higher exhauct 

velocities) seemed to have increased due to either higher turbulence levels 

or jet noise. The PWL's at the higher f/a appeared to have Increased from 

the levels measured at the 0.011 f/a by the sixth to the eighth power of the 

co't ¿spending exit velocity ratios. Jet noise is also believed to contribute 

some lesser amount to the PWL at 100 Hz for the 0.011 t/a. The test results 

furú ¿r indicate an as yet unexplained Increased PWL in the 800 Hz and/or 

1000 Hz one third octave bands. This noise peak, which shows the same trend 

for each of the air flow rates. Increased in frequency with increasing fuel- 

air ratio. Without combustion, the unexplained noise occurred within the 

800 Hz band. It appeared to be split between both the 800 Hz and 1000 Hz 

bands at 0.011 f/a, and shifted to the 1000 Hz band at the higher fuel-air 

ratio. These peaks quite possibly could result from vortex shedding off of 

the exit measuring rakes and can be observed in the spectrum only when the 

combustor noise is suppressed sufficiently upstream of the rakes. 

The baseline A.T. combustor noise PWL has previously been shown to peak 

between 250 Hz and 315 Hz for the fuel-air ratios examined. At these peak 

frequencies, the suppression achieved with the resonator varied from 8 to 

17 dB PWL as shown in Figure 3.4.3-5. The suppressor also produced signifi¬ 

cant noise reduction over a wide range of frequencies. Between 160 Hz and 

630 Hz inclusive, more than 9 dB PWL suppression was measured for the 3.75 

Ibs/sec (1.7 kg/sec) air flow rate for both of the fuel-air ratios examined. 

Likewise, more than 8 dB suppression was measured for 7.5 Ibs/sec (3.4 kg/sec) 

and, with one exception, more than 7-1/2 dB suppression was measured for 

10 Ibs/sec (4.5 kg/sec) over the same frequency range. 
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Inspection of the delta PWL's, relative to the baseline results, seems co 

indicate 1 general trend for the six combustor power settings examined. It 

appears that less noise reduction was attained from 160 Hz through 630 Hz as 

the velocity through the suppressor increased. (The exhaust velocities for 

the combustor with suppressor and horu are tabulated in Table 3.4.3-1. For 

the different power settings, the relative velocity levels within the suppres¬ 

sor section would exhibit a relationship similar to that at the exhaust plane). 

Significantly less combustor noise suppression was measured at the 

internediate air flow rate than at the lowest flow rate for both the 0.011 

and 0.025 fuel-air ratios. The corresponding exit air velocities for the 

higher air flow rate were double those for the lower flow rate. (See Table 

3.4.3-1). Likewise, a large difference in suppression existed between these 

two fuel-air ratios at the intermediate flow rate. Again, less suppression 

was achieved at the power setting with the higher exit air velocities. On the 

other hand, the suppression attained at combustor power settings with similar 

exit air velocities was very similar throughout the frequency range of 160 Hz 

to 630 Hz. Examples are the three power settings with the higher fuel-air 

ratio tested at the Intermediate and highest air flow rates, and the two 

combustor fuel-air ratios tested at the j-owest flow rat'». 

It can be postulated that scrubbing noise generated by flow over the 

resonator face plate increased with duct velocity at such a rate that a 

portion of the combustor noise reduction vas negated. A non-uniform rippling 

of the face plate, observed at the conclusion of testing, undoubtedly in¬ 

creased the scrubbing effect. This rippling was believed to have occurred 

during the initial checkout point due to differential thermal expansion of 

the face plate. 

The SPL directivities for all of the suppressed combustor test points 

are presented in Figures 3.4.3-6 through Figure 3.4.3-8 for selected one third 

octave bands along the 40 foot (12.2 m) arc. Generally the directivities 

were the same for each power setting. The levels start increasing markedly 

between P0* and 90°. They appeared to peak and level out at 150° and 160°. 

Without combustion, the SPL diverged more (increasingly so with increased 

flow), and individually tended to be at a relatively constant level from 30° 

to 120*. The noise at 800 Hz was very prominent for these cases - more so 

with increasing flow. 

With combustion, the SPL's for the majority of the bands increased from 

80* until 130*. The levels were constant or increased slightly at 140° 

before they again increased to the peak values. The acoustic power levels 

that have been examined for the suppressed combustor were therefore based 

largely on the noise levels at these aft angles. The peak SPL's occurred 

further aft with the suppressor installed than for th'. baseline configuration. 

This is attributed to the horn exit extending past the arc centerline due to 

the additional length of the suppressor. 
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(2) Effect of End Impedance 

In order to determine the effect of end impedance on the results measured 

for the combustor with the deep cavity resonator, a second suppressor config¬ 

uration was tested with significantly different end impedance. The suppressed 

configuration (which has been compared to the A.T. baseline) was designed to 

have a low impedance downstream of the resonator by gradually Increasing the 

downstream area. A very abrupt change of impedance was produced for the sec¬ 

ond suppressed test by removing the horn and centerbody. This abrupt chang' 

of end impedance would increase the amount of sound energy reflected at the 

exhaust plane and thus generally result in lower or, possibly, unchanged far- 
field acoustic power levels. 

Comparisons of the PVL spectra for the suppressed configurations with 

and without the horn are presented in Figures 3.A.3-9 through 3.4.3-11. These 

test results are compared at the same nominal air flow rates and fuel-air 
ratios as the previous comparisons. 

At the lowest air flow rate (Figure 3.4.3-9) the 0.009 f/a yields the 

broadest reduction observed for these tests. One or more dB PWL reduction 

was observed between 100 Hz and 1000 Hz as well as at 1600 Hz. The maximum 

reduction of 4-1/2 dB occurred at 400 Hz and 500 Hz. No compariron could be 

made at the higher fuel-air ratio due to problems with the data acquisition 

at this point. Further, the noise levels measured without combustion were 

higher with the horn removed. This, however, was the only Instance recorded 

where the suppressed configuration without the horn radiated higher acoustic 

power levels across the spectrum than with the horn. The reason for the 
increase it unexplained. 

At the Intermediate sir flow rate. Figure 3.4.3-10, the acoustic power 

levels were generally the same for the cases without combustion as well as 

at the lower fuel-air ratio. Some differences occurred at several select 

frequencies for each case. On the other hand, without the horn, the sup¬ 

pressed power levels were measureably lower at the higher fuel-air ratio. 

Reductions of 4 dB and 5 dB PWL were observed in the 200 Hz and 500 Hz bands 

respectively. Lesser reductions of the acoustic power levels occurred within 
the 250 Hz and 800 Hz bands. 

The PWL spectral results were similar for the higher air flow rate, with¬ 

out combustion (Figure 3.4.3-11). All of the acoustic power levels were with¬ 

in 2-1/2 dB. At the higher fuel-air ratio, marked reductions were measured 

for the configuration without the horn between the 160Hz and 500 Hz 

bands plus the 800 Hz band. The largest reduction of the propagating sound 

energy occurred in the 500 Hz band: 7 to 8 dB in the PWL. In the 160 Hz, 

200 Hz, and 250 Hz bands the acoustic power levels were 3-1/2 to 4-1/2 dB 

lower without the horn. Similarly, the 400 Hz and 800 Hz bands were 2 to 

3-1/2 dB lower without the horn. The level in the 120 Hz band was observed 

to increase 4-6 dB without the horn. Although the origin of this increase is 

unknown, it may be vortex lip noise created at the "sharp" exit rrom the 
suppressor. 
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SECTION 4.0 

TURBINE NOISE 

4.1 BACKGROUND 

There wes little need to investigate turbine generated noise until 

recently because the fan and the jet were the doainant noise sources in 

turbofan engines. Consequently, a general dearth of turbine acoustic data 

and inforaatlon on the key paraaeters controlling turbine noise was initially 

encountered. The advent of the quiet fan installations (such as the CF6, 

JT9D and RB211) has Increased the significance of noise froa the turbine. 

Farfield measurements indicate that the unsuppressed turbine becoaes a 

aajor contributor to the overall radiated noise as fan noise levels are 

reduced by either quieter fan design or through application of acoustic 

treatment. The need for basic turbine noise data, and an understanding 

of the noise generation and suppression mechanlsas become necessary if 

the full benefits of the suppression of other noise sources are to be 

realized. 

During the Phase II and III efforts of this program, basic, uncontaa- 

inated turbine noise daL2 was accumulated through component tests or* two 

turbine rigs: a single stage high pressure turbine and a 3 stage highly 

loaded fan turbine. The former test was used to investigate the effects 

of inlet turbulence and distortion on the noise generated. The latter test 

was used to establish parametric relationships between the noise generated 

and the turbomachinery aerodynamics. The effect of opened blade row spacing 

on the turbine noise generation was also examined with this rig. In 

addition, the acoustic data obtained was used to refine and extend an 

analytical model developed to predict turbine noise. Methods of turbine 

noise suppressirn studied included reduction at the source (through opened 

blade >ow spacing and leaned vanes) and use of acoustic treatment in the 

core nozzle. The first two are reported in the following sections. Details 

about the acoustic lining and the success achieved can be found in Reference 

4.1-1 through 4.1-5. The references present data from the TF34 and the two 

NASA Qui'.t Engines "A" and MC". The design and testing of the acoustic 

lining is also provided in these references. Acoustic date is presented for 

configurations with and without acoustic treatment in the core nozzle, and 

with various degrees of fan suppression. The data include near- and far- 

fleld measurements as well as those taken with acoustic probes in the core 

nozzle. The data show the effect of core acourtic treatment on engine noise 

levels, and also provide information on turbine noise generation in an engine 

environment over a wide range of design parameters. This inform/tion was 

used along with CF6 data to formulate correlations for turbine roise gener¬ 

ation (Volume III, Section 4). 
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4.2 SINGLE STAGE (HIGH PRESSURE) TURBINE TESTS 

Sackgrouad/Objectlves 

Th« objective of the single stage, high pressure turbine rig tests 

was to determine the effects of inlet distortion and turbulence on noise 

generation by a high pressure turbine. The turbine inlet is subject to 

flow distortions plus high, possibly varying, turbulence levels (arising, 

for example, from the combustor). If these nonuniformities were to be 

transmitted through the nozzles, they would interact with the rotor blades. 

This process has been analytically shown to significantly affect the noise 

generation (References 4.2.1-1 and -2), however, no published test data is 
available as to the actual effects. 

Conducting a turbine acoustic test in an engine poses several problems, 

including high running costs and the possibility that noise from other 

sources, such as the combustor, might mask the turbine roise. Further, 

matching considerations between “.he turbine and the other engine components 

restrict the performance range to a single engine operating line, making 

it impossible to separate the effects of the various parameters, and also 

limiting the mechanical modifications which can be considered. A component 

turbine test, however, introduces the question of how representative the 

test is of the engine environment and how applicable the results are. A 

systematic investigation of the parameters is possible as a component test. 

An understanding of the basic processes occuring can therefore be achieved, 

and the results then extended (in terms of trends if not levels) to engine 

applications. This reasoning was substantiated by the results of the 3 

stage turbine rig (Section 4 3) and the turbine noise correlations subse¬ 

quently derived using engine data (Volume III). 

4-2.2 Facility Description 

The single stage tuibine test was performed in General Electric Company's 

Evendale Air Turbine Test Facility, ^ dual purpose facility capable of 

evaluating either single stage high iressure turbine or multistage fan 

drive turbine performance. A typical test configuration is shown in Figure 

4.2.2-1. The facility was used in investigations of both full scale and 

model turbines under stimulated operating pressures at 'ow temperatures. 

The flow enters the test region through a specially designed scroll which 

smooths out flow disturbances and provides a uniform stream to tue turbine rig. 

The turbine discharges through a constant annulai passage leading to the exhaust 

plenum. The turbine pressure ratio (Inlet/Exhaust) is set by controlling the 

inlet and exhaust pressures which can be maintained at any desired setting. 

The power generated is absorbed by means of a waterbrake which also serves to 

regulate the wheel speed (by changing the water flow rate and level in the 

brake). Hence the facility has the capability of independent variation of the 

pressure ratio and speed, two important parameters in turbomachinery noise 

generation. The actual test process consists of varying the wheel speed over 
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th«: desired range for each pressure ratio retting. 

The turbine facility controls (Figure 4.2.2-2) are set up in an adjoining 

room. Turbine parameters of inlet temperature, inlet pressure, discharge 

pressure, speed and rotor net thrust can all be maintained automatically at 
pre-set values. 

The single stage high pressure turbine rig is shov : in the early mounting 

stages in Figure 4.2.2-3. The basic design parameters for the turbine rig 

are provided in Table 4.2.2-1 and a schematic shown in Figure 4.2.2-4. 

The turbulence and flow distortion were produced by inserting a knife- 

edged »/edge in the inlet flowpath. Wire screens and meshes were considered 

but discarded when it became apparent they could not generate the high turbulence 

levels desired for the tests (see, for example, Section 2.3).The knife-edge 

ring designs were selected to produce data over a wide range of flow/velocity 

distortions and turbulence levels because there was little data available to 

indicate the type and level of distortion and turbulence which might be 

encountered in an engine. The configurations tested were: no blockage (baseline), 
15Z blockage, and 30Z blockage, and are shown schematically in Figure 4.2.2-5. 

The acoustic data was taken with five fixed wave—guide type probes immersed 

to "equal areas" in the turbine exhaust. The probes are displayed in Figure 

4.2.2-6 and details of the construction can be found in Reference 4.2.2-1. The 

probes were calibrated in a standing (plane) wave tube (Figure 4.2.2-7) and a 
typical response curve is shown in Figure 4.2.2-8. 

The immersions and circumferential locations of the acoustic probes are 

presented in Table 4.2.2-2. A block diagram of the acoustic instrumentation 

hook-up is shown in Figure 4.2.2-9. The microphone signals were recorded both 

direct and with the DC 0-1 kHz portion filtered out. The signals were filtered 

in order to insure that data would be available without high amplitude, low 

frequency (facility) noise influencing the signal-to-noise ratio in the frequency 
range of interest (7 kHz to 20 kHz). 

Calibration of the microphone and data acquisition system was accomplished 

by the use of a Bruel and Kjaer (B&K) Pistonphone and recording the sound pres¬ 

sure level of the source (124 dB + 0.2 dB). Because the pistonphone signal was 

affected by the filter, the filtered systems were calibrated by recording 

an equivalent voltage at a frequency above the filter cut off. The frequency 

response of the system was determined by applying a constant (known) voltage 

to the microphone cathode follower at a number of selected frequencies over 
the range 50 Hz to 22.5 kHz. 

The system level (pistonphone) calibracione were included in the spectrum 

analysis and the frequency responses were included in the power level calcu¬ 
lations. 

The recorded signals were processed through a Federal Scientific "Ubiquitous" 

Sr-ctrum Analyzer (UA6) to obtain narrow band spectra (Sound Pressure Level 

versus Frequency, 1 kHz - 20 kHz, with an effective 40 Hz bandwidth). 
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Table 4.2.2-1 Basic Pealan Para—tera for the Single Stage 

High Pressure Turbine Rlg 

K J AH 
Work Coefficient 2 Up2 

Noaüle Total-to-Statlc Pressure Ratio (pTin^pout^ 

Design Speed 

Nozzle Exit Mach No. 

Turbine Exit Axial Mach No. 

Turbine Exit Absolute Mach No. 

Tutoine Exit Swirl Angle 

Number of Blades 

Number of Vanes 

Blade Passing Frequency 

Tip Speed 

Blade Row Spacing 

0.838 

2.62 

7380 rpm 

1.23 

0.494 

0.512 

15° 

80 

56 

9840 Hz 

966 ft/sec (294 m/sec) 

0.75 inch (1.905 cm) 



WW m . . 

Table 4.2.2-2. Acouatlc Probe lawrelons and Clrcuaferentlal Position 

Circumferential 

Location*_ 

3 o'clock 

5 o'clock 

7 o'clock 

9 o'clock 

11 o'clock 

I»*reion (From Tip) 

(inches) (cmj 

0.275** 0.698** 

0.525 1.333 

0.885 2.248 

1.225 3.111 

1.636 4.155 

* Aft Looking Forward 

** Minimum Inmersión Possible for the Probe Geometry 
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A hot film anemometer traverse probe (X*Array) was located in the turbine 
inlet, providing turbulence intenaity and velocity profile data at a aeries of 

immersions. A detailed discussion of the theory and application of hot film 
anemometry is presented in Reference 4.2.2-2. Outputs from the probe and its 

electronic, consist of four voltage readings proportional to the axial velocity 

^local)* the circumferential velocity CVlocal), rms turbulent velocity-axial 
direction (u'), and rma turbulent velocity-circumferential direction (v'). 

Hot film data were taken a»- five immersion, presented in Table 4.2.2-3. The 

voltages were measured on line, using rms and DC voltmeters connected at the 

appropriate output terminals. The constant of proportionality between voltage 
and velocity is the same for all four outputs. 

Because of the acoustic nature of the test, no total aerodynamic probe 

instrumentation was installed foe this test, and the hot film probe was re¬ 
tracted from the flow stream when acoustic data were taken. The operating 

points were set based on static pressure measurements in the inlet and exhaust, 

plenum temperature and pressure measurements (inlet T-j and P<j), and flow rate 

measured using a venturi in the inlet ahead of the straightener scroll. Wheel 

speed was determined by a tachometer and torque output was obtained from strain 

gages on the shaft connecting the turbine and water brake. There is a total 

pressure loss for flow past a blockage (but no total temperature loss per 

Reference 4.2.2-3). The turbine used for these tests operates at constant 

corrected flow (W ¿Tj/ ?j), since the nozzle passage is choked. By observing 

the apparent change in flow rate (based on plenum pressure), and interpreting 

the variation as an increased pressure requirement, the pressure loss across 

the turbulence generating rings was determined and used in setting the turbine 
pressure ratio. 



. ..I.. ...I "I PI"»...I.'H... 

—,-,.... , -| - .^ -II - . , .r- 

Tibie 4.2.2-3 Hot FII« An—o—t«r Probe I—ergion» 

lonerslon 
Nuaber 

1 

2 

3 

4 

5 

I—ersion froa Tip 
(jochee) (cap 

0.202 .513 

0.501 1.273 

0.793 2.014 

1.080 2.743 

1.361 3.457 



4.2.3 Test Results 

The nominal test points were wheel speeds of 6220,6810 and 7380 rpm at a 

pressure ratio (total-to-static) of 5.1 with a repeat run at each setting. 

Aerodynamic 

As there was no total aerodynamic Instrumentation, no attempt was made 

to determine the effect of inlet distortion and turbulence on turbine efficiency. 

Results from the hot film data are presented in Tables 4.2.3-1 through -3; the 

mean velocities (voltages) were determined using area weighted data from each 

inmersión. The circumferential mean velocity in the Inlet was negligible at 

all points. 

Because the turbine operated at constant crrrected weight flow (choked 

nozzle), the turbulence intensities and the velocity profiles do not vary 

over the operating range for a given configuration. The average turbulence 

and velocity profiles are presented in Table 4.2.3-4 and in Figure 4.2.3-1. 

Acoustic 

The procedure used to reduce the acoustic measurements was as follows: 

e Narrow band spectral analysis from 0-20 kHz (40 Hz bandwidth) of the 

recorded data. 

• Determination of the pure tone sound pressure levels (SPL's) at the 

fundamental blade passing frequency (BPF) and second harmonic 

(2 X BPF) for each operating point/immersion. 

e Calculation of the sound power level (PWL) at each operating point 

for the fundamental and second harmonic. An area weighted average 

SPL was used for the duct PWL calculations. 

• Calculation of the total power content of the pure tones (total 

PWL for fundamental and second harmonic). 

Typical narrow band spectra are presented in Figures 4.2.3-2 through -6 

for each of the five immersions. Due to instrumentation malfunction, only four 

immersions were recorded for the 30Z blockage. The results of the narrow band 
spectrum analysis and the power level calc Nations are summarized in Figures 

4.2.3-7 as PWL versus wheel speed for the three configurations. 
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FIGURE 4.2.3-2 COMPARISON OF TYPICAL NARROWBAND 

SPECTRA FOR THE TOREE CONFIGURATIONS 

(BASELINE, 15* BLOCKAGE, 30* BLOCKAGE). 
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4.2.4 Discussion of Results 

Significant changes in the pure tone power levels, between configurations, 

are not evident (Figure 4.2.4-1). The differences that were Manured are 

within the range of data scatter for the tests, considering that there was a 

vehicle/instruMntation teardown and reassembly between tests. Not only was 

the pure tone noise unaffected, but the broadband noise was also within normal 

data scatter, as may be seen from examination of the narrow band spectra 

(Figure 4.2.3-2 through -16). 

The Mach number change through the turbine is illustrated in Figure 4.2.4-2. 

As indicated in the figure, the flow through the noszle vanes is choked. Any 

radial weight flow (velocity) distortion entering the nozzles is sttenuated 

by the choked section. Inlet velocity profiles are not transmitted and there¬ 

fore do not Interact with the rotor. 

When the mean velocity of a turbulent flow is Increased, the turbulence 

intensity (u'/U) decreases because of the increase in the mean velocity, IT, 

and because of the readjustment of the turbulent components which takes place 

when the mean flow conditions change (Reference 4.2.4-1). 

For this test, however, the inlet turbulence was varied, not the parameters 

which influence turbulence decay or growth, and therefore, the turbulence 

intensity variations in the turbine nozzle inlet may affect the turbulence 

levels at the rotor inlet plane. If turbulence - rotor interaction were the 

only noise source, the predicted change in this noise level (based on the 

turbulence ratios measured In the inlet) would be 13 dB between baseline and 

the 15Z blockage configuration and 18 dB between baseline and the 30Z blockage 

configuration (Reference 4.?.4-2). 

This level of change is not evident in the test results so that either 

turbulence - rotor Interaction is not a significant noise source as compared 

to others such as viscous wake Interaction, or the effect of inlet turbulence 

variation on the total flow turbulence entering the rotor blades is negligible. 
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4.2.5 Conclusions 

Inlet turbulence and distortion does not affect the noise generation of a 

high pressure turbine operating with a choked nozzle. Consequently, analytical 

predictions based on aerodynamic design data, and acoustic data from component 

testing are directly applicable to the turbine in an engine environment. 

Adjustments to predictions or to component dita may be necessary for 

turbines operating with nozzle pressure ratios leis than choked that may permit 

inlet distortions to be transmitted through the turbine nozzles and affect 

the aerodynamics of the flow entering the rotor. Analytical predictions of 

the change in noise generation with distortion siould be used in such cases 

until acoustic data becomes available defining these effects. 

4.3 THREE STAGE (LOW PRESSURE)TURBINE TESTS 

4.3.1 Objectives/Background 

These tests were carried out in order to provide the following needed 

information: 

• Basic relationships between low pressure (L.P.) turbine noise 

generation and the pertinent aerodyramic performance parameters. 

• Data to check the analytical prediction method. 

• Data on the effect of increased blade row axial spacing on 

noise levela. 

As has been mentioned earlier, there is very little data available as to 

the effect of the various performance parameters like the pressure ratio and 

speed on the noise generated by turbines. The Air Turbine Facility described 

in Section 4.2 lends itself to such a parametric investigation because of the 

capability of varying pressure ratio and speed independently. 

The tests provided clean, uncontaminated turbine noise data which was 

used 13 refine and extend the analytical prediction program for turbine dis¬ 

crete frequency (pure tone) noise. Extensive cascade and turbine aerodynamic 

performance data available from earlier test added to the usefulness of this 

particular machine. These data are required for the analytical prediction 

scheme and would also be essential in formulation of semi-empirical correlations 

for the noise generated. 



The source reduction techniques devised from fan/compressor studies were ex¬ 

pected to be applicable to turbine noise suppression. Because of the simi¬ 

larities between the noise generation mechanisms used to model turbine and 
fan/compressor noise. 

As discussed In Reference 4.3.1-1, there are two major types of turbo- 

machinery noise generation mechanisms: rotor alone noise and interaction noise. 

Rotor alone noise arises from the rotating pressure field attached to the 

rotor blades; Interaction noise is generated by the mutual disturbance of the 

pressure fields of adjacent blade rows (potential Interaction), and by the 

impingement of the viscous wakes produced by the upstream blade row on the 

downstream blades (viscous wake interaction) which causes a fluctuation in the 

blade loading (pressure field). When the rotor tip Mach numbers are less than 

one, the rotor alone noise generally does not propagate. 

Increasing the axial spacing between adjacent blade rows has resulted in 

significant noise reductions in fan or compressor applications (References 

4.3.1-2 and -3). The increased axial spacing essentially eliminates noise 

from the interaction of the pressure fields of the two adjacent blade rows and 

greatly reduces the viscous wake interaction n^ise. 

Typical theoretical results (Reference 4.3.1-1) of the effect of axial 

spar mg on the noise generation and the relative levels of the mechanisms 

dif.cussed previously are presented in Figure 4.3.1-1. 

The noise generated by turbomachinery is a function of the blading aero¬ 

dynamics. The effect of soacing is therefore expected to vary from one turbine 

to the next and for single stage and multi-stage turbines, since considerable 

difference is encountered between the velocity triangles. The design dif¬ 

ferences between high pressure and low pressure (fan) turbines can also be 

significant determinants of the noise generation. An acoustic investigation 

of a high pressure turbine has already been conducted on a rig to study the 
effect of spacing (Reference 4.2.2-2). The same rig was used for the turbu¬ 

lence tests of section 4.2 and a schematic of a spaced configuration is pro¬ 

vided in Figure 4.3.1-2. The results are summed up in Figure 4.3.1-3. The 

Initial drop off in turbine tone power level (PWL) was about 20 log (spacing/ 

chord) falling to about 10 log ^spacing/chord) beyond spacing/chord =0.5. 

The suppression was accompanied by a significant drop in turbine efficiency. 

The analysis described in Reference 4.2.2-1 incorporates the capability of 

predicting the noise reduction due to spacing and was used to define a maximum 

suppression configuration for the 3 stage low pressure turbine rig. The 3 stage 

turbine test provided not only data about the effects of spacing on noise 

generation by a multi-stage low pressure turbine but also the effect on the 

efficiency, that is, the trade-off involved. 
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4.3.2 Facility Description 

The 3 stage low pressure turbine rig was run at the Air Turbine Facility 

described in detail in Section 4.2.2. 

The machine is the NASA 3 stage, highly loaded multi-stage fan turbine 

(HLMSFT) designed for projected future high bypass ratio aircraft engine 

application. Some basic design data are provided in Table 4.3.2-1. Greater 

details may be found in Reference 4.3.2-1. Two configurations were tested: 

a baseline and a spaced rig. The spacing, 1 inch (2.54 cm.) was introduced 

on either side of the second stage rotor and between the third stage rotor 

and nozzle, as is shown in Figure 4.3.2-1. The spacing to chord ratios 

for the two configurations are provided in Table 4.3.2-2. 

Five fixed probes immersed to equal areas in the turbine exhaust were used 

to measure the acoustic levels. The immersions and locations are given in 

Table 4.3.2-3. The probes and the data acquisition system is as described in 

Section 4.2.2. 

The aerodynamic performance data was obtained as described in Reference 

4.2.2-1. 

The test was run with the inlet temperature held constant at ‘/00° R 

(389° K.) and the inlet pressure at 30 psia (206850 N/m2). At each pressure 

ratio, the turbine speed was varied over the operating range indicated by the 

aerodynamic performance mapping. 

4.3.3 Test Results 

The test matrix followed is given in Table 4.3.3-1. Data was recorded 

for 21 different settings for pressure ratios (total-to-static, 

ranging from 1.75 to 4.1 (design PTg/pS2 “ 3>83) and 8Peeds from 682 t6 1202 
of design value (N). For each configuration, repeat points were recorded 

for all pressure ratios except 2.6; giving a total of 38 data points in each 

instance. 

Since the aerodynamic rakes from the exhaust were removed for the acoustic 

tests, the turbine efficiency was based on static pressure pickups in the 

casing wall. The efficiencies so obtained were compared to those determined 

with total pressure probes during the aerodynamic performance tests for the 

baseline configuration and found to be in good agreement. The efficiency 

figures presented herein for the effect of the increased spacing on the per-- 

formance are therefore considered reliable. The variation of the turbine 

efficiency with the pressure ratio for speeds of 80, 100 and 120% design speed 

is given in Figure 4.3.3-1. The effect of the spacing on the efficiency is 

shown in Figure 4.3.3-2. The efficiency fell by about 0.3%, at design point 

but actually registered a gain at extreme off-design conditions (at low pres¬ 

sure ratios and speeds). The largest efficiency decrease (0.4%) resulted for 

pT /p - 3.4 an<j 120% N. A gain of about 0.4% resulted at PT /Ps2 “ l*75 and 

60Oa„d270% N. 
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TABLE 4.3.2-1 

NASA 3-STAGE TURBINE RIG 

BASIC TURBINE DATA AT DESIGN 

Average Pitch Loading, 2EU 

Ri Ah 
2eu2 

Equivalent Specific Work, E/9cr 

Equivalent Rotative Speed, N/^6^ 

Equivalent Weight Flow, W/6cr e/6 

Inlet Swirl Angle 

Exist Swirl Angle without Guide Vanes 

Maximum Tip Diameter 

Number of Stages 

w/rT/PT at inlet 

Ah/TT 

s/Æj 

1.5 

33.0 Btu/lb (76753 J/kg) 

31C9.0 rpm 

28.0 lb/sec (12.7 kg/sec) 

0 degrees 

<_ 5 degrees 

28.4 Inches (72.1 cm) 

3 

43.16 

0.0635 

138.98 



Design Paran«t«r» Stage 3 Stage 1 

ilAh 
Pitch Loading, 2üf 2.07 

Exit Axial Mach No. 0.424 

Exit Absolute Mach No. 0.593 

Exit Swirl Angle (Degrees) 44 

Nunber of Blades 106 

Number of Vanes 64 

Tip Speed (Ft/Sec) 384 

Blade Row Spacing (S/l)^ .237 

Stage 2 

1.76 

0.459 

0.602 

40 

102 

108 

418 

.258 

0.85 

0.407 

0.408 

3 

112 

100 

456 

.298 

s: Axial Spacing Between Blade Rows l: Nozsxe Chord Length 



TABLE 4.3.2-2 

NASA 3-STAGE TURBIHE-SPACIHG/THORP RATIOS 

Infract loo 

NULL 

R1N2 

N2R2 

R2N3 

N2R3 

Spacing/Upstra— Chord (s/1) 

Baaellne 

Tip Pitch Hub Tip 

Spacec 

Pitch 

.192 .237 

.314 .598 

.186 .258 

.315 .590 

.291 .298 

.281 .192 .237 

.919 .314 .598 

.373 .829 1.041 

.914 1.143 1.512 

.311 .886 1.026 

Hub 

.281 

.919 

1.382 

1.918 

1.252 



TABLE 4.3.2-3 

NASA STAGE TURBINE - PROBE LOCATIQMS AND IKMEPBIOWS 

_Chaim« 1 Probe 

Unflltered Filtered 

Circumferential 

Location* 

In Degrees 

Clockwise 

From TDC 

Lameraion 

From Outer Housiru, 

iloil Cc«-) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A 

B 

C 

D 

E 

350’ 

62° 

134° 

206° 

278° 

4.909 12.47 

3.625 9.21 

2.477 6.29 

1.430 3.63 

0.460 1.17 

*AFT Looking Forward 

Probe Stem is located 8.5 in. (21.6 cm.) aft of the turbine blading. 



"i... ' "'T'.... rwr*«* 

ZN 

60 

70 

80 

90 

100 

110 

120 

N 
ÍE£*) 

2206 

257A 

2942 

3309 

3677 

4045 

4412 

Pt 
l0 

tt 
Ao 

TABLE 4.3.3-1 

3-STAGE TURBINE - TEST MATRIX 

Total-To-Static Pressure Ratio PT /Po 
o a2 

1.75 

1.75 2.2 

2.2 2.6 3.0 

2.6 

2.2 2.6 3.0 3.4 

2.6 

2.2 3.0 3.4 

30 psia (206850 H/m2) 

700* R (389° K) 

3.83 

3.83 4.1 

3.83 

3.83 4.1 
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The procedure used to reduce the acoustic data was as follows: 

• Narrowband spectral analysis from 0 to 20 kHz (AO Hz bandwidth) of 

selected points t? ¿-¡termine the relative energy content in the 

fundamental and second harmonic of the tones. 

• Since the second harmonic was found to be significantly (>6 dB) 

lower than the fundamental, the remaining data points were re¬ 

duced using a ?C Hz bandwidth from 0 to 10 KHz. The 20 Hz 

bandwidth permitted discrimination between the first and second 

stage BPF's which were closely spaced in the spectrum. 

• Calculation of the acoustic power level for the fundamental using 

an area-weighted SPL. The measurements were corrected for the 

flow as explained in Appendix E: 

5 

PW.. - £ {SPLn + Cn + log10 (M )n + 10 log10 K 
n-1 1AA 

+20 log10 (1+- /07M) + 10 log10 (/t^ • 14-69 )} (4.3.3-1) 

3T9 Ps 

where PWL - acoustic power level, dB re 10-1^ Watt. 

SPL “ sound pressure level, dB re .0002 dynes/cm2 

C * frequency response correction (including viscous losses), dB 

P„ - static pressure at probe, psia 

t8 - static temperature at probe, ° R 

M - Mach number 

ÛA - immersion area, sq. in. 

K ■ constant .891 

The flow corrections were essential in order that the absolute noise levels 

could be used for comparison with the analytical prediction-., as well as to 

fora correlations. 

A typical narrowband spectrum for the baseline configuration is given in 

Figure 4.3.3-3 showing the fundamentals for all three stages. The typical 

effect of varying speed at conecant pressure ratio is demonstrated in Figure 

4.3-4. The variation of PWL with the pressure ratio at constant rpeec is 

shown in Figure 4.3.3-:5. 

The effect of the opened blade row spacing on the narrowband spectrum is 

shown in Figure 4.3.3-6. The trends with pressure ratio are compared for 

the two configurations in Figure 4.5.3-7. Tne noise reduction (A) achieved 

for each stage is summarized in Figure 4.3.3-8. 
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4.3.4 PiscusBion of Results 

Two trends ere visible from Figures 4.3.3-1 -4 and -3 despite some data 

scatter: the tore "VL increases with the pressure ratio at constant speed and 

decreases with the wheel speed at constant pressure ratio. The latter trend 

may seem anomalous, in view of engine experience where noise increases with 

the engine speed. An engine runs on an operating line however, and the in¬ 

creasing speed is coupled to increasing power requirements and therefore to 

higher pressure ratios. The two effects cannot be separated in an engine. 

On the turbine rig, holding t’'e pressure ratio cons'.ant corresponds to a 

constant work extraction, and increasing the wheel speed then results in 

reduced relative velocities and blade turning requirements and the lower noise 

generation follows. A similar effect was noted for fan discrete frequency 

noise (Reference 4.3.1-2). 

The trends with pressure ratio and wheel speed suggest using the loading 

as a correlating parameter as is shown by Figure 4.3.4-1 for the third stage 

data. While an overall trend is evident however, the data scatter Indicates 

that the loading cannot he the independent parameter. The loading is strongly 

dependent on the stage efficiency but may be less strongly dependent on the 

noise generated. It is aljo interesting that the entire set of data for the 
third stage may be collapsed by means of the pressure ratio, in the form of 

ideal work extraction, and the wheel speed (Figure 4.3.4-2). The correlating 

parameter is the ideal (isentropic) work extract on [CB(T<n-Tout)] normalized 

by the initial enthalpy {Cp Tin], where C is th-i coefficient or specific heat 
at constant pressure. 

AT - Tin T 

Tin 
out 

■[ 1-(^-) 2dU 

(4.3.4-1) 

R » 

where PR - pressure ratio aid y ■ ratio of specific heats. 

The subscript 0 is used for the inlet and 2 for the exit conditions hereon. 

The relationship in Flgire 4.3.4-2 may be expressed as: 

PWL * 1210810(4¾ - 201og10 UT + constant 

T 

(4.3.4-21 

where PWL > BPF fundamental acoustic power level, dB re 10~13 watt 

and - blade tip speed, ft/sec. 

^ Y 'is given by equation (4.3.4-1) where PR is the stage total-to-static 

pressure ratio • 



Only the third etafe data /«ra usad In the correlation because of the 

uncertainties of the blade row attenuation on the other two stages. 

Figure 4.3.3-6 shows narrowband spectra overlays for the two configura¬ 

tions: the blade row spacing yielded substantial reduction not only for the 

second and third stage tones but also for the "vortex" broadband type noise 

at the base of the tones. The added spacing did not, however, significantly 

alter the discrete frequency noise generation trends, as is demonstrated, 

for example by the PWL versus pressure ratio plots of Figure 4.3.3-7. The 

average noise reduction (A) achieved for the tones can be found on Figure 

4.3.3- 8 which provides A as a function of the pressure ratio for the 80, 

100 and 120% speeds. Some scatter about the baseline noise levels is observed 

for the first stage, suggesting some effect of spacing in the downstream 

rows is propagating upstream. The mean A is a negllgable 0.2 dB however, 

which is as expected since this stage did not involve any conflguraion changes. 

The additional 2 inches (5.08 cm.) of spacing in the second stage resulted 

in a noise reduction of about 9 dB. The reduction was higher than had been 

predicted by the analysis (see Section 4.4). 

The mean noise reduction resulting from the 1 inch (2.54 cm.) of added 

spacing in the third stcge was about 3 dB. 

The A's at the design point are given in Table 4.3.4-1 and are 8.7 dB for 

the second stage BPF fundamental and 3.1 dB for the third stage. These values 

correspond roughly (keeping in mind the discussion in the above paragraph) to a 

10 log (s/1) relationship, where s is the spacing and 1 the chord of the up¬ 

stream blading. The (s/l) values for the two configurations are provided in 

Figure 4.3.2-2. Hence a realistic value to be used for predicting tone PWL 

reduction with spacing la 3 dB per doubling. Smith and Bushall (Reference 

4.3.4- 1) had suggested using 6 dB per doubling till data became available as to 
the actual effect. 

The spacing results jji some loss in efficiency (at design point for 

example, the value decreased by 0.3Z). The effect, however, is minimal, and 

at the lower pressure ratios (below 2.6) the efficiency actually increased 

(Figure 4.3.3-2), despite the step introduced in the outer flowpath by the 

spacers. Little can be done to eliminate the increased wall scrubbing losses 

due to the increased spacing. The losses would be lower, however, if the 

flowpath were smooth and if the turbine were designed for the ungulded turning 

arising from the increased spacing in order to eliminate the mismatched 
incidence angles at the downstream blade row, 

4.3.5 Conclusions 

The three stage turbines tests demonstrated the following. 

e For a multi-stage fan turbine, the pure tone PWL increases with 

pressure ratio for constant speed, and decreased with increasing 
speed for constant pressure ratio. 
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TABLE 4.3.4-1 

THREE STAGE TURBINE NOISE GENERATION AT DESIGN POINT 

Stage 

(pT /PSo “ 3-83» N - 3677 RPM) 
o 2 

BPF Fundamental PWL 

Baseline Configuration_ 
(dB re 10~13 Watt) 

Noise Reduction Additional 

Due to Spacing Spacing 

(dB) (in.) (cm.) 

129.3 

136.5 

129.6 

.3 

8.7 

3.1 

0 0 

2 5.08 

1 2.54 
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• For the final stage, the tone PWL correlates with the first power 

of the ideal work extraction and second power of the blade tip speed. 

The correlation provided a base for the semi-empirical turbine noise 

prediction method developed in Phase IV. 

• The feasibility of using increased blade row spacing as a noise 

reduction technique in low pressure turbines. The reduction in 

tone PKL would be about 3 dB per doubling of the spacing. 

• The associated penalty in performance loss is small (0.3% drop in 

efficiency at design point). Part of the loss was due to a step 

in the outer flowpath and part due to unguided turning in the 

increased spacing. Proper design of the turbine would mean 
even lower losses. 

Valuable acoustic data was also accumulated in these tests for the purposes 

02 evaluating the analytical prediction method for turbine discrete frequency 
noise (Section 4.4). 

4.4 ANALYTICAL PREDICTION OF TURBINE DISCRETE FREQUENCY NOISE 

4.4.1 Background 

The objective was to develop an analytical turbine noise prediction 

method of sufficient scope to account for key aerodynamic performance and 
mechanical parameters. 

Numerous studies have been conducted on the mechanisms of noise generation 

in fans/compressors and the task of predicting the discrete frequency (pure 

tone) noise has oeen successfully accomplished by analytic considerations of 

the various mechanisms (References 4.2.1-1, 4.3.1-1 and -2). The twc major 

sources of discrete frequency noise are the rotor alone and the interaction 

between adjacent blade rows. The rotor alone noise arises from the rotating 

pressure field attached to the rotor blades and interaction noite from the 

mutual disturbance of the potential fields of adjacent blade rows and by 

the viscous wakes of the blading impinging on downstream blade rows. 

These mechanisms are also applicable to turbines. Only the interaction 

mechanisms need be considered for fan turbines however because the rotor alone 

noise is generally "cut-off" (except when tip speed is supersonic). Considera¬ 

tion of the blade loadings .nd spacing indicates further that the major dis¬ 

crete frequency noise source for turbines should be the viscous wake induced 

noise. Ar, analytical model was therefore developed for turbine wake inter¬ 

action noise base** on eeilier General Electric experience with fan/compressor 

noise (References 4.2.1-1 and 45.3.1-2). The model couples the duct acoustic 

modes with the turbomachinery acoustics. The viscous wakes from any blade 

row impinging on a downstream row create unsteady circulation on the blading 

(Reference 4.4.1-1). The unsteady circulation, ¿n turn, excites spinning modes 

in the duct which display both diametral (circumferential) and radial lobes 

(Reference 4.¿.1-2). The acoustic pressure distribution is given by a Fourier 

series obtained by the summation of the pressure generation by all the spinning 
modes (Reference 4.3.1-2). 
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In order to calculate the unsteady circulation, it is necessary to provide 

a complete description of the viscous wake, including the velocity defect. The 

model used for fan/compressor work is derived from Reference A.4.1-3 for 

uncambered blading. For purposes of a turbine noise analysis, the wake shape 

had to be redefined to reflect cambered blades with relatively large trailing 

edge thickness and the favorable pressure gradients characteristic of turbines. 

An Initial attempt was made to accomodate turbine blading within the same model 

for fan/compressor blades, but with the constants redefined based on turbine 

cascade data. This effort (Reference 4.2.2-2) resulted in the following des¬ 

cription of the wake thickness and velocity defect (see Figure 4.4.1-1). 

■669Cd1/2 c [^-1+ t2e/4 jl/2 

.447C.C2 

(4.4.1-1) 

and 

Uç 

V 

-2.42 CD 
1/2 

(* - 0.4) 
c 

(4.4.1-2) 

where: Y = wake half width 

X « axial distance downstream of the chord mid point 

c = semi chord of the blade 

te = trailing edge thickness of blade 

CD = profile drag coefficient 

Uç » velocity defect in the wake 

V = freestream velocity 

4-59 



.. 

- 
_
_
 

_
=
_
-

 
, 

_
__

 
_
_
_
 

I 
—

 B
i
M
l
B
i
M
t
f
—
^
 

r
 

'1 
_
 

--
 

.
.
.
.
.
.
 
.
_
 

-
-
^
_
_
_
_
_
_
-
=
_
 

. 
,=
 
-
.
.

■ 
_
 

_
—
-
_
=
=
.
 



computation of the unsteady circulation and acoustic pressures then 

as described in Reference 4.2.2-2. 

The prediction program using equations (4.4.1-1) and (4.4.1-2) was found 

to correctly predict gross observed trends in turbine noise. However, a 

problem became evident when the absolute noise levels were predicted. The 

problem was related to the computation of a profile drag coefficient for turbine 

blading. 

For a cascade, the profile drag coefficient may be related to the pressure 

loss coefficient, , (see Figure 4.4.1-2) by 

Cp <£> cos,.^ 
cos^oi2 

(4.4.1-3) 

where t is the pitch and £ the chord of the cascade blades. 

and çp = P°1 ~ F02 

P01 " ^2 

(4.4.1-4) 

P PQ2 are the mass-averaged total pressures at inlet to and exit from the 

blade row and pj the mass-averaged static pressure downstream of the blade row. 

It can be seen that the mean drag force and drag coefficient are associated 

with a mean direction and because of the large flow angles of turbine blading, 

this so called mean drag force can be, at times, quite different from the 

total profile drag of the blade. By changing the stagger, it is possible to 

generate greatly varying drag coefficients fc1' the same blade. Obviously, 

then, the wake correlation had to be based ou something other than the drag 

coefficient. 

4.4.2 Development of a New Viscous Wake Model 

The viscous wike thickness and velocity defect are functions of the 

profile drag on the blade and a correlation is merely a simplified represen¬ 

tation of the actual relationship. 

The profile drag for any general airfoil may be approximated by the total 

momentum loss in the wake (assuming no separation). Hence, for a flow in the 

axial direction, (see Figure 4.4.1-1) 

^ f j^uiV-uïdy u<«* (4.4.2-1) 
Up * -00 
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where D is the profile drag, p the fluid density, V the freestream velocity 

(axial airection), u the velocity defect at any point in the wake, y the 

coordinate normal to the wake axis and x the coordinate along the wake. 

Immediately downstream of the trailing edge, the static pressure in the 

wake reaches the freestream value and equation (4.4.2-1) can be approximated 

by the following convenient non-dimensional form: 

Y 

(1 - q )dy 

‘loo 

(4.4.2-2) 

where Cp -= Dp 
(profile drag coefficient) 

klV2 SL 
2 

q/q^ * ratio of dynamic pressure in the wake to that in 

the freestream. 

Excellent experimental verification of the relationship in equation (4.4.2-2) 

has been reported in Reference 4.4.1-3. The work, however, was performed on 
airfoils with comparatively little camber. 

It can be shown analytically for turbulent flow (see, for example, 

Reference 4.4.2-1)that the relationships implied by (4.4.2-2) can be 
expressed as: 

1 1 

Y a CD7 x 2 (4.4.2-3) 

and 

(4.4.2-4) 

where q = 1 - qc/q®» the ratio of the dynamic pressure defect at the wake 

centerline to the free stream dynamic pressure (assumed in the analysis to be 
small near the trailing edge). 

Experimentally, equation (4.4.2-3) was verified by Silverstein, et al., 
(Reference 4.4.1-3), but n was found to vary as 

1/2 
(4,4.2-5) 

X 

It was suggested that the discrepancy occurs because the values of q were found 

to be large near the trailing edge and not small as assumed in the analysis. 

The above authors derived the following correlation. 

1/2 1/ 
y * .68 CD l (x/i + *15) 2 (4.4.2-6) 
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where 

(4.A.2-7) 

(4.4.2-8) 

The x-coordinate gives the distance downstream of the trailing edge. 

Equation (4.4.2-8) describes the velocity distribution in the wake. 

It is recalled that the wake correlation was based on a profile drag and 

the drag coefficient was introduced as a convenient non-dimensional form. 

The pressure loss coefficient is clearly more representative of the profile 

drag for turbine blading than is the drag coefficient of equation (4.4.1-3). 

The correlation represented by equations( 4.4.2-6 to 4.4.2-8)was derived 

for relatively flat blades. Consider the case of one such blade aligned with 

the flow such that and a2 are both very small and a is very small. 
Equation (4.4.1->) then becomes: m 

"D s çp (4.4.2-9) 

1/2 
Y “ ki Up (t/i] l (x/l + k2) (4.4.2-10) 

The constants k^, k2» kj and k^ were determined from cascade data for a 

number of blades (see Figures 5.4.2-1 through 5.4.2-4). The data labeled as 

FS3 came from a test with wake surveys at three axial locations downstream 

of the trailing edge. The rest of the blades come from the NASA 3 Stage Highly 

Loaded Multi-Stage Fan Drive Turbine cascade tests (Reference 4.4.2-2).* 

Some examples of the 3-stage turbine blades ar^ sh^wn Figu^ 4.4.2-5. 

Figure 4.4.2-1 shows that despite the data scatter, a dependence of wake 

half thickness on the square root of the pressure loss coefficient can be 

discerned. Figure 4.4.2-2 plots the half wake thickness as a function of 

*-Up(s/£) (x/£ + 0 2)] 1/2 and was used to determine the constants k^ and k2- 

Figure 5.4.2-2 shows an attempt to obtain a correlation for the velocity 

defect as a function of pressure loss coefficient, solidity and axial distance 

downstream of the trailing edge. The FS3 tests were the only ones where a 

wake survey was conducted for more than one axial position downstream and hence 

provide the most reliable data on the wake decay with distance. These data 

are plotted in Figure 4.4.2-4 and were used to determine the velocity defect 
decay constants k3 and k^. 

The result was the following wake correlation. 

*A large amount of random variation was found during the wake ¡urveys, result¬ 
ing in some data scatter. 
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1 

I

Stage One Plain Stator Airfoils.

Stage One Rotor Plain Blade.

—liiti"* 

Stage Two Rotor Plain Blade.

FIGURE 4.4.2-5 BLADES FOR THE 3 STAGE TURBINE (HLMSFT)
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The Ainley-Mathieaon correlation is more comprehensive. The profile loss, 

expressed as a pressure loss coefficient is given as a function of the air 

angles (o^, a2), the pitch to chord ratio tt/i), trailing-edge thickness to 

pitch ratio (te/t) and the Reynolds number. The correlation is provided for 

a Mach number of less than 0.6, but some experimental evidence is presented 

to show that for cascades of "straight-backed," blades there is little varia¬ 

tion in Çp with Mach number in the range 0.6 - 1.0. Det ills of the correlation 
may be found in References 4.4.2-5 and 4.4.2-6. 

The Ainley-Mathiesan correlation is provided for a Reynolds number of 

2 X 10 based on the chord. Dunham and Came ((Reference 4.4.2-7) recommend 

that for Reynolds numbers other than 2 x 10^ the following correction be used. 

t.p(Re = 2 x 105) 

(2_x_105)*^ (4.4.2-17) 

The same authors also suggest the following penalty in performance in the case 

of choked flow when the blades have not specifically been designed for super¬ 
sonic Mach numbers: 

. [1+60 (M2 - I)2] M., > 1 (4.4.2-18) 

Cp(M2<l) 

Here M2 is the relative Mach number at the exit of the blade row. Dunham and 

Came have verified that the Ainley-Mathieson scheme does a fairly good job In 
predicting off-design trends in performance. 

At Mach numbers lower than 1, a compressibility correction may also be 
included by using: 

4F(M2 0) 

2 2 

[1 - + 

4 40 
m2< 1 (4.4.2-19) 

Since only the Ainley-Mathieson correlation provides for tie variation 

of the loss coefficient with all the important turbine parameters, it was 

selected for use with the analytical predictionJ this is especially important 
when noise predictions are required for off-design operating points. 

4.4.3 Discussion of Results 

The wake correlation for turbine blading described above compared to the 

viscous wake correlation used for fan/compressor noise predictions in Figure 

^•^•3-1. Both correlations are based on the fact that the viscous wake thick¬ 

ness and the velocity defect are a function of the profile drag. The drag 

coefficient is a convenient means of non-dimensionalizing the profile drag for 
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where 

-X_ * C2 ( + X2 vl> - -6 (4.4.3-3) 

C1 Cl c2CO80li V2 

* stagger angle of blades (see Figure 4.4.3-2) 

ß * angle between stator and rotor blades 

Normally, the center of pressure may be taken as the 1/4 chord point with- 
X2 i 

out incurring much error and hence —- = 2 in equation (5.4.3-3). 
c2 

As can be seen from equation (4.4.3-2), the analysis includes the effects 

of the blade geometry and the turbine aerodynamics. This analytical method 

then provides a powerful tool for the investigation of various mechanical and 

aerodynamic configuration changes on the discrete frequency noise generation. 
Since the pressure loss coefficient includes incidence, Mach number and 

Reynolds number effects, it is possible to predict the noise generated at 

off-design operating conditions. For example, the analytical prediction 

procedure was exercised for the NASA 3 stage turbine (HLMSFT) and the results 

are compared with the probe measured data in Figure 4.4.3-3. Excellent agree¬ 

ment was obtained over the entire operating range, including the fact that 

noise started to increase at the lowest pressure ratio (obviously a function 
of the high incidence). 

The dependence of the noise generation on the pressure ratio, at constant 

wheel speed, has been clearly demonstrated. The noise reduction due to the 
opened spacing is correctly predicted. 

A comparison for the low pressure turbines of Quiet Engines "A" and "C" 

is provided in Table 4.4.3-1. Again, good agreement is obtained. Finally, the 

analytic prediction scheme was also found to supply reasonable values for the 

noise generated by a turbine in a turbojet engine, as shown in Figure 4.4.3-4 
for a speed range of 70 to 100% design. 

As mentioned earlier, the prediction comparisons were limited to the last 

stage in each case because of the uncertainty of the effect of blade row 
attenuation. 

4.4.4 Extension to Leaned Vanes 

The earlier analysis of the pure tone noise resulting from the viscous 

wake interaction was for radial blading. Assuming that the wake coming off 

the upstream blade is also radial, the entire wake "slaps" into a downstream 

blade simultaneously from hub to tip. If the wake were leaned relative to the 

downstream blade row, a decrease in viscous wake interaction would result. 

The interaction would also be phased from hub to tip and some phase cancella¬ 

tion might result. Significant noise relief has, infact, been demonstrated for 

fans with leaned vanes (Reference 4.4.4-1). In addition to the noise suppression 
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Table 4.4.3-1. Comparison of Predicted and Measured 

Pure Tone PWL's. 

(Last Stage BPF only) 

Engine 

"A" 

"A” 

"C" 

M/-.11 

Power 

Setting 

Approach 

T/0 

Approach 

T/0 

Measured 

PWL.» dB 

125.0 

131.0 

135.5 

142.0 

Predicted 
PWL. dB 

126.3 

131.4 

133.3 

141.0 

*lncludes probe corrections for flow. (^3dB); 
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benefits, leaned vanes are aleo being considered as a means of improving turbine 

performance tl rough reduction of secondary flow effects (Referei''.e 4.4.4-2). 

A need therefore existed for a prediction method incorporating trie effect of 
leaned vanes. 

An effective lean is inherent in most machines because of the radial work 
variation and may be obtained by consideration of the velocity triangles at 

*7 radial locati°ns. If the vanes are physically leaned in the tangen¬ 
tial direction, a geometric lean is added to the effective aerodynamic lean, 

ana the combined effect must be considered in determining the noise reduction. 

The geometric lean, i^is in general a function of the radius and is easily 
computed for either curved or straight leaned vanes. Referring to Figure 

4.4.4-1 and given the physical lean a(r), trignometric relationships yield: 

ÿ(r) " a(r) - 6(r) 

hub 

sin[6(r)] sin[6(r) ] 

and ß(r) - 180° - <x(r) 

X(r) - a(r) - sin"1 sin [180° - a(r)} 

or x(r) = a(r) - sin"1 {-^ sin [a(r)]} 
(4.4.4-1) 

Here a curved vane has been considered and air) is defined as the lean of a 

corresponding straight vane (as shown in Figure 4.4.4-1). 6 is the angle between 
the tangent to the vane and the local radial line. For straight vanes, a is a 
constant and is Independent of r. 

While equation 4.4.4-1 appears relatively simple, application of such 

an expression as a boundary condition to the wave equation in an annular duct 
introduces several complications, specially in the determination of the radial 
mode eigenvalues. 

The analytical prediction scheme was exercised for the NASA 3 stage tur- 

bine (HLMSFT) with lean in the third stage nozzle. The results are presented 

in Table 4.4.4-1 and should be considered as a first computational approxima¬ 

tion. The projected results are somewhat disappointing in that suppression is 
not indicated for a range of lean encompassing 30° in either direction. This 

may result from either the multiplicity of overlapping blade interactions 

introduced by the lean or, possibly, from the approximations that have to be 
made in order to fit the complex boundary conditions to the problem. Hence 

the resuits must be viewed with some caution until the analysis can be evalu¬ 

ated further, or till seme leaned vane turbine test data becomes available. 

Futher study is clearly indicated in view of the encouraging results obtained 
trom fan tests with leaned vanes. 
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EQUIVALENT STRAIGHT VAHE 

FIGURE 4.4.4-1 DETERMINATION OF THE GEOMETRIC 



Table 4.4.4-1 Leaned Vane Study NASA 3 Stage Turbine 

Lean in direction of rotation is positive 
SPEED N - 3677 rpm 

Predictions are for the last stage 

PWL @ PT /PQ 
o a2 

Lean 

(a) 

30° 

20° 

10* 

-10* 

-20° 

-30° 

2.2 

129.9 

126.7 

126.6 

126.7 

126.7 

128.5 

129.8 

2.6 

128.3 

128.5 

126.2 

126.2 

126.1 

127.1 

129.4 

3.0 

128.1 

128.2 

125.8 

125.8 

125.8 

126.8 

129.1 

3.4 

128.7 

128.7 

126.2 

126.2 

126.2 

127.4 

129.7 

3.83 

129.4 

129.5 

127.0 

127.0 

126.9 

128.1 

130.5 

4.1 

130.2 

130.4 

128.1 

128.1 

128.1 

129.0 

131.3 

MM . , 



4.4.5 Summary 

Viscous wake Interaction was identified as the most important discrete 

freq ency noise generation mechanism and an analytical prediction method 

advanced for computing the noise generation. A semi-empirical correlation 

was derived for the viscous wake using cascade data. The correlation reflects 

the actual turbine aerodynamics and recognizes the highly cambered blading 

prevalent in turbines. 

Comparison with measured data shows that the analysis is capable of accu¬ 

rately predicting noise levels not only for the design point, but also for 

off-design operating conditions. Further it correctly predicts the noise 

reduction due to opened spacing between blade rows. The analysis takes into 

account the effect of the blade geometry and aerodynamic parameters and provides 

a powerful tool for parametric investigation of various configuration changes. 

4-82 



REFERENCES 

4.1- 1 Kazin, S.B. and Paas, J.E., "NASA/GE Quiet Engine 'C' Acoustic Test 

Result," NASA CR-121176, April 1974. 

4.1- 2 Kazin, S.B. and Paas, J.E., "NASA/GE Quiet Engine 'A' Test Results," 
NASA CR-121175, October 1973. 

4.1- 3 Clemons, A., Hehmann, H. and Radeclii, K., "Quiet Engine Program 

Turbine Noise S-'pression, Volume I-General Treatment Evaluation 

and Measurement Techniques," NASA CR-134499, December 1973. 

4.1- 4 Clemons, A., Hehmann, H. and Radeckl, K., "Quiet Engine Program 

Turbine Noise Suppression, Volume II-Treatment Selection, Installa¬ 

tion, and Test Results," NASA CR-134499, December 1973. 

4.1- 5 Coward, W.E., Smith, E.G. and Sowers, H.D., "TF34 Quiet Nacelle 

Nearfield Acoustic Test Results," NASA CR-134604, March 1974. 



jt " ■■ 

/ 
in 1unipniii «muH.. ^1.1 ...«i "I* II p flPUPP 

references 

4.2.1- 1 ®^a^*in» M,J* and S.B., "Fan Compressor Noise Reduction," 
ASME 69-GT-9, Presented at the Gas Turbine Conference and Products 
Show, Cleveland, Ohio, March 1969. 

4.2.1- 2 Mani, R., "Noise Due to the Interaction of Inlet Turbulence with 

Isolated Stators and Rotors," J. Sound Vib, 17, part 2, p. 25, 1971. 

4.2.2- 1 Benzakein, M.J. and Smith, E.B., "Turbine Noise Generation and Sup¬ 
pression," ASME Paper No. 73-WA/GT-7. 

4.2.2- 2 "Hot Film and Hot Wire Anemometry, Theory and Application Bulletin 
TB5, Thermo-Systems Inc. 

4.2.2- 3 Cornell, W.G-, "Losses in Flow Normal to Plane Screens," ASME Paper 
No. 57-F-19, June 1957. F 

4.2.4- 1 Goldstein, S., Modern Developments in Fluid Dynamics. Volume 1, Dover 
Publications Inc. 1965. --* 

4.2.4- 2 Sharland, I.J., "Sources of Noise in Axial Flow Fans," J. Sound Vib. 
1. part 3, 302-322, 1964. 

4-84 



REFERENCES 

4.3.2-1 Evans, D.C. a¡ud Wolfmeyer, G.W., "Highly Loaded Multi-stage Fan 

Drive Turbine - Plain Blade Configuration Design", NASA CR-1964, 
Feb. 1972. 

4.3.1- 1 Benzakein, M.J., Kazin, S.B., "Theoretical Prediction of Aero- 

dynamically Generated Noise in Fans and Compressors", Paper presented 
At the Ai>A Conference, Cleveland, Ohio, November 1968. 

4.3.1- 2 "Fan/Compressor Noise Research", Volume 1, Final Report under DOT/ 

FAA Contract FA68WA-1960, Project Number 550-001-01H, General 

Electric Company (AEG), December 1970, FAS Report FAA-RD71-85, 
December 1971. 

4.3.1- 3 Kazin, S.B., Volk, L.J., "OF336 Lift Fan Modifications and Acoustic 

Test Program", NASA Report CR-1934, December 1971. 

4.3.4-1 Smith, M.J.T. and Bushell, K.W., "Turbine Noise - Its Significance 

in the Civil Aircraft Noise Problem", ASME 69-WA/GT-12, 1969 

4-85 



,,,1,,1 ... wh ..... ... s» < ... .qnrviRiptp«MiiMiHpnPliV(*ipiiPPPPPniRRF 

REFFFJENCES 

^•^•1-1 Tyler, J.M., and Sofrin, T.G.; "Axial Flow Compressor Noise Studies," 

SAE Transactions 70, pg. 309, 1962. 

4*4*1-2 Kemp, N.H., and Sears, W.R.; "The Unsteady Forces Due to Viscous 

Wakes in Turbomachines," J. Aeronautical Sciences 22^, pp. 478-483, 

1965. 

4.4.1- 3 Silverstein, A., Katzoff, S., and Bullivant, W.K.; "Downwash and 

Wake Behind Plain and flapped Airfoils," NACA Report 651, 1939. 

4.4.2- 1 Schlicting, H., Boundary Layer Theory, 6th Edition, transi, from 

German by J. Kestin, McCraw-Hill, New York, 1968. 

4.4.2- 2 Cherry, D.G., Staley, T.K., and Thomas, M.W.; "Highly Loaded Multi- 

Stage Fan Drive Turbine — Cascade Test Program," NASA CR-2171, 
January 1973. 

4.4.2- 3 Markov, N.M., "Calculation of the Aerodynamic Characteristics of 

Turbine Blading," Transi, from Russian by Assoc. Tech Services (1958). 

4.4.2- 4 Horlock, J.H., Axial Flow Turbines, Butterworth and Co., (Publishers) 
Ltd. (I960). 

4.4.2- 5 Ainley, D.G., and Mathieson, G.C.R., "An Examination of the Flow and 

Pressure Losses in Blade Rows of Axial-Flow Turbines," N.G.T.E. 

Report R. 86 (1951), also ARC Tech. Report R 6. M No. 2891 (1955). 

4.^.2-6 Ainley, D.G., and Mathieson, G.C.R., "A Method of Performance 

Estimation for Axial-Flow Turbines," N.G.T.E. Report R.lll (1952), 

also ARC Tech. Report R 6. M No. 2974 (1957). 

4.4.2- / Dunham, J., and Came, P.M., "Improvements to the Ainley-Mathieson 

Method of Turbine Performance Prediction," ASME Paper No. 70-GE-2, 

presented at the Gas Turbine Conference and Products Show, Brussels, 
Belgium, May 24-28, 1970 of the ASME. 

4-86 



SECTION 5.0 

INTERACTION NOISE 

5.1 BACKGROUND 

(gestions had been raised about the effects of fan and core exhaust 

stream interaction on the engine noise levels as a result of large humps of 

noise ("haystacks") observed in engine farfield narrowband spectra. The hay¬ 

stacking occurs in the frequency regime where fan and turbine blade-passing 

frequency (BPF) tones normally appear, as is seen, for example, for Quiet 

Engine "A" in Figure 5.1.1. At the same time, the signal recorded by acoustic 

probes placed in the core nozzle indicate relatively pure tonet emerging from 

the turbine, as given by discrete frequency spikes at each BPF location. 

It was conceivable that the haystacking is a manifestation of a coupling 

interaction or feedback mechanism between the fan and core exhausts and this 

led to the speculation that the original engine noise levels are being ampli¬ 

fied by this mechanism. 

The objectives were to analytically and empirically: 

• Isolate the source and the mechanisms involved. 

• Deter aine whether any amplification takes place. 

Identify means of alleviating this condition. 

5.2 IDENTIFICATION OF THE SOURCE AND RELEVANT MECHANISMS 

Haystacks might conceivably result from any of the following. 

(1) Turbine or fan tone modulation by the exhaust streams. 

(2) Lip noise generation at the core nozzle tip. 

(3) Flow separation at a step in the exhaust cowl. 

(4) Flow over struts in the exhaust stream. 

(5) Exhaust duct cavity resonance. 

(6) Casing transmission. 

(7) Modulation of combustor noise by turbine tones. 

Most of these may be eliminated however, by consideration of available 

data and analytical reasoning. Acoustic data from the TF34 and Quiet Engines 

"A" and "C" pertinent to the haystack phenomenon are shown in Figures 5.2-1 

through 5.2-6. The haystacks for the three engines appear to differ somewhat 

in character, in that discrete tone content is visible in some and not 
observed in others. There is also some doubt if they could all be attributed 

to a single common source. While it is possible to associate a turbine tone 
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5-3 



ipvipmmiivi ...... un ......... 

o 

3"3/p soco* :sj ap ‘aas 

5-4 

F
I
G
U
R
E
 
5
-
2
-
2
 

F
A
H
F
I
E
L
D
 
N
A
R
R
O
W
B
A
N
D
 
S
P
E
C
T
R
U
M
 
S
H
O
W
I
N
G
 
H
A
Y
S
T
A
C
K
I
N
G
 
A
N
D
 
T
H
E
 
E
F
F
E
C
T
 

O
F
 
T
R
E
A
T
M
E
N
T
 

( 
C
O
R
R
E
C
T
E
D
 
T
O
 
H
A
R
D
W
A
L
L
 
C
O
R
E
 
R
P
M
)
.
 



"UH aovxs ONS 
aNIflHOL idl 

ádu aovie ¿si 
aNianni mi 

, ft* c\i -p U3 w Pc N 
wo tr 
h >p. o o 
D IA CVJ IT\ o 
Qf O rH H OJ 

^000• :aj SP rTd8 

FI
G

U
R

E
 
5
.2

-3
 

FA
R

FI
K

L
D
 H

A
R

R
W

B
A

N
D
 

SP
E

C
T

R
U

M
 S

H
O

W
IN

G
 T

H
E
 

"H
A

Y
ST

A
C

K
IN

G
- 

A
N

D
 T

H
E
 

E
FF

E
C

T
 

O
F 

T
R

E
A

T
M

E
N

T
 



g®3/!? 3000* »»J gp 'ids 

5-6 

F
I
G
U
R
E
 
5
.
2
-
U
 F
A
R
F
I
E
L
D
 
N
A
R
R
O
W
B
A
N
D
 
S
P
B
T
T
R
U
M
 
S
H
O
W
I
N
G
 
"
H
A
Y
S
T
A
C
K
"
 
A
T
 
1
3
0
°
 

(
C
O
R
R
E
C
T
E
D
 
T
O
 
U
N
T
R
E
A
T
E
D
 
R
P
M
)
.
 





J 



mm 'ini mi mmnm 

with each l.aystack, there exists the problem whether the haystacks merely 

obscure the tones in question or whether they are modulated forms of the tones. 

The TF34 data of Figure 5.2-1 show a turbine tone experiencing a frequency 
broadening and developing a skirt as the speed is increased. The spectra 

in this Figure show the effect of inserting acoustic treatment into the core; 
both tone and the associated haystack are greatly attenuated. 

Figures 5.2-2 and 5.2-3 show the Engine "C" haystack in two different 
stages the former with still some visible tone content. Turbine treatment 
is again effective in removing the haystack. 

Figures 5.2-4 through 5.2-6 demonstrate the haystacking phenomenon for 

Qï 8;neh The t0ne content of the lst sta8e (Ti) haystack is barely 
lowest speed, but the last stage tone <T4) very clearly shows 

the evolution into a haystack. The turbine treatment works well on the TA 
haystack but only marginally on the Tx haystack. This however may be a 

consequence of a dip that exists in treatment effectiveness at 6 KHz. 

The data of Figures 5.2-1 through 5.2-6 therefore indicate that the 

haystack source lies within the core, upstream of any core treatment and that 
the source is probably turbomachinery discrete frequency noise. 

i P16 d^fferences in haystack appearance that were initially noted can be 
explained by assuming the same content, but a variable degree of modulation 

for each engine and engine speed. The degree of modulation experienced by a 

Trlult wïïüh ; PerhaP8’ on the turbulence level in the exhaust stream 
through which it must propagate and also on the level of the broadband noise 

fioor. Both the turbulence level and the broadband floor rise for any engine, 
as the speed is increased, and therefore increasing tone modulation may be 
expected• 

The observed effect of the core acoustic treatment would appear to 

i* S,0X?C?, external to th^ core From further consideration. 
This would include flow separation on the exhaust casing and lip noise. Since 
the spectrum is normelly fairly flat, the haystack could result f™, “ 

window in the casing radiation transmission spectrum (see Section 7). The 

computed window was found to occur at much lower frequencies than the haystack 
for Quiet Engine A however. Wrapping the casing did not eliminate the7 
haystack either, (see Figure 5.2-7). 

The noise generated by flow over turbine rear frame struts in the core 

nozzle was eliminated as a haystack because the Strouhal peak frequencies 

(given by ft/Vs .22) were found to be incompatible with the haystack peak 

frequencies. Acoustic data taken with probes in the core nozzle also fail to 
show the presence of any such obstruction noise. 

Hypothetically, cavity resonance could be important, since broadband 

noise can excite duct mode resonances causing tones to appear at the resonant 

frequencies. Turbine tones can also be enhanced when the duct resonances 
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coincide with the BPF’s. In such an event, however, the tone level would vary 

sharply with engine speed as the driving frequency passed through a duct 

resonance. The haystack data shows a uniform trend however with rpm. 

A basis for modulation of combustor noise by turbine tones to produce 

haystacks can be found in Reference 5.2-1. This requires two noise sources 

in series, as in the case of the combustor and turbine. However, for this 

mechanism, a coplanar fan and core exhaust would not be expected to change the 

haystacking, as was found for the Quiet Engine "C" coplanar configuration. 

(See Section 5.0. 

The above considerations leave turbine tone modulation as the one 

viable mechanism that can produce haystacks. 

5.3 ANALYSIS OF THE HAYSTACKING PHENOMENON 

5.3.1 The Mechanisms Responsible for Tone Modulation 

Modulation of turbine tones has been postulated to be responsible for the 

haystacks observed in the farfield acoustic data for many engines. The modu¬ 

lation must be a function of the interaction of, or with, the core and fan 

exhaust streams. Hence, referring to Figure 5.3.1-1, we seek a frequency 

dependent transfer function T(u)) such that an incident wave of intensity 

I(u>) is converted into a farfield signal characterized by the spectrum 0(oj) 
where 

0(u>) * T(id)I((jo) 

This simple black box concept is complicated by the fact that a review of 

available literature indicates that two different mechanisms must be considered 

in determining T(oj) : instability amplification by the shear layer(s) and 

scattering by the turbulence in the mixing region. For the range of frequencies 

and configurations of interest, however, it would appear only the latter is 
significant. 

5.3.2 Tone Modulation by Shear Layer Instability 

Excitation of the instability modes of free shear layers by periodic 

disturbances, injected parallel to the layers, is well known and discussion 

of the instability phenomenon may be found, for example, in Reference 5.3.2-1 

through 5.3.2-7. This mechanism provides a possibility of amplification of 

tones traversing axially through a jet, as would be the case for turbomachinery 

discrete frequency noise propagating out of either exhaust nozzle. It is 

generally accepted that the disturbance frequency must coincide with the natural 

frequencies generated by the unstable jet before amplification can take 

place. There is some uncertainty as to whether a certain minimum amplitude 
is required. 

5-11 
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INTERACTION MECHANISMS 

TRANSFER FUNCTION T(u>) DETERMINED BY: 

• Turbulence Scattering 

• Instability Amplification 

FIGURE 5-3-1-1 



The authors of Reference 5.3.2-8 have presented some data displaying 

amplification. An acoustic signal simulating "core noise" was inserted into 

the central jet of a coannular flow and amplification was obtained for a tone- 
iike peak at A50 Hz. Unfortunately, the evidence cannot be considered 

conclusive since the same 450 Hz peak was amplified for three different nozzle 

pressure ratios while a similar peak of higher magnitude at 300 Hz was left 

unaffected. Further, the source was placed far upstream of the nozzle exit 

plane and the observed phenomenon might well be a duct effect and therefore 
unique to the experiment. 

Professor S.C. Crow (UCLA, unpublished reference) has Indicated that be¬ 

cause of the above-mentioned frequency matching criteria the instability phe¬ 

nomenon is inefficient over most velocities and frequencies and is significant 
only for Strouhal numbers in the range 

-V 0.2 to 0.6 

where f is the frequency of the periodic disturbance, d is the jet diameter 

and V the jet velocity. Hence, for a typical turbofan engine, no amplifica¬ 

tion would be encountered for turbine tones (which are well above 2 kHz) 

unless the core velocity becomes supersonic. The same reasoning could be 

applied to fan tones. This mechanism could be of significance however, either 

in the event that low frequency periodic noise was present in the core duct 
or in the case of turbojets at high power settings. 

Other experiences by Professor Crow with core noise amplification can 
be found in Reference 5.3.2-9. 

The above analysis indicates that there would not be any amplification 

of the tones. To verity these results, a comparison of noise levels of the 

modulated tones in the farfield was made with the turbine levels measured 

by acoustic probes in the core duct. The comparison was carried out for 

Quiet Engines "A" and "C" and the CF6. The farfield acoustic power levels 

(PWL) were based on 1/3 octave band data in order to include the tonal energy 

spread out into the sidebands and the duct PWL's on the 20 Hz bandwidth 

spectra.^ Typical results are provided in Table 5.3.2-1. The duct PWL's for 

engines A and C include the probe frequency response corrections and 

those for the CF6 also include corrections for the flow and the acoustic 

ir.njdance in the duct (Appendix F). The effect of including the two correc- 

.>.ons for Engines "A" and "C" would be to raise the duct PWL's by about 3 
to 4 dB. 

Good agreement is found in Table 5.3.2-1 between the core and farfield 

PWL for the CF6 dominant turbine tones at this power setting. Both the 2nd 
and the 3rd ¿tage BPF fall into the same 1/3 octave band. If the above 

flow corrections are used for Engines "A" and "C", a similar agreement is 

obtained for the two engines. It it therefore concluded that no tone ampli¬ 

fication exists, and that the jet instability mechanism may be ignored for 
these engines. 
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Engine 

& Turb. 

Stage 

"A" 

1st Stg 

"A" 

4th Stg 

"C" 

1st & 2nd 

Stage 

1st & 2nd 

Stage 

CF6 

2nd & 3rd 

Stage 

CF6 

2nd & 3rd 

Stage 

TABLE 5.3.2-I 

POWER LEVEL CORRELATION FOR TURBINE TONES 

HARDWALL CORE 

Power 

Setting 

Approach 

Approach 

Approach 

Takeoff 

Low Power 

Approach 

High Power 

Approach 

Probe 
PWL 

(dB) 

128.9* 

124.9* 

136* 

~145.0* 

146.4 

151.2 

Farfield PWL 

For 1/3 O.B. witn Tone(s) 

(dB) 

131.6 

128.7 

140.6 

149.2 

147.2 

150.6 

* DO NOT INCLUDE MACH NUMBER OR ( f c) CORRECTION (Appendix F) 
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5.3.3 Tone Modulation by Turbulence Scattering 

Turbulence scattering is analogous to the apparent twinkling of stars 

which occurs due to scattering of light rays by atmospheric turbulence. The 

scattering of sonar beams underwater which eventually results in loss of all 

beam width and coherence has been extensively Investigated in underwater 

acoustics. Haystacks are hypothesized to be the result of modulation suffered 

by turbine tones while propagating through the intensely turbulent mixing 

regions associated with the exhaust Jets (See Figure 5.3.3-1). The modula¬ 

tion can be attributed to the spatially incoherent distribution of turbulent 

velocity in the jet mixing region(s) through which the tones must propagate 

which results in redistribution of the acoustic energy contained in the 

tones. The random focusing and uefocusing leads to fluctuation of the tone 
SPL in space and time. 

The problem of scattering by jet turbulence has been analytically investi¬ 

gated in several forms in Reference 5.3.3-1 to 5.3.3-4. A simplified model 

displaying random turbulence cells in a stationary medium is analyzed herein. 

The turbulence cells in the mixing region (R) constitute zones in which the 

medium differs in acoustic properties from the rest of the medium. The differ¬ 

ence is in the turbulent velocity u', perturbations in density 6e, and vari¬ 
ation in compressibility Ke, where Ke « 1/p (3p/9p). If the perturbations in 

velocity and density due to an acoustic wave are given by iS and 6, respectively, 
then for a stationary medium, tha equations of motion become: 

g|- (P0 + 6e + 6) - -div[(p0 + óe + ¢)(31 + 3) ] (5.3.3-1) 

and 

(P0 + 6e + ô) ~ *= - grad (p0 + p) (5.3.3-2) 

Here p0 and p0 denote the averaged values of density and pressure and p the 
pressure perturbation. <$e, Ke and p are functions of the location, Î, and 
time, t. 

Equations (5.3.3-1) and (5.3.3-2) can be manipulated into an "inhomogen¬ 
eous" wave equation: 

+ div[YpO?,t)grad p] - V»| -V (5.3.3-3) 
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where 

V. I -7 
'X; s2'I? ^ 

+ [3^ (ui)2+ 2|í37«¿ S 
+- 

--] 

-] 

RXX P^Ux 

Rxy p(uxUy + “y 

and 

Y< 

K - K 
e 

Yp 

pe - p 

inside R 

outside R 

Inside R 

(5.3.3-4) 

- 0 

.2 , JL 
P< 

outside R 

assuming isentropic processes. 

The second order terms in the acoustic velocity have been neglected. 

Since we are interested only in the scattering of sound by the inhomogenities 

in the region R and not in the sound generated within r, the uJui terms in 

are from equation (5.3.3-2), as the latter represent sound sources and 

are independent of the acoustic wave incident upon R. The equation then 
becomes: 

“ I7 ft^ V*,t) 
+ div[Yp(r,t)grad p] - 2 7 • R • V (5.3.3-5) 

wnere tne tensor R has the components Rxy, etc. It should be noted that the 

equation is homogeneous in p and "inhomogeneous” only in the sense that it 

has s9urce tern>s (representing scattering) on the right hand side. 

The solution to equation (5.3.3-5) can be approached in two different 
ways. The time dependence may be removed first by means of separating the 

forcing terms into their simple harmonic components through Fourier transforms. 

The Fourier transform technique leads to the following integral 
equation: 

72p - a2f 
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pu(r) - Pi(r)+ J^iu(^o)»u(^/^o)àu0 (5.3.3-6) 

where 

^(î,îo> ' hî^t “p(lk|î-î»|) 
(5.3.3-7) 

2ir u 
A c 

Also, (r0) is the Fourier transform of the forcing terms, i.e. the right 

hand side of equation (5.3.3-5). The region R is represented by ÍQ and the 

measurement point by ?. The integration is over the region R and g^ (r/r0) 

is the spatial Green's function for the unbounded medium. The scattered 

wave is given by (Î) and the incident wave represented by Pi(î). 

The integral equation is now inhomogeneous because of the term p^(Ÿ) 

and can be solved exactly only in rare Instances. Generally, successive 
approximations are used instead: 

poj(r) * pi(r)+pi(r)+p2(í)+- (5.3.3-8) 

The first term p J- r—-d by using pj fo~ * the volume integral 

>u in the irtegral and so on. In case p^ « Pi within R, then is sufficient 
co use 

Pa)(r) M Pj/^+Pitf) (5.3.3-9) 

This last is known as the Bom approximation. 

The second approach to solving equation (5.3.3-5) is by means of the 

time dependent Green's function (r, t/?0, t0) along with the source function 

f(r,t) which is the right hand side of equation (5.3.3-5). If the y's and 

R are small, the Bom approximation is valid with p approximated by p< in 
fO?,t) 

(5.3.3-10) 

and 

c (5.3.3-11) 
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Here 6 [i] represents the delta function. The solution Is given by: 

d v0 (î0,t0)g(r,t/r0,t0) dt0 (5.3.3-12) 

The pressure ps (Ÿ,t) represents only the scattered part of the wave. Taking 

the Fourier transform yields the spectrum. This process translates the 

random motion within R, as give by the variation of the y's, into a frequency 
spread. This spread is determined by the reciprocal of the time correlation 

interval, tc, which represents the interval beyond which the autocorrelation 
function falls off rapidly to zero. 

For example, assuming an incident plane wave p * A0 exp (iJcjí - ik^ct) , 

the solution to equation (5.3.3-12) may be expressed, after some manipulation, 

in terms of integrals over the turbulent region (R) and the retarded time 

(t - A/c + r0 • ar/c) over a suitable time interval (T). Taking the Fourier 

transform and assuming an auto-correlation function which correlation length 

Äc and correlation time l/u>c, the spectral density of the scattered wave is 
given by : 

(5.3.3-13) 

where 

k¿ = incident wave number ■= 

< > denotes a time and space averaged mean 

V = volume of turbulence region 

ur 

— where uj. = turbulent velocity in the direction of the observer 

(*)• 

cos 0 = * the cosine of the angle between the observer and the 

a = unit vector = k/|lc| and the subscript denotes the direction 

It Tt *i‘Ks 

incident plane wave 

As « ÜJ - kjc - to - u)0 

5-19 



Equation (5.3.3-13) shows that the observed interaction effects could 

be a result of fluctuation in both density and compressibility in the mixine 

region (these two effects are of the same order) and a non-zero distribution 
of turbulence velocity component. 

Iu)(r) gives the energy in the scattered wave for a given frequency and 

spatial location. Integrating over the frequency and space provides the 

i1 *"*r8y lo” due to scattering. For example, integrating equation 
over frequency and non-dimensionalizing yields: 

lB(t) 
T*SÎ7^ 

PCr /32» /Tta 
— ( n4<fi> + n2<Y2> 1'f,'2(i-fa2<=°»2e)2 
+¿7 K P 1+^ 

+ 12<m2> j-+2n2(l4q2cos2e)2i- 4 
c Õ+õ7)2 ~ 

eXp [" 2(l+a2) (4sln2 f + a2sin20)j 

where I8 (f) - overall scattered intensity at any location. 

(5.3.3-14) 

u±/uc 

a « kc£c 

Equation (5.3.3-13) can be simplified for low turbulent Mach numbers 

V “d ,p Vary 88 M? ^ only laBt'terîT'need ' 

î (Î) 

Rl/Pcr2 
VZ / 

îrit (f)^ » (5.3.3-15) 

(5.3.3-16) 

where I^C?) is the time averaged value of Iu(?) 

ant! H - cos20 exp C- (—)2J 

Taking (10 log10) of both sides, the left hand side would reoresent- th«» 

difference (A) in decibels between the incident and scatter'd6 

, , *iS°’ ‘nPOSl"8 the U?hthlU for a subsonic jat (aaa Figura 

yieidlf MSl“ln8 that """'O "f11"» re8f°n volume. Equation (5.3.3-15) 
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where 

j-21 

J01°810£c ” 101o*io “c + 101o8j0 H + constant (K) (5.3.3-17) 

™°*10 1*51/00 
core nozzle diameter 

axial distance downstream from the nozzle exit 

and angular^ocation? f°r 5 ^ 
total energy dispersed by thl aía^prÍn» / !qUe"Cy and angle *lve8 the 
amplitude loss at the Incident tone frequ^cy ^ ^ 3 m€a8ure of £he 

kno«iXr:rt;:1^;1:icr“g}:" <5¿3LlLr?id rruire detai!ed 
permits the solution of equation (5 3 3 ““P11®11 °f a coherence function 

rr 
path. This constitutes rsi^Íe^ull^FF/fuÍ^ON m^h aiCe11 interrupt8 the 
farfield, the signal will heaven by: meChanÍ8m* Hence* in the 

P(t) 0 t<t0 

AoC08ü)ot t0itit0+At 

0 t>t0+At 
(5.3.3-18) 

tiM to and aftar 'iia 

the Fourle^transforn^6^ 0t 8UCh “ 1« found by taking 

p(ui) 
2tt 

A 
o 

4ti 

/ Pit)»1“1 dt 
QO 

sint^o-ü)) t + sin(VHü^t*|to+At 
(üjo-iú) a . . I 

(^o-Hd) t 1tc 

J (5.3.3-19) 
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Since uj is large (■2nBPF), p(<ü) is small for all tu except near (ijjo-cj)-0. 
Hence, defining t0 as the time origin, equation (5.3.3-19) gives: 

/ V . Ao sin(“o-u)At , 
p(üí) 4ÏT (5.3.3-20) 

This signal is shown in Figure 5.3.3-3 and displays a spectral broadening 

which is inversely proportional to the pulse time At. The peak value is 

achieved at w“io0 and is given by 

A 

p(u0) = (At) finite At 

In addition, the frequency where p(u))“l/2 p(ü)0) is approximately given by: 

1 1 = 2(Íõ 

Hence if Am is defined as the circular frequency range over which the 

signal stays within half the maximum value (6 dB point), the following 
approximate relationship holds: 

(Aw)(At) = 1 (5.3.3-21) 

For an uninterrupted signal, At-»® and a pure tone is recorded. On the 

other hand, short bursts of turbulence will broaden the received signal. 
Switching times can typically be of the order of a millisecond, giving 

frequency spreads of about 200 Hz (consistent with observations). As the 

jet speed is increased, the convection velocity of the turbulence cells 

increases and therefore the switching time decreases, resulting in Increased 

frequency spread as was found for the engines surveyed in Section 5.2. 

While a full OFF/full ON switching mechanism is not encountered in 

engine configurations, there is considerable variation in amplitude and phase, 

of the signal propagating through the jet mixing regions., imposed by the 

incoherent inhomogeneities inherent in this regime. Equation (5.3.3-13) 

shows that this is manifested as a drop in the peak amplitude and a frequency 

spread. The nature of the frequency spread can be inferred from the form of 

the time auto-correlation of the amplitude and phase fluctuations. 

5.3.4 Discussion of the Results of the Analysis 

The analytical model indicates that the acoustic signal recorded by the 

farfield microphones consists of an "incident" ar.d a scattered wave. The 

"incident" wave contains the coherent part of the signal transmitted through 
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the turbulence region. TU« coherent part provides a discrete frequency 

spike in the narrowband spectrum and the scattered wave a broadband hump 

which would intuitively be expected to peak near the incident tone frequency. 

The shape of the resulting haystack is determined by the relative energy 

distribution between the two component waves. At the lower engine power 

settings it is reasonable that, the turbulence level in the exhaust jets is 

comparatively low and the scattered wave content correspondingly small. The 

haystack would then exhibit a visible tone content and be defined by a discrete 

frequency spike centered at the tone frequency, just as occurs for the TF34 

and Quiet fcngine "C" and "A" in Figures 5.2-1, 5.2-2 and 5.2-4, respectively. 

The higher power settings however, would result a large amount of scattered 

energy through increased turbulence levels and the scattered wave would 

overshadow the "incident” coherent part of the signal giving the tone-less 

haystacks of Figures 5.2-3, 5.2-5, and 5.2-6 for the two Quiet Engines. 

The turbulence scatterers act as the "source" of the scattered wave and 
hence a Doppler effect may be Imposed on this wave as the scatterers are in 

motion. The haystack will therefore exhibit a frequency shift with angle 

when the scattered wave obscures the "incident" coherent signal, as occurs 
for Engine "A" in Figure 5.3.4-1. 

Equations (5.3.3-13) and (5.3.3-14) van be used to determine parametric 
trends for the scattering effects, but the low Mach number approximation 

expressed in equations (5.3.3-15) and (5.3.3-17) is somewhat easier to 
interpret. 

In general, it can be seen that the interaction effect will vary as: 

• The intensity [¡Agl/pc] of the incident tone 

• The size of the eddies in the mixing zone 

• The Mach number Mt of the turbulent velocity fluctuations 

• The volume of the turbulence region, that is, the axial location 

downstream of the nozzle exhaust plane where the tones propagate 
out to the surrounding air. 

In addition, when the compressibility and density perturbations imposed 
by the turbulence cells cannot be ignored, the following become significant 
narAmpf-PT-Q ? ° 

• The frequency, of the incident tone 

• The difference between the eddy and freestream density and compres¬ 

sibility. Loosely interpreted, this would be a function of the 
difference between the fan and core stream temperatures. 

The above effects are in agreement with the experimental trends observed 
for the three high bypass engines in Section 5.2. 
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To summarize the analysis, it has been shown that as a coherent signal 

propagates through a region of turbulence, part of the incident acoustic 

energy is redistributed into a scattered wave by the turbulence cells. The 

change of inhomogeneities in time, as seen by the incident wave, produces a 

change in the frequency of the scattered wave and results in a broadening of 

the signal bandwidth. The nature of the broadening can be inferred from the 

form of the time autocorrelation functions of the amplitude and phase 

fluctuations. In particular, the frequency spread is determined by the 

correlation time of the turbulence eddies. The amplitude transformation is 

a streng function of the correlation length, of the eddies, and the turbulence 
intensity. 

The analysis suggests the following suppression techniques for 
alleviation of the haystacking phenomenon: 

• Removing the source, the turbine tone, e.g., through treatment in 
the core nozzle. 

• Weakening the mixing region where the tone propagates out; for 

example, by means of a coplanar nozzle configuration (Section 5.4). 

• Inducing better jet mixing and reducing the turbulence velocities. 

• Breaking up large eddies into smaller ones, that is, reducing the 

correlation length, of the eddies, or increasing the correlation 
time. 

Reduction of the haystacking may not be desirable. No amplification 

has been shown to be involved. The only result is a redistribution of the 

tonal energy into sidebands. In fact, if the haystack resulted in spreading 

energy into adjoining 1/3 octave bands the PNL would be reduced. This 

would be particularly helpful in the high penalty zone (below 5000 Hz). 

Turbine BPF's are typically located at high frequencies for current low and 

high bypass engines, but could occur in the 2000 to 4000 Hz range for very 
high bypass engines such as those designed for STOL application. 

5.4 EXPERIMENTAL DATA ON TURBULENCE SCATTERING 

5.4.1 Literature Survey 

Extensive work has been reported in the literature on scattering by 
turbulence (see, for example. References 5.3.3-1 through 5.3.3-4), 

particularly for the case of atmospheric turbulence and for underwater 

acoustics. These investigations however, have mainly concentrated on the 
case for which the acoustic wavelength (¾) is much smaller than the 

characteristic dimension (i) of the scatterers and for which ray tracing is 

applicable. The regime of concern herein is the case where A is comparable 

to Î. and for which diffraction effects must be considered. Some experimental 

work was performed for this regime under a previous FAA contract and is 

reported in Reference 5.4.1-1. Recently, Ho and Kovasznay (Reference 5.4.1-2) 
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reported on the effects of propagation of a coherent acoustic signal through 

a two dinensional turbulent jet. Other than these two studies, the only 

available information of interest is provided by the engine data already 

discussed in Section 5.2 and by a coplanar exhaust configuration of Engine 

"C" run under the NASA/GE Quiet Engine Program. 

5.4.2 Engine "C" Coplanar Configuration Tests 

The nominal configuration for Quiet Engine "C" has the fan nozzle 

exhaust plane about 53 inches (1.35 m.) upstream of the core nozzle exhaust 

plane (Fitture 5.4.2-1). The fan nozzle was extended aft for one test series 

to provide a coplanar exhaust configuration (Figure 5.4.2-2). A back-to-back 

comparison of the spectra from the two configurations (which include similar 

acoustic treatment in the core) provides information on the effect of the 

relative location of the fan/core nozzle exhaust planes. The data from the 

two configurations can also be used to form a correlation for interaction 
effects. 

A schematic comparison of the nominal and coplanar configurations is 

shown in Figure 5.4.2-3 and a comparison of typical acoustic spectra 

measured in Figure 5.4.2-4 in the form of a narrowband overlay. The corres¬ 

ponding 1/3 octave band spectra are shown in Figure 5.4.2-5. 

The narrowband results on first glance appear to indicate that the coplana 

coplanar exhaust enhances the turbine tones, as the tone spikes are made 

more piorainent by this configuration. The sideband noise is reduced, 

however, and the net effect on the 1/3 octave band SPL is a very small 

reduction, ranging from 0 to 2 dB. The "rejuvenation" effect of the coplanar 

exhaust on the tones is most evident at the higher speeds where the tone is 

no longer perceptible for the nominal configuration. 

What is observed in the narrowband spectra is reduced tone modulation 

due to the coplanar nozzle: an effect which is predicted by the analytical 

model which links the modulation directly to the turbulence intensity and 

volume of the turbulence region at the point of propagation of the tone 

through the jet mixing regions. Moving the fan nozzle exhaust plane aft 

closer to the core nozzle exhaust plane results in the turbine tone "seeing" 

reduced turbulence and a thinner mixing region on passage through the outer 
mixing zone. 

Significant changes cannot be expected in the tone 1/3 oct»ve band 

SPL, or in the OASPL and PNL at any angle (if the spatial scattering is 

small), since normally an energy redistribution within one 1/3 octave band 

is involved. Changes definitely can not be expected for the acoustic PWL, 
as is shown by Table 5.4.2-1 which shows the above quantities as a function 
of the power setting. 

In the case where the tone energy is spread out into adjacent 1/3 

octave bands by the hayatacking, the coplanar nozzle should result in increased 

PNL's. The effect however was found to be minimal as a consquence of the 
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Table 5 

Config. 
Nimber 

14 
29 

14 
29 

14 
29 

14 
29 

14 
29 

14 
29 

14 
29 

14 
29 

14 
29 

.4.2-1. Comparison of Baseline and Coplanar Configurations 

Quiet Engine "C" 
150' (45.7m.) Arc 
Treated Core, Fully Suppressed Fan 

Configuration #14 Baseline (Nominal), Staggered 
Nozzles 

Speed 
(% Design) 

50% 
50% 

50% 
50% 

60% 
60% 

70% 
70% 

70% 
70% 

80% 
80% 

80% 
80% 

90% 
90% 

95% 
95% 

1/3 O.B. 
(kHz) 

5.0 
5.0 

6.3 
6.3 

6.3 
6.3 

6.3 
6.3 

8.0 
8.0 

8.0 
8.0 

10.0 
10.0 

10.0 
10.0 

10.0 
10.0 

#29 Coplanar Nozzlei 

1/3 O.B. Value at Max Angle 
(120°) 

Tones 

Ti+T2 
T]+T2 

T2 
t2 

Ti+T2 
Ti+T2 

T1 
Tl 

Tl+T2 
Ti+T2 

T]+T2 
Ti4T2 

t2 
T2 

Ti4T2 
Ti+T2 

Ti+T2 
T1+T2 

SPL 
(dB) 

79.4 
79.9 

79.8 
78.3 

85.5 
83.4 

83.9 
82.0 

89.1 
86.1 

86.5 
85.6 

86.6 
85.4 

90.2 
88.1 

90.9 
90.0 

OASPL 

m- 

92.6 
92.2 

92.6 
92.2 

94.5 
93.8 

97.9 
97.9 

97.9 
97.9 

101.2 
100.9 

101.1 
100.9 

105.9 
104.6 

107.7 
106.8 

PNL 
(PNdB) 

104.5 
104.4 

104.5 
104.4 

107.1 
106.0 

109.4 
109.2 

109.4 
109.2 

111.5 
111.7 

111.5 
111.7 

115.5 
114.5 

117.0 
116.5 

1/3 O.B. 
PWL 
IdBl 

131.7 
131.6 

134.1 
133.7 

136.9 
136.4 

139.2 
138.6 

139.1 
139.4 

139.9 
140.2 

140.6 
141.3 

142.0 
142.7 

143.4 
144.0 
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high noise levels at the lower frequencies (see Figures 5.4.2-4 and 5.4.2-5) 

and the fact that the penalties were small for the high frequency location 
of the BPF's. 

5.4.3 Refraction Rig Results 

Experimental data demonstrating the effect of turbulence modulation was 

obtained from the Refraction Rig tested under Contract FA68WA-1960 (Reference 

5.4.1-1). This siren is illustrated in Figure 5.4.3-1. It includes a siren 

to inlect a high frequency tone into a jet mixing zone similar to that which 

exists in the core engine exhaust. The inner pipe containing the tone had 

airflow. The tone level received in the farfieldwas measured with and 

without flow in the outer pipe. The pressure ratio for the outer flow was 

maintained constant at 1.2, but the nozzle temperature was varied, thus 

providing a velocity change. The nozzle supply temperatures used were 520, 

960, 1460 and I9600 R, which would yield flow velocities of 577, 789, 966 

and 1119 ft/sec. The results at 90° from the jet axis are shown in Figure 

5.4.3-2. These data, representative of the characteristics observed at other 

angles as discussed in the final report under the previous research work, 

show that the tone level is reduced and the bandwidth is increased with 

increasing flow velocity consistent with the results indicated by the 
analysis of Section 5.3.3 [Equation (5.3.3-17)]. 

5.4.4 Scattering by a Two Dimensional Jet 

The Ho and Kovasznay turbulent jet study (Reference 5.4.1-2), while 

conducted for a flow environment far from that existing behind an engine, 

clearly points to the importance of the scattering of periodic acoustic 

signals by a turbulent jet. A tone was made to impinge normally onto a 

turbulent jet and considerable amplitude and frequency modulation was recorded. 

It should be noted that the normal incidence of the acoustic signal in the 

Ho and Kovasznay study precluded any instability effects, and since the mean 

velocity was nearly parallel to the wave front, refraction effects were 

minimized. Turbulence scattering was then responsible for the observed 
modulation. 

The experimental investigation consisted of directing a collimated beam 

o constant amplitude discrete frequency signal normally across the plane of 

a turbulent Jet. The jet issued from a large aspect ratio (12x400 cm.) orifice 

and was fully turbulent at the test station which was located 210 cm. down¬ 

stream of the orifice exit. A schematic of the experimentaj is given in 

Figure 5.4.4-1. The centerline jet velocity at the test stftion was main¬ 

tained constant at 400 cm/sec except for one data set whero it was increased 

by 20%. The tone frequency was varied from 3 to 90 KHz. Details of the 
instrumentation and results can be found in Reference 5.4.4-1. 

The incident signal was a pure sinusoidal wave and the transmitted 

signal was found to have the same carrier frequency but was randomly modulated 
in both amplitude and phase. 
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From dimensional considerations and use of some experimental results, 

the following functional denendance was derived for the amplitude modulation 

(reduction) of the transmitted signal over the frequency range where the 

acoustic wavelength was larger than, or comparable, to the dimensions of the 

turbulent scatterers: 

[log ^-12 «g? oc KÍ b. L. 7ÇP 
cz 

(5.4.4-1) 

where: 

Aq - amplitude of the incident wave 

A(t) * amplitude of the transmitted wave 

k_ * wave number of incident wave, — 

b « distance travelled by acoustic wave through the turbulence zone 

L ■= integral scale of turbulencef turbulence 

v' *• normal component of turbulence velocity 

c - acoustic velocity 

The bar denotes mean values. 

Comparing Equations (5.4.4-1) and (5.3.3-17), the experimental study 

and the analysis are seen to provide several common trends; that is, the 

same dependence on tbe turbulence Mach number and characteristic length, as 

well as the effect of the volume of the turbulence region through which the 

tone propagates. The two-dimensional results do predict a dépendance on the 

frequency of the incident tone which is not obvious from Equation (5.3.3-17). 

The trends with turbulence Mach number, characteristic length and volume 

(or path) also coincide with those displayed by engine noise haystacks. 

5.5 SUMMARY 

Turbine tones have been identified as the source of farfield haystacks 

and turbulence scattering as the modulation mechanism. For the present and 

forseeable future engine configurations and turbofan cycles (subsonic core 

velocity), no amplification is involved. The process by which a pure tone 

suffers a frequency broadening and consequent reduction in the peak SPL can 
be described using turbulence scattering. 

The analysis and experimental observations indicated that the haystacking 
could be eliminated or the tone modulation reduced by: 

(i) Removal of turbine tones at the source, for example by use of 

acoustic treatment in the core nozzle. 
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(ii) Reduction of the turbulence Mach nuabet (i.e. intensity) and the 

correlation length of the turbulence eddies. 

(iii) Moving the fan nozzle exhaust plane aft to a coplanar configura¬ 

tion with the core nozzle exhaust plane. This effect is due to 

the fact that jet nixing zones increase in turbulence intensity 

and thickness axially downstream and with the coplanar configura¬ 

tion the turbine tones propagate through the outer nixing zone at 

a location closer to the start of the zone than is the case for 

the nominal configuration with staggered fan and core nozzle 
exhausts. 

The last two actions would only serve to reduce the frequency spread, 

and the total energy content is not affected (the tone appearing as the 

original sharp spike when the modulation is completely eliminated). This 

suggests haystacking may be beneficial in that the turbine tone energy may 

be scattered into adjacent 1/3 octave bands, thus reducing annoyance and 
possibly tone correction. 
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SECTION 6.0 

obstruction NOISE 

6.1 hackc&ound 

ßni^InKadditi?n t0 blade rOW8 ^ vai,e lOWS in the Jet engine, many other 
solid obstructions are placed in the flow streams for various reasons. Among 

ese are struts, pylons, flameholdere and sensing probes. In general the 

hi SdHgerrated by 8trUt8 °ther 8UCh <*etructions consists of both a 

vÓrtfx“ÍedZrent' and 3 dl‘Crete fre,UenCy CO"PO"e"t- ^»crete 

The n®ed for study of obstruction noise was discussed in Section 2.2.5 of 
Volume I of this report. Narrowband SPL spectra from Engine "A" acoustic tests 
were presented therein to show the signifient reduetlon in SPL att.lnaíL by 
aerodynamically fairing a rectangular strut. In this volume, results are 
presented from test.-» conducted on struts of different shapes and sizes at 

thir^nííü! if and at 8everal angle8 of attack- ‘ showed 
that considerable benefit can be achieved by proper selection of dimensions 
and aerodynamic shaping of struts. Further it was noticed that angle of attack 
had very little influence on the acoustic output in the 0°-15o range. Based on 
the data obtained, an empirical method is presented to predict the overall 

rrthif ocr'aue band power ievei 8pfcctra f°r ^ute ±n smooth ilow in a limited Reynolds number range. 

6.2 EXPERIMENTAL WORK 

6.2.1 Test Facility 

A new duct facility was designed for the specific purpose of conducting 
the aerodynamic and acoustic measurements. Such a facility, carefully 
designed for low turbulence and very thin wall boundary layer at the measure¬ 
ment stations wis considered desirable for these tests in order to minimize 
non-uniformity of the flow at the exit plane. 

Fhe design of the duct was based on a maximum exit Mach nunfcer of 0.54 
through a rectangular exit cross-section (cross-section of 5" x 2.4" for 
weight flow of 3.8 Ibs/sec). The facility, shown in Figure 6.2.1-1, consisted 
of a rectangular plenum followed by a contraction through an ASME nozzle into 
a straight constant cross-section rectangular du^L. The area contraction was 
chosen to provide an accelerating pressure gradient which tains the boundary 
layer as it approaches the straight section. This contour also allows the 
establishment of a uniform flow before Station 6 (axial dista..ce « 6") in 
Figure 6,2.1-2 which shows an enlarged view of the transition section and the 
duct. 

The air enters the plenum chamber through a quick disconnect valve and 
a conical diffuser which drops the inlet flow to a Mach nunfcer of less than 
0.15 at maximum flow. This helped minimize the noise from the inlet and also 
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prevent damage to the Scottfelt acoustic lining on the inner walla of the 

plenum. A series of screens were also provided in the plenum. The plenum and 

air supply lines were wrapped in lead vinyl for further acoustic isolation. 

The duct was located in a semi-reverberant rocm. The reverberation 

t^:C !rlr1C8 °f íhe r00in were evalu«ted by measuring the reverberation 
times (T60) over a frequency range of 125 Hz - 10 KHz. In addition SPL oy --j J J.U rvnz. in addition. SPL 
measurements were taken at 8 different microphone locations in the ¿oom for 

pure jet noise and with tne models in the test configuration. The locations 

were chosen to satisfy the standards reconmended by References 6.2.1-1 and 

within i'HR rí6 0" °f íhe by th* different microphones was 
within 1 dB. The room was thus considered reasonably reverberant below 10 KHz. 

6.2.2 Models Tested 

Nine models were chosen for the test series. Dimensions of the models 
are shown in Figure 6.2.2-1 and a photograph of the models is shown in 

igure 6.2.2-2. The choice of the models was based on several considerations. 

Circular cylinder, thick blunt flat plates and double circular arc airfoils are 

frequently found as obstructions in the form of struts, linkages, levers, etc. 

Since one of the objectives of the program was to obtain a correlation which 

would use easily available aerodynamic coefficients, symmetrical and elliptical 
airfoils were also Included in the choice of models. This comprehensive 

selection of aerodynamic shapes was also expected to point out the direction for 

progress in noise reduction by aerodynamic shaping. Geometrical parametric 

variations, like thickness and chord were also included for providing insight 

towards parametric changes for noise reduction. Table 6.2.2-1 presents th«T 

different geometrical comparison series available with the choice of the 
configuration. 

6.2.3 Instrumentation 

(a) Aerodynamic 

Total pressure measurements were made in the plenum by two Kiel probes 

located downstream of the screen closest to the exit plane. A traversible 

total pressure Kiel probe was located at Plane 6.5 (Figure 6.2.1-2) during 

initial shakedown tests to compare with the plenum measurement. This was 

subsequently withdrawn due to the aerodynamic and acoustic disturbance caused 

by the probe. Another traversible Kiel probe was used to measure total 

pressures downstream of the exit plane. This was mounted on a mechanism 

(Figure 6.2.3-1) which was capable of traversing in both vertical and horizontal 

directions in a plane perpendicular to the jet axis. The whole mechanism could 

also be moved to any axial location downstream of the exit plane. This system 

was used to conduct the wake survey needed to determine the profile drag 
coefficient of the various bodies. 

Static taps were provided on all the four walls of the rectangular duct 

at two axial locations near the exit plane. These were used in conjunction 

with plenum total pressure measurements to set the desired Mach number for 
the flow. 
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CONFIGURATION 1 

DIA. 

CONFIGURATION 2 

_jL 
b CONFIGURATION 

T 

3 

CONFIGURATION 4 

CONFIGURATION 5 

a 
b 
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e 
f 

g 

In. 

O.36 
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4.42 
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CONFIGURATION 7 

CONFIGURATION 8 

CONFIGURATION 9 

FIGURE 6.2.2-1 CROSS-SECTIONAL VIEW OF CONFIGURATIONS TESTED 
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Direct velocity measurements were made by a traversible X-array hot film 

anemometer. This probe, mounted on the same system shown in Figure 6.2.3-1 

enabled measurement of components of velocity and turbulence along and perpen¬ 

dicular to the axial direction in a horizontal plane. All the pressures and 

velocities thus measured were recorded by an automatic X-Y-Y strip chart. 

(b) Acoustic 

SPL measurements were made by B&K microphones located at four (and up to 

eight during shakedown tests) locations, each more than ten feet away from the 

nozzle exit plane. The locations were deliberately chosen at random after the 

checks, referred to earlier, confirmed the reverberant characteristics of the 

room. The SPL data were recorded on a 4-channel Lockheed 411B tape recorder. 

On-line narrow band data was also recorded from at least one of the microphones. 

6.2.4 Shakedown Tests 

Aerodynamic shakedown tests were conducted to investigate the nature of 

the flow at the exit p.lrne. Minor refinements of the nozzle contours were 

made during these tests to obtain uniform velocity and pressure profiles and 

a low turbulence level. For the shakedown tests, horizontal and vertical Kiel 

and hot film traverses were made in a plane parallel to the exit plane, 3/8" 

rxially downstream of the exit. The lines of traverse are shown in Figure 6.2.4-1. 

Profiles of mean velocity ÏÏ (in the axial direction) and the turbulence 

component u' are shown in Figure 6.2.4-2 for a horizontal traverse at the mid¬ 

height plane at a Mach number of 0.21. The profiles are seen to be uniform 

across the duct except for the regions affected by the boundary layer on the 

two walls. The turbulence intensity u'/U was about 1.1%, away from the wall 

boundary layers. Figure 6.2.4-3 presents similar data for a Mach minier of 0.4. 

Vertical traverses also showed similar reasonably uniform profiles at all Mach 

numbers between 0.2 and 0.45. The duct was thus considered aerodynamlcally clean, 

6.2.5 Test Series 

The test series was divided into acoustic tests and aerodynamic and 

wake survey tests. Acoustic tests consisted of acoustic measurements for 

«aseline configuration (no models in the stream) followed by tests with the 

models placed 1.8" downstream of the duct exit plane, as shown in Figure 6.2.3-1. 

A complete listing of the Mach number and angle variations for the tests is 

shown in Table 6.2.5-1. Aerodynamic wake survey data were obtained for all 

configurations at zero angle of attack. The data consisted of mean velocity, 

turbulence and total pressure surveys upstream and downstream of the struts 

at several vertical locations. The traverse probes were withdrawn from the 

stream while acoustic data were being recorded. Reverberation times were 

measured at regular intervals during the entire course of tie test program. 

6.3 DATA ANALYSIS AND RESULTS 

6.3.1 Acoustic Data Reduction 

Acoustic power spectra are the only significant acoustic parameters 
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available when measurements are made in a reverberant room since the energy 

density is very nearly uniform throughout the room. Directivity information 

cannot thus, be obtained. 

The SPL's from all the microphones were first averaged for each one-third 

octave band and this average, together with the reverberation time, room volume 

.md barometric pressure was used to obtain the PWL by the following relation 

(Reference 6.2.1-2). 

PWL1/3 ob - (Average SPL1/3 0B) + 10 log10 V-10 log1() T-29.e (6 3.1-1) 

+ 10 log 
10 

,460+tv1/2 ,30. 

1 528 J K r 
-13 

dB re: 10 watt 

where 

Average SPL. <3 * average of the SPL (re: 0.0002 microbar) for all ti.e 
' microphones for any designated 1/3 octave ba’-.d 

V = total air volume of the reverberation chamber, ft' 

T * reverberation time of the reverberation chamber for 

the frequency band with the source in place, seconds 

t = air temperature, 0 F 

B » barometric pressure, inches mercury 

6.3.2 Results and Discussion 

(1) Acoustic Data a° - 0 

(a) Spectra 

The one-third octave band power level spectra at the four Mach numbers for 

the baseline tests are presented in Figure 6.3.2-1. The low frequency jet 

noise peaks and levels appear to be consistent with predictions. 

One-third octave band power level spectra it the four Mach numbers at 

a° = 0 for all the nine configurations are presented in Figures '.3.2*2 through 

6.3.2-10. The significant observations were that while blurt shapes like the 

circular cylinder and the thick flat plater, exhibited sharp peaks with a 

consistent velocity dependency of the frequency peaks, streamlined shapes like 

the elliptical, double-circular-arc and the symmetrical airfoils exhibited only 

broad-band spectra. 
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FIGURE 6.3.2-8 VARIATION OF ONE-THIRD OCTAVE BAND POWER LEVEL 
SPECTRUM WITH FLOW MACH NUMBER: CONFIGURATION 7, 
a* « 0 
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(b) Overall Power Level Coiiparisons 0 

Comparison of the spectra for the different configurations with the base¬ 
line tests indicated that the background noise level was so high that at 

M ■ 0.2 no significant strut noise could be measured. Hence M ■ 0.2 runs 
were dropped from further considerations. At higher Mach numbers, strut noise 

was clearly discernible above the background noise. Similarly, the spectra 

below and up to 630 Hz were not influenced by the presence of the strut and 

were thus not added in calculating overall power levels radiated by the struts 
alone. 

The variation of absolute overall power levels with velocity for the 

different configurations at a° * 0 is shown in Figure 6.3.2-11. The exact 

velocities were obtained from the hot-film anemometer traverse data. It is 
seen that there isga maximum spread of nearly 20 dB between the lowest 

(Configuration 7 at M = 0.3) and the highest (Configuration 3 at M - 0.45). 

Further, at the highest velocity, there is a spread of more than 10 dB in the 

absolute OAPWL between Configurations 3 and 7. However, since jet and back¬ 

ground noise changes could obscure the direct contribution by the strut-flow 

interaction, the baseline OaPWL was subtracted from the absolute data. The 

A OAPWL - 0APWLcon£> - OAPWLgL thus obtained is shown plotted in Figure 6.3.2-12 
for all the configurations at the different velocities at a° * 0. 

Note that A OAPWL is defined here as 

W - w 
A OAPWL = 10 log,_ ( —conf 1K-baseline) 

*10 \ ij ' 
ref 

For the sake of convenience, these are tabulated also in Table 6.3.2-1. 

Typically a 5th to 6th power velocity dependence is seen from the data. 

Several broad trends are immediately obvious from Table 6.3.2-1. 

(i) There is a strong velocity dependency of the OAPWL. 

(ii) Chord and thickness have definite contribution to the OAPWL. 

(iii) Streamlining the geometry has a distinct benefit. For example, 

comparing Configurations 3, 6, 8, and 9 (same thickness and 

same chord), the blunt flat plate is the worst and the double¬ 

circular-arc and symmetrical airfoils are the best. The same 

observation can be made by comparing Configurations 4, 5, 
and 7 also. 

(iv) The double-circular arc airfoil and symmetrical (NACA 0021) 

airfoil appear to generate the same OAPWL. Their spectra also 

were similar. Due to greater ease and lower cost of fabrication, 

the double-circular arc airfoil thus appears to be the most 

desirable section for struts, linkages, etc. from an acoustic/ 
economic standpoint. 

6-25 



F
I
G
U
R
E
 
6
.
3
.
2
-
I
I
 
V
A
R
I
A
T
I
O
N
 
O
F
 
O
V
E
R
A
L
L
 
P
O
W
E
R
 
L
E
V
E
L
 
W
I
T
H
 
U
P
S
T
R
E
A
M
 
M
E
A
N
 
A
X
I
A
L
 
V
E
L
O
C
I
T
Y
 
A
N
D
 

C
O
N
F
I
G
U
R
A
T
I
O
N
,
 
0°

= 
0
. 



pp IW PH. mm pupp. 

8 S' 
CM 

(0 
B 

X 
e 

8 
l/N 

II 

- 

8 fw 

§ 

X qQ 
m • O 

B 

8 

- 

x B1 
O 

0 ^ (9 
o 

o l/N 

_8 

) c atf 
O 

° 

8 

C
O

N
FI

G
U

R
A

T
IO

N
 

O
 
i 

□
 

2
 

X
 3

 

1 
k 

0
5

 

0
6

 

0
7

 
O
 
8

 

•
 

9
 

g 

u 
OJ 
m 

£ 

£ 

■LLVft^.OT :aJ ap ‘iaTMV0 - WVD * TMVO V 

6-27 

1 
8 

o 
o 

>7 

M 

3 

£ 
5 

5 

i 
g n 
<J°o 

iil 
I 

C\J 

vo 

.. 





(2) Aerodynamic Data a0 ■ 0 

The discussions in the previous section indicate a dependency pf tha 

OAPWL on the aerodynamic coefficients of the body. Profile drag coefficient 
CD was determined for all the configurations at Mach numbers of 0.3, 0.4, end 

0.45 at u - 0 by a wake-survey method. Horizontal traverses wer« made at 

several spanwise locations aft of the struts with the total pressure Kiel 
probe and the X-array hot film anemometer. Analysis of the data was done, 

using Jones' relation (Reference 6.3.2-1) which was modified to Include velocity. 

The profile drag of a body can be determined from the loss of nvmentum per unit 

time that it imposes on the free-stream. Referring to Figure 6.3.2-13, the 
Cq can be derived in the form 

/ P2 - Pp + 1/2 p i? 

i/2 p # 

dy (6.3.2-1) 

Wake 

where U and P refer to mean axial velocity and total preasure respectively and 

subscripts 0 and 2 refer to upstream and downstream conditions respective!;*. 

Typical total pressure and velocity wake profiles are shown in Figure 6.3.2-14. 

These have been adjusted for the relative displacement of the Kiel and hot 

film probes seen in Figure 6,3.2-1. The analysis of these profiles was 

carried out by first digitizing through a Bendix Datagrid Digitizer at closely 

spaced intervals and performing a numerical integration by standard congmter 
techniques. 

(3) Acoustic-Aerodynamic-Geometric Coupling 

Figure 6.3.2-15 shows a plot of OAPWL versus CD for all the configurations 

at approximate Mach numbers of 0.3, 0.4, and 0.45 at a » 0. The Increase in 

OAPWL with Mach number, CD and body dimensions indicates the possibility of an 

empirical correlation which would collapse all the data into a single curve. 

Based on an analytical modeling, the power level was expressed as 

(6.3.2-2) 

where 

l - chord, feet 

h - span, feet 
t ■ 
max maximum thickness, feet 

Uo * upstream mean velocity, feet/sec 

Cp - profile drag coefficient 
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and k, n, m are constants to be empirically determined. Defining a normalized 

power level by 

(6.3.2-3) NPWL - OAPWL 
‘measured 

and plotting versus CD, it was found that the best value for n was 5. A plot 
of NPWl. with a fifth power of velocity (n - 5) versus Cj) is shown in Figure 
6.3.2-16. The data appears to satisfy the relation 

(6.3.2-4) 

The three flagged points are data from configuration 5 which appear to 
form a parallel line with a higher value of the constant. This configuration 
had been accidentally damaged and repaired prior to the test, and the high 
values are most likely the result of a pqor surface finish. 

(4) Overall Power Level Correlation 

The OAPWL radiated by bodies placed in a low turbulence flow can thus be 

determined by 

OAPWL - 16.8 + 10 log10( i‘tm>v h • 'j + 4 log Cjj, dB re: 10 13 (6,3.2- 

\ ' Watt 
where all the symbols carry the meaning and units mentioned in the previous 

section. 

(5) Comparison of the Model with Test Data 

The OAPWL calculated by using the correlation of Equation 6.3.2-5 Is 
shown plotted in Figure 6.3.2-17 versus the measured OAPWL for the eight 
configurations tested at a « 0 (configuration 5 was dropped from further 
consideration). It should be emphasized that the correlation was derived from 
the measured data. The line drawn at 45* to either axis indicates the close¬ 
ness of ti.¿ agreement of the formulation with the data. 

Data from two other sources was obtained for the purpose of comparison. 

(a) Hayden et al.. References 6.3.2-2 and 6.3.2-3. 

NACA 0012 Airfoil 

chord - 6», wetted span ‘ 16", 6 - 0.72", Uo - 100 fps, CD - 0.007 

o° - 4° 

-13 
Measured OAPWL ” 94.7 dB re: 10 watts. 

-13 
OAPWL calculated by our model ■ 94.5 dB re: 10 watts. 

This is plo.ted ss the lolid square in Figure 6.3.2-17. 

watts. 
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(b) Typical Engine Full Scale Strut Noise Test - GE (Reference 6.3.2-4) 

Comparison of the calculated OAPWL with data measured from a typical 

engine full scale strut noise test also indicates excellent agreement. These 

tests were conducted in a different test facility (outdoor, 306 Acoustic Duct 

Test Facility) and acoustic measurements were made by means of microphones 

located on a 25 ft arc at angles of 20°, 30*, 40°, 50', 60e, 70e, 80e, and 90e 

relative to the duct exit axis. (The current core engine tests were conducted 

in a semi-reverberant room). The significant results are listed below: 

Elliptical Section; 

6 - 0.73", I - 1.74", h - 4" 

Cp - 0.15 (Reference 6.3.2-5) 

U0 OAPWL 

fps calculated 

335 114.3 

445 120.2 

588 126.6 

o° - 0 

OAPWL dB: re 10-13 Watts 

measured 

114.5 

120.8 

126.8 

The agreement is strikingly close, and this data is shown in Figure 

6.3.2-17 as solid triangles. Figure 6.3.2-17 thus collapses data obtained 

from three entirely independent sources under different test conditions. 

(6) Influence of Angle of Attack 

The influence of angle of attack on the radiated acoustic power was 

examined by tests at angles of attack of 0°, 5°, 10° and 15° at constant Mach 

nunbers. The acoustic contribution of the angle of attack results primarily 

from its effect on lift and drag forces and on the wake shape and size. The 

one-third octave band power level spectra at the four argles of attack for a 

Mach nunber of 0.4 are shown in Figure 7.3.2-18 for configuration 7, as a 

typical case. 

Similar spectra for all the other configurations were obtained for all the 

test conditions. In general, it was found that the influence of a was small 

within ;he 0-15 range. 

It appears conceivable that the thickness^erm xn equation (6.3.2-5) 

should be defined as (t . cos a° + i . sin a ) representing the projected 

frontal thickness of a &oäy when placed at an angle of attack, a . This should 

be an important parameter in the physical wake thickness, and hence the 

acoustic power level. Overall power levels were calculated assuming a - 0 

(i.e., setting t . cos a° + £ . sin a - t ) and were conpared with 

measured OAPWL a?®?0 - 0, 5, 10 and 15. The^esult shown in Figure 6.3.2-19 

indicates that neglecting the influence of a in the range of 0° to 15° in the 

formulation is acceptable. This conclusion is further enhanced by a comparison 

of OAPWL with the measured data, including the effect of a on frontal thick¬ 

ness, shown in Figure 6.3.2-20, indicating calculated values higher than 
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measured values. The Cp value was taken to be the same as that at o° - 0, 
which is an approximation. Using the higher C values applicable at higher 
angles of attack would tend to close in the band in Figure 6.3.2-19 more and 
move the band farther away from the 45* line in Figure 6.3.2-20. uence this 
approximation is conservative. 

(7) Spectral Correlations 

The shapes with blunt thick leading edges (Configurations 3-4) exhibited 
tones with a Strouhal number of ^0.2 (- f 6/U ) based on maximum thickness, 
whereas the streamlined shapes (Configurations 5-9) exhibited only broadband 
spectra. 6 represents maximum thickness in inches. A reasonable calculation 
if- still possible however. 

Normalization of the one-third octave band power level by defining a 
normalized power level, 

PWL - PWL.,. - OAPWL , , 
N 1/3 OB calculated 

collapsed the spectra (versus frequency) at the three Mach numbers for each 
configuration individually. Examples of such normalized power level spectra 
are shown in Figures 6.3.2-21 and 6.3.2-22 for Configurations 6 and 7 
respectively. However, such spectra do not account for the changes in the 
frequency region with geometry and velocity, which are needed to obtain a 
universal Spektrum. Typical normalized snectra obtained by plotting PWL^ 
versus a Str-unal-type frequency defined by f* - f «5/ÏÏ (where f - frequency, 
Hz., 6 = maximum thickness, inches and U = mean upstream axial velocity) 
are shown in Figures 6.3.2-23 and 6.3.2-24 for Configurations 6 and 9 respec¬ 
tively. Normalized spectra like these were obtained for all the configuiations. 
The envelope of such data from all the nine configurations is shown in 
Figure 6.3.2-25 and an approximate prediction line is drawn to indicate a 
reasonable model for broadband noise spectral prediction for flow over 
obstructions. This data is based on tests in the Reynolds nunfcer range of 
3 X 10 to 1 X 106 based on the chord. Extrapolation to lower Reynolds nuntoers 
should be done with caution to account for possible tones from discrete vortex 
shedding. Blunt shapes (Configurations 1-3) had sharper peaks at the same 
value of f* as the broadband mean spectrum shown in Figure 6.3.2-25 and the 
peak value of PWI^ was higher and the spectrum shape narrower. 

Comparisons with Hayden’s and full scale engine strut noise data show 
reasonable agreement of the broadband spectrum. However, comparison with the 
engine strut noise data particularly also showed that a constant multiplier 
to the f* will allow an extremely close prediction of the broadband spectrum, 
indi.eating the desirability of redefining the thickr.ess that should be 
considered as characteristic. 

6.4 SUMMARY 

(1) Based on the data obtained in this program, it can be concluded that 
solid obstructions like struts, pylor.o, actuators etc. can cause a consider¬ 
able amount of acoustic radiation when placed in the stream. In the Reynolds 
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nuober range investigated (3 x 10 to 1 x 10 ), blunt bodies produced tones 

tracking with flow velocity together with conuiderable broadband radiation 

around the tone frequency. Streamlining the bodies retaining the same 

maximum dimensions (l.e. maximum thickness and chord) eliminated the tones. 

(2) Broadband acoustic radiation dua to flow over obstructions is generally 

a result of fluctuating forces of random nature acting on the body. The forces 

are generated by one or more of the following factors: inflow turbulence, 

turbulent boundary layer and random vortices shed at the trailing edge. When 

the vortex shedding is discrete, tones are observed at the discrete frequency. 
The present study indicates that streamlining the body eliminates discrete tones 

and also reduces accompanying broadband radiation. 

(3) Among the configurations tested, both synme rical NACA airfoils and 

double circular arc airfoil showed considerable noise -..eduction compared to 

elliptical, circular cylinder and blunt flat plates. Since a double-circular 

arc airfoil section is considerably more economical to fabricate than a 

symmetrical NACA airfoil section, the double-circular arc airfoil section 

appears to be the best for flow discontinuities like struts etc. from an 

acoustic/economic standpo4 ’t. 

(4) An empirical sehe;«: 'ia'- been formulated to predict the overall power level 

and one-third octave band spectra for the acoustic radiation due to smooth 

(upstream) flow over solid obstructions. 

(a) OAPWL - 16.8 + 10 log., (t.t. . h.U 5) 
xu max o 

+ 4 log^Q CD dB re: 10 ^ Watt 

where 

l * chord, feet 

h * span, feet 

t " maximum thickness, feet 
max 

Uo * upstream mean axial velocity, feet/sec 

Cp * Profile drag coefficient 

(b) The normalized spectrum presented in Figure 6.3.2-25 may be used to obtain 

the 1/3 OB PWL vs frequency spectnan. 

(5) Since velocity upstream of the struts is the pri cipal contributor to the 

radiated acoustic power, noise reduction can be achieved by locating the un¬ 

avoidable obstructions at low velocity sections of the flowpath whenever feasible. 

(6) Noise reduction can be achieved by minimizing the physical dimensions of 

the obstructions. 

(7) The results are based on data obtained in a narrow range of Reynolds 

nunter (3 x 105 to 1 x 13°). Uniform and low-turbulence flow conditions 
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prevailed In the testa, with the strut being placed essentially In the 
potential core region of a free jet. The blockage to the flow was small, 
and typical of blockage due to flow obstructions in the fan and core regions. 
The margin of error may be high if the spectral prediction is used In cases 
where sharp tones are anticipated. 





SECTION 7.0 

CASING RADIATION 

7.1 BACKGROUND 

When engine Inlet and exhaust noise is sufficiently suppressed, engine 

noise transcission through the casing may become important. It has been shown, 

for example, that wri»>ping an engine casing (fully suppressed NASA Quiet Engxne 

"A") with six-inch ..hick prlyurethane foaa will reduce casing radiation by 5 dB 

(see Volume I, Section 2.2.6). The objectives of the casing radiation investi¬ 

gation were to develop quantitative definitions of the oechanlsms of casing 
noise radiation and suppresnlon. 

7.2 CASING RADIATION SOURCES 

Casing noise radiation, in general, is due to the following three sources: 

1. Compressor 

2. Combustor 

3. Turbine 

Therefore the initial investigation was directed toward the analysis of an 

extensive set of data taken on a J79-15 engine. The engine was tested with an 

open core nozzle (to reduce jet noise) and large inlet and exhaust suppressors 
(see Figure 7.2-1). 

Figure 7.2-2 shows the locations of 3 casing microphones [(5 Inches (12.7 

cm) from the engine)J and 32 ne arfieId microphones. Casing microphone axial 
locations were as follows: 

A51 Compressor 10th stage 

#52 Mid-point of combustor casing 

#53 Turbine third stage 

The PWL spectra for the casing microphones are shown in Figure 7.2-3. The 

power calculation is based on the SPL measured by the microphone and a cylindri¬ 

cal area. The area being determined by a radius from the engine centerline and 

a width of the component (compressor, combustor, or turbine) closest to the 

individual microphone. Note that the highest PWL comes from microphone #53 

(located at turbine third stage). The OAPWL measured at these three micro¬ 
phones were: 

Microphone Location OAPWL 

#51 

#52 

#53 

122 dB 

133 dB 

141 dB 
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The ncaríie1d data was also examined to determine the sources of casing 

taxation by establishing contours of tone SPL's. 

Figure 7.2-4 shows SPL contours for the compressor stage 10 BPF tone. 

The maximum SPL Is emanating from the location #52 (mid-point of combustor), 

instead of the location #51 (compressor stage 10). Actually( all of the com¬ 

pressor aft stage tones are emanating from the location #52. Htls may be due 

to the compressor casing being thicker than the combustor casing. 

The origin of turbine noise can be traced in a 'limilar manner. Figure 

7.2-5 shows SPL contours of the turbine stage 3 tone. It is emanating from 

the location #53 (turbine third stage). This confirms that the turbine tone 

is transmitted through the casing and radiates from the surface. The thickness 

of the casing is .17 inches and the attenuation at 10 KHz is 71 dB but the tone 

is still clearly indicated in the farfleld. 

7.3 REDUCTION OF CASING RADIATED NOISE 

There are several classical approaches to reducing noise radiation from 

vibrating structures, all of which reduce the panel motion amplitude or decrease 

the spatial correlation. These approaches are applicable to panel radiation 

produced by structure borne vibration, internal acoustic loads, or aerodynami- 

cally induced fluctuating pressures. 

Addition of mass and/or stiffness can be used to reduce the panel radiation 

by changing the modal response patterns of the structure. The analysis of the 

response of multi-modal structures is complex and the addition of mass/stiff¬ 

ness elements can aggravate a problem rather than reduce it. These methods 

will be evaluated analytically to scope the potential casing noise reduction. 

This approach is nwst useful where a forcing input is centered at one frequency 

which coincides with one of the normal modes of the structure. 

In light of the above, casing radiation reduction and control can be 

divided into the following five (5) categories : 

1. Casing thickness and material 

2. Acoustic barrier 
3. Critical frequency and its damping 

4. Ring frequency effects 
5. Adjustment and relocation of struts for structure borne noise. 

The noise source PWL control is a separate subject and it is discussed 

under each noise component (E.G. compressor, combustor and turbine). 

1. Casing Thickness and Material 

A transmission coefficient, T, may be defined as the ratio of a transmitted 

acoustic power to the incident acoustic power. For a given angle of plane- 

wave incidence, it can be shown to be; (Ref 7.3-1) 
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(7.3-1) 

T(0) - — 

•it 
up 

+ n CO. 91 
C pB ■I? 

li: f cos e j I1!-1¾5- sinA 0 il’] 
-i 

where 

T(9) ■ transmission coefficient 

I - scuiid Intensity, Watts/m^ 

- 2irf 

■ composite plate loss factor 

■ Pm/t - plate surface density, kg/m? 

u 

m 

n 

Ps 

P. 

t 

p 

c 

e 

B 

» density of thfc plate material kg/m' 

- thickness of a plate, m 

3 
* density of air, kg/m 

- speed of sound In air? m/sec 

■ angle between the normal to the plate and the wave 

■ plate bending stiffness per unit width, N-m 

and the transmission loss R Is defined as: 

R - 10 LOG I dB (7.3-2) 

and 

[■ R(6) = 10 LOG |1 + |-~ cos 0J 

up 

(7.3-3) 

where u - 2irf 

- surface density of casing material 

?• Acoustic Barrier 

The formula (Ref. 7.3-1) for the excess attenuation of a rigid straight 

nonporous barrier with a large mass, for sound Incident from a point source is: 

7-9 
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(7.3-4) 

....... 

TL » 20 LOG 
ÆtÏÏ 

- + 5 dB 

tanh /2Îrï 

N Is the Fvesnel number 

N-+|-(A + B-D) (7.3-5) 

where X ■ wavelength of sound, m 

D • straight line distance between source and receiver, m 

A+B - shortest path length trave] over the wall between source 
and receiver, m 

In most cases A+B is almost equal to D, then TL Is about 5 to 6 dB. 

3. Critical Frequency 

At critical frequency, the casing material becomes an efficient trans¬ 
mitter of the sound at that frequency. 

The critical frequency fc is (Ref. 7.3-1) 

(7.3-6) 

where 

* longitudinal wave speed, m/sec 

Figure 7.3-1 shows critical frequency as a function of material (steel) 

thickness. A steel plate of .25 inch thickness can transmit a 2 KHZ tone 
efficiently. 

4. Ring Frequency Effect 

The radiative properties of a structure consisting of flat or curved 

panels can be described in terms of the radiation efficiency a. The overall 

radiation efficiency o of the panel in a frequency band containing several 
resonant modes is obtained from averages and sums: 

(7.3-7) 

i-f,8,p ntOt 
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where f: acoustically fast mode 

s: strip mode 

p: piston mode 

The existance of ft s and p modes Is dependent on the magnitude of bending-wave 

speed Cj, and phase speeds Cx and Cy, of the acoustic wave in the directions of 
the panel edges. Prevailing conditions for existence of the above modes are: 

f mode: > C 

s mode: C or C > C 
X y 

p mode: C and C < C 
X y 

Cfa > C 

and B =* bending stiffness, N/m. 

The analysis for a cycllndrlcal shell requires two distinct modifications 
from that for a flat panel. They are due to: 

1. geometry of the cylinder 

2. effect of cur/ature on the structural vibration 

Assuming a "equivalent plate" model, the piston modes and axial strip 

modes almost vanish below the critical frequency and radiate only at a dis¬ 

continuity, which is non-existent in the case of a cylinder. The radiation 

efficiency of the equivalent plate may be written as 

where n : number of circumferential strip modes cs 

average modal radiation efficiency o 
cs 

It has been shown that the curvature tends to increase the flexural-wave 

speeds (Reference 7.3-2). This increase causes a corresponding increase in 

resonance frequencies of the cylinder. For the equivalent plate, the resonance 
frequencies are governed by the equation 

(7.3-9) 
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while those of the cylindrical shell are governed by 

A 
2 fl2 2 .4 ,, 2n 

V -6 a k - (1 - p ) 

k ’ 
-2. 
k 

where 

a 

k 

V 

radius of the cylinder, m 

axial wave number, nfl 

Poisson's ratio 

h 

[2(3a)1/2] 

(7.3-10) 

h - shell plate thickness, m 

The curvature effects are seen in the term (1-y2) (k^/k)^ of equation 
(7.3-10). y 

Due to the existence of this term, when f<fr as kx diminishes ky dimin¬ 

ishes. However, the modal vibration fields of the equivalent plate and the 

cylindrical shell are approximately the same for f>fr. 

Since the radiation efficiency of an acoustically fast mode is usually 

very much larger than that of the corresponding circumferential-strip mode, 

a large increase in the radiation efficiency is expected as a result of the 
curvature. 

For the above conditions, 

o 
n 
tot 

where rif! number of modes in AFM (acoustically fast) 

ntot: total modes 

By using equations (7.3--8 and 7.3-11), Figure 

ence 7.3-3). This is based on a cylinder with the 
(7.3-2) was plotted (Refer- 

following dimeasions. 

D ■ 36 in 

1-24 ii> 

h - 1/8 in 
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The decrease in a at and below 700 H* occurs because theoretically no radiation 
modes occur below this frequency. 

It is clear from the Figure 7.3-2 that 0 increases at f (critical frequency) 
and (ring frequency). c 

In the following paragraphs, computations of f and f center frequency 
for a typical casing material (steel) was made to d£tennin£ the acoustically 
transparent region of engine casing. 

Figure 7.3-3 was plotted to examine the f . Any engine cylindrical section 
whose radius is between 6 to 14 inches has a fr between 2 to 5 KHz where NOY 
weighting is large. It is also noted that therlarger engine casing can transmit 
low frequency noise efficiently. 

Ring frequency f^ is: 

f - CT /2irR = 1.14 X 106/R r L 

where fr - ring frequency, Hz 

CL «• longitudinal wave velocity, m/sec 

R - radius of the pipe, m 

As an example the above precedures wer** applied to Quiet Engine "A”. The 
ring frequency is 2.168 kHz. Therefore any noise below this frequency should 
have excess attenuation of about 10 dB. 

The compressor casing has attenuation of 52 dB at kHz. The combustor 
casing attenuation is 47 dB and the turbine casing attenuation is 54 dB at 
1 kHz. 

4. Adjustment and Relocation of Struts, etc., for Structure Borne Noise 

One of the most effective methods to trace structure borne noise is to use 
coherence function techniques (Ref. 7.3-4). 

Coherence function (y ) is: 

2 (CSKjy)’ 

(PSD )(PSD ) 
X y 

(7.3-13) 

where PSDx: power spectral density of input (x) 

PSD : 
y 

CSD xy 

power spectral density of output (y) 

cross spectral density of x and y 

In the equation 7.3-13, it should be noted thr.t the value of y varies 
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2 
between 0 and 1. When y la one, the Input (x) and the output (y) are 100X 
coherent, indicating that all the acoustic energy arriving at y is due to the 
noise generated at x. Thus comparison of the y^s between an observer (e.g., 
farfie Id microphones) and various source points at a given frequency will give 
the magnitude of noise contribution from each noise source. An example of such 
a situation is Illustrated in Figure 7.3-4. Ordinary and partial coherence 
function calcnlatlons were used to identify a 147 HX noise on a marine engine 
test installation. 

The notation M at the top of the figure is the microphone in the test room. 
Numbers 1, 2, 3, and 4 are accelerometers mounted on the following locations. 

1. water break base 

2. water break floor 

3. engine module floor 

4. engine module compartment 

2 
It is evident from the partial coherence measurements (y_) , a large amount of 
noise at 147 HZ is transmitted to the engine module floor from the engine 
moda.e compartment. 

From the above observations, it is suggested that the 147 HZ noise is 
not transmitted to the floor through the water brake base (i.e., y ■ .0437). 
Simultaneous high coherence between engine floor (3), engine compartment (4) 
and the room microphone indicates that the 147 HZ noise is transmitted from 
the engine compartment to the floor through acoustic absorber (A) and reradl- 
ating from the floor to the room microphone. 

The fix here was to make the acoustic/vibration absorber (A) resistant to 
the transmission of 147 HZ vibration. 

7.4 SUMMARY 

As has been noted, casing radiation is not a noise source in the sense of 
the other core engine noise sources. However, the salient engine characteristics 
which effect casing radiation have been identified and methods for determining 
casing attenuation (or lack of it) presented. In Volume III (Phase IV, 
Development of Prediction Techniques) this information will be used to develop 
a core noise casing radiation prediction method. 
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SECTION 8.0 

COMPRESSOR NOISE 

6.i BACKGROUND 

Compressor noise - its generation and an extensive prediction method - 
was investigated and reported under previous FAA sponsorship (Contract No. 
DOT FA68WA-1960) in a report entitled "Fan/Compressor Noise Research'1 
(Reference 8.1-1). In the present effort, compressor noise was examined by the 
methods developed in the previous effort to assess its contribution to the 
overall engine noise (see Volume I, Section 2.2.8), determine how well acoustic 
treatment would suppress compressor noise, and to check the prediction against 
test data obtained since the end of the previous program. 

Considerable test data on a turbofan engine with the fan highly suppressed 
was accumulated during the NASA/GE Quiet Engine Program on Engine "A" (Reference 
8.1-2). The engine was run in several configurations with internal measurements 
as shown in Figure 8.1-1. In addition to the configuration with the three inlet 
splitters, tests were performed on the engine with "Frame Treatment" and a "Long 
created Inlet (see Figure 8.1-1). For all of the configurations acoustic 
treatment was included in the "goose neck" between the fan and compressor inlet. 
Both internal and external data from these tests were examined to detenoine the 
effects of compressor noise in the engine environment. 

8-2 ANALYSIS OF COMPRESSOR NOISE PROPAGATION PATHS 

As a first slap in examining the Engine "A" data for compressor noise con¬ 

tent, narrowband analyuls of farfield data was examined for a low engine power 
setting with the engine in the "Fully Suppressed" configuration. Figure 8.2-1 

shows the data at 60 degrees and Figure 8.2-2 at 120 degrees to the inlet axis. 
Even though the fan is highly suppressed and the engine is at a low power 
setting (i.e. Jet velocity is low), compressor tones are still barely visible. 
It is, of course, likely that the compressor contribution would be considerably 
higher if the "goose neck" were not treated. Most conventional takeoff and 
and landing (CTOL) aircraft engines however will have core booster stages which 
will offer considerable resistance to forward radiated noise. For example, if 
three such stages are used, Reference 8.2-1 indicates an 18 db reduction in 
forward radiated noise. 

The core inlet is, of course, not the only path for a compiessor noise 
radiation. The casing and core exhaust may also be paths. Figures 8.2-3, 
and 8.2-4 show, respectively, narrowband analysis of a probe in the core 

exhaust and the fan exhaust on Engine "a". Neither probe shows any sign of com¬ 
pressor tone noise. The inlet probe data, Figure 8.2-5, however, clearly 
shows the first and fifth compressor stages. The reason for the fifth stage 
radiation is believed to be related to the fact that the fifth stage is 

surrounded by several bleed ports which effectively provide a casing path for 
radiation. The mechanism by which this noise reaches the inlet (and not the 
exhaust) is, however, unknown. 

8-1 
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Since the principle path of compressor radiation is apparently out the 

inlet, a probe was incorporated into Engine "A" at the core inlet (see Figure 

8.1-1). A narrowband from this probe is shown in Figure 8.2-6 where the first 

stage tone is again visible. 

Examination of narrowband data does not constitute an exclusive method of 

finding compressor noise. It remains possible that other noise sources are 

masking the compressor despite the fact that the fan is highly suppressed and 

the engine is at low power settings. Another method of analyzing internal 

fprobe) a id external (farfield) data is by determining the degree of phase 

coherence which exists between the two signals. Figure 8.2-7 contains such 

an analysis for the fan inlet and exhaust probes and two farfield positions for 

each possible compressor tone. Generally a coherence of 30X indicates that a 

measurable amount of energy arriving at the farfield point has psssed the 

internal point. 

Figure 8.2-7 shows the front compressor stages to have a high degree of 

coherence with the front angle and the rear stages with the aft angle as might 

be expected. The coherence function does not indicate the level of the noise 

at the far'ield point; but it does indicate the existence of a compressor 

noise sigral, even though it is not visible in the spectrum. 

8.3 COMPARISON OF PREDICTED AND MEASURED COMPRESSOR NOISE 

In Reference 8.1-1 analytical prediction method was developed which 

was based on the aerodynamic and geometric parameters which define a fan or 

compressor stage. In order to check the validity of the prediction procedure, 

Internal probe and farfield data from Engine "a" in the "Frame Treated" con¬ 

figuration (see Figure 8.3-1) were employed. The internal core inlet probe 

data (see Figure 8.3-2) indicated that the first compressor stage was generating 

153.0 db PWL. Figure 8.3-2 shows the SPL at two different immersions for this 

core probe which when Integrated provides the acoustic power. Using the pre¬ 

diction of Reference 9.1-1 results in a predicted PWL of 152.1 db versus a 

measured level of 153.0 db. Thus the prediction is valid for the Engine "A" 

core compressor's first stage. 

8.4 METHODS OF SUPPRESSION 

One means of suppressing compressor radiated noise is to apply acousti¬ 

cally absorbing materials to the "goose neck" between the compressor inlet 

and fan inner flowpath OGV as was done in QEP Engine "A" (see Figure 8.3-1). 
It was predicted that this acoustic treatment would result in a 16 db decrease 

in the compressor first stage PWL. In order to validate this, the predicted 

first stage PWL was suppressed by 16 db due to the treatment and 6 db due to 

the fan rotor and OGV and compared to the farfield measure PWL. The farfield 

power measured 125.7 db while the predicted level was 130.1 db. The most 

likely reason for the discrepancy is farfield energy which could not be seen 

at angles beyond 60 degrees due to the predominance of other noise sources. 

Figure 8.4-1 indicates that at 70 degrees the 1st stage tone can no longer 

be seen. Nevertheless, it is clear that a considerable amount of the first 

stage power which was measured at the compressor inlet did not reach the far¬ 

field due to the core treatment. 
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• QUIET ENCINK "a” 
•CORE IKLFT PROBE 
•APPROACH POWER 
• ¿0 Hz MAAHuWbRM«/ 
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2nd Stg.BFF C? . 

3rd Stg.BPF C0 ■ 

^th Stg. BPF 2C, 

í«n>? 
' 6¾ Stg.BPF 

1 7th Stg.BPF 

6th Stg.BPF 

« let Stg.2nd HAFBOHIC 

FIGURE 8.3-2 CORE INLET PROBE DATA SHOWING COMPRESSOR TONES. 
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In examining the Engine "A" data another means of suppressing compressor 
inlet noise was discovered. Figure 8.4-2 shows the result of adding fan inlet 
acoustic treatment on the compressor noise. The three Engine "A" configuration 
are indicated In Figure 8.1-1. In general the Inlet suppression techniques - 
even extended wall acoustic treatment only - have a profound effect on 
compressor noise. 

8.5 SUMMARY 

The contribution of compressor noise has been shown to be small in the 
overall engine environment with the principle path of radiation the engine 
Inlet. Furthermore,the identification of con^ressor noise In the farfield can 
be enhanced by use of coherence function analysis. 

The analytic prediction method developed In Reference 8.1-1 was aluo 
found to be valid for the inlet radiated noise of a core compressor, in 
addition, it was determined that coii^ressor inlet radiated noise may be sup¬ 
pressed by the sddition of acoustic treatment to the "goose neck" and/or the 
inlet outer cowl wall. 
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APPENDIX A 

NOZZLE PERFORMANCE DATA 

NOZZLE PRESSURE RATIO 

FIGURE A-I JET VELOCITY vs. NOZZLE PRESSURE RATIO 

COANNULAR/COPLANAR NOZZLE AR = 2 
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NOZZLE PRESSURE RATIO 

FIGURE A-3 JET VELOCITY vs. NOZZLE FRESSURE RATIO 
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NOZZLE PRESSURE RATIO 

FIGURE A-4 JET VELOCITY vs. NOZZLE PRESSURE RATIO 

COANNULAR/COPLANAR NOZZLE AR 8 
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APPENDIX B 

AERO-ACOUSTIC DATA MODEL 
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APPENDIX D 

COMBUSTOR TEST POINTS 
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APPENDIX E 

FLOW CORRECTIONS FOR PROBE MEASUREMENTS 

When acoustic measurements are taken with probes in a duct, corrections 

are lired for the duct flow. The corrections follow from the fact that for 

a plane wave propagating down a duct with airflow, the pressure recorded by the 

probe differs from the actual acoustic pressure of the wave as given by: 

where p = Pressure to be used in computing intensity or power levels 

t(measured) = Pressure recorded by the probe 

M = Airflow Mach number at probe location 

ô = Angle of propagating wave front relative to the incoming airflow 

direction (9 - 0 at inlet and 180° for exhaust). 

k “ to/c 

r = Axial distance along the duct (for a plane wave) 

Only the amplitude correction need be considered here as the phase correction 

change? only the wavelength and the frequency remains the same. 

In the actual case, the direction of propagation is not usually that of 

a plane wave traversing axially down a duct, but takes the form of a complex 

mode fluctuating randomly with time. Thus a mean value of 135° is selected for 

9 in the case of a downstream probe. 

The correction for the duct acoustic impedance must be made as the acoustic 

power level is computed by summing over the signals recorded by the probes at 

different immersions as follows* 

rW I 

E-l 

(E-2) 



im....«UW.. ... 

where V 
(K-3) 

and 
(B-A) 

Here W ■ acoustic power 

p - acoustic pressure - given by equation (F-l). 

(pc) m acoustic impedance 

AA " probe immersion area 

N - n'imbeí. of probes 

The subscript Ref denotes reference quantities. Equations (B-2, (E-3) and 

(F-A) yield: 

TVJ L 

where 

and 

SPLn” acoustic sound pressure level recorded with the n-th probt, dB 

Cn * probe frequency response correction, dB 

K >« constant to adjust for the units, • 891 

E-2 

ÉIMM—I 




