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FOREWORD 

This effort was conducted by the Aero-Acoustic Branch, Vehicle 
Dynamics Division, Air Force Flight Dynamics Laboratory (AFFDL). The 
work described was conducted by the AFFDL in support of a development 
program from the Air Force Aeronautical Systems Division (ASD/RWRA) 
at Wright-Patterson AFB Ohio, under project order number RWR-74P- 
009. These tests and analyses were performed to evaluate methods of 
quieting two small Mini Remotely Piloted Vehicles (RPV) Engines and 
conducted during the period of February 1974 to March 1975. 

The manuscript was released by the authors in December 1975. 
as a Technical Report. 
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SECTION I 

INTRODUCTION 

The detectabillty of military aircraft is one of the factors 

which influence the capability of carrying out assigned missions. 

Therefore, ..c is frequently essential that the detectabillty be 

reduced tc a minimum time interval between detection by the enemy 

and his ability to employ counterraeasures or take evasive actions. 

Modern strike or reconnaissance aircraft approach this ideal through 

low level high speed flight.  However, high speed flight Umits 

the use of aircraft for accomplishing certain reconnaissance/surveillance 

missions.  Consequently, there is an interest in slow-flying observation 

aircraft with minimum detectabillty.  Recent experience in Southeast 

Asia (SEA) with an enemy lacking sophisticated aircraft detection 

devices indicated that the noise emanating from observation aircraft 

was detected at considerable distances with the unaided ear.  The 

solution to this problem is the design and development of "quiet" recon- 

naissance/surveillance aircraft which satisfy the usual performance 

at the required flight altitude and will not be detected by an observer 

on the ground.  The design of a "quiet" aircraft from the aural detect- 

abillty standpoint requires that consideration be given to the most 

important aspects of the source (aircraft), path (the atmosphere and 

ground attenuation) and the receiver (ground observer). 

The purpose of this study was to reduce the aural detectabillty, 

from two types of 5 HP engines considered for appliescion in a remotely 

piloted vehicle. (RPV).  This was accomplished by reducing intensity 

and/or modifying the radiation pattern of the noise generated by the 

engines. 

The acoustic radiation from four muffler designs were measured for 

each engine and the effect of a propeller shroud was investigated. 
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These devices, while not flight hardware, can be used as design aids 

in determining the relative overall noise reduction which can be obtained 

in application to Mini RPVs. 

Section II of this report includes a general discussion of the 

important aspects of aural detection and describes the assumptions 

which are used to arrive at the minimum altitudes for nondetection. 

Section III introduces the general overall approach used in reducing 

the radiated noise from the two different engines.  Section IV describes 

the engine, propeller and the basic test arrangements and procedures. 

This section also contains a description of acoustic measurements and 

data acquisition and analysis procedures.  The results of the acoustic 

measurements are given in Section V, including typical one-third octave 

sound pressure level spectra (L ), sample narrow band spectra, one-third 

octave band levels of the acoustic power, and the directional character- 

istics of the acoustic radiation for two positions of the engine exhaust 

stack.  The conclusions determined from these tests are given in Section 

VI.  A detailed description and design analyses of the mufflers are 

shown in Appendix A.  The procedures given for determing the source 

power level are given in Appendix B. 
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SECTION II 

AURAL DETECTION PRINCIPLES 

The Information provided in this section presents the commonly 

used acoustic relationships and aural detection procedures which were 

used in the experimental program. 

A.  Relation between Sound Pressure and Sound Power Level 

The mean-square acoustic pressure at a given location from a 

sound source is proportional to the acoustic power emitted by the 

source.  This mean-square pressure varies inversely as the square of 

the distance from the source.  In a free field such as in an anechoic 

chamber where no reflection paths exist, the space average sound pressure 

level Lpave is related to the sound power level Lw by: 

L
P>ave " 

Lw " 20 ,09 R "O'S f«) 

where R is the distance In feet. The quantity -0.5 is the mathematical 

correction factor for units and reference quantities. Where there 

are reflections and other path and source functions, auditional corrections 

are required. 

B.  Directivity Factor 

It is common for sound sources to radiate more sound in one 

direction than in others. The sound pressure in front of a speaker's 

mouth, for high frequency sound. Is typically ten times as intense as 

that in the opposite direction. Low-frequency sound Is more uniformly 

radiated In all directions. The directivity factor is a term commonly 

employed to describe how directional a source Is. 
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The dirfctlvity factor, Q, is defined as the ratio of the mean-square 

_2 
sound pressure P at some fixed distance and specified direction, to 

_2 
the mean-square sound pressure. P   ,at the same distance but averaged 

over all directions from the source: 

Q = T ref = ^ 
P ave 

The directivity index, also called direction gain, is: 

Dl - 10 log Q = LD - LD P   P,ave 

The sound pressure level, L-, «it a given point is related to the sound 

power level. L,and directivity index by: 
w 

Lp « Lw - 20 log R + DI 

C. Aircraft and Detection 

There are several factors which determine the aural detect- 

ability of an aircraft. These are:  (1) the intensity and radiation 

pattern of the noise generated by the aircraft, (2) the spectrum and 

real time character of the generated noise, (3) the distance separating 

the source and the receiver, (k)   the atmospheric absorption, (5) the 

refraction and scattering effects due to atmospheric wind velocity, 

temperature gradients, and turbulence, (6) the attenuation due to 

terrain absorption, (7) the background noise present In the receiver's 

environment, and (8) the sensitivity of the receiver to the noise. 

Itemr (1) and (2) are associated with the aircraft noise 

source, I tens (3) through (6) are associated with the transmission 

Path, and Items (7> and (8) are associated with the receiver. When 
■ 
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evaluating th    aural detectabi1ity of various aircraft designs criteria 

are required relative to the ability of the observer to detect the 

received signal. 

D. Aural Detection Criteria and Background Levels 
In the absence of any ambient noise an aircraft signal may be 

heard if its level is above the thresnold of audibility of the listener 

in any frequency range. The threshold of audibility for pure toneb and 

octave bands of constant spectral level has been investigated in the 

laboratory.  A thresnold of hearing for pure tones has been recommended 

by the International Standards Organizations (Reference l).  The hearing 

threshold for octave bands of noise was reported in Reference 2. Comparing 

these two thresholds one finds that the two curves are almost identical 

and their difference is less than the errors resulting in source and path 

estimations.  Consequently, the pure tone threshold is used for evaluating 

if an observer can detect an aircraft noise expressed in octave or third 

octave bands, i.e., if any band of noise exceeds the curve it could be 

detected. 
The observer is, however, never in a noise-free environment 

and, therefore, his ability to detect a sound is affected by the level 

and frequency distribution of the background noise. Until recently 

treatment of the effect of background noise was approached by assuming 

that the auditory system senses energies in "critical bands," i.e., 

bandwidths are such that the energy of the masking noise in these 

bands equals the energy of the just-audible pure tone at the bands 

center frequency. The masking level is then generated by correcting 

the known or assumed background noise for "critical bands." 



AFFDL-TR-76-28 

A more recent Investigation reported in Reference 3 approached 

aural detectabi1ity through subjective testing and the application of 

the theory of signal detectabi1ity.  In this study psychoacoustic 

judgment tasks were conducted 'ising different background noises 

(jungle day, jungle night, and suburban) and various received sig- 

nals including tones, bands of noise, combinations of these, and 

measured aircraft flyover noise.  These tests also included non- 

acoustic factors such as costs and rewards associated with the 

decision-making outcome.  It was pointed out In this study that a 

correct detection does not imply recognition. I.e., recognition may 

require higher levels than those associated with detection. 

Figure 1 presents a method developed from this study for 

predicting detection levels for S0%  correct and a 1^ false alarm 

rate. The figure Includes the threshold of hearing curve and pro- 

vides rectangular and slanted grid lines for plotting the aircraft 
r— 

one-third octave band levels and the background noise levels. The 

aircraft noise one-third octave band levels, L , are plotted on the 
P 

rectangular grid. The background noise is plotted In one-third 

octave bands using the slanted grid which then defines the detection 

level, LD, for each band on the rectangular grid. Therefoie, when 

the aircraft noise exceeds the detection level it will have a 50% 

probability of being detected with a \%  false alarm rat;. 
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The ambient or background noise varies from place to place, and 

from time to time.  It is noted from Figure 1 that a high background 

noise level results to a high noise detection level which greatly 

lowers the altitude at which an aircraft can be detected.  Typical 

one-third octave band spectra for country-side, arid, and near urban 

night backgrounds are also presented in Figure 1. 

Figure 1 can be used to evaluate aural detection by selecting 

the appropriate background and estimating or measuring the noise 

levels from an aircraft at an altitude R0.  This is accomplished 

by determining the largest   difference, L, between the aircraft 

noise level L«, and the detection level LD.  In order not to be 

detected, either the noise source must be reduced by this amount or 

the aircraft must operate at a higher altitude.  The estimations of 

the noise received at some distance from an aircraft or the determina- 

tion of the reduction due to increased altitude requires consideration 

of transmission path effects. 

E.  Path 

The amount by which the aircraft noise exceeds the detection 

level determines the total separation distance that would be required 

between the aircraft and receiver such that the aircraft will not 

be detected. The range also depends on factors affecting sound 

propagation; spherical spreading, atmospheric absorption, ground 

attenuation, and refraction and scattering effects. 
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When sound propagates in a free homogeneous, loss-free atmosphere 

far from the source (the so called far field), the sound pressure 

decreases inversely with the distance.  This results in a 6 dB decret.3e 

in sound pressure level L for each doubling of the distance and is 

associated with a constant sound power being radiated through an 

expanding wave front.  This factor applies equally to all frequencies. 

All other propagation factors result in what is normally called excess 

attenuation. 

Atomspheric abosrption accounts for excess loss of energy from 

the sound field by internal modes of the gas molecules and excess 

losses due to viscosity, heat conduction, heat radiation, and diffusion. 

Molecular absorption depends not only on the frequency of sound but 

also on the temperature and relative humidity.  Below frequencies of 

a few hundred Hz molecular absorption coefficients are small and can 

be neglected.  Classical absorption which accounts for the remaining 

losses are negligible for frequencies below several KHz and are nor- 

mally of no consequence at audible frequencies.  The absorption of 

sound in the air is covered in detail in Reference 4, and the atmos- 

pheric absorption coefficients (K in dB/lOOOft) are given in Figure 2. 

Viscous dissipation due to fog, rain, and refraction and 

scattering effects are also factors which cause the propagation of 

sound in the atmosphere to differ from that of an ideal fluid at 

rest.  Terrain attenuation occurs as a result of absorption ^nd 

scattering of sound due to obstacles in the sound path.  ihese 

effects are most pronounced for ground to ground transmission 

of sound and are considered of little consequence in air to 
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■ 

ground transmission when the slant angle between the source and receiver 

is greater than 6 to 10 degrees (References 5, 6 and 7). These factors 

should be applied in the operation of a quiet aircraft when the air- 

craft can fly along a path where terrain attenuation is high and when 

observers will not be located directly under the aircraft. From the 

above discussion, it is seen that for air to ground propagation of 

sound the principal sources of attenuation are spreading loss, Ls, 

and atmospheric absorption. LA. 

The relation between sound power level and sound pressure level 

is such that the sound pressure level, Lp (1 ft), at 1 ft from a point 

source is related to the power level as: 

Lp (1 ft) - Lw dB 

The sound pressure level, Lp (R), at any distance from the source is 

then determined from: 

Lp (R) ■ Lp (1 ft) - AL 

where AL is the total attenuation. For aural detection analysis AL is 

approximately: 

AL = Ls + LA = 20 log R + K (R/1000) 

The one-third octave band level, LP (R0), measured or estimated for 

an aircraft altitude, RQ, is corrected to a distance of one foot by 

using the above equation. The total attenuation required to make the 

aircraft undetectable is given by: 

AL ^ Lp (1 ft) - LD 

where LD is the detection level defined in Figure 1 by the combination 

of the threshold of hearing curve and the specific background. 

1 
11 
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The aircraft altitude, R, required to obtain this attenuation is 

determined from the relationship: 

AL = 20 log R + K (R/1000) 

Since the atmospheric absorption coefficient K is a function of 

frequency, in order to determine the maximum altitude for aural detecta- 

bility, each one-third octave band level which exceeds the detection 

level must be evaluated separately. 

12 
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SECTION III 

APPROACH 

The problem of determining aural detection by the methods introduced 

in the previous section requires the measurement or estimation of the 

raidated noise associated with the aircraft. It is also desirable to 

the major contributing sources of the overall noise signature of the 

aircraft and to determine the effects of various quieting techniques 

such as mufflers, shrouds, cowlings, and combinations of these. The 

noise signature measurements are obtained from aircraft flyover tests 

or in special anechoic chambers. 

Flyover measurements present actual flight conditions, but 

introduce special problems such as the effects of reflections, wind 

and temperature gradients, different paths for each measurement and 

configuration, and the fact that the total acoustic power and directivity 

cannot be calculated directly from the measurements. Anechoic rooms 

present a reflection-free area for acoustic measurements with negligible 

wind and temperature gradients. The noise from the source can be 

measured in various directions to determine the total acoustic power 

radiated. 

A major disadvantage of the anechoic room measurements is the 

lack of proper airflow to simulate flight velocity which affects the 

noise generation and radiation. 

The basic approach to this effort was to apply quieting techni- 

ques consisting of four mufflers, a cowling and a propeller shroud 

to each of two engines, measure the noise of each configuration 

radiated into the acoustic far field, and ascertain the reduction in the 

aural detection range for each of the configurations. The criteria used 

in evaluating the effectiveness of the quieting devices were based 

on sound power level, sound pressure level at certain engine positions, 

and the aural detection range or altitude. 

13 
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SECTION IV 

TEST PROGRAM 

The test configurations for which acoustic measurements were 

made are listed in Table 1 for both the piston (P) and rotary combustion 

(RC) engines. Those configurations for which data were reduced are 

noted by an "X" in the Table. The configuration identified as straight 

exhaust involves the bare engine without shrouding or muffling. For 

this case a short stack was used to duct the exhaust gases and noise out 

of the plane of the propeller. A flexible steel tube was used to 

convey the gases and rwlse out of the anechoic chamber for the configuration 

identified as the maximum muffler (MM). Four different mufflers were 

designed and tested on each engine. These mufflers were tested without 

the cowling or propeller shroud on the RC engine; however, in the piston 

engine muffler tests the propeller shroud was always in place. Both the 

propeller shroud (SH) and cowling (CW) were used in the third block 

of tests in conjunction with the two mufflers which showed the greatest 

noise reduction.For the final two test configurations these two mufflers 

were connected in series and all reduction devices were applied. The 

details of the engines, mufflers, and procedures used in the experimental 

program are given in the following paragraphs. 

A. Engine Description 

The known specifications of the rotary combustion (RC) and 

piston (P) engines are given in Table 2.  Photographs of the engines 

are shown in Figures 3 and 4. These small engines have the proper 

size, weight, HP and vibration characteristics to warrant consideration 

for use in a Mini RPV carrying sensitive optical and electronic equip- 

ment. The RC engine is an experimental limited production item and 

14 
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TABLE 1 

TEST CONFIGURATIONS 

1 2 3 A 

STPUGHT MAX MUFF MAX MUFF MAX MUFF 
EXhy- JST MM PROP  SHR PROP SHR 

COWLING 

S1  S2  B3 s1 s2 S3 s1 s2 S3 s1s2 S3 

RC XXX XXX XXX X    X X 

PISTON XXX XXX XXX X    X X 

5 6 7 8 

MUFFLER MUFFLER MUFFLER MUFFLER              | 
A B C D 

s1 s2 s3 s1 s2 S3 Sl  S2 S3 
s1s2 S3 

RC XXX XXX XXX X    X X 

PISTON X*  X* X* XXX XXX X    X X 

9 10 11 12 

MUFFLER MUFFLER MUFFLER MUFFLER              1 
B A A&B/D A&B 

PROP  SHR PROP  SHR PROP  SHR - 
COWL COWL COWL - 

Sl S2  S3 
s1 s2 S3 Sl  S2  S3 

s1s2 S3 

RC XXX XXX XXX 

PISTON XXX XXX XXX X    X X 

RPM 
ENGINE sl S2 S3 

RC 5400 5000 4500 

PISTON 6500 5500 4500 

X - Data Obtained 

* - Prop Shroud in Place (Piston Engine) 
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TABLE 2 

ENGINE SPECIFICATIONS 

ENGINE RC ENGINE PISTON ENGINE 

Type charge cooled rotary 
combustion 

2 cylinder opposed 
2 stroke cycle 

Displacement 2.48 cubic inch 3.8 cubic inch 

BHP 5.0 (3 12,000 RPM 5 9 9,000 RPM 

BSFC 0.65 ///BHP HR g 8000 RPM 

TORQUE 28 inch pounds (? 9000 RPM 

BMEP 71 psi (3 9000 RPM 

Ignition CD - Spark plug Glow plug 

Ignition tinning 15° BTDC 

Compression ratio 11:1 

Weight (lb) 7.34 4.8 

Dimensions 6-3/4 inch diameter x 
5-3/4 inch 

Fuel 40:1 white gasoline/SAE30 10/10/80 nitro-methane 
castor-oil/methanol 

Carburetor lllotson Tillotson 

Manufacturer unknown Kolbo Korp 
Model D-238 
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FIGURE 3  RC ENGINE 

'v 

FIGURE 4  PISTON ENGINE 
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has not been used in a commercial application as of this date. The 

piston engine is produced in limited quantity and is of the type used 

in the Praeire aad Calere Mini RPVs (Ref. 8). 

B. Propt-ller Description 

All acoustic tests were performed with a 22-8 (diameter-inches, 

pitch-inches) wooden propeller. The RPM/HP performance curve of the 

propeller is given in Figure 5. This curve was determined by a cradling 

procedure described in Reference 9, using the RC engine. The propeller 

rotational speeds selected for the acoustic measurements were from 4500 

to 6500 RPM corresponding to a range of 1.25 to 3.2 HP absorbed by the 

propeller as indicated in Figure 5. 

C. Quieting Techniques 

1. Mufflers: Four muffler designs were investigated for each 

of the two engines. The mufflers used on the RC engine were: (A) iouble 

expansion chamber with external connecting tube, (B) double expansion 

chamber with internal connecting tube, (C) resonator, and (D) a complex 

3 chamber muffler. These designs are shown in Figure 6. The piston 

engine mufflers are shown in Figure 7, and consisted of: (A, B, D) ex- 

pansion chamber resonators, and (C) a simple resonator. The design 

analysis for these mufflers is given in detail in Appendix A. 

2. Cowling: The two engines were equipped with various devices 

to reduce the noise generated by the fan (in the RC engine), intake, 

and casing. The RC engine with its cowling. Muffler A, and propeller 

shroud is shown in Figure 8, and the piston engine with and without 

the engine shroud is shown in Figure 9. The RC engine received 

more attention to cowling details since a much higher con- 

tribution of intake and fan noise was expected (Reference 6). The 

18 
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FIGURE 6        RC ENGINE MUFFLER DESIGNS 
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(TYP) 
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FIGURE  7       PISTON ENGINE MUFFLER DESIGNS 
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cowlings for both engines were fabricated of I/16 i.ich thick galvanized 

sheet steel with a 1/16 inch asbestos fabric bonded to the inside surface. 

Figure 10 illustrates the application of the cowling for the RC engine 

in conjunction with the sound absorbing foam on the fan and carburetor 

intakes. This tubular construction with a foam baffle in front formed 

a labrinth which forced the noise radiated by the fan and intake to 

strike an absorbing surface at least once before radiating away from the 

engine. The piston engine was equipped with only a sheet steel asbestos- 

cowling because of cooling air flow considerations. 

Propeller Shroud: Both engines were operated and noise measure- 

ments taken with and without a propeller shroud.  Figure 11 shows the 

shroud attached to the engine frame. The shroud was expected to 

reduce the rotational noise radiated to a ground observer. Theory 

indicate: that as much as a 6 dB decrease in the level of the 

rotational noise component could be obtained at the point of maximtm 

directivity of a propeller (120°). The same 22-8 propeller was 

used for both the shrouded and unshrouded measurement conditions. 

D. Test Arrangement 

1.  Chamber and Installation:  The engines were operated 

and acoustic measurements were made in the AFFDL Large Anechoic Test 

Chamber (Ref. 10)i  The acoustic chamber is 70 x 56 x 42 feet 

with acoustic ahsorption curtains, ceiling panels, and Poly- 

urethane floor wedges installed to minimize reflections.  The engines 

were mounted above the chamber floor on the end of a cylindrical 

frame as shown In Figure 12.  The engines were secured to a circular 

disk on the end of the cylindrical mount which could be rotated 360° 

allowing the fixed semicircular band of microphones to cover a spher- 

ical surface. 

24 
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A' PROPELLER SHROUD 
1/8" SHEET STEEL 

SCOWLING 
1/16" GALVANIZED   SHEET STEEL 

C= HEAT SHIELD 
1/8" ASBESTOS   SHEET 

D= ACOUSTIC   SHIELD 
1   POLYURETHANE   FOAM 

E= SHIELD   SUPPORT 
1/4"  WIRE   MESH 

SILENCER, 
AIR INTAKE 

PROP 

MOTOR 
CARBURATOR 

INTERNAL ENGINE 
COOLING   FAN 

FIGURE 10  COWLING FOR RC ENGINE 
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2, Data Acquisition and Analysis: Acoustic measurements were 

taken with 12-1/4 inch diameter microphones located in the plane of the engine 

centerline and spaced as shown in Figure 13. Acoustic data from 

microphones 11 and 12 were not used in the later analysis and cal- 

culations because they were in the flow field of the propeller. The 

microphone signals were conveyed through a 12 channel array of automatic 

jain amplifiers to a magnetic tape recorder for later detailed analyses. 

n'gure 14 shows a block diagram of the data acquisition and analysis 

v/stem.   The data analysis equipment and processing parameters are 

shown in Table i. 

3. Test Procedure: The engines were operated in each of the 

twelve configurations listed in Table I, at one of the three rotational 

speeds (rpm) listed below: 

RC ENGINE g' => [Og ENGINE 

Sj = 5400 

S2 = 5000 

S. = 4500 

51 = 6500 

52 = 5500 

53 = 4500 

The acoustic signals were recorded for 30 seconds after the engine 

had reached a stable operating condition. The engine was then rotated 

to another angle and the measurements were repeated. These procedures 

were followed until sufficient measurements had been made to define 

the total acoustic power for this engine RPM. The above steps were 

then repeated at the remaining engine speeds and test configurations. 

28 
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MICROPHONE   NUMBER 
AND  LOCATION (TYP.) 

FIGURE 13        MICROPHONE LOCATIONS 
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TABLE 3 

DATA ANALYSIS PARAMETERS 

ONE-THIRD OCTAVE BAND ANALYSIS 

Integration Time (seconds) 

Sample/Band 

Engineering Range of Filters 

Analyzer 

NARROWBAND ANALYSIS 

Digitizing Rate 

Bandwidth 

Frequency Range 

Analyzer 

Sample 
sec 

TAPE RECORDER 

Tape Speed 

FM Center Frequency 

8 sec 

1024 

12.5 - 5000 Hz 

GR 1921 Real Time 

4096 

2 Hz 

0 - 2000 Hz 

HP-5451B 
Fourier Analyzer 

30 in/sec 

27 K Hz 
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SECTION V 

RESULTS 

A. Sound Power Spectra 

One-third octave band sound power level spectra (L ) were computed 

following the detailed analysis outlined in Appendix B and are shown in 

Figures 15 and 16. These figures include the spectra from both engines 

operating at each of the three engine speeds and for each numbered con- 

figuration described in Table 1. These spectra clearly indicate that 

both engines radiate considerable acoustic energy at the lower frequencies. 

This energy corresponds to the propeller blade passage frequency B 

and its harmonics, where 

/  2  RPM  N  U TO nB = n ( ) Hz n = 1, 2, ... 
60 

and to the engine firing frequency F and its harmonics where; 

r n  60  Hz  " = 1. 2, ... 

From the above it is noted that every even firing frequency is identical 

to a blade passage frequency. Consequently, reducing the engine noise 

would have little effect on reducing the noise at low frequencies, without 

reducing the noise from the propeller. Therefore, the effectiveness of 

the mufflers can not be determined from the one-third octave power spectra. 

These figures show that the piston engine radiates about 6 dB more 

acoustic energy in the unmuffled case than does the RC engine which can 

be attributed to engine noise alone. This is also supported by the fact 

that the mufflers were more effective for the piston engine. Figures 15 

and 16 show that for the RC engine muffler B and D resulted an overall 

8 - TO dB noise reduction for the range of engine speeds tested. For 

the piston engine the combination of muffler A and B resulted in 13 to 

32 
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20 dB noise reduction for these engine speeds. The addition of the 

propeller shroud increased the generated noise rather than reducing 

it. This is further discussed below where the narrow band spectra 

are presented. 

The relationsnip between the overall acoustic power level and the 

horsepower delivered by both engines is presented in Figure 16 for 

each configuration tested. The acoustic power W for the unmuffled 

RC engine was related to engine HP by: 

WRC   «   (HP1)'6 

This agrees very well with the results i.i Reference 6 which gave: 

WRC   a   (HP)1'5 

The piston engine resulted in: 

W « (HP)1,0 

which also agreed with the results in Reference 6. 

For the various muffler configuration the following relationships 

were determined: 

Wp  v        (HP) 2-1 to 2-7 

WRC  a    (HP)
1,7 to 2'5 

An increase in the exponent of horsepower was expected since the acoustic 

radiation from the propeller is more dominant when the engine noise is 

reduced.  For the propeller alone the noise generation follows: 

W     *   (HP)3 t0 4 prop      Knr' 

39 



1 " 

■ 

AFFDL-TR-76-28 

B. NARROWBAND SPECTRA 

Narrowband analyses (2Hz) up to 2000 Hz for selscted data from micro- 

phone 6 located 90° from the engine are presented in Figures 18 through 

27. Figures 18-22 include spectra from the RC engine with the straight ex- 

haust, the maximum muffler (MM), the maximum muffler with propeller 

shroud (MM-SH), the maximum muffler with the shroud and engine cowling 

(MM-SH-CW), and with muffler D. Figures 23-27 present a similar 

sequence of narrowband spectra for the piston engine. The engines were 

operating at 4500 RPM in each case. 

All spectra show a large number of discrete frequency peaks occur- 

ing at harmonics of both the engine firing, F, and blade passage frequencies, 

B. These frequencies up to 10F are noted in Figure 18 for the RC engine 

and in Figure 23 for the piston engine. In Figures 19-22 the spectra 

for the muffled RC engine clearly indicate that the radiated noise is 

dominated by the propeller blade passage frequencies. For higher order 

odd firing frequencies, noise reductions of approximately 10 to 20 dB 

resulted with muffler D. (Figure 27). This agrees reasonably well 

with the predicted value given in Appendix A. However, there was no 

noise reduction at the lower order firing frequency with this muffler. 

Noise reductions also occurred at those frequencies containing the 

blade passage harmonics and even harmonics of the engine firing frequency. 

Since the propeller was rotating at the s\me speed these reductions 

indicate rather large attenuation of the engine firing noise. 

As was noted in discussions of the acoustic power spectra the pro- 

peller shroud increased rather than decreased the blade passage noise. 

This is clearly seen by comparing the results from the RC engine operat- 

ing with the maximum muffler with and without the shroud. (Figures 19 

and 20). The shroud increased sound levels at the blade passage frequen- 

cies by 7-24dB with the largest increases occurring at the higher 

harmonics. 

There are at least two factors which contributed to the increase 

in blade passage noise with the shroud. The calculations shov; that 

the one factor contributing to the increased noise is related to the 
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FIGURE 19 ROTARY COMBUSTION ENGINE - MAXIMUM MUFFLER NARROWBAND 
NOISE SPECTRA 
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NARROWBAND NOISE SPECTRA 
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FIGURE 22    ROTARY COMBUSTION ENGINE - MUFFLER D 
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FIGURE 23 PISTON ENGINE STRAIGHT EXHAUST NOISE SPECTRA 
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FIGURE 25 PISTON ENGINE - MAXIMUM MUFFLER - SHROUD 
NARROWBAND NOISE SPECTRA 
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FIGURE 27    PISTON ENGINE - MUFFLER AB NARROWBAND NOISE SPECTRA 
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jet stream area increase. In a free propeller the actual jet is 

approximately one-half of the propeller plane area (Ap). A propeller 

shroud increases the jet stream area to that of the exit area of the 

shroud {As). The horsepower (HP) increase is proportional to the 

thrust (T) which is related to the jet stream properties: 

HP« T = 
PAV' 

so that: 
HP« 

HP. 

284 inches 

190 inches' 
= 1.49, 

p        nP 

Therefore, since the tests were conducted at constant RPM, the horse- 

power could have increased by as much as 49 percent. Since engine noise 

is related to 10 log HP and propeller noise is related to 20 log HP, 

this potential increase in horsepower could result in an increase of 

5 dB in the noise. The measurements indicate a 5 to 7 dB increase in 

sound nower level when the shroud was attached. However, the narrow 

band data indicate much greater increases at the higher harmonics of 

the blade passage frequencies. 

The increase in the noise level at these frequencies is believed to 

be due to improper aerodynamic design. In particular, the front edge of 

the shroud was formed by a sharp lip which resulted in turbulent eddies 

being sucked into the propeller blade path. The interaction of the 

propeller with these eddies increases the higher harmonics of the 

blade passage frequency. The magnitude of this increase is, however, 

not known. 

The spectra for the muffled piston engine in Figures 24 - 27 show 

that the radiated noise was also dominated by the propeller blade 
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passage frequency. The unmuffled case on the other hand appears 

to be dominated by engine noise. Consequently, the muffler con- 

figurations were much more effective for the piston engine from both 

the overall power and narrowband sound pressure level standpoint. 

For the case with mufflers A and R attached a noise reduction 

of 14 dB resulted at the engine firing frequency with up to 30 dB 

reduction occuring at the firing harmonics up to 1000 Hz (Fig 27). 

The results from the piston engine operating with the shroud 

showed similar increases in blade passage noise as did the RC engine 

(Figures 24 and 25). 

C, Directional Characteristics 

The directional characteristics of a sound source is described 

by the directivity index (DI) which gives the change in sound pressure 

level at different geometric locations. For a non-symmetrical source 

a complete description of the directivity for all frequencies results 

in large number of data points. 

Directivity indices were obtained for both engines at each RPM 

for the cases of straight exhaust, maximum muffler, and the muffler 

with the lowest sound power level. Due to the large number of curves 

they are not presented in this report, however, the most significant 

points are briefly discussed. 

At frequencies above 1000 Hz the values of DI were generally 

within 5 dB of the space average sound pressure level indicating a 

nearly uniform radiation of sound. At frequencies below 1000 Hz 

large variations in DI were noted. At those frequencies corresponding 

to blade passage and engine firing frequencies +6 to -18 dB variations 

in DI were noted in the straight exhaust cases, whereas, for the muffled 

case, the variations in DI were less (+6, -12dB). 
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As the engine was rotated large variations in DI at the engine 

firing frequency were expected since the exhaust was pointed at and 

away from the microphones. However, for the muffled cases, the DI at 

the blade passage frequency wes expected to be nearly constant with 

engine rotation. This was found to be true for engine rotation 

angles corresponding to the exhaust pointing at and away from the 

microphones. For rotation angles corresponding to the exhaust near 

+ 90 degrees, large variation in the DI were noted. This may be attri- 

buted to interference between the discrete acoustic sources, i.e., the 

propeller blade passage frequency and the 2nd engine firing frequency. 

From an aural detection standpoint the most important aspect of 

the directivity was the large variation in sound pressure level when 

the engine exhaust was pointed at and away from the microphones. The 

results in Figures 28 and 29 present the one-third octave band sound 

pressure spectra for this condition from the microphone at 90 degrees 

(Nr 6) for both engines muffled and unmuffled and operating at 4500 

RPM. The selected microphone corresponds to the overhead position of 

an aircraft in flight. 

When both engines are unmuffled, pointing the exhaust away from 

the microphone results in an overall reduction of 7 dB. However, 

when the engines are muffled pointing the exhaust away reduces the 

sound pressure level by no more than 3 dB. For the muffled case 

the sound pressure levels were significantly reduced at all frequencies 

except the blade passage frequency. For the piston engines the sound 

pressure levels at these frequencies were reduced by 20 - 30 dB. For 

the RC engine they were reduced by 15 - 30 dB for all but the highest 

frequency. In the aural detection analyses the effect of pointing the 

exhaust at a ground observer will be considered. 
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D. Aural Detection Ranges 

The primary purpose of the acoustic tests from these two engines 

was to reduce the aural defection altitude and ascertain the individual 

sources contributing to the noise level:, in the auditory frequency 

range. After preliminary inspection of the narrow band and one-third 

octave band sound power and sound pressure level data, certain engine 

orientations were chosen for the aural detection calculations for each 

configuration given in Table 1. The lowest sound pressure levels, 

(L ), exhibited by either engine occurred when the exhaust outlet 

pointed away from the observer (microphone) and the highest sound 

pressure level occurred with the exhaust pointing toward the observerr^ 

Consequently, these two orientations were chosen since they should 

exhibit tho largest difference in aural detection ranges. 

Since th? acoustic measurements were made in a semi-circular 

and not with a straight line arrangement, such as the case when an 

aircraft flies over the ground plane, corrections were made to the 

sound pressure levels received at locations other than the overhead 

position (90°, microphone Nr 6). These corrections were related to 

the angle which each microphone position formed with the center of the 

propeller hub and the microphone 90 degree position. This correction 

was expressed as: 

ALQ = 20 log cos («) 

where « is defined as shown in Figure 30. For example, each one- 

third octave band spectrum level of microphone Nr 4 was corrected by 

1*4 ■ L^ + 20 log cos (30°) 

L^ = L^ - 1.3 dB. 
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The aural detection range is determined by the sound wich reaches 

an observer below the aircraft. For the analysis presented a pseudo 

one-third octave band spectrum was generated which provided the maximum 

level reaching the ground. This pseudo spectra was generated for all 

cases from data corresponding to the exhaust pointing toward and away 

from the ground and for the exhaust rotated + 15 degrees from each of 

these directions. 

The computation procedure to determine the aural detection altitude 

from these data is summarized in the following steps: 

1. The pseudo-spectrum of the maximum one-third octave band level 

was determined for each configuration. 

2. The term ■ 20 Log     = 20 dB was added to this pseudo spectra 

Lp (1 ft). 

3. The atmospheric absorption K in dB/1000 feet was determined 

for each one-third octave bind frequency using Table 4. 

4. The detection level in dB was determined from the threshold of 

hearing curve and the background levels corrected by the values given in 

Table 5. (These corrections are equivalent to plotting the background 

on the slanted grid of Figure 1). 

5. The difference in the detection level and the Lp of the engine- 

propeller noise was calculated and designated as AL. 

6. The range for nondetectability (R) was con.pjttH for each one- 

third octave band from the expression: 

AL = 20 Log R + K (R/1000) 

7. The maximum R values for each pseudo-spectrum was determined for 

all cases and the three background noise environments given in Figure 1 

with the engine exhaust pointing at and away from the measurement plane. 
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TABLE 4  ATMOSPHERIC ABSORPTION 

T = 590F  (150C) 

RH = 60% 

Hz K  (dB/1000 Feet) 

100 0.14 

125 0.16 

160 0.21 

200 0.30 

250 0.38 

315 0.42 

400 0.60 

500 0.70 

630 0.90 

800 1.2 

1000 1.4 

1250 1.8 

1600 2.3 

2000 3.0 

2500 4.4 

3150 5.4 

4000 8.2 

5000 12.0 

6300 17.0 

(Reference 4) 
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TABLE 5 BACKGROUND NOISE LEVELS 

Hz Ll 
NEAR URBAN 

L2 

ARID"
1 L3 

COUNTRY-SIDE 
ÄL Correction for 
50% Detection Rate 

31.5 57 
i 

50 3 

40 43 2.5 

50 i 45 2 

63 45 1.5 

80 47 43 1 

100 46 39 0.5 

125 y r 44 40 0 

160 54 42 35 -0.5 

100 50 39 30 -1 

250 47 37 26 -1.5 

315 46.5 35 24 -2 

400 46 34 24 -2.5 

500 46 32 24 -3 

630 44 30 25 -3.5 

800 42 29 25 -4 

1000 41 27 23 -4.5 

1250 40 20 24 -5 

1600 38 25 24 -5.5 

2000 37 24 22 -6 

2500 35 23 21 -6.5 

3150 32 22 20 -7 

4000 29 21 20 -7.5 

5000 27 21 21 -8 
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The aural detection altitudes determined are presented in Tables 6 

through 9 along with the overall sound power level, L , associated 

with each case. Tables 6 and 7 include the results for the RC engine 

and Tables 8 and 9 include the results for the piston engine. 

The aural detection altitude is noted to be strongly dependent on 

the background noise and engine RPM for all cases presented in the tables. 

The altitude for non-detectability in a near urban (1) background for 

the RC engine operating at 4500 RPM with a straight exhaust was 1,348 

feet contrasted to 4,922 feet inan arid background and 11,405 feet 

in a country-side (3) background. The piston engine showed a sequence 

of 4,023, 9,039, and 13,906 feet for these backgrounds. Similar back- 

ground effects were noted for all engine RPMs and all other con- 

figurations. 

In a previous section (Figures 28 and 29) it was shown that pointing 

the engine exhaust away from a ground observer resulted in a 7dB reduction 

in overall sound pressure level.    a 7dB sound pressure level reduction, 

a reduction in aural detection altitude by nearly a factor of 2 would be 

expected. Although the data in the Tables show reductions associated with 

directing the untreated exhaust away from the observer the reductions 

varied with background and engine. The aural detection altitude for the 

RC engine was reduced by this factor in all but the country-side background. 

The reduction in aural detection altitude for the piston engine was 

always less than a factor of 2, indicating that using the sound pressure 

for only one point can give significant errors in the aural detection 

altitude. The reduction in aural detection altitude associated with the 

muffled engine exhaust pointed away from the ground observer was in every 

case very small. 

Table 6 shows that the lowest aural detection altitudes exhibited 

for the RC engine was 1,133, 2,266, and 4,023 feet in backgrounds for near 

urban (1), arid (2), and country-side (3) respectively, with muffler D 

installed and operating at 4500 RPM. Table 8 shows the lowest aural 

detection ranges for the piston engine at the same RPM were 889, 2,500, 

and 2,891 respectively for the three background noise levels with 

mufflers A and B installed. 

62 



AFFDL-TR-76-28 

U-i 
CD 
Z 

LU 
>■ 
o: 
Lu 
u-i 
CO 
O 
E 
o 
ce 
L. 

CD 

O 
O 

un 

o 
Di 
IS) 

<-> 
cC 
CO 

UJ o 
h- a. 
LU 
a 1— 

in 
_J =3 

2 s X 
=3 X < LU 

I 
U3 h- 

t—i 

LU 3 
_J 
CO LU 
«i z 

D- 
Oi 

O 
O 
O 

o 

<: 
CÜ 

o 
CTl 

oo     oo 
ai     en 

o 
LO 

n 

CM (D 
Od i— i— 1X> 

00 LO 

00 CO 

D- 

o 
o 
LO 

o 

Cfl 

UJ 1— O0 

Sg 1 3 3 
0 

tD =3 3: 1 1 
z ts X X X re 
LU >-i LU 00 oo 00 

U- 1 1 1 

(-) Z h- s: s: s: ■^ cX, m 
oo 2: s: 2: f * 5: 

I 

00 
1 

CO o 
5: 

ro 
O 

1— ^t-^-voLocoOr-crvco>— 
oo^j-^j-LOCMO-ir^^i-^ocvico 
r-~roo0i—      1—       cOLOLD«^-cot^. 

LOOJ^-LOCOLO^-yDLOrOLO 

LOOr— ixjoouocvir^roLOi— 
r^LOvOy3yDaioOn-ijO>^-«d- 
00C\J<d-0JLOlX)LOLOCyi>d-«a- 

■— 1— CMCSIi— C\Jr— OJi— r-CM 

oooooooco^-LO.— ^-ro"* 

OcOLo^d->^-<nc\jr~.r^CMLO 
CMOi— ^-1— r— 1— 1— >— !— p— 

cTicn«3-^j-00Lnrocrv(nc\jcr) 
voo^-roooc\Jkoy3i— i-^-t— 
CTiLoror^.«*.—      LO      Kt      c\i      t—      1-^ 

CM^-r^r^oooovoocniDLO 

COLOCOCMP^COOJCTli— 000 
1— OOLOO^OOlOCOCSJO 
rOOJ«3-r-Or-~r— «d-LOi— o 
,r>oo>!i->^-rOLO<^-LO^-roLO 

CTlOOL0(-^00CT>00r~.00v£> 
cyiLoaio%ooa>oor».corovo 
VOCMOOOCOLOCMLOCOCOOvJ 

1— 1— CSJi— t— CVJi— C\Ji— r— C\] 

i^-LOcncM^-o^-ojroaiLO 

COLOCMCMC\Jf-.OLnLDOrO 
>— Or-r-i— 1— !— ■— n-r-r- 

^OLOO^-o^^-r~.LO^-roc\j 
oa^ooovDoocncMcricvir^ 
^-lOLO^-«3-^-<Mr— OOi— 

1— C\Jr~lOLOIX>«a-C0ViD«^-lD 

CMCT>OrOCrilO<*C\JOlOi— 
CMOLOJ— Lor^rocnLOixj«* 
<Ti      1—      f-^ioCTiror^^-r~.c\ii— 

«a-oororocMt^-CM^a-rocsj^- 

OOLOCTlF— OJVOCVJr-CVJCOOO 
^■'S-cricMLO^or^roLOcoLn 
cooioioi—      ojr—      o.—      1—      er« 

1— LOLD"=)-01LDi— CTlCOCVJLO 

r^cvjcyiCTi(T>^t"r~>i—      r—      r^o 
>—        OOOOi—        Ot—        r—        Oi— 

o 
1 

I 
Q 
5 

CO 

OJ > 
z UJ 
0 _) 
1—( 

(- s- 
•^r cu 
o: ^ ^ 0 
0 Q. 
I—* 

U- u 
z ■1- 

0 +J 
0 I/) 

3 
1— O 
</5 O 
LU ■=r 
CO 

1 
1 

3 
* —j 

63 

I 



AFFDL-TR-76-28 

UJ 

o 

CO 

oo ID oo en ro oo ID oo ID ,  LD 
oo CM en o i— LD CM o CM CD r>. 
r— CO en i— ro *t CO CM CTi co 

OO ^ «» »i A n •* * n •> r 
t^ un LD h» o at LD CO 00 en CD ^— '"" 1— 

00 OJ Öl ^r 00 CD CO 00 CO o^ CO 
CO CM O ^f r^ i— 00 CM LD o ID 
en ^t CD 00 O o CD PO CD CO ■* 

Q (NJ *i *l *■ r> ^ VI n ^ PI * 
a. 

o 
o CM t "=t ID CD * LD r>v ■^ <* 

O e3 oo t-~. LD CD CO 00 00 o en ,_— LD o i<i oo CO o CD r^ 0O CD o CO ^J- O «* <_3 r~~ to cn CO CM co *d- OO LD en CD CO 
LD < n r* ft tk fi r* A •- r. fi 

CO <■ '— CM CM CM oo CM CM CM •— CM 

Qi 
LU 
5» 
CC o cr> ^t- CD o r-- 00 CO en CO rv. 
JJ LO CD ^d" ro o (Ti CO 00 CO LD <d- 

t/1 n CM o-i co CO ID CM en CTl i— ID 
CO 9\ n tl n n *> ^ pi fl »> tk 

o VO CM ^f * r». <Tl ID r^ CM o ID 

Q 
^— ^— ^— 

üC: 
CC CO CD CO o ro r^ O O r-~ CO CM 
3 LD CD CD LD CD en OO o <n ro o 
O Q CM «* CM O r~. o r^ cn o r^ CO 
t- s: 2: •* »> w> vt fl r. fl ri #« ft ^ 

D- =3 • ai CM «* ro ^s- CD CM LD CD ^1- '^- 
C3 
Z 

cc o 
a: 

t-H o tc 
1- o ^ lO O r— co <* C\J ,— OO ^1- o a^ 
z o o ^ r— ID ro ro ro ■* <* co «■ 00 CM 
t-H ID < Lf) CM O r-~ (Tl CM CO oo oo CO 
o CO n r- •^ »< M ^ ^ r« »* 

n 1— C^J ■— 1  OO i— CM CM 1— CM 

(/O 
=3 
< 
a: 
X 
LU 

LD CM !  !  ro ID en c >^- o cn 
H CM CM ^ CO CD CM O LD ^ ID o 
HH lO * i  ID O t— CD CM co CM CO 
3 ro •* ** »^ •N #i ^ ^ *- A #» 

tn CM * «t en co "=* CD en CO '^■ 

LU r— 
■^y 

HH 

eg ID O ID t^- r-~ oo 0- r^ r— ID ID 
■z. CM r~ ID CO a> o o en «* CM CM 
LU 

Q 
CM ■""i o ID co CM r~- CM CM 

r. ■"J, 00 

O ■s: ■z. 00 CM oo ro ^t LD CM ^i- ^j- CO CO 
o: Q. 

o 
Q: o CD •=3- CM CM oo en r~- O co o 00 CO o i^ PO ID O LD 00 «d- LD CD LD »a- 

in (_) fmm 1^ r— CO r-- LD o CM CM CO cö 
<■ <c A n o »> « M ft ft ^ fl •* 

CQ CM CM OO CM 

z: 

I 
1 

o 
►-• H 

LU |- 00 3 
Z< => 3 3 3 o 
i-i CC < u o o 
CD 3 a: 1 1 1 3: 
z o X X 3: a: n: 00 
LU l—l LU oo 00 co 00 

u. 1 i i i Q 
o z 1— s: ^~ s: cC <c OQ CQ O C3 
en o to E: y s: 32 2i E: s: 2: Jjr 

o 

64 



AFFDL-TR-76-28 

UJ 
O 

o 
I— 
o 

< 
«I 

co 

.j 

cn !  ,__ in VD oo r_ in co <n -* -* 
oo oo CM O oo CO CM ro o W   CTl 

r^ o o Ol •* CM 1X3 ^ Ol oo in 
ro A ^ #> n n r> ^ « « •> •«    •■ 

U3 CM C\J 0O 
t— 

OO oo OO in oo OO 00  oo 

ro UD CM 1— -=1- ro * r^ r__ t^ o 
ID CTi r— r^ «* CTi l£> ^t CTl O0 ^- in CT) ro o m O LD oo t«* o in CM 

o CM M r- n n rs ^ »• r- n ** r.          r 

s: z r— LD UD <o <JD to UD r- UD h« in vo 
=3 
o 

r— 

Oi 
o tD <d- oo * UD LD *f ro * CTl L.0 oo m 
o i^ cn LD OO LD CTl oo r— m in CTl m in 
LT) O r— o CTl 0- UD U3 r». CO (— ro UD i^ to 
lO < r. Cs ^ •v *v n •> ^ r> ^    •< 

CO ya •— CM CM CM CM CM oo r-) CM r—   CM 

oo oo in r— co o LO 1*» O in 
Qfi • ■ • • • * • • # ■i •       • 
UJ 3 h~ «=}- •JD 00 Ol CTl CTl o r— O «* oo > _l CM i— ,— |H r— i— CM CM CM r—   ^— 
a: 
LU 
00 

1— "— 1— I"" ^— >— f— >— r— r—   r— 

o en * i— <" CTl oo OO ■* CM 1—   0- 
so UO o <* CTl Ol oo r— «* CM 00  ^i- 
o CM <£) OO co in CM <n oo 00 CTl r-> o 

s: m lO ^J- r*«, I»» oo CTl CTl r~- CTl CTi in oo 
o 
UL 

00 rM «* CM o t»« «* o r~. CM   CM >- 00 hs o oo CM o lO * m CM ^-  CM 
< Q <^ kO r^ CM CTl o # CO CM r^ CM   CTl 
3 s: ■z. CVJ n •N in ^ ri r- ♦^ ^ m n A      * 

«r 
o 

(0 OO LTl •* in in ^3- «3 "^f 00   <* 

f^ 
O o 

1—4 O S r— o r~. vO r-~ oo * r-. in in CTl  kD 
t- Lf) o «5f r-- O V O 00 * CM CTi o co «a- 
z ir> < »^ '£> CM CM CM CM oo 00 t\j l£> oo CM   CM 
(—4 CO •1 *i •> fl #> #« #i ^ *< ^. »1      ^ 

o VO pM CM CM C\J CM CM CM CM CM t—   CM 

(^ r^. r-~ OO fSi LD co O in CTi r- oo m =) ■ • • ■ • • • • • • •       • 
< 3 CO CTl «d- 'S- LT) LD lO HD I«» r^ CTl   *1- 
a: _I CM o i— r— r— r— r— O  i— 
X f~ r— r— r~ |MH r — r— r— l-~ ^—   t-~ 

UJ 

VO ^d- 00 00 co o o m r-    00 
1— o OO * 00 oo r^ oo in o o CTl   CM 
HH a> OvJ oo UD r~ o CTl CM in CTl 00  oo 
3 00 »> n #> #1 •> ** ^ n ^ r\ *      * 

00 oo «* ■* LD IT) in <n r-~. oo CM   «D 
UJ 
z 
1—« 
Ü3 00 en lO oo r^ O in 00 <n r— CT>  VD 
z V£. oo CM UD oo '* OJ lO oo 00   r— 
UJ 

z: z 
CM O LD CO 00 

fl #> CT CO CM o 00   00 
ft 

z Q. ■JJ Ol CM OO OO 00 «* 00 oo CM CM r— 

o cc 
oc: 

'•> O c: 
^H O S oo LD O co oo 00 1— CTl 'd- «* o r-^ 
a. LT) o CM ■* oo oo oo OT «d- CTl >3- co o m 

•a- < 
CO " 

O O 
fl 

1-^ 
fl 

00 in oo 
CM   00 

«d- un UD ,  m r- 00 oo 00 OO i*. »a- 

3 oo ■* CJi cr. ,  ,  1  ,  oo «C 00   CTl 
_I CM o O o lü JH JZ r— in in O   O 

z 
B 
NX 1— 
1- 00 3 

^2 :r> 3 3 3 CJ ^ o O o 1 
>-■ a ■x. 1 X 
C3 ts X X X er X n: <: X n: 00 
Z  l-H UJ 00 00 00 oo 00 oo O0 oo *     1 
UJ Ü- 1 1 1 1 i 1 i CO   00 

z 
Q-O 

y- 
co ^ p 00 00 

s: 
o 

SJ 

00 
■o 

O 3 
Hi O 
I- a. 
i—i 
Q O 
Z •-" 
O (- 
CJ CO 

I- o 
C/) (J 
ui «c 
00 

I 

65 



—  —-—   ,  

AFFDL-TR-76-28 

CD 

< 

o »—« 
H 

<: 

CO 

,  oo i  LD ro '* ro I» LO & -^r ■w  
CO U3 CO r-. ,— ro ,— ro CXI o r— LO 
LD o o ro ro CM CO O 1— o CM •=t 

ro n n »s - »% i« p * »■ *■ r- 

tTi Ol r^ cn o o CM CM co un CTi o 1 r- 1 
'— '— ' 1 

CO 1JD ,_ ro ■^r LD 00 h«. LO ,  
«■ o 

CSJ CO Ol LO ro O CM LD o CO # o 
Q CO LT) CM LD r~. cn ro ro cri r*» CO Ln 

^ Z C\J #* ^ »^ r. ^ " ^ ^ *- n 11 ^ 
Q- ^ ro un LD LD r^ CO LO LO CO O ^a- r^ 
ai o 

1 
'— '— 

o 
o *$- r^ CNJ ro >-o "^f o ^f ro r^ CM LD 

i 
in o «a- CNJ CM O O C0 ro LD LO en 00 CO 
IX> < 

00 
r- ro CM <* CM CM CTi en 

n 
o CM LO o 

r^. CM CM ro co CO CM ro ■^1- * ■- ro ; 

cc: 
Ul 

O ,_ ro LD ,_ r-~ LO LD «a- ,— r^ >* 
UJ LT) ro UD r^ CTl lO o O ■* ro «d; en 
1/1 OJ in LD CO ro ro en cn CO O LO o 
D3 ro »^ ff r- M •^ " " * " •> 
O lO 

r - 
^3- LD LD Ln LO CO CO en OJ LO LO 

Q 1 
2^ <£> C» o O ,  ro o o ,  oo 00 co 

i 
t 

3 UO CM CO o ro i— o o ro ro CM r^ 
O Q WD CO ffl o in ro o o O "* CO o 
I— s: ■z. CSJ n •^ « *> »i * r r r» f »> r- 

D. ^D OJ ro *t LO <* in LT) Ln r^ CO ro LO 

CD o: o r*— 
jg 

o C3 i 
t— o s ^m ro r-- CO ro ro 00 00 CM cn LD t— 

Lf) <_3 ^r ■* CM ^o r^ r~- 'd- ^J- ^J- LO o LD 
i—i LT) < o LO CM ,— (Ti r^ 1— 1— CM en •d- * 
O CD pa »* •^ •> ^ It t\ ^ r. n * K ^ 
Q. 

1— 

LO ^ CM CM '— CM CM CM ro CM ' CM 

00 
13 
«a: ^ 
X 
UJ 

z 
1— IX> .  ^ LO r-~ 00 LD ,_ 00 IM C\J 00 
|M| CSJ 00 <* LD ■* ro r-. ro co CM r^ r-^ 
3 

ro * CM 00 
1* 

LD oo o ^ cn LD o 
n 

UJ co ro «f LT) LD LD LD r^ r^ en ro Ln 

I  z f— 

U3 
UD CM 00 co ro CvJ Ln LD CM ■* O o 

LlJ LD LO CM CM LD CJ r^ CO CM * ro 00 
O «o 00 CO O »a- cr. ro IT) c ro en ^— 

zz. S z CM r. n *• ». ** ^ *• * r« ^ ^ 
o Q- =3 CM CM ro •=t *■ ^3- ^1- LO f r-^ CM ^a- 

00 
O 
O 

o 
oi 
CJ3 

r— 

Q. ^_ 'l- CM ro "* ^ C0 CM LD t .1 «* o 
Lf) o ^d" cn o LD i— ro uo en ID C J cn co 
^t 

CQ 
■— WS 

»1 
o LD LD CTl O iv *> en CM *t o LD 

lO CJ CM CM 1— 

i 

z: o ; 

§ 3 ' uj <; 3 3 3 ^ 
< o <-> 

1 i 1 
C3 C3 x 31 31 n: 3: X x I X OO 

Z •—' 1 1 1 OO OO oo oo oo oo oo oo 1 
1 LLI U- i i l i 1 CO 00 

1 Q- O 
1— 
00 ^ |= 5 g g QQ BQ 

E; g s 
u 

66 



p— — - ■ 

l""J    "" '" 

■ 

AFFDL-iR-76-28 

These results demonstrate that, while the piston engine is the noisier 

of the two, muffling of the exhaust was more effective than was with the 

RC engine. For the best muffler the RC and piston engines can operate 

undetected above 2500 feet altitude in the urban background for all 

engine RPM's investigated. However, as the background is changed 

to arid the engines cannot exceed 4500 RPM to be undetected at 2500 

feet. In the country-side background both engines would be detected 

when flying at 2500 feet at any cf the RPM's investigated. 

As the background environment is changed from near urban to country 

side the frequency range which caused detection shifted to lower 

values. The frequencies which caused detection the quietest back- 

ground are associated with the lower harmonics of the blade passage 

frequency. In order to reach lower altitude for nondetection would 

require reducing tf.ese blade passage harmonics. The shroud which 

was used in the test program did not reduce the aural detection 

altitude but in every case increased it. With a well designed pro- 

peller shroud and mufflers at least as effective as those used in 

this investigation it should be possible to operate a mini RPV with 

engines of the size investigated without being aurally detected at 

2500 feet range in a country-side background. 
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SECTION VI 

CONCLUSIONS 

Extensive noise surveys were conducted on a rotary combustion and 

a piston engine operating over a range of RPM's with and without mufflers. 

The results of the noise surveys are presented in terms of one-third 

octave band sound power levels, directional characteristics, and narrow- 

band and one-thiH ootave band sound pressure levels. Aural detection 

analysis procedures are described and detection altitudes obtained for 

background noise environments associated with near urban, arid, and 

country-side environments. The following conclusions were drawn from 

this investigation: 

a. The predominant noise source for the unmuffled condition was 

the engine exhaust where the piston engine generated approximately 6 dB 

more acoustic energy than did the rotary combustion engine. 

b. When the engine exhaust noise was muffled the predominant noise 

source was the propeller. 

c. The best muff!er designs reduced the sound levels at the higher 

engine firing frequencies by 14 to 30 dB. 

d. The propeller shroud used in this study increased the sound 

pressure at the blade passage frequencies and its harmonics by 7-24 dB. 

e. The sound pressure levels reaching the ground are reduced when 

the exhaust is directed away. When the engines were not muffled overall 

reductions of 7 dB can be expected whereas no more than 3 dB reductions 

result for the rcuffled engines. 

f. The RC and piston engines with the best mufflers attached can 

be operated undetected above 2500 feet altitude in the near-urban 

background noise environment within the range of engines speeds tested, 

g. If the engine sp^ds exceeds 4500 RPM in a arid background 

noise environment the aircraft will be detected at 2500 feet altitude. 
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h. The engines will be detected at 2500 feet in a country-side 

background even at the lowest engine power setting investigated (4500 RPM). 

i. Reduction of the propeller blade passage noise levels is required 

to reduce the aural detection altitude to 2500 feet in a :ountry-side 

background noise environment. 
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APPENDIX A 

MUFFLER DESIGNS 

The mufflers for both engines were designed from the guidelines 

given in Reference 12. The RC engine muffler inlet size of 0.5 inch 

permitted the use of classical expansion type designs. The piston 

engine did not lend itself to the standard analysis because of the 

large (1.0 inch) diameter exhaust header size which limited the noise 

reduction that could be obtained with expansion chamber type designs. 

Consequently, more complicated designs were incorporated into the 

piston engine mufflers following the geometric designs shown in 

Reference 13, with assumptions made as to the noise reduction principles 

involved. 

The sound transmission loss (TL) analysis was computed for each 

design using the values: 

temperature of exhaust gas 

maximum weight of silencer 

inside diameter of exhaust 
tube RC 

design sound transmission 
loss RC 

600oF 

5 lbs 

- 0.5 inch 

- 1,0 inch 

- 30 dB 

- 15 dB 

frequency 100 Hz (6000 RPM) 
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RC ENGINE 

A 

FLOW (TYP)- 

FIBERGLASS 

Double Exnanison Chamber with External Connecting Tube 

ST  =  .0014 Ft2 

9/64 DIA., HOLE 
32  REQ'D 

-•-FLOW (TYR) 

S?=  .0873    Ft^ 

S2 
m ^ - = 62: 

Si 

C = 1595 Ft/Sec 

K - Zrf/c = 0.394 Ft' 

Le ■ 1.4" = 0.117 Ft 

cos 2K (Le + Lc)  -  .99 

sin 2K Ce + Lc) =  'U9 

sin 2K Lc =  .046 

sin 2K {Le - Lc ) =   .046 
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A,? 
Where -  is the complex ratio of the transmitted pressure to the incident pressure. 

^2  1 

A-!  16m 

A2 

I 

- 2j4m (m + 1)2 cos 2K (t, ♦!<:)- 4m (m - I)2 cos 2K (L - L ) 
6m  ' c       L 

+i   I 2(m2 + 1)  (m + I)2    sin 2K (L^    +  ^ ) 

-2  (m2 + 1)   (m-l)Z    sin 2K (l^ . 1^ ) . 4(ni2 .l)2    sin 2K ^j 

= i"^62)2 ^4(62) (63)2 (,99) ' 4 (62) (61)2 (-99)] 

+i [ 2 (622+ 1) (63)2 (.139) 

-2{622 + 1) (612) .046 - 4 (622 - I)2 .046]) 

993 - i 22.3 

TL ■ 10 log 

TL - 27 dB 

[ ■(:,■) • ■© = 10 log (.986 + 498) 
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RC ENGINE 

B 

16.8 

8.4-tar)- 

p.^TVR)^ 

DOUBLE EXPANSION CHAMBER WITH INTERNAL CONNECTING TUBE 

Sj ■ .0014 Ft' 

$2 = .0873 Ft 2 

S2 
m = - = 62 

Si 

K = Zvf/c =  .394 Ft -1 

KLe = .276 

sin 2KLe ■ .524 
cos 2KLC = .852 

tan KLc =  .210 

A2 

^1 

A2 

cos 2K Le -  (m-1)  sin 2K  Lc tab KL^ 

+1/2      (m+ i) sin 2KLe + (f""1) tan KLC 

m + ^     cos 2KLp -  (m 

852 -  (61)  (.524)(.210) 

+1/2   [(62 + ^  )  .524 +(61)  (.210) 

(62 + ^ )   .852 -  (62 -    Jj)] 

li\ 

= -5.86 + 2  [32.5 + 12.8 (-9.18)] 

= -5.86 -  i  42.6 

2 
r /A9\2    /A2\ 2i ( 1 TL - 10 log      r'^l      + IM = 10 log   J34.3 + 1810.5 J 

TL = 32.6 dB 
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(1) 

RC ENGINE 
9./ 

c 
(v) 

-^XJ-_r-r i   i   #   |—gae 

-^^J^ 

— i^Q .,_ 

s^s^; 
4 DIA. 
(TYP) 

LI 
ii ̂ DIA.(TYR) 

1/64 DIA., HOLE ir   \ 
24  REQ'D ^0' 

Resonator 

t - wall thickness of tubing = .035 inch 

K - *j|!  = 0.394 Ft"! 

W—J— ■ set equal to 0.394 

and a value for 
2 s 

is chosen as 10 to obtain 

the transmission loss of approximately 30dB 

then yT^V = 2s (10) = 2 (.0014) 10. - .028 Ft2 

co =Vv x j"5r' -OH 
I   ' V 

VCo V      .023 

' -^   - — - •07, 

.071 

.0873 
.81 Ft = 9.7 inches 

ns 
e 

Cn e 
n = 

where n = number of holes in resonator 
Sc = area of each hole 

(.011) (2.92 x 103) 
1 = length of hole in smaller tube 

1.33 x lO"6) 

n 5: 24 holes 
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TL = 10 log 1 H 

CoV_ 

2S 

ff f 

Where at resonance (fP) the theoretical TL is infinite, an f at .9fr or l.lfr 
is chosen to estimate the actual TL near fr, or, 

TL = 10 log 

= 10 log 

TL = 34 dB 

1 + 
10 

v .9 - 1.1 

1 + 2500 
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RC ENGINE 

D 

1/16 DIA.,HOLE 
7 REQ'D 

1/13 DiA. .HOLE 
14   REQ'D 

1/16 DIA., HOLE 
8  REQ'D 

CoScnN^'flilEV' 3 RES0NAT0RS AND A "^ KM1.SI0H CHAMBER «TH INTERNAL 

(a)    Expansion Chamber 

S2 
m = r    =62 

Le ■ 0.083 

K = 2,1 X = .394 

KLe =  .0327 

cos 2KLe = .998 

sin 2K!.e = .065 

Lc = o 

A2 

T     ={cos 2KLe)+ i/2   {(m + -^{sin 2KLe)l 
m ; 

A2 

TL = 10 1 

+ i/2{(62 + ^)(.065)j 

1(2 .026) 

= 10 log [.996 + 4.:ol 
Ti   ■  10 log (5.10) J 

■TL = 7.1 dB 
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RC ENGINE  D 

(b) Resonator 1 

V} = .00701 Ft2 

V2 = .00713 Ft2 

Cl ■ 
n ^ c (7) (.00307) 

1 (.035) 

C] = .614 inch or ,0512 Ft 

H-{ 

25 

0512/.00701 ■ 2.68 

^(.0512) (.00701) 

(2) .0014 

<v- 

TL = 10 log 

10 log 

= 10 log 

2 -, 

1 + 
6.77 

147 - 6.8 

= 10 log 1 + 1.035 

TL = 10 log 2.04 % 3 dB 

6.77 

(2.68) = 680 H, 
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Resonator 2 

r       n Sc        ^    .00307 
C2 = -T- = 14 —ösT = 1.228 inch or  .1023 

/EL. rn 
▼ V2 V .00 

023 
00713 

3.79 

C      /L2 1595    ,        , 
fr ' 27   STT-—    (3-79) 

962 H, 

VC?2 

2S 

V(.1023)   (■00713)_    9.65 

(2)        .0014 

ri       -2 

TL - 10 log    (1 + 
2S 

f     f. 
)    -    10 log   ll+l-LSL 
/ \  V 100  962 

TL = 10 log 

L f r f J 962  100' / 

2 

(-(n^62))—(-(-^-y) 104 - 9 

= 10 log (2.03) i  3 dB 
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Resonator 3 

C^ ■ 
n Sc 8 (.00307) 

.035 
= .7017 inch 

%   -^ 

0585 ■ 2.89 
00701 

C i 
VC3 V3    V (.0585) .00701 
"ZT" =   (2) -0014 

= 733 Hz 

= 7.23 

TL = 10 log < 1 + 

■VC3V3 " 
2s 

f _ fl 

f« f 

= 10 log < 1 + I1*  m 
- - 

7 23 

100 733 

733 100 

TL IG log (1 + 1.01) - 10 log (2.02) 3 dB 

+ TU + TL, + TL4 - 3 + 3 + 7 + 3 = 16dB 
m TL1 + IL2 f 1L3 

Then the addition of 4 transmiss 
a 16dB transmission lo^s. 

ion loss mechanisms gives approximately 

between resonator 1 and 4. 
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PISTON ENGINE    _^ 

A 
ROD 
2 REQ'D 

8. 6 

COMPLEX MUFFLER OF EXPANSION CHAMBER AND 2 
RESONATOR ELEMENTS 

(a)    Single Expansion Chamber: 

K = 2,f/c = i2|S- • .394 

KLe = (.394)  (.717) = .282 

sin KLC = .278 

1/8 DIA., HOLE 
30  REQ'D, EACH PIPE 

51 =  .0873 Ft2 

52 =  .0054 Ft2 

t = 5/33 =  .i56 inrhe 

Si 1 + % (m - •• )    sin2KLc 

r 1      2 2i r 2 

■  10 log [l + h (16.2 -    — )      (.278)     j   = 10 log  [l + ^ [16.2 -  .062]    .0773] 

= 10 log [l + 5.03J    = 10 log 6.03      = 8 dB 

(b) Resonators 
816 F^ 

V = S21S - ZSj  Lt =  (.0873)    Sg      - 2 (.0054) -Ä     =  .0557 Ft 

Nsc 
= 30 

(.0123) —^r = 2.36 inch or .197 Ft 

Vc^V    ■  V(-197)  (.0557) = .1048 

V 1.055 ^V 0557 

CoV 

1.881 

. 1084 
2S 

fr 
IT        1  \l 

2 (.0054) 

1595 
2Tr 

t    = 9.70 

1.881 = 477 H, 

TL = 10 log '*? fr 
fr   f 

(l + 4.52] TL2=310 log [1 + 4.52) = 7.4 

10 log 

dB 

1 
9.70 

>096-4.77 
= 10 log ['♦(™)' 
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• 

FLOW (TYP.) 

FIBERGLASS 

DOUBLE EXPANSION CHAMBER WITH RESONATOR 

K =  .394 

Si  --  .0873 Ft2 

52 =  .0054 Ft2 

53 ■ .0031 Ft2 

Si 

3/4 DIA..TUBING 
2 REQ'O 
l/B DIA., HOLE 
30 REQ'D, EACH PIPE 

m   = 
h 

16 

t = 5/32" =    156' 

Le =  .083 Ft 

Lc ■  .25 Ft 

.013 Ft 

(a)    Double Expansion Chamber with External  Connecting Tube 

KLe =  .0327 

sin 2KLC =  .196 

sin 2K(Le + Lc) = .260 

sin 2K(L8 - Lc) " -131 

cos 2K(Le - Lc) ■ -991 

cos 2K{Le + Lc) = -966 

Le + Lc =  .333 

Le - Lc = .167 

AT   =Ü[4 m (m + 1)2 C0S 2K ilc + Lc) " 4m (m-1)2 cos 2K (Le - Lc)] 
+1   [2(m2 + 1)   (m + I)2    sin 2K (Le + Lc)  -2  (m2 + 1)  (m - l)2 sin 2K (Le - Lc) 

-4(m2 - I)2 sin 2K Lrl 

1       If ' 
=  r6rr6)2iL4(16)(17)2 {-966) + 406) ds)2.991] 

Al 
A2 

1   [2(256 + 1)  (17)2 .260 + 2 (256 + 1)  (15)2 .131  - 4(256-l}2 (.196)]! 

-vki    '7867 + 14270 
+ 1 [ 38622 + 15150 - 50980]> 

1 

4096 
32137 + 1 2792 = 7.85 + i .682 
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TL-lOio^g)    Mg 

i 
At     = 10 log    {(7.85)2 + (.682)2} 

10 log (62.1) = 17.9     «    18 dB 

(6)    RESONATOR 

fj- S^L, - S32LC =   .0873 (.5)  -  .0031   (.5) -  .0421  Ft' 

■■  .394 Ft nSc        _ (60)(.0123)     #  / 1   \ 
co ■ —— - —156        \yt) 

Jc^V    =      .394(.0421)  =  .129 

■ 3.06 

V^ »M- =    10.4     and fr   =    —   • \~Tr— 
2S 2. If     V 

J5£L (3.06) = 777 Hz 
2TI 

TL -- 10 log   M + f - fr I 
x fr    f 

10 log 1 + 
10.4 

100 - 777 
v777      100' 

■ 10 log [l + 1.85] 

= 10 log 2.85 =4.6    «5 dB 

STL = IB + 5 = 23 dB 
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The following designs were selected to be fabricated for the acousti( 

tests; 

PISTICN ENGINE 

FIBERGLASS 

RESONATOR 

Sj    =    .0054 Ft 

1       4 DIA. 
(TYR) 

L-l" DIA. (TYRJ 

S2    ■    .0873 Ft2 

Vl    =    s2Lc " slLc " -0582 - .0036 = .0546 Ft3 

r       n
sc =       60 (.0123)    / 1\ 

Co " T      -T56  (ir) = •394 Ft 

394 (.0546) = .146 

I/« DIA., HOLE 
60 REQ'D 

y^o/v 2.69 

- 13.5 and ff - .S   /°   .-   1595 (2.69) = 683 H, 

( 

TL = 10 log (   1 + 

TL = 7.1 dB 

2S 

1 u 
L fr'fJ 

10 log    I 1 + 13.5        I 

100       683    / 
^3   " icnJ/ 

j !- !0   0" |l + 4.o| 
, 

I 
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PISTON ENGINE 

D 

FIBERGLASS 

DOUBLE EXPANSION CHANBER WITH RESONATOR 

3/4  DIA., TUBING 
2 REO'D 
1/8 DIA., HOLE 
30 REO'D, EACH PIPE 

The TL analysis of this design is similar to piston engine muffler B 
with the resulting TL of 13 dB. 
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APPENDIX B 

SOUND POWER CALCULATIONS 

The aircraft noise source can be described from the acoustic 

power radiated by the various individual sources and the associated 

directionality of the noise.  In this section the measured sound 

pressure levels are used to estimate the total radiated acoustic power 

and directivity index (Dl). 

The total acoustic power (W) generated by a source can be 

determined by integrating the sound intensity (I) over a spherical area 

(A), centered at the source, i.e.: 

W = /A I dA (I) 

The sound intensity at any point in the far field of th. source is 

given by 

where 

1.11 

I = sound intensity 

P = RMS sound pressure 

p = lensity of air 

c - speed of sound in air 

(2) 

The total acoustic power is then given by 

W = /A 1_ dA 
pc (3) 

The total acoustic power can be estimated by dividing the sphere 

into representative areas such that the sound pressure is nearly constant 
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over each area, calculating the acoustic power for each area, and then 

summing the results, i.e., 

W = Z (V\      A 
Vpc/' 

ik) 

The total power generated was estimated using the above procedure. 

However, since the sound pressure distribution was assumed to be 

symmetrical about the test engine, the total acoustic power was, in 

some cases, obtained by doubling the result determined from a hemisphere. 

The measurement spheres were divided as shown in Figure B-l. They 

were divided circumferentially into half lunes (j ■ 1 through j = 12) 

and each lune was divided into ten areas (i = 1 through i = 10). 

The area of each half lune is one-twelfth the area of the quarter 

sphere, or vR2/\2,  where R is the radius of the reference sphere.  Each 

area A, In one of the "j" half lunes is determined from: 

A   . TTR^ (sin 0 - sin 0.). 
i  " b ' ' (5) 

where Ü-j and 02 are the angles between microphone locations. The total 

acoustic power in watts can then be estimated from the following: 

12 
W - (TTR^PO

2
) I 

e    ~5pr~ 
i 10 

£  | I    (sin 0, - sin 0.). (antilog  L..) (6) 

where W = estimated total acoustic power (watts) 

R ■ radius of reference hemisphere (m) 

Po - 20 yN/m
2 

p ■ ^16 N-sec 
c       

-n3 

0- and 01 ■ angles of microphone location from aircraft heading 

L.. ■ sound pressure level associated with A... 
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FIGURE B-l    ACOUSTIC MEASUREMENT SPHERE 
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