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PREFACE 

The contents of these Proceedings are papers contributed 
to the Symposium.  Most of the papers are presented at the Sym- 
posium, while some are included only in the Proceedings.  It is 
intended that these volumes will provide a broad current view 
of university research in basic and applied noise problems re- 
lated to transportation that is being carried out under the sup- 
port of the various Federal Agencies. 

The contents of the volumes are arranged according to the 
subject topic as they appear in the program of presentations at 
the Symposium.  For convenience, a complete author index is 
provided at the end in each of the volumes. 

Our appreciation is extended to Ms. Anne Gregory for her 
patience and diligence in the preparation of these volumes. 

Gordon Banerian William F. Reiter 

North Carolina State University 
Raleigh, North Carolina 
June, 1974 
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VIBRATION OF LLEVATED RAIL RAPID TRANSIT STRUCTURES 

by 

Marshall L. Silver and Thomas Venena 

Department of Materials Engineering 
University of Illinois at Chicago Circle 

Chicago» Illinois 60680 

The measurement of the dynamic response of existing elevated transporta- 
tation structures is a meaningful first step in any research into the problems 
of noise abatement» vibration control» and vehicle ride comfort. By measuring 
the dynamic characteristics of the various structural components of the struc- 
ture» it is possible to develop a basic understanding of the following factors 
that should be useful in the evaluation of existing structures and the design 
of new structures: 

1. The form and magnitude of the loads generated by the transportation 
vehicle. 

2. The natural frequencies of each structural component. 

3. The magnitude of structural noise and vibration damping present in the 
structure. 

4. Values of the annoying frequencies that need to be eliminated to reduce 
unpleasant noise and vibration levels. 

5. Measurements of dynamic response that may be used to check the validity 
of analytical techniques that are used to design and analyze the behavior 
of elevated transportation structures. 

Kith these goals in mind, an extensive field measurement program \%as 
carried out to evaluate the dynamic response of many types of steel elevated 
structures used on the rapid transit lines of the Chicago Transit Authority 
(CTA). The structures tested are of the same type as the transit structures 
in use in Boston» Philadelphia» and New York» and thus will directly aid 
transit operators in many cities concerned with performance, repair, and 
evaluation of existing structures. 

Instrumentation and Mounting Techniques 

The strain gage accelerometer instrumentation system schematically shown 
in Figure i was selected to meet low frequency response specifications (0 to 
1000 hertz) required to evaluate structural analysis techniques. Calibration 
difficulties, inherent in piezoelectric and other instrumentation systems, were 
therefore minimized. For example, it was possible to use a lg reversal test 
(lg ■ 32.2 ft/sec») as a field and laboratory check at the beginning and end 
of each measurement series to insure that the recording system was properly 
calibrated (Dove and Adams, 1964). 

The quality of the acceleration data obtained from vibrating structures 
is only as good as the techniques used to mount the accelerometers and the 
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methods used to clean and prepare ths surface of tested structural members. 
Therefore, an extensive series of laboratory and field tests were performed to 
evaluate alternative accelerometer mounting and surface preparation techniques. 

Results of these tests showed that the use of triaxial and uniaxial 
transducer mounting blocks did not influence the measured response of the 
structure as long as these blocks were epoxied to the structure. On the other 
hand magnetic mounting techniques resulted in the Measurement of abnormally 
high acceleration values. For this reason, epoxy mounting was used except 
where the surface condition of the structure did not make it possible to 
secure a satisfactory epoxy bond. In these cases, magnet mounting w~ *»sed 
and the peak acceleration values were corrected using laboratory and field 
correlation data. A more detailed desciiption of the test instrumentation, 
mounting techniques and evaluation tests are presented elsewhere (Venema and 
Silver, 1974). 

Held Test Sites 

Four different structures on three different transit lines were chosen 
for field testing: 

Site 1 Douglas Park Service, located at the university of Illinois 
Medical Center 

Site 2   Milwaukee Service, South of Francis Street 

Site 5 Milwaukee Service, South of Logan Square 

Site 4 Ravenswood Service, South of the Montrose Street Station 

All of the structures are steel throughout, except for the Milwaukeee 
Service at Logan Square, which has concrete columns and diaphram cross bracing. 
The map showing the location of these test sites is shown in Figure 2. 

The steel elevated structures on the Milwaukee Service at Francis Street 
and on the Douglas Park Service were selected because they are similar to 
structures being modeled with computer finite element methods in another phase 
of the research (Traubenik, et al, 1974), These structures consist of a track 
deck carried by built-up plate girders supported by latticed columns. The 
elevated portion on the Milwaukee Service at Logan Square is a composite 
structure consisting of concrete cross beams supported by concrete columns 
carrying rolled longitudinal plate girders. This structure was chosen in 
order to evaluate the effect of concrete supports and columns on the trans- 
mission of vibrations through the structure. Structures on the Ravenswood 
Service consist of a trick deck carried by built-up plate girders supported 
by non-latticed, built-up columns. Measurements on this structure were made 
and compared to measurements on the Douglas Park Service to evaluate the effect 
of column design on generated vibration levels. 

Rapid Transit Vehicle Characteristics 

Three types t>t rapid transit vehicles commonly called 0000, jooo, and 
2200  series cars arc used on the Chicago Transit Authority system. The 
characteristics of these vehicles are summarized in Table 1. The oldest 
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vehicles, the 6000 series, were built in the 1950's, the 2000 series vehicles 
were built in 1964 and the 2200 series vehicles were built in 1969. 

TABLE 1 

SUMMARY OF RAPID TRANSIT VEHICLE CHARACTERISTICS 
i CHK :AGO TRANSIT AUTHOI RITY 

Construction 
Serie; > and Routes 

im Year Built Weight Appearance Served 

6000 1950-1951 41 ,700 to 42,700 lb Steel Construction Howard 

i 

(initial 
production) 

(18,950 to 19,400kg) non-sealed windows, 
green and white 

Englewood 
Jackson 
Douglas 
Ravenswood 

6000 

i < 

l 

1957-1957 44,350 lb 
(20,150 kg) 

Different 
trucks and wheels 
than the initial 
production 

Milwaukee 

j         2000 1964 47,000 lb Steel construction Lake Street 
(21,360 kg) sealed windows, 

air-conditioned, 
silver and black 

Dan Ryan 

2200 1969-1970 45,000 lb Stainless steel Lake Street 
(20,452 kg) construction, cab 

signals, sealed 
windows, air- 
conditioned, un- 

Dan Ryan 
Douglas 
Congress 
Milwaukee 

painted 

Field Measurement 

The acceleration levels generated by transit vehicles on the four sturc- 
tures at the four different test sites were obtained by mounting a single 
accolerometer underneath the rail in the vertical direction and by moving 
three accelerometers attached to a triaxial mount to various locations on the 
structure. The rail measurement was used to monitor input train excitation and 
any measurements that indicated wheel flats or abnormal vehicle behavior were 
not used to evaluate structural response. For each train pass-by, a record 
was made of the car type and the number of cars. Vehicle speed was determined 
by timing the train as it passed between two predetermined points. 

Accelerometers were placed at a minimum distance of ten feet from rail 
joints to minimize vibration generated by impact between the wheel of the 
vehicle and the rail joint. In addition, all measurements on the longitudinal 
plate girders were made at mid-span between columns to minimize column and 
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connection effects. Specific accelerometer placement locations are illustrated 
in Figure 5. 

Measurement, of Peak acceleration Values 

In the laboratory, magnetic tape records of field accelerometer output 
was displayed on a storage oscilloscope using a static field calibration 
signal to determine the magnitude of the peak accelerations. Care was taken 
in the evaluation of any data where wheel-flüts or any wheel-truck abnormalties 
would possibly cause an erratic reading. For example, in the field if a 
distinct thumping sound was heard or if the train passing over the test acceler- 
ometer emitted noise which was unlike the other transit train passbys, this 
was noted and the time history was inspected for any abnormal peaks which were 
not considered in the analysis. 

Peak acceleration values for all of the field measurements were summa- 
rized using the coordinate system shown in Figure 3. Some of this data is 
combined for different train passbys on the basis of train type, number of 
cars, and train speed in Figures 4 and 5. These figures show that the highest 
accelerations were recorded on the rail with lower accelerations recorded on 
the structure. For example, accelerations on the longitudinal plate girder 
and diagonal cross bracing were lower than levels recorded on the rail by 
approximately 40%. For columns and footing bases, the maximum level was sub- 
stantially lower than the level recorded on the rail or on the longitudinal 
plate girder. 

The effect of train speed on peak acceleration levels can be obtained 
from a comparison of Figure 4 and Figure 5. For example, it may be seen in 
Figure 4 that a two car 2200 series train traveling at 45 mph generates a 
peak acceleration of 76 g in the rail and acceleration levels of 45, 25 and 
34 g on the web of the longitudinal plate girder in the x, y, and z directions, 
respectively.  In comparison, a two car 2200 series train traveling at 15 mph 
generates a peak acceleration level of 22 g in the rail and acceleration 
levels of 12, 4, and 6 g on the web of the longitudinal plate girder in the 
x, y, 2 directions respectively as shown in Figure 5. These figures clearly 
show that increasing the train speed from 15 to 45 mph under operating condi- 
tions can increase generated acceleration levels more than 3 times. 

Analysis of Data in the Frequency Domain 

A real time spectrum analysis can provide information on how the energy 
of a signal is distributed over the range of the frequencies of interest. Such 
information describes what frequencies predominate in the vibration signal and 
this information can be used to evaluate the effectiveness of both vibration 
and noise control techniques. 

Real time analysis of the time history obtained from acceleration measure- 
ments on each structural element were performed with a Spectral Dynamic 
SD-330-20 analyzer. A peak-hold mode of the analysis was selected because of 
the form of the data which contained peak acceleration levels from wheel 
impacts.  It was felt that rather than averaging these peaks, it would be 
more meaningful to find frequencies at which these peaks occurred and then 
compare their relative amplitude to the rest of the power spectrum. An analysis 
frequency range of 0 to 1000 hz, giving a bandwidth of 4 hz was used to match 
the frequency range of the field measurement equipment. The low frequency 
limit for meaningful analysis was set at 50 hz based on a consideration of the 

short sampling period for a moving transit train. 
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Fig.  3     A three dimensional view of the test structure illu- 
strating names of structural members, accelerometer 
placement positions and accelerometer axis directions, 
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DOUGLAS PARK SERVICE 

2 CAR 2200 SERIES 

40-45 MPH 

Fig. 4  Peak acceleration levels in g's for 2 car 2200 series 
trains travelling at 40-45 raph (Douglas Park Service). 
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DOUGLAS PARK SERVICE 

2 CAR 220Ö SERIES 

15 MPH 

Fig. 5     Peak acceleration levels in g's for 2 car 2200 series 
trains travelling at 15 mph (Douglas Park Service!. 

470 

___„_ L—_ ■A^^kLii  '■   -    ■■■—-^t-y^i--: 



9% 

Figure 6 presents four plots showing triaxial acceleration frequency 
distributions for each accelerometer placement position. For each plot, a 
three-dimensional view of the elevated structure shows the location and 
measurement direction for each accelerometer. 

It may be seen from this figure that the rail accelerations contained 
spectral power peaks between 400 hz and 500 hz with an occasional peak around 
700 hz. Similar peaks at the same frequencies may also be seen on the struc- 
tural member. An analysis of these and other data (Vanema and Silver, 1974) 
showed a strong relationship between vehicle speed and structural shaking 
frequencies, with increasing speeds producing peaks at higher frequencies. 

Summary and Conclusions 

Knowledge of the relative magnitude and dominant frequencies of transit 
induced vibrations that are generated in the rail and in each structural 
component of elevated transportation structures may be used to determine what 
elements are most responsible for transmitted noise and vibration. 

Measurements of the peak acceleration magnitudes and the frequency con- 
tent of vibrations on steel elevated transit structure of the type common in 
Chicago, New York, Boston and Philadelphia have shown the following: 

1. Measurement transducers must be bolted or epoxied to the structure to 
accurately measure peak acceleration values. 

.:. Peak acceleration values were measured in decreasing order of magnitude 
on the rail, on the top and bottom flanges, on the web, on cross bracing, 
on the column and at the footing base on steel elevated transit structures. 

3. Peak acceleration values on the order of 70 g generated in the rail by the 
passage of rapid transit vehicles are little attenuated as they are 
transmitted to the structure where peak structural member accelerations 
were on the order of 45 g. 

4. Peak acceleration magnitudes significantly increased for increasing train 
speeds. 

5. Narrowband frequency analysis of the acceleration time histories from the 
rail and from structural members showed spectral poer peaks between 400 hz 
and 500 hz. There was a strong relationship between vehicle speed and the 
frequency of these peaks with higher speeds producing peaks at the highest 
frequencies. 
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Fig. 6     Frequency analysis of the acceleration 
data for a ? car. 2200 series train 
travelling at 35 m.p.h.  (Bottoa flange 
measurement, Douglas Park Service, steel 
structure). 
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A NUMERICAL MODEL OF SOUND PROPAGATION IM URBAN AREAS 

by 

D. Graham Holmes and Richard H. Lyon 

Nass. Institute of Technology, Dept. of Mech. Eng. 
Cambridge, Massachusetts 02139 

I.  INTRODUCTION 

1.1 The Purpose of the Model 

This paper describes a computer-based method for predicting the 
noise levels resulting from the passage of transportation vehicles (cars, 
buses, trucks and railroad vehicles) through urban areas. Many computerised 
methods for predicting noise levels due to vehicular sources already exist (l]v 
but noue appear to be applicable to an "urban environment" • Figure 1 gives 
an example of the sort of urban situation Which can be handled by this 
model. A-A is a traffic artery; this main street and the side streets are 
walled by more or less continuous building facades. We wish, say, to know 
the sound levels on the street segment B-B, perhaps because block C contains 
a hospital. The sound propagates between A-A and B-B by a multiplicity of 
paths, each involving several reflections from the building facades. Present 
prediction models are not capable of handling propagation paths of such com- 
plexity. 

Prediction of environmental noise levels requires information of 
two types: information on the distribution of sources in space, in time, 
and in sound power levelj and information on the sound propagation between 
sources and receivers. The model described here provides information only of 
the second typet the locations and sound power levels of the sources are 
supplied by the user, and the model calculates the resulting sound pressure 
levels at designated receiver locations. For example, in Figure 2, the 
source S radiates uniformly in all directions and produces an open field 
SPL of 90 dB A at 50 ft. The numbers shown in the figure are the sound 
pressure levels due to the source S, as calculated by the model. 

1.2 The Basic Assumptions 

The model uses two basic assumptions! 

i . Typical urban length scales are assumed to be many times 
greater than the wavelengths of sound contributing 
significantly to A-weighted sound levels. This assumption 
makes it possible to use ray acoustics, but prevents 
inclusion of any diffraction effects. 

11. The noise sources are broad band, with auto-correlation 
length scales much less than the urban length scales. 
Interference between sound paths can thus be assumed to be 
negligible, and the SPL at the receiver location can be 
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FIGURE It A Possible Street Plan 
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obtained by adding the mean square pressures resulting 
from the separate sound paths. The only case in which 
path differences nay not be large enough is that of 
ground reflections. Ground reflection!? are ignored in 
the current model, but some allowance for them could be 
made in future versions of the model. 

These two assumptions would make it possible to use a conventional 
ray acoustics model, which operated by locating all the images of the source 
which were seen by the receiver, and summing the sound pressure levels at 
the receiver due to this multitude of image sources. This approach is not 
used in the model described here, since it is hard to conceive of a systematic 
image location procedure which would be applicable to complex situations such 
as that in Figure 1. 

1.3 The Quantum Approach 

The model operates as follows. Since the sound rays produced by 
the source have such short correlation length scales, the source can be 
thought of as producing discrete quanta of acoustic energy. These quanta 
are of fixed energy and are emitted at a constant rate, but in random 
directions. The quanta propagate through the area, repeatedly encountering 
building facades. This process is shown schematically in Figure 3. The 
5PL at the receiver location is obtained by observing the passage of quanta 
through a small rectangular "receiver cell". The SPL estimate obtained is 
thus the SPL averaged over the area of the receiver cell. 

This model could be thought of either as a random search for 
images, or more usefully as a simulation model. The computer is, in effect, 
performing numerical experiments. Results are not achieved by a finite 
process, but by a random process which is terminated when a desired level of 
accuracy is attained. Methods of this sort are often described as "Monte 
Carlo" methods [2]. 

An important side effect of the simulation approach is that the 
model is completely flexible: within certain constraints of size and detail, 
the model can deal with any building configuration. This flexibility has 
been recognized in the programming of the model. The user is provided with 
a library of operator commands which he can use to specify the desired 
building configuration, the locations and sound power levels of the sources, 
the locations of the receivers, etc. The user can interact with the program, 
observing the results, modifying the parameters of the calculation, and 
exploring the effects of changing, for example, the location of the source, 
or the absorption coefficient of the building facades. 

Section II of this paper dk.-ribes some tests of the validity of 
the model. Section III describes the wdel in greater detail. 
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FIGURE 3: Propagation of Acoustic Quanta 
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II.  TESTS OF THE VALIDITY OF THE MODEL 

SPL estimates obtained using the model can be compared with 

1. analytical results obtained using the same assumptions, 

2. scale model tests, and 

3. full scale experiments. 

Comparisons with analytical results serve to check the correct operation of 
the model algoritlim? comparisons with scale model and with full scale experi- 
ments serve to check the validity of the assumptions inherent in the model. 

2.1 Comparison with Analytical Results 

The sketch in Figure 4 shows a source located centrally in a long 
straight street. There is absorption but no scattering at the facades. 
Closed form expressions for the SPL at any point in the street can be obtained 
in two cases: complete absorption (a=l), corresponding to open-field propa- 
gation, and zero absorption (a-0). These SPL results have been compared to 
estimates obtained using the numerical model (Figure 5).  The continuous lines 
are the analytical results, which, to conform to the numerical results, have 
been averaged over a square cell one street width wide. The circles are the 
SPL estimates obtained using the simulation model, with an error tolerance 
of 0.1 dB. The agreement is well within the error limit used. 

///// //////////// / Y 

FIGURE 4: Source in a Straight Street 

2.2 Comparison with Scale Model Experiments 

Figure 6 shows a 1/32 scale model of a street intersection. The 
model street is 2' wide, corresponding to 64• full scale. The building 
facaaas are plywood with a pattern of vertical slats, as sketched in the figure 
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to represent irregularities such as window bays. The street surface is 
linoleum tile on concrete. Measurements were made using an air jet source, 
in the 16 kHz octave band (500 Hz full scale). Microphone locations are 
shown as A, B and C in the figure. The ten source locations are shown as 
the circles on the line X-X. The SPL results are normalized to a source 
output of 90 dB in the 16 kHz band, at a distance of 1.56' (50' full scale), 
and are corrected for air absorption. Further details of the experimental 
technique can be found in Reference 3 . 

For the numerical calculation the basic cell was a square, one 
half of a street width on a side. No attempt was made to measure absorption 
and scattering coefficients in the model; instead the calculations were 
repeated until values for the absorption and scattering coefficients were 
found which gave good agreement between the scale model and the calculation 
results.  (The way in which the numerical model handles scattering is 
described in Section III). The two sets of SPL estimates are shown in 
Figure 7, with the absorption and scattering coefficients used in the cal- 
culations both set aic 0.2. The agreement seems to be good enough to warrant 
further comparisons of this type. 

As yet, no attempt has been made to compare SPL estimates produced 
by the numerical model with the results of full scale experiments. 

III.  THE MODEL ALGORITHM 

3.1  Assumptions 

In addition to the two basic assumptions described in Section I, 
a number of other simplifying assumptions have been made and are listed balow. 
None are essential; each could be eliminated with more programming effort, if 
tests of the model indicated that the increased complexity was worthwhile. 

i. It is assumed that building facades can be characterized 
by a single absorption coefficient, valid at all fre- 
quencies, and at all angles of incidence. The frequency 
independence can be justified since only single-number 
A-weighted results are sought. The angle independence is 
included for simplicity; angle-dependent absorption could 
be included if necessary. 

ii. Building facades contain irregularities, such as window bays, 
with length scales of the same order as the significant 
acoustic wavelengths. Some scattering is thus to be expected. 
The model takes account of this scattering by specifying a 
"diffuse scattering" coefficient, exactly analogous to the 
absorption coefficient. It is simply assumed that a specified 
fraction of the acoustic energy incident on a building facade 
is scattered uniformly in all azimuthal directions. This 
is the simplest possible model of the scattering process; a 
more elaborate model could be substituted if necessary. 

iii. Air absorption is assumed to be negligible; this assumption 
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could easiiy be eliminated. 

iv. Meteorological effects such as turbulence and wind shear 
are neglected. 

v. The source is assumed to be omnidirectional. 

f   ! 

3.2 The Structure of the Algorithm 

For programming simplicity, the urban plan is adapted to a 
rectangular grid (see Figure 8). Building facades lie along grid lines, and 
each cell of the grid is either part of a street or of a building. All sur- 
faces have the same absorption and scattering coefficients.  It is also 
possible, in the interests of program efficiency, to define "sink" cells, 
which fully absorb all quanta entering them. The source is positioned at the 
center of one of the open cells. One or more of the remaining open cells are 
designated as receiver cells. All of this information, the size and shape of 
the basic cell, the location of built-on and sink cells, the absorption and 
scattering coefficients, the source and receiver locations, and information 
about the sound power level of the source is entered at a keyboard by the user. 

The algorithm proceeds as follows: 

i. A random number is generated to determine the direction in 
which the quantum is emitted. 

ii. The location of the first cell boundary encountered by the 
quantum is determined. If this boundary lies within a 
street, the quantum continues (iii). If the boundary is 
an outer edge of the grid, the quantum is absorbed. If it 
is a building facade, another random number is generated 
to determine whether the quantum is reflected, absorbed or 
scattered: the probabilities of reflection, absorption 
and scattering are equal to the reflection, absorption and 
scattering coefficients. If it is scattered, a random number 
is generated to determine the direction of scattering. 

iii. The location of the next cell boundary encountered by the 
quantum is determined. This process continues until the 
quantum is finally absorbed, whereupon another quantum is 
issued (i). 

iv. Whenever a quantum passes through a receiver cell, its con- 
tribution to the cumulative energy density in that cell is 
determined (see 3.3 below). 

v. Periodic tests are made to determine the stability of the 
estimates of the energy density in the receiver cells (see 
3.4 below). When the desired convergence is achieved, 
computation stops and the results are printed. The cal- 
culation also terminates when a specified number of quanta 
(numbered usually in the tens of thousands) are issued 
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without achieving the desired convergence. 

3.3 Calculation of the Sound Pressure Levels 

Suppose the acoustic source and the quantum source have the same 
power output P, and the same propagation velocity c. Let P*aE, where E is 
the individual energy of the quanta, and o is the rate at which quanta are 
emitted. 

Consider first the simplest case of spherical spreading. At a 
distance R from the source, the acoustic energy density e is 

e * P/(4TTR2C) (1) 

The average number density of quanta is 

n - <J/(4TTR2C) (2) 

Thus the mean energy density associated with the quanta is 

nE - <7E/(4TTR2C) * P/(4ffR2c) (3) 

- the same as the acoustic energy density, and independent of the actual 
quantum energy E. 

In more complex situations such as explicit comparison is not pos- 
sible, but the question remainsas to how we relate the simulation results to 
the sound pressure levels. 

Suppose that we observe the fate of a large number N of quanta 
emitted by the source; equivalently we are observing the radiation for a time 
T-N/a. Suppose that the receiver cell of interest lies in the horizontal 
(x,y) plane, and has dimensions Äx, Ay, Az. After travelling a distance R., 
one of the quanta enters this receiver cell. However, this quantum was 
emitted in a horizontal plane; an acoustic ray emitted at the same azimuthal 
angle would travel at some non-zero angle to the horizontal, and only enter 
the receiver cell with a probability which can be shown to be (Az/2R.)• Thus, 
we allow the quanta to decay, so that the energy they carry is proportional 
to (Az/2Rj). 

In the time T let M quanta enter the receiver cell, and let each 
Lstance AR, 

in this time is thus: 
travel a distance AR, before leaving. The average energy density in the cell 

M EARJ EAz _i (4) 

2R.  cT 

j-l 
j 

487 



For the case of spherical spreading, the average energy density in 
a cell at distance R is 

\    o 

P        NE ,cx e2 j j  (5) 
4irR c  4trR C T 

o       w 

The ratio of the two energy densities is: 

2 
e.   2ITR  ^—^ AR. 
1   o_ 

e   NA x Ay 
(6) 

j-1 

- a result which does not depend on E, c, T or Az. It is this normalized 
energy density which the simulation procedure calculates.  (This is equivalent 
to measuring the sound power output of a truck as the SPL produced at a 
specified distance in an open field). Finally, we can make allowances for 
the fact that the cell dimensions may not be small compared to R.. If the cell 
has sides a and a *and R. »Ä, on entering the cell, B. on leaving, then: x    y    D   j j 

e,  2TT R 
1     o 

M 

e.  N a a 
2     x y E -• ft) (7) e w 

j-1 

-by averaging the energy density over the elementary cells of sides Ax, Ay. 

3.4 Convergence 

Each quantum radiated contributes an amount, e. to the energy density 
in receiver cell.  (In most cases, e. will be zero). Successive values of e 
are uncorrelated random variables, we can estimate the mean energy density in 
the cell as being proportional to 

e » e^/N, where e,_ » >   e, 
m   t        t X 4      3 

N 

j 

and N is the total number of quanta radiated. A sequence of numerical experi- 
ments in which N quanta are radiated will produce a sequence of estimates e • 
We only perform a single such experiment so that we cannot know the statistics 
of the estimate e . However, as we perform the experiment, we do accumulate 
information on tl a statistics of individual quantum contributions e., in 
particular the summed contribution e , and the sum of the squares of the con- 
tributions, say e . One can then show that an estimate of the variance v of 
emis: 
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This estimate of the variance is used to terminate the calculation. The user 
supplies a desired standard deviation for the estimate of the energy density 
in the receiver cell, normalized with respect to the mean energy density. The 
program periodically checks to see if the latest estimate of the variance meets 
the criterion. Computation is discontinued at any receiver cells which meet 
the variance requirement. Results are printed when all designated reeeiver cells 
have converged. 

IV. PROGRAM OPERATION 

The model is currently running on a 16 bit mini-computer. The com- 
puter cycle time is 1 ysec, and instruction execution times range up to 
100 ysec for a floating point divide. The program and operating system occupy 
about 20 kilobytes of memory. Input/output is via a teletype. 

The program is coded in Fortran, and should be usable on other 
machines with only minor modifications. 

Execution times depend on the size and complexity of the urban plan, 
and on the accuracy desired. The effect of the size on the execution time is 
hard to quantify. A doubling of the desired accuracy quadruples the execution 
time, as one vculd expect. To illustrate the order of magnitude of execution 
times achieved, the results in Figure 2. with an error limit of 0.1 dB, were 
obtained in about 15 minutes; for the simpler configuration of Figure 4, 
execution times were one minute or less. 

V. CONCLUSION 

A working version of the numerical model is being used« 

i. in development of tha model itself — possible extensions 
include provision for line sources, directional sources, 
ground reflections, etc. 

ii. in basic studies of outdoor sound propagation, in support 
of scale model and field experiments, and 

iii. in exploring the possibilities of using numerical models 
of this type in transportation planning in urban areas. 
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SOUND PROPAGATION NEAR GROUND LEVEL IN THE VICINITY OF STREET INTERSECTIONS 

by 

Paul R. Donavan and Richard H. Lyon 

Mass. Institute of Technology, Dept. of Keen. Eng. 
Cambridge, Massachusetts 02139 

Common vehicular noise sources once introduced into built-up 
urban areas produce sound fields considerably more complicated than those 
of the open area counterpart. These complexities can be characterized by 
a combination of simple divergence, local reverberation and building 
shielding. Previously, some of these effects have been experimentally 
quantified for several particular urban configurations (1,21. However, 
only for the case of source and receiver both located in a single street 
has propagation been analysed [3]. 

As a first step *n an investigation of noise propagation in built- 
up urban areas, a study of noise propagation near street intersections is 
in progress. The particular situations considered are those of propagation 
down a street for a source located in a "four-wayN or "tee" intersection, 
and propagation around a corner at both types of intersections. These 
cases have been investigated both with modeling studies and the conceptual 
tool of acoustical imaging. These results have been compared to existing 
published field data and found to be quite compatible. 

The experimental portion of this investigation was conducted 
using a 1:32 scale model of an urban street intersection. The intersection, 
constructed from two-foot plywood boxes, could be readily modified to 
be either the four-way or tee intersections shown in Figure 1. For any 
given ratio of source street to receiver street width, a steady state noise 
source was successively moved to different positions in the source street 
while the sound level was measured in the receiver street. Levels for 
each source position were obtained in the receiver street at increments 
of 1 street width« up to 14 street widths away from the intersection. 
The relative source-receiver positions are indicated in Figure 1. 

Since acoustic modeling requires the maintenance of the ratio of 
acoustic wavelength to geometric length, the modeling frequencies were 
32 times full scale frequencies. For this study, the full scale fre- 
quencies dominate in typical "A-weighted", urban noise were of interest, 
hence measurements were made in 8, 16 and 31.5 xrfz octave bands. Simulating 
typical urban environments, materials which are acoustically hard at these 
higher frequencies were selected for the model. The noise source used was 
a small air jet impinging on a circular plate which produced broad-band, 
high frequency noise and was omnidirectional in tne horizontal plane. 
Sound leveln were monitored with a 1/10 inch microphone. 

With this experimental arrangement two sets of experiments were 
performed.The first was conducted with a smooth building wall model which 
although corresponds to some full size buildings is not generally common in 
urban areas. In the second set, the smooth walls were replaced by walls 
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with modeled building facades. The facade structure modeled was that of 
vertical protrusions, typically of 4 to 12 inches, between columns of 
windows. Application of this type of facade to the urban model resulted 
in the geometry shown in Figure 2. From this figure, it should be noted 
that the geometry of the protrusions is on the order of an acoustic wave- 
length for the three octave bands of concern. Thus the scattering 
properties of the walls and their effect on propagation are not readily 
predictable [4]. 

A useful technique for the evaluation of sound propagation in urban 
areas is the acoustic imaging of source and receiver. This technique is 
appropriate in those cases where the simplification of geometrical acoustics 
is appropriate, that is, when the acoustic wavelength is much smaller than 
typical geometric length [4]. This criterion is generally satisfied at 
most urban noise frequencies as street widths are on the order of 50 feet 
or more. Acoustic imaging is applied to urban propagation by representing 
each reflected path between source and receiver by a corresponding image 
source or image receiver as dictated by the street configuration. 

As an illustration of the use of imaging, the case of sound 
propagation around a corner at an intersection as shown in Figure 3. In 
this example, a semi-infinite array of image sources is produced perpendicu- 
lar to the source street starting at the wall furthest from the receiver 
street. This array accounts for all possible reflected paths by which 
sound could be introduced into the cross street. Since sound entering the 
receiver street can also be reflected before reaching the receiver, a 
semi-infinite array of image receivers is also necessary. This array runs 
perpendicular to the receiver street and extends away from the source 
street. The reflecting paths which contribute to the total sound pressure 
at a given receiver point are thus straight lines drawn between source (or 
image source) and receivers. These lines are, however, constrained to pass 
through the opening to the receiver street and for the source images, to 
pass through the reflecting wall on the source street. The total sound 
pressure level is thus found by summing all contributions incoherently [5]. 
A little more sophistication can be added to this technique by allowing 
for partial absorption of the incidence sound at each reflection. This 
leads to semi-infinite, exponentially decaying source and receiver image 
arrays. 

A second example of imaging applied to urban propagation is 
afforded by considering a source located in a tee intersection as depicted 
in Figure 4. For this configuration, arrays of image receivers extend 
in both directions perpendicular to the receiver street while there is 
only one image source. The contributing reflecting paths in this case are 
determined solely by the criterion of passage through the receiver street 
opening. 

For the purposes of analyzing urban propagation, the image methods 
described above are carried out by computer. In considering the results 
of such analysis, it must be kept in mind that the method is based on 
ray acoustics, hence diffraction effects which may occur at particular 
source-receiver geometries are not taken into account. 
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A typical set of results for a source located in a smooth wall 
intersection is given in Figure 5. The levels in each frequency band as 
well as those  generated by the computer have been normalized to a free 
field source level of 105 dB at 2 feet. Although there is appreciable 
scatter in the model results, there is indication that a straight line 
with slope of about -3.5 dB per doubling of distance (dd) from the source 
approximates the data. Decay rate is quite consistent with that found by 
Schlatter [3] for a street with finite wall absorption, and corresponds 
to the decay with distance expected for a line source [6]• It should be 
also noted that the computed levels agree fairly well with the measured 
and that there is no decipherable frequency dependence in the results. 
The tendency to -3.5 dB/dd indicated by this figure was found not to vary 
with source street width, source position in the intersection, or receiver 
position at a given receiver street cross-section. Further placing the 
source in a tee intersection merely raised sound levels uniformly 1 to 2 dB 
all along the street leaving the slope the same. 

As would be expected, as the source moves out of the intersection 
and into the cross-street the situation changes markedly. Figures 6 and 
7 present smooth wall results for source locations of 1/3 and 1 2/3 street 
widths into the source street. The sound levels shown were all taken near 
the receiver street center line as it is found that the sound levels become 
uniform on a receiver street cross-section within two street widths from 
the intersection. In both figures, there is a distinct frequency dependence 
which was absent for the source-in-intersecticn case. Using Pierce*s 
finite barrier theory [7], this dependence can quantitatively be attributed 
to diffraction around the corner. The computed results for this situation 
follow the higher frequencies quite closely further indicating the presence 
of diffraction effects. 

/ 

The results of Figure 6 and 7 were normalized as before and dis- 
tance was again taken to be distance from the source. The approximate 
slope of -5.5 to -6.0 dB/dd for the higher frequencies indicated in 
Figure 7 was found to hold generally for source positions greater than 
1/2 street width into the source street. With this result in mind, 
Figure 6 indicates that for source positions very near the intersection, 
decay down the receiver street has two regions: the first region is like 
that of the source in the intersection, -3.5 dB/dd, the second like that of 
Figure 7, -5.5 to -6.0 dB/dd. This result also agrees quite well with 
that obtained by Schlatter [4] for in-street propagation with finite wall 
absorption. Schlatter obtained a decay of -3.0 dB/dd to a point specified 
by the amount of wall absorption and then a transition to -6.0 dB/dd. 

| 

The addition of building facades to the modeled intersection 
significantly altered the distribution of sound down the receiver street. 
An an indication of this effect, the smooth-wall, around the corner 
propagation case presented in Figure 6 for a source 1/3 street width in 
the source street is shown again in Figure 8. The corresponding results 
from the facaded model are also presented. This figure has several 
interesting features worthy of note. The first of these is that the 
levels at distances of 4 or more street widths are much lower relative to 
the smooth-walled values, on the order of 5 dB or 8 and 31.5 KHz and 10 dB 
for 16 KHz. A second feature is a frequency dependence different from that 
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FIGURE 8:   SOUND  LEVELS DOWN STREET- 
SMOOTH WALL &  FACADED   INTERSECTIONS 
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♦ • 8 KHz. 
• 0 16 KHZ. 
X 0 31.5 KHz. 
A - COMPUTED 

DISTANCE FROM* SOURCE   IN STREET WIDTHS 
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due to diffraction alone, particularly for the 16 KHz octave band. Another 
feature seen in this figure is the local amplification above that of the 
smooth-wall results for receiver positions within the first street width 
of the intersection. This result is indicative of back-scattering from 
those protrusions further down the receiver street. This effect can be 
considered as a retention of acoustic energy near the head of the street 
at the expense of energy further the down street due to scattering from 
the building surfaces. 

Another method of presenting the facaded-wall results is to plot 
sound level versus distance from the entrance of the receiver street. 
Figure 9 presents results in this manner for the two cases of a source 
in the intersection and of a source 3/4 street width into the source 
street. The results for both of these cases exhibit initial decay with 
distance of -2.5 to -3.0 dB/dd and a transition to a decay of about -7.0 
to -9.0 dB/dd. This behavior is identical with that found by Delany, 
Copeland and Payne [1], who conducted field measurements of sound level 
down a side street from an intersection with a main street containing 
freely-flowing traffic. In their investigation, sound levels down the side 
street were referenced to a microphone atthe intersection. In plotting 
level versus distance from the reference microphone, their data indicates 
an initial scope of -3.0 dB/dd with a transition to -8.0 dB/dd. 

The investigation of sound propagation in vicinity of street 
intersections is no' yet completed. E'ield measurements testing the type 
of configurations discussed in this paper are planned with particular 
attention to be given to the nature of scattered reflection from building 
surfaces. AISJ, more extensive model testing and computer analysis is 
to be continued. 
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A MODEL STUDY OF THE PROPAGATION OP SOUND FRON V/STOL AIRCRAFT INTO 
URBAN ENVIRONS 

by 

Paul R. Donavan and Richard H. Lyon 

Mass. Institute of Technology, Dept. of Mech. Eng. 
Cambridge, Massachusetts 021 

This paper is addressed to the problem of noise intrusion into 
urban areas from low altitude V/STOL aircraft operations.  It is clear that 
for such propagation situations, simple geometric divergence is not a 
realistic approximation due to local amplification and shielding effects 
within the area. This assumption has indeed been borne out in earlier work 
concerned with this problem. 11, 2, 3]   The current investigation has 
quantified these amplification and shielding effects and has developed 
three methods for sound level prediction. These methods include direct 
acoustic modeling, the use of an experimentally obtained average amplification 
factor, and the use of a derived theoretical propagation model. From the 
experimental results obtained in the development of these methods, and with 
basic psychoacoustic considerations, the perceived noise intrustion aspects 
of V/STOL operations have also been determined. 

Originating in architectural acoustics, acoustic modeling has be- 
come increasingly popular in studying transportation noise propagation. 
Maintaining the constancy of the ratio of wavelength to geometric length 
acoustic modeling can be applied to a wide variety of situations as long as 
air absorption effects are corrected for [2).  It is especially suited for 
use in urban propagation since typical urban structures are made of 
materials which are nearly perfectly reflecting and, hence, easily simulated 
at the higlier modeling frequencies. 

In order to form a link between field and model data, helicopter 
street flyover experiments performed by Kinney and Pierce (31 at Summer 
Street in downtown Boston were duplicated with a 1 to 64 scale model. A 
typical time history from this field study is presented in Figure lv along 
with the time history of a similar open field flyover. A corresponding 
model time history is also included in this figure. The 1 to 64 scale 
model of the field experiment was constructed with plywood boxes placed on 
a linoleum floor in a room anec'uoic at modeling frequencies. The noise 
source used consisted of four impinging air jets shown in Figure 2. Tnis 
source produced intense broad-band noise from 8 to 125 kilo-hertz and was 
found to be omnidirectional in the plane of the impinging jets. To simulate 
the field experiments, the source was passed over the model street with the 
use of a cart-I beam arrangement. The results in terms of maximum trans- 
mission gains relative to similar open field flyovers are presented here in 
Table 1 for both sets of experiments. The results of this comparative 
study indicated rather good agreement between field and model studies. 

In order to obtain results for a more general urban situation, tne 
1 to 64 scale model was extended so that propagation into an area could be 
considered. The resulting Biodel is shown in Figures 3 and 4. 
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Simulating a flyby of a V/STOL aircraft, the air jet source was 
moved past the model while the sound level time history was monitored at 
positions in the city. To eliminate source power level dependence, the 
data generated by the fly-bys was reduced to transmission gain time histories 
where transmission gain was defined simply as the difference between the 
measured urban levels and corresponding open field levels. By considering 
the maximum transmission gain at points through the model city, and 
averaging over these values for each street, the average sound enhancement 
in each street was obtained and is shown in Figure 5. The standard deviations 
corresponding to these averages are also included in this figure. The 
figure indicates a uniformity of maximum transmission gain in all three 
streets running perpendicular to the flight path. This observation leads to 
the general approximation that the transmission gain relative to an open 
field sound level is about 4 to 4 1/2 dB for flight path altitudes from 
1 1/2 to 4 1/2 times the surrounding building height and for propagation up 
to about 2000 ft into the city for streets perpendicular to the flight path. 

As it is clear that not all urban situations will fall neatly into 
the geometric range in which this average result is valid, and since it is 
net desirable to build models for each new situation, a theoretical propa- 
gation model was developed. The technique used in this development was that 
of acoustic imaging [4]. For a source and receiver located in a street, 
the multiple reflections from the building faces can be idealized as an array 
of image receivers, or equivalently sources set up perpendicular to the 
building surfaces. Thus, a receiver located in the street may look through 
the building walls and see a row of images of decreasing strength going out 
infinitely in each direction as shown in Figure 6. As the receiver moves 
out of the street, although the source image array remains, the receiver can 
now only see a portion of the array since the edges of building walls limit 
the view. Determining the sound level for receiver points outside the 
street is thus a matter of using geometry to find how many images are seen 
and then summing their source strengths incoherently [5]. 

This theoretical propagation model was used to predict transmission 
gain time histories for several of the model fly-bys. A comparison of these 
predicted and measured time histories are afforded in Figures 7 and 8.  It 
is seen that the measured values closely follow the predicted and that the 
predicted values generally set the upper bound on transmission gain. 

To assess perceived noise intrusion into an urban area from a 
V/STOL fly-by, it is not only necessary to know the sound level time history 
of the event as heard in the street, but also to have some quantitative idea 
of how this noise will be perceived. To obtain such an understanding, three 
representative A-weighted time histories were computed from the fly-by data 
for a predicted helicopter spectrum [6]. These time histories are shown in 
Figure 9 along with the corresponding receiver positions which produce them. 

In considering these histories, there are four items which are known 
to be important in terms of the loudness perceived by an observer. These are: 
lurctional effects, onset duration effects, startle effects, and the presence 
of pure tone components [11. Of these items, only the first two, event 
duration and onset duration were found to be cf importance in normal V/STOL 
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operations [7]. For a quantitative estimate of these effects, the applicable 
corrections to the maximum perceived noise level for the three time histories 
are shown in Table 2. 

With these correction factors in mind and recalling Figure 5, there 
are two geometric configurations which should be avoided in order to minimize 
noise intrusion. The first of these (refer to Figure 5) is that of having a 
short building near the flight path with a taller building adjacent to it 
for streets parallel to the flight path. A configuration such is this is 
penalized in three ways: a high peak level, a large duration correction 
and an onset correction. A second configuration (refer to Figure 5) to be 
avoided is that of a tall building adjacent to a low building on streets 
perpendicular to the flight path. For this situation, the disadvantage is 
not in maximum transmission gain, but rather in increased event duration. 
The effect of this longer duration is not only in terms of a larger duration 
correction, but also in an onset correction depending on the direction of 
approach of the aircraft. 

Just as there are situations to be avoided, there are also 
situations to be sought. One such configuration (refer to Figure 5) is that 
of a tall building nearest the flight path with a low building adjacent to 
it for streets parallel to the flight path. The barrier effect achieved by 
this configuration relative to the other parallel street configuration can 
be illustrated with the plots of A-weighted time history for two similar 
microphone positions in each of these two streets shown in Figure 10t Con- 
sidering the 7 to 14 dB noise level reduction shown in this Figure (refer to 
Figure 10) , an ideal urban geometry to minimize noise intrusion would be 
something like what is depicted in Figure 11. 

In addition to appropriate flight path placement, two operational 
techniques can be used to minimize noise intrusion. The first of these is 
to increase flight path altitude so that more spherical divergence is pro- 
vided between source and observer. Although the technique carries with it 
the perception penalty of increased duration, the lower level achieved will 
be more significant. Although the technique carries with it the perception 
penalty of increased duration, the lower level achieved will be more 
significant. The second technique is to have V/STOL aircraft operate at 
their maximum safe speed. This will reduce durational penalties for perceived 
loudness on the order of 4 1/2 dB/doubling of speed in cases where duration 
is of concern, assuming source sound power levels remain constant. 

In addressing the problem of V/STOL noise intrusion into urban 
areas, three methods of sound level prediction were developed. The first 
method was that of direct acoustic modeling. The second was use of an 
average enhancement level which added 4 to 4 1/2 dB to the open field noise 
level for flight paths 1 1/2 to 4 1/2 times the surrounding building height. 
The third method of sound level prediction was that of using a discrete 
image propagation model. In addition to the development of these prediction 
methods, two approaches to minimizing noise intrusiw.i were suggested. The 
first of these approaches was the selection of flight paths such that the 
surrounding buildings produce the least amount of perceived intrusion. The 
second was a purely aircraft operational approach which consisted of increasing 
flight path altitudes and increasing fly-over speeds within safe limits. 
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APPLICATION OF THE COHERENCE FUNCTION IN 
TRUCK TIRE NOISE ANALYSIS 

by 

A.C. Eberhard! and W. F. Reiter 
Center for Acoustical Studies 

North Carolina State University 
Raleigh, North Carolina 27607 

INTRODUCTION 

Motor vehicle noise is recognized as a significant contributor to the noise 
environment in most locations.  Adjacent to interstate type highways the noise 
problem is intensified and is usually dominated by tire noise.   Thus, it is under- 
standable why trucks with as many as eighteen or more tires operating at high 
speeds and under heavy loads are major contributors to the vehicle noise problem. 
Studies such as conducted by the National Bureau of Standards at Wallops Island, 
Va. have characterized truck tire noise through variations in speed, load, wear, 
tread pattern and road surface (1,2,3).   In many cases these parameters are related 
to others such as tread crown height, tread randomization, carcass construction 
and a number of road surface roughness parameters.   Results of the studies cited 
show significant variation in the peak A-weighted sound pressure level as a function 
of speed, tread type and other parameters.   Typical results of these studies *re shown 
in Figure i.   These valuable results however provide little understanding of the nature 
of the tire road surface interaction and the details of the induced tire vibration field 
and the radiated tire noise. 

TIRE SOUND AND VIBRATION DATA 

A particular goal of this study is to assess the importance of tire surface 
vibration induced through the tire pavement interaction on the tire noise generated. 
To date, the experimental approach has enabled simultaneous monitoring oi the 
sound field in the proximity of the contact patch and the tire surface acceleration 
signal of the sidewall or tread.   The acceleration measurements are made via a 
miniature accelerometer and an FM-telemetry system mounted on the wheel 
Acceleration signals are transmitted to a receiver in the truck cab where they are 
recorded along with the tire sound signal 14).   Time histories of the acceleration 
signals show characteristics related to the location of the accelerometer on the 
tire.   Data for accelerometer locations on the sidewall, shoulder, and in the 
tread area are shown in Figure 2.   The length of each time history is 100 milhsec 
or approximately 27G degrees of tire rotation.   The tire histories in Figure 2 are 
for the same tire under the same load, speed and pavement conditions.   It may 
be observed that the acceleration levels increase significantly from an average 
or IS g's on the sidewall to approximately SO g's in the tread area.   Sidewall accel- 
erations are less sensitive to the severe acceleration changes that result as the 
area adjacent to the accelevometer enters or exits road contact.   Shoulder and in- 
treau accelerometer locations clearly show these abrupt acceleration changes. 
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rigure 3 shows the effect of speed on tire sidewall acceleration   time history. 
As speed increases it is observed that both signal magnitude and average level 
increase.   The time per single revolution varies in these photographs from 110 
to 160 millisec. 

A comparison of the time averaged sound and acceleration levels shows the 
general trends between these two signals as parameters are changed.   For example, 
Figure 4 provides a comparison of sound and acceleration levels for a typical cross 
bar tire under two load conditions.   In all of the tests performed the variations 
in average acceleration level are paralleled by nearly identical variations in sound 
level. 

Frequency domain analysis of the acceleration and sound signals provide for 
visual comparison of spectral content.   Figure 5 shows similarities between the 
sound and acceleration spectra of a typical cross bar tire at 50 mph.   These 
spectra were obtained on a 500 line real time analyzer.   Both signals were analyzed 
using a sample length of 250 millisec and 32 ensemble averages. 

Time domain, average level and frequency analysis of the tire acceleration and 
sound signals leave many questions unanswered concerning the mechanics of tire 
noise generation.   For example, frequency components occur in sound and accel- 
eration spectra that do not appear to relate to each other.   A number of factors 
influence this phenomena such as the measurement location of the accelerometer 
and microphone, and the fact that the acceleration is monitored at only one point 
on the tire circumference.   This problem is magnified since certain regions of the 
tire contribute most of the energy to the tire sound and vibration field. 

COHERENCE ANALYSIS 

The coherence function provides a means for the resolution oi some of these 
difficulties.   The coherence function provides a measure of the degree to which 
an output (B) is caused by an input (A).   Its magnitude is a fraction between zero 
ind one and is defined by the ratio of the square of the magnitude of the cross- 
spectral density to the product of the input and output auto spectra at each 
component of frequency.   The expression for the coherence function for two 
signals is 

*A5'k; 

3AB(k)  SAB(k) 

AH 
sB5TkT 
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at each frequency k (5).   Figure 6 illustrates the processing steps required in 
the computation of the coherence function. 

Application of the coherence function to the simultaneously recorded 
acceleration and sound signals provides a measure of the extent to which the 
sound is related to the acceleration at each frequency.   The product of the sound 
spectrum and the coherence function {between sound and vibration) gives a 
spectrum showing only sound related to the acceleration at the monitoring point 
on the tire.   Incoherent sound such as engine noise, aerodynamic noise or noise 
of other tires is eliminated from the spectrums.   Figure 7 shows the sound spectrum, 
acceleration spectrum, coherence function, and the sound coherent with the 
acceleration of typical cross bar tire at 60 mph.   This analysis provides additional 
confidence that similarities between sound and acceleration signals are statistically 
related. 

Through digital processing the acceleration time history is broken into a 
number of segments Figure 8.   Each segment is analyzed separately for frequency 
content and coherence with the sound field, the result is of some significance. 
Figure 9 depicts a single plot of the total sound along with six plots of vibration- 
coherent sound, each of the six represents a 60 degree segment of a single tire 
rotation.   In the vicinity of road contact reasonable coherence exists at many 
points across the entire spectrum.   These may be viewed as high frequency tread 
element response in addition to carcass resonances.   As the distance from road 
contact increases the higher frequencies are quickly damped out and become 
remote to the microphone location while low resonance effects are carried through 
the complete revolution.   Analysis in this manner points to the frequency components 
of the acceleration signal that are major sound field contributors. 

SUMMARY 

These preliminary results of coherence analysis in the diagnosis of tire noise 
mechanisms are encouraging.   Future work will concentrate on diagnosis of the 
tread area versus sidewall area vibrations and their relative importance to the 
tire noise generated.   The analyses planned include multiple coherence work to 
separate road exitation effects from tread exitation effects and their relative im- 
portance to the tire noise generated. 

[ONA-DOT is acknowledged for support of this work.] 
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Figure 6.  Processing steps required in computation of the 
coherence function. 
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EXPERIHCNTAL-ANALYTICAL PREDICTION OF  URBAN NOISE 

by 

$. Slutsky, Polytechnic Institute of New York 
Brooklyn, N.Y. 

L. Arnold, New York University, New York, N.Y. 

Summary 

An experimental model procedure has been considered to determine the 
spectral response character of a neighborhood using transient input and  res- 
ponse measurements. Frequency responses were calculated by taking the ratio 
of the input and response four!er transforms, and third octive energy res- 
ponses calculated therefrom using several alternative procedures. Third octave 
responses were fairly similar for all procedures, but all showed fluctuations 
of from I to 2 dB between results from successive experiments. 

1ntroduct ion 

An experimental procedure has been under study whose purpose is the 
development of techniques for precise prediction of noise in urban environ- 
ments of complex architectural configuration, which are  not well suited to 
purely analytical aoproaches. 

The basic concept entailed the construction of a geometrically scaled 
model, the generation of a spherically symmetric acoustic pulse, measurement 
of the pulse shape in time, and  »#f tre response of the system at a single 
spatial point. The pair of signals (Input ano -esponse) were recorded, played 
back at reduced speed into an analog to digital converter, and  recorded on 
magnetic tape in Fortran compatible notation. Each signal was then Fourier 
analyzed and  several alternative procedures used to obtain the power ratios 
corresponding to the third octave spectral band**.  The ne*f step in this pro- 
cedure would be to use the third octave power spectral data available for 
various urban noise sources in conjunction with the i»odel response data to cal- 
culate responses of interest in the prototype vy*,?e^ 

Experimental Procedure 

Node I Construction 

The model for the tests was chosen in order to  exempt?^ i*e problem ot 
urbar*  canyon type envi ron#*enf$.  One of t *e best e*a*nples of   this type o»' 
neighborhood is the financial district in lower Manhattan. A representative 
a^ea  which could te built up in a scale «»del i* that bordering Exchange Place. 
between Broad and Manove- Streets. Fig. I  The psodei wa% buffi of 3-'*» '^c^ 
plywood, to a scale of I ■ 100.  Choice of plywood as »  construe t ion siaJerJat 
was tested by comparing incident and  reflected pulse shapes for alternative 
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surfaces. Thus, as anticipated, a steel plate produced no apparent change in 
shape, whereos styrafoam produced considerable change. A clean, hard wood 
surface appeared to differ insignificantly from the steel surface in its 
effect. The plywood, therefore, appeared adequate, as long as careful con- 
struction procedures and a sealer coat of enamel were applied. Dimensions of 
the buildings were obtained from records of the New York City Departmnet of 
Buildings and from photographs and on site visual estimates. The finished 
model is shown in Figure 2. 

Figure 2 - Model 

The Sound Source 

The sound source used for these experiments was a smalt shock tube built 
of half inch tubing» with diaphragms made of either aluminum foil or cellophane. 
Breaking pressures ranged from 15 psi to 50 psi, depending on the diaphragm 
material and the number of layers loaded together. For a given choice of 
material, the pulse shape reproduciblHty was good, as seen from some of the 
oscilloscope traces discussed below. Although the basic disturbance pulse 
shape within the shock tube is rectangular, the shape radiated from the end 
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of the tube is roughly like the derivative of the exit mass flow, so that the 
radiated field consists of a pulse of about 50-100 u,sec duration followed after 
four milliseconds by a second pulse. The second pulse can be considerably 
weaker than the first by adding a few feet of tubing between the compression 
chamber and the radiating end. 

it was found that there was reasonable spherical synmetry around the 
source exit. The imperfect directionality was not believed to constitute much 
of a handicap in our experiment because the source was placed in our model near 
the intersection of the ground and a wall, pointing towards the ground.  (In 
addition, a flow diffusing surface built up around the source exit tube was be- 
lieved to result in some smoothing of the field). 

Figures 3 to 8 show the basic behavior of the source signal. Thus Fig. 3 
shows the pulse shape at a point 12 inches from the source, and far from any 
reflecting surface. The psak amplitude represents a pressure of about !52 dB, 
and at an  oscilloscope sweep rate of 50 u^sec per div. The duration of the main 
pulse is about 100 microseconds. Figure k,   taken with the source located i/V* 
from the ground plane, and the microphone at 10" distance and IA" off the 
ground, shows ground-sourcs interaction. Figures 5 and 6 are  similar except 
that the microphone position is along a line from the source oriented at h$ 
and 70 , respectively, to the ground. There is some change, but the gross 
assumption of symmetry is not overmuch violated. Also, change of microphone 
distance from 5n to 20", Fig. 7 and 8, did not significantly change the ob- 
served shapes, so that distortion due to nonlinear steepening could be consid- 
ered unimportant in these tests.  (The 5" distance is the standard distance 
between the input microphone and the source used in these tests). 

asurement, Recording and Digitizing 

The instrumentation procedure entailed use of two 1/8 inch condenser 
microphones wi vh their appropriate preamplifiers and amplifiers.  In addition, 
a third microphone signal was required to serve as a trigger whether for oscil- 
loscope monitoring or for magnetic recording. A 1/4 inch condenser microphone 
was used for this purpose. Signals from the 1/8 Inch microphones were recorded 
on both FM and direct record channels of a Honeywell 5600 tape recoro*;r. The 
trigger signal was input to a pulse generator whose output was then recorded 
on an additional direct record channel of the tape recorder.  Both recording 
modes were used because the FM channel frequency response extended only to 
40 KHz (frOO Hz when corrected for scale) while the direct record channels were 
limited at the low frequency end and al:j were noisier,  it was further found 
that the direct record channels exhibited a sizeable overshoot, which did not 
respond to adjustment. The high frequency end of the D/R channel response was 
limited by the microphones, which extended from between 150 KHz for normal 
incidence to 70 KHz for grazing incidence. 

The tape recordings were digitized by playback at reduced speed into ar\ 
Adage digital computer, using the trigger signal to initiate the digitization. 
The digitization operation must be repeated four times for each experiment; for 
the Input on FM, for the Input on D/R, for the output on FM and for the output 
on 0/P. The maximum record length was limited by the computer to ';0C0 points, 
so that a minimum digitization interval of .766 microseconds per point could be 
used in the short non-reverberant experiments {Caies 1,2 and 3), whereas 2.06 
microseconds per point was required for the longer time records, Cases 5 and 6. 
An interval of ].}kk p,sec was used in Case k. 
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Test Configurations 

Six configurations were studied.  (1) The first and simplest involved 
the source, S, and two microphones; input microphone I at two feet and the 
output, 0, at three feet from the source. An angle of 30 was set for ISO 
In order to avoid scattering or shadow Interaction between the microphones. 
Microphone ami source axes were parallel.  (2) The second was similar to the 
first except that the output microphone was 8" above the ground plane so that 
a reflected wave was picked up, and the input microphone was 18" from the 
source. (3) The third test was identical with test 2 except that a foam 
diffuser surface was built up around the end of the source tube, (k)  The 
source was held in the air about 12  inches above the ground over Wall Street 
halfway between William and Hanover (Fig. 1). The source tube was horizontal 
and pointed southwest. The output microphone was one inch off the ground on 
the south sidewalk of Exchange Place, I2M west of William, and well out of the 
direct line of sight from the source. The input microphone was about sixteen 
inches from the source, and clear of any reflecting surfaces.  (5) The source 
was held over the point on Exchange Place marked S5 on Fig. 1 (a distance of 
15" from the southeast building corner). The source was oriented vertically, 
with the exit at 1/4 inch off the ground, and as close to the wall as possible. 
The Input microphone was placed 5M further east along Exchange Place, pointed 
vertically down, cartridge about 1/8 " above the ground and almost touching 
the wall (Point 1-5 of Fig. 1). The output microphone was placed at the 
intersection of Exchange Place and William Street, 1/2' above the edge of the 
sidewalk (Point 0-5 of Fig. I).  (6) The source and input microphone locations 
were identical with those of test 5« The output nicrophone was moved 
diagonally across the intersection and slightly north along William Street 
until it was several inches out of the direct line of sight of the source. 

The reason for placing the input microphone so close to the ground-wall 
intersection in tests 5 and 6 was that this position minimized the formation 
of discrete incident and wall reflected signals. The output microphones, on 
the other hand, was placed at normal listener position (scaled). 

Figures 9 to 11 are  representations of the dig!tal data as stored on the 
magnetic disc of the Adage computer. Two independent repetitions of each 
configuration were run, labeled A and B In the figures. The upper trace is 
always the input trace, the lower the output. The prefixes D and FM represent 
the direct record and FM traces respectively. Comparison of the FM with 
the direct record traces of Test ! show the effect of overshoot in the direct 
record mode. The overshoot does not automatically disqualify the tape recorder 
for this application, because both fnput and output channels behave the same 
way, and therefore the ratio of the frequency responses should be free of this 
overshoot effect. Test 1 traces also clearly show a relatively large level 
of signal fluctuation after the passage of the first pulse.  It might seem 
that this is random noise and due perhaps to jet or boundary layer air turbu- 
lence, except that the fluctuation patterns of c^ses A find B are  very similar, 
and hence not random. 

fn general, comparison of cases A with 3 show that the system is highly 
repeatabie.  Case 6 and case 5 direct record histories were not photographed. 
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Nomerica) Procedure 

The digital data stored on the Adage magnetic disc was first transferred 
to a magnetic tape format which was compatible with the Univae 1108 available 
at the University Heights campus of M.Y.U. fach trace ties then Fourier 
analyzed, using a Fast Fourier Transform routine (basically the Cooley-Tukey 
formulation). Thus, the input frequency response I(k) was calculated from the 
input time data I(n), and similarly for the output; 

lMMn-t—j 
t 

The number of points, N, used in the calculation was U>96.  In the 
input calculations 600 to 700 were data points in cases I to k  and the rest 
were zeros.  In cases 5 and 6 only 200 Input points were used in order to 
suppress reflected pulses, which relate ;o the model, not the source,  fn the 
output calculations, from 3200 to 3600 data points were used, the rest zeros; 
except for case I in which the same number of data points as for the input 
were used. 

The longest time incrementused was 2 ^sec for cases 5 *nä 6. Therefore 
no aliasing problems should arise provided our data frequency cutoff is less 
than the «yquist frequency, f • ly^At)« 7$0 Hz. In tests S and 6 the probable 
microphone cutoff is about 70 KHz (for 90  incidence).  In other configurations 
fwhere the microphone cutoff could reach 200 KHz a: normal incidence) the 
Kyquist frequency is greater than 250 XHz.  In the FH recording mode the recorder 
cutoff is k0  KHz.  in view of the foregoing no difficulty was anticipated in 
the computation of the transforms, and of their ratio  A(k)   ; 

m% • mi% 
lltol 

(2) 

We were consequently surprised when the values of  A(k) calculated 
for  repetitions A ana  0 were not in agreement with each other,  in fact, 
both sets of spectra looked like responses to signals with sizeable r*r«km 
components.  This frequency domain behavior was first noted in connection 
with input-output pairs which had in a previous study, Ref. 1. been used 
very successftMy to compute time domain responses.  The FFT progrsm used in 
that study to calculate the transforms 0(0 I (k) and their complex ratio 
A(k) (Eq 2). is the same one used in the current work. 



A series of examples Mere devised based on analytically defined Input,  output 
ana  impulse response functions to compare the calculated transfer power spec- 
trum with the analytical one. These pinpointed the nemo  for care in the 
neighborhood of zeros of the input power spectrum. Use of a smoothing 
operation on the input and output power spectra removed these spurious sing- 
ularities. 

The sequence of six repeated tests listed above were then devised in 
order to proceed systematically from a "simple" physical system (Tests I. 7 
and 3) to the more complex (Tests 4, 5, 6). The test I results which in- 
volved comparison of a simple pulse at different distances from the source, 
should theoretically result in a constant value of the transfer power spectrum 
|A(k){  for all frequencies Jf .  Instead, the inputs Ifk), outputs 15 (k) end 
transfer power spectra |A(k)f   showed considerable fluctuation with frequency, 
and from test to test. 

Summation of the |A(k)|  into third octave band groups (required for 
, ' basic methodolomy) resulted in considerable improvement of  test to test 
variation. Results for test I ere presented graphically in rig. I*,  it is 
seen that the FM data are  fairly flat from 16 Hz to 250 HI  (corresponding to 
experimental model data between 160€ Hz and 2$ KHz), and the veriat'ors between 
tha independent tests ere also smell.  The direct record data have w   real 
significance beyond 700 Hz. or I KHX  at most.  Internal self consist*«, see»* 
good, but the drooping tendency Ss not well understood.  Case I also gave us 

<goestion as to the source of some if the noise.  Thus, it was found that 
« Input power spectrum was reasonably flat out to 10 KHz fmotfel scale' an** 

dropped rapidly thereafter, at a final rate of 2*» dS per octane. a**s **»» 
30 dB below pea« value at 60 KHz. Since the tape recorder S'M soecif ice:^" 
is **2 dS for direct record and k6 4$  for FH, it is seen that electronic -KM se 
becomes very important at higher frequencies, and  sooner for the direct reco*c 
Results for tests *>. $. £ are  similarly plotted in figures IS. l£, I?. 

Seme preliminary tests taken full scale on the actual site are no? '- 
gond agreement with the calculated data. A number of effects whic* wee *ct 
yet taken into account include wall absorption **%&  atmospheric abso'Dt^o- ~a> 
be responsible, in part, for the discrepancy. Additional $mroveme*i*  j^ 
*e*4ed  if» the noise handling asnects of the experiment«! a** -mmrlzal  Q'C~ 
cedures anä in th« high frequency recording capability. 

Ref.(I)  S- Slutsky and  L- Arnold. "Numerical Prediction of interior a<v 
Structjral Response of Buildings to Sonic Soc#* Overflights" 
FAA-«D-72-ll6. Septei«ber 1972. 
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NOISE AND VIBRATION ASSESSMENT OF THE NEW YORK CITY 
N TRANSIT SYSTEM: A STATUS REPORT 

by 

Simon Slutsky 
William R. MeShane 
Louis J. Pignataro 

Polytechnic Institute of New York 
333 Jay Street 

Brooklyn, New York 11201 

This paper reports on a project now underway at the Polytechnic Institute 
of New York, an Urban Mass Transportation Administration sponsored effort on 
"Noise and Vibration Assessment of the New York City Transit System." The 
Transportation Systems Center (TSC) of the U.S. Department of Transportation 
is the technical monitor on the work. 

The effort is divided into the following tasks: 

• Assessment of the existing noise situation on the rail transit 
system; 

• Preparation of cost analyses information, generally from secondary 
sources, leading to costing and cost-effectiveness methodologies 
serving the function of the methodology presented therein; 

• Development of a modeling priorities and concepts which are out- 
growths of the preceding tasks, as a secondary effort and as 
consistent with the overall assessment and cost methodology 
objectives. 

The third task will be pursued only to the extent dictated by developments of 
the first two, and the awareness that certain data might be collected with a 
minimal incremental effort beyond the Task 1 requirement. 

This paper addresses only the first task in detail. 

1. OVERVIEW 

Four types of measurements are being taken: 

• In-Train 
• In-St at ion 
• Community Noise 
• Employee Exposure 

In addition to a standard measurement program, some special baseline data will 
be collected. For in-train and some community noise data collection, vibration 
as well as noise information will be collected. All data is being kept on 
tape and will be retained after reduction so as to establish a data bank. 
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Throughout the project, there will be substantial interaction with the 
New York City Transit Authority. Cooperation from the Authority has been 
excellent. Extant data in the files of the New York City Environmental Pro- 
tection Administration, Bureau of Noise Abatement, is being made available by 
the Director of that Bureau, as are reports from the Bureau. 

The following sections present some details on the data collection 
program. 

2. IN-TRAIN 

Measurement will be sought on all lines of the New York City Transit 
Authority (NYCTA) and on the Staten Island Line of the Staten Island Rapid 
Transit Operating Authority (SIRTOA). Two complete runs will be made on 
each track (express and local) on the NYCTA and SIRTOA systems. One complete 
round trip on each line will be made using R-44 cars (where used).  If these 
are not available on a given track section then the most modern equipment on 
that line will be used. A second complete round trip will be sought on the 
most frequently operated car model on each line (if the same, then the next 
one). One round trip will be sought on the PATH line in order to make possible 
the extrapolation of PATH equipment to IRT track. 

Measurement locations will be at the center of the second car, with 
the microphone at 1.2 meters from the car floor. 

A list of "hotspots" (points of unusual noise frequency, intensity or 
other special character) has been established. These points need special 
examination and attention. 

Data collection periods will be arranged so that car passenger loading 
are light. 

Simultaneously with the in-car sound measurement program, an accelerometer 
will be fixed to the floor of the car to measure the vertical vibration charac- 
teristics of the ride. The accelerometer will be placed in the middle of the 
car, directly beneath the microphone tripod (for maximum security and pro- 
tection) . 

3. IN-STATION 

Measurements are being made at 25 stations, chosen to reflect all prevalent 
subway track layout configurations. The point of measurement is opposite the 
centers of the train at the platform centerline if the platform is less than 
4 meters wide, and at 2 meters from edge if platform is wider than 4 meters. 
The microphone height is 1.6 meters. 

At least 10 train passages on the specified track are being recorded 
(entry and exit).  If there is a great diversity of train models in a given 
situation, more measurements are being taken. 

The data is being run out on strip charts, and the maximum is being 
recorded on coding forms for each entry and exit, as is the duration t0 that 
the noise is within 5 dbA of the maximum. 
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Results to date indicate most levels in the 90 dbA range. The compres- 
sor release on the newest cars is a significant source of short-term noise. 

Figure 1 illustrates the strip chart output in three situations:  (A) a 
typical train arrival (B) the same arrival with the time scale expanded so as 
to see t0 better (c) an unusual situation in which high levels are experienced 
for a very long duration due to station geometry and slow exit. 

4. COMMUNITY NOISE 

Measurements will be made at the selection of representative locations 
chosen to fill the elements of a table formed by the column of building con- 
struction types and the row of train exposure types. 

The pickup microphone will be placed whenever possible at a distance 
of 25 meters from the nearest track centerline. If that distance is not fea- 
sible due to the presence of structures, then 15 meters or 7.5 meters will 
be the next choices» in that order. In no case will the microphone be placed 
closer than 2 meters from a building front. 

Microphone height will be at 1.2 meters above rail level when feasible 
(e.g., tracks at grade). On elevated sections of open steel construction, 
measurements will be made at .1.6 meters above ground height, and selected 
measurements will be carried out to establish the magnitude of the noise 
correction required. On the relatively small stretches of NYCTA system where 
elevated track rests on non-transmitting (acoustically opaque) concrete 
structure, measurements will be made at 1.2 meters above rail elevation, using 
extension poles or equivalent support techniques. 

Open flat terrain sites will be included insofar as possible to permit 
comparative measurements to be made for each type of track structure and 
for each type of car. These measurements will be made at 25 meters from the 
nearest track centerline. 

5. EMPLOYEE EXPOSURE 

Efforts will be made to arrange for the placement of noise dosimeters at 
typical in-train, station and tunnel locations where NYCTA employees are 
expected to carry out their standard work tasks. The NYCTA has already 
undertaken such measurements, and review of that data may show that a suf- 
ficient amount has already been taken. 

6. SPECIAL BASELINE DATA 

The following measurements are to be done in support of the above 
collection program: 

1. In-train, short runs will be made on all car types on each signi- 
ficant tunnel or outdoor configuration so that the total noise 
due to specific car mixes may be estimated. 

2. Benchmark measurements of noise variation within the second car and 
also among cars in the same train will be made. 
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3. Two station types have been selected and measurements are to be 
made in several stations of each type so that the variability 
within stations of the same type may be studied. 

4. Measurements are to be done in the above two station types (one 
station of each) such that the variation in noise level along the 
platform may be noted« 

5. Measurements will be taken at various heights in the vicinity of a 
sampling of elevated lines so as to estimate the shielding effect of 
elevated structures relative to pedestrians and residential structures. 
Measurements will be made both with buildings nearby and with open 
areas facing the line. 

6. An illustrative set of measurements will be made at various distances 
from an elevated line in a structurally uniform residential area, 
so that the propagation through at least one neighborhood may be 
illustrated. 

7. STATUS 

The measurement program is now well underway, with most of the in-station 
data now collected. The data is being reduced within 1-2 days after its 
collection so as to uncover any difficulties as soon as possible. This not 
only allows a timely new collection, but also allows for corrections to equip- 
ment or personnel as appropriate. 

The second task has been Initiated, and cost data necessary for the 
assessment is being acquired. 

Meetings have been, and are being, arranged by the technical monitor 
among various contracting agencies related to the overall rail transit noise 
assessment program being managed by TSC, of which the present project is a 
part. These meetings, intended for cross-fertilization and for information 
have been most beneficial. 

i 
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SPECTRA OF PAVEMENT MACROTEXTURE PROFILES 

by 

James M« Lawther and John J. Henry 

Applied Research Laboratory and Pennsylvania Transportation Institute 
The Pennsylvania State University 

University Park, Pennsylvania  16802 

In connection with highway vehicle skid resistance research, the Penn- 
sylvania Transportation Institute (PTI) at The Pennsylvania State University 
has developed techniques for characterizing pavement texture at texture scales 
within the tire "footprint" area. The scale of particular interest in the 
present report is that thought to be important in an least some tire noise 
source mechanisms and is krown, in the parlance of pavement texture special- 
ists, as the pavement macrotexture. The macrotexture scale is that appro- 
priate to the overall dimensions of individual stones in the pavement aggre- 
gate, generally of the order of one or two centimeters and less. At the 
small-length end of the scale, which is not closely defined, there is an over- 
lap with the mlcrotexture regime, i.e., with the scale characteristic of the 
surface texture on the individual stones. 

The macrotexture characteristics reported here are wave number spectra of 
four pavements, stretches of which form part of the PTI Skid Test Facility. 
A profile tracer of an in-house design was utilized to obtain over 200 profiles 
of the pavement sites. It is believed that these results will be of interest 
to the noise control audience for the following reasons: 

1. Models of tire-pavement interaction mechanisms in tire noise genera- 
tion must account for the generally observed variability of this 
noise [1, 2] as vehicles traverse different pavements. Quantitative 
pavement texture characterization will almost necessarily be required 
in such a model. 

2. The observed skid resistance properties of pavements also depend on 
both pavement and tire texture [3]. Noise control and skid control 
design specialists should speak the same language in discussing tex- 
ture characterization. 

3. Data bases for both skid resistance and tire noise should include a 
more quantitative description of the pavements involved than such 
characterize» as "smooth concrete", "partially worn asphalt", and 
the like. 

4. The degree of compliance of motor vehicles with noise standards en- 
forced by roadside mcnitoring is, and will be, subject to variability 
from texture differences, until the textures of monitoring sites can 
be specified quantitatively in noise-related terms. 

The data reported here are drawn from a more comprehensive report [4] now 
in preparation. 
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Reference To Some Earlier Work 

Primarily from the standpoints of ride quality and vehicle structural 
integrity an interest has been taken in pavement profile characterization by 
spectrum analysis for some years. The scale of interest has been the so-called 
"roughness" regime, with wave le^ths of a meter or so, and longer. Data have 
usually been presented as wave number spectra and, at the highest wave numbers 
reported, show approximately a 6 JB/octave decrease in spectrum level with 
wave number. Van Deusen [5] suggests that "paved road" roughness texture spec- 
tra may be represented approximately by the empirical formula: 

P(ß) » Cß 
rtk 

(1) 

where, if ?(•)  is power spectrum level in ft /(cycle/foot) and ß is cycle wave 

number in cycles/foot, then C is a constant of the order 1 x 10~ and n is 
approximately 2. Other investigators of the roughness texture report similar 
findings [6, 7]. As will be shown, however, the macrotexture is not just a 
continuation of road roughness, but is a regime in its own right with a spec- 
trum departing substantially from Equation 1. 

Other characteristics of macrotexture, in addition to profile spectra, 
have been suggested in connection with the problem of specifying pavement 
surface finishes. Statistics such as profile height standard deviations, cross 
correlations, and standard deviations of space derivatives of profile height 
are among the quantitative measures suggested. Some volumetric descriptions 
have been utilized, Including a measure derived from a water outflow test and 
others from the surface areas covered by a given volume of grease, putty, or 
sand. Various Ingenious methods of copying or replicating the texture have 
been devised. It is obviously much more convenient to examine replications 
for characterization purposes than to make measurements in the middle of a 
well-traveled highway. To date most of the characterizations available are 
derived from short samples or require very slow traverses over the pavement 
being examined* 

The Profile Tracer Technique 

The PTI macrotexture profile tracer employs a motor-driven, texture- 
scanning stylus attached to a linear variable displacement transducer (LVDT) 
to generate an electrical signal proportional to Instantaneous texture displace- 
ment from a reference plane. The reference plane is determined by the profile 
tracer platform, which is set by three point contact leveling screws. In 
operation the screws are adjusted to bring the platform nearly parallel to the 
estimated local mean pavement plane. A twelve inch sample length is scanned 
at 0.152 inches per second to generate the profile wave form. For some pur- 
poses the time rate of change of the scanned profile height, proportional to 
the first derivative of the profile height, Is desired and a velocity sensing 
element then replaces the LVDT. 
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In our experiment the electrical output representing a profile is re- 
corded on magnetic tape, using the FM record mode. Calibration of the tape 
records is accomplished by tracing several calibrate surfaces each of which 
has a wave form controlled to close tolerances. The controlled surfaces in- 
clude ramps of known slope and extent, flats, and sinusoids of several spatial 
periods and peak amplitudes. These surfaces are scanned just as are the 
actual pavement profiles, and the electrical output of the LVDT is similarly 
recorded on the magnetic tape. Tape playback, and subsequent spectrum analy- 
sis, is accomplished in the facilities of the Applied Research Laboratory (ARL) 
at Penn State. There, it is convenient to use a 32:1 playback-to-record speed 
ratio so as to bring the effective profile scan rate to 0.125 meters/second. 
A wave number of 100 cycles per meter, scanned at this speed, produces a tem- 
poral frequency of 12.5 Hertz. Most of the macrostructure regime is then re- 
presented around and above this frequency in the playback signal. Equalization 
of the record-playback system for the runs reported here is flat over the full 
frequency range of interest. Stylus radius is a principal limiting factor at 
the highest wave numbers. In addition, the characteristic spectrum drop-off 
was such as to bring the measured levels into the playback noise threshold in 
the vicinity of 10,000 cycles/meter. Better response tailoring is under con- 
sideration to improve the high wave number signal-to-background ratio. 

Pavement and Site Selection 

The present program Includes data from four pavement types, each consisting 
of a 200 foot by 6 foot strip and all forming part of the PTI Skid Test Faci- 
lity. A sketch of the facility is shown in Figure 1. The data reported here 
are derived from profiles of the sites numbered 3, 5, 6, and 8. Pavement com- 
positions for these sites are: 

Site * Jennite: Pennsylvania specification ID-2A surface (see Site 6 
below) treated with a first coat of Jennite J-16 mixed 3 to 1 
with AFR Plus (100 sq. ft./gallon). 

Site 5 Concrete (Burlap Drag): Portland Cement Concrete, 8 inch, rein- 
forced; finished with light application of transverse burlap drag. 

Site 6 ID-2A Wearing Course: Pennsylvania specification, hot mix bitu- 
minous concrete; 5.5% AC2000 asphalt, Pennsylvania Type A limestone 
aggregate consisting of 422 1-B (close) graded coarse (1/2" max. 
size) and 58% crushed stone sand fines. 

Site 8 SR-1A (Popcorn): Pennsylvania SR-1A Experimental Hot Mix Plant 
Seal; 6.5% AC2000 asphalt, crushed river gravel aggregate con- 
sisting of 85% 1-B (close) graded coarse, and 15% crushed stone 
sand fines. 

Sample profiles were taken from locations throughout each site and, at 
each location, profiles were taken at different angles with respect to the 
long dimensions of the site. The test facility is only one year old and is 
used only for skid resistance research; hence, it was fairly easy to avoid 
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regions strongly abraded by traffic. In apportioning the effort, it was de- 
sired to give most attention to pavements close to those in common use on 
highways today. Thus Sites 5 and 6 wer4 emphasized as being typical of average 
pavements. Site 3, although artificially prepared, is characteristic of a 
bleeding asphalt pavement and Site 8 is a coarse-textured pavement of a type 
gaining popularity due to its good skid resistance properties. The data 
presented here represent 85 profiles of Site 5, 50 profiles of Site 6, and 25 
profiles, each for Sites 3 and 8. 

Average Wave Number Spectra 

After conducting some preliminary narrow band analyses of profile wave 
forms to determine that, as anticipated, their spectra evidenced no prominent 
narrow peaks in the frequency range of interest, the bulk of the analysis 
effort was devoted to generation and averaging of third-octave band data. 
Some results are shown in Figure 2. This figure displays the ensemble aver- 
ages of profiles for each pavement, with all profile directions included. 

The only site to exhibit evidence of anlsotropy in macrotexture was 
Site 5, the burlap dragged-concrete surface. For this site, profile spectra 
taken parallel with the direction of the drag averaged some 2-3 dB lower in 
band levels up to about 300 cycles per meter. Above this space frequency the 
anisotropy disappeared. 

Figure 3 shows the overall site averages for the two commonly used sur- 
faces (the ID-2A of Site 6 and the concrete of Site 5) displayed together with 
some of the previously referenced roughness spectrum data (generally those 
data representing newer roads). The data from the macrotexture profiles have 
been extended downward two octaves further than shown in Figure 2. The exten- 
sion for each site was made by analyzing the records of 10 profiles pieced 
together end to end. The correspondence, in overlapping bands, between tem- 
poral and ensemble averaging was good. 

It is clear from Figure 3 that the general negative slope which is charac- 
teristic of the roughness regime can not extend much :igher in wave number 
than, perhaps, four or five cycles per meter before encountering the macro* 
texture. Parameters of the latter will, as is seen, depend on pavement compo- 
sition. 

Conclusions 

Each of four pavement types has been represented in the macrotexture 
regime by wave number spectra of a sizeable sample of linear profiles. The 
macrotexture scale, being the largest within the footprint size of highway 
vehicle tires, is thought to be important to noise generation mechanism model- 
ing and Is certainly important in skid resistance considerations. There are 
substantial differences in wave number spectra among pavement types, suggesting 
that wave number characterizers may serve as quantitative identifiers more 
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suitable than such word descriptions as "concrete" or "asphalt-based". In 
the partially conflicting interests of tire noise reduction and skid resistance 
design, there remains a common need for a more complete characterization of the 
tire footprint interface. 

(Information for this publication was collected (in part) under NBS Contract 
No. 3-35996 as part of a joint agreement between the NBS and the DOT.] 
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MEASUREMENT OP THE MULTIPLE COHERENCE FUNCTION AND THE SEPARATION 
OF THE COHERENT ENGINE NOISE FROM THE TOTAL NOISE OF A DIESEL 

ENGINE 

by 

J. Y. Chung, Malcolm J. Crocker and James F. Hamilton 

Ray W. Herrick Laboratories 
School of Mechanical Engineering 

Purdue University 
West Lafayette, Indiana 

I. INTRODUCTION 

The early investigations on diesel engine noise in the 1930's 
and early 40's were mainly concerned with reducing "diesel knock" 
by means of improving the burning characteristics of the cylinder 
combustion (1-9). Not until the late 40*s was more sophisticated 
research on engine noise problems initiated by Priede and his 
colleagues at the British Internal Combustion Engine Research 
Association. 

Since the late 1960's "noise pollution control" has become 
one of the major issues raised by environmentalists and other 
concerned individuals. As a result of this public awareness, 
noise legislation has been enacted in the United States as well 
as in European countries. 

One of the major noise sources to be controlled under noise 
legislation is vehicle noise. There are about 18 million trucks 
and buses in use in the USA. Most heavy trucks are powered by 
diesel engines, which are abcut 6 or 8 dB (A) noisier than 
similar gasoline engines (10). Today truck noise has become a 
problem which urgently awaits solution by the engine manufactur- 
ers. 

In spite of two decades of research on diesel engine noise, 
a total understanding of the subject matter has not been achieved. 
The general approach applied to diesel engine noise research in- 
volves "noise source identification" in a "qualitative sense." 
In many cases, a noise source of interest was removed, or re- 
placed by a modified unit. By comparing the original and the 
new noise spectra, one could decide the contribution of that 
particular noise source to the total engine noise. So far, some 
experimental "quiet engines" have been developed. The principles 
used to build the "quiet engine" are mainly concerned with engine 
surface structure modifications and the redesign of the basic 
engine structures. This involves (a) vibration isolation, (b) 
utilizing highly damped material, (c) utilizing high stiffness 
material, (d) reducing engine clearances.  In a separate category, 
a total enclosure method has been applied to reduce diesel engine 
noise (11). 
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Often, the measurement of engine noise has been made in a so- 
called "semi-anechoic engine test cell." It has been common to 
make the measurement at about 3 feet from the engine surface 
structure.  These measurement procedures were firstly used by 
Priede (12) and then adapted by many other researchers.  The 
"semi-anechoic room" or "3 feet measuring distance," however, have 
not yet been accepted as & standard measurement procedure. 

In recent years, the commercial Fast Fourier Transform (FFT) 
digital Fourier analyzer has become available. The FFT algorithm, 
which was published in 1965 by Cooley and Tukey (13) is much fast- 
er than the conventional digital Fourier transform algorithms. 
This makes the digital Fourier analyzer an efficient means for 
signal analysis. The digital Fourier analyzer makes many acousti- 
cal or vibrational measurements possible, which otherwise are very 
difficult if not impossible.  In the present research, a Hewlett 
Packard Fourier analyzer has been used for the noise and cylinder 
spectral analysis of a  V-6 cylinder diesel engine. 

In the present paper the following two areas of research have 
been discussed: 

1. Experimental evaluation of the multiple coherence 
function between the cylinder pressures of the 
engine and the engine noise, and 

2. Separation of the coherent part of the engine noise 
from the total engine noise by means of the multiple 
coherence function. 

In a later paper (14) the following two topics will also be 
described; 

1. The experimental evaluation of the frequency re- 
sponses of the structural acoustical noise gener- 
ating system with respect to each cylinder, and 

2. Coherent engine noise predictions based on assumed 
cylinder pressure diagrams and experimentally evaluated 
frequency responses. 

None of these topics has been found discussed in literature 
of acoustics. This paper describes a continuation of the work 
described in Reference 15 which is also more completely described 
in the Ph.D. Thesis by Gene Chung (16). 

II. MEASUREMENT OF THE MULTIPLE COHERENCE FUNCTION BETWEEN THE 
CYLINDER PRESSURES AND THE ENGINE NOISE 

As previously discussed in Reference 15, the complex structure 
of a diesel engine can be represented by a lumped spring-mass sys- 
tem (Figure 1). The force due to the cylinder combustion can be 
treated as the primary excitation to the system. The vibration- 
al response of the engine surface structure can then be treated 
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as the excitation to the sound propagating medium, i.e., air.  If 
a point in space is chosen there is a single frequency response 
relating the input cylinder combustion and the output engine noise. 

For a multiple input, single output system, if the inputs 
are mutually uncorrelated, then the frequency response with re- 
spect to each input can be evaluated individually, as long as the 
coherences between the output and Lhe individual inputs are 
known. However, in the case of a multiple cylinder engine, th<?. 
multiple inputs (the cylinder pressures) are not mutually uncor- 
related. This is because of the fact that the cylinder pressure 
contains not only the random component but also the deterministic 
component.  Some spectral components of cylinder pressures of dif- 
ferent cylinders can be located precisely at the same frequency 
points on the frequency axis.  Should the cylinder pressures be 
random signals, then the overlapping of the spectral components 
would not cause correlation. But the cylinder pressure, in fact, 
has numerous harmonics shown in the spectrum (Figure 2)• That 
means the cylinder pressure cannot be treated as a random signal. 
This is particularly pronounced for a direct injection engine which 
has much steadier combustion than an indirect injection engine. 

The engine under present investigation is of the direct 
injection type. A typical coherence function between the cy- 
linder pressures of two different cylinders is shown in Figure 
3. The coherence function is defined by equation (1) 

J lSii <f) I2 
ij w    *u <f> sjj m 

where Si, is the cross spectral density of the pressure signals 

from the ith and jth cylinders and Sii and S.. are the spectral 

densities of the pressure signals from the two cylinders. The 
coherence function y2^. is a measure of the correlation between 

the two signals. When the coherence function equals 1, the two 
signals are completely mutually coherent and when the coherence 
function equals 0, the two signals are mutually incoherent.  It is 
seen from Figure 3 that the cylinder pressures of different cy- 
linders are strongly coherent in the low frequency region.  It 
should be noted that a high pass filter with a 1200 Hz cutoff 
frequency was used in the measurements of the coherence function 
given in Figure 3. Theoretically, filtering the two signals 
will not affect the value of the coherence function. However, 
in the measurements shown in Figure 3 the spectral components of 
the signals below about 600 Hz were low enough to be similar to 
the instrument noise level. Hence low coherence is shown below 
600 Hz. One would expect, however, that the coherence function 
would be higher for frequencies lower than 700 Hz for non-filtered 
signals. 

564 

ajeaMiriüaj i iriiiltliHir 



For a 6 cylinder engine with 6 correlated inputs (cylinder 
pressures) and a single output (engine noise), the frequency re- 
sponses between the individual cylinder pressures and the noise 
cannot be evaluated independently.  The correlations between the 
inputs, in essence, establish mutual transfer relations between 
the inputs.  Hence simultaneous equations must be solved in order 
to evaluate the 6 complex frequency responses at each frequency 
of interest. 

Experimental evaluation of the frequency responses of the 
engine structure involves measurement and analysis of the random 
signals.  Hence all the quantities either being directly measured 
or being evaluated from the measured data, should be in terms of 
estimations. Necessary random error estimations must be perform- 
ed after the frequency responses are evaluated. 

The multiple coherence function between the cylinder pres- 
sure inputs, x, and noise output, y, may be shown to be (14,15) 

6    6 

Yxy 
2(f) =

 {E E Hi(f) "j^« v«]/vf)' li « 1 j » 1 J 
j 

= G;y
(f)/Gyy(f) • (2) 

Here H(f), and G(f) are the frequency responses, and one-sided 
spectral densities, respectively. Thus G  (f) and G'  (f) are 

the one-sided densities of the total noise y and of the coherent 
(correlated)engine noise, respectively. 

The following instruments were used in the course of the ex- 
perimental evaluation of the multiple coherence function of the 
V-6 diesel engine. 

| 1.  Six Kistler 603A quartz pressure transducers and 
| two Kistler charge amplifiers (models 504 and 
I 504E). 

2. A 1/2M, B & K 4133 condenser microphone, a B & K 
I 2612 cathode follower and a B & K 2603 microphone 
I amplifier. 

3. A Hewlett Packard system 5450A digital Fourier 
analyzer and a teleprinter. 

4. Two SKL high-pass, low-pass variable electronic 
filters (model 302) 

5. A Spectral Dynamics signal generator, an oscillo- 
scope and a frequency counter. 

6. A Honeywell type 580 X - Y recorder. 
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7. A Midwest Dynamic Dynamometer of the eddy-current 
type (Type 1014), thermocouples and other engine 
auxiliary equipment. 

Figure 4 is a schematic diagram showing the arrangement of 
the experiment. 21 cross spectral densities and 7 auto spectral 
densities were measured, i.e., 

Gyy V Gy2 Gy3 Gy« 
Gys G c y6 

Gii G12 G13 G14 G15 G16 

G22 G23 G24 G25 G26 

G33 G34 

G44 

G35 

G45 

G55 

G36 

G46 

G56 

G66 , 

and then using the conjugate symmetry, i.e. 

Gji = Gij* ' if  j s y' lf 2' 3'#"* 

the rest of the off diagonal elements were calculated. 

(3) 

The multiple coherence function was evaluated firstly based 
on equation (2). The same multiple coherence function was also 
checked based on a method utilizing all the cylinder cross and 
auto spectral densities (16). The results turned out to be pre- 
cisely the same. In the former method, the multiple coherence 
function was evaluated based on the calculated frequency re- 
sponses, while in the latter method, the multiple coherence 
function was evaluated directly from the measured spectral den- 
sities. The agreement of the results from'the two different 
methods suggested that the computer programs for evaluating both 
the multiple coherence function and the frequency responses were 
working properly. Figure 5 shows the multiple coherence function 
obtained from the experimental runs using 1050 equivalent ensemble 
averages. In each coherence function plot, the random error esti- 
mation based on theory (16) and a 95% confidence interval is 
plotted as an upper and a lower-bound to the coherence function 
curve. Figure 6 shows the engine noise coherent to the cylinder 
pressures. 

III.  DISCUSSION 

It is seen from Figure 6 that the coherent engine noise is 
almost equal to the total engine noise except at high frequency. 
In terms of overall level, there is less than one decibel dif- 
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ference between the coherent and total engine noise. However 
it should be noted that piston slap contributes to the coherent 
engine noise.  It would be necessary to evaluate the partial 
coherence function in order to separate the piston slap noise. 
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Figure 1.   A spring-mass system representation 
of the engine structure. 
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Figure 3.   Typical coherence function between two 
cylinder pressures. 
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Figure 4«   Schematic diagram for the experimental 
evaluation of the multiple coherence 
function of the V-6 diesel engine. 
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THE ACOUSTIC RESIST*» j 

by 

Herbert V. Hillery 

Applied Research Laboratories 
The University of Texas at Austin 

Austin, Texas 

It is veil known that the similarity between the differential equations 
describing the notions of a driven linear mechanical oscillator and describing 
the movement of charge in a driven electrical oscillator allows several 
different dynamical analogies to be drawn between mechanical circuit and 
electrical circuit component reactions« 

According to the impedance or "classical" analogy» the Inertia of a 
is regarded as analogous to the Inductance of an inductor, the compliance of a 
spring is regarded as analogous to the capacitance of a capacitor, and fric- 
tlonal losses In a mechanical circuit are regarded as analogous to electrical 
losses In an electrical circuit. 

Using this analogy, acoustical engineers familiar with electrical circuits 
can readily predict the performance of many acoustical circuits by regarding 
masses as Inductors, springs as capacitors, and dashpots or shock absorbers as 
resistors. Because this procedure has proven effective for many acoustical 
circuits, there has been little awareness that a true acoustical analog to the 
electrical resistor has not been available. The main difference between the 
functioning of electrical resistors and of presently available mechanical 
resistance devices is shown by the following. 

It Is well known that an electrical transmission line is analogous to an 
acoustical waveguide.1 The input impedance of an infinitely long lossless 
transmission line Is a pure resistance, R , called the characteristic 

resistance of the line. Similarly, the longitudinal wave mechanical input 
Impedanct of an Infinitely long lossless straight solid rod of diameter d, 
small relative to a wavelength of the sound waves propagating along the rod, 
is a pure resistance, R^, called the characteristic mechanical resistance 
of the rod.        ** 

If an electrical transmission line of finite length has an open circuit 
or short circuit at ita remote end, or if the remote end is terminated with 
an inductor or capacitor or with a resistor having a resistance unequal to 
Eg-, any electrical wave applied to the near end of the line is partially or 

totally reflected from the remote termination. Because of the reflection, the 
line is said to be improperly terminated. 

If the remote end is properly terminated, that is, if It is terminated in 
an electrical resistor of resistance R**CE* &o reflection occurs even If all 

dimensions of the resistor are many ordera of magnitude smaller than the wave- 
length on the transmission line. 
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For this properly terminated case, regardless of the length of the 
transmission line relative to the wavelength, the input impedance of the line 
is the pure resistance *cg. Ho alternating voltage or current measurements 

at the input end of the line will reveal whether the line is Infinitely long 
or has a finite length that way even be extremely short relative to a wave- 
length. 

Three characteristics of the electrical terminating resistor have 
particular significance relative to the problem of obtaining a description 
of the characteristics of a true acoustic analog to an electrical resistor. 

First, the electrical resistor is an electro-thermal transducer which 
converts electron vibrations into the random molecular vibrations defined 
as heat. In this respect, the resistor acts a» a radiation impedance just 
as though It were a perfect antenna radiating iuto infinite space. It acts 
as a radiation resistance even though it is exceedingly small relative to 
the wavelength on the transmission line. Second, the resistor does not have 
to be directly or indirectly connected to an inductor in order to perform 
its function. Third, the electrical resistor exhibits a resistance that 
appears to be a fundamental property of the material of which it Is con- 
structed. Although the characteristic resistance of a transmission line 
can be expressed as a function of the Inductance and capacitance per unit 
length of the line, the resistance of the resistor cannot be expressed 9» 
some function of inductance and capacitance. Indeed, a well constructed 
electrical resistor exhibits almost no inductive and capacitlve reactance, 
regardless of frequency. 

Because of this third characteristic of sn electrical resistor, and 
because the effect of a proper terminating resistor on the input impedance 
of a transmission line is Independent of the length of the line, there 
appears to be no reason for assuming that the characteristic resistance of 
a lossless transmission line is any less a fundamental property of the line 
than its inductance and capacitance per unit length. In fact, it appears 
possible, for a lossless line, to regard fU. as the primary function of the 

div*insions and material of the line and to regard the inductance and 
capacitance of the line as merely the effects on the input impedance of 
the line that arise from improper termination. 

From the three characteristics of an electrical realstor acting as 
a proper termination for a transmission line, it can be seen that a true 
acoustical analog to an electrical resistor should exhibit the following 
characteristics if it Is used as the proper termination for a straight 
lossless solid rod carrying longitudinal sound waves. 

First, the acoustical resistor should act as an acoustic-thermal 
transducer, transforming acoustic particle vibrations into the random 
molecular vibrations defined as heat. It this respect, an acoustic 
resistor, when used to properly terminate a solid longitudinal wave 
waveguide, should act as an acoustic radiation resistance just as though 
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it were a perfect radiator of sound that la radiating into an infinite 
medium. It should act as a radiation resistance even though it is exceed- 
ingly small relative to the wavelength on the waveguide. 

Second, the acoustic resistor should perform Its function without 
having to he directly or indirectly connected to a mass (analogous to an 
inductor). 

Third, the resistance of the acoustic resistor should be a fundamental 
property of the material from which the resistor is constructed or of the 
configuration of the material. The resistance should not be some function 
of the mass or stiffness of the resistor* In fact, the acoustic resistor 
should exhibit, regardless of frequency, almost no mass reactance or 
stiffness reactance. 

The input resistance of a lossless straight rod properly terminated 
with an acoustic resistor should be R^, regardless of the length of the rod 

relative to a wavelength and regardless of the dimensions of the resistor. 
Despite its weight, the properly terminated rod should exhibit no longitu- 
dinal inertia or springiness. This suggests that the qualities of mass and 
stiffness commonly attributed to material objects are merely the effects on 
the input impedance of the objects produced by the reflections caused by 
improper termination of the objects. 

Since it was evident that no acoustic component In common use fitted 
this derived description of an acoustic resistor» the acoustics literature 
was searched to determine whether any component fitting the description had 
been described earlier. Ho evidence could be located that an acoustic 
resistor has ever been constructed or that anyone previously has suggested 
that such a component might be feasible or useful. Consequently» the 
research now in progress was undertaken. 

Additional consideration of analogous lumped Impedance electrical and 
acoustical circuits suggested that the various lumped impedances belong to 
two classes which might be called natural and artificial. 

Among the electrical impedances, resistance is the only natural 
impedance. A wide range of values of resistance can be obtained from simple 
shapes of more or less natural materials. On the other hand, inductance ana 
capacitance are artificial— rly very small values of these Impedances are 
available from simple shapes of natural materials. In order to obtain large 
values, science has had to learn to shape and arrange materials into previously 
unknown configurations such as colls with cores, and alternated layers c£ 
conductors and Insulators. 

Contrastingly, among the acoustical impedances, inertance and compliance 
are natural—wide rangea of values are available from simple shapes of more 
or less natural objects. Acoustical resistance, on the other hand, appeared 
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to belong in the artificial class. Certainly only small values of acoustical 
resistance have been obtained from simple shapes of common materials. 
Although no assurance was available that some configuration of materials 
could yield high values of acoustical resistance, the examples of inductance 
and capacitance suggested that a search for suitable configuration might be 
rewarding. 

One solid structure was known that could theoretically provide at least 
a small value of pure acoustical resistance. This is the transversely 
vibrating finite string that Is terminated in resistive supports having a 
resistance equal to the tranp/erse wavs impedance.2 It appeared also that 
perhaps a finite flat plate could be provided with resistive edges to make 
IJS flexural wave impedance equal to the importance of an infinite flat plate, 
which id known to be resistive.3 It was felt that resistive end supports for 
strings ard resistive edges for flat plates might be achieved with one of the 
polymers Known to exhibit high shear losses«. Using the predicted and surmised 
characteristics of resistance terminated, transversely vibrating strings and 
plates for guidance, various sample acoustic resistors have been assembltd 
from a wide variety of materials. These sample resistors are now being tested. 

The tests are made by mounting the sample resistors on the remote end 
of a 48.5 m long, 5.7 mm diam solid aluminum rod having a characteristic 
mechanical impedance R »289 kg/sec. The near end of the rod is driven with 

longitudinal tone bursts th&t are shorter on the rod than the length of the 
rod. The outgoing and reflected tone burst signals are detected by a dis- 
placement probe resting on the rod 31 m from the input end. A more detailed 
description of this tone burst rod apparatus has been given in an earlier 
paper.* 

Results of the tests performed so far show that an acoustic resistor 
can be constructed that absorbs more than 90Z of the acoustic energy incident 
upon it from the 289 kg/sec output impedance of the aluminum rod over the 
2 1/2 octave band from 500 Hz to 2800 Ha and that absorbs more than 98% from 
800 Hz to 2000 Hz. The frequency dependence of the absorption shows that 
resonant behavior has not been totally eliminated. 

The thickness of the resistor which has given the best absorption is 
2.2 cm or 4.3/1000 of the wavelength at 1 kHz on the rod. The transverse 
dimensions are 8 cm by 12 cm. The resistor consists centrally of a stack 
of three round 0.081 cm thick aluminum disk* separated by round disks of 
Scotchcast 221 polyurethane. Two of the aluminum disks are 2.5 cm diam and 
the third is 6.1 cm diam. One of the polyurethane disks is 0.18 cm thick 
and 3.8 cm diam. The other two main polyurethane disks are 7.6 cm diam. 
One is 0.56 cm thick and the other is 0.48 cm thick. Hear the circumference 
of the latter, two 0.165 cm thick, 3.8 cm diam disks, one of the polyurethane 
and one of polypropylene are attached. The plane of the small disks is 
parallel to the plane of the large disk. The axis of the large disk is 
midway between the axes of the small disks. The small disks are mounted 
between 0.051 cm thick, 2.54 cm diam aluminum disks and attached to the 
large disk with 4-40 brass screws and nuts. Radial cuts into the edges of 
these small plastic disks divide the disks into fan shaped segments. The 
entire resistor structure is attached to the aluminum rod with a 4-40 nylon 
screw. 

576 



#' 

Although this acoustic resistor is totally lacking in beauty, it is so 
effective that virtually no sound radiates fro» it* The results achieved 
with the resistor are regarded as providing a strong indication that a 
practical solid lumped acoustic resistor can be achieved. The research is 
now directed toward fully defining the physical principles that produce the 
high absorption» so that the principles can be applied to the construction 
of resistors of predictable resistance that are more compact and more , 
practical for application in reducing sound propagation in transportation 
structures and other structures* 

'J 

(This research is supported by NSF Grant GK-34367.) 
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RELATIONSHIPS BETWEEN TREAD PATTERN AND AUTOMOTIVE TIRE NOISE 

by 
W. C. Reynolds 

Department of Mechanical Engineering 
Stanford University, Stanford, CA 94305 

1.  Motivation and objectives 

It 1s known1 that tires are a major contributor to passenger automo- 
bile noise at freeway speeds. The tread features contribute significantly 
to this noise, as evidenced by experiments on smooth tires and tires with 
straight circumferential grooves (aircraft type tires).« Modern tires 
employ variable-pitch wavy grooves, or pitch-sequencing, which produces 
acoustic signatures found to be less annoying than the pure-tone uniform- 
pitch wavy grooves. More sophisticated tires, such as General Motors' 
new special tires, also employ phase-shifting between grooves in an effort 
to obtain some cancellation. There are many other tread features, such as 
cross-grooves and sipes, all of which contribute in some unknown way to the 
complex acoustic signature of the tread pattern. In addition, there is a 
"random" noise component produced by irregularities in the road surface and 
the tire motion. 

The present work deals primarily with the tread-related portion of 
the acoustic signature. The objectives of the current state of this work 
are 

1) to determine the acoustic signature of Individual tread features 

2) to expTore the possibility of prediction of the tread-related 
signature of complex patterns by superposition of these ele- 
mentary components 

3) to investigate the potential for reducing the tread-related 
component by designing a tread pattern for optimum cancellation 
and acoustic beam directional characteristics. 

The ease and success of (3) will depend on our success in (2). If (3) 
can be achieved, the next step will involve study of systematic approaches 
to pitch-sequencing with regard to both acoustics and aural perception. 
An additional future objective might be the development of standardized 
laboratory testing procedures for evaluation of commercial automotive 
tires with respect to state and federal noise standards. 

The basic approach Involves study of special tires under controlled 
laboratory conditions. Although there has been considerable controversy 
about the relationship of tests on rotating roadway-wheels to tests on flat 
road surfaces, there is really no evidence to indicate that the objectives 
described above can not be met using a laboratory wheel. We chose the wheel 
approach over field testing for a variety of reasons, perhaps the most im- 
portant being our ability to carefully control the test conditions. We have 
had some discussions with General Motors about the possibility of some joint 
experiments to obtain definitive answers to the flat-curved surface contro- 
versy, and if these can be arranged a resolution of this controversy will 
become an additional objective of this program. 
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2.  Basic approach and status 

a) roadway wheel 

We have constructed a special roadway-simulation wheel for these 
tests. The wheel has a circumference of l/300th of a mile, which seems 
to be a standard of the tire industry. It is eight inches wide and can 
support loads of up to 1500 lbs. A solid-web construction was used to 
eliminate aerodynamic noise from webs. The wheel was cast in aluminum and 
machined over its entire surface, and hence required only minor balancing. 
It 1s driven through a 3-inch diameter shrunk-fit shaft, and runs true to 
within 0.003" vertically and 0.010" horizontally. 

The driving motor 1s a large DC motor, obtained from government surplus 
at no cost. The motor is rated at 15 hp at 1150 rpm, 220 V, but is operated 
at a fraction of its capacity. This direct-drive system is very quiet and 
vibration-free. A solid-state control system is being constructed, which will 
permit accurate control of the wheel speed under varying load. 

The tire is mounted on a special wheel supported from below. The 
support is connected to the roadway-wheel frame through a load control system. 
Load is supplied through a hydraulic piston, and the hydraulic pressure 
is controlled by the supply pressure of bottled nitrogen. Needle valves 
provide for some control of the stiffness of the suspension system. It is 
our Initial intention to operate with a very stiff suspension in order to 
obtain a steady contact patch footprint. 

The head on which the wheel 1s mounted has sufficient freedom to permit 
a proper alignment of the tire with the roadway-wheel. Alignment 1s accom- 
plished using appropriate machinists rules and gauges. Camber can be adjusted 
by tilting the loading system at the point where it attaches to the roadway- 
wheel frame. The initial tests will be without camber. 

Aluminum 1s not a satisfactory working surface, but at the suggestion 
of workers at Ford and General Motors we are using a surface of 3-M medium 
grade Safety-Walk, normally used to provide traction on stairways and ramps. 
This surface has a roughness characteristic somewhat like asphalt. We have 
found that it does not load up with rubber, and believe it will be an excellent 
surface for our first experiments. 

b) test laboratory 

A special laboratory has been prepared for this experiment. A pit was 
dug In the floor, large enough to accomodate the roadway-wheel and the proper 
depth to set the contact patch a fraction of an inch above the floor level 
of the room. Plywood plates will be used to cover most of the pit, and 
special aluminum plates will be used to extend the surface to within a frac- 
tion of an inch of the roadway-wheel. When complete, the tire will appear to 
be running on the floor of the test room, supported from below. 
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The pit has been provided with a quieted exhaust fan, which will suck 
air out of the pit. Make-up air will in part be sucked through the slots 
where the roadway-wheel meets the stationary floor, and this will serve to 
control the boundary layer on the rotating surface. Additional make-up air 
1s supplied to the pit through a separate duct from the roof. The exhausted 
air will carry with it heat developed by the motor and roadway-wheel system, 
and also will romove the vorticity that would tend to develop in the pit if 
the wheel were allowed to operate in an enclosed pit for a long period of 
time. Without this vorticity removal, winds of up to 50 mph could develop 
1n the pit with prolonged operation. 

Power and instrumentation is carried to the pit from an adjacent room 
in a covered trench. Controls and instrumentation may be located in the pit 
area where this is deemed desirable. The roadway-wheel and pit cover plates 
will be treated as necessary to remove undesirable system vibrations that 
might interfere with the acoustic experiments. 

The Idea is to do the tests in a "hemianechoic" environment, with the 
solid floor of the room providing acoustic reflections representative of 
the highway surface. Initially it was planned to line the walls and ceiling 
of the test room with acoustic wedges. However, after some experimentation 
with fiberglass in an acoustic wave tube, and upon consideration of the fact 
that the tread-related features generate frequencies typically in the range 
500*1500 hz, it was decided to take a simpler approach. The walls and ceiling 
are now being lined with 6 inches of medium density (3 lbm/ft3) fiberglass 
covered with a 3/8 inch layer of open-cell foam [100 pores per linear inch 
fire retardant Scott Industrial Foam]. Manufacturers information indicates 
that this combination should have a random (Sabin) absorption coefficient of 
.99 at frequencies above 250 Hz. The inside dimensions of the finished room 
will be W-6"  by 13'-6" by 7'-9" high. Thus normal modes of room resonance 
will occur at multiples of 30, 42, and 73 Hz. The wall treatment is such 
that we anticipate no difficulties with room resonance in the frequency 
range of interest. 

Two walls and a false ceiling within the room were covered with two 
layers of cross-lapped sheetrock, and special solid-core double-doors were 
Installed. With these modifications the room will enjoy excellent Isolation 
from external sounds. Room ventilation is provided through acoustically 
treated ducts by special quiet fans. Lighting is provided by special quiet- 
ballast flucrscent bulbs. The level of background sound, with both blowers 
and all lights operating, is expected to be less than 30 dbA. 

A special device for moving a microphone around the vertical axis of the 
contact patch has been constructed as a "design project'1 by a team of first- 
year graduate students. The drive motor and support system for this unit 
are mounted in the ceiling directly above the tire. This system will allow 
us to scan the radial acoustic field around our test tires on a radium up 
to about eight feet over a 90p sector, and over partial sectors in "curbside" 
areas for up to fifteen feet. 

V 
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c) special tires 

Arrangements were made with Firestone for construction of special test 
tires, and the first group was delivered early this year. These tires are 
made by cutting the tread pattern on blank tires using their electric knife 
device. All test tires are 600:13 with Identical carcasses. Tire #1 1s a 
blank tire for reference. The remaining tires will*all carry four grooves 
of the same depth cut Into Identical blank tires, and tire #2 is a straight- 
groove reference tire. Tires #1 and #2 will be used primarily to determine 
the level of the "random" portion of the noise. T1re #3 has one uniformly- 
pitched wavy groove and three straight grooves. The first tread-signature 
studies will be carried out with this tire. It has been run on the wheel, 
and produces a distinct pure-tone noise. Subsequent tires will involve mul- 
tiple grooves, optimally phased, for testing of the superposition, cancella- 
tion, and acoustic beaming concepts. The designs for these will be determined 
using data from the experiments on tire #3. 

« 
We expect to place microphones near the leading and trailing edges of 

the contact patch, 1n an effort to educe the contributions of both regions 
(it 1s not believed that sidewall vibration contributes significantly to 
the tread-related noise). This will be part of a total survey of the 
directional fcharacteHsties of the tread-related noise. These surveys will 
be carried out over a range of speeds under a variety of loads. It 1s hoped 
that the single wavy groove can be represented as an acoustic monopole at 
the center of the contact patch, or perhaps as the sum of a monopole at 
the leading edge and another (with different phase) at the trailing edge. 
The velocity dependence of the tread-related sound should correspond to 
12 dB per doubling of speed, for a monopole source. This behavior 1s close 
to that observed for total tire noise.1 The directional characteristics 
will also be useful in fitting.the acoustic signature on tire #3 to this 
simple model. 

Tools from our turbulence work that might very likely be useful 1n this 
study are flow visualization and the hot-wire anemometer. It may be useful 
1n Illuminating the mechanisms of tread-related noise generation to try to 
visualize or measure with hot wires the "jetting" of air from the tread grooves, 
If Indeed this occurs. The exact nature of these experiments, or whether or 
not they should be done, can not be decided at this point. But we do have 
the capacity to carry them out, and will do so 1f this will add to our 
understanding of the processes of sound generation 1n a manner pertinent to 
the stated objectives of the program. 
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i)    tread»related sound determination 
Special signal processing procedures» developed in our long research 

programs in turbulence* will be employed to sort out the tread-related signal 
from the total acoustic signature. A pulse signal will be generated each 
time that a particular point on the tire enters the contact patch. This 
«fill be generated using a small light source and a thin slit on a disc 
attached to the wheel carrying the tire. This pulse will be used to initiate 
i signal reduction process. By taking an average over a large ensemble of 
such events» the "noise" portion of the sound is rejected and the tread- 
related portion is "educed." We have a PAR waveform educator and a HP 
digital cross-correlator/eductor available for this purpose. The noire 
portion can be determined by a separate measurement of the spectrum of the 
total signal. 

e) work schedule 
The construction forecast now plans completion of the room by May 1 and 

Installation of the wheel by June 1. It is expected that initial tests on 
special tires will be conducted in the summer. 
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ACOUSTIC ATTENUATION BY VALORIZATION 
) DJ 

by 

OF LIQUID DROPLETS* 

Frank E. Marble 

Daniel and Florence Guggenheim Jet Propulsion Center 
California Institute of Technology 

Pasadena, California 

Summary 

The acoustic attenuation properties of cloads of small solid particles 
have been relatively well understood since the work of Epstein1 and Epstein 
and Carhart .    These papers examined for the first time in a consistent man- 
ner, the attenuation of acoustic fields caused by viscous drag of the small 
spheres and thermal heat conduction to and from the spheres during the pas- 
sage of a wave.    Recently,  in connection with investigations into the flows of 
multiphase mixtures, Wooten3, Marble4» 5 ,  and Marble and Wooten^ ex- 
plored the acoustic effects of phase change between the liquid droplets and 
the vapor in which they were suspended.    The unique features of the attenua- 
tion associated with the condensation and vaporization phenomena were con- 
firmed in a splendid experimental work of Cole and Dobbins  . 

The attenuation associated with a cloud of solid particles,  each of 
mass m, radius tf,  and number n per unit volume,  corresponds to that of 
continuously distributed dipoles whose strength is proportional to the force 
per unit volume exerted upon the gas as the particles attempt to follow the 

ix'T 
gas motion.    This dipole strength is proportional to   * ( .   .     )  where 

x   = —n is the fraction of mass per unit volume due to the participate phase, 
P     P ffi 

x is the angular frequency of acoustic disturbance,  and Ta gygr   is the ve- 

locity relaxation time for the particle in a medium of viscosity u ,  according 
to Stokes law.    The acoustic disturbance is attenuated as 

exp[- -ji ( —TTT )*XJ    where 11 x/c is the wave number.    This absorption 

band is centered about the frequency - = —jjj=- , which depends upon the par- 

ticle size and composition but is independent of particle concentration. 

The attenuation caused by thermal exchange between the gas and the 
particle cloud corresponds to that for a continuously distributed field of 
sources whose strength is proportional to the head absorbed from the gas 
per unit volume by the particles.    The form is,  of course, the same as that 

for the viscous attenuation but now the thermal relaxation time gygfr replaces 
W 
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the Stokes relaxation time above, where c.  and k are the specific heat and 
thermal conductivity of the gas.    For mosfgases, the difference between 
these times is negligible,  and we shall not differentiate here.    The thermal 

attenuation then behaves as expj- ^- K   ( —^'jr; ) Kxf»  generally less than 

half that caused by the viscous losses. 
essentially the same frequency,   1/T . 

T l+U)   T" 
The absorption band is centered on 

When one examines the response Of a medium consisting largely of 
inert gas, a small mass fraction K    of.liquid droplets and small mass frac- 
tion *v of vapor corresponding to Fthe liquid, the behavior4"** is much more 
complex.   In general, and with very good accuracy when the *p and Hy are 
not large, the response may be divided into a fast portion in wnich the drop- 
let temperature adjusts to a value intermediate between its original tempera- 
ture and the local gas temperature and a much slower relaxation time during 
which the larger portion of the phase equilibrium is achieved.    The fast por- 
tion, which takes place with a relaxation time » T , leads to an attenuation 
corresponding to the thermal attenuation discussed above -• exactly so when 
the latent heat of vaporization is very large.    The alow portion takes place 
with a relaxation time ** T/X   »T and is a process4"6 in which the droplets 
exchange vapor and heat witn the gas, retaining essentially the same tem- 
perature. 

The attenuation band corresponding to this slow relaxation process 
may easily be at a frequency of 1000 Hz, instead of 104 - 105 Hz for the 
other absorption bands we have discussed, and has the form 

exp {-K[ (n-ir 
l*$r*\ 

][J^E 
1+(üBT/X J 

M 
where r\ s -— , h, is the latent heat of vaporization of the liquid.    The fact v   * 
that the location of the Absorption band may be strongly altered by changes in 
droplet size, and the magnitude of the attenuation altered by changes to the 
partial pressure of the vapor and to the liquid properties, makes this phe- 
nomenon interesting for technical applications. 

Investigations have been carried out concerning application to fan 
noise and duct modes; these will be reported in detail in reference 8. 

1. 

2. 

3. 
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The Application of the CNEL Methodology to Investigate the 
Transportation Noise Environment Around a British Airport 

by 
P.J. Dickinson, J.B. Large 

Institute of Sound and Vibration Research, 
Southampton University. 

Next to London, Birmingham is England's second city and one 
of the busiest in the country.  HS  usual with all such high con- 
centrations of urbanisation, Birmingham has severe community 
noise problems.  It is the center of England's rail network, 
the heart of the British car industry, and other light engineering 
concerns and has a fairly busy international airport although the 
latter is perhaps small by American standards.  England is a 
small country with a large population and residential areas 
encroach on much of the countryside.  Airports that were once 
in the heart of the country are now surrounded by urban develop- 
ment.  Up to about 1950 planners had no thoughts of noise 
problems, with the result that at Birmingham some residential 
properties are situated almost on the end of the runway.  Not 
only do these properties receive high noise levels from aircraft, 
but they also have running alongside, on an embankment, one of 
the busiest main railway lines in the country.  In the near 
vicinity too are busy main roads and local industry.  One large 
manufacturing plant runs several unsilenced gas turbine instal- 
lations in the area.  The local noise environment caused concern 
to the local Health Committee and the Institute of Sound and 
Vibration Research was asked to assess the noise environment «tftd 
recommend an insulation scheme to protect against aircraft noise 
intrusion (ref. 1). 

England, in common with most other countries, has individual 
noise units, and an attempt at legislation for each individual 
noise source.  For aircraft, the Noise and Number Index is the 
recognised unit based on a social survey of London (Heathrow) 
Airport in 1961 (ref. 2).  It includes the measure of the average 
peak received noise level above 80 PNdB over 12 hours fror. 0600 
GMT on an average summer's day, and on the number of movements 
heard in the period.  Road traffic noise is characterised by a 
10 percentile 'A' weighted level over an 18 hour period starting 
at 0600 GMT.  For railway noise there are no units with any 
precedence, as the study of this source type has only recently 
commenced (ref. 3).  For industry again percentile levels are 
used.  None of these units can be summated for the entire noise 
environment.  Nor can the component effect of one source be 
compared with another.  In assessing the noise environment in 
an area, such a comparison is essential.  When this comparison 
is not made we have tne sort of situation that has recently 
occurred around London (Heathrow) Airport where many householders 
obtaining a grant to protect their properties from aircraft noise 
have used the grant to soundproof rooms receiving road traffic 
noise and have left unprotected the icorns  facing the airport, 
riuch thought was given to hew such an assessment (and comparison) 
could be made in the Ptrmingham area.  After considering the 
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units in use in other countries, and taking account of subjective 
studies taking place in the Operational Acoustics Group at the 
Institute, it was decided that a Night Weighted Equivalent Level 
was probably the best unit to use.   It may not be as accurate 
as the units developed for each individual noise source, but 
v:hen used in the context of this study, it seemed superior to 
any other.  In considering the family life style in the area, 
and the importance of evening rest and relaxation, it was 
decided that an evening weighting too should be incorporated. 
Thus the Community Noise Equivalent Level (CNEL) developed for 
the State of California to describe all forms of transportation 
noise, was used in the study. 

Perhaps at this point some comment on 'accuracy1 of 
measurement is in order.  With the present concerted effort to 
bring all noise sources within a single rating that will somehow 
take into account subjective reactions, there are difficulties. 
Aircraft, for instance, are less socially accepted than most 
other forms of transportation noise (e.g. trains) and therefore 
even if one takes a relation that somehow physically lumps all 
these together, the result is unlikely to be as accurate as a 
subjective accumulation of some sort.  However, perhaps too 
much emphasis is placed on the accuracy of measurement and 
description of the noise, when in practice there are large 
variations in the received noise over a period of time and in 
the subjective response of recipients.  A 3 deciBel change in 
noise levels is just perceptible when the initial and changed 
levels are heard consecutively.  With an interval of time 
between them (say 5 minutes) it requires 5 deciBeIs or more 
difference to be noticeable.  On the subjective side, this one 
factor alone makes attempts to describe environmental noise in 
units accurate to fractions of a deciBel, rather pointless. 
The CNEL is accurate certainly to within this margin and has many 
advantages over some of the other units, not least of which is 
its ease of measurement. 

For a period of three weeks in the summer of 1973 noise was 
sampled day and night in random rotation at a large number of 
locations around Birmingham Airport; complete case histories being 
compiled at 44 specific locations«  The noise exposure was 
measured, for each transportation mode, in CNEL and in the unit 
with legal precedence ,NNI, L1Q, etc.).  For the aircraft noise 
exposure contours were plotted from the measurements with 
computer interpolation*  Noise contours over one area of the 
district is shown in Figures 1 and 2. 

In the comparison of NNI and CNEL contours, one can see a 
marked difference in shape, particularly at the ends of the cross 
runway.  Birmingham has a thriving light aircraft fraternity and 
this runway is used only for this type of aircraft.  Whereas the 
CNEL contour does accurately locate an area of disturbance from 
this type of traffic, the NNI does not.  This is a distinct fault 
in the NNI system of noise exposure rating.  When the NNI was 
developed a lower limit of 80 PNdB was selected as a level causing 
zero annoyance, i.e. 1000 aircraft at 79 dBA cause no annoyance, 
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but 1 at 81 PNdB would.  In practice, such a difference of 2 
PNdB would pass unnoticed, as mentioned above.  Why such a 
lower limit was set is not fully understood, but it is understood 
that the apparatus used in the survey measured noise in dBA (it 
would have been a mammoth task to compute PNdB levels) and that 
the apparatus had a limited dynamic range with a lower cut off 
at about 67 dBA.  This, for the large jet aircraft of those days, 
would have been about 80 PNdB, and perhaps this is the reason. 
However, the people living near the small cross runway at 
Birmingham have no uncertainty about the annoyance they feel for 
the approximately 60 movements of light aircraft a day they 
experience at about 66 dBA. 

From the flight and air logs kept by the airport, noise 
exposure contours were also plotted using standard prediction 
methodology, Fig. 3.  These differ from measured levels being 
about 5 deciBels lower near the airport and about the same amount 
higher farther out.  The cause of this discrepancy is the 
weather.  Predictions of noise exposure can be made really for 
standard average conditions only, and cannot allow for the 
existing conditions at any particular time.  In a study at 
Gatwick Airport in 1970 (ref. 4) noise level attenuations varied 
from 7 to 22 deciBels over a period of 3 weeks, when one would 
predict 29 deciBels using recognised methodology.  This latter 
discrepancy was caused by the prevalence of temperature inversions 
to which southern England is subjected for more than 55% of the 
time.   Thus it must be recognised that although methodology 
exists for fairly accurate prediction of aircraft noise levels in 
standard conditions we may have a variation of 20 deciBels or 
more on any one specific occasion.  At Birmingham the increase 
in noise level measured over that predicted was caused by a spell 
of fairly warm, windless weather in which the aircraft on the 
whole could not reach optimum climb-out speed without a short 
accelerating run at fairly low altitude.  During the measurement 
period a simple polaroid camera was used in a vertical plane to 
photograph each flight, during daylight hours, hence enabling the 
position and altitude of the aircraft to be calculated.  The 
5 deciBel increase in noise is directly attributable to this low 
altitude run.  Another study at Gatwick Airport in 1972 (ref. 5) 
photographed the same B707 flight on 4 different days with the 
results shown in Figure 4.  Reiterating: one can predict air- 
craft noise exposure for standard average conditions only, and 
it must be realised especially *>y planners and lawyers, that 
individual daily exposures may vary considerably from these 
predictions«  There is of course, another problem.  The 
Birmingham study asked ior a delimitation of a sound insulation 
scheme and the question arises: Which should take precedence, 
a prediction or a measurement?  The prediction may be a good 
average over a period of time, but may never occur in practice. 
The measurement records a condition that has happened, but may 
never do so again.  Perhaps the logical way is to plan always 
for worst conditions. 
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In the United Kingdom the Department of Employment has 
issued a code of practice for the Protection of Employed 
Persons to Noise (ref. 6).  A maximum limit of 90 dBA for 8 
hours is set and above this level/time hearing protection must 
be given.  In the Birmingham study (conducted before the 
Environmental Protection Agency drafted its regulations) this 
was converted to CNEL and is equivalent to 85 CNEL.  The limit 
was developed from the work of Burns and Robinson (ref. 7) and 
at this level there is a 10% chance of hearing damage (albeit 
for exposure over a period of some years), 1% of which may be to 
such an extent that social handicap results (ref. 8)•  One area 
in Birmingham from measurements would seem to have a noise 
environment closely approaching this limit.  In the circumstances 
one must question again the validity of measurements over a short 
period of time;  the predicted average level being 5 deciBels 
less.  However, for the protection of residents can one take 
the chance that predictions are correct?  The margin for error 
is too small, and thus the team involved had to suggest this 
small area of about 100 prefabricated houses be seriously con- 
sidered for sterilisation (noise-wise). 

So far the paper has dealt with the discussion of aircraft 
noise and no doubt for a study of noise around an airport, this 
is what one would expect.  However, we are not really being 
fair to the air transportation industry.  During the measurement 
part of the study, in all but a few locations it was not aircraft 
noise that predominated.  Perhaps also rather surprisingly the 
several unsilenced gas turbine installations, mentioned above, did 
not really intrude even when close to the establishment concerned, 
which latter had an acreage sufficiently large to keep the turbine 
well away from the nearby residential area.  The noise from road 
traffic predominated almost everywhere.  Railway noise too was 
high in some places although perhaps not reaching such a level as 
to be 'hazardous1 from a health point of view.  However, one 
case history at a local school (Figure 5) showed that the number 
of interruptions to classes should cause concern.  A study at 
Stansted Airport in 1969 (ref. 9) concluded that 4 interruptions 
per hour would be quite sufficient for children to lose the 
entire content of the lesson.  Thus making learning, and of 
course the teaching, very difficult.  Classes in this small 
school were being interrupted at least 10 times an hour by 
trains alone.  Yet the whole school had come to accept this and 
to live with the problem.  It was an extremely happy little 
community upset only by - aircraft noise.  This in general was 
of a lower noise level except on just one or two occasions; and 
the noise exposure was decidedly less.  Perhaps in-built was the 
fear that one day an aircraft, slightly off course, might crash 
and hence even a lower level of noise caused some concern. 

In many areas road traffic noise was far greater than ever 
imagined by the local authorities.  The case history shown in 
Fig. 6 is not by any means exceptional for the area.  The 
measurements were taken as near as possible to the standard 
measuring position, in the United Kingdom, of lm away from the 
facade of residences and 1.6m above ground.  The noise exposure 
levels received from road traffic are as great, or greater, in 
many areas than the level received from aircraft noise in the 
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small area near the runway - the small area considered "hazardous" 
from a health point of view and recommended for sterilisation« 
We thus have the iniquitous situation of recommending an area be 
penalised for receiving aircraft noise, when very much larger 
areas in the city are receiving much' more noise exposure from 
surface traffic.  It must also be remembered that the measured 
noise from the aircraft may be greater than the average over the 
year, because of the weather conditions.  Such weather con- 
ditions have much less effect on the spread of noise from surface 
temperature and measurements are unlikely to pick out exceptional 
conditions only.  Schemes for sound insulation grants to protect 
against aircraft noise are in operation at many airports, but 
there are no schemes and no real resources in the United Kingdom 
to provide sound insulation grants for homes affected by road 
traffic noise - unless the road, or some construction associated 
therewith, was not completed until 1969 or after. 

Many people are living in conditions approaching the 
Department of Employment's health limits, and the noise source 
is road traffic.  Yet if asked about the noise, most people 
quote aircraft as the source of their noise disturbance. Other 
people living in areas clear from heavy road traffic and 
experiencing aircraft noise only seem quite happy with the area. 

Since this paper was conceived a study has been conducted 
by the ISVR team at Britain's busiest airport - Manchester 
(Ringway) Airport (ref. 10).  In this study a social survey was 
conducted concurrently with noise and noise exposure measurement. 
The Social Survey shows that a night weighted noise equivalent 
level (CNEL) has a better correlation than Noise and Number Index 
in all conditions.  Although the correlation for Noise and Number 
Index was not as low as initially anticipated, there is no 
validity for its retention as the unit of Aircraft Noise Exposure. 
A simple unit such as CNEL (or Night Weighted Leg) which gives a 
better correlation with annoyance, is not limited to aircraft 
but can be used for any transportation noise exposure and can be 
directly related to public health considerations, is superior in 
every respect. 

The overall response of the population of the district was 
estimated by applying suitable weighting factors to the raw 
survey results.  The surveyed population was 43,000.  The 
corresponding Heathrow percentages are given for comparison 
thus II. 

Noisiness 22,000 (52%) |34| consider their area at least noisy 

Aircraft Noise 25,000 (58%) 
Annoyance 

-| consider aircraft noise to be 
the noise that bothers them 
the most 

12,000 (28%) |15| consider themselves very much 
annoyed 

15,000 (34%) |26| consider themselves moderately 
annoyed 

11,000 (26%) |27| consider themselves a little 
annoyed. 
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Activities disturbed by aircraft noises 

Interference  29fOOO (68%) |37| 
with 
Communications 20,000 (46%) |53| 

report that aircraft noise 
interferes with conversations 
report that aircraft noise 
interferes with listening to 
T.V. or radio 

Sleep and 
Relaxation 

22,000 (51%) | -| report that aircraft noise 
disturbs their rest and 
relaxation 

22,000 (51%) |36| report that aircraft noise 
wakes them up 

12,000 (27%) I -| report that aircraft noise 
keeps them from going to sleep 

Other effects 17,000 (42%) |24| report that they are startled 
by aircraft noise 

21,000 (49%) |38| report that aircraft noise 
makes their house vibrate and 
shake• 

Again at this airport, planners had not foreseen the oncoming 
noise exposure threat and development had been allowed right 
up to the airport boundary.  This airport too was once in the 
heart of the countryside but is now in almost an urban area. 
Here again some areas are receiving noise exposure levels so 
great that people are potentially at risk, and in the summer of 
1973 no part of the Urban District containing more than 43,000 
people to the north of the airport received levels as low as 
the EPA recommendation of 55 L^.  No road traffic noise 
measurements were conducted in the study and this may be a bad 
omission,for once again fairly heavy traffic is evident. 

More and more we are finding that areas are receiving high 
noise exposure levels from road traffic, but inhabitants place 
the blame for their noise annoyance on aircraft, even though 
noise exposure levels from the aircraft, and sometimes the peak 
noise levels themselves, are lower.  When one is faced with the 
problem of defining areas eligible for sound proofing schemes, 
noise constituents must not be confused.  The scheme must allow 
for protection from the main source of noise exposure and one 
must not fall into the trap of assuming that at an airport, 
aircraft must be the main source of noise. 
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POSITION: 9   PLACE: Marston Green County Infant» School, Elc Tarn Avenue, 
i    i  i » Mimrnn firti 

TRANSPORT TYPE 

ROAD TRAFFIC 

AIRCRAFT 

RAILWAY 

Large 
Light 

CNEL 

62 

57 
nil 

>71 

OVERALL COMMUNITY REACTION related to CNEL 

> 75 Almost intolerable noise disturbance. Vigorous protests. 
70*75 Pronounced noise annoyance. Organiaed protests* 
60*69 Some noise annoyance. Sporadic complaints. 
50*59 Noise noticeable but causes few complaints. 
< 50 None. 

TRANSPORT TYPE 

NOISE LEVEL DESCRIPTIONS 

PEAK PERIODS 
(ROAD TRAFFIC) 

OR DAY 
(AIR ft RAIL TRAFFIC 

OFF PEAK PERIODS 
j  (ROAD TRAFFIC) 

|    OR EVENING 
KAIR 6 RAIL TRAFFIC) 

NIGHT 
(ALL TRAFFIC) 

LEVELS 1  ^ 
STANDARD 

LEVELS *UK 
STANDARD LEVELS |  * UK 

1 STANDARD 

ROAD TRAFFIC ho  dBA 60 68 
(18 hr Ll0) 

59 
68 

(18 hr Ll0) 
nm 1  none 

AIRCRAFT NNI I 35 
DOE 

>60.50,40 
not applicable not applicable 

TOTAL FLIGHTS 46 none *12 none i#4 London only 

AV. PEAK dRA 
LARGE A/C 

77 none tun none nm nore 

A/C PRODUCINi frident 99 dRA at 
Heathrow 
monitors 

rrident 99 dBA at 
Heathrow 
monitors 

Vis 89 dBA at 
Heathrow 

MAX dBA 93 82 81 monitors 

RAILWAY PEAK   dfiA [ 88 none 88 none 88 none 

MOVEMENTS 122 none 23 none 26 none 

BACKGROUND LEVEL      dBA 1   "     1 51 
1 

40 

Comments:- During the day a significant noise contribution from the school children, 
but with extremely high noise from the adjacent railway line. This far 
exceeded the noise from aircraft and road traffic and must cause 
considerable disturbance to the school. (The recording position was 
shielded from the railway, and levels may be higher than listed. A 
4 dB allowance on the 84 dBA peak measured, has been used.) It is 
suggested that this school should have remedial measures taken immediately. 

la ■ not measured above other noise sources   nm * not measured * see text 
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POSITIOH: 14  PUCE: the Headway, Kitti Green 

TRANSPORT TYPE 1 QiEL 1 

ROAD TRAFFIC 

AIRCHAn JJg 

RAILWAY 

80 

74 1 
nil 1 
43 1 

OVERALL COMMUNITY REACTION related to CNEL 

> 75 Almost intolerable noiae disturbance. Vigorous proteata. 
70-75 Pronounced noiae annoyance. Organiaed proteata. 
60-69 Some noise annoyance. Sporadic complaints. 
50*59 Noiae noticeable but cauaea few complaint». 
< 50 None. 

TRANSPORT TYPE 

NOISE LEVEL DESCRIPTIONS 

PEAK PERIODS   : OFF PEAK PERIODS 
(ROAD TRAFFIC)  J  (ROAD TRAFFIC) 

OR DAY          OR EVENING 
(AIR A RAIL TRAFFIOKAIR & RAIL TRAFFIC) 

!     NIGHT 
(ALL TRAFFIC) 

LEVELS 
!  *UK 
STANDARD 

LEVELS 1  * UK 
STANDARD LEVELS 

* UK 
STANDARD 

ROAD TRAFFIC ho  dBA i 75 68 
(18 hr L10) 

76 i   68 
1(18 hr Ll0) 

58 none 

AIRCRAFT NNI 55 DOE 
l>60.50.40 

not applicable not applicable 

TOTAL FLIGHTS} 37 none 4 '  none 1 London only 

AV. PEAK dBA 
LARGE A/C 

I 98 |  none na none no none 

A/C PRODUCING 
I 1AX dBA 

BACl-U 99 dBA at 
Heathrow 
Monitors 

Tu 134A 99 dBA at 
Heathrow 
monitors 

Vis 89 dBA at 
Heathrow 

MAX dBA 98  ' 97 89 monitors 

RAILWAY PEAK   dBA 59 none 59 none 59 none 

| MOVEMENTS 122 none   | 23 none 26   [ none 

BACKGROUND LEVEL      dBA 64 69 42 

Comments:- A remarkably noisy area with an almost ontinuous high traffic 
noise. This exceeds the aircraft noise exposure, which itself 
is high. Of the aircraft overflying this location, the DC8 is 
predicted the noisiest at 105 dBA, but was not recorded. Only 
one aircraft overflew the area at night during the measurement 
period. 

la • not measured above other noise sources   nm - not measured * see text 

FIGURE 6 
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PLANNING AND RAILWAY NOISE 

by 

J.G. Walker, G. Allen* and J*B. Large 

Institute of Sound and Vibration Research 

The University, Southampton, England 

INTRODUCTION 

There is no doubt that transportation noise is the major 
source of noise nuisance in the world today.  The most serious 
offenders are road traffic which has grown rapidly over the last 
twenty years, and air traffic which has also increased dramatically 
and which was revolutionised by the introduction of the commercial 
jet airliner in the late 1950s*  This growth has led to increases 
in noise levels in towns, alongside motorways and close to airports 
to a point where a significant percentage of the population is 
disturbed*  Indeed in the United Kingdom at least 14 million people 
are exposed to road traffic noise that may be disturbing to some 
extent, and h  million people are seriously disturbed by aircraft 
noise.  Numerous studies throughout the world have investigated 
the relationships between noise exposure patterns and the community 
reaction*  The environmental disturbance has grown to such an 
extent that research has been directed at producing engines for 
both road and air transport that generate less noise*  The latest 
generation of jet engines has reduced noise levels by a significant 
amount and prototype truck engines have been designed that reduce 
noise levels to around one-half the loudness of present engines* 

These efforts illustrate the importance that is placed on the 
intrusion of noise into the environment*  The community as a whole 
is becoming more "noise conscious" and more vigorous in its protests 
about noise pollution* 

In contrast to the growth of road and air traffic, railways 
have not developed in the same way*  Indeed in many countries the 
railway system has been in a state of decline*  Recently, however, 
there have been indications that railways will assume a new role. 
Following the success of high speed trains in Japan, many European 
countries have decided to increase the speed and numbers of their 
passenger services and many countries have plans to operate trains 
running at speeds up to 300 or 400 Kra/hr, thus offering inter-city 
services that are more competitive than air travel.  In addition, 
many new rail links are planned end new construction is also 
anticipated in the form of "rapid transit" schemes within many 
urban areas. 

Hence with the advent of increased traffic and speeds, both 
of which result in increased noise levels, tu w railway construction 

* present address* Feasibility Planning Office, Ministry of 
Transportation and Communications, Province 
of Ontario, Downsview, Ontario, Canada 
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and pressure for land in the conurbations forcing residential 
development closer to existing railway lines it is probable that 
the railways will have to be considered am  a noise intruder in 
the environment.  This situation has already arisen in Japan 
where a wave of public protest against high speed train noise 
followed the opening of the new Sanyo extension to the existing 
high speed Shinkansen network in 1972.  As a result of these 
protests Japanese National Railways delayed the construction of 
a rail link to the new Tokyo Airport at Warita and, in addition, 
announced ambitious plans for reducing wayside noise levels 
along the whole 676 kM of the Shinkansen route* 

Railway noise is therefore likely to pose an environmental 
problem in many countries*  At the present time there is little 
information available that enables the noise levels alongside 
railway lines to be predicted and there have been very few 
surveys that relate noise levels to community response* 

This paper reports data collected for a variety of British 
Rail trains* compares this data with that from other sources and 
presents a simple method of predicting railway noise based on the 
data in several acoustical units*  It is intended to be a practical 
method that will assist engineers and planners in designing new 
lines and residential developments close to railways* 

2.  REVIEW OF riAJOR STUDIES UNDERTAKEN TO DATE 

2*1 Noise measurements. 

In most of the papers on the physical measurement of 
railway noise the source of the noise and the parameters 
affecting its propagation are examined*  The findings are 
summarised in Tables I and II respectively, on pages 3 and 4* 

2.2 Prediction methods* 

Serendipity Inc* in 1970 produced a method of predicting 
railway noise (10).  They incorporated data from the Japanese 
high speed train, Embleton and Thiessen's data, European subway 
data and measurements on the BART system*  It is open to question 
whether for instance their data on high speed trains which use 
screening aprons and running on concrete sleepers and welded 
rails can be used without corrections*  Their data on freight 
trains would be difficult to apply to European-style freight 
trains which are shorter but generally operate at higher speeds. 

In Britain, British Rail have developed their own method of 
predicting noise levels interms of peak dB(A) because they felt 
that existing prediction methods may not apply to their proposed 
new train types (2, 6).  They assumed rail/wheel noise to be the 
predominant source of noise beyond 20m from the track.  Each 
rail/wheel interface is considered as a dipole source and the 
train is assumed to be made up of a line of these sources.  A 
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TABLE I 

Sources of railway noise 

Rolling stock 

Sub-source Comments 

Propulsion system Significant only in the case of diesel 
locomotives especially where engine is 
working hard, e.g. in overcoming 
gradients or accelerating (Refs. 1,2,3,6) 

Auxiliary 
equipment 

Cooling fans, air compressors, etc. Not 
found to be significant noise source 
(Refs. 3,4,5,6).  Engine casing noise 
is significant (Ref. 3) in some trains 

Power collector 
system 

Aerodynamic noise from overhead panto- 
graph not significant (Refs. 4,5). 
Third rail pick-up - no data 

Track 

Rail/wheel 
interaction 

Generally accepted to be the predominant 
noise source although opinion differs as 
to whether rail or wheel is the main 
component (Refs. 2,4,5,6) 

Structure Vibration from train transmitted to sub- 
structure which in turn radiates as 
secondary noise.  Not significant except 
in the case of steel bridges which leads 
to higher wayside noise levels (Refp. 4,7) 
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TABLE II 

Parameters which influence noise levels from railways 

Parameter Effect 

Distance from track Sound level decreases as a combination 
of point source and line source models 
depending on type and length of train 
(Refs* 2,3,4,4,8} 

Speed Relation between speed (V) and sound 
pressure level (L) in form 

L,  - L~ = K log 10 V, 

where K is a constant.  Value of K 
ranges from 20 to 33. (Refs. 2,3,4,6,7) 

Rail: Type 

Condition 

Fastening 

Welded rail quieter than jointed by 
4-10 dB(A) (Refs. 7,8) 

Corrugations can -add up to 15 dB(A) 
to noise (Ref. 7) 

Resilient fastening can reduce vibration 
of rail and hence resultant noise level. 
No figures available (Ref. 9) 

Sleeper (tie) type Concrete as opposed to wooden sleeper 
(tie) reduces vibration of rail and 
hence noise level about 2 dB(A) less 
(Ref. 7) 
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relationship between the peak dB(A, and train make-up and speed 
is given. 

In Sweden, Ljunggren and Benjegard (11) formulated values 
of energy equivalent (Leq) over an hourly period for three 
different train types at different distances from the track and 
different speeds.  They have provided a simple method of pre- 
dicting the noise climate in terms of Leq once the traffic mix 
and speeds are known. 

Several other prediction methods exist but details are 
contained in reports that are not widely available. 

3.  COLLECTION OF DATA 

A series of measurements was carried out alongside the main 
Waterloo-Bournemouth line in the Southern Region of the British 
Rail network.  Whilst data was collected for only a limited 
number of British Rail train types it will be seen later that 
the data might be applied to a much wider range of train types. 

Two measuring sites were chosen where the line was level 
and the surrounding terrain was open and relatively flat.  One 
site (site 1) sloped gradually upwards away from the track;  the 
other (site 2) was level to about 130m when the ground fell 
slightly to beyond 200m.  At site 1, there were two tracks of 
continuously welded rails on concrete sleepers.  At site 2 
there were four tracks, the central two of which were continuously 
welded rail on concrete sleepers whilst the outer pair were 
jointed rails on wooden sleepers. 

Tape recordings or each train pass-by were made simultaneously 
at 50, 100 and 200m.  For each pass-by the locomotive type, train 
make-up, length and speed and the track on which the train 
travelled were noted.  Complete data were obtained for 72 train 
pass bys. 

The trains consisted of the following categories: 

1) Electric multiple units (EMU).  These consist of units of 4 
coaches with one coach containing a set of electric power 
units supplied from a 750v DC third rail.   8 and 12 coach 
units are made up from four coach units.  Very few 8-car 
units were observed and hence are not included in the 
analysis. 

2) Diesel-electric locomotives hauling freight or passenger 
trains. 

3)  Electro-diesel locomotives which can use either electricity 
supplied by the third rail rr diesel power on non-electrified 
routes. 

The traffic at the two sites consisted mainly of passenger 
traffic (12 car EMU, 4 car EMU and loco-hauled passenger) and 20% 
freight (mainly 5-iOm wagons, 20m oil tankers, 20m flat wagons). 
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The noise levels for both lines at site 1 and the central 
lines at site 2 were identical.  The outer tracks at site 2 give 
differences of about 8 dB (A) between the near and far tracks 
which were used exclusively by 4 car EMU. 

Analysis of the train pass-by profiles showed that the A- 
weighted noise profile was; in general similar for all trains, 
being of a symmetrical "bell" shape which tended towards a 
triangular shape for shorter trains or trains moving at higher 
speeds.  The peak levels (L&) for passenger trains were higher 
than the slower freight trains, although freight trains would no 
doubt have higher levels at similar speeds, and the peak levels 
for identical trains at both sites were approximately the same 
at 50m and 100m.  However, the peak dB (A) at site 1 at 200m was 
always higher than the level at site 2 at 200m.  This difference 
could well be due to the dip at site 2, between 130m and 200m. 
At site 1, the change in LA between 50m and 100m and between 100m 
and 200m was the same whilst at site 2 the fall-off between 100m 
and 200m was double that between 50m and 100m. 

It was observed that the peak dB(A) values were not dependent 
on the number of wagons or coaches hauled for a particular train 
category but solely on the speed of the train. 

All express passenger trains, whether loco-hauled or EMU 
gave similar levels and are thus treated together as "long-haul 
passenger".  4-car EMUs are called "short-haul passenger"• 

It was clear that the A-weighted level was the same for 
similar trains hauled by both dlesel or electric locomotives. The 
low frequency energy produced by the diese1 locomotive is not 
evaluated on the A-scale although in some cases it was clearly 
audible.  The fact that the diesel locomotive does produce low 
frequency energy that is audible may affect the subjective response 
to this noise and indeed it may be more important when the noise 
is attenuated by a house structure and is heard indoors. 

4.  RESULTS 

4.1 Peak dB(A)/velocity relationship 

Using the 50m and 100m at both sites (the scatter at 200m 
was too large) it was possible to obtain representative values 
of K in the relationship 

\  " LA,  " K l0*10 Vl 
V2 

where LA , L. are the peak dB(A) values at speeds V^, V^ 

respectively.  The values are shown in the Table ni below, and 
are *rounded"off to the nearest 5 units.  Any errors thus 
involved would be very slight (much less than ldB) over the 
speed range of interest* 
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TABLE III 

Values of K for passenger and freight trains for peak dB(A) 

Train type K Speed range km/hr 

Long-haul passenger 
Freight (all) 

25 95-175 
65-90 

Short-haul passenger 40 95-140         j 

4.2 Normalisation of data 

Using the values for K given above it is possible to norma- 
lise all the data to a speed of 140 km/hr for long haul passengers, 
75 km/hr for all freight trains (except trains of containers on 
flat wagons which were observed to be faster but quieter than 
other freight trains) and to 120 km/hr for short haul passenger 
trains. 

The data for the different categories cf train are summarised 
in Table IV.  The values for 200m are those at site 1 where the 
fall-off in peak dB(A) is constant between 50m and 100m and 100m 
and 200m. 

TABLE IV 

Representative values of peak dB(A) for passenger and freight 
trains normalised to their respective mean speeds. 

Train type Speed 
km/hr 

Peak dB(A) 
50m 100m    200m 

Long distance 
passenger 140 88 82      76 

Freight 75 82 75      68 

Short-haul passenger 120 84 76      68 

Container train 107-122 78 72      66 

4.3 Measurement of equivalent continuous energy level (LPrf) 

The A-weighted energy level (Leg) was measured for each pass- 
by by use of a noise dosemeter.  Unlike peak dB(A) Leq was found 
to depend on the number of uagons/coaches hauled. There was found 
to be a relationship of the form Le„  « L* - B where Lea is the energy 
equivalent assuming 1 train pass-by per hour, LA is peak dB(A) and 
ß is a constant which depends on the length of the train.  Values 
of B for different trains are given in Table V. 

Leq will increase by 3 dB for each doubling of train movements. 

It is clear that the value of Leg is dependent on the speed 
and length of the train.  The data given in Table V may be 
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summarised in Table V(a) which gives the value of the constant 
B for different train lengths.  The change in Leq with speed 
is allowed for in the change in LA with speed. 

TABLE V 

Representative valw».   of B,  for different train types 

Type of train Length of wagon 
or coach 

(m) 

Number of 
wagons or 
coaches 

Approximate 
length of 
train (m) 

B ] 

Long-haul 
| passenger 20 8-12 160-240 28 

Short-haul 
passenger 20 4 80 30 

Freight 5-10 20 
30 
40 

100-200 
150-300 
200-400 

28 j 
26 
24 

20 10 200 
._   ...   J 

28 
I   1 

TABLE V(a) 

Train length (m) 80-160 160-260 250-300 300-400 

B (dB) 30 28 26 24 

4.4 Measurement of perceived noise level (PNL). 

From the original tape recordings values of the PNL were 
calculated using computing facilities*  PNL was found to be 
related to peak dB(A) by: 

Max PNL • LA + 12 ± 2.5 
for all trains. 

5.  COMPARISON WITH DATA FROM OTHER SOURCES 

Comparisons between the present data and data available from 
other sources are summarised in tabular form in this section. 

TABLE VI 

Values of K relating LA with speed 

Train type   I Present data Ref.4 i Ref.6 Ref. 7 Ref.11*1 

Long-haul passenger     25 
Short-haul  "   |     40 
Freight              25 

1  20 
25 
25 
25 

33 
33 

20  I 
i  20 

20  | 

(♦Calculated for Leq) 
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TABLE VII 

Comparison of peak dB(A) from several sources for 
long-haul passenger trains normalised to 140km/hr. 

Distance 
(m) 

Peak dB(A)                  1 

Present study1 Ref 72 Ref 63 Ref 44 Ref 125 1 

I    25 
50 

1   100 
200 

88 
82 
76 

92 
87 
82 

85 
82 
78 
74 

84 93 
89 
85 
81 

Notes:  1.  Only data at site 1 at 200m quoted* 
2. Original results normalised to 140 km/hr. 
3. Predicted values« 
4« JNR used screening aprons and resilient 

fastening on tracks. 
5« Original measurements taken in front of facade 

so reduced by 3 dB for "free-field" condition. 

TABLE VIII 

Comparison of peak dB(A) from several sources for 
short-haul passenger trains normalised to 120km/hr. 

Distance 
(m) 

Peak                     1 
1 

Present study Ref 72 Ref 63    ! 

25 
50 

1    100 
200 

84 
76 
68 

85 
81 
76 

82      j 
78      ; 
75 
69 

Notes: 1. Data from site 1 only. 
2. Trains use screening aprons over wheels, 
3. Predicted values 
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TABLE IX 

Comparison of peak dB(A) from the present study 
with BR predicted values for freight trains 
excluding containers normalised to 75km/hr (Ref.6), 

Distance Peak dB<A> 
Present 
Study 

BR predicted values 

5-10m wagons 20m wagons 1 

20 wagons 40 wagons 10 wagons 1 

50 
100 
200 

82 
75 
68 

75-78 
73 
68 

76-78 
72-75 
69-71 

75 
72 
68 

6.  11ETH0D FOR PREDICTION OF RAILWAY NOISE 

BASED ON DATA COLLECTED 
  .1      III  ■      I       lil I   I       I llll II 

It has been shown that the present data compares well with 
other studies on trains running under similar operating con- 
ditions.  It is also clear that similar trains operating on a 
given stretch of line generate very similar noise levels; that 
is, there is very little scatter between the noise levels 
measured.  These two points suggest that although the data 
reported in this study were collected at only two sites and 
covered a limited range of train types the data can be applied 
to a wide range of train types and situations with little loss 
in accuracy. 

It is also shown that the propulsion system has no effect 
on the peak A-weighted noise levels produced;  that is rail/ 
wheel noise is predominant when railway noise is measured in 
peak dB(A).  However, subjective reaction to the diesel loco- 
motive may be influenced by the low frequency energy in the 
noise. 

In the following prediction method noise levels will be 
given in such a way as to enable several different units to be 
defined.  This has been done because the unit that best 
describes the nuisance caused by railway noise has not been 
defined.  Thus, until such a unit is defined, users of the 
method can use the unit that is most applicable to their 
requirements. 

The basic conditions assumed are: 

i)   Trains are described in four categories 

a) Long-haul passenger trains of over 8 coaches 
b) Short-haul passenger trains of up to 4 coaches 
c) Container trains of 20m wagons 
d) All other freight. 
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ii)   Any new trains designed to operate at high speeds 
will probably use sophisticated suspension systems. 
In the absence of data it must be assumed that the 
noise level will increase with speed in the same way 
as for present day trains« 

iii)   The track is level, of continuous welded rail on 
concrete sleepers, and surrounding terrain is flat* 

iv)   The base noise level from which all others are 
derived is taken at 50m.  Whilst measurements have 
been carried out at distances up to 200m from the 
track and the predicted values compare well with 
measured levels, the levels at distances greater 
than 200m are extrapolated, assuming that there is 
no unusual attenuation effect present at any site. 

STEP 1 

Use Figure 1 to obtain noise level in peak dB(A) (LA) for 
each train type at different speeds at 50m from track.  For 
corrections to other distances use Step 3. 

STEP 2 

If it is necessary to obtain values of Leq for each train 
type use this step (Figure 2).  Data are given for 50m from the 
track at any speed«  Values of LA obtained from Step 1 are 
corrected by the value shown to give Leq.  To determine values 
of Leq at other distances use Step 3. 

STEP 3 

Corrections to LA and Leq for various distances from track 
for each train type are given in Figure 3. 

STEP 4 

To add the values of Leq for each train category use chart 
shown in Figure 4« 

STEP 5 

If it is necessary to use the perceived noise level to 
describe railway noise the following relationship applies to 
all trains: 

PNL » LA +12. 

From this relationship units such as the noise and number index 
(NNI) can be calculated, where NNI ■ Average LA + 15 log10 N ~ 68« 

STEP 6 

Corrections to allow for changes in the track type.  These 
data are based on results of the present study and data reported 
elsewhere. 
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a) If wooden sleepers are used add 2 dB(A) to the above levels. 

b) If jointed rails are used add 3 dB(A) to the above levels» 

NOTE: The effects of embankments and cuttings and the gradient 
of the track are not yet known and therefore no allowance 
can be made for them. The use of screening walls along- 
side the track and the shielding of the wheels by aprons 
is very dependent on the type of shield employed. It is 
not therefore possible to provide corrections to the 
basic values, 

7.  SUMMARY 

A simple method for predicting the noise from railway 
operations has been provided from empirical data.  The predicted 
values agree well with data from French, German and Swedish 
sources.  This suggests that the method can be applied to a 
wider range of railway operations than was originally studied. 

The method is based on the use of the peak A-weighted sound 
level, which can easily be measured and from this unit several 
other units that describe the noise climate can be derived. 

Limitations of the method are that allowances for cuttings 
and embankments and track gradient cannot yet be made, and that 
the levels at distances greater than 200m from the track have 
been extrapolated. 

The effect of the surrounding topography will affect the 
noise level also.  The generation and propagation of railway 
noise must be studied more fully before the effect of terrain, 
ballast type, screening walls etc. can be fully understood. 

I 
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THE EFFECT OF NUMBER OF FLIGHTS PRIOR TO JUDGEMENT 
OH ANNOYANCE TO AIRCRAFT FLYOVER NOISE 

i 
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Walter J. Gunn I 
Senior Research Psychologist jj 

Noise Effects Branch J 
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Haspton» Virginia 

and 

John L. Fletcher .-j 
Project Director 

Professor, Memphis State University j 
Audio an<? Speech Pathology j 

Memphis, Tennessee 

Past laboratory studies dealing with the subjective feelings of ■ 
annoyance towards recorded aircraft sounds have traditionally been 
conducted in relatively unrealistic test situations. While subjects 
are usually asked to report their annoyance reactions toward each and 
every flyover heard (1) some researchers prefer to allow subjects to 
listen to several flights prior to making annoyance judgements (2). A 
reasonable question, in light of the different procedures employed by 
various researchers, would be whether the results from the different 
laboratories can be compared directly. That is to say, does a subject 
report the same level of annoyance to a specific aircraft sound when he 
is making judgements of each and every flight as when he is judging \ 
only selected flights, i.e., every other flight, every 4th flight, 
8th flight, or 16th flight? 

While it is Important to establish comparability of laboratory results, 
it is also important from the standpoint of efficiency of laboratory 
procedure to establish the minimum number of unjudged flights required 
before stabilisation of annoyance responses to specific stimuli. This is 
especially Important because of the limited period of *tme subjects are 
willing to serve in laboratory experiments of this nature, usually one 
to two hours at best« If stable responses can be obtained when subjects 
judge every flight, rather than every three, four, or i&rv9  then the 
length of the test session can be reduced proportional*,;* without losing 
or distorting data« 

Therefore, this study is concerned with the effect of the rate of 
making annoyance judgements on one's reaction to specific flyover noises. 
The subjects in this experiment are required to participate in five 
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specific sessions. In one session, they judge the annoyance value of 
each aircraft flight they hear, while In other sessions they make 
judgements of every second, fourth, eighth, or sixteenth flight. Their 
annoyance responses to each specific level of noise can then be compared 
under the five different rates of making judgements. 

In a study of community reaction to aircraft noise (3) it was reported 
that the most important psychological variable influencing one's annoyance 
reaction to aircraft noise was "Fear of airplane crashes in the neighborhood." 
A recent study by NBS (4) explored the need for further investigation of 
the importance of fear. Furthermore, there may be other psychological 
factors that influence the individual's reactions to loise. In order to 
test this notion, subjects in the present experiment were required to 
answer questions on the Taylor Manifest Anxiety Scale (5), which provides 
a measure of individual anxiety level. In this way, individual annoyance 
responses can be compared with individual anxiety scores to determine the 
extent to which individual anxiety level effects one's annoyance reaction 
to aircraft noises, at least in a laboratory situation. 

Method 

The subjects (S's) used in this study were obtained through Memphis 
State University and were either students or staff and ranged in age 
from 20-50 with the average age 25.7 years  There were 14 male and 11 
female S's. They were paid $10.00 for their participation in the study. 
All S's were screened for conventional hearing (500-6,000 Hz) with no 
one accepted as a S with hearing loss at any of those frequencies of 
20 dB or higher. Hearing was also tested for high frequency tones 
(8,000-18,000 Hz) but no criterion level was set for high frequency 
hearing. All testing was done in an Industrial Acoustics Co. model 
1203 sound treated room by a graduate student in audiology from the 
Memphis Speech and Hearing Center. Conventional hearing was tested using 
a Rudmose ARJ-4A audiometer while high frequency hearing was tested 
using a Rudmose ARJ-4F audiometer. Both audiometers were within 
acceptable calibration limits. 

All S's were also administered the Taylor Manifest Anxiety Scale 
(TMAS) as part of their pre-experiment screening. 

The research was conducted in a quiet room 15 x 24', set up to 
be similar to a living room, with wall-to-wall carpeting, drapes on three 
of the four walls, and acoustic tile on the ceiling.  (See Appendix A 
for picture of the test rocm.) Ambient sound pressure level in the 
room was 43 dBA. 

The S's were divided into five groups of five as they were screened 
and found qualified for the experiment. The groups were then called in 
one group at a time, given the instructions necessary to perform in the 
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experiment, and the study war begun« Subjects were not allowed to 
smoke or to talk to each other during actual running of the experiment. 
During the course of the experiment the S's were presented five different 
tape recordings of aircraft flyovers recorded with four different maximum 
levels of noise, 80, 85, 90, and 95 dB. Tape #1 called for an annoyance 
judgement after every flight, #2 after every other flight #3 after every 
fourth flight, H  after every eighth flight, and #5 after the sixteenth 
(and last) flight. Each tape took approximately 30 min. to run. Table 
I shows the order of tape presentations while Table II shows the stimulus 
order within tapes. 

The order of running of the five tapes was counterbalanced and the 
sequence of presentation of the four levels of flyover noise was 
determined by a Latin square order of presentation. 

A Bruel and Kjaer model 2203 sound level meter, set on the slow 
meter reading, A scale, was used to adjust the SPL of the stimuli on 
the tapes at the S's chair position with the S not present, the tape 

I was run to the 1,000 Hz calibration tone, and the pre-amplifier gain 
[        control was adjusted until the meter read 95 dB(A). The voltage across j 
i the speaker necessary to obtain 95 dB(A) was found to be 4 volts. 
I Thereafter, each time a tape was run, voltage to the speaker was \ 
j        checked on the VTVM, set at exactly 4 volts if it was not, and the 
[ tape run. In practice, little or no change in voltage was noted from 

tape to tape or session co session. A block diagram of the apparatus j 
may be seen in Fig. 1. 

Each group of S's was brought into the testing room, seated, ] 
then handed the aircraft flyover noise annoyance rating sheet (see 
Fig. 2). They were told to read the instructions on the sheet carefully j 
and follow them exactly throughout the experiment. If there were any 
questions about the procedure or the task required of them, they were 
answered at that time. As soon as the Experimenter (E) could see that 
all the S's understood the job they were to do, he left the room and j 
put on the first cape recorded stimuli they were to listen to and j 
started the experiment. There was a 5 min. break between playing of \ 
each of the five tapes to «nable the E to rewind the tape presented } 
and put the next tape on the recorder. The S's were allowed to get up, 
talk, smoke, and move around until the next tape was ready. Thus the 
overall length of each experimental group session was about 3 hrs. 

Results 

Results of the study of the effect of number of flights prior 
to judgements and the ratio of judgements to number of overflights 
on annoyance are depicted in Fig. 3. Essentially, judgements made 
of individual stimuli within a tape appear not to be based upon 
number of flights heard prior to that particular stimulus. Additionally, 
annoyance judgements of individual stimuli do not appear to be affected 
by the ratio of judgements to number of stimuli presented« i.e., the j 
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judgements of the overflight with a 95 dB(A) peak as presented In 
Tape 1 where every flight is rated by the S's are not significantly 
different from ratings of the sane flights from Tape 2 where judgements 
are made every other flight« Likewise, judgements of annoyance at a 
peak level of 85 dB(A) do not differ significantly whether judged every 
time, every other time, after every fourth, eighth, or sixteenth flight» 

As expected, specific annoyance increases with level of noise« 
In fact, a doubling of annoyance, i.e., increasing the annoyance 
score from about 2 to 4, results where the SPL of the overflight goes 
from 80 dB(A) to 90 dB(A). This is consistent with Stevens' (6) 
finding that doubling or halving of loudness occurs with a change 
in stimulus level of about 10 dB and also with Kryter's (7) Unding 
with respect to annoyance« 

Fig. A shows the relationship between mean general annoyance 
summed across all stimuli and anxiety, as measured by scores on 
the TMAS for each S. Surprisingly, there appears to be a strong 
negative correlation between general annoyance to the aircraft noise 
used in this experiment and anxiety level. The Pearson product- 
moment correlation coefficient (r) was found to be -.56, significant 
beyond the .01 level* The r for specific annoyance was also calculated 
(see Fig. 5) and found to be -.53, also significant beyond the .01 
level, substantiating the results found for general annoyance. These 
results, then, apparently indicate that anxious people, defined as 
those scoring high on the TMAS, tend not to be as annoyed by recorded 
aircraft flyover noise in the laboratory as less anxious (lower scoring 
on the TMAS) persons. 

Figure 6 shows the relation between specific annoyance and 
general annoyance over trials. It appears that general annoyance 
does not grow over the 16 flight session but does reflect the level 
of the specific flight preceding the general annoyance judgement. 

Discussion 

The fact that number of flights heard prior to judging the 
annoyance of the flights was not significantly related to annoyance 
is Important in the design of future laboratory studies of annoyance 
to aircraft flyover noise. Individual flyovers can be presented 
and directly compared to results of other researchers who may use 
different procedures. 

The finding in this study that a doubling of annoyance occurred 
with a 10 dB(A) increase in the peak level of the overflight 
substantiates findings of other researchers regarding loudness changes 
as a function of changes in intensity and indicate that loudness and 
annoyance are rather directly linked. 
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Additionally, a considerable shortening of test session length 
can be achieved by having S's judge each flight, rather than every 
third flight without degrading the results. 

At first the negative correlation of the TMAS scores and aircraft 
flyover noise annoyance scores would seen to be startling. Without 
thinking about the problem too deeply the first thought would probably 
be that anxious people would also be easily annoyed because they are 
probably more aroused and driven by their anxieties. From one point 
of view, perhaps the anxieties - whatever they are - distract the 
person and occupy his thoughts such that at least minor, non- 
threatening stimuli in the laboratory environment are not as noticed 
and annoying as they might be if he were not so distracted. On the 
other hand, the result may be an artifact Induced by the artificial 
laboratory setting, and therefore not valid in a real-life setting 
such as at the subject's home. 

Another possibility should be considered. A study by Clickstein 
(8) of the response to stress of S's rated as either high or low 
anxious persons found that the various physiological indices studies 
changed less in high anxious than in low anxious S's. These findings 
would appear to support the findings of the present study and suggest 
that the low anxious S's respond to their subjective feelings (blood 
pressure, heart rate, etc.) which in turn change more and would be 
more noticeable than they do for high anxious S's. 

The implications of this finding are rather clear. Results of 
annoyance studies using anxious S's may show artificially low annoyance 
to stimuli. Therefore, S's should be screened for annoyance so that 
those with high anxiety levels do not unduly influence the results 
of the study. It would appear to be more than worthwhile to investigate 
further the relations between anxiety and annoyance to aircraft flyover 
noise both in the laboratory and in the community. 
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FIGURE 2 
EXPERIMENT NO,     METHOD NO. 

(subjects Instruction and Data Sheet) 
ANSWER SHEET 

Name Date 

Sex A^e session Listening Position 

INSTRUCTIONS 

We are going to ask you to help in an experiment about aircraft noise. You will hear 
a series of aircraft noises and we would like to know your feelings about how noisy, 
annoying, unwanted, or objectionable certain sounds are. Try to imagine that you are 
hearing these sounds at home in your living room and that the planes fly this way on 
most days. 

We would li^e you to record your response each time you hear a "beep" after certain 
flights. When you hear the beep, record your response to (a) the flight immediately 
before the beep, and (b) your overall reaction to all of the flights in general up 
to this point. Use the thermometer «-like scale at the right as a guide to rating the 
sounds. 

BEEP 
IMMEDIATELY 
PRECEDING 

NOISE       ! 

NOISE        j 
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Slightly Annoying 

Not Annoying 
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APPENDIX B 

ANSWER »SHKRT 

Name Date 

öex Age session Listening Position 

INSTRUCTIONS FOR OBERMQMBTER SCALE JUDGEMENTS 

We are going to ask you to help in an experiment about aircraft noise. You will hear 
a series of aircraft noises and ve would like to know your feelings about how noisy, 
annoying, unwanted, or objectionable certain sounds are. Try to imagine that you are 
hearing these sounds at home in your living room and that the planes fly this way on 
most days. 

We would like you to record your responses to each flight in the left column and your 
general response to all of the flights up to that point in the right column. Use the 
thermoaeter*likescale on the right as a guide to rating the sounds. 

FLIGHT IMMEDIATELY 
PRECEDING 

NOISE 

»ÖISE 
IN          \ 

GENERAL 

1 

2 

3 

k 

5 

0 

7 

0 

9 

10 

11 

12 

13 

14 

15 

1c 

5 

FT 

3 

2 

T 

Ö 

Intolerable 

Highly Annoying 

Very Annoying 

Annoying 

Moderately Anncying 

slightly Annoying 

Not Annoying 
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APPENDIX C 

EXPHRMEHT MO. MB3SOD 90. 

AfeHEB bHEüZP 

Name Date 

sex       Age       session Listening Position 

IHbIRICTIOlfc) 

We are asking you to help us solve a problem concerned with noise: How annoying or 
disturbing are various Kinds of sound when heard in your hone? You will be asked to 
give a score to each sound. 

First, ve will produce a sound whose noisiness score is 10. Use that sound as a 
standard, and judge each succeeding sound in relation to that standard. For example, 
if a sound seem twice as noisy as the standard, you will write 20 in the appropriate 
box on the answer sheet. If it seems only one-quart er as noisy, write 2.5. If it seems 
three times as noisy, write 30, and so on. ~ "^ 

Please try to judge each sound carefully, and give it a score that tells how strong 
the annoyance seems to you. There are no right or wrong answers. The important 
thing is to say how you rate each of the sounds. 

1. 11.  

2.      12.  

3-    13.   

h.       1U.   

5.     15.   

0.     l6*   

7.     IT.   

ö.     13.   

9.     19.   

10. 20. 
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ANNOYANCE OF AIRCRAFT FLYOVER NOISE AS A FUNCTION 
OF THE PRESENCE OF STRANGERS 

by 

John L. Fletcher 
Project Director 

Professor, Memphis State University 
Department of Psychology 

Memphis, Tennessee 

and 

Walter J. Gunw 
Senior Research Psychologist 

Noise Effects Branch 
Acoustics and Noise Reduction Division 

NASA Langley Research Center 
Hampton, Virginia 

Many researchers (1), (2)9 use test procedures in which groups of 
subjects listen to recordings of aircraft flyovers and record their 
annoyance response for each flight, using various psychophysical pro- 
cedures. The results are then used in an attempt to predict individual 
response to noise. It seemed possible that if the presence of others 
tends to alter one's response to aircraft noise, the practice of testing 
groups of subjects simultaneously, while efficient, might introduce 
needless errors into attempts to predict individual response to aircraft 
noise. In order to determine the comparability of results derived by 
testing individuals alone or individuals when in groups, the following 
experiment was designed. 

Subjects were tested in groups of six, in one condition, or as 
individuals in the other condition. Each subject was asked to evaluate 
the annoyance value o*  various recorded aircraft sounds, using cither 
a magnitude estimate  method or a thermometer-like numerical category 
scale, after Connor and Patterson (3). 

Method 

The subjects (f's) used in this study were obtained from Memphis 
State University and were either students or staff and ranged in age 
from 20 to 43 with the average age 27.3 years. There were 8 male and 
16 female S's. They were paid $10.00 for their participation in the 
study. All S's were screened for conventional hearing (500-6,000 Hz) 
with no one accepted as a S with hearing loss at any of those frequencies 
of 20 dB or higher. Hearing was also tested for high frequency tones 
(8,000-3 8,000 Hz) but no criterion level was set for high frequency 
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hearing. All testing was done in an Industrial Acoustics Co. Model 1203 
sound treated room by a graduate student in audiology fro« the Memphis 
Speech and Hearing Center, conventional hearing was tested using a 
Rudnose ARJ-4A audiometer while high frequency hearing was tested using 
a Rudmose ARJ-4HF audiometer. Both audiometers were within acceptable 
calibration limits. 

All S's were also administered the Taylor Manifest Anxiety Scale 
(TMAS) as part of their pre-experiment screening. 

The research was conducted in a quiet room 15' x 24*, set up to be 
similar to a living room, with wall-to-wall carpeting, drapes on three 
of the four walls, and acoustical tile on the celling.  (See Appendix A 
for pictures of the test room.) Average ambient sound pressure level 
in the room was 43 dB(A). 

A Bruel and Kjaer Model 2203 sound level meter, set on the slow 
meter reading, A scale, w^s used to adjust the SPL of the stimuli on the 
tapes at the S's ear. The meter was placed at ear level at the S's 
chair position with the S not present, the tape was run to the 1,000 Hz 
calibration tone, and the preamplifier gain control was adjusted until 
the meter read 95 dB(A). The voltage across the speaker necessary to 
obtain 95 dB(A) was found to be 4 volts. Thereafter, each time a tape 
was run, voltage to the speaker was checked on the VTVM, set at exactly 
4 volts if it was not, and the tape run. In practice, little or no 
change in voltage was noted from tape to tape or session to session. A 
block diagram of the apparatus may be seen in Fig. 1. 

The S's were divided into four groups of six persons per group as 
they were screened and found qualified for the experiment. The S's were 
then tested, first either individually or in a group in counterbalanced 
order, judged annoyance to the aircraft flyover noise either using the 
"thermometer-like" numerical category scale or the magnitude estimation 
method (see Appendix C) (5), When tested (Appendix B) as individuals, 
the S's were called in and given their instructions, and the study began. 
In similar fashion when they were tested in groups they were called into 
the room, seated, given their instructions, any questions about task or 
procedure were answered, and the study begun. 

The stimuli on Tape I, 16 in number9 were presented and the S rated 
annoyance to the sound on the "thermometer" scale. There was a 2 min. 
interval between onset of each stimulus and onset of the next stimulus. 
Thus, the S's made an annoyance judgement every 2 min. Likewise, on 
Tape II, there were also 16 aircraft noises, 2 min. apart, and four 
"standard" noises interspersed, with a mamitude estimation judgement 
required after each stimulus. On that particular tape, the standard 
appeared four times or before the first experimental stimulus, and 
preceeding every group of four stimuli thereafter. (See Table I.) 
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Results 

Fig» 2 shows nean specific annoyance responses for each of the four 
peak Wels of flyover noise for subjects tested as individuals, on one 
condition, and the same subjects vhen tested in groups of six. The 
differences between responses of individuals when tested alone or in 
groups of six did not reach the 0.05 level of significance.  It is there- 
fore concluded that the presence of others does not significantly 
influence one's annoyance reaction to recorded aircraft noise, in this 
particular test situation, and when this particular category scale 
(thermometer scale) is used as an index of annoyance. 

Fig. 3 presents nean specific annoyance responses utilizing the 
magnitude estimation technique for each of the four peak levels of fly- 
over noise for S's tested as individuals, then again in a group of six. 
Again, as with the "thermometer" scale, the differences between annoyance 
scores when tested as individuals did not differ significantly (.05 level 
of significance) from those found for S's tested in groups of six« This 
suggests strongly that the presence of others does not influence the 
annoyance reaction to recorded aircraft noise. 

Fig. 4 depicts mean specific annoyance as measured by the thermometer 
scale versus anxiety for each subject in this experiment. No significant 
correlation was found to exist between annoyance and anxiety, as had 
jeen found in a previous study (4). These results were not totally un- 
expected since the range of anxiety of subjects in this experiment was 
severly restricted relative to the anxiety levels found in the previous 
study. Since the subjects in this experiment listened to exactly the 
same tape as the subjects in the previous experiment and rated the annoy- 
ance value of the same aircraft noises using the same thermometer-like 
numerical category scale, it seems justifiable to combine the data from 
both experiments into one composite plot. Fig. 5 shows the combined 
data of both experiments. In this figure, mean specific annoyance is 
plotted versus anxiety for each of the 43 subjects for whom data were 
available. The Pearson Product moment correlation coefficient was 
found to be -0.39 which was significant beyond the 0.01 level. 

Discussion 

The findings indicate that at least for similar test situa- 
tions (where the subjects sit and evaluate each recorded flyover 
noise) and for the two psychophysical methods used, the presence 
of other does not appear to influence one's annoyance response 
to aircraft noise. The implications for future laboratory re- 
search are that groups of subjects can be tested simultaneously 
for maximum procedural efficiency with confidence that the pro- 
cedures do not alter the individual responses significantly. 
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Although the Halted range of anxiety scores may have ob- 
scured any possible correlation of anxiety and annoyance in this 
experiment, the data of this experiment when combined with simi- 
lar data fro» a previous study (4) do indicate a significant 
(p < »OS) negative correlation between anxiety scores and annoy- 
ance ratings for individuals« As suggested in the Gunn and 
Fletcher study (4), this result may be a laboratory artifact 
resulting from the laboratory-Induced stress of the test situa- 
tion having a "saturating" effect on one's emotional response 
to noxious stimuli and therefore not valid in a real life situ- 
ation, or it may In fact be an Important factor governing one's 
annoyance to aircraft noise. Further research in this area 
seems Indicated in order to verify this effect in the laboratory 
and in airport communities» 
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Name 

Sex 

APPENDIX B 

ANSWER SHEET 

Date 

Age   Session Listening Position, 

INSTRUCTIONS FOR THERMOMETER SCALE JUDGEMENTS 

We are going to ask you to help in an experiment about aircraft noise. You 
will hear a series of aircraft noises and we would like to know your feel- 
ings about how noisy, annoying, unwanted, or objectionable certain sounds 
are. Try to imagine that you are hearing these sounds at home in your 
living room and that the planes fly this way on most days. 

We would like you to record your response to each flight in the left column 
and your general response to all of the flights up tc that point in the 
right column. Use the thermometer-like scale on the right as a guide to 
rating the sounds. 

FLIGHT 
1  I; MEDIATELY 

PRECEDING 
NOISE 

NOISE             j 
IN 

GENERAL          l! 

1 l 

i  2 

l!   3 

4 

5 

6 

7 

8 

!   9 

1 10 

11 

1? 

13 

Ifc 

Li$ J 
1 16 1 

6 Intolerable 

Highly AJinoying 

Very Annoying 

Annoying 

Moderately Annoying 

Slightly Annoying 

Not Annoying 
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APPENDIX C 

EXPERIMENT #     METHOD # 

ANSWER SHEET 

Name 

Sex Age Session 

INSTRUCTIONS 

Date 

Listening Position 

We are asking you to help us solve a problem concerned with noise: 
How annoying or disturbing are various kinds of sound when heard in 
your home? You will be asked to give a score to each sound. 

First, we will produce a sound whose noisiness score is 10. Use 
that sound as a standard, and judge each succeeding sound in rela- 
tion to that standard. For example, if a sound seems twice as 
noisy as the standard, you will write 20 in the appropriate box on 
the answer sheet.  If it seems only one-quarter as »lOisy, write 
2.5.  If it seems three times as noisy, write 30, and so on. 

Please try to judge each sound carefully, and give it a score that 
tells how strong the annoyance seems to you. There are no right 
or wrong answers. The important thing is to say how you rate each 
of the sounds. 

1. 11. 

2.   12. 

3.   13. 

4.  14. 

5.   15. 

6.   16. 

7.   17. 

8.  18. 

9.   19. 

10. 20. 
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SLEEP-DISTURBING EFFECTS OF AUDITORY STIMULI 
AND EFFECTS ON CERTAIN WAKING PERFORMANCES* 

by 

T. E. LeVere 

Neuropsychology Laboratory 
Department of Psychology 
North Carolina State University 
Raleigh, North Carolina 27607 

ABSTRACT 

Previous data from our laboratory indicated that the way an individual 
reacts to auditory stimuli during vakefulness does not necessarily predict 
the way in which the individual will respond to similar auditory stimuli 
during sleep. Specificallyf  these data demonstrated that auditory stimuli 
in the low frequency ranges between 50 and 250 Hz were more disruptive to 
an individual's sleep than stimuli in the range of Ik Hz even though the 
stimuli were equated for psychological loudness. The interpretation of 
these data suggested that whatever neural processes are operative during 
the waking state were not so operative during the sleeping state and that 
this qualitative difference should be taken into account when attempting 
to predict the disruptive effects of auditory noise during sleep. The data 
which is presently reported extend these results by suggesting that the 
sleep disruption caused by these auditory stimuli can influence certain waking 
behaviors. Consideration of our preliminary results with other data concerned 
with the effects of sleep disruption on waking behavior suggests that the 
behaviors which are most susceptible to sleep disturbances are those behaviors 
involving higher cognitive processes as opposed to more simple repetitive 
performances. 

This research was supported by Researc. Grant NGL 34-002-095 from the 
National Aeronautics and Space Administration. 
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Introduction 

The present report assumes the validity of the commonly held and empi- 
rically verifiable notion that sleep can be Interfered with by auditory noise. 
From this starting point, we presently address two major issues. Firstly, 
are the disturbances produced by auditory noise during sleep restricted to 
the sleep state or is there some carry-over degradation of waking behavior? 
And secondly, if there is carry-over to the waking state, what parameters 
of nocturnal stimulation are most effective in producing the carry-over? 

General Methodology 

The procedures which we generally employ [9,10,11] to investigate these 
Issues involve human male volunteers between the ages of 18 and 35 who sleep, 
depending upon the experimental procedures, for three or more consecutive 
nights in our laboratory bedroom setting. During each of these nights, the 
individual's scalp-recorded electroencephalographic (EEG) activity is con- 
tinuously monitored to provide both a measure of the subject's sleep as well 
as a dependent measure of the arousal produced by the auditory stimulation. 
The auditory stimulation which we employ to disturb the subjects1 sleep 
during some of the nights which they spend in our laboratory (stimulus nights) 
consists of between nine and twenty-four 15-sec. stimulus presentations set 
at an intensity of 80 dB measured with an A-weighted scale. For obvious 
acoustical reasons, these auditory stimuli are produced by filtering white 
noise to exclude all frequencies save a one-third octave band centered on 
the frequency of interest. For the presently reported researches, most of 
the auditory stimuli had a rapid onset and rapid offset. 

The individual's response during sleep to these auditory stimuli is 
assessed In terms of a change In the dominant frequency pattern of the sub- 
ject's sleeping electroencephalo^raphic activity as computed over 1-min. 
analysis epochs. Virtually witl.^ut exception, this change has been a shift 
to lower amplitude, higher frequency patterns of activity, or what is tra- 
ditionally termed cortical desynchronization. This kind of response has been 
classically labeled as "arousal" by numerous researchers [1, 12, 13, 16] who 
have noted the correlation between this sort of electroencephalographic 
activity and overt behavioral alerting. In all of the experiments which we 
will currently report, the assessment of the Individual's electroencephalo- 
gram was performed by a Digital Equipment Corporation PDP 12A computer 
system. Most recently, this system has been upgraded to enable on-line, 
real-time analyses so that the stimulus presentations may be precisely 
related to the subject's ongoing pattern of sleep as Indexed by the electro- 
encephalogram. In a recent experiment [11], the validity of our computer 
analysis program, a zero-crossings procedure, was determined by computing 
Kendall's coefficient of concordance with respect to the output of the 
computer program and two separate individual visual analyses utilizing con- 
ventional Rechtschaffen and Kales criteria.  This statistic yielded a 
Chi Square of 1168.2 which is significant at better than the 0.001 level of 
confidence and suggests that the independent observers, the computer and 
humans, were essentially applying similar criteria in making their judg- 
ments. 

To evaluate an individual's waking behavior, the subjects were required 
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to perform a behavioral task before retiring at night and upon arising in 
the morning. The task is illustrated in Figure 1 and consists of three 
individual stimulus lights and three response buttons. The physical config- 
uration of the task thus presented the subject with three vertically oriented 
5/8-in. diameter stimulus lights separated by approximately 1 in. center to 
center. Immediately above these lights is an Industrial Electronic Engineer 
readout display with the capability of presenting any of the 6 combinations 
of the numbers 1, 2, 3. Some 4 in. below the stimulus lights were three 
5/8-in. in diameter response buttons mounted to a sloping panel and separated 
by a distance of 1-3/4 in. center to center. These buttons were arranged 
in a horizontal line at right angles to the stimulus lights. Approximately 
2 in. below the center response button was a 1-in. long x 1/2-in. wide re- 
gistration lever used by the subject to indicate that a response button had 
been pressed. The subject's task in this situation is to monitor the three 
vertical stimulus lights and when one is illuminated to press the "correct" 
response button and then register this choice by pressing the registration 
lever. If the response is "correct", the stimulus light is extinguished 
and the inter-trial interval started. If, however, the response is "in- 
correct" the stimulus light remains illuminated and the subject is required 
to correct the error by pressing the correct response button and then re- 
gistering this choice. The particular response button which a given stimulus 
light indicates as being "correct" is determined by the 3-digit code pre- 
sented above the stimulus lights. The manner in which a particular code is 
related to, or defines, the correct response buttons is quite straightforward 
and easily visualized if the individual code numbers from left to right are 
superimposed upon the individual stimulus lights from top to bottom. The 
particular code number associated with a particular stimulus light then in- 
dicates the left to right position of the "correct" response button. For 
example, the code 123 indicates that the left-most response button is correct 
if the top-most light is illuminated, the middle response button is correct 
if the middle light is illuminated and the right-most response button is 
correct if the bottom-most light is illuminated. However, it must be remem- 
bered and emphasized that a given code appears on only the first trial of 
the series of trials that it serves to define the correct response buttons. 
Thus, in order for the subject to respond optimally, he must, after the first 
trial of a given series, remember which code is in effect. The number of 
trials during which a code is in effect varies over the performance session 
in a random fashion but always remains in the bounds of 5 and 20 trials. It 
goes without saying that individual performance sessions are balanced with 
respect to the number of trial series containing particular numbers of trials 
and particular codes so that an experimental condition cannot be biased by the 
operation of the task itself. Additionally, since the subject is allowed as 
much time as needed to respond to the correct response button, the task is 
essentially subject-paced, However, once the correct response is accomplished, 
the next trial is programed to occur, i.e. the naxt stimulus light will come 
on after a standard inter-trial interval independent of the subject's be- 
havior. 

The basic dependent measure used with this task is mean response latency, 
as measured from stimulus light onset until the subject has responded to the 
correct response button and is computed over a standard 10-min. performance 
session. We have also measured errors, percent errors, errors of commission, 
and percent errors of commission but have not found these to be related to the 
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Figur« 1« Photograph of the behavioral task used to assess the waking effects 
of disturbed sleep. The picture Illustretes the configuration of the task 
on the first trial of a series vh»re the code "123" would be in effect. In 
the particular instance shown, the left-most response button would be "correct". 
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occurrence of nocturnal sleep-disturbing auditory stimuli. Finally, it 
should be mentioned that in the experiments discussed below, we were interest- 
ed in the effects of sleep di*r_ftcion on performance and not acquisition. To 
realize this Interest, the data which we uied  to assess waking behavior was 
always that obtained after the subject's performance of the task had stabi- 
lized. In certain situations, we accomplished this by requiring the subjects 
to come to the laboratory in each day of the week preceding their serving as 
a sleep subject in order to practice the task and become proficient at its 
operation. 

Carry-Over Effects to Waking Performance 

Before discussing the particulars of how sleep disturbed by auditory 
noise may carry over and Influence waking performance, it is perhaps best 
to establish that the effect can occur. To accomplish this, we may cite 
certain of our early research [9] concerned with the sleep disturbing effects 
of broad-band auditory noise. In this procedure, subjects were required to 
sleep in our laboratory bedroom setting for 14 consecutive nights, 7 of which 
were randomly designated as stimulus nights. During these stimulus nights, 
the subject was exposed to nine 15-sec. presentations of broad-band auditory 
noise having a relatively gradual onset and offset as compared to our more 
recent researches. The subject's overt waking behavior was assessed by a 
behavioral task essentially similar to that described above. The subject was 
required to perform this task before retiring each night and upon arising 
on the next morning. It is perhaps worth mentioning that the subject was 
required to perform the morning session only after he alone had determined 
that he was fully awake and able to operate the behavioral task. While this, 
of course, introduced some variability into our procedures, it was felt that 
this variability would be less detrimental to the purpose of our experiment 
than standardizing, and perhaps requiring, certain of the subjects to perform 
the task before they were ready. 

Considering first the sleep-disturbing effects of the auditory stimula- 
tion the results Indicated that the stimuli produced reliable and significant 
changes m the subjects' scalp-recorded electroencephalographlc activity. 
As noted above, these changes consisted of a shift to a higher frequency 
patte.-n in the scalp recorded electroencephalogram. While this aoursal 
effect was noted within each subject, it should be pointed out that it was not 
consistently associated with behavioral awakening nor was it confined to the 
period of time when the stimulus occurred. Moreover, none of the subjects 
were able to recall the number of stimuli that occurred during the night and 
all stressed that they considered their sleep to be normal, i.e. little or 
not at all affected by the auditory noise. 

Figure 2 summarizes the waking effects of this nocturnal stimulation. 
The insert in the upper right-hand corner indicates the subjects' error 
score (response latency) as recorded during the morning performance sessions 
of the experimental procedure without respect to whether or not the subjects 
received auditory stimulation during the preceding night. As obvious from 
this insert, the subjects showed a considerable amount of learning during 
the first portion of the experiment, and since we were not interested in 
acquisition, this data is not considered in the analysis. Rather, the major 
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Figure 2. Bar graph illustrating the mean error score (response latency) 
following nights disturbed by broadband auditory noise (JFO) and following 
undisturbed sleep (NJFO). The insert at the top right of the figure il- 
lustrates the response latency computed over days without regard to whether 
auditory stimuli were presented during the night. 
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portion of the figure Indicates the morning performance on the last two 
sessions which followed undisturbed sleep and the morning performance on the 
last two sessions following sleep disturbed by the auditory stimulation. As 
the figure indicates, tht mean response latency following nights disturbed 
by auditory stimulation was significantly longer than the mean response 
latency recorded during performance following undisturbed sleep. It should 
be pointed out that our randomisation precluded attributing this decrement 
in performance to any order effect since the chronological occurrence of 
stimulus nights and control nights was not consistent over the subject pop- 
ulation. 

One very basic and Important question concerning the presently observed 
waking behavioral deficit is why it should occur following the minimal sleep 
disruptions employed in the present procedures. At the onset, it should be 
emphasized that the question is not one of whether or not disruptions of 
sleep have effects on waking behavior. As numerous researches have demonstra- 
ted, sleep disturbances can and do, often severely, affect waking behavior. 
The question is one of degree and Involves why seemingly minimal sleep dis- 
ruptions should influence waking behavior. One perhaps fruitful tack would 
be to suggest that if one is interested in evaluating the subtle effects of 
sleep disruption, one should not sample waking behaviors that can occur 
during sleep. That is, borrowing from the classic restorative conceptuali- 
zation of sleep. It would seem possible to speculate that any behavior that 
can operate during sleep may not be dependent upon, or influenced by, sleep 
or its disruption. Contrariwise, any behavior which does not adequately 
function during sleep may be critically dependent upon the occurrence of 
sleep for its optimal waking expression. This distinction Is, of course, 
analogous to the neurophyslological concept that these behaviors which can 
occur after the ablation of certain neural areas are not dependent for their 
expression upon the functional operation of the ablated neural tissue. 

From this point of view, the rather ample evidence indicating that an 
Individual may respond to extrinsic stimuli and may even discriminate be- 
tween different types of extrinsic stimuli during sleep [14, 17, 19, 20, 21] 
would s-tggest that any task involving a simple response or even s discrimin- 
ative response, i.e. the usual vigilance procedures, might not be expected 
to reflect minimal sleep disturbances. This expectation is, In fact, sup- 
ported by numerous researches. Since there is no reason to assume that the 
vigilance aspect of the present behavioral task is unique or critically 
different from those previously reported, it ^-ould seem that vigilance is 
not the parameter which is sensitive to minimal sleep disturbance. 

In contradistinction to the subject's ability to simply respond to ex- 
trinsic stimuli during sleep, it would appear that memory processes are, at 
best, most Inefficient during sleep [3, 8, 13]. In line with the above 
speculations and the present data, it might be thus suggested that any waking 
behavioral task involving memory might be expected to be relsted quite 
closely to the quality of an Individual's sleep. In fsct, this suggestion is 
not without certain experimental support. Firstly, there are numerous 
rssearchers who suggest that memory function may be degraded by sleep loss 
[2, 4]. The mors Important of these) is the work by Williams, Gleseklng and 
Lubln [18] who demonstrated that the recall of verbal material waa Impaired 
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following one night of sleep loss even when It was assured that episodes of 
mlcrosleep did not prevent the registration of the verbal material. Ad- 
ditionally, data presented by Goodnow, Rubinstein and Shanks [5] Indicate 
that sleep loss may precipitate stereotyped behavior patterns. Stereo- 
typed behavior patterns are here interpreted as Indicating that the individu- 
als suffering from sleep loss may not be able to utilize previous experience; 
and one reason why this might be so Is that tae individual might not remember 
what he had previously done. Moreover, there are numerous animal researches 
summarized by Holdsteck and Verschoor [6] suggesting that learning and memory, 
particularly memory consolidation, may be disrupted by selective sleep depri- 
vation. Thus, the data would clearly suggest that whatever processes are in- 
volved in memory, its restoration or retrieval, these processes may be sensi- 
tive to sleep loss. In consideration of this data then, a specific specula- 
tion concerning the sensitivity of the present behavioral task may be made. 
This speculation suggests that it may be the memory aspect of the present 
task which Is sensitive to minimal sleep disruption. That is, while It is 
obvious that the optimal performance of the present task, for that matter any 
behavior task, may involve many factors, the one factor which would seem cri- 
tical in the present situation is the facility which the subject remembers the 
code after its initial (and only) presentation. Whatever else may be involved 
in pressing the appropriate response button when a particular stimulus light 
is illuminated, it would appear obvious to even the most casual consideration 
of the task that the subject must remember which button the stimulus light 
signifies is "correct". Moreover, if this memory aspect of the present task 
were eliminated, this situation would reduce to a simple vigilance procedure 
which is notoriously insensitive to all but the most severe deprivations of 
sleep. In other words, it is possible to suggest that the present research 
is but another demonstration of the susceptibility of waking processes to 
sleep disturbances. This is, of course, nothing dramatically new,and the 
most notewrrthy aspect of the present situation is its sensitivity. 

With respect to the present discussion, it should finally be pointed 
out that Kramer, Roth, Trindar, and Cohen [8] have recently provided data 
suggesting that sleep disturbances not quantitatively dissimilar to the ones 
used in the present procedures, can affect mnemonic processes. Moreover, 
and perhaps more importantly, these researchers utilized a battery of waking 
behavioral tests and found that only a verbal-recall test could be consis- 
tently related to the occurrence of the sleep-disturbing auditory stimulation. 
These data then are quite compatible to the presently reported results. 

Sleep Parameters Affecting Waking Performance 

Whether or not one enthusiastically espouses the speculation that sleep 
disruption degrades higher cognitive processes, the fact still remains that 
minimal sleep disruption can be detected as a decrement in certain waking 
performances. Given this,it is of importance to provide some preliminary 
specification of the parameters of nocturnal auditory stimulation which may 
precipitate these carryover effects which influence waking behavior. As an 
initial and elementary query, we have questioned whether a large number cf 
stimuli may be less debilitating for waking performance than a fewer number 
of stimuli. That this might occur is because the sleep disruption or arousal 
produced by the individual stimulus occurrences when a large number are 
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presented, should be less. In other words, will hsbituatlon during sleep 
attenuate the disrupting effects of noctumally presented auditory noise? 

Specifically, the research involved 6 aale subject volunteers who each 
spent three successive nights in our laboratory bedroom. On different nights, 
each subject received either no stimuli, 6 occurrences, or 24 occurrences of 
a one-third octave band burst of noise centered on the frequency of 125 Hz. 
Each stimulus presentation was 15 see. in duration and had an intensity of 
80 dl(A). The stlaulus presentations were in accord with a schedule which 
distributed the presentations randomly over e night's sleep but with the re* 
striction chat half of the stimuli were to occur when the subject's pattern 
of electroencephalographlc activity indicated predominantly fast-wave activity 
«ad half were to occur when the subject's pattern of electroencephalographlc 
activity indicated predominantly slow-wave activity. The sequential order 
of the single no-stimulus control night, the 6-stimulus experimental night, 
and the 24-stimulus experinental night, mat of course balanced across the 
6 subjects to control for first-night effects and order effects which might 
bias the treatment conditions. 

Considering first he sleep-disturbing effects of the auditory noise, 
we present the data in Figure 3. Following our standard procedures, the 
figure depicts the mean cortical desynchronisation as computed over 1-mln. 
EEG epochs during the epoch preceding the occurrence of a stimulus, the epoch 
when a stimulus occurred, and three succeeding 1 min. EEG epochs. These are 
further partitioned on the basis of whether the stimuli occurred auring sleep 
dominated bv fast-wave EEG activity (left-half of the figure) or during sleep 
dominated by slow-wave EEG activity (right-half of the figure) and whether 
there were 6 stimuli or 24 stimuli during the night. The solid line at the 
top of the figure labeled "wakefulness" Is computed on the basis cf the swan 
number of half-wave occurrences (cortical desynchronlzatlon) recorded by th£ 
computer just prior to the subjects falling asleep. The dashed lines around 
this value represent the 0.05 confidence Intervals for the estimate, ks  can 
be seen from the figure, the mean amount of cortical desynchronlzatlon pro- 
duced by the auditory stimuli was significantly greater when only t> stimuli 
occurred during the night as compared to wn 24 stimuli occurred during the 
night. This, of course, indicates that the subjects will, so far as their 
response to individual stimulus presentations is concerned, habituate to the 
noctumally preaented auditory noise. 

However, even though a significant amount of habltuatlon occurred rela- 
tive to the subject's response to the individual stimulus presentations, this 
habltuatlon did not mitigate the disruptive effects which these stimuli had 
relative to morning waking performance. That is, even though the subjects 
responded less to the Individual stimulus presentations when 24 stimuli were 
presented during the night, there was nonetheless a greater disruption of 
waking performance following these nights as compared to when either 6 stimuli 
occurred during the night or sleep was undisturbed. This data is graphically 
illustrated in Figure 4 which presents the mean response latency which was 
recorded during the morning performances when sleep was undisturbed, when 
6 stimuli occurred,and when 24 stimuli occurred during the night. 
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There are two points which must be made concerning these results. Firstly, 
it must be noted that even though the subjects* mean response to the individual 
stimuli on the nights when 24 stimuli were presented was significantly less 
than the subjects1 mean response to the Individual siimuli when only 6 stimuli 
were presented, the total amount of sleep disruption was considerably greater 
when 24 stimuli occurred. This statement is based upon an analysis of the data 
which computed the arousal effects of each stimulus by determining, relative 
to the minute preceding a stimulus, the change in the cortical desynchronization 
during the 1-min. analysis epoch when the stimulus occurred and the three 
succeeding 1-min. analysis epochs. These difference values were then summated 
to provide an estimate of the total effect of each particular stimulus. This 
was then done for each of the other stimulus occurrences during the night and 
these values summated together to provide an estimate of tht total sleep 
disruption which occurred during the nights when 6 stimuli were presented 
and during the nights when 24 stimuli were presented. The results of this 
analysis indicated that even though the subjects1 mean response to the 
auditory stimuli was significantly greater when only 6 stimuli occurred 
during the night, there was considerably less total sleep disruption (total 
cortical desynchronization) during this night as compared to when 24 stimuli 
occurred during the night. Specifically, the total sleep disruption when 6 
stimuli occurred during the night averaged out acrossed the 6 subjects to be 
a shift toward cortical desynchronization (arousal) which averaged out at 
333 half-waves when 6 stimuli occurred, but jumped to 601 half-waves when 24 
stimuli occurred. The difference between these values is of course statis- 
tically significant. This then suggests that independent of the greater arous- 
al produced by the individual stimuli, sleep was in fact less disrupted when 
6 stimuli occurred as compared to when 24 stimuli occurred during the night. 
In regard to the waking performance decrement, total sleep disruption appears 
to be a better predictor of waking performance than the level of arousal 
precipitated by an individual's response to a single stimulus presentation. 

While the above results may simply reaffirm the obvious, what is not 
so obvious is the fact that this correlation between total sleep disruption 
and waking performance was not equally valid during sleep characterized by 
fast-wave electroencephalographic activity and sleep characterized by slow- 
wave electroencephalographic activity. Consider Figure 5 which presents the 
total sleep disruption computed as previously described but segregates the 
data on the basis of fast-wave sleep and slow-wave sleep. As can be seen 
from the figure, the total eaount of sleep disruption occurring in response 
to 6 stimuli and 24 stimuli was virtually identical during sleep characterized 
by fast-wave electroencephalographic activity. In contradistinction, during 
sleep characterized by slow-wave electroencephalographic activity, the total 
sleep disruption was significantly greater when 24 stimuli occurred as compared 
to when 6 stimuli occurred. The interaction depicted by this figure is 
significant beyond the .01 level of confidence. Thus, the tentative conclusion 
which one might reach on the basis of this data is that the disruption of 
sleep characterized by slow-wave electroencephalographic activity is more 
critically related to waking performance than the disruption of sleep charac- 
terized by fast-wave electroencephalographic activity. Whether or not this 
tentative speculation will be borne out by future research is, of course, 
unanswerable at this point. However, it is perhaps of some interest to note 
that if one should accept the arguments previously presented that sleep dis- 
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ruption most critically effects those behaviors which do not occur during sleep 
It Is Important to realise that It Is during sleep characterized by slow-wave 
electroencephalographlc activity when mnemonic and higher cognitive processes 
are virtually nonfunctional 17]. 

• 
Thus» the commonly held and empirically verifiable notion that the mo^t 

severe effects of auditory noise is Its disruption of sleep would appear 
to have the added significance that this sleep disruption may not be restricted 
to the annoyance produced by behavioral awakening,but may, in fact, precipi- 
tate nonoptimal waking performance. This then, of course, provides consider- 
able emphasis to our efforts to control this form of environmental pollution. 
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HUMAN ANNOYANCE WITHIN NOISE AND VIBRATION ENVIRONMENTS 

by 

Michael J. Goodman and Richard G. Pearson 

Center for Acoustical Studies 
North Carolina State University, Raleigh 

Contemporary concern for the environment has placed the problem of human 
response to noise within the context of environmental pollution. As a pollu- 
tant noise joins any number of other environmental factors in determining the 
physical and psychological veil being of an individual. Within such a frame- 
work noise, vibration, temperature, air composition, etc., may often occur 
together in such a fashion as to enhance total discomfort to an extent greater 
than that due to any factor acting alone — or the opposite may be true; total 
discomfort may be less than that due to any factor acting alone. It follows 
that criteria imposed upon a single aspect of the environment may be insuffi- 
cient in its elimination as a problem — in the presence of other stimulation, 
as individual':: susceptibility to that aspect may be changed. 

For those concerned specifically with transportation noise, consideration 
of the total environment is particularly important, whether from the standpoint 
of the environment within the vehicle, or the area surrounding the vehicle. In 
either case an individual is exposed simultaneously to numerous, potentially 
harmful stimuli. Within this context perhaps the most obvious factor supple- 
menting noise is vibration. Despite the fact that noise and vibration are 
frequently associated 'n the home, work and transportation environments, re- 
search has typically treated the two as separate entitles. While recent con- 
cern for the joint effects of noise and vibration has developed, the resulting 
research has generally concentrated on task performance and physiological 
effects; little effort has been directed towards subjective response. In 
fact, a span of more than three decades has produced little more than casual 
observation in this regard. Consider, for example, the following comments. 

Bruderlin, in 1937, within the context of aircraft noise and vibration 
stated: 

tion: 

It is well known that noise sounds louder to the ear when it 
is accompanied by physical vibration, and that vibration is more 
annoying in the presence of noise (p. 181). 

Also with regard to aircraft, Best, in 1945, made the following observa- 

It was found that in flight more vibration was required at 
propeller frequency to produce a given reaction than on the ground 
because the other vibration and noise tended to desensitize the 
subject (p. 654). 

Finally, Jansen, in 1969, referring to noise and vibration on ships, 
related the following: 
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On board ships noise and vibration annoyance usually do occur 
simultaneously. There is ample evidence that the general public 
find it very hard to separate these influences when asked to judge 
their environment. Mostly one single judgment is given for sound 
and vibration together. Moreover, sometimes when comparing two 
environments people call one noisier, when in fact vibration levels 
differ but sound levels are equal and conversely (p. 9). 

The preceding passages are but a sample of comments characteristic of the 
last 30 years. Although those working within the noise and vibration dis- 
ciplines have recognized the relevance and complexity of the problem, little 
empirical effort has been realized. In 1970, Pearson and Hart reported on a 
study in which the effects of various combinations of airborne noise and 
structure-borne vibration were evaluated within the context of human annoyance. 
The results of their study indicated that annoyance to a "very annoying" level 
of noise increased only under a high amplitude of vibration. For a lesser 
annoying noise, however, both the high and low amplitudes of vibration in- 
creased annoyance. 

The study to be described represents an attempt to explore some basic 
questions regarding the joint effects of noise and vibration. Specifically, 
the influence of noise upon annoyance to vibration, and of vibration upon 
annoyance to noise was considered. In addition, total annoyance to combina- 
tions of the two stimuli was evaluated. 

Method 

Testing was conducted in a 4* by A9 acoustic chamber in which a noise- 
vibration environment was constructed. This system consisted of an electro- 
mechanical shaker centered beneath a plywood platform on which a hard-surfaced 
chair was secured. Acoustic stimuli were presented over a pair of speakers 
located in front of the chair-shaker system. The floor of the chamber (the 
area beneath the chair platform and the shaker) were heavily weighted with 
sandbags, and an extensive effort was made to minimize the level of noise 
produced by vibration of the chair. An adjustable foot rest was utilized to 
support the subject's feet and a seat belt-shoulder harness combination was 
used to secure the subject comfortably in the chair. 

The subjects used in the study consisted of male and female undergraduate 
students who received class credit for their participation. In addition, each 
subject was compensated at a rate of $2.00 per hour. The research was carried 
out in two experimental sessions. During the first session 56 subjects were 
Individually subjected to nine levels of noise and nine levels of vibration. 
Noise stimuli consisted of random noise presented at 45 dB through 85 dB in 
5 dB steps. For vibration a 30 Hx sine wave input served as a stimulus. Due 
to the low power capacity of the chair-shaker system utilized, a subject's 
body weight was a determining factor of the maximum level of vibration that 
could be obtained. It was thus impossible to specify absolute levels for 
vibration stimuli. Rather, for each subject, the maximum power was provided 
for the highest level of vibration, and the additional eight levels were 
achieved by attenuating the maximum in steps of 3 dB. 
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I 28— unbearable and Intolerable 

25— extremely annoying 

22— very annoying 

1 W— quite annoying 

lo- annoying 

ll— moderately annoying 

10— somewhat annoying 

I  7~ slightly annoying 

4— noticeable but net objectionable 

1— not noticeable 

Figure 1. Sample Annoyance Rating Scale 

Subjective evaluation of the noise and vibration was accomplished using a 
modified version of the rating scale developed by Pearson and Hart (1968). 
Figure 1 Illustrates the scale utilised. The addition of a "not noticeable" 
category at the bottom of the Pearson-Hart version increased the point value of 
the scale from 25 to 28. In the first session each subject was presented with 
two blocks of the nine noise and nine vibration stimuli. Within each block the 
eighteen stimuli were randomized. During each stimulus presentation subjects 
were required to indicate their annoyance by placing a pencil mark along the 
scale. After each judgment» the subject terminated the stimulus by activating 
a switch located on the chair frame. 

Immediately following the first session, the ratings of each subject were 
plotted on a stimulus sensitivity graph. Figure 2 illustrates such a plot for 
noise. A smooth curve was drawn through the points and the stimulus levels at 
which a subject was "slightly annoyed" and "annoyed" were extrapolated. In 
this way, for each subject, tne approximate physical levels of noise and vi- 
bration at which he or she was "annoyed" or "slightly annoyed" was determined. 
Where a subject's ratings were either too high or too low to fall within the 
two subjective categories for either noise or vibration, the subject was elim- 
inated from further participation in the study. From a subject population of 
56, 20 males and 20 females were selected on the basis of this procedure. 
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35   30    25    20   15 

NOISE ATTENUATION (dB) 

Figure 2. Sample Noise Sensitivity Graph 

For the second experimental session those subjects meeting the criteria 
described earlier received a total of sixteen experimental treatments and 
eight control treatments. These treatments are described in Tables 1 and 2. 
The control treatments were Included to assess the extent of any noise pro- 
duced by the vibration as well as any vibration produced by the noise. Although 
every effort was uade to minimize the magnitude of noise produced by vibration 
of the chair-shaker system, where subject weight and stimulus sensitivity were 
low, it was possible for vibration to produce a clearly perceptible noise. 
Similarly, high levels of noise were capable of producing a perceptible 
vibration of the chair. 

Each of the 24 treatments consisted of a noise, vibration, or combination 
of noise and vibration, and a question; how annoying was the noise—how annoy- 
ing was the vibration, or how annoying was the combination? Subjects received 
72 trials in three consecutive blocks of 24 randomly-ordered treatments. Thus, 
each treatment was presented three times. The duration of each stimulus pre- 
sentation was 9.5 seconds with a 10.5 second interstlmulus interval. Annoyance 
judgments were made in a 72 page booklet of rating scales for which the appro- 
priate question was printed on the top of each page. 
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Table 1. Experimental Treatments 

No. Question Stimulus 
Condition 

1 How annoying was the noise? A-N 
■  2 How annoying was the noise? SA-N 

3 How annoying was the noise? A-N+SA-V 
4 How annoying was the noise? A-N+A-V 
5 How annoying was the noise? SA-N+SA-V 
6 How annoying was the noise? SA-N+A-V 
7 How annoying was the vibration? A-V 
8 How annoying was the vibration? SA-V 
9 How annoying was the vibration? A-N+SA-V 

10 How annoying was the vibration? A-N+A-V 
11 How annoying was the vibration? SA-N+SA-V 
12 How annoying was the vibration? SA-N+A-V 
13 How annoying was the combination? A-N+SA-V 
14 How annoying was the combination? A-N+A-V 
15 How annoying was the combination? SA-N+SA-V 
16 How annoying was the combination? SA-N+A-V 

A - annoying  SA - slightly annoying  V • vibration  N ■ noise 

Table 2« Control Treatments 

No. Question 
Stimulus 

Condition 

How annoying was the noise? A-V 
How annoying was the noise? SA-V 
How annoying was the vibration? A-N 
How annoying was the vibration? SA-N 
How annoying was the combination? A-N 
How annoying was the combination? SA-N 
How annoying was the combination? A-V 

8 How annoying was the combination? SA-V 

A ■ annoying  SA - slightly annoying  N » noise  V ■ vibration 
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Results 

Examination of the control data revealed that neither the noise produced 
by the vibration or the vibration produced by the noise «as sufficiently in- 
tense to result in noticeable judgments. Table 3 presents the mean annoyance 
scores for each experimental treatment evaluated across the entire subject 
population and broken down by sex. Note the mean annoyance scores for treat- 
ments 1, 2, 7 and 8 — the single stimulus conditions. These scores reveal an 
increase in annoyance over that expected on the basis of the first experimental 
session. Recall that the "slightly annoying" and "annoying" scale positions 
corresponded to scale values of 7 and 16 respectively« In addition, examina- 
tion of the mean annoyance scores for males and females reveals consistently 
greater annoyance judgments for females over those of the males across all 
experimental treatments. 

Table 3. Mean Annoyance for Experimental Treatments 

No. Stimulus Question Mean 
Annoyance 

Mean 
Annoyance 

Males 

Mean 
Annoyance 

Females 

1 A-N Noise 18.33 18.10 18.57      ! 
2 SA-N Noise 8.19 8.12 8.27 
3 A-N+SA-V Noise 17.72 17.28 18.15 
4 A-N+A-V Noise 18.00 17.70 18.30 
5 SA-N+SA-V Noise 9.03 8.48 9.58      S 
6 SA-N+A-V Noise 8.60 7.90 9.30 
7 A-V Vibration 16.61 15.67 17.55 
8 SA-V Vibration 7.67 7.08 8.25 
9 A-N+SA-V Vibration 6.96 6.80 7.12      | 

10 A-N+A-V Vibration 16.85 15.92 17.78 
11 SA-N+SA-V |   Vibration 7.63 6.65 8.60 
12 SA-N+A-V Vibration 13.86 15.00 16.70 
13 !      A-N+SA-V Combination 17.51 17.18 17.83 
14 1      A-N+A-V Combination 20.97 20.40 21.53      1 
IS SA-N+SA-V !   Combination 11.00 10.03 i      11.97 
16 SA-N+A-V Combination 16.54 15.63 17.45 

I f A » annoying  SA - slightly annoying  N - Noise vibration 

I 
t 
I- 

I I 

A series of sixteen analyses were carried out in order to evaluate any 
influence the presence of noise or vibration had on judgments of annoyance to 
vibration and noise respectively. In addition these analyses permitted com- 
parisons between the single-stimulus conditions, and the two-stimulus conditions 
for which total annoyance was obtained. Each analysis involved s comparison of 
nean annoyance scores for pairs of experimental treatments. Table 4 describes 
the 16 comparisons made. The first eight comparisons contrast totsl annoyance 
to combinations of noise and vibration with annoyance to noise or vibration 
presented alone. Consider comparison number 2. Testing for s tignlfleant 
difference between the mean annoyance scores for these treatments would deter- 
mine whether total annoyance to an "annoying" noise and an "annoying" vibration 
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was significantly different frosi that of an "annoying" noise presented alone. 
The second set of eight comparisons «ere designed to evaluate any influence 
the presence of one stimulus would have on annoyance to a second stimulus. 
Consider comparison number 10. This contrast would determine whether the 
presence of an "annoying" level of vibration Influenced annoyance to an 
"annoying" level of noise. 

Table 4. Treatment Comparisons 

Mo. Stimulus Question Trt. Stimulus ' Question Trt. 

! - A-H Noise 1 A-N+SA-V Combination 13 
\    2 A-N Noise 1 A-N+A-V Combination 14 
I  3 SA-N Noise 2 SA-N+SA-V Combination 15 | 

4 SA-H Noise 2 SA-N+A-V Combination 16 
5 A-V Vibration 7 ;-tH>A-V Combination 14 
6 A-V Vibration 7 SA-N+A-V Combination 16 

ii  7 SA-V Vibration 8 A-MrSA-V Combination 13 1 
8 SA-V Vibration 8 SA-N+SA-V Combination is ; 

9 A-N Noise 1 A-N+SA-V »>ise 3 
10 A-N Noise 1 A-N+A-* Nou* 4 - 

i u SA-N Noise 2 SA-N+SA-V Noise 5 1 
l2 SA-N Noise 2 SA-M+A-V Noise 6 

1 n A-V Vibration 7 A-**+A-V Vibration 10 
14 A-V Vibration 7 SA-N+A-V Vibration 12 

i 15 1 SA-V Vibration 8 A-N+SA-V Vibration 9 
16 SA-V Vibration 8 SA-N+SA-V Vibration 11 

A • annoying  SA - slightly annoying  V • vibration N - noise 

Table 5 summarizes the results of the sixteen treatment comparisons. For 
the first eight comparisons significance was Indicated in seven cases. As a 
general conclusion it can be stated that total annoyance to a combination of 
noise and vibration is greater than annoyance to either noise or vibration pre- 
sented alone. However, for comparison 6, where a "slightly annoying" noise 
accompanied an "annoying" vibration» total annoyance was no different than that 
due to the vibration alone. Furthermore» for the first comparison« total annoy« 
ance to a combination of a "slightly annoying" vibration and an "annoying" 
noise was significantly less than annoyance to an "annoying" noise by itself. 
Thus» it appears that the low level of vibration had some positive aspect asso- 
ciated with it. This suggestion was borne out by a number of subjects who 
indlcsted that low levels cf vibration were at times pleasant and soothing. 
In several Instances similar comments ware made with regard to noise. 

The remaining sight comparisons yielded only one significant finding; for 
comparison 11, when "slightly annoying" levels of noise and vibration were com- 
bined, annoyance to the noise was significantly grsater than when noise was 
judged by itself. The apparent InconsU ancy between the outcomes of compari- 
sons 1 and 11 may be reconciled by considering the differences in ths subject's 
task as well ss ths relative differences between the levels of noise and 
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vibration for each comparison. 

Table 5. Results of Treatment Comparisons 

Comparison Treatments F P> F 
No. Compared Statistic 

1 1 & 13 4.95 .03 
2 1 & 14 103.84 .0001 
3 2 & 15 63.94 .0001 
4 2 & 16 212.81 .0001 
5 7 & 14 97.02 .0001 
6 7 & 16 0.02 .88 
7 8 & 13 184.37 .0001 
8 8 & 15 63.06 .0001 

9 1 & 3 3.22 .08 
10 1 & 4 1.30 .26 
11 2 & 5 10.47 .0028 
12 2 & 6 1.01 .32 
13 7 & 10 0.33 .58 
14 7 & 12 2.70 .10 
15 8 & 9 3.08 .08 
16 8 & 11 1   0.02 .88 

Although the results of the latter eight comparisons Indicated no great 
influence of one stimulus upon annoyance to a second stimulus, further analysis 
of the data revealed that a subject*s noise and vibration sensitivity was at 
least partially responsible for the lack of significant effects. Utilizing 
the stimulus sensitivity graphs obtained for each subject In the first experi- 
mental session, subjects were classified as sensitive or insensitive for both 
noise and vibration. An analysis vas carried out in which noise and vibration 
sensitivity were evaluated with regard to the sixteen couparlsons described in 
Table 4. Results of this analysis Indicated that stimulus sensitivity was an 
important determinant of both the magnitude and direction of the influence of 
one stimulus upon annoyance tc a second stimulus. 

Thus, for example, with regard to comparison 16, noise sensitive subjects 
demonstrated an Increase in annoyance to a "slightly annoying0 vibration when 
it was accompanied by a "slightly annoying" level of noise. Noise insensitive 
subjects, however, demonstrated a decrease in annoyance under the same condi- 
tions. Similarly, for comparison 14, while both high and low noise sensitives 
demonstrated g-eater f,tal annoyance to a combination of a "slightly annoying" 
level of noise and a "slightly annoying" level of vibration, than to a "slight- 
ly annoying" level of vibration alone, the noise sensitive subjects demon- 
strated a greater Increase In annoyance than the noise insensitive subjects. 

Discussion 

It is unfortunate that the laboratory environment utilized could not ade- 
quately represent a real world situation. One important aspect of a real 

671 



world noise-vibration environment is the frequent correspondence, in the 
physical domain, between the two stimuli. Thus, component frequencies, 
changes in amplitude, and changes in duration often correspond very closely. 
Had such an environment been achieved here, perhaps the results would be more 
clearcut and hence more meaningful. The findings do point out, however, the 
potential importance of stimulus, sltuatlonal, and individual factors in 
determining how noise and vibration interact subjectively. It is also clear 
that gre*'<~r attention should be paid to the positive aspects of noise and 
vibration exposure. 

The general finding that noise and vibration do interact subjectively 
has important implications for earlier research for which individual stimuli 
were subjectively evaluated within complex environments. This is particularly 
true for research which has investigated humtn response to vibration; the pro- 
duction of vibration has in many instances h-a high levels of noise associated 
with it. Finally the need for a single measure for evaluating the total en- 
vironment is clearly indicated. 
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THE INFLUENCE OF FEAR ON COMMUNITY ANNOYANCE 
WITH AIRCRAFT NOISE 

by 

Prof. Paul N. Borsky 

School of Public Health 
Columbia University 
New York, N. Y. 

Fear of possible aircraft crashes has been found a crucial factor in de- 
termining the Intensity of annoyance with aircraft noise. Every social survey 
in this country and abroad has found a high correlation between respondents' 
reported feelings of fear and annoyance. Since there actually is a higher 
probability that crashes will occur close to the boundries of an airport on ap- 
proach or departure operations, feelings of fear have some basis of reality. 
It is logical, therefore, to hypothesise that persons with feelings of high 
fear who live close to an airport are not necessarily generally fearful or 
neurotic, but are responding to a perceived specific danger. 

Another important implication of the fear-annoyance relationships is the 
effect on adaptation. When a person is highly fearful, the noise is a warning 
signal. Each and every aircraft noise must be separately decoded as to whether 
or not there Is danger involved. Regardless of how many past experiences were 
safe, this noise of an approaching or departing airplane may be the unsafe one. 
Therefore, the fearful go through a continuous experience of awareness, tension 
and emotional release after the plane has passed safely. The cumulative effect 
of such constant tensions over time generally increases the unwantedness or 
annoyance with aircraft operations. 

In a field study of almost 1500 residents conducted by trained Columbia 
University interviewers in the summer of 1972, new Insights were obtained into 
the dynamic effects of fear on annoyance. A follow-up atudy of over 1000 other 
residents in the summer of 1973 confirmed the findings of the previous yesr. In 
the 1972 study, slmost equal samples were randomly selected from communities di- 
rectly under landing flight paths; 1.1, 2.5, and 5.2 miles from touchdown. In 
the 1973 study, areas under departure flight paths were studied in which 707- 
320B aircraft were approximately 800 feet (close),1500 feet (middle) and 3000 
feet (distant) above the residential areas. In both surveys the response rate 
was about 85% of the random assignments, with the refusal rate accounting for 
about 10% of the non-response. Thus, It can be concluded that the surveys 
were fully representative of the populations sampled« First, some basic defin- 
itions: 

Fear - The measure of intensity of fear was baaed on a summation of answers to 
four questions located in different positions of the hour-long interviews. Re- 
spondents were asked to rate; Q.5, their dislike of unsafe low-flying airplanes; 
Q.22, how much the itei.se from airplanes startle or frighten them; Q.27, how 
often they felt airplanes were flying too low for the ssfety of the residents; 
Q.28, how often they felt there was some danger that they might crash nearby. 

These items have strong face validity as well as high item Inter-orrelation. 
In addition, a number of the items have been shown to be related to annoyance In 
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previous research (Borsky, 1961; McKennell, 1963; TRACOR, 1970). The coeffi- 
cient of reliability (alpha) for the fear scale is .84. Each item was scored 
0-4 with highest fear rating being 4. This produced a possible range of fear 
scores of 0-16. 

Annoyance - The annoyance scale was based on 11 activity items. Based upon a 
factor analysis (Principal Components, Varimax rotation), it was determined 
that these items formed a general factor. A simple summation of annoyance rat- 
ings was used since TRACOR had demonstrated that an unequal weighting system 
based on factor loadings contributed little. Each item was scored 0-4, with 4 
representing the highest annoyance. This produced a range of annoyance scores 
of 0-44. A measure of consistency or reliability of the scale is provided by 
coefficient alpha, which was 0.91. The eleven items were: 

1. Interferes with listening to radio or TV. 
2. Hakes the TV picture flicker. 
3. Startles or frightens anyone in family. 
4. Disturbs family's sleep. 
5. Makes house rattle or shake. 
6. Interferes with family's rest and relaxation. 
7. Interferes with conversation. 
8. Makes you keep your windows shut during the day. 
9. Makes you keep your windows shut during the night. 

10. Makes you feel tense and edgy. 
11. Gives you a headache. 

Misfeasance - The concept of misfeasance Is an outgrowth of Borsky's (1961) con- 
cept of "considerateness", McKennell's (1963) concept of t,preventabillty,,

9 and 
TRACOR's (1970) concept of "misfeasance". This scale was intended to measure 
the respondents' belief that various agents connected with aircraft noise produc- 
tion are capable of reducing the noise but for some insufficient reason are not. 
The agents in the present scale include "the people who run the airlines", the 
airport officials', "the other governmental officials:, "the pilots", "the de- 
signers and makers of airplanes", and "the community leaders". The coefficient 
of reliability (alpha) for the misfeasance scale is .76. 

Health Attitudes - McKennell (1963) reported a strong relationship between the 
belief that aircraft exposure effected the respondent's health and annoyance. 
In the present questionnaire, respondents were asked "how harmful do you feel 
the airplane noise is to your health?" This Item wss scored 0*4 with 4 being 
very much. 

Table 1 presents the zero-order or simple correlation coefficients. The 
fear and health altitudes variables sie nighly correlated with reported annoy- 
ance with respective correlation coefficients of .72 and .63. The acoustic ex- 
posure measures of CNR and misfeasance are moderately related to annoyance with 
correlation coefficients of .32. A small relationship also exists between be- 
lief in the importance of aircraft operations and annoyance (r « -.22). The 
more important a respondent believed slrcrsft to be, the less annoying he rated 
the noise. 
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TABLE I 

June 
Annoy. 

CNR 
June Pear Miaf. 

Health 
Attit. 

A/C 
Import. 

1.00 

.32 1.00 

.72 .41 1.00 

.32 .10 .30 1.00 

.63 .24 .64 .31 1.00 

-.22 -.14 -.19 -.14 -.18 1.00 

June Annoyance 

CNR June 

Fear 

Misfeasance 

Health Attitudes 

A/C Importance 

A multiple correlation analysis of fear, health attitudes, misfeasance and 
CNR as a predictor set explained 58% of the total annoyance variance. A causal 
model of these variables was also developed. 

The first step in developing a causal model is to identify those relation- 
ships in which the causal direction can clearly be inferred on an a priori basis. 
Our model assumes that aircraft noise annoyance is caused by some combination of 
antecedent variables such as CNR, fear, health attitudes and misfeasance, and 
not vice versa. It is also clear that CNR cannot be caused by any combination 
of the other variables. It is not so clear as to the "natural" causal directions 
between the other variables. 

Figure 1 presents the possible causal relationships based upon the above 
assumptions and the simple or zero-order correlations. One way arrows represent 
possible causation from the variable at the tail of the arrow to the variable at 
the point of the arrow. Double-ended arrows indicate indeterminate causal rela- 
tionships at this stage of the analysis. 

The goal of further analyses is to validate each of these possible causal 
relations, i.e., to identify each as real or spurious. This validation can be 
accomplished by the use of partial correlations. A partial correlation is the 
relationship between two variables that exists when the effects of one or more 
other variables have been held constant or "partialled" out. 

For instance, if a direct causal link exists between CNR and annoyance, the 
partial correlation between CNR and annoyance should not be near zero when the 
effects of fear, health attitudes and misfeasance are partialled out. In fact, 
the correlation between CNR and annoyance shrinks from .32 to .06. We conclude, 
therefore, that there is little direct causal effect of CNR upon annoyance and 
remove that arrow from the modal. 

Similar procedures will produce a simplified model as presented in Figure 2. 
Three causal links have been substantiated; CNR«^fear, fear «^annoyance, health 
attitudea-fcennoyance. The two remaining double arrow relationships, fear**health 
attitudes and health attltudesOmlsfeasance, require further clarification in 
order to establish causal direction. 



Double-ended arrows in a causal model Imply reciprocal causation, i.e., that 
the pair of variables are causally dependent upon each other« This situation does 
not lend itself easily to a simple "path analysis" of causation (Simon, 1960). 
If possible, one would like to establish whether these relationships are really 
bi-directional since the implications for reciprocal causation situations are 
quite different than for the unidirectional case. 

In the absence of a priori knowledge as to causal direction between two var- 
iables one may analyze the data to see if both points of the arrow are required 
to explain the data. If not, that point not required will be dropped from the 
model. For instance, since the zero-order correlation >t  .24 between CNR and 
health attitudes is reduced to .01 when the effects of fear are partialled out, 
we infer that a fear«£health attitudes link exists. In the absence of other 
variables not measured, there is no other way to explain the zero-order correla- 
tion between CNR and health attitudes without including fear as an intervening 
variable. 

In a similar fashion it is observed that the zero-order correlation between 
misfeasance and annoyance of .32 is reduced to .10 when the effects of health 
attitudes are partialled out. This Indicates that health attitudes are an inter- 
vening variable between misfeasance and annoyance and that a misfeasance ^health 
attitudes link exists. 

The reduction of the zero-order correlation between fear and misfeasance of 
.30 to .14 when the effects of health attitudes are partialled out necessitates 
the existence of at least one more arrow of causation. If health attitudes are 
an intervening variable between fear and misfeasance either a health attitudes«^ 
fear link or a health attitudes-ftnisfeasance link must exist. Both of these links, 
of course, may exist. 

It would seem quite likely that concern with the health of one's family 
could Increase one's fear concerning aircraft operations. On a common sense basis 
it also would be logical to expect a reciprocal relationship to exist between 
health attltudea and misfeasance. The sequence might be aa follows: I'm con- 
cerned about aircraft noiae and my family's health; I wish something would be done 
about the noise; If they can put a man on the moon they can reduce the noise; 
therefore, the aircraft people aren't doing enough to reduce the noise (are being 
raisfeesant). These proposed links are pure conjecture, however, and the moat one 
can ssy is that at least one of these links must exist in order to explain the 
simple relationships between this set of variables. 

Figure 3 presents a scheme baaed upon the cauaal inferences made ao far in 
the discussion. The dotted a-rows represent reciprocal relationships which this 
investigator believes exist but which must remain tentative at this time. 

Fear of aircraft operationa and concern with the harmful effects of aircraft 
noiae ate the major intervening variables in the proposed cauaal model. Increases 
in noise exposure or miafeasance beliefs can be expected to result In significant 
Increaaes in aircraft annoyance to the extent that fear and health concerna are 
alao lncreaaed. Since fear and noise level are related (r ■ .41), an lncreaae 
in noise usually will produce greater fear and thus, indirectly produce greater 
annoyance. 

Reaults of the 1973 survey further confirm the strong relationships between 
fear and annoyance. Each acale category of fear la croaa-tabulated by the mean 
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r,JUr, 3: F.n.1 <*u*.l model *>* the June CNF» and annoyance data 

annoyance response (X) for each distance group of residents. The fear groups 
are divided into three categories; low» medium and high fear, to facilitate anal- 
ysis. Table 2 shows that almost half of all close residents are highly fearful, 
while only 15% of the distant residents report high fear. Thla verifies the re- 
lationship between phyaical exposure and fear. 

TABUS I 

Reported 
Fear 

Low 
(0-1) 
Medium 
(2-7) 
High 
(8-16) 

Relationship Between Reported Fear 
and Distance of Residence from 

Airport - 1973 

Dlstsnce of Residence 

Close 
11 
70 

X 
19 

126 34 

170 47 

366 100 

Middle 
N       X 

111   "55 

129      36 

113      32 

353   100 

Distant 
H     JL 

\Si 48 

127 37 

51 15. 

340 100 

Table 3 shows the detailed fear claaalfleetions, the mean fear score and 
sampling error for each group. 
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TABLE 3 

Reported Number Respondents by Fear and Distance of Resident 

Total D 1 s t a 
A. Low Fear Fear Score 

(0-1) Close Middle Distant 
0 234 47 68 119 
I 109 23 43 43 

Total 343 70 111 162 
X fear .32 .33 .39 .27 
3 .47 .47 .49 .44 

B. Medium 
Fear (2-7) 2 101 26 34 41 

3 93 31 31 31 
4 60 15 25 20 
5 46 18 17 11 
6 49 19 17 13 
7 33 17  5 11 — 

—"■""" 

Total 382 126 129 127 
X fear 3.86 4.19 3.74 3.66 
S 1.64 1.74 1.50 1.65 

C. High Fear 
(8-16) 8 45 16 17 12 

9 49 21 19 9 
10 37 19 12 6 
11 36 19 11 6 
12 46 27 14 5 
13 28 14 11 3 
14 40 20 14 6 
15 20 14 6 0 
16 33 20 9 4 

Total 334 170 113 51 
X 11.59 11.95 11.41 10.78 
S 2.56 2.53 2.55 2.52 
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Table 4 shows the detailed relationships between fear, annoyance and dis- 
tance of residence. 

TABLE 4 

Annoyance Scale Scores by Fear and Distance of Residence 

Total Close Middle Distant 

sT Sc *M — S
D 

A. Low Fear Score X X X X 
Fear 

0 4.5 5.8 5.9 8.0 4.6 5.6 4.0 4.8 
1 7.3 6.2 8.6 7.2 7.2 6.1 6.7 5.8 

Total 5.41 6.1 6.7 7.8 5.9 5.9 4.7 5.2 

B. Medium 2 9.7 9.1 13.9 9.8 7.3 6.1 9.1 9.8 
Fear 3 9.9 7.7 11.6 9.3 10.2 8.1 7.8 4.9 

4 13.3 8.2 17.2 7.9 11.6 8.4 12.4 7.4 
5 12.0 7.4 12.1 6.9 13.5 8.8 9.4 5.6 
6 15.7 10.3 19.3 9.9 15.1 11.9 11.3 6.6 
7 17.6 

12.03 

10.7 

9.1 

20.8 

15.2 

11.4 

9.8 

18.4 

11.1 

6.7 

8.7 

12.3 

9.8 

iii 

Total 7.8 

C. High 
Fear 8 19.0 9.4 21.9 8.6 16.3 8.9 18.9 10.8 

9 20.5 11.2 22.7 10.3 21.5 12.4 13.2 8.1 
10 20.5 9.2 21.8 7.7 23.3 9.5 11.0 8.2 
11 24.1 9.6 24.2 9.5 22.1 11.1 27.3 7.7 
12 24.3 10.8 25.2 10.5 26.1 11.2 14.4 7.2 
13 30.7 9.0 35.2 6.4 26.4 9.9 25.3 6.1 
14 26.S 10.5 29.7 11.0 25.0 9.7 19.3 7.2 
15 32.7 7.5 33.4 8.7 31.0 3.6 -- — 

16 32.6 8.3 35.4 8.5 30.8 5.1 22.8 4.6 

Total 24.7 10.8 27.3 10.5 23.7 10.5 18.3 9.4 

Grand Total 13.9 11.8 19.2 12.7 13.4 11.4 8.7 8.4 

A series of "t" tests indicates that annoyance for each fear class is signif- 
icantly greater as fear increases. The low fear residents who live close to the 
airport hsve a significantly higher annoyance than the distant group (p«05), but 
the annoyance for the middle and distant low fear groups are not statistically 
significant. For the medium fear group, average annoyance is more than double the 
low fear residents In every distance group. The close medium fear residents re* 
port much more annoyance than the middle or dlatant realdents (p « .01), bat the 
middle end distant medium fear residents report about the same annoyance. The 
high fear residents report about double the annoyance of the medium fear end four 
times the annoyance of the low fear groups. Among the high fear residents, each 
distance group is significantly different In annoyance responses (p"01). The 
close residents have greater annoyance than the middle group which has greater 
fnnoyanco than the distant high fear residents. 
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The extreme importance of fear in determining annoyance responses is shown 
in tables 2-4. If all respondents are pooled and fear and location of residence 
are disregarded, average annoyance is 13.9. But, if fear and distance (noise 
level) are considered, the close high fear residents report an annoyance of 24.7, 
while the distant low fear group reports annoyance of only 6.7. Subsamples of 
each fear group are now being tested under controlled realistic laboratory en- 
vironments. Future reports will indicate whether controlled aircraft noise ex- 
posure also evoke differential annoyance responses in accordance with difference 
in fear of aircraft. 

A correlation analysis of the 1973 data provides additional statistical sup- 
port for the above conclusions. The simple zero-order correlations between fear 
and annoyance is r*,64, between fear and distance of residence (measure of phys- 
ical stimulus) r—.30. With the effects of distance partialled out, the correla- 
tion between fear and annoyance remains at r».60. 

The simple correlation between distance and annoyance Is r«-,36, but when 
fear is partialled out, the correlation between the physical stimulus and annoy- 
ance drops to r«-.22. This is a moderate, but significant independent relation- 
ship. A more refined measure of the aircraft stimulus will be tested in further 
analyses of these data, but, even this gross measure of distance suggests a small 
Independent causal relationship between aircraft stimulus and annoyance. A 
dotted line should, therefore, be drawn between CNR and Annoyance in Figure 3. 

Research supported by NASA Grant 
NGL 33-008-118 
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SOME EXPERIMENTAL RESULTS FOR NOISE GENERATION 
AND STRUCTURE OF OPEN JET FLAMES* 

by 

R. N. Kumar     and F. E.  C. Culick 

Daniel and Florence Guggenheim Jet Propulsion Center 
California Institute of Technology 

Pasadena, California 

The main purpose of the work reported here is to study some of the 
differences in the noise generation and the structure for one example of pre- 
mixed and non-premixed flame».   Only the single configuration shown in 
Figure 1 has been used to date.   For premixed flames, a fuel/oxidizer mix- 
ture flows through both tubes; for the non-premixed flames, fuel flows 
through the inner tube and oxidiser through the outer tube*    Because of the 
high Reynolds numbers and the large values of length/diameter (173 for the 
outer tube, 470 for the inner t 'be), the flow is turbulent and fully developed 
at the exit.   Flow velocities up to 325 ft/s^c have been used.   The upper limit 
attained is set by the system for gas supply presently used, not by blow-off 
limits.   No external pilot flame or flame holders have been used in the work. 
The results which will be discussed here are incomplete, but show some in- 
teresting differences between premixed and non-premixed flames. 

Figure 2 shows examples of premixed and non-premixed flames, 
taken with an exposure of 1/60 sec on Kodak Ektachrome transparencies. 
The visible total lengths of the flames were nearly constant for the non-pre- 
mixed flames over the velocity range 150 - 325 ft/sec.   Invariante of flame 
length with flow speed has been previously noted for diffusion flames by Hot- 
tel and Hawthorne (1949) and by others, e. g. Kotake and Hatta (1965).    The 
visible length of the premixed flame increases with increasing flow speed as 
others, for example Strahle and Shivashankara (1973), have observed. 

A summary of the experimental conditions covered to date in this 
work appears in Table I.   Note that the geometry is fixed throughout.    The 
mixture ratio is very nearly stoichiometric for all tests, but broadly there 
are two classes distinguished by the shear between the coaxial flows for the 
non-premixed flames.   In the S series, the shear, defined as twice the dif- 
ference in velocities divided by the sum, is around . 19 -. 20: in the O series, 
the shear is nearly sero except for one case (09) for which the shear is 
0. 149.   For tiie conditions covered in these experiment, no important influ- 
ence of shear is obvious. 

Acoustic data were taken in an enclosure 21 ft * 17 ft without a roof. 

Work supported in part by the Jet Propulsion Laboratory, CIT, under con- 
tract N AS 7-100. 

Research Fellow in Jet Propulsion 

Professor of Engineering 
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The wallt and floor were cement.   Consequently, the results cannot have the 
same validity as those taken in anechoic chambers.   Comparisons between 
premixed and non-premixed should, however, be meaningful.   The measure* 
ments were made with a \ in microphone (B*K 4134) mounted on a beam 
which pivoted about an axis passing through the centerline of the burner at the 
exit.   The distance d of the microphone from the exit is shown in Table 1. 
Data were recorded continuously on an Ampex FR-600 tape recorder at a 
tape speed of 60 inches per second.   The data were subsequently played back 
through an oscilloscope either in the normal time base or through a Tektronix 
3L5 spectrum analyser. 

Figure 3 shows a spectrum for a cold jet.   The distinct peak in the 
vicinity of 7-8 kHi also shows obviously in the spectra for the premixed 
flame also (Figure 4).   Other peaks seem to be present, but owing to the rel- 
atively large amount of electronic noise in the instrumentation used, no defi- 
nite conclusions can be drawn«   No attempt has been made to obtain good data 
for cold jets.   At the average speeds used in mis work, the acoustic power 
emitted by a cold jet is of course very small. 

Figures 4 and 5 show results for premixed and non-premixed flames. 
The pictures labelled "Amplitudes" and "Waveshapes" haw been formed by 
superposing segments from the continuous records.   Note that the vertical 
scales are not the same for all velocities.   Also, owing to the ramer high 
sweep rates used, there is some error in the spectra.   How Urge this error 
is may be inferred from the spectra of pure sinusoids shown at the bottom of 
the figures. 

In Figure 6, the measured amplitudes of the pressure field are plotted 
as functions of the total mass flow rate.   "Amplitude" here means the full 
width of the bands shown in the left hand columns of Figures 4 and 5.   The 
acoustic power is proportional to the square of the pressure.   Hence, the 
present experimental results show that the acoustic power is proportional to 
the third power of the average speed for premixed flames and to the fourth 
power for non-premixed flames.   The first is in agreement with the result 
found by Strahle and Shivashankara (1973) for an open premixed jet.   Knott 
(1971) found the acoustic power to be proportional to the square of the average 
speed of the fuel gas for non-premixed flames, and to the fourth power of the 
speed for premixed flames.  However, the short length of tube used in that work 
may not have produced fully-developed pipe flow; and the removal of a short 
length of the inner tube, in the coaxial geometry, may not have been sufficient 
to ensure complete premixing.   Knott*s work seems to be the only previous 
effort to study non-premixed flames with a coaxial burner. 

The premixed and non-premixed flames also exhibit different direc- 
tionality of the noise produced.   Although the non-premixed flames appear to 
emit almost uniformly in direction, the noise from the premixed flames is 
largest in the direction normal to the axis (0 ), drops off noticeably in the 
vicinity of 45 , and gradually reaches a minimum along the axis of the burner. 
(The large signals at 90   are due to the flow of hot gases over the micro, 
phone* ) This behavior is qualitatively like mat reported by previous workers; 
for a recent S'tmmary of this and other aspects of combustion noise, see 
Strahle (1973). 
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Perhaps the most striking difference* appear in the wave shapes and 
spectra.    The waveforms emitted by the non-premixed flames seem to be 
considerably more distorted.    This is reflected also in the spectra.    Com- 
parison of the last columns of Figures 4 and 5 show clearly that there is 
more energy in the high frequency range for the non-premixed flames.    The 
well-defined peaks shown in the spectra for the premixed flames are almost 
entirely smeared out in the spectra for the non-premixed flames.    In earlier 
work -- Smith and Kilham (1963), Hurle, et al.  (1968),  and Strahle and Shi- 
vashankara (1973) -- rather broad peaks were found in the spectra for pre- 
mixed flames.    In all of those works,  some form of external pilot flame was 
used.   Here, the peaks seem to be associated with three characteristic di- 
mensions of the apparatus:  the inner and outer diameters of the inner tube, 
and the inner diameter of the outer tube. 

Calculated Strouhal numbers -- frequency times length divided by the 
mean flow speed -- for the peak frequencies and the three diameters are 
shown in Figure 7.    That the Strouhal number remains nearly constant over 
the range of flow speeds used, suggests that the noise production at the fre- 
quencies near the peaks may be associated with eddies whose scales are set 
by the dimensions noted.    In the earlier works cited above, not only was an 
external pilot flame used, but only a single tube was present.    Thus, it is not 
surprising that the spectra should be qualitatively different. 

High-speed motion pictures show even more obvious     differences 
between the two cases.    For the premixed flames, quite well-defined oscilla- 
tions of the visible flame surface (near the exit of the tube) are apparent. 
These may cause "wrinkling" of the flame surface,  and fluctuations of the lo- 
cal volumetric reaction rate.    Consequently, noise may be generated in ac- 
cord with the model of the flame as a collection of mono poles [Bragg (1963), 
Strahle (1971)].    But the distribution in frequency is strongly influenced by 
the geometry of the exit of the tube.    It seems reasonable that a pilot flame 
placed near the exit might strongly interfere with these processes and alter 
the observed spectra. 

On the other hand, pictures of the non-premixed flames show a dis- 
crete structure which appears as a diffuse luminois jet in time-averaged pho- 
nographs.    A series of frames from a high-speed movie ( — 2500 frames per 
second) is shown in Figure 8.    Evidently, the details of the geometry at the 
tube exit cannot be important to the behavior of the eddies, after they move 
downstream.    But certain gross features surely depend on geometry.    For 
example, the diameter of the outer tube must, in any case,  impose a charac- 
teristic scale.    The associated characteristic frequency,  equal to the mean 
flow speed divided by the diameter, is around 7000 Hz for a speed of 300 ft/ 
sec.    Note that a mild pea«: appears at about that frequency in the spectra 
shown in Figure 5,   Otherwise, the spectra are rather more as one would 
expect for the iioise produced by a field of sources distributed smoothly (but 
not uniformly, of course) in frequency.    The large eddies shown in Figure 8 
obviously encompass a distribution of smaller eddies which must have much 
to do with the noise generated. 
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Figure 1.   Configuration of the Coaxial Burner. 
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Figure 3.    Frequency Spectrum of a Cold Jet. 

323 ft/sec 
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central tube:   N? flow 

outer tube:      air flow 
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69^ 

üüüi 



n/<jj jaquxn^ p?i{noj;s 

695 

i rUhuMfhr-1-- -*-■- 



I 
m 

i 

i l I 

m 

00 

u. 

696 

m^KjA^I 



SCALING OF COMBUSTION GENERATED NOISE 

by 

H. A. Hassan 

Department of Mechanical and Aerospace Engineering 
North Carolina Stata University 

Ealeigh, North Carolina 

Using the framework of Lighthill•a acoustic anal»gy, a theory has been 
developed for combustion generated noise« The theory la used to derive the 
scaling laws for combustion generated noise In open turbulent flames. It Is 
shown that the scaling lava for both power and frequency are In good agree- 
■ant with experiment. 

1«  Introduction 

In a recent review of combustion generated noise, Strahle (1973) atreaaed 
the need for additional theoretical and experimental efforts to explain dls~ 
crepandea between theory and experiment. In particular, he Indicated that, 
for open turbulent flames, available theory la unable to explain the exact 
scaling laws and frequency content of combustion generated noise. Thus, by 
using the theory and non-dimenslcmallzatlon procedure of Chlu and Summerf ield 
(1973), he was able to predict the scaling and order of magnitude of observed 
acoustic power« However, the same procedure resulted in a scaling law for the 
frequency which was not observed in experiment. Another feature of combustion 
noise which is not explained by theory la the fact that, for all hydrocarbon- 
air flames, combustion noise la a broad-band noise with a single peak in the 
range 300-500 Hi. 

The object of this investigation la to reexamlne the theory of combustion 
noise using the framework of Lighthill's scoustlc analogy (1952) aa modified 
by Doak (1972). The source term In the wave equation for the pressure is 
manipulated using appropriate thermodynamlc relations and the conservation of 
energy and species equations. The resulting expression la uaed as a baaia for 
deriving scaling laws for both acoustic power and frequency. The results of 
the theory are shown -co be in good agreement with available measurements for 
open turbulent flames. 

2.  Expression for the Proeauro Fluctuation 

Ignoring viscous effects, Doak's (1972) modified form of the scoustlc 
analogy equation may be expressed \g 

a2 H2       ex^    H2 a2   o 

where p la the pressure, o  Is the density, u. is the velocity end aa is the 

speed of sound of the quiescent fluid. For a reacting gas mixture, the den- 
sity may be expressed aa 
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p - o(«,p,Yk) (2) 

where • is the entropy and Y. is the mess fraction of species k. After some 

rether lengthy manipulations it is shown in the Appendix that, for a perfect 
gas with no molecular weight change during the chemical reaction, (2) gives 

1. W* 
dp - ix Up ♦ (Y-1>P * VV * C" (d8 * 1* \  dYk)f 

a P        * 

(3) 

where a and C are the froxen speed of sound and specific heat, respectively 
P 

^.V^-'f'S-*,^ (A) 

1 is the temperature, h am, h. are the specific enthalpies of the mixture and 

species k, respectively, y is the chemical potential, R is the universal gas 

constant, and M. and M are the molecular weights of species k and the mixture. 

Equation (3) together with the conservation of species and energy equa- 
2 

tlons will be used to manipulate —r  (p - &?)• Thus, from (3) 
at •; 

»k >\ *     t«      £-*  .   il l   \ i£ *   'Jill       r u       ^       £     /••       l  v  *k      K     r it(c - y - (T - y it * -T* Q i \—- r (H * T z T— >•(5) 
mm        a      a^ a p n 

Rext, (5) can be simplified by using the energy equation (Williams, 1965) 

(6) 

(7) 

Dt  T^Dt   U 

and the conservation of species equations 

where V is the production rate of species k. Thus (3) and (6) give 

c   -it    T    it n '       ui 5x4    ^T ui *x4      TH ui 4 \ t>x4     
w 

p K i     a 1 a 1 

Using (4),  (7) and (S),  (5) reduces to 

jg&gj^^^sgfe| 
Ijkglgmjmiummmm^mmm^sttamüi 



a *i    a 

3u, 

WÜ" W& *f> + ^>W-puifc (V i   a 

+ illil Vk (9) 

or. 

3u. 
9     ,       p .       ,1        1 .   9p      9      -        v   . i 
at *     2> " (T " -I> It " äT (peui> + MZ ^7 (T> i   a 

a 
*i 3x, 

(10) 

where 

<P-PJ 
P0 • P - P. - e ■ 

(11) 

Equation (10) gives 

at 
<> - V ■ «V^rf-fr *fc (p.VJ +Irlt* W* °<*~3) 

at 

and higher order terns (11) 

The ordering with respect to inverse powers of a introduced above is similar 
to that carried out by Morfey (1973). It is employed here because we are in- 
terested in combustion noise at low Mach numbers. 

Introducing (11) into (1), the wave equation for the pressure reduces to 

__E . v p . q »-<_._) _| - -Jj-*^ r hk wk * — [- (p ut)j 
a dt a   a_ 3t   a i 

a (pu u )     , 
+ -r—> J + 0(a ) and higher order termr. 

ax.ax. 
(12) 

Thus, the source term in (12) consists of two simple sources, one resulting 
from the non-uniform temperature distribution and the other resulting from 
combustion, together with a dlpole term which may explain the weak direction- 
ality associated with combustion noise» ,md the usual quadrupole term. 

It is to be noted that if the heating in the system is carried out by ex- 
ternal means such as an arc jet and not Ky a chemical reaction, then (6) is 
replaced by 
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Dt H (13) 

where Q is the energy added per unit nass and unit time. Because 0 is related 
to the stagnation temperature rise, (12) will contain a simple source term 
which depends on the rise in the stagnation temperature. 

Formal solution of (12) yields 

P " Pa 
1 f qo(l'n) rf 
47 J —1— dC 

4* J r 3?13Cj      J r I     ft2 8fc2 

J ifc fe <<>eUl» dt "  <* " » J T l!t * "k V dt)      (H) 
l a r 

where 

O 
«-? (15) 

The far field sound pressure for a compact source follows from (14) as 

J a   a  at i  a 

«_ x j at  el     ,2 x2 j   3t2 
00 

If (13) is used instead of (6), then (16) takes the form 

J    a       a_   3t ' p 

x.x4 f a (pu.u.) 

(16) 

i  xi f a   ,     ..,    l  Vif « vpuiV At% (17) 

3s  Scaling Laws 

As a first step in deriving appropriate scaling laws the following dimen- 
sionless quantities are introduced: 
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>'-5: »ui-ü * , f - t/d/u) , e' - ?/t , x^ - xt/R . p; ■ ^ . 
00 

x  K k     qv 
W 

(18) 

where q is the heat release per unit mass of mixture, visa characteristic 
production rate (Williams» 1965)» 1 is a characteristic dimension» u is the 
mean velocity and R is a typical far field distance. When (18) is used in 
(16)» one finds 

• 3t 

x«Z    J 3t,Z    * 3 

where 

x . (T -1) sat, B - a- 1     p u •    a 

(19) 

(20) 

Equation (19) shows that the pressure fluctuation depends, in addition to the 
ratio of specific heats which is essentially constant, on the two dimension- 
less numbers X and M. Therefore» from dimensional considerations (Kline, 1965) 
one concludes that any dimensionless quantity characterizing combustion noise 
must be a function of both X and M. Thus» if v is the characteristic fre- 
quency, then 

v - - G(X,M) (21) 

Similarly, at low Mach numbers where combustion noise is expected to be domi- 
nant, and thus 

A>*-^<>2P->J£2!F HV* (22) 

the far field power output can be written as 

, 1X2 2 2.4 2 
P - SC fr"*) S»Lg , K - K(X,M) (23) 

At higher Mach numbers other terms in (19) have to be included« In spite of 
this, the representation indicated in (23) for the far field power output may 
be employed. 
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The choice of G and K is usually guided by experiment. Examination of 
the measurements of Smith and Kllham (1963) and Shivashankara, Strahle and 
Handley (1973) (later referred to as SSH) shows that, at low Mach numbers, the 
results of experiment are well correlated if one assumes 

I  * UfD)
1/2 , G(A,M) - A X 

K « K(M) - K (1 + A.M + a-M2 + ..) (24) o    l   / 

where D Is the burner diameter and A, K , a., a_ ... are constants to be de- 

termined from experiment. Using (24), one obtains 

v - (Y - 1) &BZ (25) 
K 

, -.2 2 2.2^2 2 

P - K(M)  Y  (26) 

Equation (24) will be justified by showing that K is of order unity and that 
(25) and (26) lead to adequate scaling laws. 

Using the relation (Williams, 1965) 

st 
w - pm £ (27) 

where S is the turbulent flame velocity, (25) and (26) take the form 

p-<lSt 
v - (Y - 1) A —r-*- (28 

p.*f 

and 

P . K il=!ii p „Ws
2. (29) 

/   J • t 4* a 

There are a number of relations (Williams, 1965) relating S to S , the lami- 

nar flame velocity. Thus, as an exatcole, Bo1linger and Williams (1949) give 

St - C1u
1/V/2SJl (30) 

therefore 
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P - K8 iXziL. pjjV'VsJ  ,  Kg « Cf (31) 
4ira 

00 

*"  Discussion of the Results 

We proceed now to show that K is of order unity and that (28) and (29) 
give good agreement with available experiment. For the sake of estimating K 
it will be assumed that the numerical value of S is approximately that of S 

at low velocities (of the order of 50 ft/sec) and that (30) may be used to 
estimate S at the higher velocities. Values of S are taken from Dugger 

t *» 
(1952). The quantity q is related to the heat of combustion per unit mass of 
fuel, H, by the relation 

q - — H * fH  when f « 1 (32) 

where f is the fuel to air ratio. Values of H are taken from Keenan and Kaye 
(1948). 

Using the ethylene data shown in Figure 5 of Smith and Kllham (1963) and 
-3    3 

assuming S to be 63 cm, H ■ - 20,276 Btu/lbm, Pä « 1.293 x 10  g/cm , a^ - 

4 
3.41 x 10 cm/sec, y  ■ 1.3» one finds 

K * .72  for ethylene (33) 

Similarly, utilizing the propylene data of Smith and Kllham with S * 42 cm/sec 

and H « - 19,683 Btu/lbm, one jbtains 

K s 1.4  for propylene (34) 

Finally, using table 1 in SSH (1973) one finds for S ■ 30 cm/sec, u - 100 

ft/sec, H - - 19,929 Btu/lbm 

K * 1.3  for propane (35) 

Because other terms in (19) become important at the higher velocities, some 
variation of K with Mach number, such as indicated in (24), is expected. Thus, 
the data in SSH results in K * 1.9 for u ■ 200 ft/sec and K * 3.1 for u - 600 
ft/sec. It is seen that the above estimates support the earlier contention 
that K is of order unity. 

Comparison of (31) and (32) with (4) in SSH shows that, with the excep- 
tion of the dependence on the fuel to air ratio, the predictions of the theory 
are in good agreement with the measurements for fuel-lean mixtures. Because 
S Increases ard then decreases with fuel to air ratio (Dugger, 1952), the 

present theory which gives 
2 2 

Pa V (36) 
(1+f) 
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predicts the trends indicated for propane 'UJ-J. propylene in Figure 17 in SSH. 

As was pointed out by Strahle, a successful scaling lav must predict the 
scaling of both the power output and the frequency. The characteristic fre- 
quency is given by (28), or using (32) 

p^fHS 
v - (Y - 1) A —-j-i (37) 

Because H, and to a lesser extent S and t., are essentially the same for hy- 

drocarbon fuels and hydrocarbon-air flames, one concludes from (37) that the 
characteristic frequency is essentially the same for hydrocarbon-air flames 
(SSH, 1973). Assuming tf - .1 and using the data of SSH one finds that A = 

- 0.1, (A is negative because, by convention, H is negative). As may be seen 
from (37), flames other than hydrocarbon-air flames which are characterized by 
different S and H will have different characteristics frequencies (Knott, 

1971). 

Substituting for S from (30) and assuming that A-oT), one recovers a for- 

mula which, with the exception of the dependence on the fuel to air ratio, is 
in fair agreement with (7) in SSH. 
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Appendix 

From 

p - p(p,s,Yk) (A.l) 

one can write 

* ' (&..Yk * + <£>„Tk * * ' 4£..,., *k       <A'2> 
At constant pressure and density, (A.2) gives 

$tK Y #■>« « Y ♦ <!§->. « Y * ° <A-3) 

thus,  (A.2) can be written as 

* ■ <lt>..Yk * + <£>p.Yk «' - E  ^p.p.Yj dV <*'*> 
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The quantity fc^)    can be expressed as 
^ k 

(i£.) « (i£) (H) 
Wp,Yk      V3rPtYk  Wp,Yk 

(A. 5) 

Using the equation of state 

Yv  R 

p-RopTz^sr^T (A. 6) 

where R is the universal gas constant, M is the molecular weight of the mix- 

ture and M, is the molecular weight of species k, one finds 

A. Tk   T 

(A. 7) 

Similarly, from the equation for the differential change of the specific en- 
thalpy h (Williams, 1965) 

dh - Tds + ^ + I £ dY. 
p    ^  k 

(A. 8) 

where y, is the chemical potential, one finds 

Lp  ^T;p,Yk    ^3T
;p,Yk 

(A. 9) 

where C is the frozen specific heat. Thus, from (A.7) and (A.9) one obtains 
P 

s'p,Yk - " £- 

,3s 
The quantity (T^T-)   V is considered next. From 

k p,*)» i 

(A. 10) 

* ■  t>T.Yk 
dp + <H>p,Yk 

dT + "  «S^p.T.T    «k 

one obtains 

(A.11) 

<£-> &)_„    <#->. + <I5-). 3Yk p»°»Yj    3T p»Yk 3Vp,p,Yj    8Vp,T,Yj 

Vp.Yfc 
V3T'p,Yk ^P.P.Yj * i3Yk'p,T,Yj 

(A.12) 
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Again, writing dp as 

->ne obtains 

* " <$>T,Tk * + *p.Yk * + *  *?, AY «k 

Using (A. 13), (A. 12) takes the form 

However, (A.8) gives 

therefore, 

/3s >     . P /3p v      , 1  r/3h v       \, 
^YP.P.Yj  p  HY/P.T.YJ + T "w^p.T.Yj " M^ 

Noting that 

"k  ^T^p.I.Yj • ^Yk
;p,T,Yj    ^ 

and substituting (A.15) into (A.4), one finds 

M 
o 

XT P 

M_ 
dp.i|.^{d.-I[-Cp^ + |(hk-^)]dYk} 

*       P 

(A. 13) 

(A.14) 

(A.15) 

(A* 16) 

If the molecular weight remains constant during the chemical reactions, then 
(A. 16) reduces to 

dp - ij [dp + (Y - 1) p I \ dY.] - §- [ds + - Z £ dYk]    (A.17) 
a p        He 
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COMBUSTION GENERATED NOISE 

by 

B. N. Shivashankara, W. C. Strahle, J. C. Handley and M. Muthukrishnan 

School of Aerospace Engineering, Georgia Institute of Technology 
Atlanta, Georgia  30332 

This expanded abstract summarizes work completed since the first sympo- 
sium under Air Force Office of Scientific Research Grant No. AF06R-72-2365 
and National Science Foundation Grant No. GK-325W*. Eds program consists of 
fundamental flame research aimed at understanding of the origin, magnitude, 
and scaling behavior of combustion generated noise. 

There are six major tasks which have been completed during the past year. 
These are: 

1) Completion of sound power, directionality and spectra measurements on 
open turbulent flames anchored on burner tubes in anechoic surround- 
ings with the fuels acetylene, ethylene, propane and propylene. 

2) Correlation of the results for sound power and frequency of maximum 
spectral output with regard to Reynolds number, Mach number, fuel mass 
fraction and flamkohler's first similarity group. 

3) Construction of a theory of combustion noise capable of recovering the 
observed correlation. 

h)  Optical measurements of CH-Cp emission from the flame as correlated 

with far field pressure signals to verify the theoretical approach to 
combustion noise. 

5) Measurement of the pressure generated by the same flame types as in 1) 
but enclosed in a simulated infinite tube to measure the effects of 
wall reflection and possible feedback behavior on enclosed flames. 

6) Construction of a theory to explain and interpret the results of 5). 

Die results of Tasks 1), 2) and 3) above will be presented in Reference 
(1); partial results are located in Reference (2). within the range of vari- 
ables listed the flame behaves as an equivalent monopole with very little 
directionality to the observed noise. The  experimental correlation for 
thermoacoustic efficiency, 1L , is 

1.1.5.M: IQ'7 Da,'92 Re-lU fX'k tf-7Z        (1) 

where P is the noise power, m.. the fuel flow rate, H the fuel heating value, 

Da, » SjD/uof is lÄmkohler's first similarity group (flow time/chemical time), 

Re is the Reynolds number based upon pipe diameter, D, and flow velocity, U, 
F ib the fuel mass fraction, M is the Mach number, S* is the laminar flame 

speed and or is the thermal diffusivity. Equation (l) is valid for open, fuel 

lean, turbulent hydrocarbon-air flames anchored on burner tubes. 
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The dimensional correlation obtained for frequency of maximum radiated 
sound power is 

f . 2.3 U-18 S:88 F-1-21 D-« (2) 
C J-» 

where f is in Hz, U in ft/sec, SL in ft/sec, and D in ft. Equations (1) and 

(2) are based upon 63 tests with standard deviations of Ul$ for sound power 
k and 16% for frequency. The sound power range covered was 10 :1. 

Using the basic theory of Reference (3), but with a different approach 
to estimating the necessary quantities in the sound power formula, as out- 
lined in Reference (1), the theoretical laws obtained are 

l^-D^00*0^5*^ (3) 

I t  «u-5U s;60 D-70 F-1-2 (h) 
I C JJ 

Equations (3) and (k)  are to be compared with Equations (1) and (2) and the 
;        agreement is quite good. In developing Equations (3) and (k)  use is made of 

a) the empirical fact that f is determined by the frequency of feiie energy 

containing eddies of the turbulence, b) known laws for the decay of turbulence 
between the burner exit and the flame tip, where most of the noise is gener- 
ated, c) turbulent flame speed and geometric data from References (k)  and (5) 
and d) the empirical dependence of f on P from Equation (2), for which there c 

•        is no theoretical explanation. 

1 The results of Task k)  are presented in Reference (6) . Figure 1 shows 
I        typical results of cross-correlations of the far field pressure signature and 

the time derivative of the CL emission intensity when the entire flame is 

I        viewed through an optical filter. The strong cros*.-correlation peak occurs at 
a time delay corresponding to the time required for a pressure wave to travel 

!        from the flame tc the microphone. Since the time derivative of the emission 
intensity directly measures the time derivative of the global heat release 

I        rate, the cross correlation proves the deduction of Reference (3) that the 
far field sound pressure is directly proportional to the volume integral of 
the Eulerian time derivative of the reaction rate. This fact is used in 

{        construction of the theory mentioned above. 

Task 5) is carried out by use of the apparatus of Figure 2. The same 
burners as used in the open flame experiments are enclosed by a *♦ inch 
diameter duct terminated by "mufflers" intended to make the apparatus simulate 
an infinite tube. Visual observation shows that, although there exists 
aspirated flow, there is no change in the flame aerodynamics with the enclosure 
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Figur* 1.    2v.rs-Correlatj „n Curves.    CrjBS-Correlatior.c between 
3-uru Pressur   p(Y,   and the Tixe Derivative    :    ^ 
Ir.issi.n Intensity ?(t)  are Shown.    Mcrcph '*r  - •» 
Fla-.e Distances were 1U" for (a)  and 2-" f■ •   >~    Cares 
Tr.tr Cr-89«Correlations can be Seen t: Maxi-ize at 
Tirr.e  Deltas TCorresponding tu the Tirr.e Tauen by S^und 
tc Travel fror, the Flame to the "icr.-phvOe. 
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Figure 2. Ffcotograph of Burner in Tube. Tube Has Tuo Sections; 
One Half is Made of Glass to Allow Observation and the 
Other Half is a Metal Tube. Both Ends of the Tube Are 
Fitted with Specially Designed Mufflers which are 
Intended to Simulate Infinite Tube Situation. 
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so that the flame, as a noise radiator» it expected to be unchanged as 
compared to its behavior when open. Two things nay happen upon enclosing the 
flame: a) the radiation impedance «ill change due to vail reflections and 
b) there may be feedback between the reflected waves and the combustion pro- 
cess , altering the noise output * Bus is experimentally checked by measuring 
the wall pressure and comparing this with calculations from the theory of 
Task 6) . Hie theory is a quasi-one dimensional theory for a hard wall tube 
with an imbedded monopole source with the tube terminated by known impedance 
material. The impedances of the "mufflsrs" have been measured with a clas- 
sical impedance tube method. Shown in figure 3 *re •) the flame spectrum 
when in the open, b) the wall pressure spectrum when the flame is enclosed 
and c) the computed spectrum assuming no feedback interactions and with the 
flame behaving as though it were in a free field. It is seen that there is 
excellent agreement on the basis of a no-interaction theory. Furthermore, 
the calculated rms pressure and the theoretical pressure differ by less than 
1 db. This has been repeated for several other conditions than shown in 
Figure 3. Consequently, for noise calculations the feedback effect appears 
negligible. 

In summary, it now appears that the noise characteristics of at least one 
simple flame type may be explained theoretically. Consequently, the theory 
may be used with confidence in other situations. For actual installations 
the acoustics of the enclosure must be known. Using the theory of combustion 
noise together with calculated or measured acoustic properties of the enclo- 
sure should yield a satisfactory answer for the noise radiation characteristic, 
and the feedback effect between wall reflections and the combustion process 
nay be neglected, at least in sufficiently tamped configurations. 
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COMBUSTION GENERATED NOISE IN TURBOPROFUISION SYST9C 

by 

B. N. Shivashankara, W. C. Strahle and Tai-Chen Cno 

School of Aerospace Engineering, Georgia Institute of Technology 
Atlanta, Georgia  30332 

The work presented in this expanded abstract has been supported by the 
National Aeronautics and Space Administration under Contract No. NAS3-I786I. 
This program is designed to investigate the noise produced by the combustion 
process in 1  can-type combustor. 

The major tasks are to a) measure the sound power output and noise 
spectra radiated from a typical combustor with JP-U fuel terminated by the 
atmosphere and varying the air flow and fuel flow rates over as wide a range 
as possible, b) correlate the noise power output and frequency of maximum 
radiated power with the test variables, c) apply theoretical acoustics to 
account for any duct wall modification of the basic sound generation capacity 
of the flame and d) theoretically explain the correlations achieved. 

Ike combustor used in this study is shown in Figure 1. It is a can-type 
combustor taken out of a Boeing 502-7D gas turbine unit with its air inlet 
slightly modified to adapt to the present experimental set-up. Liquid fuel 
is sprayed inside the burner liner, ühe liner has slots at both the head end 
and the walls for air to flow into the combustion region. Ignition of tue 
combustor is achieved by a spark plug. The spark is necessary only during 
starting. Once the combustor is operating the combustion process is self- 
sustaining. 

The flow system is schematically shown in Figure 2. Air is supplied 
from a 125 psi air reservoir, regulated by a valve and metered by an orifice 
meter. A muffler is included in the air piping just upstream of the combustor 
to reduce flow noises. The  liquid fuel is pumped by gas pressurization. A 
turbine flow meter is used to measure the flow rate of fuel through the 
system» 

Eie combustor, fuel tank and the air muffler are mounted on a test stand. 
The test stand is placed on a platform outside the laboratory in such a way 
that the burner axis is horizontal and at about 8 feet above the ground level 
in the forward half-circle. AH the flow control valves, flow display units 
and instrumentation are placed inside the laboratory. 

Sound pressures are measured by five B and K type U13U half-inch condens- 
er microphones mounted on stands and in the same horizontal plane as the 
burner axis. The microphones are provided with wind shields. The radius of 
the microphones in all the experiments is chosen as 10 feet with the angular 
locations varying between £5° and 120° to the flow direction. It has been 
verified that at this distance the sound pressure measurements would cor- 
respond to the acoustic far-field, übe output from the microphones are read 
out one by one on a B and K type 260U microphone amplifier. Also all the 
five signals are recorded simultaneously on an AMPEX FRI300 magnetic tape 
recorder. Calibration signals are also included on the tape for reference 
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when reproducing data. The  frequency spectra of noise are obtained using a 
Hewlett-Packard Model 50*5 digital fourier analyzer. 

Figure 3 shows the directionality pattern obtained at various air flow 
rates through the combustor. It can be seen that the directionality is 
quite weak. Further, there is no apparent trend for the directionality 
pattern with changes in air flow rate. This weak directionality is similar 

(1 2) 
t?  that obtained tor open turbulent flames,v ' ' because of the low frequen- 
cies involved. From the sound pressure measured the radiated sound power is 
calculated by integration of the intensity over a spherical surface around 
the combustor. Figure k shows the variation of radiated sound power with 
total air flow rate through the combustor. The  sound power is found to scale 
to an exponent between 2.3 and 2.7 with the total air flow rate. The effect 
of changing the fuel flow rate at a constant value of air flow rate is pre- 
sented in Figure 5« Figure 5 also shows the variation of thermo-acoustic 
efficiency, the ratio of radiated sound power to the total heat input rate. 
The  radiated sound power appears to be virtually insensitive to fuel flow 
rate over a wide range of fuel flow rates. Also, a thermo-acoustic efficiency 

as high as 3 x 10  is seen which shows that the combustor has a considerable 
capacity to convert the heat input to noise. 

Figure 6 shows a frequency spectrum of the noise. The curve shown is a 
smooth line drawn through the mid-points of the x-y plot obtained from the 
fourier analyzer. The spectrum shows that the combustor output is a broad- 
band noise with a marked peak around U00 Hz. Also, weak secondary peaks can 
be seen at frequencies of 1200, 2U00, 3600, U600 Hz etc. farther, almost 
identical frequency spectra were obtained over the entire sequence of experi- 
ments in which flow rates of air were varied between 1000 and 1*00 SCFM and 
fuel flow rates between 0.0091 and 0.082 gpm. No significant effect of the 
microphone azimuth could be observed either. The repeatability of the exper- 
iment has been found to be excellent. 

The high values of thermo-acoustic efficiency obtained indicate that the 
can walls are only slightly absorbent, as may be expected from the small open 
area of the can walls compared to the total surface area and the fact that a 
high flow velocity enters the can from tihese holes. The lack of any strong 
resonances in the spectra indicate that the end plane impedance differs 
substantially from a cold unflanged circular pipe and that virtually all 
sound is transmitted which impinges upon the end plane. This appears to be 
a fortuitous occurrence for the data reduction. Although data reduction has 
not been completed at this time, the equivalent free flame noise output will 
be obtained assuming a hard wall can with an end plane impedance equal to the 
local characteristic impedance of the medium. 

The theory of Reference (3) as modified in Reference (U) produces the 
following estimate for the noise power output of the equivalent free flame 
when operating fuel lean overall: 

*> «   1    « 2 I  H \2 .2 /2 Mx 

0 o can    c 
o 

Here p    and c   are the cold density and speed of sound, respectively.    S 00 can 
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is the can crossection area» F . is the stoichiometric fuel fraction, H is 

the fuel heating value, m is the air flow rate through the can and u' is 
a 

the intensity of turbulence in the can. u' arises in an estimate of the 
frequency; empirically the frequency of maximum radiated power is seen to be 
independent of the test variables. Consequently, Equation (1) predicts 

P oe m n 
x a (2) 

where mf is the fuel flow rate. Equation (2) recovers the observed power 

scaling law quite accurately. 

The  can used has the characteristic of a large bypass flow rate of air. 
Consequently, m in Equation (1), being the flow rate through the inner can, 

a 
is inaccurately known at this time. Ciurent efforts center about fully 
characterizing the ratio of bypass to total air flow. 
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COMBÜSTOR GEOMETRY AMD COMBUSTION ROUGHNESS 
RELATION TO MOISE GENERATION* 

by 

Guggenheim Aerospace Propulsion Laboratories 
Aerospace and Mechanical Sciences Department 

Princeton University 
Princeton, New Jersey 

ABSTRACT 

Some results of a study of the importance of geometrical features of 
the combustor to combustion roughness and resulting noise are presented. 
Comparison is made among a perforated can flame holder, a plane slotted flame 
holder and a plane slotted flame holder which introduces two counter swirling 
streams. The latter is found to permit the most stable, quiet combustion. 
Crosscorrelations between the time derivative of chamber pressure fluctuations 
and far field noise are found to be stronger than between the far field noise 
and the direct chamber pressure signal. Temperature fluctuations in the 
combustor nossle are also found to have a reasonably strong crosscorrelation 
with far field sound. Indications are given of areas where further work is 
planned relating to these findings. 

INTRODUCTION 

Earlier studies of the relative importance of combustion as a source of 
noise in jet engines1'2 revealed that the intensity of combustion roughness, 
which generates noise, was affected by the type of flame holder and the air/ 
fuel mixture used, as well as on the flow rate through the combustor. Ap- 
proximate relationships were derived to predict the far field noise due to 
the combustor pressure oscillations, and it was found experimentally, that 
there was a correlation between pressure and temperature fluctuations in the 
combustor and far field noise. The present research is a continuation of 
that earlier work. 

In the present work we are studying, over a broader operating range, the 
relative importance of 

(a) burning characteristics of the fuel» how burning rate, diffu- 
sion rate of the fuel into the air, intensity of combustion, 
flame distribution and flame roughness affect the noise 
generated. 

•Thif paper is based on work sponsored by NASA under Grants NGR31-001-241 
issued by the Acoustics Division of the Langley Research Center, and Grant 
NGR31-001-307 issued by the V/STOL and Noise Division of Lewis Research Center. 

XResearch Staff Member 

Graduate Student 

Professor of Aerospace Propulsion, Principal Investigator 
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(b) geometrical features of the combustorj effect of fuel injector 
configuration *nd type, the method of eir admission — whether 
swirling, highl.r turbulent or smooth, stratification of air 
and fuel and intertion of obstacles to modify the fli 

In addition to the above objectives, we are seeking to develop better 
aeans of Measuring the important fcxaramsters, such as pressure temperature 
and velocity fluctuations in the combustor and exhaust flow, and to improve 
analytical schemes to predict the contribution to far field noise made by 
these internal sources. 

This paper presents some results cbtair^d with several flame holder 
geometries in which fuel/air mixing was varied by the use of a perforated 
can burner, a plane, slotted flame holder and a plane slotted flame holder 
with turning vanes to introduce swirl. £aM further interpretations and 
correlations of internal pressure with lar tleld sound are included. In 
addition, results of temperature fluctuation jmasurements and their correla- 
tion with far field sound are presented. 

FLAME HOLDER GEOMETRY EFFECTS 

Details of Combustors 

Figure 1 is a schematic of the combustor apparatus showing the perfora- 
ted can and the plane slotted, swirl vane flame holders. The perforated can 
was used previously,1' and simply consists of a 2.5" O.D. 13.5" long can 
concentric*1;/ placed within the 3" I.D. main tube with 0.40" diameter per- 
forations beginning about 3.25" from the closed front e;vi wh re the fuel is 
injected. Isooctane fuel is injected as a conical spray. RyOrogen and air 
are injected at the gap of a spark plug which ignitis the gaset>\u mixture 
which in turn ignites the spray combustion. ^circulation of ti\e secondary 
air (there is no primary air) which enters through the perforations serves 
to stabilise the flame reasonably well. 

The second configuration shown in Fig. 1 has both primary and secondary 
air. Primary air enters through the outer 0.2" periphery of the 1.3" diameter 
inner ring. Fuel is injected through a hole at the center of this inner 
ring. A second ring, 2.37S" O.D., fits around this inner cylinder. In the 
configuration shown, the inner ring has vanes set at about 60* to the flow 
axis, which create a clockwise swirl when looking downstream. The outer ring 
has similar swirl vanes set to generate a counter clockwise swirl. A 2.5" 
diameter sleeve fits over this assembly which is mounted concentrically with- 
in the 3" diameter main combustor tube. The fuel/air mixture is ignited as 
with the perforated can, but the flame is now stabilised only by the small 
scale recirculation due to the flow rver the s'iar* edges of the vanes. 

A third configuration, not shown in fig. 1, is geometrically similar to 
the swirl vane assembly, except that the vanes are simply «lotted, and do not 
cause a twirl. This flame holder was intended to give about th* same ait 
flow distribution and similar lccal recirculation flows around the vanes but 
without the swirl generated by the above descri' *d assembly. With these 
three flame holders, we can compare the effect of flow distribution, with and 
without swirl in one of the two flow distributions, to dstersnne whether the 
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unsteady nature of the combustion region *Aich is responsible for the noise 
generation, can be significantly altered by these changes. 

Roughness Characteristics of Combustors 

Figure 2 shows the roughness level of pressure fluctuations in the 
three combustors for a range of mass flow rates through the system. At the 
low end of the range of BASS flow rates, the can combustor exhibits very 
rough, intermittent burning, almost to the extent that toe flase is blown 
off. AS the flow rate is increased slightly, the combustion becomes smoother 
in the can combustor, so that at the upper end of the range shown, it has 
smoother burning than is found in the case with the plane, slotted flame 
holder. Over this entire range of flow conditions, the plane slotted flame 
holder with swirl vanes exhibits the smoothest burning of the three. To an 
observer standing near the combustor, the difference between th* jw^rling 
combustor noise and the can combustor noise is dramatically different. 

Detailed acoustic far field measurements have not been obtained for each 
of these combustor configurations to date. The spectral content of the 
flame roughness hac, however, been examined, and power spectral density 
distributions are included here for comparisons. 

Figures 3 through 5 show the power spectral density distributions for 
the three combustor configurations, for the highest flow rate condition shown 
on Fig. 2. Figure 3 is for the can combustor, and exhibits very strong 
oscillations at low frequencies. This low frequency rumble was more pro- 
nounced at lower flow rates with this combustor, especially at the lowest 
condition shown on Fig. 2. At that lowest condition, the IM dB bursts 
would last for several seconds, then the oscillation would drop to a level 
of about 145 dB for a second or two, followed by another loud burst, and 
so on. Clearly, this kind of intermittent, rough burning is not desirable 
in an aircraft engine combustor. The relatively smoother burning in the 
other two cases at this low flow rate by comparison with the rough burning 
case illustrate the big improvements ttat are possible m terms of noise 
levels when appropriate changes are made in combustor designs. 

Comparisons of Figs. 3, 4, and S reveal at least two strong spectral 
peaks at frequencies above IOC Ms. In Fig. 3 these peaks are at about ISC 
and 400 Hz,  in Fig. 4 they are at about 350 and SSO Hz  and in Fig. 5 they 
occur at about 300 and 475 Hz. These peaks are probably related tc duct 
resonances excited by the unsteady combustion.3 &*re detailed measurements 
of the conditions in the combustor corresponding to each of these cases is 
needed to explain why these spectral peaks appear at these particular 
frequencies at these flow conditions. 

It is evident from the results obtained with these three combustors, 
that swirl in the flow is desirable. The swirling promotes better mixing 
between the fuel and air, resulting in a more smoothly burning flame. Kot 
only does this result in less noise outside the combustion region, but it 
results in more stable combustion over a broeder range of opereting conditions. 



rar Field Box— Correlation with Chamber Pressure 

It was shown earlier1'2 that there is a strong correlation between the 
pressure fluctuations and the far fiald noise* as obtained fron real 

tin« crosscorrelations. the maximum value obtained for the nomaliied 
crosscorrelation coefficient was never nore than about 0.7 in spite of the 
fact that the dominant frequencies in the eonbustor preesure spectrt» also 
appeared in the far field noise spectrum. One point was noted. In each 
case, the higher frequency components were relatively stronger in the far 
field than in the conbuetor spectrun. this was attributed to the fact that 
high frequency fluctuations are sore efficient sources of noise than are low 
frequency fluctuations. 

This is true* ard the reason it is so is that the noise produced is pro- 
portional to the tine rate of change of velocity of the source, while the 
velocity at the exit plane is directly related to the d amber pressure. 
Therefore» a nore meaningful correlation is obtained by croescorrelating the 
far field sound with the tine derivative of the chamber pressure fluctuation. 
Taking the time derivative of a harmonic function has the effect of multi- 
plying by the angular velocity* thus giving larger contributions at high 
frequencies* as was observed in experiments. This may be seen in the follow- 
ing. 

The far field sound due to the mass flow fluctuation at the nossle exit 
plane is, following Curie4 

Wir *'t X t Jtt,,»,«tit-
d£ «» 

and 

>(»tt)enitx*c (2) 
at    3t 

where sub f denotes far field, and sub c the chamber. 

This second expression is most accurate for incompressible quasi-steady 
flow. As compressibility effects become important, the fluctuations in tempera- 
ture must be incorporated into the analysis. Me have examined the effect of 
temperature fluctuations, as described in the next section. Pirst, however, 
it is of interest to examine the pressure effect alone. 

Figure 6 shows the functic rs obtained by croescorrelating the time deriva- 
tive of the chamber pressure with the far field sound, aud Pig. ? shows a 
similar trace for which the chamber pressure itself was crosscorrelated with 
the far field sound. Since both are dominated by the 170 Hx narrow band sound, 
there is little difference between them. Close examination reveals that Fig, 
6 has its peak at about 44 msec while Fig. 7 has its peak at about 49 msec. 
T>* 44 msec corresponds to the travel tine to the far field nicrophone, SO ft 
away. The 46 msec is equivalent to the travel time to SO ft plus about half 
a wave length of the dominant signal (its peak is or. the negative side while 
the first has s positive peak) corresponding to a 180* phase shift. Other 
similar experiments reveal peaks at times close to the correct delay but never 
as exactly at the correct delay as when the time derivative of the pressure 
is crosscorrelated with the far field sound, when the normalized crosscorrela- 
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tion coefficient is obtained, the value for the case in Fig. 6 is 1.01 while 
that for Fig. 7 is 0.94, again emphasising the closer correspondence between 
the far field sound and the tine derivative of the chamber pressure than be- 
tween the far field sound and the chamber pressure directly. 

TEMPERATURE FLUCTUATION EFFECTS 

Zt was pointed out in the previous section that in compressible flows, 
the temperature fluctuation would enter as a parameter affecting noise gener- 
ation. To obtain meaningful measurements of temperature fluctuations in the 
combustion gases is considerably more difficult than to obtain pressure 
fluctuations, as reported earlier.1 The basic reason for the greater diffi- 
culty is the fact that the temperature probe must be immersed in the hot, 
reacting flow, while the pressure probe can be mounted on the wall where it 
can be cooled and insulated from the flow. 

A hot wire anemometer system in conjunction with a 0.001" diameter 
platinum wire w& used to make the measurements reported herein. The velocity 
sensitivity d the probe was minimized by maintaining a low probe current 
(1.5 ma) which Kept the wire just above the ambient temperature. Therefore, 
as the ambient temperature fluctuates, the wire temperature follows, and 
the anemometer circuit gives an output proportional to wire resistance which 
is temperature dependent. 

Difficulties were encountered due to the high temperature, reactive 
flow. A metal's strength is generally reduced as its temperature is raised, 
so although the wire may not melt, it is more easily broken at elevated 
temperatures. In addition, certain metals such as tungsten catalyze recom- 
bination reactions which can result in large errors as the probe temperature 
is raised, due to additional energy deposition at its surface. Thus, early 
attempts with tungsten wires yielded unreliable data, and platinum was 
adopted, in spite of its lower strength. 

The maximum temperature recommended for this probe was about 1500aF* 
which was considerably lower than the mean temperature in previous runs.1'3 

An air/fuel ratio of 70 was adopted for this purpose, which should give a 
mean temperature of about 1090*F, in the nozzle, but since hot spots can 
occur in such a system, this seemed a safe condition at which to operate. 

The probe used for the temperature measurements was a Thermo Systems 
Model 1226 High Temperature probe with a 0.001M diameter platinum wire. It 
wai used in conjunction with a TSI Model 1050 Anemometer. The probe was 
inserted through the nozzle wall so that the wire was held at the duct 
centerline about 1.25 in. upstream of the nozzle exit. The combustor can 
configuration. Fig. !, and a 2" diameter nozzle were used in these experiments. 

Spectrum and Level of Temperature Fluctuations 

Figure 8 shows the power spectral density of the nozzle temperature 
fluctuations. A very low frequency fluctuation is dominant with the first 
peak at 5 Hz, which is the lower limit of the spectral analysis. Relative 
peak« next occur at 125 and 165 Hz, with a subsequent intensity decrease to 
the instrumentation noise levels. Figure 9 shows the corresponding far field 
noise spectrum which exhibits the 165 Hz peak, but does not exhibit the 
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strong low frequency content seen in the temperature spectrum; instead it 
shows approximate higher harmonics of the 165 Hz peak. The power spectrum 
of the temperature signal with low frequencies suppressed by a 100 Hz high 
pass filter is shown in Fig. 10. The 165 Hz peak is now dominant, with 
another relative peak at 330 Hz. At frequencies above that peak, the noise 
level of the electronics is dominant over any temperature signals. This may 
be expected, since tht thermal time constant of the wire under these operat- 
ing conditions is about 2.5 msec, having the effect of filtering out fre- 
quencies above about 400 Hz. Either the circuitry does not compensate for 
this decrease of response wit!< increased frequency, or there is negligible 
fluctuation in temperature above this frequency. Further experiments with 
smaller wires are required and planned to explore this further. 

The absolute, rms level of temperature fluctuation in the 125-160 Hz, 
1/3 octave band was measured to b«* about 12.5 Fahrenheit degrees, or a 
little more than 1% of the mean temperature. The overall rms temperature 
fluctuation in the frequency range from 22 Hz to 22 kHz was measured to be 
about 20% of the mean temperature, with peak to peak variation considerably 
higher. This large temperature fluctuation level appears to be somewhat 
characteristic of jet engine combustors, as evidenced by recent measure- 
ments, in which rms temperature fluctuations of several hundred degrees 
have been measured downstream of the combustor in engine tests.5 The 
results presented here do not show a strong relationship between this 
temperature unsteadiness and noise possibly due to crude measurements. 
Further studies with more refined instrumentation are required to establish 
its relative importance. 

Crosscorrelations of Teroperature Fluctuations and Far Field Sound. 

Figure 11 shows the cross spectral density of the nozzle temperature 
fluctuation and the far field sourd, for each signal taken directly as 
recorded. The dominant low freqvencies noted in the individual frequency 
spectra are evident in this cross spectrum. The normalized crosscorrelation 
cv-,'^icient was found to be 0.05 for this case. 

It would seem, on comparing F-^gs. 8 and 9, that the very low frequency 
(below 100 Hz) temperature fluctuations do not substantially contribute 
to the far field noise. A second crosscorrelation between these same two 
signals was obtained, this time with a 100 Hz highpass filter cutting out 
the low frequency content of each signal. The resulting cross spectral 
density is shown in Fig. 12. The normalized crosscorrelation coefficier" in 
this case is 0.276, or more than five times as large as for the unfiltered 
signal. This higher correlation after filtering out the intense fluctuations 
at ultra low frequencies illustrates that a simple overall crosscorrelation 
coefficient is not sufficient information to determine the percentage of far 
field noise which originated at the source being probed. 

It is of interest to note further, that these data in which the normalized 
temperature-far field crosscorrelation coefficient is 0.276 are the same data 
for which the normalized pressure time derivative-far field sound crosscorrel- 
ation coefficient was 1.01, as discussed earlier. This implies that the 
temperature and pressure fluctuations are related, as was verified by direct 
crosscorrelations.  It further tells us that the normalized crosscorrelation 
coefficient alone is not sufficient information to use to describe the^ 
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relative importance of various thermodynamic variables in describing the 
source strength. Before taking the temperature data, it appeared that the 
time derivative of pressure contained all the necessary information about 
the source, neglecting compressibility effects. The temperature data has 
some merits of its own, however, as evidenced by the normalized crosscor- 
relation coefficient of 0.276. A more complete study of the interrelations 
of these variables is needed, and how each contributes to the noise must 
be ascertained. More detailed studies of this are planned. 

COtJCLUSIOHS AMD FUTURE PLANS 

It has been demonstrated that geometrical changes in the combustor 
which affect the flame distribution and method of flame stabilization have 
a pronounced effect on the flame roughness and associated external noise 
generation. Of the methods examined to date, counter swirling air streams 
:.ave been found to produce the smoothest combustion. Further probing with 
pressure and temperature probes in the combustor to learn more about the 
mechanisms by which these geometric changes affect the combustion roughness 
are planned. 

It has further been demonstrated that the time derivative of the chamber 
pressure more strongly crosscorrelates with the far field noise than does 
the chamber pressure directly. This is expected from theoretical consider- 
ations. Temperati re fluctuations in the exhaust nozzle of the combustion 
chamber are also found to have a fairly strong crosscorrelation with the 
far field sound, and with the chamber pressure fluctuations. Further analy- 
sis and diagnostic experiments are needed and planned to separate the 
importance of each of these thermodynamic properties of the source region 
for the purpose of completely describing the physical processes responsible 
for sound generation by a region of unsteady combustion and its exhaust 
flow. 

References 

1. Abdelhamid, A. N., Karrje, D. T., Plett, E. 3. and Summerfield, M., 
**Noise Characteristics of Combustion Augmented Jets at Midsubsonic 
Speeds,» AIAA J,, 12, 336-392 (1974). 

2. Plett, E. G., Abdelhamid, A. N., Harrje, 0. T. and Summerfield, M., 
"Combustion Contribution to Noise in Jet Engines," Final Report on NASA 
Grant NGR21-Q01-241, Frincston University, Princeton, New Jersey (1974). 

3. Chiu, H. H., Plett, E. G. and Summerfield, M., "Noise Generation by Ducted 
Combustion Systems,M AIAA Paper No. 73-1024, October, 1973. 

4. Curie, N., "The Influence of Solid Boundaries Upon Aerodynamic Sound," 
Proc. Roy. Soc, Vol. 231A, 505-514 (1955). 

5. Mathews, D. C, Private Communication, Pratt and Whitney Aircraft, 
East Hartford, Conn. (1973). 

729 

BaaSi^fcai, , iht'TWlMtllr-ftfc^i     . --^-.:y.fcw. .■-■■ i    ...    -.  _ .. ^an ...  J 



POSITIONS IN motes 
0  J-* 17.« M.5       40.S 

| 2"  NOtXLB- 

_I!NMV MR 
SMIRt VAMES 

PL«, SLOTTED FU« »«OLDER 
HIT!! SKIRL VMES 

Fig. 1 Schematic of flaae holding 
methods used in combustors 
to investigate effects of 
geometry and flame intensity 
on combustion roughness. 

1 
i 

-  4 ■ - ..;    i 
! 
i 

- f- - . j ;. 
i       i 

i •- • 
i 

4- 
| n 

i 
i 

f   - 
1     1 

1W. 600. 

FRtQlCrtCY (I1Z) 

Pig. 3 Power spectral density dis- 
tribution of pressure fluctu- 
ation in combustor with per- 
forated can flame holder at 
a mass flow rate of 0.27 lb/sec. 

IfH 

1SH 

S isH 

S»j 

I H 

0 PLW, mn ^viftt 

5 IXH i.D. „mmm 
1 inch PI», myu 

1W. «M SHIRL 

Q > .O 

0.12      O.W     M*      0.18      0.2ft     1.22    fl.2«       0.»     0.21 
COmuSTOR UK? RON HE/Slf) 

Fig. 2 Pressure fluctuation levels 
in combustors for a range 
of mass flow rates, with air/ 
fuel ratios of 52. 

730 

Fig. 4 

2on. «mo. 600. 800. 1000. 

FREQUENCY (HZ) 
Power spectral density dis- 
tribution of pressure fluctu- 
ation in combustor with 
plane, slotted flame holder 
at a mass flow rate of 0.27 
lb/sec. 



*jn.  600. 
FREQUENCY (HZ) 

Pig, 5 Power spectral density dis- 
tribution of pressure fluctu- 
ation in combustor with 
plane, slotted flame holder 
with swirl vanes, at a mass 
flow rate of 0.27 lb/sec 

ion   150. 
TINE (MSEC) 
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Fig. 6 Crosscorrelation of time de- 
rivative of chamber pressure 
with far field sound at 30* 
to duct axis. 
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Fig. 3 Power spectral density dis- 
tribution of the temperature 
fluctuation in the exhaust 
nozzle. 
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Fig. 

*».  em. 
FKQUEW (HZ) 

Far field noise power spectral 
density for same case as in Fig. 
8, for microphone at 60* to duct 
axis. 
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IMP. 

Fig.  11 Cross spectral density 
of nozzle temperature 
fluctuation and far field 
noise at 60° to duct axis. 
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Fig. 10 Power spectral density of tempera- Fig. 12 Cross spectral density of 
ture, as Fig. 8 except that a 100 
Hz highpass filter reduced the low 
frequency content in this record. 
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nozzle temperature fluctu- 
ation and far field noise 
at 60° to duct axis, with 
100 Hz highpass on each 
signal. 
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ABSTRACT 

Mechanisms of sound generation, amplification and scattering by various 
combustion systems are described on theoretical bases compatible with the 
contemporary understanding of unsteady burning processes. Sound generation 
mechanisms are classified into categories relating to the Smith-Kilham emission 
mechanism and the turbulent driven Rijke-Riess emission mechanism. The 
intensity of the generated sound is found to be proportional to the combustion 
sound number and the flame structural factor which depend on detailed structure 
of a flame. Experimental correlation of the intensities of the sound emitted 
and the light radiated from free radicals is also discussed. Analytical and 
experimental investigations revealed that the noise generation by ducted 
burners depends on tne nature of the rough burning and the duct resonance which 
is identified as the source of the observed multiple peak structure in sound 
spectra. Interactions within the flow through the combustor-turbomachinery com- 
ponents  within a gas turbine are predicted to produce similar multiple peak 
noise spectra. Scattering of the plane sound wave by a flame is also discussed. 
Quantitative correlations between the intensity of the scattered sound wave 
and the physical parameters of the flame are obtained. 

INTRODUCTION 

Current interest in combustion noise has focused our attention on the 
mechanisms of sound emission and amplification by various combustion systems 
operating at different conditions« Earlier investigations1"4 were largely 
concerned with the overall physical description of the acoustic properties of 
combustion systems aimed at providing quantitative links between the combustion 
system and its sound field. The results of these earlier investigations 
furnished a physical basis for the understanding of combustion noise. Further 
extensions have been made to investigate the effect of coupling of flow and 
chemical reaction to allow predictions to be made about noise generated by 
combustors in jet engines. 

In a jet engine combustor, the fluid mechanical processes which have a 
high intensity of turbulence at a high mean convective speed, are expected to 

♦This paper is based on research performed under contract N00014-67-A-0151-0029 
issued by the Power Branch of the Office of Naval Research 
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alter the nature of the sound emission and the resulting acoustic power. Conse- 
quently these fluid Mechanical aspects need be taken into consideration along 
with other factors such as the effect of the flame enclosure. Recent studies 
on sound emissions by open flames 5~9,11 ^^ ducted flames10"13 accomodate 
these aspects. 

The present paper summarizes the mechanisms of sound emission by open 
flames, liquid fuel spray combustion processes and by the combustion in a 
ducted system. Attention has been focused upon (1) the quantitative corre- 
lation between the flame structure and the sound field of an open flame and 
(2) the prediction of the sound field produced by turbulent combustion confined 
in a cylindrical duct. The experimental correlation between the spectra of 
emitted sound and the radiation of light from radicals in the flame zone has 
been discussed and a modified correlation is suggested. In addition, some 
aspects of sound scattering and amplification by temperature gradients due to 
combustion are also discussed on the basis of Born's approximate solutions.14 

SOUND EMISSION BY COMBUSTION PROCESSES 

Within a turbulent reaction zone there are three unsteady modes; the 
turbulent vortex mode, a sound mode and an entropy mode which are aerothermo- 
chemically coupled. It has been showxTThat the behavior of these modes may 
he described by the following system of equations: 

o» _ 

04 _ 
DC " 

(1) 

(2) 

(3) 

{4) 

where ß » In p/p^, *•« In P/P1# Slil 
<>lul 

ui is the rate of the reaction 

of i th speicies, + is the velocity potential of the perturbative solenoidal 
velocity component, W is the rotational field, Q is the rate of the heat release 
by chemical reaction, N is the Nach number, and A is the Damkdhlex number, 
the wave equation governing the sound field is derived from the system of equa- 
tions (1) to (4), and is given by 

«■ft - fcW«) •'"' **} «**4 ""'£W/ (5) 

where 

and h^ 
ature, 

e-mfcfc ♦ ft*K- + § 
is the heat of formation of ith species, 6 is the non-dimensional temper- 
K is the non-dimensional turbulent heat conductivity, and * represents 

other heat sources. The convected wave equation describes the acoustic field 
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produced by convected noise sources. This equation has been previously applied 
to the investigation of the noise generated by turbulent eddies, and by turbu- 
lent combustion processes. An alternate approach to the analytical investiga- 
tion of sound generation is to use Lighthili's formulation:' 

where p1 is the pressure and a«, is the reference speed of sound. It should be 
emphasized that the overall sound source, q(X£,t), appeering on the right side 
of Eq. (6), includes all sound generating mechanisms and must account for the 
effect of convection as well as lefraction of sound in the flow. Despite its 
apparent simplicity in form,, i».s solution involves determining appropriate 
source terms q(xirt) which account for the turbulent convection and dispersion 
in a non-isentropic regime which is often quite complicated. 

An analytical procedure useful in identifying appropriate noise sources 
in the presence of convection is to apply the following transformation to the 
convected wave equation (5) 

i. s *.* ai- *-.»*■ (7a> 

Z 
fa' f (7b) 

where u is the mean velocity and X is the coordinate along the stream line 
direction.  It is evident that in the frame of reference moving with mear. velo- 
city, u, along the stream line, the wave equation (5) is reduced to the fc."'low- 
ing form 

where primed quantities refer to fluctuating flow variables. The effect of 
mean convection is removed and the essential sound generation mechanisms are 
now self evident. The first term which appears at the right hand side of Eq. (8) 
i.e.*%f/ is the source of combustion noise due to the temporal variation of 
heat release of the hot reacting spots convected with the mean stream. This 
sound source, *k'/*z  corresponds to the monopole sound source described by 
Smith and Kilham in their modeling of combustion noise, and is therefore termed 
as the Smith-Kilham sound source. The order of magnitude of the frequencies cf 
the S-K sound field is, to a large extent, determined by the chemical reaction 
times. The second term which appears a*-, the right hand side of Eq. (8) repre- 
sents the sound generation by a fluctuating flow passing through the reacting 
spots. The sound emission by a similar process was demonstrated by Rijke and 
Riess.*5 In their experiment, the fluctuating velocity field was an acousti- 
cally induced periodic flow which was amplified by a properly tuned duct.  In 
an open flame, however, the velocity u' appearing in Eq. (8) is that provoked 
by turbulent fluctuations. Despite this difference in the driving velocity 
fields between the present case and Rijke's experiment, the basic mechanisms of 
the local emission remain essentially the same. Hence, we shall refer tc this 
sound source as the turbulent driven Rijke-Riess noise source.  It is evident 
that the frequencies of the sound emitted by the turbulent driven R-R mechanism 
are determined primarily by the frequencies of the turbulent fluctuations. 
The third term represents the amplification of the sound waves passing through 
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the flame zone. It has been known for MM time that a laminar flame» which 
itself dots not generate sound« «ill amplify found. Mill« the sound mission 
fey the first and second mechanisms previously described are the dorinant 
mechanisms of combustion noise generation, at least for low subsonic Nsch 
numbers, the effects of the sound amplification by combustion in high speed 
flows through primary coabustion chambers or afterburners are not well under- 
stood. 

Making a distinction between these two mechanisms of sound emission and 
sound amplification is useful for the purpose of describing the nature of the 
sound generation. It is» however, difficult to distinguish between them in 
practical combustion processes unless special experimental techniques are 
designed for such a purpose. 

30ÜSP FIELD GEKEBaTtD IV OPBII flAMES 

The detailed mechanism of sound emission by the S-K monopole sound source, 
and turbulent driven R-R sound sources follow similar gasdynamic processes 
which are described in the following. Firstly, the gas in the vicinity of 
S-K and R-R sources is heated periodically resulting in local gas expansion 
and compression. At a low Mach number the fractional variation of the density 
by the non-isentropic heating processes is proportional to the Dsmkohier number 
which represents the ratio of the chemical heat release to the heat convection. 
.*nce the fractional variation in the gas density is equal to the negative of 
the dilatation of the induced gas motion, the magnitude of the velocity induced 
is e^ual to A and the amplitude of the corresponding pressure wave is equal tc 
M* ... In view of this physical significance we shall refer to K2 A as combus- 
".ion sound number, Cg. 

The combustion sound number^is given explicitly as fellows: 

*■ «*-«sai*Är <9) 

the total sound emitted by a flame is therefore proportional to the combustion 
sound number times the total volume of the flame and the flame structural factor 
which is to be discussed later. 

In a hot non-reacting zone, the turbulent heat transport may also generate 
sound by both S-K and turbulent driven R-R mechanisms. The non-dimensional 
parameter Cg representing the intensity of the sound generation is given by: 

do: 

where vt is the turbulent diffusivity, K^ is the turbulent heat conductivity, 
lk  is the size of a typical thermal eddy. The ratio of the combustion noise 
to that of the thermal noise emitted by a flame is thus given by 

where Vf and v^ are the volumes of the reacting zone and that of the hot zone 
dominated by thermal eddies. The pressure waves generated within the combus- 
tion zone, the dimensions of which are smaller than acoustic wave lengths, 
are identified as pseudosound waves!* The thermoecoustic efficiency c." genera- 
tion of the pseudosound waves was found, in general to be lower than the efficiency 



of generation of true sound waves in a ducted burner of larger dimensions. 
these sound «eves generated within the combustion sone are transmitted through 
the non~isothermal wake and finally propagate in free space es true sound waves* 
Pig. CD. 

An asymptotic analysis of sound generation and transmission in the reaction 
soae» thermal wake, and wave sone revealed that the far field sound pressure 
is given by the following expression^ 

Smith-Kilham      Turbulent Oirven Rijke-Riess 
Emission Mechanism  Emission Mechanism 

where QL  is the flucturating heat release due to the connecting parcels, Qc  is 
the steady heat release rate, Ö£ , and fik are the similar heat sources due to 
turbulent heat transport. 

The far field sound intensity due to combustion noise is calculated to be 

wiere Rln is refered to as a flame structural factor, given by "11 

*^.;« / / Sij (*>fi) ***** AKfiJ (14a) 

■\  and S denote the positions of twc correlation volume elements. The 
integrands Sn(o,6) are 

(141:} 

(14c) 

(14d> 

•>SK is the structural factor for S-K emission mechanism, F&p is that due to 
*-R mechanisms and *SK' RR iS attributed to the combination of the S-K and £-* 
mechanisms. 

The cential problem of predicting the intensity of flame noise lies in th« 
determination of the double correlation functions, R^, which depend on the 
non-steady structure of turbulent flames. 

COPSEIATIOW Of TOE SOUND PRESSURE jttKj THE EMISSION OF LIGHT BY FREE RADICALS 

Structural surveys of turbulent flames through the measurement of radiation 
emitted by free radicals which serve as diagnostic tracers, have been conducted 
by various authors*6'17 during past decades. One such optical technique was 
adopted by Smith and Kilhae. for the purpose of studying th* relationship 
between sound emission and the radiation emitted by free radicals produced in 
the combustion sone. The experimental investigation was further advanced 
by a group at Shell Research»2 *nd more recently by Strahle and his associates." 
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Their results reveal that the sound pressure vs tame curves agree reasonably 
well with the corresponding time ret« of change of the radiative intensity, 
but the frequency spectra of measured end derive* sound pressures suiy differ 
fey factors of 2 to 3 in soe* frequency intervals, even after the measured 
radiation spectra are corrected for electronic noise contributed by the 
Measuring circuitry. It should be pointed out that in these experiments the 
sound pressure is compared with the rate uf the change of the intensity of 
the light emitted Measured by a stationary observer. In the above emperi- 
aents the effects of the non-steady convection of the reacting spots were not 
detected by lightemission fron free radicals. A aodified quantitative 
correlation between sound pressure and the radiation spectra, can be obtained 
fron the results of the present analysis. Xt mil be shown that tins Modi- 
fied view point provides proper correlation **id also suggests a practical 
aethod for the classification of flames according to their turbulent structure. 
This is described in the following. 

Xn general the rate of fluctuation of the local heat release rate, Q, and 
the intensity of the light emission. J, are related by 

where K and 2 are the non-dimensional rate of heat release** and the rate of 
production of free radicals respectively. Jtote that w/T. is not necessarily 
instant, but depends, in general, on both a and t. Substituting iq. CIS I mtc 
Ec, U2' yields 

or 

where 

i.cai 

;ifct 

ilt;1 

ru * ft*) T 
i *s ar. appropriate constant proportionality factor determined from «aperi* 
mer.ta; observations. The ptysical significance of each tare appearing in the 
integrand of Eq. liefe? is described as follows.  Hie second and third terms 
represent the deviation from the presumed proportionality between the rate of 
production o: the free radicals and the overall neat release rate. The magni- 
tudes of these terms depend primarily on the equivalence ratio. The first terr 
represents the effects of convection of reacting spots mnd  the turbulent driver 
S>F sound emission. The magnitude of this term depends on the sizes ami fre- 
quencies of the reacting hot spots and of the turbulent eddies. 

Appropriate non-diMensionalisation reveals that the order of magnitude :: 
this term is proportional to the non-dimensional parameter (K « U'lt/••$*,) • 
proposed by Kovasznay*** and is also equal to the rstic of two character ist. 
times : ■ *chea/T«ix defined by John and Summerfieid.17 Large values cf J 
cr : could lead to the break up of the flame, i.e. distributed reaction mode!1', 
whereas lower values of K or o would lead to a continuous wrinkled laminar 

This indicates, that for e flame with a large value of It or c, the sound 
spectra should correlate with P^  plua the first term appearing in the mtegiar.c 
cf lq.   (16b) which represents the convection of reacting spots. If K is of the 



orc**r of unity,  tha above additional tat* is the MM oräsr of xaooitode as ?M- 
?}!*.    Tfeis aay account for the differanc* in the sowwJ mtaasxty spectra and 
the light «e*i#*ion spectra*.    On UM other howl, foe * flaws with «wall K or 
o mafetr, the- sound bpsctrua should correlate «oll with light intensity spactru». 
this sugfsst chat by coaparins the spectra of the wurxl intensity and the liffct 
intensity» it «ay be possible to determine the aatiara of the cosfcustion m a 
turbulent flam.    Mhem tha two spectra show a high degree of correlation ti* 
ooafcustion reels*    is that of tha wrinkled laaunar flam.    Lack of correlation 
of tha two apactra would indicate that tha flame x% dosuneted by small seals 
turbulence and tha coateuetxoc is in tha distributed reaction real».    Confirs- 
ation of this conjecture Mill require datailad »easuresaer.t* of tiae aa^ apac«- 
distribution of tha light intensity asuttad fro» all ^arts of the fiaae. 

soar s&gi**?i^ m LIQUID» nap, BVM* camama* 

7m process of sound generation by liquid fuel spray combustion is of 
practical interest in view of tha wide application of spray combuetors. 
Analysis of this problsci is complicated by various ao&~ steady processes aaao* 
ciatad Kith many~pfcrticle statistics* aad turbulent two phase interactions 
involving, tha eschaase of tha mass« mmmstttms aad ensrey.    It can bt shown fro» 
zh-t convected wave equation applied to liquid spriy cossbustioa, that tha sound 
pr« »sure «eaersted by such a non-steady burning, process is given by 

£r  is  tha reference turning rate of * droplet, w     11  the  fluctuating burning 
rlta,   f   i» tha fluctuation  ir. the droplet meaner density,  L is the latent .iaa* 
r* vaporisation. 

Evaluation of  t.n« cor.tributxor. by sound seurces that appear  in the above 
equation requires detailed knowledge of  the gas and liquid phases.     It appears 
that the phenomenological nodal based on the distributed droplet combustion 
provides s relationship batwean the droplet parameters and the emitted *ounc. 
""-  this and the espar mentally ob tax aad droplet burn- *s law 
is  used to evaluate the rate of combustion.    By assuming a droplet sue vs 
time relation to ue d- ■  1  -  t,  the sound intensity due tc combustion of a  »pre.. 
zi*  UM for» sired liquid droplets «a/ be eapressed ry 

where h is the characteristic diaenuion of tha combustion tcna. V is the  tt.t^i 
\*clu»e of the  flaaa, g  is a statistical  factor  - llfe is the psan lifa*tiftt Mnd 
Jtj is the safes of the  liquid droplet.    This re la tier,  is valid wnen *i;f«  is 
crester than the characteristic tise for the reaction of the gas phase. 



studies of tilt noiM generation in ducted burner* «ported by the 
Frinceton group10 revealed * 9006 correlation at la« frequencies (10-1000 Hz) 
xe?tssnac the round spectra recorded by pressure generated by the non~steady 
combustion, end the sound spectra recorded in far field, furthermore, it was 
disclosed that unlike the sound spectra that pertains to an open flaws, the 
sound spectra generated by s ductsd immer revealed e multiple peak structure 
at certain frequency intervals. This «as subsequently identified by Chiu et. il 
as oscillations occurring at SOBS resonant frequency and its harmonics, which 
depend on the aegantry and the aeroecoustic parameters of the duct. This 
aspect «as verified by coopering the critical frequencies predicted by theory 
"it* experimentally observed frequencies for ducts of different length. This 
section describes the essential factors contributing to duct noise generation 
and the features of their sound spectra. 

for a cylindrical duct combustor with radius, R, asial length, L, and 
the BOatHPtlflC sane extending from X • 0 to X ■ L^, (shown in Pig. 2) the 
solutions of the wave equations in two rones are obtained by standard mathe- 
matical procedures. The sound waves consist of asial, radial and circum- 
ferential nodes, aa ordinary duct acoustic nodes. The sound pressure in the 
far field can be calculated fron the velocity or pressure fluctuation at the 
exit --lane and it ia given by the following expression 

where subscript E refers to the properties measured at the exit plane of the 
duct, 2,* is the acoustic impedance, subscript n, represents circumferential 
«roe numbers BMSJ& m radial  mods numbers. The quantity Dm is termed the 
duct noise factor representing the exit piene pressure induced by a non-steady 
heat source of unit strength in the burning rone. i.e. 

**■">» 

where K^f  is the axial mode number 6 ■ Kw/U - H*       Qnm iS the amplitude of 
tne fluctuating heat release given by 

Qe** i^/JtciOJmlt^iie^'af.'^i^ (21) 

mim and OQP are coastaats depending on L, U. and other rarameters. The duct 
s«ui.*e factor Dgp has a significant feature described in the following. 

Observation of Eq. (20) reveals that the duct noise factor becomes 
infinity when t  « 0. This physically corresponds to the duct resonance, which 
occurs if the duct length is equal to the critical length detersu;<ed by the 
following expression il 

where si is an lr.teger, Urm and Rv  are the imaginary and real parts of the 
function *rÄ» given by 
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It is evident that for a duct open on on« end and closed on the other end 
i.e. 2^j ■ •# S^E ■ °*  tne first critical length Lcr for N ■ 0, is equal to 
the quater wave length. For K> 1, Eq. (22) gives the critical length of 
higher harmonics. For a finite~terminal acoustic impedance, Z^, taken to be 
that given for unflanged ducts, natural frequencies for resonant ascillation 
at various duct length h/K can be confuted. The result of such computations 
have been coopered with a series of ducted burner experiments, as shown in 
Fig. 3 . It may be pointed out that the frequency of the first peak falls 
between the values obtained for an open and closed inlet. This is physically 
expected because the inlet of the duct used in the experiments was partially 
closed. 

For a burning zone length of approximately 5 times the radius of the duct 
and with the non-steady heat release spectrum shown in the inset of Fig. 3, 
tne sound spectra invariably exhibit multiple peak structure irrespective of 
the shape of the combustion spectra. Qualitative agreement between the analy- 
tical predictions and experimental observations are quite good, Figs. 4 and 5. 

What has been discussed above has been based on the assumption that the 
size of the fluctuating reacting spot is substantially different from the 
acoustic wave length of the corresponding acoustic wave mode. If the sizes of 
the reacting spots are comparable to that of the sound wave length the acoustic 
oscillation is enhanced. The phenomonon may be classified as an acoustic modal 
instability by which the thermal energy contained in the reacting gas pockets 
is completely deposited into a whole sound wave. This direct energy transfer 
ir.to true acoustic waves results in higher thcrmoacoustic efficiencies than 
in the case of energy transport into a pseudosound wave. 

The pressure waves in a duct include propagating and non-propagating modes. 
The propagating mode includes plane waves at any frequency and spinning waves 
at frequencies above the critical frequency» fnn, given by 

/^ ■ (t-M%)**ßmCL/lK* (24) 

Waves at frequencies below the cut-off value cease to propagate but decay 
exponentially along the duct. 

In the theory just discussed, neither acoustic damping mechanisms nor non- 
linear effects are considered. Furthermore« the response of the burning rate 
to the pressure or combustion instability and its effect? on the duct noise 
emission are not completely understood to date. 

SOUND GENERATION BY TURBO-MACHINERY - COMBUSTION SYSTEMS 

The assembly of component* such as in a turbojet engine generate sounds by 
various means. The sound spec-rum of rotating riachinery is composed of a back- 
ground of white noise with tones superposed at discrete frequencies» correspond* 
ing to the blade passing frequency. When thtse sound waves pass through the 
combustion chamber» they may interact with lombvstio«* pr^ccisas and thus further 
generate what has been termed combustion noise. 
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It is expected that the sound generated by such a system can be described 
in terms of engine parameters, such as tangentical and axial forces generated 
by the fan, compressor and turbine and the fluctuating heat release rate in 
the combustion chamber. By assuming that the compressor, combustion chamber 
and turbine are located as shown in Fig. 6, one may solve the wave equations 
with appropriate boundary conditions at the interface between the rotating 
machinery and the burning zone. For example, the boundary conditions at the 
compressor are the system of conservation laws including mass and momentum 
equations. Detailed analysis reveals that the pressure fluctuation at the 
end of the duct can be represented by the following expression12 

?nm - ArZ[DmQnm -t   Oftm,xfnm,x   +    6*m,*7ftm,$ (25) 

+ ^nm,x fm»x    + ^*m*0 f*m*$ J 
where Dnm-' ^nm x ' ^nm,6 ' ^ni^x* and»3nm,e are coefficients associated with 
various noise s6urces. These expressions are given in terms of the geometry 
and other aeroacoustic parameters, and their detailed expressions are given 
in ref. 12. The resonant oscillation occurs when AT vanishes. The overall reson- 
ance occur as a result of local resonant oscillation in the combustion chamber. 
Since the complete system consists of four different zones (see Fig. 6) there 
are four possible local resonance conditions for the overall system. In view 
of these various conditions for possible resonant oscillations, it is very 
likely that the complete noise spectrum will show a multiple peak structure 
with certain discrete tones. The acoustic instability may also provoke 
resonant oscillations of a given acoustic mode when the sizes of the fluctu- 
ating reacting spots become comparable with the acoustic wave length. 

SCATTERING AND AMPLIFICATION OF SOUND BY FLAMES 

It has been known for some time that flames have ability to scatter sound, 
but a detailed description of these phenomena is not available to date. The 
problem is complicated by the interaction of the flame with the incident sound 
waves of various wave lengths, and by the refraction of the sound by non-iso- 
thermal zones in which the sound speed changes. This section presents some 
essential features of the scattering of the sound wave by flames and in parti- 
cular, the relation existing between the scattered sound and physical parameters 
of the flame. 

The wave equation describing the scattering of sound waves by an open flame 
is given by the following non-dimensional equation 

J, &-&1  -V^M/'V/i - 6$-}&   » 0 (26) 

where the spatial coordinate is non-dimensionalized by wave length with 

Af   -  0^/0} ,    *   -  **t/\  , and  e =fr-OAQo/a, p, 

The subscript 1 refers to the properties immediately downstream of the reaction 
zone, QQ  is the reference rate of heat release. 

We consider a plane wave incident on a flame located at the origin of the 
spatial coordinates. The sound wave in the far field may be expressed 
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as the superposition of a plane wave propagating in the z direction and a 
scattered spherical wave 

(27) 

where Afoo is the ratio of the speed of sound at infinity to that of the flame, 
K is the wave number of the incident wave and f represents the amplitude of 
the scattered wave given by 

K 
in which 6 is the angular position of the field point and q ■ ~* sjnd/2 

z 

To illustrate the explicit scattering amplitude due to the heat release 
rate $, i.e., the first term appearing in the integral of Eq. (28), we assume 
the following distributions for the heat release rate and the speed of the 
sound. 

Q =  3 e^J-A1/**] (29a) 

%9 \: i%2 %)€%Pi~At/Ri] (29b) 

where Rc and Rp are the sizes of the combustion zone and non-isothermal zone 
respectively. 

Substituting the above expression into Eq. (28), yields j 

\sind/L i 
(30) 

It is interesting to note that the amplitude of the scattered wave is pro- 
portional to the total heat realese rate, eER^ and to the frequency of the wave. 
The distribution of amplitudes, f, is not independent of angular position. The 
maximum in f occurs in the direction of the wave propagation, 6 = 0, 6 = 180° 
propagation e « 90°. It is also clear that the longer waves are scattered more 
efficiently than the shorter waves, as may be expected from physical reasoning. 

CONCLUSION 

The physical theory of combustion noise is presented with attention 
focused on the mechanism of the sound emission and the acoustic power of the 
sound fields generated by open flames and ducted combustion systems. Sound 
emission mechanisms of an open flame are classified into Smith-Kilham emission 
mechanisms and turbulent driven Rijke-Riess emission mechanism. The total 
sound emitted is proportional to the combustion sound number and the structural 
.factors which depend on the structure of the flame. The analysis also suggests 
that a high degree of correlation should exit between the spectra of sound 
pressure and the light emitted from the free radicals for a flame dominated 
by large scale turbulence. On the other hand, lack of correlation of the two 
spectra would indicate that the combustion is in the distributed reaction 
regime. The difference in the measured pressure and the sound pressure is 
proportional to the non-dimensional parameter K ■ u'l^/S^X. Confirmation of 
this conjecture, by detailed flame survey, is essential fc the understanding 
of the flame noise. The scattering of the sound wave by a lame is found to 
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depend on the total heat release rate, and the temperature difference between 
the flame and the surroundings. Present analysis indicates that the relative 
size of the flame zone and the wave length are important parameters deter- 
mining the angular distribution of the scattered waves. 
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C0MBUST7C3 NOISE: CROSS-CORRELATION OF 

SOURCE SIGFAL (HOT WIRE) WITS SOUND SIGNAL 

V. G, Richarz1, H. S. Ribner2, G. W. Johnston3, 

Institute for Aerospace Studies«University 
of Toronto »Toronto »Canada. 

ABSTRACT 

Fluctuation of entropy Is known to be the dominau: source of flame 
noise. The source term for the wave equation can be approximated In terms of 
local temperature as p/T D^T/Dt2. The assumption that the eddy scales and 
speeds are such that o^/dt2 is statistically proportional to D*/Dt2 is justi- 
fied as posteriori. As in an earlier Jet noise study (H. K. Lee and H. S. 
Ribner, J.A.S.A. (1972) 52, No.5 (Part 1) 1280-1290), the cross-correlation 
technique has been applied. An unheated "hot wire" probe of Iridium (melting 
point 2700°K) is used as a sensor of local flame temperature. The probe 
signal (T) and the microphone signal (~ o^T/dt in part if the theory is 
correct) are cross-correlated. The theory implies that the cross-correlation 
should have a shape similar to that of the second derivative of the tempera- 
ture rate autocorrelation (RI2(T) ). The calculated and measured correlo- 
grsms are in good agreement.   (Research supported by National Research 
Council (Canada) and Air Force Office of Scientific Research (U.S.A.)). 
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INTRODUCTION 

Noise generated by open, premixed turbulent flames has been des- 
cribed by several investigators (1,2), and their theoretical models have been 
verified to some degree. Hurle et al (3) and recently Shivashankara and 
Strahle {k)  have cross-correlated light radiation - an integrated property of 
the flame with flame generated sound. However, no direct correlation of the 
assumed local source term with the radiated sound has been made. In the present 
investigation local temperature measurements in the flame and radiated sound 
are cross-correlated in a manner similar to the one used by Lee and Ribner (5). 

THEORETICAL CONSIDERATIONS 

The most comprehensive analytical flame noise model is one due to 
Chiu and Summerfield (6). A simpler formalism results if one follows along 
the lines of the jet noise analysis by Phillips (7) and neglects differences 
between the burned and unburned gases in the combustion case. The simplified 
wave equation 

D   in 2_  O  o2 O     |_ P , „ D  1  DS ,-v 

serves as a model for the flame-generated noise. For an air-fed burner only a 
fraction of the gases react, allowing the entropy to be expressed in terms of 
temperature and pressure. 

We may linearize in p/p as 1 ♦ (p-p )/p . Moreover the speeds 

are so low (typically M<,02) that the mean flow effects (source convection, 
refraction by velocity gradients) are small. This permits approximating the 
convected wave equation (l) as an unconvected wave equation. 

4. %Ht, p. 2t *£. «v *, <« 

The second term on the RHS merely accounts for refraction of the sound field 
by the flame temperature gradients; this will be small owing to the large ratio 
of typical wavelength/flame dimension; so that this term may be neglected for 
our purposes. 

A dimensional argument based on typical eddy time and length scales 
indicates that we cannot safely take the further step of approximating 

D2Tf/Dt
2 on the R.H.S. byd2Tfy62t2. (However, it will be seen later - from 

the experiment - thatd^Tf^t* behaves similarly to D^Tf/Dt in its contribution 

to correlations. The far-field solution for the acoustic pressure is then given 

*y 

T^ff   Dt* 
Vf 
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and the cross-correlation of the acoustic pressure at 5 and the flame tempera- 
ture at £ is 

o *f 

where D/DT ■ Ö/&T ♦ u. d/dv| . ; m. « ^-y« ud R«-» is a two point correlation. 

A scaling argument (8) suggests that 

Vxtf.r/») - lnriir 7Yw2)t *H
(
**

,0)
 

L3 (5) 

with 

where u is the r*aii local flow velocity, L* a scale length, w a characteristic 
frequency (reciprocal of a time scale) and 1*3 the correlation volume. Thus the 
theory provides an explicit connection, equation (5), between the peak of the 
local flame temperature autocorrelation R_- and the peak of the temperature- 
sound pressure cross-correlation B_p. This connection can be tested experi- 
mentally . 

EXPERIMENTAL PROCEDURE 

The experiment was conducted in the UTIAS U20 x 290 x 210 cm 
anechoic chamber. The experimental arrangement is shown schematically in 
figure 1. The 1.27 cm. diameter burner was fuelled by a mixture of air and 
methane (CH,). A probe, similar in construction to a hot wire anemometer probe, 
made of iridiua wire (Melting point ~ 2700°K) served as a temperature sensor 
(9)* The probe was placed in one arm of a Vheatstone bridge that was driven 
by a constant current source. A high gain amplifier detected the bridge un- 
balance, the probe acting as a resistance thermometer. The unbalance voltage 
(proportional to temperature fluctuations) and the acoustic signal of the flame 
were cross-correlated by a P.A.R. Model 101 Correlation Function Computer and 
the correlograms were plotted on an x-y plotter. 

RESULTS AW) DISCUSSIO» 

The instrumentation permitted several correlation functions to be 
computed. They were the temperature autocorrelation R-^T) the acoustic pres- 

sure autocorrelation Rpp(T)• the second time derivative of the temperature auto- 

correlation d £T R
TT(

T
 )» *nd the cross-correlation function of the temperature 

and acoustic pressure RTP(T). Figures 2 and 3 show some of the correlograms ob- 

tained. The Autocorrelation d ÄTTL,(T) was computed by autocorrelating the 

first time derivative of the temperature, using the relation ä AT^R-JT) « - 
RXA(T). The differentiation was performed by an electronic differentiator. 
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Nondimensional correlations eliminate the need for conversion 
factors that are required if a dimensional correlation is desired. For the 
purpose of being able to compare R-p(T) and R^&(T)9 thes» factors must be 
known. As both signals passed through linear systems only, a simple scaling 
applied. The flame volume Vf was estimated from the flame dimensions. For 
the flow settiug used, the flame volume was 120. cm^. 

If the proposed theory is correct, then the maximum value of the 
cross-correlation *Lp(T) oust be related to R«w(0) as shown in equation (5). 
Ulis was confirmed (rig. U)  but more than that; a remarkable similarity was 
found between the shape of the cross-correlation JW^T) and that of the auto- 

correlation R*&(T). When the measured correlations were replotted and matched 
at their maxima, little deviation could be found. Thus the equation 

ao f 

applies everywhere. On the other hand the theory dictates an equation similar 
to (T) but with I^IL^/Dr2 replacing k  d2l^/&T*. The experimental confirma- 
tion of the form (?) appears to imply that the temporal and spatial parts of 
the two-point correlation IL—tT,^) have a similar function*! dependence. 

For comparison with the experimental value k  , the value of k 
predicted by equation (6) can be evaluated also from experimental data. A 
source of characteristic length L (a volume of high or low temperature) passes 
an observer in L/u seconds. This passing has associated with it a frequency w' 
such that the duration of the pulse corresponds to the duration of one half 
cycle of frequency w». From w* * mi/L the magnitude of k can be extracted. 
Laser Doppler Anemometer measurements by Durst et al (10) have shown that u 
equals the upstream orifice velocity u . 

o 

The scaling may be summarised as follows: 

jfc(«vdr r*"Ti l ** *l (b) 

(5) 

Here 8 is the number of sources on an equal strength basis. The measured and 
normalized correlations of R-pC-r) indicated that there were some li'00 sources 
on the average, corresponding to a characteristic source si2e of L * ,l*6fc cm. 

From the above data it was found that the predicted value of 
k * 12.8 for the flow speed Up * 600 cm/sec, From a number of runs the average 
experimental value £   * 12.a. Figure U  illustrates the measured cross- 

exp 
correlation FL^T ) and the estimate of R-pt-r) based on the value of k and 

RLI1(
T
). The agreement is very good. The measured cross-correlations Rprf,(

T) 

ranged from 6.5 to 12.5 mV in maximum value, while the base noise voltage cf 
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the correlator was of the order of 1 mV. The poor signal to noise ratio explains 
the often jagged appearance of a single correlogram. Where several correlograms 
of the same signals were superimposed, they were found to average to a smooth 
curve. 
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SHOCK WAVE PROPAGATION THROUGH A 
TURBULENT PIPE FLOW 

by \ 
Ho,  Chih-ming and Leslie S. G. Kovasznay 

Department of Mechanics and Materials Science 
The Johns Hopkins University 
Baltimore,  Maryland    21218 

ABSTRACT 

An experimental study was carried out on a solitary weak pressure 
discontinuity pvopagating through a fully developed turbulent pipe flow. 
The shape of the wave front,  the propagation velocity, the effective 
rise time were all measured as functions of the flow velocity (Mach 
number) both for upstream and downstream propagation. 1 

INTRODUCTION 

Sound wave propagation in ducts was considered as an important 
problem for a long time and there is a great deal of theoretical 
work in the literature.    Here an experimental study is presented 
dealing with the propagation of a weak shock wave through a fully developed 
turbulent pipe flow.    The propagation of a pressure discontinuity as 
contrasted wüh the propagation of pure sine waves can give a 
complementary picture about the propagation and scattering through 
turbulent shear flows.    Turbulent pipe flow was chosen as a turbulent 
shear flow that is both homogeneous in one direction (axial) and 
stationary in time.    Wave propagation in real time was chosen instead 
of frequency domain analysis.    This was deliberate as the concept 
of first arrival is lost when the data is converted into frequency 
domain.    The wave transmitted was not a true shock wave only a 
sharp pressure rise with a finite gradient.    The emphasis is rather 
on the solitary wave aspect of the experiment so that the first arrival 
of the signal is clearly detectable. 

The results of the experiments are applicable to the assessment 
of the sound wave propagation through ducts with turbulent flow as 
well as to sonic boom signatures after passage through the turbulent 
atmospheric boundary layer. 

EQUIPMENT 

A shock wave generator was located at one end of the 15 cm 
diameter 1800 cm long plastic pipe (Fig.   1).    The pipe was 
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mechanically isolated from the generator by a soft foam-rubber 
coupling.    The air flow through the pipe was produced by a 
centrifugal blower.    The air first passes through a plenum chamber 
(a wooden box of 120 cm   x   90 cm   x   90 cm) then it enters the pipe 
through a 3. 8 cm annular slot,   127 cm away from the shock wave 
generator.    Using such a configuration, the shock generator operates 
in still air and it is not disturbed by the turbulent flow field.    The flow 
leaves the pipe through a second annular slot (3. 8 cm) about 330 cm 
from the opposite end of the pipe.    The length of the pipe section with 
turbulent flow between the entrance and exit slots is approximately 
1, 27 5 cm (the length diametric ratio £Z  85).    The maximum velocity 
in the pipe was 2, 320 cm/sec and the Reynolds number 

iif£- = 2-43 '10s 

The flow velocity was varied by changing the amount of bleeding near 
the outlet of the blower. 

The direction cf wave propagation was defined as the positive 
direction correspondingly when the flow direction coincided with the 
wave propagation direction,  it was referred as "downstream" 
propagation and the Mach number   fä r \J{*)/&*     °* *ke flow was 
also defined as positive.    In the opposite case we shall refer to "up- 
stream" propagation and the Mach number is defined as negative. 
Here    (J (o\        is the centerline mean velocity of the flow and   dQ 

is the wave propagation velocity in still air. 

Small microphones (1/8"   =   . 3175 cm; BV»K Type 4138) were 
used to detect pressure waves.    The microphones were placed at 
different locations both inside the flow field and also in the still air 
at either end sections.   Along the pipe,  25 static pressure holes were 
provided.    The measured static pressure decreased linearly with 
distance as evidence of fully developed pipe flow.    The detailed flow 
field was measured by hot-wire anemometers at four stations, 
located 300 cm apart.   All conventional flow parameters (mean 
velocity profile, turbulent intensity) behaved as expected. 

The weak transient pressure wave was produced by an electro- 
magnetic shock wave generator (Fig.  2) originally suggested for 
liquids by Eisenmenger (1964) then adapted to gasses by Nakamura 
and Takeuchi (1969).   The generator consists of a circular metal 
disk (in our case an aluminum plate 0. 119 cm thick) driven by a single 
layer 78 turn flat spiral coil of 17 cm in diameter.    The coil was 
made of enamaled ~virs of 0. 075 cm nestled in the spiral grove of a 
heavy plastic disk.    The Cwil is energized by the discharge of a 
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storage condenser (2. 5 microfarad, applied voltage  10 KV).    No 
external trigger was used as the air gap acted as a switch when the 
breakdown voltage was reached. 

When the air gap breakes down, the magnetic "pressure" 
developed in the coil repelles the aluminum disk.   A rubber ring 
cushions the aluminum disk and it served as an elastic 
element to restore the plate to its original position after the shock. 
A shock wave is produced in the pipe following the sudden motion 
of the aluminum disk. 

DATA PROCESSING 

The transient signal representing the shock wave signatures was 
obtained by the condenser microphones (Fig.  3).   The signal first 
was recorded and stored in a dual channel transient recorder (Phys- 
ical Data Model 512 A) that sampled the signal at 20 microsecond 
intervals up to 1, 000 samples in each channel or alternately a single 
channel operation with samples at each 10 microseconds.   The 
recorder was triggered by the electric discharge in the shock wave 
generator.   The total sweep of the transient recorder was 20 msec* 
but the interesting portion of 'he Shockwave generator signature was 
only about 1 millisec.   This 1 millisec portion of the recorded signal 
was replayed many times and fed into the input of a wave form 
eductor (PAR Model TDH-9) in order to "magnify" the relevant de- 
tails such as accurate arrival time.   The maximum error in timing 
is contributed by the following resources.    The uncertainty of the 
trigger 0. 1 microsecond, the time base of the transient 
recorder   +   0.01%  amounting to typically     2     microsecond. 
Error in delay of the eductor        1       microseconds so the total error 
is less  then 4 microsecond.   The relative error is of course 
much less» estimated to be the order   0. 0003       % of the total 
elapased time.    The output of the eductor was recorded on an 
X   -   Y   plotter (Moseley Model 135) for further data analysis. 

As an alternate route the record stored in the transient recorder 
was displayed in a cathode ray oscilloscope and pol roid pictures 
were taken of the traces (e.g. Fig.  5). 

EXPERIMENTAL RESULTS 

The curvature of the wave front was determined by taking two 
simultaneous records from the two microphones placed at the same 
axial location (1430 cm from the shock wave generator) but at 
different radii.    The difference in arrival time indicated the cur- 
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vature of wave front.    Both rricrophones were oriented perpendicular 
to the axis and they were within the flow field.    Naturally there is 
some contamination of the traces by the velocity in addition to the 
pressure transient.    The magnitude of the parasitic signal from the 
turbulent velocity fluctuations ( Ä fUu ) was estimated to be 
below 1% of the shock wave signal and it was concluded that the 
parasitic signal cannot effect the arrival time only add some "noise" 
to the signal.    The arrival time was defined by extrapolating the 
maximum slope to the base line (Fig.   5-a).    First at zero Mach 
number (no flow), the weak shock wave was found to be a plane wave. 
In case of finite flow velocity, the shape of the shock wave was found 
again to be a plane wave within the resolution limit of the transient 
recorder (10 microsec or 0. 36 cm).    In other words, the wave front 
arrived at the same time at all different radial portion in the pipe. 
If one imagines the pipe to be subdivided into annular channels with- 
out mutual interaction, then the propagation velocity in each one would 
he     CL9 + (J(f)      , where    (J(F*) is the local mean flow 
velocity at the different radii.    In such a hypothetical case the wave 
front would be increasingly curved with time or distance travelled. 
Since experimentally, a uniform propagation velocity was found,  it 
follows that scattering must be responsible for the radial exchange of 
wave components,  resulting in a distinct plane wavefront. 

The propagation velocity of the wavefront was determined by 
measuring the difference of arrival time at two microphone stations 
along the axis,  separated by       A X       ~ 1*082 cm.    The propagation 
velocity of the weak shock wave was measured at different positive 
and negative Mach numbers of the pipe flow,  corresponding to both 
upstream and downstream propagation.   An interesting non-symmet- 
rical behavior was observed.   The difference between the shock 
wave propagation in the flow and in still air was plotted against the 
Mach number of the flow (Fig.  4).    In the case of positive Mach 
number (downstream propagation), all the data points were on the 
straight line representing     CL — A9 

S(J(0)  , therefore the   wave- 
front appears to propagate at the velocity of      Qo ^ U(o)   .    For 
negative Mach numbers (upstream propagation), the wavefront 
propagation velocity was not exactly       Q9  —   U(<>)    »  Du* slightly 
faster, with a small but conclusive difference about     O. /$ (J(°) 
The plausible explanation is that a portion of the wave propagates near 
the wall of the pipe, where the counter flow in the pipe is much less 
than at the center.    This portion of the wave appears to be scattered 
by the high turbulence (see e.g.  Ho,   Chih-ming and Kovasznay 1974), 
back to the center region and it arrives ahead of the wave component 
propagated upstream in the center .    In the case of positive Mach 
number, the wave propagation in the boundary layer is also scattered 
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into central portion of the pipe, but in this case,  it fell behind the 
earliest wavefront, so the velocity of the first arrival is not affected 
by the contribution from the scattered wave. 

The detailed shape of the wavefront was examined by taking 
microphone records at the other end of the pipe within the still air 
but still away from the conical absorber at the end of the pipe.   After 
recording, high resolution traces were taken using polaroid pictures 
from selecting small portions on the oscillogram and these are shown 
in Fig.  5.   A precursor wave can be observed, it may be due to the 
bending wave propagating in the pipe wall excited by the shock wave 
and it is observed as "pumping" the air in the pipe.    For M-0   (no 
flow), the maximum slope of the pressure rise is still finite and the 
rise time is about 20 microseconds.   This is the reason why the shock 
wave was termed as weak since it is not a true discontinuity.    The 20 
microseconds time is well within the response time limit of the 
microphone, whose rise time is estimated to be only 1-2 micro- 
seconds.    In the case of downstream propagation, the slope of the 
wave front was the same as for still air.   At the very beginning rise, 
the "corner" rounded off probably due to scattering by the low 
intensity turbulence within the central portion of the pipe, where the 
fast arriving signal propagated.    In case of f*i ^O     (upstream 
propagation), the maximum slope of the first arriving wave front 
decreases with increasing flow velocity.    This is most likely due to 
the role of scatter-propagation outside the center core.    The propa- 
gation through turbulence may be viewed as a turbulent diffusion 
of the wave front or even as an effective turbulent viscosity increasing 
the wave front thickness.    The results presented here appear to 
disagree somewhat with Ribner's (1973) results obtained when a 
turbulent jet was placeo into a horn type duct.    One must keep in mind 
however that the two flow configurations were so different that a 
direct comparison is really not possible. 

To sum it up present experiments gave clear quantitative data 
on pressure discontunity travelling through a well defined shear flow 
that is both homogeneous in the axial direction and stationary in time. 
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Fig. 4:   The propagation velocity of the wave front at a function 
of flow velocity 
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FLOW DUCT NOISE STUDIES INVOLVING SPATIAL FILTERING TECHNIQUES 

by 

F. A. Aupperle and R. F. Lambert 
Institute of Technology 
University of Minnesots 
Minneapolis, Minnesota 

INTRODUCTION 

A number 0£  investigators (1,2) have examined the utility of a directional 
probe tube for extracting acoustic signals from flow noise in a duct. These 
probes can be used for acoustic power monitoring and have been proposed for 
measurement standards. To date probe tubes have been built as extensions of 
the microphone itself and inserted directly in the flow stream. Proposed here 
is a directional coupler, which operates on the same principle as the probe 
tube, but can be mounted on the wall. By mounting the device on the wall of 
the duct conceivably one can reduce flow disturbance and in addition, one can 
enhance via pc terminations certain wave filtering properties of the coupler. 
Such terminations actually facilitate better rejection of the unwanted noise 
components and in addition make possible the direct measurement of both up- 
stream and downstream acoustic signal components. Hence, this device is also 
capable of monitoring acoustic power radiation by directional wave filtering 
and in addition can be used for sensing standing wave patterns in the flow duct. 

Ignoring for the moment signal attenuation or internal reflections the 
coupler consists of an array of coupling ports (tranducers) and a delay line. 
Signal sampling is done by microphones mounted at both ends (Fig. 1). If, 
for example, one assumes that there are N identical coupling ports aligned 
in the axial direction each of length b, width w and center to center separation 
a, and there is perfect pressure coupling, then one can mathematically model the 
coupler by an array of finite size transducers, the outputs of which are summed 
with an equal time delay between transducers of T » a/c. The basic frequency* 
wavenumber filtering properties of such an array have been discussed at length 
by Maidanik (3). If one applies shading principles (A) to the coupling of such 
an array, then theoretically more that AO dB attenuation of the level of 
certain frequency-wavenumber components of the noise can be obtained. Obviously 
with a realizable device, there are internal reflections, attenuation, and 
imperfect pressure coupling. However, it appears on the basis of a computer 
simulated model and limited experimental studies, that a directional couplei 
can be realized that closely approximates the ideal coupler. 

In this paper we first briefly discuss the important design parameters 
assuming an ideal model for the coupler. Next, we present some design 
considerations for an operational directional coupler and discuss results 
obtained to date. 

FILTERING PROPERTIES OF THE IDEAL DIRECTIONAL COUPLER 

If the total pressure signal is stationary in both time and space, one 
can show using spatial filtering arguments developed by Aupperle and 
Lambert (5) that the output signal of the coupler will be 
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So(u>) - f P(Kx, a)) |G(Kx, (ü) I dKx/2ir (1) 

where P(K , w) is the vavenumber spectral density of the stationary pressure 
fluctuations detected at the wall of the flow duct, G(K , w) is the Fourier 
transform of the impulse response function of the coupler, and K is the axial 
wavenumber. The dependence on the lateral wavenumber K is excluded since it is 
assumed that the coupling port width is sufficiently small that no lateral 
filtering is provided. This formulation is then directly applicable to flow 
noise excitation of any one-dimensional spatially distributed linear system. 

However, in many situations of interest in flow duct acoustics, the 
acoustic pressure signal components propagating upstream and downstream are 
highly correlated. Thus, in general, the acoustic signal plus flow noise terms 
will not obey Eq. (1) and S (u>) must be reformulated. It can be shown that the 
output of the coupler can be written as the sum of a stationary and non- 
stationary component, viz. 

/ VV S0(u) -   /   Pj^, to)   |G(Kx, to)   I    dKx/2ir (2) 

00 

/ 
P2(Kx, 0») G[-KX(1 - Mc)   , a]  GJKX(1 + Mc)   , -4i>] dKx/27T 

where H - U /c is the convectlve mach number, P.(K , u) is the spectral 
density function for the stationary components or the excitation, and 
P.(K , w) is the spectral density of the non-stationary components of the 
excitation. Basically P2(K , w) comprises a cross correlation term between 
the upstream and downstream propagating acoustic signals. The second term 
in Eq. (2) does introduce an element of mathematical complexity but does 
not alter the essential characteristics of the filtering action by the coupler. 
This term can be minimized by design and actually may be negligible in many 
applications. For example, the second term in Eq. (2) may be negligible 
compared with the first if the acoustic signals *re broadband noise since 
upstream and downstream signal components become uncorrelated if there is 
sufficient time delay between them. More importantly this term can be made 
negligible for pure tone excitation if the spatial filter Itself has 
sufficient wavenumber selectivity. For example, assuming M • 0 for 
simplification, the level of the second term is 17 dB belowcthe first for 
measurement of a do'mstream signal provided the product 

r |Gd(-Wc, w)| < 0.01 (3) 
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Here the superscript d indicates the transfer function at the downstream 
microphone position and T  is the magnitude of the pressure reflection 
coefficient of the acoustic signal in the flow duct. In this paper it is 
assumed that only the dominant mode propagates in the flow duct. 

In order to illustrate graphically various filtering properties of the 
coupler, modeled by an array of transducers, a typical measurement situation 
is sketched in Figure 2. Figure 2a illustrates the anticipated excitation 
spectra consisting of superimposed flow noise and both upstream and downstream 
acoustic signals for a particular excitation frequency w. Figure 2b illustrates 
the filtering properties of the array of N identical coupling ports aligned 
along the axial direction of length b and center to center separation a. 
Actually the periodic component of this filter function in the illustration is 
determined assuming point transducers* The function 

2 2 
|Hd(K , CD) | « fsin(oj/c - K )b/2/(w/c - K )b/2]   (4) 

x L X x   J 

is the Fourier transform of the pressure impulse response function of an 
individual coupling port. This function is determined by assuming that the 
pressure fluctuations are transmitted uniformly through the coupling port and 
by accounting for the time delay along the port length. Figures 2a and 2b 
superimposed then illustrate a particular measurement situation where 
downstream acoustic signal information is wanted and the filter is set to 
reject both the upstream acoustical signal and the flow noise component. A 
comparable situation for upstream signal excitation is illustrated in Figure 3. 

Examination of both Figures 2 and 3 reveal that the axial length of the 
coupling port b should be as large as possible to eliminate response maxima 
other than those at + w/c. If for example, b - a, then only maxima at + u/c 
would appear* The filtering function for a continuous port of length L~- Na 
would be identical to that for multlble ports with b « a. That is, for the 
continuous port only one response maxima located at + w/c would be present. 
Thus, ideally one would choose a continuous coupling port in order to 
eliminate any unwanted maxima* However, multiple coupling ports improve the 
possibility of shading the response and if they are used one would choose the 
separation distance, a, such that the unwanted maxima fall beyond the wave- 
number range of interest. 

It is evident upon further examination of Figures 2 and 3 that the 
inherent filtering properties of the coupler can be enhanced by reducing the 
side lobe contribution to the response. This can be accomplished by proper 
coupling design thereby Improving both acoustic signal discrimination and flow 
noise reflection properties. Reduction of side lobe response is a common 
problem in array design and one technique is to employ shading principles (4). 
In this case by shading one chooses the coupler response to be maxima at the 
geometrical center of the array and tapers it to zero at both ends in some 
prescribed manner. Shading principles are commonly used when one wishes to 
obtain the signal spectal density of a signal sampled over either a finite time 
or spatial duration. For example, if one samples a signal f(x) over the 
Interval (-L/2.L/2) the resulting signal is s(x) - f(x)q(x) where q(x) 
• 0 for |x| > L/2. The Fourier transform of s(x) is. then 
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Here F(K) is the Fourier transform of f(x) and Q(K) of q(x). 

Obviously in order to ascertain the spectra of f(x) from spectral 
measurements of s(x) one would prefer Q(K) fco be narrow band and low pass. 
Thus one would choose the sampling window such that Q(K) contained no high 
wavenumber components. In order to reduce the level of such components one 
shades or rounds off the corners of the sampling window.(Fig. 4) 

The above formulation is directly applicable to a directional coupler 
which samples a signal over a finite distance and from which one wishes to 
obtain the signal spectra at the wavenumbers K « + <o/c. In order to 
numerically illustrate the inherent advantages of shading the coupling, the 
logrithmic expression: 

F(Ko, a) - 20 Log10 [ |Gd(Ko + w/c, w)| /|G
d(a>/c,w)|J  (6) 

is plotted in Figure 5 as a function of the dimenslonless variable K L. 
Curves a) and b) clearly illustrate the advantages of shading. Here0 

K■ K - w/c and L is the total length of the continuous coupling port. 
Observe the marked difference between the spatial filtering function for the 
uniform port(curve a) and the filtering function for the port using the 
weighting function of Tukey and Hamming(curve b). As predicted, the side 
lobe response is reduced considerably, however, the center lobe is slightly 
broadened* 

In order to examine flow noise rejection capabilities,the output of the 
filter was calculated using Eq. (1) with the wavenumber spectra of the flow 
.noise P(K , u) modeled after Corcos* approximation of the cross spectral 
density function, i.e. 

00 

P<V w). jM-l^l+J», - 5T)5>d$        (7) 

Here a. is a decay constant and for purposes of these calculations a. - 7.4. 
The results are plotted in Figure 6 as a function of OJL/U . Curves b) and 
c) were obtained from reference (2). The output for a coupler with a uniform 
port is given by curve b). Observe that the noise reduction increases with an 
Increase in the parameter wL/U . 

In recent years there has been considerable discussion about the 
magnitude of the low-wavenumber spectra of the wall turbulence in the range 
K < UJ/U . Measurements by Jameson (6) indicate that for some flow conditions 
tnls level can be as much as 30 dB below that predicted by the Corcos 
approximation. This observation takes on great Importance if it is observed 
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(Figs, 2 and 3) that when the side lobe contributions are negligible, the 
flow noise captured by the spatial filter is due primarily to the low- 
wavenumber components falling in the range of the primary lobe. 

Calculations assuming Corcos' approximation indicate that the side 
lobe.contribution is negligible even for a uniform array. However, with a 
decrease in the level of the low-wavenumber spectra eventually the side lobe 
contribution due to the corrective wavenumbers will dominate the noise terms. 
In curve c)(Fig. 6) the envelope of the output of a filter incorporating a 
uniform continuous coupling port assuming the level of the low-wavenumber flow 
noise spectra is zero is plotted as a function of üL/U and in curve d) the 
envelope of a filter with Tukey-Hammlng shading is plotted. Observe for zero 
low-wavenumber contributions, that the shaded coupling port provides 
considerably more noise rejection than a uniform port. In fact, such a device 
could be used to measure the wavenumber wall pressure spectra of turbulent 
air flow. 

Since the level of the low-wavenumber spectra is not zero, one should 
assume that the actual noise reduction of the filter with a shaded coupling 
port excited by flow noise lies somewhere between curves a) and d). At 
present there is not sufficient data on the low-wavenumber spectra of turbulence 
for more accurate predictions. Thus,it Is concluded that flow noise rejection 
by the spatial filter depends in a very significant way on the level of the 
low-wavenumber spectra of the flow noise and will depend on the array shading 
only if the level of the low-wavenumber spectra is sufficiently low. 

DESIGN CONSIDERATIONS FOR THE DIRECTIONAL COUPLER 

It is here proposed to realize the spatial filter by a broadband 
directional coupler attached to the wall of the flow duct as illustrated 
in Figure 1. Pressure coupling to the flow duct is achieved either by one 
long continuous slit or length L or by N short slits or holes aligned along 
the axial direction. Here we will assume the ports (or slits) are covered 
with a flow resistant material since better filtering response appears to be 
realizable than with open ports. The basic coupler consists of a uniform 
tube whose internal dimensions permit only plane wave propagation over the 
frequency range of Interest and with pc terminationc at each end. 

In order to formulate the response of this coupler the approached presented 
by Wang and Crocker (1) will be employed for the pressure fluctuations in the 
coupler along the port. For their model the pressure fluctuations satisfy the 
differential equation 

2 
d **f*^ + (ü)2/c2 - jwpow/A2) p(x,u>) -jwpow/A2 p

X(x,w)    (8) 
dx 

Where p (K t w) *• the pressure fluctuation in the flow duct at a frequency w 
and position x, w is the slit width, A is the cross sectional area of the 
coupler p is the density of air and 

Z - d(# + jwpp). (9) 
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Here d is the slit depth, $ is the flow resistance of the material in the 
port and p is the effective density of air in the porous material. 

For the coupler with multiple ports it is assumed that over the 
length of each port the pressure fluctuations in the coupler satisfy 
Eq. 8. Between ports it is assumed that the pressure fluctuations 
satisfy the homogeneous wave equation, i.e. 

dx2 
+ <o>2/c2) p(x,u>) - 0 (10) 

By matching boundary conditions at each port one can calculate the wave- 
number filtering characteristics for the filter with N ports. The frequency 
wavenumber transfer function can be written in the form below, 

|G(K M 
2 N N 

I 
n-1 

0jj H (K ,W)H*(K .<o> e^'^'W (11> 
n m n x  m x 

Here H (K ,u>) is the Fourier transform of the impulse response of an individual 
port, Bnare weighting functions which indicate how strong the signal from the 
n th port is weighted at the receiving microphone, and T is an amplitude scaling 
factor dependent on microphone location and coupling tube terminations. For 
pc terminations T - 1. 

Observe, that if the weighting functions U are constant so that the 
signal from each port is weighted equally and if the port filtering functions 
H (I .ft)) are independent of n then the effective filtering function is that 
or a uniform array. In order to shade the array one need only to design the 
spatial filter such that the weighting functions U are of the required 
amplitude for the shading scheme desired. For multiple port coupling the 
individual U can be expressed 

Ü - wb F /d(*+jwp )A 
n   n n n n    p 

(12) 

where F is a function dependent on the internal reflections and attenuation 
in the Soupier. For the ratio WR R/d M sufficiently small it turns out that 
the internal reflections and attenuation are reduced and F becomes nearly 
Independent of position. lor this situation one can shadenthe array of ports by 
•electing either the individual length, width, depth, or flow resistance 
Independently or in combinations. 

Calculations of the side lobe response using this model assuming 25 
ports uniformly spaced with a total array length of 22 cm. are presented in 
Figure 5. Observe that the theory predicts that more than 40 dB attenuation 
of the side lobe response is possible. The frequency response of the filter 
for waves propagating downstream is constant to the neerest 0.1 dB from 
600 - 4000KZ. Experimental results have not been completed, however, an 
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initial measurement of the rejection of the unwanted acoustical component 
indicates that for the array of 25 slits with a total array length of 22 cm, 
one can obtain between 5-10 dB more attenuation of the reflected wave with a 
shaded array than with a uniform array of the same length in the frequency 
range 2-3KHZ. (Fig. 5). 

As indicated in the introduction, enhanced filtering is obtained by 
virtue of pc terminations on the ends of the coupling tube. This makes 
attenuation along the tube unnecessary and, therefore, reduces the required 
amount of energy coupling between the flow duct and the coupler* In fact, 
the filtering capabilities of the coupler are enhanced by reduction of 
attenuation of the signal in the coupler and by removal of any signals 
reflected from the ends of the coupler. This observation is illustrated in 
Figures 7 and 8. In these figures the filtering rejection properties of a 
continuous port are plotted as a function of K L with port width or 
equivalently flow resistance as a parameter. In Figure 7, pc terminations 
were assumed and in Figure 8, it was assumed that the signal was totally 
reflected at each effective end of the coupling tube. For the situation with 
pc terminations, decreasing the port width and, therefore, the attenuation 
improves the inherent rejection properties of the filter by reducing the 
level of the side lobes. In fact, the filtering properties of this design 
theoretically approach that of a uniform transducer array as the port width 
is decreased. With end reflections accounted for, one observes that if 
sufficient attenuation is present the effect of the end reflections is 
negated (curve c) Figs. 7 and 8. Observe as the width of the port is 
decreased the filtering capability rapidly deteriorates as a result of 
serious end reflections. One sees that in order to minimize side lobe 
response and enhance the filtering capabilities of the coupler, end 
reflections should be eliminated and, in addition, attenuation should be 
reduced in so far as possible* 

CONCLUSION 

The filtering properties of a directional coupler mounted on the wall 
of the flow duct have been examined. For ideal conditions the coupler is 
modeled by an array of finite sized coupling ports and the important spatial 
filtering properties examined. A more realistic model is also presented and 
discussed in order to obtain design criteria. 

It was concluded from a spttial filtering viewpoint that a continuous 
coupling port is preferable and also that for detecting either upstream or 
downstream propagating acoustic signals one would shade the port coupling in 
order to enhance the front to back selectivity of the spatial filter. The 
•haded coupling port may provide superior flow noise reduction properties 
depending on the level of the low-wavenumber spectra of the flow noise. 

Calculations of the response of a multiple port coupling tube Indicate 
that theoretically shading facilitates side lobe response more than 40 dB below 
the peak response. Experimentally we have been able to realize 25~30dB side 
lobe attenuation. It was also demonstrated that both attenuation In the coupling 
tube and reflections from the ends of the tube decrease the effective filtering 
capabilities of the coupler. Another advantage of mounting the coupler on the 
wall of the flow duct is that one may provide pc terminations thereby reducing 
end reflections and eliminating the need for large attenuation along the length 
of the coupler* 
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NOISE IN INTERNAL FLOWS 

by 

J. P. Johnston, D. W. Roberts, W. E. Schmidt 

Department of Mechanical Engineering 
Stanford university, Stanford, CA. 94305 

ABSTRACT 

A novel air flow apparatus for study of noise generation and sound wave 
propagation in pipes with flow has been constructed. The principal objectives 
of the program for which it was designed are to:  (i) study propagation of 
sound through restrictions (orifices, nozzles, valves, etc.) in a pipe with 
and without flow, (ii) investigate the sound generation mechanisms and their 
relationship to the fluid flow patterns resulting from the restrictions, 
(ill) compile useful engineering data on acoustic power generated and radiated 
from various standard types of restrictions and (iv) develop a cross-correla- 
tion wall pressure measurement technique that allows the decoupling of plane 
acoustic wave signals from the pseudo-sound resulting from flow convected 
fluctuations. The apparatus is described, some of its measured acoustic char- 
acteristics are presented, and preliminary results on overall SPL levels mea- 
sured downstream of four different sized ASME metering orifices are given. 

INTRODUCTION AND OBJECTIVES 

The problem of noise generation and sound propagation in the presence of 
high-speed gas flow through restrictions (orifices, nozzles, valves, etc.) in 
pipe lines is a vital area for basic research1 >2» *»•»»*•*, ^s pointed out by 
Heymann1, it is particularly Important, in order to lay a proper basis for de- 
sign analysis, to separate the internal aeroacoustlc effects from the separate 
problems of acoustic wave transmission along, and through the pipe wall mate- 
rial. Our research centers upon internal flow aeroacoustics. 

The most common technique for study of control valve or orifice noise is 
to place the valve with, or without, a short length of discharge pipe in a 
reverberant chamber where a microphone, placed far from the valve's discharge 
jet, picks up the radiated acoustic energy. In reference 1 this technique is 
used in a chamber with a low frequency limit of about 800 Hz for 1/3-octave 
band analysis. A larger, but similar facility was seen during a recent trip 
by the first author to the Institute of Sound and Vibration Research, Southamp- 
ton University, England. 

The apparatus devised for our research is quite different, and is believed 
to have a number of advantages over the reverberation chamber method. Details 
of our method are outlined below and in Figs. 1, 2 and 3. Acoustically its 
main advantage is that pressures are measured right on the inside of the pipe 
wall. Thus one obtains the total fluctuating forces on the pipe, as well as 
the acoustic component propagated along the pipe from the main noise sources 
close to the restriction (test element, Fig. 2). A major part of our future 
research will concentrate on techniques* for separating acoustic wave magnitudes 

*NSF Proposal , MET-27-72, August 1972 from Stanford Univ., Mech, Engrg. Dept. 
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from the part of the measured pressure signal due to pseudo-sound. The main 
flulu dynamic advantage of our new apparatus is that it can model the actual 
geometry of restriction and downstream pipe line much more realistically than 
can the reverberation chamber method. Finally, our apparatus, because it re- 
quires no large chamber may be considerably cheaper to build than equipment 
for other methods. 

Many different uses may be envisioned for our new apparatus, but the 
principal objectives of the program for which it was designed are to:  (i) 
study propagation of sound through restrictions (orifices, nozzles, valves, 
etc.) in a pipe with and without flow, (il) investigate the sound generation 
mechanisms and their relationship to the fluid flow patterns resulting from 
the restrictions, (iil) compile useful engineering data on acoustic power gen- 
erated and radiated from various standard types of restrictions and (iv) de- 
velop a cross-correlation wall pressure measurement technique that allows the 
decoupling of plane acoustic wave signals from the pseudo-sound resulting from 
flow convected fluctuations. 

DESCRIPTION OF APPARATUS 

Basically, the apparatus is a long, 4 inch diameter, plastic (PVC), 
schedule 80 pipe made up in flanged sections as shown in Figs. 1 and 2. Both 
ends of the pipe are closed by anechoic terminations, Fig. 3. 

Flow, at controlled rates, enters and leaves the pipe through 16 inch long, 
1/8 inch thick, porous cylinders of sintered bronze particles. These cylin- 
ders have the same inside diameter as the pipe, 3.83 inches. Flow feeds into 
and out of the porous cylinders through short annular, 8 inch diameter, pipe 
segments that form pLenum chambers. At peak flow rates of 300 SCFM, the radi- 
al speed of the air through the porous cylinders is about 1.5 ft/sec and the 
mean axial air speed in the pipe is close to 50 ft/sec. 

The inlet and outlet plenum chambers are baffled and lined with acoustical 
grade open-cell foam to reduce some resonant standing waves that showed up in 
early studies of background noise inside the pipe. However, the porous cyl- 
inders are very stiff and transmit very little acoustic energy to the inside 
of the pipe. Measurements indicated that they attenuate transmitted sound 
pressure levels by at least 30dB. Thus sound waves propagated into the plenum 
chamber from far upstream in supply pipes, filter or control valves do not 
seriously influence pipe background noise levels for our present purposes. 

The particular restriction, or test element type, chosen for test is 
placed between flanges a distance about midway from inlet to outlet. Lengths 
of pipe, flanged on both ends, can be added up- and downstream of the element 
as desired. The total length of our test stand* is currently limited to 26 
ft, but added lengths of up to 20 ft might be added later if needed. Some of 
the pipe sections are fitted with wall static pressure taps and special ports 
for mounting traversing probes** and microphones or other dynamic wall pres- 
sure transducers. 

A steel channel, shock mounted on posts set in the floor, upon which the 
4 inch pipe rests. 

** 
Total pressure tubes, static pressure tubes and hot wire anemometers are 
to be used later in the experimental program. 
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Our first test element type is a set of standard ASME, square edged, flow 
metering orifice plates. Their hole diameters are 1/2, 3/4, 1 and 2 inches 
respectively. This geometry was chosen for three reasons:  (i) It is the most 
common class of flow meter in practical pipe systems, (11) it gives a high 
fluid power loss and produces a high internal noise level and (ill) most impor- 
tant, it is geometrically the simplest and most easily replicated restrictive 
element one can devise. Should standards for Internal aeroacoustic measure- 
ments ever be established, the orifice is an excellent choice for the stan- 
dardizing flow element. 

Currently we have measured only a few flow parameters: pressure drop 
across the orifice, upstream pressures and temperature and mass flow rate. 
Two B and K (Type 4134) half-inch condenser microphones, with shields re- 
moved so that their diaphrams may be held flush at the inside of the pipe wall, 
are the principal acoustic transducers. The microphones are mounted in espe- 
cially designed holders that allow them to operate safely under base pressures 
up to 30 psig. Shortly, we will also have two Kistler Piezotron (204M) pres- 
sure transducers (SPL 70 to 176dB, flat to 3dB from 8 to 20000 Hz) which are 
more rugged than the B and K microphones. The latter transducers will be par- 
ticularly useful in the pipe wall regions that are close to the developing 
jet; just downstream of the orifice where pressure fluctuation levels above 
the useful range of the B and K microphones are anticipated. 

Because objective (i) of our program is to study sound propagation through 
the pipe restrictions and to measure their acoustic impedences with flow, we 
have constructed a special insert that holds a 3 inch loudspeaker perpendicular 
to the pipe axis. The speaker, which can generate acoustic waves, slips be- 
tween flanges that connect one, or the other, anechoic termination to its 
plenum. As shown in Fig. 2 it may be used to broadcast in the downstream di- 
rection, or alternatively, it may be placed by the outlet plenum to broadcast 
upstream. No tests with this feature have been made to date. 

Even though we have just started operations, a few preliminary results are 
presented below to indicate the possible value, and some of the capabilities, 
of this new apparatus for internal aeroacoustics research. 

PRELIMINARY RESULTS 

The initial development of the anechoic terminations was done as part of 
a series of absorption coefficient experiments on a variety of configurations. 
The commercial, B and K standing wave apparatus of the acoustics laboratory in 
the Stanford Department of Aeronautics and Astronautics was used. Tests on 
models closely identical to our final design gave absorption coefficients of 
80% at 100 Hz, 942 at 200 Hz, 98Z at 300 Hz and above 99% from 400 to 2000 Hz, 
the upper limit of the experiment. 

A series of experiments conducted in the actual apparatus set up without 
any flow restriction (test element) established one measure of background 
noise as a function of air flow rate. In Fig. 4 are shown two typical back- 
ground noise spectra taken at the downstream microphone port, see Fig. 2 for 
its location. The peak values of SPL, sound pressure level, were recorded at 
lowest frequency. Levels higher than those shown were obtained below 200 Hz. 
Without doubt, th* high level of noise at low frequency is caused by strong 

786 



standing waves that develop below 200 Hz where the termination absorption coef- 
ficients drop sharply lower than 94%. Two-hundred Hz is the lower useful fre- 
quency, and thus all reported overall sound pressure levels Here obtained by 
linear integration ait** high-pass filtering of the microphone output to re- 
move signal below 200 Hz. 

A full set of data on background noise for the full range of possible 
flow rates is shown as the no-orifice curve in Fig. 6. Noise floor levels at 
zero flow vary randomly depending on conditions in the laboratory building at 
time of test. However, the typical noise floor level inside the pipe is an 
overall SFI of 50bB, well below the 80bB obtained at lowest flow rate during 
jri'.lce tests. Figure 6 also shows that, except for the 2 inch orifice, all 
measured noise levels are 30dB or more above the background so that background 
noise was not a serious problem. 

Figure 5 gives some characteristic downstream SPL spectra for the orifice 
with the 3/4 inch diameter hole. The upper two curves are very similar to each 
other, but different than the lower curve. The reason for this behavior prob- 
ably lies in the fact that the flow was supercritical for the curve labeled 
143.ldB. The flow for the middle curve, labeled 133.5dB, is just barely choked 
or slightly supercritical. However the flow for the lower curve, lll.OdB, is 
totally subcritical. Its orifice jet is all subsonic and contains no supersonic 
zones or shocks as does the jet formed behind the orifice when it operates 
supercritlcally. We are not yet able to offer a detailed interpretation of 
the spectral curve shapes, yet apparently the supercritical flows generate 
much more acoustic power in the 400 to 4000 Hz range than does subcritical 
flow. 

When overall, downstream sound pressure levels are plotted against the 
"indicated" Mach number*, M^ , of the orifice jet, Fig. 7, one sees no distinct 
change in curve shape as the jet goes from sub- to supercritical flow somewhere 
near  Mi » 1 . However, the SPL curves do appear to approach an upper limit 
of about 147dB. This result is yet to be explained. But, If overall SPL does 
in fact attain an upper limit once full supercritical flow is reached, then the 
acoustic efficiency, na , will rise to a maximum in the supercritical zone and 
then decrease as orifice pressure drop continues to increase. This fact, if 
true, could have considerable value to the design engineer who wishes to op- 
timize pipe and valve cost and size, and at the same time is required to keep 
noise below recommended levels. 

Hi   obtained by assuming isentropic flow from upstream stagnation, pj_, ahead 
of orifice to downstream static, p£ • pi and P2 measured at standard 
flange tap locations. 

-.-*!"-] 
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Acoustic efficiency, defined as in Ref. 1, is n ■ W /W  where W 
&   ft x. & 

is the acoustic power transmitted down the pipe fron the orifice jet region. 

Wf is the flow power defined as W - (l/2)lTm . ra is the mass rate of flow 

and U  is a defined theoretical "indicated" isentropic jet velocity obtained 

from U « M.c . c  is the upstream, stagnation speed of sound. 

Measured overall, downstream SPL values, converted to W , gave us a 
a 

rough measure of n • It was found that r,  increased as the (5/A) power of 

M , for subcritical orifice jet flow. This rate of increase is very slow com- 

pared to the 8th power law of "quadrupole" free jet flow.  It is even well 
below the 3rd power law that one might expect to obtain if most of the acoustic 
power were generated by "dipole" mechanisms through interaction of the jet 
with the orifice plate and pipe walls. The fact that higher values of acous- 
tic efficiency were obtained for the orifices with larger holes relative to 
pipe diameter indicates that jet - pipe wall interactions are probably quite 
important. 

Finally, we note that the magnitudes of n  were not unreasonable. Max- 
-4 a 

imum values of r, « 1.3 x 10   occurred at M  values slightly above unity, 

in the supercritical jet flow regime. r\     decreased slightly for higher M 

in the region where overall SPL is limiting out to about 145 to 147db. The 
lowest values of n  observed in these tests were between 1.5 to 2,5 x 10~* 

s 
for M  values between 0.2 and 0.6 . 

CONCLUSION 

These data and conclusions are very recent. They should be treated as 
preliminary until backed up by more research. 

There are a number of measurement problems and questions about the mea- 
surements that must be studied in the coming months. Most vital is the ques- 
tion of refraction effects due to radial and axial flow field velocity pro- 
files in the region where the jet mixes out and refraction in the region 
where the flow exits from the pipe through the porous cylinder. SPL is 
easily measured downstream of the outlet plenum, but its value upstream of this 
outlet is that which we really desire. 

When we measure upstream of the outlet the main problem is the separation 
of acoustic wave pressure fluctuations from the total signal which includes the 
pseudo-sound generated by flow convected eddies. Both real and pseudo-sound 
are of interest. A technique for this measurement which entails the use of 
two wall pressure transducers displaced in the axial direction is to be at- 
tempted. The method is similar to that of Ref. 7. Time shifted correlations 
between the two signals can, it is hoped, separate plane (200 to 2000 Hz 
range) acoustic wave pressures from the pseudo-sound even when signal-to- 
noise ratio is as small as 1, or perhaps even lower. 
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[Work is supported by N?F Jrant GK-37294. Particular thanks for needed 
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Reynolds had the initial idea for the main design features of the current 
test apparatus as outlined in the grant proposal.] 
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MULTIPLE PURE TONE NOISE RADIATION FROM 
A SUPERSONIC ROTOR PROPAGATING IN AN 

ACOUSTICALLY TREATED DUCT 

by 

P. G. Vaidya, R. Shashaani, L. Kisner, & J. Sullivan 
Ray W. Herrick Laboratories 

Purdue University 
West Lafayette, Indiana 47907 

1.  INTRODUCTION 

Under the support of NASA-Lewis, a program to conduct re- 
search on "Multiple Pure Tone Noise Radiatirn from a Supersonic 
Rotor propagating in an Acoustically Treated Duct", has begun. 
The long term aim of this program is to improve the basic under- 
standing of the mechanisms involved, to lead to improved design 
and prediction techniques. 

The program involves both theoretical and experimental in- 
vestigations.  In both of these, a choice of two strategies is 
available:  the total system could be analyzed at once, or each 
component of the system could be separately analyzed. 

It is felt that both these strategies should complement one 
another.  Thus, in case of the theoretical approach, basic an- 
alysis can be carried out for some idealized cases to explore 
in detail a specific phenomenon and this should lead to improve- 
ments in the total system of design and prediction techniques.  In 
the absence of such feedback, numerical computational procedures 
lead to 'canned1 programs which are used beyond the range of 
validity of their input assumptions.  Similarly, controlled basic 
experiments should complement full scale testing procedures. 

In the research program at Purdue University, we have planned 
to carry out the basic analytical investigations which, as the 
program advances, would lead to a computational procedure for 
the prediction of the total system. We are also carrying out con- 
trolled laboratory experiments. It is hoped that at a later stage 
full scale testing could be carried out at the NASA-Lewis Research 
Center, 

In what follows, a description of the Multiple Pure Tone 
radiation problem is presented.  In Section 3, the Method of 
Acoustic Modules is presented and in Section 4 is included a brief 
outline of the supplimentary studies.  These two taken together, 
represent our efforts to seek analytical models for the problem. 
In Section 5, details of the experimental investigations is pre- 
sented.  Conclusions are included in Section 6. 

2.  CHARACTERISTICS OF MULTIPLE PURE TONES 

The most striking feature of noise from a high speed fan is 
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a change from the shrill, high pitched scream of blade passing 
frequency to the low frequency buzzing sound characteristic of 
M.P.T.'s, as the fan tangential Mach numbers become supersonic. 
Figure 1 shows a typical far field M.P.T. spectra.  There re- 
mains some controversy as to the relative subjective response of 
listeners to these two types of spectra; however, it is evident 
from the examination of most of the published noise data that fans 
with M.P.T.'s present are noiser than subsonic fans at equivalent 
pressure ratios and mass flows (1).  It therefore becomes es- 
sential to develop improved suppression concepts for the reduction 
of multiple pure tones. 

There are several interesting acoustic characteristics of 
multiple pure tones that suggest mechanisms for their generation. 
Data from actual fans reveal the following (2): 

a) M.P.T.'s are only detected in the inlet duct and 
forward arc far field noise data, 

b) they propagate only when the rotor tangential 
tip Mach number is greater than unity, 

c) the highest sound pressure levels exist, in gen- 
eral, below the blade passage frequency at in- 
tegral multiples of shaft rotational frequency, 

d) as the fan speed is increased successively, 
lower orders of shaft frequency propagate, suggest- 
ing a cutoff phenomena, 

e) M.P.T. noise levels tend to increase rapidly up 
to Mach numbers of 1.2-1.3 dominated by frequencies 
near half the blade passing frequency, then decrease 
in intensity as the Mach number increases partly 
due to convective effects, partly due to changes in 
shock patterns. 

The above acoustic characteristics of M.P.T.'s suggest strong- 
ly that the noise mechanism is related to the supersonic aero- 
dynamics of the fan upstream of the rotor. Spectral analysis 
indicates the wave form should be of the form of a nonuniformity, 
rotating at shaft speed. 

Multiple pure tone noise generation is governed by the 
aerodynamics of the fan shock system, more specifically by the 
unsteady flow effects of irregularities in the shock amplitudes 
and spacing. The strengths and positions of these shocks are 
sensitive to small blade to blade differences, thus the detailed 
spectral characteristics are unique to each fan. Data has shown 
that these irregularities amplify upstream of the rotor and per- 
sist out into the radiated far field (3), (4). 

Several investigators have analyzed M.P.T, noise through 
the application of finite amplitude wave theories given in re- 
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ferences (5) - (11). A one dimensional analysis by Hawkings 
(12) shows how some of the basic features of M.P.T's can be ex- 
plained. Two dimensional extensions of the theory have also been 
made (13), (14). Pickett (15) developed a method for the pre- 
diction of the spectral content of M.P.T.'s in terms of almost 
periodic pulse trains. 

3.  THE METHOD OF ACOUSTIC MODULES 

3.1 Concept of Acoustic Modules 

Most theoretical studies, in the field of duct acoustics 
understandably concentrate upon idealized conditions. Thus sound 
propagation in semi-infinite absorbent ducts is considered, or 
radiation from a rigid duct termination is analyzed. Very little 
consideration is given, in general, to matching these subproblems 
together to solve a specific practical problem. 

The concept of the Acoustic Modules is a first step in re- 
solution of such discrepancies.  Effort has been made to solve 
all these problems in terms of the same (rigid duct) eigen- 
functions.  Each of the modules is assumed to have an input (pres- 
sure and velocity distribution) which uniquely determines the 
output.  Thus a cascade of modules could be considered and if 
the source distribution (pressure or velocity) of the first module 
and the termination impedance of the last module are known, the 
entire problem should be solvable.  (See Figure 4). 

In Section 3.3, expressions for a rectangular module with 
a uniform but arbitrary lining a^a described.  These results are 
now extended to circular ducts carrying mean flow.  Preliminary 
analysis has indicated that this concept could be extended to 
modules with variations in their cross-sectional area. 

3.2 Eigenfunctions for Absorbent Ducts 

Sound propagation in rigid ducts is analyzed in terms of 
rigid duct eigenfunctions (modes).  Field at the entrance of a 
duct is expressed as a summation of these modes and each of these 
modes are allowed to propagate separately.  Total field at any 
point is simply the sum of the contributions due to each of these 
modes.  In this manner, all the relevent quantities of pressure, 
velocity, and intensity could be calculated. 

When the duct is uniformly lined with a layer of an absorb- 
ant material, the boundary conditions at the walls are altered. 
A straight forward approach would be to choose eigenfunctions 
which obey the wave equation and the soft wall boundary con- 
ditions. 

A controversy about the 'orthogonality' of such modes has 
arisen.  It appears that this might be a matter of semantics. 
It has been shown (references 16, 17) that for two soft wall 
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eigenfunctions, (if they are normalized), 

/•• 
K      dS Ä 6n m m       n,m 

that is, their produce integrated over the cross-sectional area 
identically vanishes if n^m. 

Furthermore, equation (1) can be used to obtain the 
expansions of any input distribution in terms of these eigen- 
functions. 

However, when the wall impedance has a non zero resistive 
;  both ti and ij n 

remains valid, but 

part; both V and v are complex and although equation (1) still 

/•■ 
a * dS X 0, if n/ip. (2) m 

the integral in equation (2) should vanish if the intensity 
is to remain separately calculable in each mode.  This condition 
should, therefore, be considered to be the proper definition of 
'orthogonality1.  In this sense the modes which satisfy the 
absorbent boundary condition are not •orthogonal1. 

In addition, these modes violate the concept of compatability 
of Acoustic Modules.  Therefore a Green's function formulation, 
based on the rigid duct eigenfunctions, has been developed.  De- 
tails of this formulation could be found in the Herrick Labor- 
atory Technical Report, mentioned above (reference 16). 

3.3 Propagation of Sound in a Uniformly Lined Duct 

The method of Green's function is used to obtain expression 
for pressure and velocity at any point in a rectangular duct, in 
terms of the pressure and velocity at the entrance to the duct. 
A homogenous solution was added to the semi-infinite duct Green's 
function to obtain a 'finite length' Green's function. The 
Green's function does not have to obey the wall boundary conditions, 
In view of the discussion in Sections 3.1 and 3.2, the rigid wall 
boundary conditions were chosen. The specific probiert, posed by 
Figure 3 leads to an integral equation which was solved by means 
of Laplace Transforms. Only the final results are presented here, 
(for details, please refer to reference 16). 

From p(y,o) and v(y,o) coefficients C and D are calculated 
as follows: m m 
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(2-6o,m)   f 
Cos 5gl p(y,o)dy 
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n         (-1)   (2-6o,m)        / _      mirv Dra bK UmL J Cos Hp v(y,o)dy m or 

(3) 

(4) 

where 

K m «/ - 1 (5) 

From these it is shown that,  at any point  (y,z) 

P(y'Z)  = £ f Pn,m    Cos 5f    ("1>n 
m n (6) 

and 

v{y,z)  = I z v cos SÄ      (-i)n 
_ _    n,m 1) * ■*•' m n (7) 

where 
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q m '    l"q 17)   * 
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  2 . K 2 

Bz; ■     q 2    "     2.   "     2 
v        , -ipm(2-6o,n)     E F

r    ~ * 

V7 v» <-, is. 
"^ x 

(8) 

[- 
(9) 

x | KmDm Cosh sqz + Cm sq Sinh sqz ] 
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st where Z is the wall impedance and s is the (q + 1)  root of 

Js2  + k2    tan b Jt tan b Js2 + k2 » "^ Zt (10) 

In particular, when z = D, one obtains the output for the 
module from the given input. 

Equations 8 and 9 simplify considerably when Z.>>1.  In 

that case most significant contribution is obtained when m = n = 
q. 

4.  SUPPLIMENTARY STUDIES 

4.1 Introduction 

The Method of Acoustic Modules is to be used, in the long 
term, to analyze the core problem described in Figure 3.  This 
analysis is supplimented by several basic studies which would 
indicate the limitations involved in the core problem and also 
suggest its modifications. A brief description of these studies 
is included in the next subsections. 

4.2 Near Field Aerodynamics of Blades 

This involves studying various models which explain the 
generation of Multiple Pure Tones. A physical description of 
the field is sought so as to serve as the initial conditions 
to the transmission problem in the next subsection. 

4.3 Transmission of Weak Shock Waves in Ducts 

The transmission of various shapes of pulses, in ducts, is 
being investigated.  It is assumed that the assumption of "Quasi- 
Linear ity" is justified.  This would indeed be the case for 
shocks of small amplitude, propagating over small distances. For 
longer distances, repeated application of this method could be 
used and for higher amplitudes, other techniques, such as the one 
in the previous section, will have to be used. 

To obtain "Quasi-Linear" solution to a given problem, a 
corresponding steady state problem is solved, at first. This 
is follwed by a Fourier or Laplace transform technique, de- 
scribed in reference (18), to obtain the time domain rerponses. 

Two sets of problems for infinite long ducts with "rigid 
wall" and with "lined wall" are considered.  Specific application 
is made to the transmission of a Buzz-Saw form in slightly ab- 
sorbent drcts. For details see reference (19). 
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4,4 Propagation of Sound in Duct with Nonuniform Lining 

It would be highly unlikely that the optimum lining con- 
figuration for a given problem happens to be a uniform one.  In 
any case, due to the high intensities of sound encountered, even 
the treatments of uniform thickness would lead to an axially 
non-uniform impedance for the lining. 

It was shown (references 20, 21) that sound fields under 
these conditions can be analyzed in terms of the extraneous modes. 
It was found that for an exponential variation of the duct im- 
pedance, coefficients of the extraneous modes could be readily 
calculated. Experimental work, related to this problem is brief- 
ly described in the section and is presented in detail in re- 
ference (22). 

5.  EXPERIMENTAL STUDIES 

5.1 Design and Construction of the Spinning Mode Facility 

In what follows, a brief discussion of the experimental 
set-up whose construction is completed at this date is presented. 
Details of the design may be found in a Herrick Laboratory Report 
(reference (23)). 

The system consists of seven distinct parts as follows: 

1) Horn drivers and horns: There are eight E-V drivers 
each having 90 watts input power continuous sine 
wave used in order to produce the acoustical 
signals.  The horns are of the conical type, and 
transform the small-area diaphragm of the drivers 
into large area while avoiding the problems of 
resonance. 

ii) Transition section: The unwanted patterns of higher 
order modes are to be diminished through this section 
before reaching the measurement section. This 
section can also be used to introduce a mean fl'v 
accompanying the acoustic signals? the mean fl'.  is 
accelerated due to the geometry of this section, and 
thus a more uniform flow distribution is reached at 
the measurement section. 

iii) Measurement section: In this section the type of 
higher order modes generated by the drivers will be 
investigated and verified.  This is done by cross 
correlating signals from two microphones. 

iv) Test section: The 6 ft. long test tube provides 
means of investigating propagation of spinning 
modes in a cylindrical duct with or without lining. 
The study of attenuation of the pressure fluctuations 
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along the duct axis as well as radially can thus be 
performed by means of a traversing probe in this 
section« 

v) Anechoic termination: This part of the system is 
basically an exponential horn which gradually matches 
the two impedances of the test section and the free 
space.  It is hoped that the reflecting waves into 
the test section are thus minimized. 

vi) Center Body Cylinder: This component of the facility 
constitutes the inner cylinder of the duct as well 
as being the housing for the traversing probe of the 
test section. A set of center bodies varying in 
dimensions provide the desirable hub to tip ratios 
in the test section. 

vii) Electronic instruments: A set of electronic devices 
provide means for generating proper input functions 
to the acoustic drivers, measurement and correlation 
of signals, monitoring inputs and outputs and plotting 
of data. These instruments may be outlined as follows: 

a. Function generator 

b. Operational amplifier circuit to produce 
desired phase differences for the inputs to 
the driving units. 

c. two 400 watts phaselinear amplifiers 

d. two 1/4" B & K microphones 

e. B & K microphone amplifier 

f. B & K narrow band analyzer 

g. Hewlett-Packard real time analyzer 

h. Cathod Ray Oscilloscope 

A sketch of this facility is seen in Figure 5 and that of 
the planned modification of the facility is seen in Figure 6. 

5.2 Measurements in a Duct with Nonuniform Lining 

A previously existing facility at the Herrick Laboratory 
has been modified to carry out preliminary investigation of the 
effect of axially nonuniform lining on sound propagation. 
Figure 7 shows a sketch of the facility. Four speakers can be 
driven, all in phase or with any number of them with a phase 
shift of 180°. A simple traverse of the microphone measures the 
field in the test section, lined with an exponentially varying 
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material and the anechoic termination keeps the back reflect- 
ions to a minimum. Experimental results show that at least 
for some specific range of frequencies, the material arranged 
in this fashion, absorbs move sound.  (see for example, Figure 
8) 

An interesting phenonenon is the increase in the sound pres- 
sure level aong the axis, at some of the frequencies.  One of 
the explanations for this behavior is a possibility of modal 
conversion. A detailed report of these results was made at the 
Acoustical Society's meeting in April '74.  (22) 

6.  CONCLUSIONS 

The problem of the Multiple Pure Tone radiation is seen to 
be a complex one.  It is being modelled in an idealized form and 
being analyzed by means of the Method of Acoustic Modules. This 
analysis is being supplemented by several other basic studies 
to check its validity.  Experimental testing of the basic pro- 
blems involved has begun. 
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STUDIES OP SOUND ABSORPTION MATERIALS 
AND THE ATTENUATION OP SOUND IN DUCTS 

by 

Uno Ingard, Young-chung Cho, Vijay K, Singhal, George P. Succi, 
and William P. Patrick 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

(a) Analytical Studies of Sound Attenuation in Ducts 

Extensive calculations of the insertion loss of rectangular 
and circular lined ducts have been carried out. In many cases 
of practical interest the octave band insertion loss is used in 
describing the performance of a duct, and for this reason we 
have included in the analysis the appropriate integration over 
frequency to obtain the octave band insertion loss for a variety 
of situations. The results demonstrate some interesting fea- 
tures that often are overlooked. First, we show explicitly how 
the octave band insertion loss depends rather markedly on the 
shape of the input spectrum. Thus we have calculated the octave j 
band insertion loss for spectra with slopes 0, +6 dB per octave, j 
and - 6 dB per octave. The differences can be surprisingly j 
large, and the results indicate that specification of octave j 
band insertion losses for a duct in many cases can be quite 1 
misleading unless the shape of the input spectrum is also I 
•specified. ■] 

Another interesting point is that the octave band insertion 
loss of a duct does not increase linearly with the duct length 
even if end reflections are excluded. The reason for this is 
that the shape of the spectrum varies with location along the 
duct. It is found that the deviation from linearity depends 
rather strongly on the boundary impedance. This effect ha3 been 
examined in some detail as a function of the liner character- 
istics. 

(b) Reflection of Sound from a Single Side Branch Resonator 
in a Duct with Plow 

Measurements of the reflection and transmission character- 
istics of a single side branch resonator in a duct with flow 
have been made and compared with a theoretical analysis of the 
problem. Good agreement is found in the flow regime where the 
resonator is not excited by the flow. Under conditions of self- 
oscillations, the "resonance curve" of the reflection coeffi- 
cient is found to be considerably sharper than it is normally, 
and the pressure reflection coefficient *s found to exceed 
unity. 

(c) Plow Noise in Ducts 

Studies of flow noise in ducts have been carried out for 
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three specific cases, involving a single side branch cavity in 
a duct, a constriction in a duct, and a cylindrical obstruction 
in a duct. Conditions for excitation of pure tones in these 
three cases are presented, together wich some attempts to 
describe these effects theoretically, at least in part. 

Included in these studies are experiments on the excitation 
of an open-ended pipe by jet flow. The conditions for excita- 
tion of the axial acoustic modes of the duct are given, and the 
results are consistent with the theoretical analysis of the 
acoustics of an open-ended tube with flow. Thus the excitation 
of the axial modes is found to occur only at comparatively low 
flow velocities, and the reason for this is largely that the 
acoustic damping of the tube increases with increasing flow 
speed. The Mach number dependence of the damping in the tube 
has been determined and forms a basis for a criterion of flow 
excitation of axial modes. 

[This work was supported in part by DOT Grant Agreement 
DOT-OS-30011 and in part by NASA Research Grant NGR 22-OO9-805.] 
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TRAMSMISSXON OF SOUND THROUGH DUCTS WITH VARYING CROSS SECTIONS 

by 

All H. Nayfeh, John E. Kaiser and Demetri P. Telionls 

Department of Engineering Science and Mechanics 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia 24061 

The main objective of the project is to analyze the transmission and atten- 
uation of sound in two-dimensional and circular ducts with slowly varying cross 
sections with or without, mean flow, taking into account any slow variations in 
the wall admittance and the growth of the boundary layer. Approximate solutions 
for incompressible mean flows have been obtained by using the method of multiple 
scales. A parametric study is underway to determine the effect of the different 
flow and liner properties on the attenuation of sound, and the analysis is being 
extended to compressible mean flows. A secondary objective is to analyse the 
wave propagation in ducts with sinusoidal wall undulations. 

1. Introduction 

The design of many physical facilities requires the prediction of acoustic 
wave propagation and attenuation in ducts with varying cross sections with or 
without mean flows. These facilities Include horns, loudspeakers, central air- 
conditioning and heating installations, high-speed wind tunnels, rocket nozzles, 
and aircraft-engine duct systems, with the latter being an area which is current- 
ly receiving much attention. The need for techniques that permit the identifi- 
cation of those duct configurations which possess the most favorable sound pro- 
pagation and attenuation characteristics has prompted numerous investigations 
into the effects of area variations. A summary and review of several techniques 
of analysis of this problem may be found in the review article by Nayfeh, Kaiser 
and Telionls1. of immediate concern in the present discussion are two problems: 
the effect of small undulations in the duct walls and the modelling of the effect 
of geometry variations typical of those encountered in aircraft engine-duct sys- 
tems. 

Isakovitch2, Samuels3, and Salant1* obtained perturbation solutions for wave 
propagation in ducts with no seen flow whose walls vary sinusoldally with dis- 
tance. The wall variations were taken to be of small amplitude and had a wave 
length of the same order as the wave length of the sound. Under certain condi- 
tions, their solutions predicted disturbances from the small wall variations that 
were not small; hence, the basic perturbation expansion was invalid under these 
resonant conditions. They tabulated, from numerical calculations, the resonant 
frequencies; however, no insight into the nature of the wave propagation at re- 
sonant conditions was provided by their analyses since their solutions were not 
valid at resonance. Nayfeh5 pointed out that resonance occurs whenever the wave- 
number of the wall variations equals the sum or difference of the wave numbers of 
any two acoustic modes, and he obtained the solution for the wave propagation at 
resonance. The results of this latter analysis are outlined in section 2 below. 



Early studies of the effect of are« variations typical of aircraft engine 
duct systems restricted their scope to the case of no mean floir. Several 
authors (Zorumski and Clark**, Lansing and Zoruaeki7 and Alfredsou*) used a 
discretization technique based on the solution for a single duct discontinuity. 
Nayfeh and Telionis* applied the method of multiple scales to obtain a uniform- 
ly-valid perturbation solution for a duct of slowly-varying cross section. 
Beckemeyer and Eversman" used the Ritz minimization of functionals with the 
governing equations aa stationary conditions in order to waive the restriction 
of slow variation with axial distance; however, it is not known whether their 
analysis will converge when the variations are large. 

The inclusion of the effects of the high-speed mean flow, which possesses 
8treamwise gradients as well as strong transverse gradients in the wall boundary 
layers, makes the problem considerably more difficult, and most studies have 
employed one or more simplifying assumptions. The most commonly-used assumption 
is that of quasi-one-dimenslonal flow, whicfaellminates the effect of sound 
refraction through the boundary layer. Powerl11 studied the propagation of 
sound discontinuities» while Eisenberg and Kao12 considered the propagation of 
the lowest acoustic mode through ducts with variable cross sections. Huerre 
and Karascheti13 and King and Karaacheti1* investigated the propagation ox the 
lowest acoustic mode, using, respectively, the short-wave approximation (ray 
acoustics) and the method of characteristics. Hogge and Ritzi15 assumed that 
the duct can be broken down into cylindrical and conical sections, and they 
solved the wave equation for a uniform mean flow by application of the method of 
finite elements. However, the restrictions to one-dimensional flow and/or pro- 
pagation of the fundamental mode limits the usefulness of such analyses for 
realistic situations in which the sound is a combination of numerous modes which 
propagate through a mean flow that possesses both axial and transverse velocity 
gradients. 

Perhaps the only simplifying factor of the problem is the fact that, in 
many practical situations, for example in the bypass ducts of high-bypass-ratio 
jet engines, the duct cross-sectional area depends only mildly on the distance 
along the axis of the duct. Moreover, the growth of the mean boundary layer at 
high Reynolds numbers is a slow function of the axial distance, except perhaps 
at the leading edge of the duct inlet. The above factors Indicate that a per- 
turbation method should be appropriate. Such a method could determine the 
correction due to weak nonuniforalties of the duct shape, a mean flow with a 
small normal velocity component, slow variations of the duct liner properties, 
and a growing boundary-layer thickness. In addition to including the effects of 
large transverse velocity gradients. 

iy using the Born approximation Tarn1' investigated the transmission and 
scattering of spinning acoustic-wave modes through a duct nonuniformlty. With 
this perturbation solution, he introduced for the first time the effect of the 
normal component of the mean flow but neglected the refractive effect of trans- 
verse velocity gradients. Nayfeh, Telionis and Lekoudis17 used the method of 
multiple scales in order to study the propagation of all acoustic modes in a 
two-dimensional duct with a slowly-varying cross section carrying a sheared 
incompressible mean flow. Kayfeh, Kaiser and Telionis11 extended the analysis 
to the more practical annular-duct configuration. Their analyses included the 
effects of streamwlse variations of the mean velocity, of the liner properties, 
and of the boundary-layer thickness, and the effect of the mean normal velocity 
and transverse velocity gradient. These solutions based on the method of multiple 
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•calm provide the most comprehensive description of sound propagation in real- 
istic duct configuration* that are available to d>-e. The results of these 
analyses are su—arised in section 3. 

2. Effect of Sinusoidal Wall Undulations 

The problem discussed here is that of sound propagation in a two-dimen- 
sional duct with no mean flow «hose rigid upper and lover nails are given by 

yu - 1 + e sinU^x + 6) (la) 

- e sin kx, (lb) 

and 

respectively; c is s snail dimensionless parameter characterising the magnitude 
of the wall undulations, k is the wave number of the undulations, and 6 is the 
phase difference between tie undulations of the two walls. Th* gas motion is 
described by s dimensionless velocity potential of the form 

♦(x,y,t) • ♦(x.y) eap(-iwt) (2) 

where u) is the dimensionless frequency of the sound oscillation. 

In straightforward perturbation solutions,2"s the potential function 

*(x,y) - *t(x.y) ♦ ev,(a,y) (3) 

is substituted into the governing wave equation and boundary conditions, and 
the equations are expanded in powers of e to yield problem* for $» end for ::. 

The eolution for ^ is simply a wave traveling in s constant-area duct: 

%   * A cos mwy exp(lk x) (4a) 

where 

k2 - <*2 - m2w2 (4b) 

The eolution for $2 shows that if the nth mode described shove passes through 
the duct, the wall undulations generate two waves with wavenumbers k ♦ k and 
kB-kv. i.e.. ■  * 

M*.y> • My) *?[*<*„ ♦ *B>*J * l2(y) ***li0i
A ' K

)x] (5) 

where the form of BI(/) and B2(y) may be found in reference 5. In general* the 
two waves generated by the wall undulations sre weak; Iiowever, if (k ♦ k )• la 
equal (or nearly equal) to k2 , where k is the wr*ve number of the nth moos, 
then *i(x,y) - •, end the etralghtforwaPd expansion breaks down. Salant* has 
tabulated the frequencies st which such resonances occur but has not examined 
the nature of the wave propagation when this reeonence occur«. 

The atralghtforward solution shows that whenever a wave generated by the 



wall undulation* propagates at the ipni of one of too beelc duct modes, such 
a wave io not o —11 correction bot appears ot too firot ordor of appro*lastion, 
l.o.t in too 1 torn of equation (3). further, too ooolc duct oodoo con bo 
«xpoctod to modulate and Interact slowly an they propagate* and tot wave propa- 
gation at roooooaco coo bo analysed with too ootbod of multiple scales (IM 
roforooco If), aooco, to etudy too move propagation noar resonance, k . k > k , 
ono oapaoda too potential function in tbo fore °  * 

♦(«•y) - \ (a« **i,y) ♦ efi(a9»x)9y) (6) 

where i| "ilia abort ocolo characterizing tbo wavelengths of tot acoustic 
waves and x4 ■ ex la a loot ocale charactarlxlng tbt aopl Uude and phase modu~ 
iations and wave lotaractlooo. Equation (o) la oobotitutod lato tbt governing 
equations which aro «amended in powers of e to yl*ld problems for 0, and $,, 
The solution of tbo first-order probien oust contain too too interacting moxJea; 
that is 

v,(xt ,Xj,y) m a^Ca,) coo any expOk^) 

♦ k  Cxj) coo oty exo(ik x,> (7) 
n n 

where tbo wove eeplltudee A (xj) ood A (x,) express tbo alow modulation and 
interaction of tbo too nodef. The functions A (*,) and A (xt) arc deteroined 
such that tbo solution (6) is uniformly valid lo 0(e); that la, by imeosieg 
an lotogroblllty condition on too problea for Vj• one dotaroints tbo variation 
of A (xj) and A (xa). Tbo closeneea of tbt wove propagation to reoooooce la 
expressed by tbt detuning parameter c according to 

k • k • k ♦ ec. z  - 0(1) (0) 
warn 

In tbo first case, k   - k   - k   ♦ tu,  tbt integral) 1 lit y condition yields w       n       o 

A.   - am expCsx,), A^ • Sä exe((s ♦ fc)»j J <va) 
o       o an 

s • p-0 tto1  - 4Q)    Z] (9b > 

and P. la a coastsat that depends oo tbo wove number« k , k , k    and the wall 
phase ablfc 6.    Io tola cose* it caa be abown that .'. <*0; *tfeua a is purely 
Imaginary and tbo amplitude« A (*%) and A (*j) are bounded aa r; varies.    As * 
consequence, in tbo case k   * 1   - k    neither mode can exist without strongly 
exciting tbo other sad the*aaa>l?tudet of toe two waves slowly modulate according 
to equation (9) aa the waves travel along toe duct. 

In toe case k   • k   ♦ k   ♦ to, the lategrebiiity condition yields w       n       o 

A   • ct exp(aixi) ♦ c? exp(»?x> (10e) 

where 
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wich a similar ireemlt for A . Is this caaa the constant Q la greater than zero 
end tha smalltadae ara baisAd or nmbaemmad aa *j ♦ • depending oa whether 
4Q <. a2 or 40 > of» i.o.f aememdlmg oa the cloeonnai to reeonarce. Hear*, tn 
tha caaa a * k. ♦ k aalthar mode caa exist without strongly exciting tha other, 
and tha eolation admits tha possibility of both modes growing exponentially with 
axial distance. 

la future work, these resonant inter act loos ana to swell wall undulations 
to ha examined to detemine tha Inflnaaca of a aaan flow in the duct and 

the Inflnaaca of duct liners. 

3. Effect of Slowly-Varying area 

a. ho aaan flow 

mayfah and Tellomls* used tha Bathed of multiple acales to detemine the 
propagation of a wane packet in rectangular and circular ducts with »lowly 
varying cross sections and slowly varying wall admittance. For rectangular ducts 
they aaaaejed the dlmenelonleee acooatlc velocity potential to have the fora 

♦<x,y,x,t) • #(x, tTi,y,s;c) exp(U) (ID 

where x. • ex and Tl  • ct are slow acalaa naaaurlng the noduletion of the wave 
packet due to the area variations; c la a snail parameter the order of the 
■airlama elope of the wall; and 

Ü • - *<xl#T,) and H • Mx^Tj) <12> 

with „ the frequency and kt  the complex wave number. Expanding ; in powers of 
i  according to 

$ - i*,U|»Ti**»*> ♦ £a:(xltTt,y.i) ♦ .... (13) 

suhetitutlag late the wave venation and the boundary conditions, and «quatin* 
coefficients of  like powers of «,•  they obtained problems describing :«  end  :.. 

The solution of the first-order problem is 

*.  • A(xlvT|> *(y,t;*;) (1*J 

vnere .  is the characterletit ande obtained by aaeuming that tb* cross section 
is uniform st each station, and tha eepiltude function A(s:,T:)  is still unde- 
termined.    Since the dlmanaioaa of the duct and the liner properties change 
along the duct, the eiaenf unction « ve~lea with x.. 

The second-order problem is an Inlummmjemeoue problem for  ::. an£  it  &*& a 
solution if, snd enlj  if, a solvability condition is satisfied.    TMs condition 
yields an eeuatloa for A of the form 
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where, for two-dimensional ducts, 

A2A             k? sin 2k d 
»  A d , 2 . _? y_ 
E - — (u +   2kyd (16) 

d(xi) is the dimenaionless duct half width and k is the eigenvalue associated 
with the characteristic «ode ^(y.xjXj). Thus, ky is the solution of 

k tan k d — i^ß (17) 
y   y 

where 0 is the specific admittance of the liner. The complex wave number k0 is 
given by 

k* - w» - k* (18) 

For rigid walls, k - n*/d, E is the acoustic energy flux and du/dk is the group 
velocity of the wave packet. 

For a monochromatic wave Ou/dTi - 3A/3TI »0), Eq. (15) integrates to 

sin 2k d 
A2k(d + ££-*-) - constant (19) 

y 

Thus, for no mean flow the variable area gives rise to an Inverse square 
root behavior of the amplitude function. Combining the above results, one ex- 
presses the acoustic velocity potential as 

v • £~ZI Y<y»*;xi) exp[i/ MxOdx - iwt] (20a) 

sin 2k d 
where f (xO - k0(d +  2k 

y ) (20b) 

The amplitude function A(xt) can be interpreted as a correction to the complex 
wave number by writing equation (20) in the form 

i • const. ^(y,z;xi) exp[i/ (k0 + ekt)dx - iu>t] (21a) 

where kx • if,(xl)/2f(xj) (2lb) 

b. With mean flow 

Mayfeh, Tellonis, and Lekoudls17 used the method of multiple scales to analyze 
the propagation of all acoustic modes in a two-dimensional duct with elowly- 
varylng cross section that carries an incompressible, sheared mean flow whose 
velocity components are ue and v&. The analysis was extended to the case of an 
annular duct by Hayfeh, Kaiser, and Tellonis.  A long scale xi ■ ex is used to 
characterlte the wave modulations due to the varying cross section where c is 
the maximum slope of the wall. 

For the two-dimensional case, the acoustic pressure and velocity components 
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ar • expanded in the form 

P - [FgCy^j) + eFjCyjXj) + ...] exp(lj)) 

u « [GoCyjXi) + eG^yjXj) + ...] exp(i<J>) 

v - [MyjxO + eH^y.X!) + ...] exp(k4>) 

(22a) 

(22b) 

(22c) 

where - 3<J>/3t = UJ and 3<J>/3x ■ kc(x!) are the frequency and propagation constant 
respectively. These expansions are substituted into the governing equations, 
which are expanded for small z  to yield a sequence of problems for F , G and 
H ; G and H are eliminated from these problems to yield problems for F . 
n' n    n 

The basic problem, 

^(F»)Hfe(F &  M1-§HF, »o 
and 

3FQ _ 

ay 
IUJBFQ »0 at y - ± d 

(23a) 

(23b) 

where ß ■ u> - k0u0> is identical to the problem that describes acoustic propa- 
gation in a constant area duct, except that ß and d can take on different values 
at eac'u axial station. Hence, 

F0(y;x!) - A(xx) ^(y;xO (24) 

where i|*(y;xi) is the eigenfunction corresponding to the eigenvalue kc and is 
determined as if the flow and duct walls were parallel at each station. The 
amplitude function A(xi) is cistenniaed so that the solution is uniformly valid 
to order 0(e), i.e., by imposing a solvability condition on the inhomogeneous 
problem for Fi: 

X (Fi) - M(F0,u0,vo,ko,d) (25a) 

3Fi 
3y 

♦ iu)3Fj - B(Fo,uo»v0,ko,d) at y - ± d (25b) 

(26) 

This solvability condition yields an equation for A of the form 

f(xi)|~ + g(Xl)A - 0 

where f(xi) and g(xi) are obtained by simple numerical quadratures across u.e 
duct width of integrands that are functions of ^,k3,Bvd,u0,v0 and their axial 
derivatives. TUe solution of equation (26) is 

where 

A(xi)« Aoexp(ifkidxi) - Aoexpdfekidx) 

ki(xj) « ig(x!)/f(xi) 

(27a) 

(27b) 

S?k 

m*m*m ■ Uii.-;>^>^.J^igMM 



Combining the above results, one writes the dlmensionless acoustic pressure 
In the fore 

p(x,y,t) - Ao^fox^expkaMxj) + ek,Cxi)]dx - lud + 0(e) 

The equivalent analysis In annular ducts yields 

p(r,9,x,t) - A^fox^exp [1/fMxi) ♦ ek^x^Jdx - iwt + 1*6| + 

(28) 

0(e) 

(29) 

where m Is the circumferential mode number and kj (xj) Is determined by equations 
of the form of equations (26) and (27). For no mean flow g(x2) « f' (xx) and the 
amplitude functions reduce to the Inverse square root behavior found in refer- 
ence 9. 

In the above analyses, the local attenuation rate la obtained in the form 
ao * cai » Im(ko + ekx) where a0 Is the "quasi-parallel" attenuation rate, which 
is calculated at each axial location as If the mean flow and duct walls were 
parallel; ai contains the effect of the wall slope, the refractive effects of the 
stresmwlse and transverse derlvativea of the mean flow, and the effect of the 
streamwlse derlvativea of the quasi-parallel elgenfunctlon and eigenvalue and of 
tb* liner properties» The total attenuation over a finite duct length is the 
integral of a0 + eat over that length. Computer codes have been developed for 
the numerical evaluation of these effects. The basic eigenvalue problem for 
iKrjXi) and k*(xi) is solved with a Runge-Kutta forward integration procedure at 
each step along the duct length. The axial derivatives dko/dxj and di)/dxi  are 
obtained from an additional application of the Runge-Kutta procedure to the pro- 
blem defined by taking the Xj derivative of the basic eigenvalue problem for ty. 
Finally, k|(xi) ia calculated by use of Simpson's rule. The computer codes are 
operative and are being applied to the analysis of the effect of geometry changes 
typical of those encountered in aircraft engine-duct systems. 

The results of two sample calculations are cited here. Figure 1 shows an 
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Figure 1. Approximate model of an annular bypass duct. 
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approximate nodal of an annular bypass duct «hose walls are lined with a porous 
facing sheet backed by cellular cavities; &\  and a2 are parameters in the ex- 
pressions for the wall radii and are used to vary the duct configuration slightly, 
the core Mach number at the duct entrance was taken to be 0.4, and the flow was 
expanded to a lower Mach number at the exit. In Fig. 2(a) a comparison of the 
effect of two different outer wall variations is made. For the case of a2 « 0.25, 
the mean flow is expanded to a lower Mach number at the exit than that In the 
a2 * 0.2 case. The quasi-parallel approximation predicts a lower total attenua- 
tion for the a2 * 0.25 case, but inclusion of the non-parallel effects results 
in a slightly higher attenuation for this case. In Fig. 2(b), the results of two 
different inner wall variations are shown. The entrance and exit Mach numbers are 
the same for both configurations, but the aj « 0.34 case has a slightly higher 
Mach number within the duct than does the ai * 0.25 case. The quasi-parallel 
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Figure 2. Comparison of the attenuation of the (0,0) mode for 
various wall configurations and y » 30. 
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approximation indicate« that the additional constriction of the duct provided 
by a2 ■ 0.34 results in a slightly higher attenuation. Inclusion of the effects 
of t;£ axial derivatives does not change this general conclusion but does re- 
sult in a lower attenuation level and shifts the point of peak attenuation away 
from the point of maximum deflection of the inner wall. 

The results cited above demonstrate that area variations have a significant 
influence on the characteristics of the sound propagation and that an accurate 
prediction of the attenuation must Include the Influence of axial velocity gra- 
dients (i.e., the quasi-parallel approximation Is not sufficient). 

This analysis is being extended to the case of a compressible mean flow, 
and further numerical calculations for the incompressible case are being made 
to study the effect of different flow and liner.properties on the attenuation 
of sound. 
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HIGH IHTENSITY SOUND IB LIMED DUCTS 

by 

All H. Hayfeh and Ming-Shing Tsai 
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Virginia Polytechnic Institute and State University 

Blackabure, Virginia 24061 

The objective of the project is to analyse the nonlinear effects of the 
gas notion as well as the acoustic lining material on the transmission and 
attenuation of sound in two-dimensional and circular ducts with uniform cross 
sections. Approximate solutions have been obtained for small but finite am- 
plitudes by using the method of multiple scales. The effect of the acoustic 
material is included either by characterising the material by an empirical 
nonlinear impedance or by coupling the waves in the duct with those in the 
liner. The results show that the nonlinearity flattens and broadens the ab« 
sorption vs. frequency curves. Moreover, the effect of the gas nonlinearity 
increases with increasing sound frequency, whereas the effect of the material 
nonlinearity decreases with Increasing sound frequency. 

1. Introduction 

Measured data in typical jet engines indicate that the sound pressure 
levels involved may be in excess of 160 dB which corresponds to a pressure 
fluctuation of the order of 0.01 atmospheres. At these levels, the nonlinear 
effects play an important role in the attenuation of the sound. These non- 
linear effects can be classlfleu into two types: the nonlinearity cf the gas 
itself and the nonlinearity of the acoustic properties of the lining material. 

The nonliLearlty of the aas was investigated by Maslen and Moore1, Burns2, 
Keller and Millman3, Coppens , Pestorius and Blackstock5, and Peube and 
Chasseriaux*. Coppens*1 and Pestorius end Blackstock5 determined the viscous 
and thermal dlssipatlve effects on the nonlinear propagation of plane waves 
in hard-walled duct*. Maslen and Moore used the method of strslned parameters 
(e.g., Nayfeh7, Section 3.1) to analyse strong transverse waves in a circular 
cylinder. They determined the nonlinear frequency shift and the dlssipatlve 
effects of the acoustic boundary layer. Burns obtained a straightforward ex- 
pansion that contains secular terms for nonlinear waves in a hard-walled duct. 
Pueb' and Chasseriaux proposed two expansions for nonlinear waves in hard- 
walled ducts with varying cross sections, one valid for small Mach numbers and 
the other valid for long waves; no solutions were obtained to assess the non- 
linear effects. 

Isakovich* determined a second-order expansion for the nonlinear wave 
propagation in a iuct lined with a material having linear acoustic properties. 
He found that the expansion is free of secular terms as opposed to the case 
of propagation in an unbounded space. 

The nonlinearity of the acoustic lining material was investigated, experi- 
mentally, by Zorumski and Parrott* and Kurse and Allen10 and, theoretically, 
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by Inmard11*12 and Kurz« and Allen10. Zorumski «ad Parrott* and Kurze and 
Allen18 observed that the nonlinear «ifact« tend to flatten and broaden the 
absorption vs. frequency curve. Ingard used the one-dimensional transmission 
line approximation in conjunction with the empirical impedrnce proposed by 
Ingard and Ising13 to determine the nonlinear material effects on the attenua- 
tion of the lowest mod« at low tre^jeoclea. Kurs« and Allen extended the work 
of Ingard to the case of resonant frequencies. 

The objective of this project is to analyse the nonlinear effects of the 
gas motion as well aa the acoustic lining material on the transmission and 
attenuation of sound in two-dimensional and circular ducts with uniform cross 
sections. 

2. Problem Formulation 

We consider nonlinear waves propagating In a uniform two-dimensional/cir- 
cular duct whose walls are lined with a nonlinear acoustic material. The gas 
is assumed to be inviscid, irrotational and initially quleacent with a uniform 
pressure p* and a uniform density p*. The inviscid, lrrotstional gas assumption 

is justified provided that e>0(Re~^2), where t is a parameter characterizing 
the dlmensionless acoustic pressure and Re * d*c*/v* with d* a characteristic 
dimension of the cross section, c$ the ambient speed of sound, and v* the gas 
viscosity. For a duct with d* - 1 ft. at room temperature (cj - 1150 ft./sec, 
v* - 2.142 x 10~* ft? /sec), Re * 5.4 *106 and the inviscid gas assumption 
is valid provided that the sound pressure level L 2. 130 dB above 0.0002 dyne/cm2. 
tor a duct with d* ■ 1 in., the viscous effects can be neglected for L 2. 140.5dB. 

Lengths, time, velocities, density, and pressure are made dijrensionless by 
using d*, d*/c* , c*, p*, and c*cf2. The problem formulation consists of the 
governing equations and appropriate boundary conditions. 

Governing Equations 

§ince the gas flow is assumed to be inviscid and irrotational,^the velocity 
v * v(r,t) in the duct: can be derived from a potential function o(r,t) according 

v - V$ (1) 

while the pressure is related to the density by 

?t    V 
or in dimenslonless quantities by 

YP - PY (2) 

where "y is the gas specific heat ratio. Substituting for v and p from Eqs. (1) 
and (2) into the momentum equations and integrating yield ths following equaticr. 

YP   {<i-Y)i*t + \m)2) + iJY/(Y~1} 

Eliminating p, p, and v from the continuity equation gives 

r) 

330 



♦tt + §^<V<J>)2 + ~<V«>-V)(V4>)2 

y(v*)2]}v2 1+ (l-Y)lO* +TW)2
]V

Z
* (4) 

Boundary Conditions 

The effect of the acoustic lining material on the propagation and attenua- 
tion of the waves is treated by two different approaches. First, Nayfeh and 
Tsai11**15 represented the effect of the liner by a seal-empirical impedance. 
Second, Nayfeh and Tsai1''17 coupled the vave propagation in the duct with the 
wave propagation in the liner. 

Semi-Empirical Wall Impedance 

The nonlinear acoustic properties of lining materials are very important 
in determining the attenuation characteristics of high intensity sound in duetu. 
A considerable number of formulas that relate the acoustic pressure drop across 
the liner to the acoustic velocity have appeared in the literature (see, for 
example Ref. 18 for a review and new results). In references 14 and 15, Nayfeh 
and Tsai used a modified form of the semi-empirical fonrula proposed by Zorumskl 
and Parrott19 to analyse the wave propagation in two-dimensional and circular 
ducts.  In terms of this semi-empirical formula, the boundary condition at the 
wall is 

Pt-Pe " I*t 
+ RJ<v*)]v* + lX*(u)*) + X£(v*,w*)]f£ (5) 

where p* and v* are respectively the gas pressure and velocity normal to the 
duct walls, R* is the nonlinear part of the liner resistance and x* Is related 
to the nonlinBar part of the liner reactance. This form is based on what 
Zorumskl and Parrott call the"instantaneous acoustic laws" which imply in- 
compressibility across the sheet or plate and include a semi-empirical term 
in the momentum equation.  In terms of the dimensionless variables defined 
above, Eq. (5) can be rewritten as 

P - Y~ - [R§ + Rn(v)Jv ♦ Ix0(w) + X^v.u))] »^ 

at duct/liner Interface (6) 

Coupling of the Waves in the Duct and Liner 

To accomplish this, we need the equatif r»s that govern the flow in the porous 
material and the cavities as well as the boundary conditions at the impervious 
walls, the porous material/duct interface, and the porous material/cavities 
interface. The equations governing the wave propagation in the cavities are 
the same as Eqs. (3) and (4) except for the absence of the x derivatives. 

The equations describing conservation of mass and momentum in the porous 
material are 

ß ff + fe(Pv) ■ 0 (7) 
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P.!F+<W+§-0 (8) 

where H is the materiel porosity, p is the effective density, o - o*d*'pfc*, 
and a* is the resistivity of the material. The resistivity is related to the 
velocity by 

o - o0 ♦ oj jvj (9) 

where o0(Darcy'e constant) is due to viscous resistance and o} \v\  (Forchheimer 
nonlinear part) is due to inertia affects.    The pressure is related to the 
density by 

YP - P (10) 
where n la generally a complex number; it is real only at high frequencies 
(above 1000 Hi) and at low frequencies (below 100 Ha). 

As the gas Reynolds number tends to Infinity, viscosity can be neglected 
in the duct and in the cavities but it cannot ba neglected near the boundaries 
where the viscous effects are Important. With vary snail viscosity, the mean 
boundary layers can be approximated by vortex sheets across which the pressure 
and the particle displacement are continuous. For the two-dimensional case, 
we denote by y - n(x,t) and y - C(x,t) the positions of the vortex sheets that 
separate the flow In the duct from that In the porous material and the flow 
In the porous material from that in the core. The continuity of pressure and 
particle displacement gives 

p * D     et y - n(x,t) (11) 
P 

iH-v -0 at y- n(x,t) (13) 
dt 

P • Pc at y « C(x,t) (14) 

at v • 0 at y • C(x,t) (15) 

where $ is the potential function describing the flow in the core and the 
subscripts p and c refe* to the porous material and the core, respectively. 

3. Two-Dimensional Configuration 

To obtain an approximate solution for small but finite amplitudes, Nayfeh 
and Tsal used the method of multiple scsles (see, for example, chapter 6 of 
Ref. 7). According to this method, the solution is sought in the form 
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1 

$(x,y,t) -   I eV<x9,xItx2ty.t) ♦ 0(e%) (17) 
■»1     * 

where 
*m - c*x (18) 

The short scale x( » x character lie« the wavelength of the sound while the 
long scale« xl  • at and x2 - c

2x characterise the evolution of the wave 
litude and phase due to the nonlinearItlea. The axial derivative transfo 
according to 

dx  teg    Bxj     9x2 

Substituting Eqs. (17)-(19) into the governing equations and boundary con- 
ditions, expanding, and equating coefficients of like powers of E, we obtain 

a2*. a2*  a2* 
Sxf^ ly7^     It7^       u uu; 

XU  ) - G  at duct/liner Interface (21) 

where * is a linear known operator and F and C are known functions of the 
preceeding terns; that Is, Fj ■ G; ■ 0, f2  and B2 ere functions of $Jf and 
Fi i ' Gj are functions of 0) end $2. If the liner effects are represented 
by th semi-empirical foraula (6), x takes the form 

*- !r ♦*,!-♦ ys TTT <22) 3t   c ay   " 3ydt 

When a - 1, the solution of Eqs. (20) and (21) for symmetric waves is writ- 
ten as 

*1 - A(xj.x2) co* icy ei(kX* " *t}+ cc (23) 

<2 - u,2 - k2 (24) 

<  tan <  - -iw 6 (25) 

where cc stands for the complex conjugate of the preceeding terns *nd the 
function A(x:,x2) is still undetermined at this level of approximation; It is 
determined by using the so-called solvability condition at the higher levels 
of approximation. The admittance c is related to the liner properties. 

With ;, known, the right-hand sides of £qs. (20) and (21) are known for the 
case m-2. The resulting inhonogeneous problem nas a solution if, and only if, 
the inhonogeneous parts are orthogonal to every solution of the adjoint homo- 
geneous problem.  This solvability condition leads to an equation describing 
the evolution of A(x,:x2) on the long scsle ri. With this solvability condition, 
Eqs. (20) and (2P can be solved for $2, Then, F3 end C3 are known functions. 
Invoking the solvability condition in the inhomogeueous problem consisting of 
Eqs. (20) and (21) when n*3 yields an equation for the evolution of A on the 
long scale x*. 



Denoting the amplitude of the wave by a(x) and using UM results of the 
solvability condition, wo obtain 

g - - (oe ♦ ai« ♦ a*a*)a (26) 

where oif in too linoor attenuation roto and a5a and a,*
2 *re UM nonlinear 

contributions to UM attenuation roto. 11M of foot of UM goo ooolinooxity Is 
contained in at*2 while UM offset of too material uoollneerity is contained 
In aj sad aj. Fro» this equation, it is cloar that UM asterlal nonlinoartty 
is auch aors important than tha gas nonlineerity. Oataiiod nuaoricai examin- 
ation of ai «nd d2 shoo that tha of foot of tho gas nonlinearity incroaoos with 
increasing frequency while tho opposite holds for tho effect of tho aatorial 
nonlineerity. 

Figure 1 shoos good agrooaont between the present results and tho esperl- 
ital data of Kurse and Allan, ante that tha nooll?^arity toads to increase 

the attenuation rote at all frequencies except in narrow bandwidths around the 
rooonant frequencies. Figaros 2-5 aa «oil aa other detailed nuaoricai calcu- 
lations verify this conclusion irrespective of the pode nuaber or the acoustic 
properties of the liner. Moreover» Figure» 2-5 show that the sharper the tuning 
is she narrower the frequency haadwidtho in which the nonlinearity decreeses 
the attenuation rate. 

4. Cylindrical Configuration 

In this case, Hayfeh and Tsalls*17 obtained an Approximate solution by let- 
ting 

$(x,r,8,t) • I  tVUs.xj.ia.r.e.t) ♦ 0(c%) (27) 
wl  " 

Substituting Eqs. (27)» (18), and (19) into the governing equations and boundary 
conditions, expanding, and equating coefficients of like powers of c, we obtaio 

ST  iF   r3r   r Wr     5P^  a u; 

</*(* ) - C  at duct/liner interface (29) 

where F and G are functions of the proceeding terns sad the operstor * depends 
on the Betauet nod el ling of the effect of the liner as in the two-dimensional 
c&ä«. 

The solution of Sqs. (28) and (29) whan a • 1 that is bounded et the duct axi* 
ia taken in the form 

*, - ibiA) V*r) *±0a'  " ^ * "e>+ CC (i0) 

«c* • u* - k* (31) 

?3i4 



<J'(*) • US J (*) (32) 

where si** positive integer sad J    is 1—el's function of order s.    Follow- 
in« tbe procedure described in the previous section, we determine $z sad $, 
and th»   fuixrUon A(ii,i2).    Denoting the amplitude of the «eve by mix) sad 
uriag the «fuatioo describing afei.Xah w* obtain 

—   - -  (<*« ♦ 3Ss ♦ a,*')* (3i> 

Detailed numerical calculation* shoe that the nonlinear effects tend to 
flatten and broaden the absorption vs.  frequency curves,  in qualitative agree- 
ment with the experimental results and the aforestsatlenad tuo-dimem*ioaal 
analytical results.    Moreover,  the effects of the gas nonlinearit* increase 
with increasing frequency while the opposite holds for the eater1*1 nonlinear 
effects. 

5.    Conclusions 

The propagation end attenuation of high intensity sound in tvo-dinensiooal 
and circular lined duct* of uniform cross sections is analysed la the absence 
of nean flow,    the eiwct  is lined with a pr*at-reacting acoustic material con- 
sisting of * porous sheet cr a perforated plate followed by honeycomb cavities 
and backed by tbe impervious wall of  the duct.    The effects of the gas viscosity 
in tiie duct and cavities are neglected. 

Sine« a snvill amount of wave distortion may take place over many wavelengths, 
nuHipl* length scales can be used to represent the propagation and distortion 
of  these wsves;  that  is s short scale characterising the wavelength and long 
scales characterising the amplitude modulation.    Therefor«,  the method of mul- 
tiple scales  is used to determine the nonlinear effects of both the gas and the 
acoustic properties of  the lining material ea tit propagation and alternation 
of sound waves in tbe above mentioned ducts.    An equation is derived for the 
variation of  the amplitude with the axial distance by invoking the solvability 
condition in the second- and thir<Sorder profeii 

The effect of  the  liner on the wave propagation is treated using  twe ap- 
proaches.     In the first approach»   the acoustic characteristics of   the  liner 
are described by a semi-empirical impedance that is s nonlinear function of  the 
acoustic partit 1« velocity.     In the secend approach,  the naves In the duct are 
ccupled with those in the liner, and the wall  impedance is obtained as s by- 
product  ir, terns of  tbe liner geometry and acoustic properties. 

The principal conclusions of the present study sre: 

1)    The nonlinearity flattens and broadens the absorption vs. 
frequency curve,  irrespective of the geometrical dimen- 
sions or  the porous material acoustic properties,  in 
agreement with the experimental observations.    Thus,  the 
nonlinesrity always has an adverse effect on the attenua- 
tion rate in narrow frequency bandwidths about the resonant 
frequencies.    Outside these bandwidth* the nonlinearity 
always has a favorable effect. 



2)   Taa «ff«et of Utt|M nonlinearlty lacTaaaaa with in- 
er—lag «Had frasjuancy, titwar— taa «ff«et of tat 
material annllaaarlty dacraaaaa with increasing sound 
freejutmey. In gamaral, thm malarial anal inaarlty is 
mch aore important than tha gaa aamilaaarlty. 

3} Tat sharper the raaoaaat tuning ia tha narromar tha 
adverse fiaaejancy bandwidth ia. 

4) Siaca taa raaoaaat fiatjuamclea iacraaaa with aoda 
euanar, taa fraajaaacy corraaaoamiag to taa oaaat of tha 
adverse aaaltaaar äff act iacraaaaa with aooa nunbtr. 
Moreover, taa adverse frequency bandwidth iacraaaa« 
with 

Taa limitations of tha praaaac study are: 

1) Thcrt is no aaan flow. 

2) A point-reactlag liner is considered whan tha waves in 
tht duct ara coupled with thoaa in tha liner. Tha wave- 
length of intaraat auat ha ioagar than tha thicknaas of 
tha porous medium, ualaaa thara ara partitions is tha 
porous aaterial. 

3) Viscous «ffacts are neglected. 

4) The wavas art dispersive; that is wavas with difforant 
wavalangths travel with diffarant phasa spaads. 

5) Tht ducts havs unifora cross-sactions. 

Tht prtaant analysis is halng extended to dtttralnt tht combined effects 
of flow and high intensity sound on tht attanuatlon in a lined duct with s uni- 
form cross stction. 
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Figur« 1 •  Coaparison of the present analytical results 
with the expsriaantal date of Kurze & Allen 
(1971) for the lowest node, d*-l", b*«0.015,(, 
h*-0.75", 0-0.95, s-1.15, Oi-2293 or a, « 
3,8675 x 10*. 

838 



100 

 NONUCAR 
 UNEAft 

(Ü-Q95.8-1.15) 

Figure 2.  Effect of material nonlinearity on the absorp- 
tion coefficient dL/dx (L is the sound pressure 
level) of the lowest mode for two porosities 
and b-0.015, h-0.2, ao-50, Oi«2000, end |v| - 
0.015 at the duct/liner interface. 
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Figur« 3.  Effect of »e Serial nonlinearity on the absorp- 
tion coefficient of the lowest mode for two 
thicknesses of the porous Material, 0*0.95, 
s-1.15 and the parameters of Figure 17. 
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Figur« 4.  Effect of material nonlinearity on the Absorp- 
tion coefficient of the lowest mode for three 
cevlty depths» ft»0.95, s-1.15, end the 
parameters of Figure 17. 
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Figur« 5.  Effect of material nonlinearity on the absorp- 
tion coefficient of the lowest four modes for 
b-0.015, h-0.2, 0-0.95, s-1.15, oo-100, Ox ■ 
2000, and |v|-0.01 at the duct/liner Interface. 
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ADMITTANCE DETERMINATION IN THE PRESENCE OF A MEAN FLOW AND 
THREE-DIMENSIONAL WAVE MOTION 

by 

B. T. Zinn, B. R. Daniel, W. A. Bell and B. A. Janardan 

School of Aerospace Engineering, Georgia Institute of Technology- 
Atlanta, Georgia  30332 

ABSTRACT 

In many transportation noise attenuation studies it is necessary to 
determine the admittance of a duct cross sectional area or termination in the 
presence of a three-dimensional wave motion superimposed upon a steady one- 
dimensional flow. An acoustic facility capable of providing such data over a 
wide range of test variables has been developed and used to measure the 
admittances of a variety of choked nozzles and the attenuation provided by 
various acoustic liners. The design of the modified impedance tube is based 
upon an extension of the classical, no flow impedance tube theory. Tue 
required three-dimensional wave motion is generated by electropneumatic drivers 
and is superimposed upon a mean flow provided from high pressure storage tanks. 
The unknown admittances are determined from pressure amplitude and/or phase 
measurements taken at discrete locations along the impedance tube. This paper 
describes the facility, the experimental technique and typical nozzle and 
acoustic liner admittance data measured to date. The measured data is com- 
pared with available theoretical predictions. 

INTRODUCTION 

In many practical problems encountered in noise attenuation and combus- 
tion instability studies it is necessary to know the admittance of a duct 
cross sectional area when the duct contains a mean flow and three- or one- 
dinensional wave motion. Once the admittance is known, jt can be used to 
compute tiu? acoustic energy flux crossing the location under consideration. 
This paper will describe how the admittances of the entrance plane of a choked 
nozzle and a lined duct are measured under the above-mentioned flow conditions. 
In addition, the paper describes local liner admittance data measured under 
flow conditions simulating those observed in unstable rocket motors. 

The measured admittance data are compared with available theoretical 
predictions. Ihe theoretical determination of the nozzle admittance requires 
the solution of a mathematically complex system of conservation equations 
which describe U^ behavior of the flow oscillations in the convergent section 
of a choked nozzle and, to date, solutions have been obtained only for a 
limited number of cases. The most sophisticated treatment of the nozzle 
admittance problem was developed by Crocco and Sirignano(Reference 1) , who 
considered the case where the wave motion in the nozzle is three-dimensional 
and the mean flow is one-dimensional. This  theoretical treatment is, however, 
applicable to nozzles having simple geometrical configurations and one must 
resort to experimental studies whenever the admittances of complex nozzle 
designs are needed. 

The local admittances and the resonant frequencies of acoustic liners 
exposed to small amplitude oscillations under no flow conditions can be 
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determined from classical theories (References 2 and 3)• Nonlinear effects 
have been accounted for in studies conducted by Ingard and Ising, Sirignano, 
and Zinn (References k through 6) and empirical equations describing liner 
behavior in the presence of a one-dimensional pressure oscillation and a 
steady one-dimensional flow have been developed by Garrison (Reference 7) • 
The applicability of the available local liner admittance equations under flow 
conditions encWintered in unstable rocket motors and turbofan engine flow 
passages has been investigated experimentally and some of this data is sum- 
marized in this paper. 

Ihe modified impedance tube technique has been employed in this study to 
measure the admittances at the entrance planes of various nozzles and acoustic 
liner-nozzle combinations. In the modified impedance tube technique, a sound 
source capable of generating simple harmonic waves of desired frequencies is 
placed at one end of a simulated chamber. The other end of the chamber is at- 
tached to the nozzle and/or liner-nozzle combination whose admittance is to be 
determined. A schematic diagram of the facility is shown in Figure 1. With 
the aid of the acoustic driver, a standing wave pattern of a known frequency is 
superimposed upon the one-dimensional mean flow present in the tube. The 
admittance of the nozzle and/or liner-nozzle combination is determined by 
measuring the amplitudes and phases of the resulting standing waves by means 
of a set of microphones located along the chamber walls. In addition, the 
local liner admittance data has been obtained using the two microphone tech- 
nique (Reference 7) • A summary of the relevant expressions required for the 
measurement of the admittances is presented in the next section. 

ANALYTICAL CONSIDERATIONS AND EXPERIMENTAL TECHNIQUE 

Nozzle Admittance 
Only a qualitative description of the theory and a summary of the 

relevant expressions required for the measurement of admittances, using the 
modified impedance tube technique, are presented herein; for detailed 
derivations see Reference 8. The expressions required for the calculation of 
the admittance are obtained by solving the system of conservation equations 
that describe the behavior of small amplitude, three-dimensional disturbances 
which are superimposed upon a steady one-dimensional flow inside a simulated 
cold flow combustor. The simulated combustor has an acoustic driver at one 
end and a choked nozzle or liner-nozzle combination at the other end. The 
above-mentioned solutions are then required to satisfy the unknown admittance 
boundary condition at the end of the duct entrance. The resulting expres- 
sions describing the time and space dependence of the pressure and velocity 

Q 

perturbations inside the simulated combustor are given by: 

p/ " AJm (Smn F") cos * ^  + "* cosh [m " iTT \?  + * + T?J  (1) 

Aei(u)t +az)j 

u' g—£_ U     -E-) cos m0 'rkk    (1 - M2) 
pe[k2 + (W/j m v 

w 

sinh LTTQf - TT(^0 + £ + ^j . ^J2£J M cosh ^m - n^0 

a Bessel 
roct of the equation 

\ -> 

■""" L- " "\" ' 5 ■  \      ' i~T"/ ..     ~ ? + T/'x-  {2] 

wh^re J   is a Bessel function of the first kind of order m, S     is the nth m mn 
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*¥Sf?%<!»»T«*,^? . j^. 

dJ (x) 
m 
dx 

= 0, 

m is the number of diametral nodal lines in Uie transverse wave pattern, n 
is the number of azimuthal nodal lines, and the subscript w denotes the 
value at the wall. The parameter cu is the angular frequency of oscillation, 
and a, k  and \ are given as 

ran 

A*. 7SFL. 7) 
a = kM 

vrv 
-M2' 

mn -a2 
2tr 

mn 

where the wave number k equals u>/c. Hie two parameters or and ß respectively 
q 

describe the changes in amplitude and phase between the incident and 
reflected pressure waves at the plane whose admittance is to be evaluated; 
that is, 

/Amplitude of Reflected \ 
I   Pressure Wave   1 
I Amplitude of Incident / 

-2TT0 
(3) 

Pressure Wave 

(Phase Change Between I 
Incident and Reflected! 

Pressure Waves   / 

lube 
Termination 

* TT(1 + 2») W 
Tube 
Termination 

where parameter ß must, satisfy |ß| * 0.5. 

The specific admittance, Y, defined as 

Y . al (5) 
p 

rep■esents the boundary condition that the solutions for the axial velocity 
perturbation v. and pressure perturbation p must satisfy at the tube termina- 
tion. In general, this admittance is a complex number whose r?al and imagi- 
nary parts describe the relationships that exist at the tube termination 
between the amplitudes and phases of the velocity and pressure perturbations. 
Hie nondimensional form of the specific admittance is written in the following 
form: 

y - f ■* (r;) yr + iyt 
(6) 

where the reference admittance Y 
g 

p z«0 

(l/pc)is the characteristic admittance of 

the gas medium in the chamber. Substituting the solutions obtained for the 
pressure and velocity perturbations (i.e., Equations (1) and (2)) into the 
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ab?ve definition yields the following expression for the nondimensional 
admittance y at the tube termination: 

$'S2 - S 2(1 - tf)  coth n(a - iß) - (s )2 M mn mn 

s2 ♦ (sj2  ~~~ mn 

(7) 

where S equals u>r/c. Separating the admittance into its real and imaginary 

parts gives 

*/Q
2
 - Q 2(I . jjp) svs - s mn tanh Tra sec nß 

—5 F 
tanh "er + tan nß mn 

"5 TT" S + (s^ mn 

JE S2 - S 2(1 - fif) tan nß sech2 nor mn 

S2 + (S A)2] (tanh2 n<* + tan2 rrß} mn  J 

(8) 

(9) 

Equation (7) differs from the classical admittance relation by the addition 
of the terms involving S  and S, which account for the effects of the three« mn 
dimensionality of the waves and the presence of mean flow, respectively. For 
longitudinal waves S  »0 and for no mean flow fi mn 0, letting S mn M • 0, 

reduces Equation (7) to the classical result given in Reference 9* 

Examination of Equations (8) and (9) shows that the nondimensional 
admittance depends upon the steady state properties of the flow and the 
parameters a and ß. Hence to compute the admittances, or and ß must be 
measured. These parameters can be found from either pressure amplitude and/or 
phase measurements taken axially along the walls of the impedance tube. To 
obtain at and ß, Equation (l) is rewritten in the following form 

p (z,t) « |P U)| e 

where the pressure amplitude |P'(R)J IS given by 

and the phase 6 Is 

~        2 2 cos m8    cosh   TO - cos   ~ {•+ ¥): 
4 

r. 6 m az + Arctan |^tanh TO Cot *\$ ♦ -y)j 
4 

(1C5 

(11) 

(12) 

Equations (11) and (12) show that the pressure amplitude |p'| and pressure 
phase 6 are functions of the axial coordinate, the steady state properties of 
the medium, the known frequency and mode and the unknowns or, ßand A. Die 
availability of such expressions for the pressure amplitude and pressure phase 
suggest that if one can measure the pressure amplitude and/or pressure phase 
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at three different locations along the chamber, then the experimental data 
could be substituted into the theoretical expressions for the pressure 
amplitude and/or pressure phase and the resulting algebraic equations could 
then be solved to determine the unknowns of the problem; that is, the 
parameters a and ß which characterize the admittance. In this investigation 
the admittance parameters or aiid ß were determined by measuring both the 
pressure amplitudes and phases. The resulting values of or and ß were then 
substituted into Equations (8) and (9) to determine the admittance. 

Since the expressions relating |p'| and 6 to the admittance parameters 
a  and ß are nonlinear, pressure amplitude or pressure phase measurements 
taken at only three discrete axial locations may not guarantee the uniqueness 
and accuracy of the calculated values of or and 3. Hence, lc improve the 
accuracy of the measured admittances, ten transducers placed at different 
locations along the modified impedance tube were used during this '.nvestiga- 
tion. The unknown admittance parameters were then obtained by usi.jg the non- 

linear regression technique  which determines the set of values of a  and ß 
that minimi zes the root-mean-square deviation between the measured pressure 
amplitudes and/or phases and the corresponding theoretical expressions as 
given by Equations (11) and (12) . The determination of & and ß from pressure 
amplitude data is illustrated below. Similar procedures can be followed to 
determine cr and ß from pressure phase measurements. 

In the case of the pressure amplitude measurements the values of the 
parameters a and ß that minimize the RMS deviation between the measured data 
and the expression given in Equation (11) are obtained by miiünuzing the 
following function F: 

10 4t F * I [Ei " Ti(Q' 3> A)J (13) 

i«l 

The parameter E. is the pressure amplitude measured at a distance z, from the 

plane whose admittance is being measured. The function T. is the corres- 

ponding the Tetical pressure amplitude, and it is given by Equation (11 . 
For measurements taken along the wall where r ■ r and at the 9 ■ ^ position, 
7. is given by 

p       2      e"0"H 
I, a A    COSh  "Of - COS  TT! ß + _-£. ! '* (1*. 
i   ran * v   \  /j 

where 

A  ■ AJ vS  ) 
mn   runs mn> 

At the location where F is minimum 

OF  *F  OF ,v. 
55 B W * 3A * * vlv 

Substituting Equation (13) into Equation (IS) give,; 
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HEi-Ti)i£-0; MV^-sr«0* MVVir--0 (16) 

i«d ui i«a      "^ 

Solutions of Equation (16) yield the values of or, ß and A  which provide the 
Bin 

best fit between the experimental data and the theoretical curve described by 
Equation (Ik). Since these equations are nonlinear» explicit solutions for 
or, 0 and A_ cannot be obtained» and these equations must be solved numerical- i      mn 
iy. 

Marquardt's algorithm *  is used to solve Equation (16). This algo- 
rithm is an extension of the Hewton-Raphson iteration scheme. It Keeps the 
rapid convergence properties of the Newton-Raphaon method» and at the same 
time it improves the stability characteristics. To start the iteration» 
Equation (1U) is solved explicitly for or» 0 and A  using various combina- 

tions of three amplitude measurements. For ten amplitude measurements taken 
axially along the tube» 120 combinations of three different pressure ampli- 
tude« can be obtained. The v*luea of a» 0 and A _ obtained from the combina- mn 
tion which gives the mini sum RMS deviation (i.e.» minimum value for F in 
Equation (13)) are then used to start the numerical iteration. The values of 
or and 0 obtained from the iteration are then used to compute the real and 
imaginary parts of the admittance from Equations (8) and (9) > respectively. 

Liner Admittance 

Expressions for computing the local liner admittance and liner resonant 
k 6 7 12 frequency are summarized below: '  ' 

Nondimensional local liner admittance» 

y- ape — - —j— - yr + iyi 
pn  pch 

(17) 

where 

*r- l\t     8      *      *i '■* 2    (i3< 

Liner resistance» 6 

9R • 6L * »« ^ 
where 

eL . -L (nh)* (i ♦ t/doy  ;    eHt.244.B^ 
^  ... 

ape " —'  C* 
(2C> 

Liner reactance» x 

X - I tan (U€ff) - cot (*L) (2V 

where a  is the open area ratio and CD U the orifice discharge coefficient. 
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From the definition of the admittance given by Equation (17) and Equation 
(20), the aperture Mach number M can be computed by solving the quartic 
equation a 

is? „j. 4) ,ji. ifi. j) <. &      w 
\poV 

Also effective orifice length -t ^,f is given by 

*eff * * + °*856 (1 " °*71 ^do (23) 

Some of the geometric variables appearing in the above equations are shown in 
Figure 2. 

In Equation (18), for the real and imaginary parts of the liner admit- 
tance, the effects of wave amplitude are accounted for by the nonlinear 
resistance, 0^.. For low amplitude waves — less than about 120 decibels 

9L is much larger than 9^, , and the liner admittance is essentially independ- 

ent of the amplitude. For high amplitude waves the nonlinear resistance term 
B     becomes dominant. The dependence of 8 . upon wave amplitude is described 

in Equation (20), which relates 6  to M ; the dependence of M upon the 

amplitude of the chamber pressure oscillation is given by Equation (22). 
Expressions describing the effect of a mean flow on the local liner admittance 

7 
have also been developed. 

The tuning frequency of the liner, determined by the value of k fcr 
which the liner reactance x is zero, is also amplitude dependent. Assuming 
the arguments of the tangent and cotangent appearing in Equation (21) to be 
small, the nondimensional tuning frequency S is given by 

2nf 
S * r  » k P  , (jL-£_ (2k) 
o   -  ch   o ch  **eff

L 

To provide local liner admittance data for comparison with the values,, ,2 

predicted by Equation (18), the two microphone technique has been employed.'4" 
The two microphone technique consists of placing one microphone in the liner 
cavity and the other at the liner surface. 3y determining the amplitude 
ratio and phase difference of the signals measured by these microphones, the 
real and imaginary parts of the local liner admittance can be determined from 

7 
the expression* 

IP I IF I 
— sin (<p . - <P )    ;  y. ■ kL — cos (<p . - * )   (25* 

/     x ch   ca     '  J*      /       ch   ca 
pch ?ch 

the measured amplitude of the chamber pressure oscillation |p'hl is also used in 
Equation (8) to compute the aperture Mach number M . 

81 

To determine the spatial variations of t! e local liner admittance, 
measurements were taken at three axial stations, as shown in Figure 3. These 
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measurements were made to assess the validity of the often-used assumption 
that the admittance at the liner face is constant. 

EXPERIMENTAL SETUP 

The experimental setup used in these studies consisted of an impedance 
tube in which a desired three-dimensional oscillation superimposed upon a 
steady one-dimensional flow can be established. Two electropheumatic drivers 
attached to the upstream end of the tube were used to generate the standing 
wtve pattern inside the tube and the measured pressure amplitude and phase 
dt,ta was used to determine the unknown admittance of the device (e.g., nozzle, 
acoustic liner, etc.) attached to the downstream end of the tube. 

The modified impciance tube used in this investigation has been specifi- 
cally designed to investigate the acoustical damping capabilities of exhaust 
nozzles and liner-nozzle combinations. The impedance tube is 11-3/8 inches 
in diameter and 120 inches in length. The upstream end of the impedance tube 
is attached to an injector plate and the tested nozzle or liner is coupled 
directly to the flange at the downstream end of the impedance tube. Provision 
has been made alcng the length of the impedance tube for the installation of 
acoustic drivers, dynamic pressure transducers, thermocouples, and static 
pressure orifices. 

Instrumentation and Data Processing 

A diagram of the instrumentation system used to monitor, regulate, meas- 
ure and record the conditions inside the modified impedance tube is shown in 
Figure k.    During a test the frequency of the drivers is varied at a constant 
rate from 600 Hz to 1100 Hz which include the mixed first tangential- 
longitudinal modes for the test conditions of this study. The analog data 
recorded on the tape recorder during each test were digitized by a Ik 
channel analog-to-digital conversion system. Bie digitized data were then 
numerically analyzed by means of * Fourier analysis to determine the ampli- 
tudes and phases of the chamber pressure oscillations as a function of the 
driver input frequency. Bie resulting pressure amplitudes and phases along 
with the measured temperature data were then used to determine the admittance 
parameters or and ß and the real and imaginary parts of the nondimensional 
admittance y of the tested configuration. 

Test Nozzles 

Tests were conducted with axLsyinmetric nozzles. Ihe geometries of these 
nozzles consist of tiiree sections as shown in Figure 5. Bie first 'section 
starts at the impedance tube and is generated by a circular arc of radius 
r  which is turned through an angle 6., the nozzle half-angle. This section 
cc J» 
connects smoothly to the next section, which is a conical nozzle of angle G . 

The conical nozzle then joins with the third section, which ends at the 
throat and is generated by a circular arc of radius r  turned through an 

angle 6.. The nozzles under consideration are presented in Table 1 where the 

ratio of the radius of curvation r  to the chamber radius r is given for 
cc c 

each nozzle half-angle and Mach number considered. By investigating these 
nozzles the dependence of the nozzle admittance upon nozzle entrance Mach 
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number M, nozzle half-angle 0., and nozzle radius of curvature was determined. 

Test Liners 

Three liner configurations were designed in accordance with the proce- 
dures presented in Reference 7 and tested. Ifteir properties are described 
in Table 2. Liners 1 and 2 consisted of nine axial rows of twenty orifices 
uniformly distributed around the circumference of the cylindrical liner 
section. Idner 1 consisted of individual Helmholtz resonators. For liner 2, 
the twenty circumferential orifices opened into a common annular cavity, as 
shown in Figure 3. Liner 3 consisted of 660 orifices divided into fifteen 
axial rows of kk orifices evenly spaced around the circumference. All of the 
orifices opened into a common annular cavity twelve inches in length. Using 
these three liners the effects of a variety of liner design characteristics 
upon the local liner admittance was determined. 

I Hie acoustic properties of the liners were measured with the liners at- 
I tached to deLaval and/or quasi-steady nozzles whose admittances had earlier 

been measured. Supercritical flow conditions were maintained across the 
I nozzles during the tests. 

f RESULTS 
I 
I Only samples of the admittance data measured during this investigation 
I. are presented here to demonstrate that the modified impedance tube technique 
f can indeed be employed to measure admittances in the presence of a mean flow 
[■ and three-dimensional wave motion. A more complete description of the 

measured admittance data obtained in the above-mentioned studies can be found 
J; in References 8 and 13. 
i 

The experimental nozzle admittance data for the mixed first transverse- 
I longitudinal mode for a nozzle with 0, - 30°, M ■ 0.16 and r /r =1.0 is 

presented in Figure 6 along with the theoretically predicted admittances. An 
I examination of this figure indicates that the theoretical predictions compare 

quite well with the measured data, The  effect of changing the nozzle half- 
angli 0, is presented in Figure 7« Increasing 0, tends to decrease the 

dependence of the nozzle admittance on the frequency in the investigated 
\ frequency range. This result is in agreement with the theoretical predic- 
i tions. 

Experimental and theoretical local liner admittance data for spinning 
mixed first tangential-longitudinal modes are presented in Figures 8 and 9- 

I Tests were also conducted using the corresponding standing modes and no 
difference between the two sets of data was observed. Hence it will suffice 
to consider the spinning mode data in this discussion. The  theoretical 
results in Figure 8 were obtained using Equations (18) through (23). For 
liner 1, which consists of an array of individual resonators, the theoretical 
and experimental values of the real and imaginary parts of the local liner 

I admittance are in agreement to within experimental errors. For liner 2, which 
I is formed by nine separate annular cavities with twenty orifices per cavity, 
I IP 
i the expression for x was modified using Obe^g's analysis  to account for 

the wave motion in the annuli. For small values of the backing distance L, 
I this expression reduces to 
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= i tan M       -   r     
X 1 —T (26) 

kL L1" "5 P L  *v» + t)2J 
ch 

The tuning frequency S was obtained from Equation (26) by solving for k when 

X ■ 0, and was compared with S computed from Equation (21). As shown in 

Figure 8, S obtained from Equation (21) is in better agreement with the 

experimental value than S calculated from Oberg's analysis. Therefore, 

Equation (21) appears valid for liners with annular cavities provided the 
ratio of the backing distance to the chamber radius in small. For liner 3, 
with an unpartitioned cavity, no correlation "between the theoretical predic- 
tions and the experimental data was found. This result is not surprising 
since existing liner theories do not account for the wave motion in an un- 
partitioned cavity. Since over the frequency range considered in this study 
the pressure amplitudes in the test section vt?ied from 1*40 to 160 decibels, 
the agreement between the theoretical and experimental local admittance values 
for liners 1 and 2 indicates that the theory can adequately account for the 
effect of wave amplitude. 

To determine the dependence of the local liner admittance upon the liner 
location in the chamber, measurements were taken at three axial stations 
along the liner located two, six and ten inches upstream of the liner end. 
Data obtained with liner 1 are shown in Figure 9 which indicate that, at a 
given frequency, the real part of the local liner admittance differs by as 
much as a factor of three from station to station because of differences in 
local wave amplitude. Thus, when large amplitudes are involved, the assump- 
tion of a constant liner admittance often used in theoretical analyses of 
lined ducts is generally invalid. 

CONCLUSIONS 

(1) The results obtains during this investigation demonstrate that the 
modified impedance tube technique can be employed to measure 
admittances of a duct termination in the presence of a mean flow 
and three- or one-dimensional wave motion. 

(2) Comparison of the theoretical and experimental nozzle admittance 
data indicate that Croccofs nozzle admittance theory is capable of 
predicting choked nozzle admittances. 

(3) The measured liner data indicates that Equations (18) through (23) 
can be used to predict local admittances of liners exposed to 
three-dimensional wave motion involving either spinning or standing 
waves. These equations are applicable to liners having either 
individual resonators or common annular cavities; they are not, 
however, applicable to liners having common longitudinal cavities. 

(U) The measured liner data indicates that the assumption of a spatially 
uniform liner admittance is not valid. In the present study the 
admittance values differed by as much as 50% at different locations 
because of variations in wave amplitude. 
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Table 1. Tested Nozzles 

0.08 0.16 0.20 

!     15 l.o,.uu 
30 M 1.0 

1     k5 
M M M      I 

Table 2. Liner Characteristics 

Cavity Diameter 

* 
Liner 1 

** 
Liner 2 

#    1 
Liner 3 

1.000 

Orifice Length 0.866 0.688 0.5O0 

Orifice Diameter 0.250 0.250 0.159 

1             Orifice 
!                Area 

' Cavity 0.0625 O.032 0.027        ! 

j                Area 

Backing Distance 0.500 0.313 0.1+35       ! 

Effective Length l.oUl 0.873 0.619 

Nondimensional Tuning Frequency 1.971 1.9^5 ~ 2.C        1 
Linear Resistance @ 32°F 0.0966 0.158 0.199        1 
Aperture Mach Number @ 155 db 0.0582 O.0588 0.0586 

NorJLinear Resistance 0.8177 1.617 1.905 

j     Cavity Width 0.750 12          [I 

All Dimensions in Inches 

Values Based on Equations (17)  - (23) 

1       * 
I         Individual Resonators I 
1         IHk 

Annular Cavity 

*Uhpartitioned 
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Figure 1. Schematic Diagram of the Acoustic Test Facility. 
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Figure 2.    A typical Acoustic Liner Configuration. 
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Figure 5. Nozzle Geometry. 
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Figure 6. Comparison of the Uieoretical and 
Experimental Values of the Admit- 
tance for a Nozzle with 8X « 30°, 
M « 0.16, and r , ■ 1.0. cc/rc 
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Figure 7« Effect of Nozzle Angle 
on the Values of the 
Admittance. 
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Figure 8. Comparison of the Theoretical and Experimental 
Local Liner Admittance Values for Different liner 
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Figure 9. Effect of Axial Position on the Predicted and 
Measured Values of the Local Liner Admittance for 
Liner 1 plus a Quasi-Steady Nozzle» M * 0*08. 
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A COMPUTATIONAL METHOD FOR THE 
INVESTIGATION OF SOUND TRANSMISSION IN NONUNIFORM DUCTS 

by 

Walter Eversman, Everett L. Cook, and Roy J. Beckemeyer* 

Wichita State University 
Wichita, Kansas 

Abstract 

The transmission of sound in a nonuniform two dimensional 
duct without flow is investigated by a method of weighted resi- 
duals which leads to a set of coupled "generalized telegraph- 
ists' equations." Results for several duct configurations are 
compared with a variational method, a stepped duct approxima- 
tion, and an eigenfunction expansion method based on linearly 
tapered duct segments. 

Introduction 

Relatively rigorous methods have been developed for the 
analysis and design of acoustically lined and unlined ducts of 
uniform rectangular, circular, and annular cross section, with 
and without flow, and including the boundary layer effect in 
the flow case. The progress in this area can be seen by refer- 
ring to a few papers of the extensive literature which exists 
(see, for example, References 1-5). The current capability 
in the mathematical modeling of duct propagation is limited 
primarily by the assumption of a uniform, infinite duct. 

There have been a few recent studies directed towari the 
nonuniform duct problem. In the case of ducts without flow, a 
generally useful approach is the one developed by Zorumski and 
Clark (6) for ducts of uniform area with lining variations and 
subsequently implemented by Alfredson (7) for the study of hard- 
walled ducts with varying cross section. This method consists 
of representing the duct by a series of stepped ducts of uniform 
cross section and systematically accounting for the reflection 
and transmission process which occurs at the intersection of the 
stepped elements. This procedure appears to be very useful 
provided it is used with due caution in the segmenting process. 
In the case of ducts with uniform area but varying lining pro- 
perties, it has been shown by Bahar (8) to converge to the method 
developed in th& present paper when the elemental segment s become 
vanishingly short. The principal difficulty with the stepped 
duct approach as originally conceived is the high dimensionality 
of the numerical problem which results. A somewhat different 
formulation of the problem by the third author of the present 
paper has reduced this difficulty while retaining the flexibility 
of the method. 
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Another method of general utility for ducts without flow is 
the variational approach of Beckeaeyer and Eversman (9). In this 
technique the acoustic problem is represented by a variational 
principle and a Ritz minimization is employed to determine the 
coefficients in a trial solution« The trial solution is in terms 
of basis functions which do not necessarily satisfy the boundary 
conditions (the boundary conditions are part of the functional in 
the variational formulation) and do no have to be generated for 
each duct geometry* The variational approach suffers a dimension- 
ality problem in that complicated acoustic fields (both axial and 
transverse) require a large number of basis functions in the trial 
solution« 

Other recent approaches to the problem are more approximate 
in nature by virtue of restricting geometry or frequency range 
allowed. Hayfeh and his co-workers have published several studies 
of propagation in nonuniform ducts with and without flow. The 
paper by Nayfeh, Telinois, and Lekoudis (10) is representative. 
They restrict themselves to ducts with slowly varying cross sec- 
tion, lining properties and flow properties and employ a perturb- 
ation scheme. To within the level of accuracy which they retain, 
they do not predict the generation, reflection, and transmission 
of modes other than the one incident on the nonuniformity. Karam- 
cheti and his co-workers have also made contributions in this 
area. King and Karamcheti (11) studied plane waves in ducts with 
one dimensional flow by a method of characteristics and Huerre and 
Karamcheti (12) used a short wave approximation for the same type 
of problem. Similar problems were st"£ied earlier by Powell (13) 
and Eisenberg and Kao (14). Tarn (15) seems to have published the 
first paper dealing with a multimodal approach to the problem of 
nonuniform ducts with flow. His technique is a perturbation 
scheme based on the assumption of slowly varying cross sectional 
area. The first order approximate solution is obtained by Four- 
ier transformation. A recent paper by Cunnings (16) studies the 
novel problem of the acoustics of a wine bottle. The wine bottle 
is a nonuniform duct without flow and the acoustic field is approx- 
imated by a Runge-Kutta integration scheme based on the Webster 
Horn Equation. This method allows only a plane wave mode of pro- 
pagation and hence is limited to the lower frequency ranges. 

In the present research program we are interested in the 
multimodal propagation of sound in nonuniform ducts of fairly 
general shape. The final goal of the program is the study of 
propagation in nonuniform ducts with flow, so that we will be 
interested in methods for the no flow case which appear to be 
extendable to the case with flow. Of the two generally applic- 
able techniques mentioned previously, the variational method 
does not seem to be readily extendable to the case with flow 
since a variational principle from which the acoustic field equa- 
tions can be derived is not known.at least not by the present 
authors. Ths stepped duct approximation might have some applic- 
ation, although it is certainly questionable whether the nonuni- 
form flow field can be represented in sufficient detail in a 
series of stepped uniform segments. We are thus lead to look for 
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another method with promise for the flow case.  In this paper we 
will introduce the method and assess its utility in the case 
without flow, as there are equivalent results available against 
which a direct comparison can be made. In the course of the 
development and application of the method it has become apparent 
that the method of weighted residuals is an important alternate 
method for the duct with no flow and, indeed, may well be super- 
ior to the other methods of general utility. 

The method of weighted residuals (MWR) employed here actu- 
ally was first employed in connection with electromagnetic wave- 
guide problems by Schellkunoff (17, 18).  The field equations for 
these problems are identical to the classical acoustic equations 
in certain cases. Schellkunoff's work followed work by Stevenson 
(19, 20) which used MWR but lead to a somewhat different formu- 
lation which does not seem to have been widely used. Stevenson 
appears to be the first to suggest the application of methods of 
this type to acoustic horn problems. Bahar and his co-workers 
studying ionospheric propagation of microwaves as a terrestrial 
waveguide problem have made extensive use of MWR (see, for example, 
Reference 8) and Reiter (21) has formalized the approach. 

In this paper we have used MrfR to approach the probleir of 
multimodal propagation in nonuniform ducts without flow. We deal 
with a two dimensional duct in which both area variations and 
lining variations are permitted. The results using MWR are com- 
pared with those from a stepped duct theory, the variational 
approach, and a segmented duct theory in which the duct segments 
are sectoral.  In reviewing the literature it does not appear 
that results for lined ducts of variable cross section in the 
multimodal case, with fairly general area variations permitted, 
have previously been presented. 

Method 

In this analysis we will consider two-dimensional ducts of 
infinite length. The extension to circular, annular, or rect- 
angular ducts is straight forward. The extension to include 
finite duct terminations is easily included in the present form- 
ulation provided reflection and transmission characteristics of 
the termination are available. To demonstrate the method of 
weighted residuals (see Finlayson's book (22) for a complete 
description of the general method), we consider a two dimension- 
a.1, duct as shown in Figure 1 in which the wall at y * 0 is hard 
and the wall at y * b(x) is lined with a material of specific 
acoustic admittance A(x). The duct is uniform except for the non- 
uniform section 0$x*i. The local slope of the duct wall is de- 
fined by tane * db/dx. This representation is also valid for a 
duct symmetric about the x axis with acoustic propagation also 
symmetric with this axis. 

The acoustic field and boundary conditions satisfy 
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ikp ♦ div v « 0   (1)      ikv - -gradp (2) 

v « 0; y - 0      (3)      vcose-usine - Ap; y ■ b(x)   (4) 

The acoustic pressure, density, and particle velocity are non- 

dimensionalixed with respect to P c , p and c, respectively, 

p and c are the ambient density and speed of sound« k is the 

free field wave number, k - w/c, where <u is the driving frequency. 

Solutions to this problem are sought in the for« of a finite 
series of specified basis functions 

N N N 

V  Ipn(x)coetcn*        Vittn(xlcolV      V*f»WliBV    (5) 

n«l n*l n«l 

where 

K btanc b«ikbA (6) 
n    n 

The <    are tne uniform duct eigenvalues taken locally in the non- 

uniform section. As such they are functions of x. Note that the 
basis functions do not indi/idually satisfy the boundary condi- 
tion of Eq. (4), however MNR will force them to collectively. 
The trial solutions do net in general satisfy tta governing field 
equations and boundary conditions. Instead, they leave an error, 
or residual. Since a function must vanish if it is orthogonal 
to every member of a complete se<,, we can force the residuals to 
vanish by forcing them to be orthogonal to the basis functions 
themselves. Hence, for n»l, 2, ..N 

b(x) 

/ 

b(x) 

[iku^ ♦ ||N] co.<nydy - 0 

1 
b(x) 

[ikvN ♦ U»] .in<ny*y - 0 
o 

(VgCose - ursine - k^)  cos*nb » 0 
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After a series of operations implied in these equations, the 
equation for vv. can be eliminated and the unknown coefficients 
p (x) and u (x) are defined oy the coupled ordinary differential 
equations for n » 1, 2...N 

N N 
C*._ u      T* _.- D 

Pm (7) 
n=l n=l       n=l 

, .. p (8) dx      n L+  nm *m K  ' 
1 n*l 
I        where b(x) 

n n       *o 

nP     - 4   fh    *»nh          i»*i  coa,cnbco3'cn.b 
Unm " 1  IbKntanb,en " col?1   NTS  

/b(x) 

ysin^ycos-c^dy 

- iäüi cosic bcosic b 
"«.    n   m n 

Equations (7) and (8) are conveniently integrated by a 
Runge-Kutta methcd to obtain a transfer matrix relating the p 
and u at x ■ t to those at x * 0 n 

run<o 

Pn(D 
w 

un(0) 

|V°> 
(9) 

Rather than obtaining the K as functions of x from the 
eigenvalue equation, Eq. (6), by the usual Newton-Raphson scheme, 
an alternative procedure is used. Equation (6) is replaced by 
the differential equation of which it is the solution: 

4i2«„b> « 2ikbA  U I CO'2K" ^ / 1 dA . 1 db \ 
£ n  * 2ikbA 2« b + 8in2K"E l Ä 35 + b 5* / n       n 
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By starting with values of K at the beginning of the nonuniform- 

ity, xs 0, as many K as needed in the integration of Egs. (7) 

and (8) can be generated rapidly by integration simultaneously 
with the integration scheme leading to the transfer matrix In 
Eq. (9).  In the interior of the nonuniformity the velocity &nd 
pressure are given by 

'coskny, 

,cosknyj 

un(x) 

Pn(x) 

(10) 

For x<o and ::>i,  in the uniform ducts we can write 

, x<o  (11) < 

(u(x,y)j        jb' 

p(x,y)J    *~   lb" 

Where the elements of [a] and [&] can be easily determined from 

the classical uniform duct solution, a are the coefficients of 
n       — 

modes incident on the nonuniformity at x ■ 0 and a are the co- 
+ 

efficients of modes reflected at x * 0. b are the coefficients 
_    n 

of modes transmitted at x ■ £ and b~ are the coefficients incident 
n 

on the nonuniformity, from the right, at x * I. Since in this 

analysis the duct is infinite and uniform for x>l,  b" = 0. The n 
extension to include the case of a finite termination in terms of 

& termination reflection matrix {b"> « [R]{b } is straight forward. 

Equations (10) and (11) and (10) and (12) can be used to 
match velocity and pressure at x ■ 0 and x * A. Since the basis 
functions are orthogonal in the interior of the nonuniformity, it 

is convenient to use the same number of a. and a~ and b and b" n    n     n     n 
as there are u and p_ and to use Fourier matching, n    n 

This opera- 

tion will provide relations between the wave amplitudes in the 
uniform ducts and the particle velocities and pressures in tht 
nonuniform section 

jun(0) 
(13) 

un(l) 

|pnU) fA( »lfb-}  
(14] 
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Equations (9), (13), (14) can be used to obtain a transfer matrix 
between incident wave amplitudes and transmission wave amplitudes 

«■ [ 
TA 

TA 

11 

21 

Since in this analysis we take b" ■ 0, it is straight forward to 
obtain n 

{a"} « [REF] {a+} {b+} [TRAN] {a+} 

where [REF] and [TRAN] are reflection and transmission matrices, 
respectively, for the nonuniformity, defined by 

[REF] = - [TA22] 
-1 [TA21] 

-1 [TRAN] = [TA1X] - [TA12] [TA22] 
x [TA21] 

The physical significance of the elements of these matrices is as 
follows: 

REF.. 

TRAN 
ij 

Amplitude of reflected mode i due to incident 
mode j with amplitude 1.0 + iO.O 

Amplitude of transmitted mode i due to incident 
mode j with amplitude 1.0 + iO.O 

Results 

Very few results have been published for the multimodal 
transmission of sound in nonuniform ducts.  The work of Zorumski 
and Clark (6), a sequel by Lansing and Zorumski (23) , and the 
work of Alfredson (7) are the most nearly equivalent to the pre- 
sent method. They used the stepped duct approach for segmented 
linings or area changes in ducts with an open end. Since 
we have concentrated on the nonuniformity and have chosen not to 
represent terminations, we have no common basis for comparison. 
The approximate theories mentioned previously are considered too 
limited in scope to make comparison feasible when the labor and 
expense of doing so is considered. The only extensive results 
which we have been able to use conveniently are those of Becke- 
meyer and Eversman (9) who developed a variational approach and 
compared it with stepped duct approximations and an approximation 
in which the duct was segmented into linearly tapered sections. 
Of course, that study was closely related to the present one and 
the thrust of the entire research program has been to develop a 
basis of comparison. 

As a first example we consider linearly tapered hardwall 
transition sections joining two uniform ducts. For these cases a 
15° taper transition is used. The first example is a diverging 
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taper from a duct of height b to one of height (1 + tan 15°) b , 

the length of the nonuniformity being equal to its initial height. 
The second example is a converging taper which is exactly the re- 
verse of the diverging one. We have compared these results with 
those generated in Reference (9) and reproduced here as Figures 
(2) - (5).  In the diverging case kb values of 1.0, 2.0r 2.5, 

3.0, and 3.5 are compared and in the converging case kb.values 

of 1.0, 1.5, 2.0, 2.5, 3.0 are used. At kb - 2.5 in the small 
duct the second mode is just cutting on in the large duct while 
at kb = 3.5 in the small duct it is cut on throughout. The re- 
sults from Reference (9) for the diverging taper consist of two 
levels of stepped duct approximation, using 5 sections and 10 
sections, the variational approach, and a segmented duct theory 
(eigenfunction expansion) using a linearly tapered duct segment 
with solutions given in terms of Bessel Functions.  In the last 
method pressures and velocities were matched at the ends of the 
taper, x = 0 and x = t,  by collocation. No account was taken of 
the slight difference between the planar coordinate surface at 
the ends of the uniform duct and the circular co-ordinate surfaces 
of the radial segment.  Details of the characteristics of these 
methods can be found in the reference. In the converging taper 
only the 5 section stepped duct and the variational approach were 
used. The MWR was used with 6 basis functions and 50 integration 
steps axially. 

Figures (2) and (3) show the transmission and reflection co- 
efficients for the diverging duct for the second mode with the 
first mode incident at x ■ 0 with amplitude 1.0 + 0.0i. We have 
made the most detailed comparisons for the second mode since with 
increasing reduced frequency it goes through the cut-on phenomenon 
and hence is considered the most challenging computationally. 
The transmission coefficients, shown in Figure (2), are in good 
agreement throughout the frequency range, all methods considered 
yielding essentially the same result.  In Figure (3), it is seen 
that the results for the reflection coefficients for kb > 2.5 are 

o 
not in as good agreement. However,  it is noted that the varia- 
tional method, the eigenfunction expansion method, and MWR remain 
in close agreement but they do not agree closely with either step- 
ped duct result at the higher kb . The imaginary part of the re- 

flection coefficient is the first to show significant deviation, 
We have concluded that our choice of the number of modes in the 
stepped duct approximation was not adequate at the higher frequen- 
cy, particularly after the second mode begins to cut on. 

Figures (4) and (5) combine the results for transmission and 
reflection coefficients in the first and second modes with mode 1 
incident for the converging taper. In thij case the 5 section 
stepped duct and the variational method are used for comparison. 
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Agreement is good throughout the frequency range. The stepped 
duct approximation appears to be more adequate in this case 
than in the diverging case, particularly for reflection coeffic- 
ients, since more modes are used on the reflection side than were 
used in the diverging duct case. 

As a second comparison we have analyzed at selected freq- 
uencies the transmission and reflection characteristics of a 
lined diverging transition section. We have used a cosine shaped 
transition which has the same small and large heights and the 
same length as the linear taper previously discussed. The only 
available results for comparison are from the variational approach. 
We encountered convergence problems with the variational scheme 
as our limited computational capacity permitted neither double 
precision nor more than 40 input basis functions. A series of 
results were obtained using 4 axial cosine waves, 4 axial sine 
waves, and from 5 to 9 transverse functions.  In all cases con- 
vergence was observed to be occurring with increasing modes, but 
in several cases it was not reached to our satisfaction (judged 

f        by comparing successive runs with more and more modes) •  For this 
reason we have only made comparisons where convergence in the 
variational case was acceptable.  The MWR was used with 6 trans- 

i        verse modes and 50 axial integration steps. We have generated 
I        results in the form of reflection and transmission coefficients 

in modes 1 through 3 for mode 1 incident.  Results are compared 
I in Table 1. Absence of variational results indicates a lack of 

convergence at the level of approximation used. Wherever con- 
I verged results are available, the MWR shows acceptable agree- 
{        ment with the variational approach. Because of the computer 
I        limitations noted in the variational results, the MWR results 
I        are considered the more accurate. 

\ The results with which we have compared are all at relative- 
|        ly low frequency at which at most two modes propagate. We do 

not currently have available higher frequency results against 
I        which to compare, principally due to limitations in the computer 
I        facilities which we have used. However, we can gain a measure of 
I        confidence in the MWR by investigating its convergence properties 
I        at higher frequencies. We have considered the cosine shaped di- 

verging transition section at a reduced frequency of kb = 12.57 
I        using a lining with A ■ 0.76 + 0.30i.  In this case in the small 

duct the plane wave and 3 higher modes are well cut on and mode 5 
is just cutting on.  In the large duct the plane wave and 5 higher 

I        modes propagate (kbJl * 15,94). We have used four combinations of 
basis functions and integration steps beginning with 6 transverse 
modes and 50 steps and progressing through 8 modes and 50 steps, 
6 modes and 100 steps, and 10 modes and 50 steps.  Increasing 
the number of integration steps made virtually no difference.  In- 
creasing the number of basis functions provided a very definite 
convergence trend. To illustrate this convergence of the method 
we have shown in Table 8 the reflection coefficients in mode 5 due 
to all incident modes (REFe.). Mode 5 was chosen because the 
driving reduced frequency is right at the mode 5 cut-on frequency 
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in the source-side duct. This causes relatively large reflected 
components in this node for any incident mode. In addition, in 
Table 8 we have shown the direct transmission coefficients in all 
incident modes (TRAN^). Coefficients are shown for 6, 8 and 

10 basis functions. The sequence of results is distinctly con- 
vergent. In this case the use of 8 basis functions is probably 
sufficient from an engineering standpoint. 

As a final example of the use of the method we have computed 
the acoustic power balance for the linear converging taper in the 
softwall case (A * 0.76 + 0.30i) as well as in the hardwall case 
at kbQ « 15.94. For each propagating mode incident on the non- 

uniformity we have computed the incident power, the reflected pow- 
er, and the transmitted power carried in all resulting propagating 
modes. The power dissipated in the acoustic lining is the amount 
by which the sum of the reflected and transmitted powers fail to 
match the incident power. Table 10 shows the results of these 
computations for both cases. The hardwall case (A * 0.0001 + 
O.OOOii) is significant in that it adequately approximates the 
known result that no power is dissipated in the nonuniformity. 
While we have not at this point made extensive parametric varia- 
tions, it appears from these results that the reflective character- 
istic of a nonuniformity can be enhanced for modes near the cut off 
condition. We intend to report more detailed investigations of 
specific nonuniformities at a later date. 

Conclusions 

The method of weighted residuals has been shown to be an 
accurate and rapidly convergent method for the computation of the 
acoustic transmission and reflection properties of nonuniformities 
in ducts without flow. Other methods applicable to this problem 
have been implemented and numerous comparison runs have been made 
to validate the MWR and to build confidence in its use. In all 
cases where other results could be generated, comparable results 
were obtained. 

The nonuniformities treated in this paper are of the type 
which one might encounter in applications. They are not small, 
nor are they very abrupt (although all of the results for lined 
ducts presented here have a discontinuous change from hardwall 
to softwall). It is to be expected that the more radical the 
nonuniformity, the less rapid will be the convergence, and the 
more basis functions and integration intervals will be required 
to achieve a satisfactory result. This is an inherent property 
of this type of method. At this point we are satisfied that we 
can treat problems of practical importance. 

The results to date conclusively show that it is important 
to treat the duct nonuniformity problem from a multi-modal stand- 
point. A given incident mode will generate spurious reflected 
and transmitted modes which can have an important effect on 
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acoustic lining design and radiation properties. In addition, 
there appears to be a possibility of using geometry changes and 
their attendant reflective properties to enhance acoustic atten- 
uation, but the multi-modal performance of the duct will have to 
be known for design purposes. 

The MWR and its application to ducts without flow will be 
extended to circular and annular ducts and these results will be 
reported at a later date.  In addition, we may investigate the 
possibility of using other types of basis functions to determine 
if it is possible to achieve comparable results at still lower 
cost. 

The problem of the most immediate importance is the extension 
of the method to the case of ducts with flow. In contrast to 
other methods investigated, the MWR appears to be extendable when 
flow is involved. Of course, the complexity of the problem ex- 
pands considerably, but the basic numerical scheme can be modified 
and expanded to include this case. We are currently well along in 
the extension of our computational scheme. There are still sever- 
al problem areas of development and numerical experimentation 
which must be resolved, but at this point we are optimistic that 
the flow case can be successfully implemented. 

[Sponsored by NASA Lewis Research Center under grant NGR 17-003- 
018.] 
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FIGURE I 

DUCT GEOMETRY FOR  EXAMPLE  CASE 

lAbl.l 1 

REFLECTION AND TRANSMISSION COEFFICIENTS FOR A CO.MM 
SHAPED LINED TRANSITION SECTION.  FIRM MODE 

INCIDENT, AMPLITUDE • 1.0 ♦ 0.1)1 

METHOD OF WEICH TED RFSIDIALS VARIATIONS   ^ILTHOP 

\      kb0 
REFLECTION  IN FIRST 

THREE MODES 
TRANSMISSION   IN FIRST 

THREE MODES 
REFLECTION  IN FIRST- 

THREE MOOES 
1R.VNSMISSION   IN   FIRST 

THREE MODES 

1.5 -0.05 ♦ 0.271 
-0.00 ♦ 0.141 
0.01 - O.Oji 

-0.18 -  0.611 
0.17 ♦ 0.201 

-0.04  -  0.011 

-0.0} ♦ 0.2«i 
0.01  ♦ 11.1)1 

-0.17  -  O.Hi 
0. 18  ♦■ 0.201 

-0.04   -  0.041 

2.0 0.15 ♦ 0.08t 
0.15 «■ 0.21t 

-0.01 - 0.05t 

-0.26  - 0.40t 
0.54  ♦ 0.021 

-0.08  ♦ O.OJi 

0.17  ♦ 0.06i 
0.16  ♦ 0.17t 

-0.25 -  o.41i 
0.55  -   O.oOi 

-0.10 ♦ 0.0.'1 

2.5 -0.11 - 0.02t 
0.19 - 0.02t 

-0.02 - 0.041 

-0.47 -  0.441 
0.2J -   1.021 
0.01  ♦ 0.081 

-0.11 - o.o:t 

-C.02  -  0.0)1 

-0.48   -   0.44i 
0.19 -  l.oji 
o.ol  ♦ O.lOi 

3.0 •0.03 ♦ 0.041 
0.25 - 0.03t 

-0.02 - 0.04t 

-0.f.7  -  0.141 
-0.41   -  0.58. 
o.o; ♦ 0.051 

-0.0J + 0.041 
0.19 -  O,05i 

-0.02  -  0.031 

-0.6F   -   0.1 i. 
-0.42  -  o.551 
0.02 ♦ o.Oni                   j 

NOTE: At each reduced frequent- i 
The ■«cord two columns ,iro 
available. 

h«  first  two column« jrt 
from the varUit U>nal "vt 

the converged retult   fr 
hod when A converged  le« 

»m MWR, 

»It     Is 

k»0 "1.1      A - 0.41) ♦ Ü. 7201 kbQ • 2.5      A - 3.788  ¥ 0.5Jfci 

kbQ - 2.0     A - 0.664 ♦ 0. 7201 kb0 -  3.0      A • 3. 760 ♦ 0. 1001 
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FIGURE 2    15° DIVERGING TAPER TRANSMISSION 
COEFFICIENT IN MODE 2.   MODE 1 INCIDENT. 

FIGURE 3   15* DIVERGING TAPER REFLECTION 
COEFFICIENT IN MODE 2.   MODE 1 INCIDENT. 

Mr 

MOW     MODE 

* 

* 
t « to 
i 
5  -0.1 • 

FIGURE 4   15* CONVERGING TAPER TRANSMISSION FIGURE 5    t&* CONVERGING TAPER 
COEFFICIENTS.   MODE 1 INCIDENT. REFLECTION COEFFICIENTS.   MODE 1 WCIDENT. 
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TABLE 2 
CONVERGENCE TRENDS IK COSINE SHAPED 
DIVERCINC TRANSITION - lib. »    12.57 

A • 0.76 + 0.311, b, • 1.0, b| • 1.268, L • 1.0 

REFLECTION COEFFICIENTS DIRECT TRANSMISSION 
INCIDENT 

IWDE 
IN MODE 5 COEFFICIENTS 

6 BASIS FNS 8 BASTS FNS 10 BASIS FNS 6 BASIS FNS 8 BASIS FNS 10 BASIS FNS 

1 -0.223 -0.215 -0.2122 0.736 0.736 0.736 
+0.1321 +0.1411 +0.1381 +0.0341 +0.0341 +0.0341 

> 0.230 0.222 0.2186 0.523 0.523 0.522 
-0.151t -0.1391 -0.1361 +0.2131 +0.2121 +0.2121 

3 -0.245 -0.232 -0.228 0.146 0.148 0.148 
+0.1461 +0.1321 +0.1291 +0.4511 +0.4511 +0.4511 

4 0.260 0.238 0.232 -0.337 -0.341 -0.342 
-0.1911 -0.1901 -0.1881 +0.0241 +0.0291 +0.0311 

5 -0.900 -0.896 -0.896 0.016 0.017 0.018 
♦0.0801 +0.0801 +0.0801 +0.0121 +0.0121 +0.0121 

6 0.279 0.272 0.269 -0.057 -0.060 -0.061 
+0.1521 +0.1611 +0.1641 -0.0121 -0.0161 -0.0171 

7 -0.194 -0.191 -0.005 -0.005 
-0.1281 -0.1301 +0.0021 +0.0021 

8 
0.157 0.154 -0.002 -0.C02 

+0.1081 ♦0.1111 +0.0021 +0.0011 

-0.130 -0.001 9 
-0.0971 +0.0011 

10 0.114 
+0.0871 

-0.000 
+0.0011 

l ABLE 3 

•Wi'l'STlC POWER B.VLASCE  IS LINEAR TAPER 
.»NVF.ROINC TRANSITION SECTION -kb0«  IS.»4, 

bQ • 1.268. bf-  1.0,  L • 1.0 

INCIDENT INCIDENT POWtit REFLECTED POWER TRANSMITTED PiiWLR ABSORBED  POKER 

"WDE 

A • 0." 6 + 0. 301 

1 1.000 0.001 0.754 0,242 

- 1.000 0.007 0.591 0.399 

1 1.000 0.010 0.672 0. 117 

4 1.000 0.015 0.J71 0.414 

5 1.000 0.0:0 0.107 0.674 

6 1.000 0.169 0.050 0.7*1 

A " 0.( »01 ♦ 0.00011 

1 1.000 o.ooi 0.996 O.OOi) 

1       2 1.000 0,0075 0.9921 o. ooo 

) 1.000 0.02* 0.974 o.ooo 

* 1.000 0.148 O.Ä52 0.000 

J 1.000 Ö.JJ7 0.441 O.OOft 

6 1.000 0.94* 0.052 0.000 
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ACOUSTIC FIELD OF A POINT MASS SOURCE 
IN AN INFINITELY LONG RECTANGULAR DUCT WITH FLOW 

John E. Cole, III 
and Ioannis I. Sarris 

Department of Mechanical Engineering 
Tufts TJuiverslty 

Medford, Massachusetts 

1. Introduction 

The possibility of using wind tunnels aa acoustic test facilities 
has been mentioned by several authors (see, for Instance, Hlckey et al., 
1969; Bies, 1971; Atenclo and Soderman, 1973). Several problem areas 
related to acoustic measurements of aircraft components In wind tunnels 
have been considered by Bender and Arndt (1973) and by Holbeche and 
Williams 0973). In this paper we Investigate one aspect of this complex 
problem, namily, the properties of the acoustic field from a point mass 
source In a i »ctangular duct In which there Is uniform flow. The duct Is 
Infinitely Ion5 with walls that are characterised by a small acoustic 
admittance. Xn this manner we can represent the effects of the acoustic 
boundary layer (see Nayfeh, 1973) and Introduce attenuation into the 
solution. We distinguish here between a monopole source and a point mass 
source. As we shall see, a point mass source (which is equivalent to a 
small pulsating sphere) in a uniformly moving medvat has monopole as well 
as dlpole characteristics. 

Several investigators have considered the properties of the acoustic 
field from a simple source in the presence of a uniform flow. Lighthill 
(1972) discusses the free-field results for monopole and dlpole sources In 
a uniform flow, while Morse and Ingard (1968, pp. 735-737) give the result 
for a point mass source. The free-field solution for a quadrupole source 
has been discussed by Cole (1972). Morfey (1971) has considered monopole 
sources In rigid-walled ducts with flow. Mead and Richards (1968) and 
Eversman (1971) consider the propagation characteristics in a rectangular 
duct with uniform flow. Measurements of the effect of the flow on up- 
stream and downstream propagating plane waves, which are originated by a 
piston source» have been presented by Ingard and Slnghal (1973). 

The analysis Is formulated from the linearised continuity and 
momentum equations. The presence of a mass source in a uniform flow gives 
rise to an inhomogeneous "convected" wave equation. The solution to this 
equation which satisfies the boundary conditions at the walls of the duct 
is obtained following the basic procedure used by Morse and Ingard 
(1968, pp. 492-507) for the case of no flow. 
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2. Propagation Charmeteilsttea — The Hgaoggogoui Problea 

We first wish to investigate the acoustic propagation characteristics 
in an infinitely long rectangular duct with uniform flow. The duct walls 
are not perfectly rigid but are characterised by a small specific admit- 
tance (i.e., the complex quantity which is the reciprocal of the specific 
acoustic Impedance of the wall). In terms of the perturbation pressure, 
P, the governing equation is: 

-4 ^f - V2p - 0 (2.1) a* nrz o * 

D   3     3 where a0 is the speed of sound in the medium at rest, r- ■ — + U «r- f 

and U is the flow velocity in the positive x- direction. The boundary 
conditions to be satisfied by the pressure at the walls of the duct are: 

a±^lE.0   «y-tb/2 
(2.2) 

where b and d are the duct dimensions and 6 is the specific acoustic 
admittance. 

A solution which satisfies equations 2.1 and 2.2 for downstream 
propagation (i.e., propagation in the positive x-direction) has the form: 

»V      WV  -ik+x iwt p*(x,y,s,t) -Fci(-J-)ci(-^)i  x* e1Wt (2.3) 

*<i„y 
where cs ( —^ )' 

cos ( " / )  , even modes 
D 

sin (~5* )  , odd modes 

and q , q+ are the characteristic values. Substituting equation 2.3 
into the governing equation 2.1 we obtain the equation 

+2   wq« 2    wqt 2 +2 
k^-M-r*) +i-~)     - Ot -A*) (2.4) x    D       a       ox 
u Ü where k « — is the wavenumber of the propagating wave, and H » —- 

0  *o ao 
is the flow Mach number. Also, direct substitution of equation 2.3 into 
the boundary conditions (equation 2.2) yields a pair of transcendental 
equations: 
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*q. 
'-'^-T>-¥<V- 

*:> 

■£> 

(2.5) 

The appearance of ehe complex axial propagation constant k  on 
the right hand side of the boundary conditions leads to nonorthofonality 
of the transverse characteristic function« (see Morse and Fe«hbacht2, 1953). 

The system of equations 2.4 and 2.5 must be solved simultaneously to 
determine k+ , q+ , q+ . In order to obtain an explicit relationship 

between each of the q+'s and k+ , we make the assumption that the duct 
walls are only slightly non-rigid (I.e., 0 Is small so that 
bg( k - A+ ) « 1). By doing so, wa obtain from equation 2.5 the 
following relationships for q* ar.d q+ : 

b 

ifV^w 

=L + M(vlfcI) > 0 
(2.6a) 

*q 
*    ii¥«o-K»in 

an 
♦ »tf<k.»♦, ¥♦-- d   n* o 

n > 0 
(2.6b) 

In the above notation we use the second subscript on the q*s to designate 
the value of the Integer a In equation 2.6a or the Integer n In 
equation 2.6b. How, from equations 2A and 2.6 the downstream axial 
propagation constant (*+ )t corresponding to Integers a and n, and 
the characteristic values q+  sad q+  are found to be: 

k»" -£?l -*• ♦2U" (b ♦ \ > * /r> (2.7.) 

Us 
b 

211       ,.        M JTX il/2  TT    (k    •K/4 ) • 
b(l-IT)      ° 

(2.7b) 

j-jjj    I ■« (1-M*) ♦^ (k0 - */!)] ;. > 0 

iniiriiiiiiMiiniiiiiiii - 



»q 
in m 

I -üfi-(k -M/T)]
1/2 

d(l-M)*  ° 
n-0 

1-M* 
[ ffl (1-M2, + M (k -„/!)]. „>o 

(2.7c) 

nw 

9 9 

where A - k 2 - (1-M2) [(?) + (¥> 1 " 41k * ( r + 7 ) «nd terms of O D       a 0    D   a 
second order in 0 have been neglected. We note that the characteristic 

q  and q  are coupled together, since m and n appear in both of values 

then. We also note that the coupling terns are proportional to the flow Mach 

number, the corresponding axial propagation constant k   amd characteristic 

values q  and q~ for upstream propagation (i.e.,propagation in the negative 
** "    ikl x x-dlrection) are obtained by assuming an axial dependence of e x   in 

equation 2.3* Such a form of solution results in expressions similar to 
equations 2.4, 2.6 and 2.7 but with an opposite sign for the flow Mach number. 

Examining the propagation constants k   and k   we see that, for xmn      xmn 
given values of the integers m and n, waves which propagate downstream have a 

larger phase speed (a Re { ft— }) and a less rapid spatial attenuation 
xmn 

rate (a  - im {k  } ) than those waves which propagate in the upstream mn 
direction. Since the duct walls are not perfectly rigid, we cannot establish 
a real value for k  in equation 2.7a which yields an infinite phase speed, o 
We can define, however, the following condition, which we refer to as the cut- 
off condition: 

k*2 (2.8) 

where k*2 - k 2 - (1-M2) 1( S>2 + (SI)2) 
mn   o o      a 

This is the same cutoff condition found in the case of a duct with rigid walls 
and uniform flow. (See Eversman, 1971) Por a given set of Integers m and n 
(i.e., for a particular mode), k may be below, equal to, or above the cutoff 

condition for that mode. The axial propagation constant for these regions of 
k  is, respectively, the following: 

For k#2 < 0 (below cutoff) 
mn 

1-M 
( TJSP (i ♦ J ) - Mko - i[k- - 2Mß( i ♦!)»  (2.9a) 
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For   k°2 ■ 0    (at cutoff) 
HI 

kL "^2 {[2ko6(F+i>i1/2- Mko-i(i2V(i + d))l/z-2M6(b+i))} (2-9b) 

For k*2 > 0 (above cutoff) 
mn 

C"iJF{*ti-*«-1If^(W>-a»(W»> (2-9c) 
mn 

where k"2 - - k°2 

The corresponding relationships for k"  are obtained by reversing the sign 
xmn 

of the flow Mach number in equation 2.9. 

Eversnan (1971) has investigated wave propagation in a duct with rigid 
wall8 and uniform flow. By considering the mean axial acoustic power which 
is transmitted along the duct, he shows that there is no power transmitted 
for a mode when k  is below or equal to the cutoff condition of that mode. 
In our case of a non-rigid duct with flow, however, there is some power 
transmitted for a mode when k0 is below or equal to the cutoff condition 
of that mode. This transmitted power is small, being proportional to the 
wall admittance 0 . 

We noted earlier in this section that the transverse characteristic 
irqymy      ^zn2 

functions $  ■ cs (—*— ) cs ( —z—) for this problem are non-orthogonal, 
mn       D a 

This occurs, mathematically, because the axial propagation constant appears 
in the boundary conditions. When there is no flow, the transverse character- 
istic functions defined in 2.3 are orthogonal for both rigid and non-rigid 
walls. For the set of characteristic functions which result when there is 
flow in the duct, we can apply the Gram-Schmidt or thogonalizat ion method to 
construct a set of orthogonal functions (^ ) based on a linear combination 

mn 
of the nonorthogonal functions ($ ). This is permissible when the set of 

mn 
functions 4  is complete. Support for our assumption that the set of 

mn 
functions <>  is complete is given by Nayfeh and Tellonis (1974). The 

mn 
following recurrence relation is obtained which expresses the functions $ 
in terms of *  (see Morse and Feshbach, 1, 1953): 

mn — 

Üf*1 "K\  »mn dyd2 
mn  *mn LJULJ H.4     

rlj 
i-0 j-0       *J 

i-0 j-0      1J 

(2.10) 

where the asterisk indicates the complex conjugate. We find that the first 
to t 
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(ie-' *00 " W *01 * *01' *12 " *12' *21 " *21h    Startin« wlth *22' 
the orthogonal characteristic functions deviate from the corresponding <f> 
functions. 

3.Inhomogeneous problem 

We now consider the acoustic field in the moving medium when there is 
a mass source located inside the duct. The linearized continuity and 
momentum equations are, respectively, 

i* + 

and 

Dt ' poV# U * q 

PQf +VP .0 

(3.1) 

(3.2) 

p  is the density of the undisturbed medium, p is the perturbation where 

density, u is the perturbation velocity vector, p is the perturbation 
D   9     3 pressure, q is the mass source, — » -rr + U ■=— , and Ü is the speed of 

the medium in the positive x-direction. Since the undisturbed medium is 
homogeneous, we can relate p to p in the usual manner 

aop (3.3) 

Equations 3.1, 3.2 and 3.3, then, combine to form an inhomogeneous 'convected' 
wave equation in terms of the perturbation pressure 

ag Dt2 
V2p Da 

Dt 
(3.4) 

The boundary conditions to be satisfied by the acoustic pressure at the duct 
walls are the same as those discussed oreviously for the homogeneous problem 
(equation 2.2). 

We see that the effect of the flow is to alter the characteristics of 
the mass source. A point mass source located at (x , y , z ) in a uniformly 
moving medium has the form: 

JL 
Dt 

[q(t)5(x-xo)«(y-yo)6(z-zo)) - •2f^(x-xo)6(y-yo)5(z-z.))+ 

+ Uq(t)6,(x-xo)o(y-yo)6(z-;so) 
(3.5) 

where 6'(x-x ) is the derivative of the Dirac delta function. The source, 
therefore, has its usual monopole characteristics as well as dipole behavior 
which is proportional to the flow velocity. We shall see that this source 
behavior leads to discontinuities at the source location in both the acoustic 
pressure ar.d the axial pressure gradient. We further note that the free field 
solution to equation 3.4 for the point mass source is the same as the free 
field solution for a small pulsating sphere located in the flow. Therefore, 
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as in the case with no flow, a physical representation for the point mass 
source would be a small pulsating sphere. 

We look for solutions to equation 3.4 in the following form: 

P EEC (y«z) 4 w e (3-6) 
■0 n»0 

where ty* (y,z) are the set of orthogonal characteristic functions of 
mn 

equation 2.10. The source strength is taken to be periodic with time so 
that 

q(t) - qoe
lwt (3.7) 

i, 

We first substitute equation 3.6, using ^ (y,z), and equation 3.7 into mn 
equation 3.4 to determine the solution for the region   x > x    (i.e., 

downstream of the source).    Multiplying both sides of equation 3.4 by 
*+i   i(y*z) and integrating over the duct cross section, we obtain the m n 
equation for    F* (x): mn 

d2F+       2ik M dF+ k2-K2 

mp o       mo , /    o   mn * —4. 
T-"T72~7x~+(T"X)Fmn dx 1-M       "Ä 1-M 

i+ t \ <3-8> 
WVV   r ik 6(>,-x ) + M6'(x-x )} m    10 0 O 

bd(l-M )N+N+ ym zn 

wq+ ffq+     2 

where   K2   - ( —^)2+ ( ——•)      and   tf1" , N+     are the normalization itSi D u ym     zn 
constants.    A similar equation results for    F" (x) for the region   x < x 

mn o 
(i.e., upstream of the source) when i|T (y,z) from equation 3.6 is used. 

mn 

Equation 3.8 is a second order ordinary differential equation which is 
solved using the method of variation of parameters. Two solutions are 
obtained for Ff (x). One of the solutions does not satisfy the correct 

mn 
boundary conditions and is therefore disregarded. A similar situation 
exists for F" (x). The results for p+(x,y,z,t) and p"(x,y,z,t), then are 

um 
the following: . 

P+ ■£    £     oomn mn   o   o    ( _g »m    )exp{i[wt.(x.x )k+    „ 
£b   £o        ÄÄU-AO* kLn + "^ ym zn xmn      ^2 (3 9a) 

and 
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P   m/A/. 1TZ 2  < ~Z KM   )exp{i[wt+(x-x )k      ]} 
frf  —        2bd(l-MZ)N     N k        - -^ o    xmn m«0    n-0 ym   zn xmn      i_M2 

(3.9b) 
Wbere    kxmn and kxmn   Were Previously defined in equation 2.9. 

4.    Discus8ion 

The solution for the perturbation pressure given by equation 3.9 
satisfies the governing equation 3.4 as well as the boundary conditions 
(equation 2.2). As expected, a discontinuity in the axial pressure gradi- 
ent exist8 in the yz plane containing the source (i.e. at x » x0 ) 
because of the basic monopole nature of the source. However, a discontinu- 
ity i". pressure also exists at the same location which is attributed to the 
dipole-type characteristic of the source (i.e. the second term in the right 
hand side of equation 3.5). We find that the pressure distribution up- 
stream of the source (p~) is obtained from the downstream distribution (p+) 
by reversing the signs of M and (x - xQ), and vice versa. The solution 
for the pressure distribution is expressed in terms of an infinite sum of 
orthogonal modes. For a particular mode, the axial propagation constant is 
given by the real part of k*  ,  while the spatial attenuation rate is 

xmn 
given by the imaginary part of ^ . As seen in equation 2.9, the spatial 

attenuation rate is much greater for k°2 > 0 than for k°2 < 0, which is the 
mn mn 

reason for using k°2 ■ 0 as the cutoff condition, 
mn 

When the driving frequency is below the first cutoff condition 

(i.e. k2 < (1-M2) [ ( ~ )2 + ( 21 ) 2] With either m - 0 and n - 1 or 
o D       a 

m ■ 1 and n - 0), then only plane waves propagate. For these plane waves, 
the pressure at x - x0 becomes 

|p+|*|A+|(l-M) 

|p-|*|A-|(l+M) 

where we have assumed [ r— (r + -r)] «1, and A+ and A"* are the coefficients 
o 

appearing in equation 3.9 which involve the transverse characteristic 
functions and normalization factors. Also, when 

(^£) 2« 1. we have \k*\ *|A"| and therefore |£| * gj for PUnc waves' 

This type of convective effect for plane waves has been observed experi- 
mentally by Ingard and Slnghal (1973) using a piston source. 

For higher modes (i.e., modes for which either m or n or both are 
greater than zero), the pressure for a particular mode exhibits a resonant- 
like behavior due to the term 
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where 

k   - o Mk son 
koM 

XXDX1 1-M* 

I k+     for M>0 {   xmn 

for M<0 

In Fig. 2, |f | is shown as a function k l< , where inn o   mn 

ic     ■ {(1-M2)I(^?)   + (rr)  1)      •    The following parameters were also used; mn Da 
8 - .07, f * 500 Hz, b - 3.m and d 2. m. The condition 

o nn 
corresponds to the cutoff condition for a particular mode, which in the 
:ase of f - 500 Hz is mode (m - 4, n - 6) or (m - 8, n - 3). In Fig. 2 
we show only the region of propagation. Given the driving frequency f 
fend therefore k ), the wall specific admittance 0 and the duct dimensions 

b and d, the curve represents the amplitude of all modes characterized by 

integers m and n such that k* > (1-M2) It™)2 + (~)2J, i.e. modes for 

which k  is above cutoff. 
o- -  ' -b 
The value of f I is relatively large in the 

mn 
region close to the cutoff condition, and it is somewhat insensitive to 
Mach number variations. For frequencies well above the region near cutoff 
(i.e., k /<  > 5 for the conditions of Fig. 2), If I approaches the plane 

o mn ~     mn 
wave values of 1?M. 

r 
In Fig. 3, we show the ratio l*ar^l (where the minus superscript 

mn 
indicates upstream conditions and the plus denotes downstream conditions) 
as a function of k0/ic  for the same parameters used in Fig. 2. We note 

that the ratio is unity for M-0. As we approach the cutoff for the mode, 
the ratio also approaches unity. When the Mach number is greater than 
zero, the ratio increases with k /K^, and for frequencies far above the 

14M 
cutoff region the ratio approaches  T-TJ . 

As seen in equation 3.9, the pressure corresponding to a particular 
mode (p ) is attenuated as the mode propagates along the duct. The 

mn 
spatial attenuation rate depends on the real part of the specific acoustic 
acoustic admittance 6. When 8 is small, the magnitude of the ratio of 
pressures at two points with identical tranb/erse positions in the duct 
ana equidistant upstream and downstream of the source is given by 

Pan    o    an 
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We note that the attenuation rate for the pressure ratio is proportional 
to the flow Mach number and independent of integers n and n, which are 
characteristic of the particular mode of interest. When flow is present, 
waves propagating upstream attenuate more rapidly than those which 
propagate downstream. This behavior tends to counteract the flow effect 
shown in Fig. 3. As a result, when we consider corresponding positions 
upstream and downstream which are close to the source, we expect the ratio 

of pressures for a particular mode, |-j~l» to De greater than unity. 
Pan 

When the positions are far from the source, however, we expect the ratio 
to be less than unity, due to the dominant spatial attenuation. 

5. Conclusion 

The work on this problem is still in progress. During this summer, 
jn experimental program will investigate some of the results of the 
analysis in the 7- by 10-foot wind tunnel of the NASA Ames Research 
Center. 

This work is being supported through NASA Grant NGR 22-012-031. 

L MaMMtfffiiMMIMiiiäiii^^ 



References 

A. Atencio and P. T. Soderman, "Comparison of Aircraft Noise Measured in 
Flight Test and in the NASA Ames 40- by 80-foot Wind Tunnel," AIAA 
Paper No. 73-1047, AIAA Aero-Acoustics Conference, Seattle, Wash. 
(Oct. 1973). 

J. Bender and R.E.A. Arndt, "Aeroacoustic Research in Wind Tunnels: A 
Status Report," Prepared for United States Army Air Mobility Research 
and Development Laboratory - Ames Directorate (Feb. 1973). 

D. A. Bies, "Investigation of the Feasibility of Making Model Acoustic 
Measurements in the NASA Ames 40- by 80-foot Wind Tunnel," NASA 
CR 114352 (Aug. 1971). 

J. E. Cole, "The Influence of a Crossflow on Jet Noise," NASA CR 2169 
(Nov. 1972). 

W. Eversman, "Signal Velocity in a Duct with Flow," J. Acoust. Soc. Amer., 
50 (2), 421-425 (1971). 

W. Eversran, "Energy Flow Criteria for Acoustic Propagation in Ducts with 
Flow," J. Acoust. Soc. Amer., 49 (6), 1717-1721 (1971). 

D. H. Hickey, P.T. Soderman and M.W. Kelly, "Noise Measurements in Wind 
Tunnels,""Basic Aerodynamic Noise Research," NASA SP 207,399-408 (1969). 

T.A.Holbeche and J.Williams, "Acoustic Considerations for Noise Experiments 
at Model Scale in Subsonic Wind Tunnels," AGARD Rept. No. 601, 8:1-30 
(April 1973). 

U. Ungard and V.K. Singhal, "Upstream and Downstream Sound Radiation into a 
Moving Fluid," J. Acoust. Soc. Amer., 54 (5), 1343-1346 (1973). 

M. J. Lighthill, "The Fourth Annual Fairley Lecture: The Propagation of 
Sound through Moving Fluids," J. Sound Vib., 24 (4), 471-492 (1972). 

D. J. Mead and E.J. Richards, Noise and Acoustic Fatigue in Aeronautics, 
John Wiley and Sons, New York, 54-56 (1968). ~~ 

C. L. Morfey, "Sound Transmission and Generation in Ducts with Flow," 
J. Sound Vib., 14 (1), 37-55 (1971). 

P.M.Morse and H. Feshbach, Methods of Theoretical Physics, McGraw-Hill Book 
Co., Inc.,(l) 928, (2) 1344-1345 (1953). 

P. M. Morse and U. Ingard, Theoretical Acoustics, McGraw-Hill Book Co., Inc., 
492-507, 735-737 (1968). 

A.H. Nayfeh, "Effect of the Acoustic Boundary Layer on the Wave Propagation 
in Ducts," VPI Engineering Dept., VPI-E-73-10 (April 1973). 

A.H. Nayfeh and D. P. Telionls, "Algebraically Growing Waves in Ducts with 
Sheared Mean Flow," J.Acoust. Soc. Amer., 55 (1), 16-18 (1974). 

88U 

ig^iM|^|ggi||||||^Mia^—^ ,-^.,.^ ^.^^^^aMMaja^ja^^^       M^»^,^ 
TJMJliiigHttKiiiiliaiiii-a-  i  .,^-. 



w«(Ä«M0^.w!««ffl9WflW"e«*j(^^ 

Addendum to 

"Acoustic Field of a Point Mass Source in an Infinitely Long 

Rectangular Duct with Flow" 

by J.E. Cole, III and I.I. Sarris 

The use of the orthogonal set of functions ty    (y,z) defined in 

equation 2.10 has been found to contribute minimally to obtaining a 

simple form of the solution to this problem for the total pressure 

p±(x,y,z,t) in the duct. As a result, some of the discussion and 

certain of the equations snould be modified. Equation 3.8 does not 

follow from equations 2.10 and 3.6. Upon replacement of ^ (y ,z ) 

with 6 (y ,z ), equation 3.8 is the correct governing equation for 
mn o o   "   , 

the axial deoendence F (x) of the modal pressure which we define to 
mn 

be 

mn   mn     mn 

This modal pressure is defined in terms of the nonorthogonal transverse 

characteristic functions $ (y,z), and therefore the total pressure 
mn 

can not be obtained by summing the modal pressures. With the replace- 

ment of ty     by <J>  equations 3.9a and 3.9b provide the solution for 
mn   mn  , 

the modal pressures p  and p~ , respectively (i.e., there should be 
mn    mn 

no summation Indicated in these equations). Figures 2 and 3 remain 

unaltered since they apply to a specific mode. 

5>i| <>> 
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SOME THEORETICAL STUDIES ON NOISE PROPAGATION, ATTENUATION AND 
RADIATION IN TURBO-PAN ENGINE ENVIRONMENTS 

by 

P. Mungur; J. C. Yu; J. L. Whiteaides? W. R. Arnold 
Joint Institute for Acoustics and Flight Sciences 
NASA-Langley Research Center, Hampton, Virginia 

1.  INTRODUCTION 

The purpose of this paper is to present recent and contin- 
uing research at the Joint Institute for Acoustics and Flight 
Sciences on the multiple interactions of noise that occur in a 
turbo-fan engine environment. Once these interactions are iden- 
tified, outlines of methods to understand their effects on propa- 
gation are presented and finally some results are shown. 

The fluctuations associated with the acoustic source on the 
blades of fan-jet engines as a result of rotor-stator interaction 
"Or otherwise need not all propagate away from the source as waves. 
The environment into which the source is located plays an import- 
ant part in determining the acoustic radiation efficiency. In a 
turbo-fan engine environment, figure 1, the sound first interacts 
with the mean helical flow in the vicinity of the blades and the 
rows of rotors and stators. Beyond the compressor or fan assembly 
the sound interacts with the inside surface of the acoustically 
treated nacelle, the mean flow and the mean thermal and flow 
gradients inside the nacelle. On its way out of the engine the 
sound interacts both with the inlet and exhaust flows and the 
outer surface of the engine nacelle. The above interactions give 
rise to convective propagation, convective and shear refractions, 
reflections, attenuation and diffraction. Each of the inter- 
actions mentioned above modifies the acoustic load seen by the 
fluctuating source and henoe its acoustic efficiency. Other inter- 
actions that have not been mentioned above are those due to varia- 
ble area duct and scattering by turbulence. 

In Section 2, the effects of helical flow on sound propaga- 
tion is reviewed. In Section 3 propagation in an inlet with 
boundary layer growth is discussed. In Section 4 radiation from 
duct ends in the presence of jet flow is reviewed and the effects 
in a jet exhaust are discussed. "Finally a scheme for optimizing the 
duct transmission loss is presented. 

Figure 1 - A 
turbo-fan jet 
engine flow 
field. 
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2.  SOUND FIELDS IN A HELICAL PLOW 

V - V, ♦ V« Vt« t M V.- 9<r> 

Figure 2 - A ducted helical flow field. 

As mentioned in the introduction, the fluctuations at the 
blades of a fan or compressor as a result of rotor-stator inter- 
action must propagate through a helical flow environment before 
it reaches the inlet or exhaust section where the mean flow is 
purely axial. This interaction of the sound with the helical flow 
has been studied by Kapur and Mungur II] and is briefly reported 
here. The mean flow is assumed to have components along e and z 
directions only in an annular duct (see figure 2). Both the 6 
and z dependent part of mean flow are assumed to be a function of 
r to account for the boundary layers. The mean temperature, den- 
sity, speed of sound and pressure are also assumed to be a func- 
tion of r to allow for any possible thermal boundary layers. The 
governing wave in such an environment is given by 

where Q1> Q2, Q3 are functions of the two components of the .aean 

flow, the thermal and flow radial gradient», the «peed of sound 
and the frequency. It follows that the 0's are function» of r. 

A solution to the governing wave-equation may be written in 
the for» 

P«FW«»(jet-jli»-/j) (2) 

989 



where k* take integral values given by 0, +1, +2, +m. 

Y and Ptr) are determined from the reduced wave^equation ob- 
tained by substituting equation (2) int.) equation (1) and is 
given by 

[i-*H£*£*-#-»s]« * "k Q„F*0 (3) 

where Q* is a function of Q-, kQ, y  and a>/c. 

Equation (3) can be integrated numerically from r, to r2 and 

is made to satisfy the boundary conditions at the lined or rigid 
surfaces at r, and r*. This will yield four sets of values 

for a specified kQ and **/c. Two sets are obtained for a posi- 

tive value of k# and another two sets for a negative value of k^. 

If the swiri component of the flow is clockwise when looking down- 
stream, then the two Y>s associated with a positive value of k# 

are associated with helical modes spinning in the same direction 
as the mean flow, one going downstream and the other going up- 
stream. On the other hand if k9  is negative, the two values of 

f*s are associated with helical modes spinning against the mean 
swirl and hence will propagate slower along the axis than those 
propagating with the mean swirl. 

It has also been shown that if the radial boundary layers are 
not taken into account (rigid body swirl) the radial boundary con- 
ditions will be modified by the mean swirl due to acoustic coupling 
with the centripetal force as a result of the swirl and also due 
to fluctuating centripetal forces. In conclusion, the mean swirl 
modifies the mode-shapes and the corresponding cut-on frequencies. 

3.  SOUND FIELD IN AN INLET DUCT 

Figure 3 - Boundary 
layer growth in 
an inlet flow 
duct 
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In an inlet duct, there is an inherent boundary layer 
growth., figure 3. The interaction of sound with a mean flow with 
a constant boundary layer thickness has received much attention 
in the last five years. The boundary layer growth gives rise to 
a variation of the mean flow not only along the direction trans- 
verse to the duct axis but also along the axis. Such an inter- 
action has recently been studied by Nayfeh et al 12] using an 
asymptotic expression, and Hungur et al 13] using standard run- 
ning wave approach. The method presented by the latter is re- 
viewed briefly. The governing wave equation derived by Mungur, 
Kapur and Gladwell 13] is given by 

where U is the mean axial velocity along x and is a function of 
both the axial coordinate x and the transverse radial, coordinate 
r. The coefficients L,, L2, L-, L. are functions of the mean 

flow and the axial gradients of the flow and temperature. L, is 

also a function of the transverse shear and thermal gradients.  In 
a constant boundary layer region of a flow duct, the coefficients 
L2r L3 and L. vanish and the governing wave-equation reduces to 

the simpler form studied by Mungur and Plumblee 14] and others. 

A separation of variable cannot strictly be applied to the 
above wave-equation (4) because the coefficient are functions of 
both x and r.  However the variation along x is very much smaller 
than that along r and use can be made of this fact as follows. 
The inlet duct can be mathematically subdivided along the axis 
into smaller segments. A separation may now be forced at the cen- 
ter of each segment with the consequence that the solutions are 
valid only at the center of each segment. The solution must con- 
tain both downstream and upstream modes and unknown coefficients 
to be determined from boundary conditions at the junctions of the 
segments. Such rolutions are determined at the centers of all the 
segments, using the following representation for the sound pres- 
sure at the center of any arbitrary segment, the ith for example, 

where y. is expected to have two sets of values, positive and nega- 

tive representing downstream and upstream propagation respectively. 
kQ can be shown to take integral values (0, +1, +2, +m) by using 

the cyclic boundary conditions along 8. When equation (5) is sub- 
stituted into equation (4), the following first order approximation 
of the reduced wave equation is obtained, 
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where L,* and Lgi are evaluated at the center of the i  segment 

as functions of r. L5i Is also a function of the frequency para- 

meter (w/c) and the axial wave-vector Y*. A solution to equation 

(6) satisfying the boundary conditions at the two curved surfaces 
of an annular duct can be obtained numerically and has been dis- 
cussed in detail by Mungur and Plumblee 14]. This method also 
yields the axial wave-vectors Y* in pairs, each set representing 

the modal wave-vectors associated with upstream and downstream 
propagation. Finally the sound pressure and axial particle 
velocity of the i-th segment can be written as 

rirfMl,a«i£idT:i«»^+Bij:w^jH(»*)   w 
t»0 *»-» 

where H(G,t) =* exp (ju>t-jm6) 

and \|>m(r) the mode shapes, solutions of equation (6), correspond- 

ing to a positive value of y.; similarly *n(*) corresponds to q^ 

negative values of y.*    The velocity mode shapes £ and n are 

obtained from the ty,  <t> and their radial derivatives. The unknowns 

are A* and B* .These can be evaluated by matching the boundary 

conditions at x.+h where h is the half length of the i  segment. 

Similar expressions to equation (8) and (9) can be written for the 

sound field at the center of the (i+1)  and the (i-1)  segments. 
To match the sound fields (continuity of pressure and axial par- 
ticle velocity) at the junctions, it is necessary to transfer the 
sound field from the center of each segment to its side ,For 
example for the ith segment, the sound field must be transferred 
from x. to x.+h, and this is done as follows, 

?(M,*>*K>t) » P(M,*,fl ±(|£)h 
(9) 
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where 

and 

h^--" is similar to equation CIO) with B ion replacing AJJ^,  <|> 

replacing ty,  and q. replacing Y.. 

A similar expression can be written for ux, the axial par- 

ticle velocity at x.+h in terms of u at x. and the coefficients 

A* and B1 .  It may be noted that the mode shapes and the axial 

wave-vectors are computed for different values of x.t  hence the 

axial derivatives should be easy to evaluate« 

Let the source be specified as a velocity u given as a func- s 
tion of r at x=x . The acoustic pressure at the source will be 

calculated below and let it be represented by P as a function of 

r. 

X8 

In matrix form the sound field in the first segment at x^-h= 

can be written as 
f            « •                 * 

t\ 
» T, 

L       J 1 *                 J *.- -h 

(11) 

where each column in the matrix fT-J is a mode shape multiplied 

by the exponential function as given in equation (10). 

By transposition and inversion of equation (11), one may ob- 
tain 

kw 
t* 

u, 

(12) 

By applying the continuity of pressure and velocity, at the 
various junctions, it is possible to express the modal amplitudes 
in the last segment x»x«+h (that is the beginning of the inlet), 

i  being the number of segments the inlet is divided into in terms 
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of P and u , 
S       5 

u< 
(13) 

J 
where Pu is made up of  products of similar matrices namely 

IRXSJ ' IR21^ ' *R32^ and so on to *RI(J?-1)^ and is a function of 

the flow duct environment only. At the end of the inlet, each 
B can be replaced by the corresponding A multiplied by the modal 

radiation impedance of the inlet.  This is discussed further in 

Section 4. Then it is possible to express A and P in terms of 

u and elements of R # .  Once P can be evaluated as explained 

above, the source radiation impedance (Pe/u_) can be determined. s s 
The acoustic efficiency of the source is proportional to the real 
part of the radiation impedance of the source.  In this way the 
influence of the boundary layer growth on the acoustic efficiency 
can be determined.  The radiation from the inlet and the exhaust 
ducts is discussed in the next section. 

4.  RADIATION FROM DUCT TERMINATION IN PRESENCE 
OF INLET AND EXHAUST FLOWS 

As shown in figure 1, the sound from the duct end must radia- 
te through the incoming and jet exhausting flows. Such flows have 
axial and transverse gradients of the mean flow and temperature« 
the temperature gradients occuring mainly in the exhaust jet flow. 
Interactions with such flows will modify both the spectrum and the 
directivity due to convective and refractive effects. The sound 
field from such an environment has been studied by Schubert [5], 
Mungur, Plumblee and Doak (6] and Whitesides and Mungur 17].  Yu 
and Mungur analyzed the sound field in a helical jet flow [8]. 
The formulation of Mungur et al [6,7,8] allows the radiation im- 
pedance of a source or the duct end modal impedances to De evaluat- 
ed taking into account both the convective and refractive effects 
of the jet.  This method is summarized below. 

The analysis of sound radiation from an arbitrary source dis- 
tribution in terms of Legendre and spherical Hankel functions is 
well known. Mungur et al 16,7,8] extended this classical method 
of analysis to jet flow environments. A spherical wave-equation 
governing the sound field in such an environment was derived from 
the more basic linearized equations of momentum and mass conserva- 
tion.  The steady state flow and thermal and flow gradients in the 
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axial (.that is radial) and transverse (angular) directions appear 
as coefficients to the terms of the wave"-<equation. The final form 
of the convected mve<*equation was of the form, 

where r, & and ^ define the spherical coordinate system, M is the 
radial flow normalized with respect to the speed of sound, and is 
a function of both the radial and angular coordinates,  f, through 

f4 are functions of the mean flow and transverse and axial gra- 

dients of the flow and of the temperature. 

Radiation from any specified velocity or pressure source 
must satisfy the above wave-equation.  It may be noted that if the 
mean flow and its gradients are set equal to zero, equation (14) 
reduces to the classical wave-equation in spherical coordinate 
and its solutions can be written in terms of Legendre and spheri- 
cal Hankel functions. In the presence of the flow, modified 
Legendre and modified spherical Hankel functions are sought. Like 
in the inlet the equation is not separable due to the fact that the 
coefficients are functions of both coordinates. A separation is 
forced by using a solution of the form 

Y(r,M,v«  tMXexpijut-jM-rr) (15) 

where F and y  are weakly dependent on r and yis complex when in 
the near field, m is an integer. 

When equation (15) is substituted into equation (14) , a re- 
duced wave-equation from which F is obtained is given in the first 
approximation by 

where f^ and f5 are functions of both 8 and r, and f. is also a 

function of the frequency u, m and the undetermined y. Equation 
(16) governs the directivity part of the solution. For a given u>, 
m and a flow field, at a specified value of r equation (16) has 
been integrated subject to angular boundary conditions yielding 
several values of Y and corresponding angular functions for F. 
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Some calculations haye been done I&f7J for a flow field 
shown in figures 4, 5, and 6. 

Figure 4 shows the modifications that take place to the 
classical Legandre functions when flow LB present. The sound 
field contributed by each mode has a reduction along the axis. 
This is due to both connective and shear refraction. Figure 5 
shows the competing effects of refraction by temperature gradients 
and convective and shear gradients. TR the temperature is defined 
as the ratio of the difference of the jet center line temperature 
T , and the ambient temperet' t * T (outside the jet) to the am- 

bient temperature T . Simile modifications occur to all the 

modes although the effects reduce for the higher order modes. 
Figure 6 shows the flow field for a helical flow and the effects 
of the swirling component of the mean flow on the directivity 
of various modes. 

4.1 Evaluation of the radiation impedance of velocity source in 
the presence of a jet flow. 

The evauation of the radiation impedance involves the evalua- 
tion of the acoustic pressure at the source plane. Because there 
are several values of y  and corresponding angular functions for F, 
the general expression for the acoustic pressure and the radial 
acoustic velocity can be written as 

P.P'rP' (17) 

U c Ur +- u (18) 

where 

p-.ii/HO.)ieJ"ucr 
(19) 

■  t 

r.iioW,v 
**0 h*-io 

(20) 
Y> 

where ty    is the solution of equation (16) corresponding to the n 

positive value of y.    The q's are in fact the negative values of Y 

and n the corresponding mode shape. P representsoutgoing waves 
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Figur« 4 - Influence of ambient jet flow on the directivity of spherical 
«odes. Fig. 4(a) no flow, directivity given by Legendre 
functions. Fig. 4(b) with flow; Legendre functions are modified. 
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Figure S - Xnflue>.:e of jet center-line temperature ratio on the (0,0) 

mode. Neg TRmcold jet. 
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^ »0.5, M4/C.-W/2, r/d-O. 

(«).  (0.0) Hod« 

(c).  (2,2) Nod« 

•o so 

<d).  (2.4) Hod« 

Figure 6 - Influence of swirl ratio 3 (<• ratio of saximum swirl to axial 
components of total mean flow) on the spherical harmonic modal 
directivities. 
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and P~ incoming waves, u and u" are the axial particle velocities 
associated with the outgoing and incoming waves respectively. 
They may be expressed in terms of ty,  n and their derivatives and 
the amplitudes A and B . Both solutions are necessary because 

the flow in general changes continuously with r. Equations (18) 
and (19) express the sound field at a spherical surface given by 
a value of r whjre both the mode shapes and the radial wave- 
vectors are evaluated. Expressions similar to equation (18) and 
(19) can be written at different values of r. 

Let the space surrounding the engine be subdivided into shells 
(see figure 1) and let Jr=r, be the radius of the center of the in- 

nermost shell. The coupling of the sound field to the source can 
only be done by transferring the sound field evaluated at r, to 

r^r^-h, where the velocity source is located; h is the half width 

of the first shell. Let u (6) be the velocity source distribu- 
s 

tion and P the pressure at the source which is to be evaluated. 

In matrix form, the continuity of pressure and radial particle 
velocity at the source may be expressed by 

ft 

• • • T, K. (21) 

\rt-l 
where each column in the matrix [T,J is a mode shape multiplied 

by the exponential function as given by equations (17) through 
(20).  The modal amplitudes A  and B  can be obtained by matrix 

transposition and inversion. Thus 

K> 
s. 
•*» 

R IS ft 
(22) 

where !RlaJ is given by the products [ IT,] [TJ ]" IT,] . 

By applying the continuity of the pressure and the radial 
particle velocity at the junctions of the various shells into 
which the jet flow environment is divided into, it is possible to 
express the modal amplitudes in a distant shell r«r£(say) in terms 

of P and u as follows s     s 

K, ^J^ 

I*« i 
R Is 

1, 

(23) 
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where R^ is made up of the products of A transfer matrices.  If 

r« is sufficiently large such that the flow changes vary little 

with r, then the reflected waves will be negligibly small and all 
the B 's in the 4-th shell may be set equal to zero. Then it 

is possible to express A  in the il-th shell and P as func- 

tions of u and elements of the matrix tR^-1• Thus for a speci- 

fied u , and a mean flow field, Pe can be evaluated, and (P_/u ) s s s  s 
is then the radiation impedance.  Further details on this sec- 
tion 4.1 can be found in a recent paper by Mungur and Plumblee[9]. 

5.  DUCT TRANSMISSION LOSS OPTIMIZATION 

One of the main purposes of theoretical acoustic modeling of 
sound propagation in ducts is the prediction of the condition when 
minimum transmission takes place.  There are two mechanisms that 
can be used to cause maximum transmission loss in a duct.  The 
first is to use the right material that gives maximum overall 
attenuation for all the modes.  The second method is a reactive 
mechanism taking advantage of reflection at the discontinuity of 
a duct lined with two different impedances.  It has recently been 
shown by Lansing and Zorumski [10] that more attenuation is ob- 
tained when a duct is lined in three sections than if the duct 
were homogeneously lined. One reason for the extra attenuation 
apart from the reflective effect is that the discontinuity in 
impedance causes several higher order modes to be excited and these 
higher order modes in general have higher attenuation coefficients. 

Several standard optimization techniques are being evaluated 
for application to the multi-section duct problem, typical of 
these is the steepest gradient method as outlined below. The ob- 
jective is to minimize the acoustic power transmitted through a 
given length of flow duct with a specified source distribution. 
The acoustic power propagating in the duct is a function of sec- 
tions the duct is divided into, t,   and A. the length and admit- 

tance of each section.  For one particular set of q, I-   and A., 

and specified source and flow characteristics, the governing wave 
equation is solved in each section and the soxutions matched from 
section to section starting from the source.  In this way the 
sound field can be completely defined and hence the intensity and 
power can be evaluated. The gradient of the power with respect 
to each of the parameters q, I.  and A. are evaluated by changing 

one at a time. The gradients are then used to find the direction 
of maximum gradient in the q, JL, Ai plane.  The values of q, I. 

are then incremented in the direction of maximum gradient. The 
power and its derivatives are re-evaluated.  The power at this new 
point is compared with that at the previous point, if it is less, 
the above procedures are repeated until the power at the new point 

■no 



is greater than at the previous point. Then the step size is 
halved and the above procedures repeated until a minimum is 
reached. From the practical point of view it is necessary to 
apply the following constraints on the following variables: the 
length of any section must not be smaller than a specified mini- 
mum, a practical limit on the admittances must be specified. 
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ACOUSTIC DISTURBANCES PRODUCED BY CAS NONUNIFORMITIES 
CONVECTING THROUGH A SUPERSONIC NOZZLE 

by 

Edward E.  Zukoski 

Daniel aid Florence Guggenheim Jet Propulsion Center 
California Institute of Technology 

Pasadena,  California 

Introduction 

When a region of nonuniform enthalpy ('entropy spot, " s') is con- 
vected through a steady flow field where the mean properties change rapidly 
along the flow direction (such as the velocity gradient dU/dx ),  an acoustic 
source results which is of the order   (dU/dxr(s7C  ).    References 1 and 2 
give some detailed analysis of such sources resulting from the passage of 
thermal nonunifenmities through nozzles.    Here,  the strong field gradient 
(dU/dx or dP/dx) is provided by the nozzle contour. 

Such sources are of particular importance in connection with com- 
bustion systems which invariably lead to nonuniform temperatures and con- 
sequent entropy fluctuations.    A rather clear-cut example is the large scale 
fluctuation of temperature produced in an afterburner upstream of a nozzle. 
Where the nozzle is choked,  the pressure fluctuation p'  at the outlet, where 
the undisturbed pressure is p2,  gives the res dt that p'/vp? = }(Mj+M?) • 
|<T'/Tj) where ^(M^M^) is the mean of the approach and discharge Mach 
numbers of the nozzle and T'/Tj  is the (random) fractional temperature 
fluctuation introduced by the combustion process ahead of the nozzle.    The 
values T'   Tj from 0. OS to 0. 20,which are known to exist in both main burn- 
ers and afterburners, thus lead to pressure fluctuations of a significant 
fraction of an atmosphere and,  as a consequence,  constitute a possible sig- 
nificant noise source. 

A very similar and probably even more important situation occurs 
when the temperature fluctuations from the mean burner pass through the 
choked turbine nozzles.    This source exists in the core engine of a high by- 
pass ratio fan and consequently may be a dominant source of 'excess noise 
when the jet Mach number is low 

An experimental investigation has been initiated at Caltech with the 
financial support of the Office of Noise Abatement,  DOT, to demonstrate the 
magnitude of these strong disturbance    sources and to observe their actual 
strength in comparison with the results of extensive linearized analyses.    In 
addition,  it will be attempted to make measurements in the more complex 
case where the temperature disturbances approach the nozzle in a random 
fashion rather than as plane harmonic waves. 

In the present paper we shall describe the experimental apparatus 
build for this investigation and the results of preliminary calculations and 
experiments. 



Experimental Apparatus 

The experimental apparatus to be used in the exp arimental program 
is described briefly in the following paragraphs.    The equipment described 
here has been constructed and is now in operation. 

£.    The gas supply system,  shown schematically in Figure GasS 
1» was designed to maintain a flow of about one half kilogram per second to 
the test nozzle at a total pressure of 3 atmospheres and at a low turbulence 
level.    Nitrogen gas is drawn from 20 high-pressure gas bottles which have 
an initial pressure of 170 atmospheres and a total capacity of 190 kilograms. 
A total operating time of about 100 seconds can be obtained with a single set 
of bottles.    Operating procedures and quick-acting valves allow data to be 
taken over periods as short at 10-20 seconds. 

regulators high pressure 
gas bottles 

acoustic treated 
plenum 

15 cm diameter 
by 61 cm 

aerodynamic 
treated plenum 
1* cm diameter 
by fei cm 

r^. 
inlet section 
16 to 30 cm 

long 

nozzle 
30 cm long 

Figure 1.    Schematic Diagram of Flow System. 

Two dome-type regulators operating in series are used to hold the 
gas pressure constant during a run.    They can be preset prior to the start of 
gas flow.    Upstream of the nuzzle and inlet sections, the gas first passes 
through a plenum chamber filled with überglas which was designed to reduce 
reflections.    The second section of the plenum chamber contains four 44- 
mesh screens and a 15 cm long section of straws designed to reduce the tur- 
bulence level of the flow.    The Mach number in this section is nominally 0.02. 

After traversing a contraction,   the gas passes into the inlet section. 
which has a cross section oi 2. $ * 7. 6 cm and which contains the heater and 
mass bleed equipment discussed below.    The Mach number in this section is 
0. 20 . 

Nozzle.    The supersonic nozzle section which follows next is rectan- 
gular in cross section.    It is \Q cm long and the 2.5 * 2.5 cm cross section 
throat is located 20 cm fr>m the inlet section.    The nozzle currently in use 
has a nearly constant Mavh number gradient of about 0. 04 cm~* and a less 
constant velocity gradient of about 100 sec"1.    Measurements of the mean 
static pressure field in the nozzle have been used to obtain corrections to es- 
timates of the mean Dow field made from measurements of the distribution oi 
cross section area.    Nozzle exit Mach number is 1.4. 

Anechou Cnamber.    The supersonic nozzle exhaust lies at the center 
face of an anechou  chamber which is cubic and has interior side dimensions 



of 300 cm,    The interior £ urface consists of überglas wedges which produce 
free space conditions within | db inside the chamber for frequencies greater 
than 300 Hz.    A photograph taken during the construction of this chamber» 
Figure 2a»  illustrates the metal structure used to support the wedges.    Test 
data indicate that the chamber operates satisfactorily for frequencies greater 
than 300 Hz.    Typical data on sound pressure level are shown in Figure 2b, 
where the sound pressure level measured on the axis of a speaker decays 
with the distance from the speaker,as required by free field theory.    Agree- 
ment with free space field theory is within j db over the whole range of axial 
distances except for the 200 Hz signal. 

Mass flow entering the chamber from the nozzle is exhausted from a 
30 v 30 cm cross section acoustically-treated duct placed at the center of the 
opposite wall. 

Pressure Measurements.    Mean stat?c pressures were measured in 
the nozzle at 6 cm intervals with a strain gauge pressuie instrument.    Pres- 
sure fluctuations are measured at five stations at intervals of about 7. 5 cm 
with high-frequency response piezoelectric gauges.    The three instruments 
available for these measurements must be moved between tests to allow the 
shole field to be studied.    Three similar stations are located in the inlet sec- 
tion and three others in the plenum section. 

Pressure fluctuation measurements in the anechoic chamber are 
made with two B&K capacitance type microphones. 

Heater.    The heater is made up of an array of 375 nichrome wires 
which are periodically heated by an electric current applied in the form of a 
square pulse wave train.    The wires have a diameter of 0. 010 cm and a 
length of 6. 4 cm.    Twenty-five of these wires are wound across two conduc- 
tors 0. 16 cm in diameter which are supported by a rectangular frame made 
from a phenolic plastic which is about 0. 32 cm thick.    The inside edges of 
this frame form the 2. 5 y 7. 6 cm cross-section dimensions of the inlet section 
duct.    Fifteen of these frames are stacked up to form the complete heater.   A 
single frame and the fifteen-frame stack are shown in the photograph of 
Figure 3.    The wires in each frame are in parallel electrically and the 
frames are in series. 

The electric current supply for the heater is drawn from a 0 - 300 V, 
0-100 amp DC power supply.    Two silicon controlled rectifiers switch the 
large current flow to generate a square-wave current pulse-train which 
drives the heater.    The duty cycle can be varied from 0 - 100 per cent and the 
frequency from 0-12 kHz. 

The frequency can be controlled by either of the two techniques 
which are illustrated schematically in Figure 4.    When the heater is operated 
alone, the SCR switch system is driven by a pulse  generator set at the de- 
sired frequency.    When both heate    and bleed valve systems are acting simul- 
taneously (the situation illustrated in Figure 4), we need to control the phase 
difference between the heater pulse and the valve position.    This is done by 
directly measuring the valve position (photoelectrically) and using this signal 
in conjunction with a variable time delay or phase control system to set the 
phase of the SCR switch system.    Calibration of this system to ensure that 
mass bleed and heat addition are exactly 180° out of phase is described in the 
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Figure 2 a.    Photograph of Anechoic Chamber Illustrating Construction 
Details. 

•      200 hz. 
O       300 
A      400 
a       800 
> 2000 

IDEAL 

40 cm 

AXIAL  DISTANCE  FROM  SPEAKER 

Figure 2b.    Calibration Data for Anechoic Chamber. 
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next section. 

A fluctuating temperature of a few degrees centigrate can be pro- 
duced in the 0. 5 kg/sec air flow with the heater system.    The magnitude of 
this fluctuation is measured with a conventional constant-current hot wire 
anemometer set and a 0. 001 cm diameter wire with a frequency response 

Figure 3.    Photograph of Complete Heater Section and One Heater Frame. 

power 
amplifier 

synchronous 
motor 

bleed 
valve 

valve position 
sensor 

frequency 
generator 

—I pulse generator       [—o  »o      |   phase control    j- 

SCR switch system 
0-100 amp,  0-300 v DC 

9     9 

15 kw,  0-300 v DC ^ 
power supply + *   heater 

Figure 4.   Schematic of Heater and Bleed Valve Control System. 
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several orders of magnitude above the heater operating frequency. 

Bleed Valve.    Mass is bled from the inlet section through one wall 
of the heater.    The heater frames, described above and shown in Figure 3, 
are separated by about . 0125 cm thick tape which is placed to make flow pas- 
sages . 0125 x 6. 0 cm in cross section between each frame.   Sixteen of these 
passages ;n one side wall of the heater allow gas to pass into a shallow ple- 
num chamber and on through a valve formed by a hole in a 1. 25 cm rotating 
shaft.    The mass flow rate is fixed by placing various calibrated orifices in 
the line downstream of the valve.    The shaft in the valve is rotated by a syn- 
chronous motor which is driven by a signal generator and power amplifier, 
as indicated in Figure 4.    Valve frequencies between 0 and 450 Hz can be 
obtained. 

A photoelectric device is used in conjunction with an 0. 032 cm hole 
through the shaft to determine the angular position of the shaft.    The phase 
difference between the shaft position and the initiation of mass flow from the 
inlet duct was determined by monitoring the gas flow out of one of the bleed 
passages in the heater wall with a hot-wire anemometer.    Given this phase 
difference,  the phase control system shown in Figure 4 can be adjusted to fix 
the phase between heat addition and mass bleed as desired. 

Data Acquisition and Processing 

The pressure and temperature fluctuations introduced by the heater 
and bleed systems upstream of the nozzle are of the order of 1 to 1/10 per 
cent of the mean values of pressure and temperature.    These relatively weak 
input signals produce pressure fluctuations in the duct which are of the order 
of 0. 6 x 10*    atm,  or about 100 db.    Because the background aerodynamic 
noise in the duct is of the same magnitude,   signal processing is required to 
extract useful information. 

The data acquisition and processing techniques are described in the 
following paragraphs 

Data Acquisition.    Data are acquired from a variety of transducers 
as voltages, which are amplified to ensure that the signals of interest lie in 
the range between 10 volts and 10 mV.    Using a Hewlett Packard 2100 Data 
Acquisition System, the signals are converted to digital values and are 
stored on a magnetic disc by the process shown schematically in Figure 5. 
Data in digital form are acquired by this system at a rate of 60 K words per 
second.    Because a single disc is available, data can only be taken continu- 
ously for about 0. 1 second when the 60 K sampling rate is used.    This pre- 
sents a difficulty,  because we need long sampling periods to increase the 
signal to noise ratio of our data. 

This difficulty is overcome,  and the ease in processing the data is 
increased,  by using a phase lock acquisition technique.    Data acquisition is 
started when the logic circuit,  Figure 5,  simultaneously receives an "on" 
signal from the clock and a particular pulse from the heater or bleed valve 
input signal.    Data acquisition terminates after about 0. 10 seconds when the 
data buffer region of the computer core storage is filled with data.    Each 
segment of data obtained in this manner starts with the same phase with re- 
spect to the input or forcing signal. 
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Figure 5.    Schematic of Data Acquisition System. 

This arrangement allows the signals to be phase averaged.    In this 
process, the signals obtained from a large number of data samples and at a 
particular time after initiation of each data acquisition cycle are averaged. 
These average values are assembled for each sampling time to form a new 
signal which is one data segment long.    The averaging process results in an 
increase in the amplitude of the signal in which we are interested (i. e.,  the 
signal produced by the response of the nozzle and supply system to the input 
signals),  and a smaller increase in the noise.    Because the signal of interest 
will increase linearly as the number of data segments is increased,  and the 
noise will increase only as VN ,  a gar proportional to VN is made in signal 
to noise ratio.    In the present work, values of N betwetn 60 and 150 are 
being used.    Hence,  a substantial gain can be made in signal to noise ratio. 

The power of this process can be seen by comparing the two frequen- 
cy spectra shown in Figure 6.    The lower section was obtained from a single 
data segment 0. 10 sec long.    The upper spectrum is obtained from data ob- 
tained during the same experiment after averaging 100 data segments as out- 
lined above.    In this example,  the response to a heater input signal is shown. 

The outputs of 6 transducers are measured during a typical experi- 
ment,  and each transducer output is sampled at 10 kHz.    This rate gives us 
25 samples per transducer per cycle for a 400 Hz wave and is much more 
than required to define the wave unambiguously. 
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Typically, three channels are used to measure fluctuating pressures 
in the nozzle or inlet sections, one to measure temperature fluctuations pro- 
duced by the heater, and the last two either for microphone measurements in 
the anechoic chamber or for measurements of mean flow quantities in the in- 
let section. 

Data Processing«    Data averaged by the technique described above 
have been processed on a digital computer by a Fourier transform technique 
to obtain spectra of the pressure signals similar to those shown in Figure 6. 
This analysis yields both the magnitude and the phase of the pressure signals 
induced by the input signals with a frequency resolution of about 10 Hz.   Under 
certain circumstances, harmonics of th? forcing frequency are s *t up and we 
can measure the response of the nozzle to input signals at a number of fre- 
quencies during the same experiment. 

Cross-correlation programs have been developed and used to ex- 
amine the relationship between signals produced in the nozzle and in the 
anechoic chamber. 

In addition to these measurements obtained by this technique, phase 
relations between various transducer signals can be obtained.    For example, 
measurements xrade at two positions 15 cm apart in the constant-.are a inlet 
duct can be used to obtain amplitude and phase of the downstream running 
wave and the upstream or reflected wave.    This information is being used to 
connect calculated and measured fluctuation amplitudes for the nozzle.   Simi- 
lar data obtained from microphones will be used to examine the nature of the 
far field signal set up by the fluctuating signal leaving the nozzle exit. 

Calculation 

An analysis has been made of acoustic propagation through a one- 
dimensional duct of varying cross section area which contains a mean flow 
and periodic sources of heat and mass.    The equations of motion are solved 
numerically for the mean flow through the duct for given cross section area 
variation under the assumption that the flow is isentropic.    The equations are 
also linearized for the study of small flow perturbations about the mean flow 
due to heat and mass addition. 

The energy equation for the perturbation quantities is not coupled to 
the continuity and momentum equations.    It can be solved independently and 
used to match arbitrary input functions for heat addition.   Manipulation of 
equations of continuity, momentum, and state leads to a pair of coupled, line- 
ar ordinary differential equations for the pressure and velocity perturbation 
fields. 

The duct geometries investigated simulate the supply system start- 
ing at the plenum chamber, the inlet sections, the heater and bleed systems, 
and the supersonic nozzle used in the experiments.   Solutions were obtained 
by numerical integration of the equations.    Because the equations have a sin- 
gularity at the throat, the numerical integration is started there and proceeds 
both up and down stream. 

When the forcing function is a simple mass bleed,  an upstream 
matching condition is specified either as an impedance at some point up- 



stream or as an incident pressure wave at the nozzle entrance.    In the latter 
case, the incident wave is obtained from the experimental determination of 
both incident and reflected waves.    Given the determination of the subsonic 
solutions,  the calculation can then be continued into the supersonic section 
of the nozzle. 

A similar solution could be carried out for the case of a simultane- 
ous heat and mass bleed.    Entropy fluctuations are measured at the nozzle 
inlet and a solution of the entropy field is then obtained.    Again,  two pres- 
sure measurements are made in a straight section upstream of the nozzle 
entrance and a matching condition is calculated.    The equations are solved 
using the matching condition to give a general solution from a homogeneous 
solution (no entropy fluctuation) and a non-homogeneous solution. 

Solutions have been obtained for a range of geometric configurations, 
upstream matching conditions,  and heat addition and mass bleed values. 
Typical results are given in Figures 7,  8,  and 9,  which are discussed in the 
following section. 

Results 

Considerable experience has been gained in operating the various 
systems and acquiring data.    Pressure signals generated by operation of the 
bleed valve have been measured and compared with calculated values for a 
number of configurations.    If the pressure signal incident on the nozzle is 
measured experimentally and is usei as the upstream boundary condition on 
the calculation,  good agreement is obtained between experimental and theo- 
retical values.    An example of these results is shown in Figures 7 and 8, 
where phase and amplitude data are shown in comparison with calculated 
values.    Agreement between measured and calculated values of phase is ex- 
cellent throughout the nozzle (0 - 12 inches).    Measured and calculated value« 
of amplitude diffe~ by about 10 to 15 per cent.    Comparison between calcu- 
lated and measured values of the phase and amplitude of the wave reflected 
at the nozzle entrance is also good. 

In general, the calculation scheme used here has been most suc- 
cessful when measured values of the amplitude and phase of the downstream 
running pressure fluctuation are applied as a condition at the nozzle inlet 
(as was done for the results shown in Figures 7 and 8).    Attempts to com- 
pare calculated results for the whole system (plenum chamber to exit noz- 
zle) with measured values have been less satisfactory.    This result is 
probably due to poor acoustic modeling of the heater-bleed valve system and 
the plenum chamber impedance.    The development of a better modeling 
scheme for these components is being investigated.    In any event, the cal- 
culations show that when both pressure and entropy fluctuations are incident 
on the nozzle, the pressure fluctuation field produced in the nozzle is a sen- 
sitive function of duct geometry and phase differences between entropy and 
pressure fluctuations at the nozzle inlet, 

911 

-IBtiMfftiilf;" Bill- 



x 

OB 
4> 

-a 
> 

4) 

S 
a 

ft) 

1 
I 
•3 
Ü 

■a 
u 

o> 
> 

> 

4) 
4> 

^H 
05 
to 
35 

s 

o 
u 
& 

1 
• rl 

I) 
h 
a 

S33ti93Q Nl  319NV   3SVHd 

912 

»*^^ 
^w 



n(M 

I 

8 

00 

* -J 
N 

1 
NU 

*l 
to 
I 

00 
I 

CO «NO 

öyfd vOI 

00 <0 
lo 

«7 

> 

€) 

3 
c 
«J 

s 
•0 
© 

15 
•3 
Ü 

1 
U 
(J 

I 
> 

f> 
D 

V 
Ü 

o 
0* 

a 
•H 
(A 
» 
U 
3 

o 
«I 

1 

1 
ao 

•«4 

I* 

913 



-13    -12    -9-6-30369 

DISTANCE  AUONG    NOZZLE   AXIS 

Figure 9.   Amplitude of Pressure Signal Produced by Heater; Calculated 
and Measured Values. 
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When the heater is operating, it produces both temperature or en- 
tropy fluctuations and pressure fluctuations.    These pressure fluctuations 
are large enough to obscure to a certain extent the pressure field generated 
by the interaction of the entropy fluctuations with the nozzle,  and hence are 
undesirable.    We have attempted to reduce the amplitude of these signals by 
using the bleed valve plenum and inlet ports as a Helmholtz damper.    Figure 
9 shows a typical set of data obtained with this approach and compares it 
with a calculation based on the assumption that entropy fluctuations, but no 
pressure fluctuations, move downstream to the nozzle.    The agreement is 
good in the nozzle but not farther upstream. 

The linear rise in the nozzle is typical of the variation of pressure 
fluctuations produced by entropy fluctuations „and this behavior is in strong 
contrast to the almost constant amplitude of the pressure fluctuation (e. g. 
Figure 8) produced by the mass bleed system.    Calculations indicate that 
this difference persists from almost quasi-steady conditions^when the period 
of the disturbance is comparable to the transit time of gas in the nozzle, up to 
conditions when the period of 1/10 of that time. 

Examination of Figure 9 shows that the degree of damping achieved 
with the bleed system was not satisfactory,  and a second scheme is now being 
developed.    In this approach, the bleed valve system will be used to allow 
gas to be removed periodically from the inlet duct at the heater position with 
the phase and amplitude required to cancel the pressure signal produced by 
heat addition.    Preliminary efforts to produce cancellation have been suc- 
cessful.    This investigation is being continued. 

Measurements of the pressure field produced in the anechoic cham- 
ber by disturbances in the nozzle have also been started.    Even with the 
large background signals produced by the jet, the far field signals produced 
by the small amplitude signals generated within the nozzle are large enough 
to be observed.    Correlation between pressure fluctuations in the nozzle and 
in the far field have been made and are now being used to study  the nature 
of this radiation field. 
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THE ATTENUATION OF UNSTEADY DISTURBANCES 
IN AXIAL COMPRESSORS 

by 

W.  Duncan Rannie 

Daniel and Florence Guggenheim Jet Propulsion Center 
California Institute of Technology 

Pasadena, California 

1.    Introduction 

The effects of unsteady disturbances on a compressor are difficult 
to analyze in general because of the complexity of the interactions with the 
blade geometry.   A simplification is possible if the disturbance wave lengths 
are long compared with the axial length of a single stage of the compressor. 
Then the effects of the alternating contractions and expansions of area 
through the blade rows tend to cancel, leaving only the cumulative effect of 
blade forces to interact strongly with the disturbance.    The model that is 
proposed is one with blade forces spread uniformly in the circumferential 
direction and distributed continuously in the axial direction, that is, discon- 
tinuous blade forces replaced by continuous equivalent body forces.    The 
body forces depend on local flow conditions in the compressor in the same 
way as the blade forces that they replace. 

This note is confined to a discussion of plane disturbance with radial 
variations neglected so the compressor can be replaced by a one-dimensional 
model.    Although disturbance wave lengths are very long compared with the 
axial length of the blades, they are not necessarily very long compared with 
the compressor. 

Z.    Equations of Motion 

In the one-dimensional model of the compressor,  the coordinate x 
is along the compressor axis and the blade height h is a iunction of x.    The 
axial and circumferential components of velocity are u and v respectively, 
the pressure p, density p ,  and temperature T.    The equations of motion 
for a plane disturbance with blade forces represented by body forces are 

Jj(ph)*~ (phu)   , 0 (2. \) 

du du 
•£'♦8**5-*""* U.2 

. dv dv .        pu     v.     - 
p * "5? * u Sx     r  ^r" 

dp dt 
u) 

a. 3) 

a.4i 

• H 



where a it the compressor length,   u is a constant reference velocity to be 
chosen later,   X and Y are the dimensionless forces per unit height replac- 
ing the blade forces,  and   F is the non-isentropic resultant of these forces. 
The resultant F is responsible for any increase of entropy in the compres- 
sor.    X ,  y ,  and F are functions of local axial velocity only. 

3.    The Body Forces Representing the Blades 

Assume that the flow angle leaving a stage is the same as the flow 
angle entering and that there is no change in axial velocity through the stage. 
The stage configuration and the appropriate velocity diagram are shown in 
Figure 1.    The temperature rise for two-dimensional flow through the stage 
is given by 

u C AT   -   V 2fl -~-(tanß    * tan y (3. 1) 

where V_  is the rotor blade speed,   ß    and -^   the leaving angle* relative to 
rotor ana stator respectively.   Since e the velocity is the same leaving the 
stage as entering,  AT   can represent either stagnation or static temperature 
rise. 

If 0e  and ve  are constants,   independent of inlet angles to respective 
blade rows 2 

C  AT   s   V    U  - au/V   ) (3.21 
D r r 

where Ä  - tanß    * tanv        constant.    For irrotational (inviscid) flow through 
the blade rows,   cascade theory shows that the form C  AT = V,r(a   -lu Vp) 
is still valid where *Q and ?■ are constants even when    ße and \e are 

of the incident flow angles ßi and ^i •    For real fluid flow th functions 
the stage,  the coefficient  a may depend on  u'Y 
pendence is quite weak. 

rough 
although generally the de- 

©^"<DX® 

stcrtor rotor 

Vr 

Figure 1. 

The avrrage axial length -A a »tage is   a  N  where  N  ts the number 
A stages.  n> the equivalent continuous distribution of temperature can be 
written as 

dT N .   Z Ä    u 
p dx 

iv2 
a     r 

. 1 >> 



Tf  r is the "infinitesimal stage" efficiency» then 

p dx       v-1    ' T dx (3.4) 

Strictly, the pressures and temperatures above should be evaluated at stag, 
nation conditions, but with small velocity changes they can be interpreted as 
static conditions without much error.    From Eq.  (3.4),  applying the ideal 
gas equation p = RpT , 

fe-Ä^TE =P^Vr
2U-«f>- (3.5) 

For steady state,  and ignoring the dependence of  dp/dx on du/dx , 

P"S+S=#X  ■  P^V>-a^> ,3.6) 

and hence under steady state conditions 

V    2 

X  =  N( — )"(i-a^-) 
u r 

and further,  from the energy equation, 

(3.7) 

pvS-«i«(i.^p|.(i^jv;(wf) = PU^F 'p    dx 

so that 

(3.8) 

In general,  1 and a are functions of u/Vr,and the forms chosen for the 
body forces in Eqs.  (2. 1),  (2.2),  and (2. 4) are seen to be appropriate. 

In the examples that follow, the design operating condition for the 
compressor is chosen to correspond to u = u = constant and dT/dx = con- 
stant - tT2-Tt) a so that 

T  -T 2      1 T   -   T. ♦ — - x    . 
1 a 

Such a choice simplifies calculations while remaining realistic. With bars_ 
( ) to denote design, or undisturbed values, puh = m = constant where p 
and h are functions of x ,  and 

IS -.~c S--C lii — dx p dx pa — )T    or    X - vC 
a p 

VT1 
a 

if the average flow angle through the compressor does not change appreciably 
over the axial length and u is constant,  the momentum equation for the cir- 
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cumferential direction can be ignored. 

4.   Small Disturbances 

Restricting the disturbances to small amplitude about the design 
operating condition for all points within the compressor and assuming that at 
design the efficiency is at its maximum everywhere,  replace p,  p,  and u 
by p(l + p/p) ,   p(l + p/p) ,   and u(l + u/u) ,  respectively, where p,  p,  and 
u are now the disturbed values.    Introduce dimensionless length g - x/a and 
dimensionless time  T  = ut/a and retain linear terms only; then 

b     P 

RT 
4(^)+^(^)+^r-(l+^l)4-(!:) + X(!--^)-X'^=  0        (4.2) 

^id.fllH^^xfi-.^KW-D^n^fi:-^)-?^} . o   (4.3) 
u 1 '       p        p ppu 

Here,  X' = {dX/d(u/u)}   ,-_Q and TI = constant. 

For disturbances that are sinusoidal in time, let p/p , p'p , u'u a 

e~lU; where U? = Va/u with v the disturbance frequency. Then the equations 
of motion become 

(-4 -ifM^J + Äji)  =   0 (4.4) 
* p *     u 

(*>«,,( i)+-_l^1 +|I|)  * ,t, =   _*,£..£) + #£ (4.5) 
■ u       2M, 1 '     p P       P u 

—1^(1+ |I|)( 4 -iuo K^M« -<Y-1>^{*< !: - £>-* 3} (4. 6) 
vMj Is P        P ppu 

These equations have variable coefficients and are best solved numerically 
unless the temperature ratio AT/T.   is very small. 

The compressor can oe considered as connected to ducts of uniform 
cross section upstream and downstream,     xhe disturbance equations for such 
ducts are 

(   *   .i.,,,2-,,   «,i,   .   0 «4.7. 
* p *     u 

(   d   .ia.M«L,+     1      d  (£.,   s   o (/,.«) 
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p     p 

and the sol-i*;ons of these equations are 

^ _u ,( £. .y, £. ,  s  o (4.9) 

t-r A#
te*«tB.-l'A*].-^ 

£.  =   irA.ll™{*B.':,1^].-UT
+C.-,,«-T| (4.1D 

P 

M  fc ;„   M 

i *    iA.UW,.B.      T!B>-Uf (4.12) 
u 

The constants  A ,  B ,  and C  correspond respectively to a wave of 
acoustic type moving downstream with velocity c + u ,  an acoustic wave moving 
upstream with velocity c-u_,  and an entropy or temperature wave convected 
downstream with velocity u .    The three independent solutions of eqs.   (4.4) 
to (4. 6) for flow within the compressor are analogous,  although they cannot 
be uncoupled in the same way.    The solutions for the disturbance flow in the 
duct upstream and downstream of the compressor,   i. e. ,  the expressions 
(4. 10) to (4. 12) with subscripts (   ),   and (   )2   saY on A»   B» £>  and_ M are    _ 
jointed to the numerical solutions for the compressor so p/p,   p/p ,  and u u 
are continuous at the compressor entrance and exit. 

The three independent solutions of the disturbance equations for the 
system of compressor and associated inlet and exit ducts can be superim- 
posed with three arbitrary constants to satisfy three external conditions.   The 
most convenient normal forms for the independent solutions are 

ll) A j =  1 ,  Cj = 0 ,   B> - 0 :   A wave of acoustic type of pressure ampli- 
tude unity approaching from upstream; no entropy wave convected from 
upstream,  no acoustic wave proceeding upstream in the exit duct. 

U) A] = 0 ,   C,  =  1 ,   B£ = 0 :   An entropy or temperature wave of density 
amplitude unity convected downstream into the compressor inlet; no 
acoustic waves approaching the compressor from upstream or down- 
stream. 

(3) AJ = 0,CJ = 0,B2~1:   An acoustic wave of pressure amplitude 
unity approaching the compressor exit from downstream; no incident 
acoustic or entropy waves at the compressor inlet. 

Numerical Example 

As a representative numerical example,  the values following were 
chosen: 
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T. ' 500°R   ,    T2 = 900°R R (gs« constant) = 1716. 6 ft.lb. /slug °F 

Y = 1.400 r = 0.84    p2/p1 = (1.8)3'5X8-4= 5.630 

V =   1000 ft/sec u = 600 ft/sec 

work coefficient   f = 2C (T,-TJ NV 2 = 0.6008 for N = 8 stages 
p    £>      i r 

1-tty^   =   j =   0.300 tanße + tan'ye   =   a =   1.1667 
r 

5f  =   5.6 X'   =   .13.067 

With these values, Table I below lists the values of A,, B., C ; A^, B~» C^ 
in magnitude and phase for the normal forms of the solutions at values of the 
reduced frequency of 0. 25,   1.0,  and 4. 0. 

TABLE I 

x = 0.25 x = 1.00 0s 4.0 

Mag. Phase (°) Mag. Phase (°) Mag. Phase (°) 

Al 
1.0000 0 1.0000 0 1.0000 0 

Bl 1. 1491 4.80 i.0666 17.56 0.7149 41.22 

cl 
0 0 0 0 0 0 

A, 0.5090 6. 08 0.4614 \27 0.2614 49.88 

B2 
0 0 0 0 0 0 

C2 0. 0746 .11.76 0. 0955 -34.80 0. 1176 -66.37 

Al 
0 0 0 0 0 0 

Bl 
0. 3454 -173.03 0. 3009 -155.48 0. 1799 -131.77 

Cl 
1.0000 0 1.0000 0 1.0000 0 

A2 
0. 0960 -5.78 0, 1*73 -2.96 0. 1781 81.87 

B2 
0 0 0 0 0 0 

C2 0.9798 0. 19 0. 9706 0.50 0.9324 -0.41 
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TABLE I (continued) 

m = 0. 25 d) =   1. 00 u> = 4. 00 

Mag. Phase (°) Mag. Phase (°) Mafc Phase (°) 

Al 0 0 0 0 0 0 

Bl 0. 0433 9. 13 0. 0389 34.39 0.0203 92.96 

cl 0 0 0 0 0 0 

A2 0.4323 -9. 19 0. 4009 .38.43 0.2675 176.83 

B2 1.0000 0 1.0000 0 1.0000 0 

C2 0.0605 164.08 0.0511 112.52 0.0269 -154.21 

As the entries in the table demonstrate,  a wave of acoustic type 
entering the compressor inlet from upstream generates a reflected acoustic 
wave upstream and a transmitted acoustic wave downstream as well as an 
entropy wave downstream.    If there were no losses in the compressor (^ = 1), 
no entropy wave would be generated.    For x = 0. 25 and »si. 00, the ampli- 
tude of the reflected wave at the compressor entrance is larger than that of 
the incident wave.   However,  the rate of energy flow upstream is less than 
that downstream because 

energy flow upstream   _ B     1 -M 
energy flow downstream " "77   1+M   ' 

and in this example (1-Mj)/(i+Mj) = 0. 29 . 

Some of the tabular data are illustrated in a different way in Figure 2, 
which shows the values of the disturbance amplitude ox velocity,   |uj /u 
throughout the compressor as well as in the entrance and exit ducts resulting 
from acoustic waves incident on inlet and exit.    The arrows marked —^   in- 
dicate incident waves,  and —•*► reflected or transmitted waves.    Both up- 
stream and downstream waves are shown outside the compressor (£ < 0 or 
| > 1) and the resultant only inside the compressor.    Because the upstream 
and downstream velocity disturbances are of comparable amplitude and al- 
most opposite phase in the upper left diagram, the resultant amplitude at the 
compressor entrance is quite small. 

This work was supported by NASA Lewis Research Center,  Grant No. 
NCL 05-002-136.    The numerical work was done by Blair A.  Folsom. 
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CO = 0.25 

U)= «00 

Figure 2.    Velocity Amplitudes Produced by Acoustic Waves. 
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EFFECTS OF FRICTION AND HEAT CONDUCTION ON SOUND PROPAGATION IN DUCTS 

by 

Patrick Huerre* and Krishnaaurty Karamcheti** 
Joint Institute for Aeroacoustics 

Department of Aeronautics and Astronautics 
Stanford University 

Stanford, California 

INTRODUCTION 

The ultimate objective of the present study is to thoroughly investigate 
the effects of friction and heat conduction on sound propagation through a 
fluid initially homogeneous and at rest contained in a rigid, impermeable duct 
vith isothermal walls. 

These effects were first studied by Kirckhoff (1) in the case of plane 
waves in cylindrical tubes with the assumption that viscous effects are con- 
fined to acoustic boundary layers close to the duct walls.  Rayleigh (2) de- 
rived Kirckhoffs results using the same formulation and also treated the lim- 
iting case of capillary tubes.  In the I950's, Cremer (3) , Beatty (4) , Meyer and 
Güte (5), Shaw (6) , among others, extended Kirckhoffs analysis to higher order 
modes in rectangular and circular ducts, and verified their results experimen- 
tally. They were mainly interested in the determination of the attenuation 
coefficient of higher modes in the acoustic boundary layer approximation, and 
used an impedance at the duct wails to simulate viscous effects. They other- 
wise considered the outer flow as inviscid. Morse and Ingard (7) also formu- 
lated the problem in terms of an equivalent impedance, and briefly considered 
the case of the attenuation of the fundamental mode for all ranges of acoustic 
boundary layer thicknesses. Rott (8) treated the propagation of the plane mode 
for all ranges of boundary layer thicknesses but assumed that transverse pres- 
sure gradients were negligible. Recently, Nayfeh (9) extended the impedance 
model to ducts with flow, expressing the equivalent wall admittance as a func- 
tion of velocity and temperature gradients at the wall. 

In this report, we present an alternative formulation of the problem by 
splitting the velocity field into three parts: acoustic (related to pressure), 
thermal (related to entropy) and viscous (related to vortlcity fluctuations). 
A general dispersion relation is derived in the case of a two-dimensional duct 
and an expression for the complex propagation wave number is obtained in the 
limit of thin acoustic boundary layers to order I/R^ where R., is the Reynolds 
number based on the speed of sound. The mode shapes are also computed to 

order ?r- both in the acoustic boundary layers and in the outer region. 

BASIC EQUATIONS 

The linearized equations governing the acoustic motion, including the ef- 
fects of friction and heat conduction, of a simple thermodynamlc fluid initial- 
ly at rest and in a uniform state are the following, where the Navler-Stokes 
relation and Fourier's Law of heat conduction are used: 

* Ph.D. Student and Research Assistant 
** Professor of Aeronautics and Astronaucics and Director of the Joint Insti- 

tute for Aeroacoustics. 
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Equation of mass       jr£- + p dtv V ■ 0 (1) 

Equation of motion      p T— • - g*«d Pf - n curlfj *+ 71 grad div V'(2) 

Equation of entropy     p T j—- - k vT' (3) 

2        /(,Vo"1)T0 Equations of state      p* « a p' + p a /—- s s1 (4) 
o     o o /  c 

f -^H—2p. +I2_2s- (5) 
«W  Po       Po 

where the subscript o denotes the initial state, the primed variables 
designate the perturbation variables, u  is the coefficient of shear 
viscosity, k0, the coefficient of heat condition, a  the isentropic speed 
of sound, and «  is such that 

t"Ko+K <6) 

K  being the coefficient of bulk viscosity. All other symbols have their 
usual significance. 

Equations (4) and (5) were derived by using the first and second laws of 
thermodynamics only, without assuming that the gas is perfect. 

According to Helmholtz theorem, the velocity field V1 can always be 
expressed as the sum of an irrotatlonal part grad $, and a solenoidal p*rt 
curl X,    so that 

V' « grad $ + curl A (7) 

If we substitute  (7)   into the equation of mass and express    p*    as a function 
of    p'    and    S'    using equation  (4),    we obtain: 

2 St    "a    /  c 
•o °V     P 

T^Trr0    ÖS' 2 
55- - -tQf* (8) 

In order to satisfy equation (8), the scalar potential $ will be con- 
sidered as the sum of two potentials: an acoustic potential  $  giving 
rise to pres  ~e perturbations through the relation: 

If ■ %*\ 
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and a thermal potential 3> h  giving rise to entropy fluctuations through 
the relation: 

ds 
"ST 'i-'Ji 'O    o 4>th (10) 

With these definitions, the other dependent variables will be related to 
;■  , and K   in the following manner: 

" >o  * (*a + V 

"ST 

(U) 

(12) 

V * grad (t   + $th) + curl A (13) 

The equations governing I    , i ,     *nd A are obtained by substituting 
equations (9), (10), (12) and (13) into the equation of notion (2) and the 
equation of entropy (3). We then take advantage of the fact that C , :  and 
A*are not uniquely determined, and we carefully choose gauge transformations 
to reduce the equations for : , ;  and A to the following partial differen- 
cial equations: a 

§  - *-& f  A 

it 

d$ 
tft  ^o 2 . 
rT* *th 

0 

* a 
2 
8 

*2^-y-^-%'»j*. 

(14) 

(15) 

(16) 

where _  is the following operator: 

2 
8 

a jt 
2 

. a 
o o 

n2 * V 57 (17) 

P is the Prandti number and y   is the kinematic viscosity of the 

medium. 

The vector potential Ä is uncoupled from t and 3 . and satisfies a dif- 

fusion equation (14). A gives rise to rotational velocity fluctuations only. 
:  and :   are coupled through equations (15) and (16). By cross differen- 

tiation of (15) and (16), one immediately sho^s that both ;  and %  . satisfy. 

i2t. 



where 

£0| Wa« V '^v*^ <♦.** *th) (18) 

-2   2  >o d2 L >o% 2 d ,10, 

o      o o 

however, equations (15) and (16) are not equivalent to equation (18) for 
$ and $ . since we have increased the order of the equations, 
a    tn 

We have therefore reduced the prob leu to the determination of the poten- 
tials *a , $ch and A, which satisfy equations (K), (15), (16) and (18). The> 

are related to the physical dependent variables through equations (9)-(13). 

PROBLEM AND FORM OF SOLUTION 

We shall now consider the propagation of an harmonic wave through a two- 
dimensional duct of constant cross section shown in Figure 1. 
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Figure  i 

We nondIntension* 11 xe the independent variables end s*t: 

x'  « 2      (20)i z'wf      (2l); t* m m       (22) 

where    tc is the particular frequency to be investigated. 

iwd 
k B -— is the reduced frequency (23) 

o 

a d 0 
R *    is the Reynolds number based or. .he speed of sound   (24) 

Ko  and the shear viscosity. 

a d 
R *  is the Reynolds number relative to the dilatational 
1 % 

>o viscosity — (25) 
o 
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Since the notion is two-dlaensional, we introduce,  instead of e vector 
potential A, a stress function $. 

Equations   (14),   (15),   (16),   (18),   (19)   become:: 

where 

V 

St^^T     kR    V   *thj       fc2-s   *a " ' 

!!*. _L_ ^ c   .. 2oii ^ « (28) ^T     kPrR    v   *th kPrR    v   % w' 
V V 

S* 

2 2       „2   ,2   + >ok    2   c (3l> 

'■* V'' * 3 *"d  'V W   " £   eV^ «« lih 

ill K   / S Ja ,33, 
ro 

«e have dropped sli the prised indices  for    x*.  *'.  f, with the under- 
«tending that we deal with nondimens ional quantities. 

The boundary conditions at the» walls are: 

• V*  *  0 at x -  ü    *nd x «   1 t3i» 

T* ■ 0 at x • 0    and x ■  I * 33> 

Equations (26)-(29» and i34>-«. 35) define a typical eigenvalue problem for 
:, . -th.nd*. 

In the case of a harmonic wave of frequency u; . end propagation wave 
number B , v . I . end 4f *r« assumed to be of the form: 

z       a   th 

iu -ß2D 
: <x,%t) « ^ ix; e     " <3b> 
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*th(*.*.t>   -   *th<«>   € 
i(t - dtD 

$ (x,*tt)  «    V(%)  e 
i(t-*fi) 

(37) 

(38) 

Substitution of (36), (37), (38) into equations (26), (29), «ad its 
equivalent for i yield* 3 ordina^-y differential equations in x vith 
constant coefficient* for    ?    ,  = .   , and   *, which any be easily solved. 

ine results are the foiloving: 

la x -ia x ia.x -ia.x 
v#(x) - Ae   % + Be     °   ♦ Co ♦ De (39) 

*th<«)  - A'e 
o -U x 

+ B'e -» c e 

lv 
♦ S>*e 

-Uj« 

M*>   • £e    *    ♦ Fe 

<40) 

(41) 

where A. t, C,   ... £, F are constants to be deter*?/^ed. and a , -*.,   *? are 
defined as follows: ° 

0 o z .;■•;••; <*»: 4 •**-•£ «44» 

-  U»f K» 
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■« 
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41k 
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<*v 

where the    o    and    I    subscripts correspond to the      and + sign    respectively. 

and 
*2 *  *  *\, r*b» 

The boundary conditions at the walls <34J and *3V yield 6 «equations lor 
the determination of the 10 constants A, ft, C, ... F. As mentioned on pagei2? 
we have to supplement then with equation <28>. Equation t27) could equivalently 
have been chosen. Substitution of (39>-{40>-*4l> inio  the boundary conditions 
and relation <2S> yields the following Homogeneous linear system of 10 equa- 
tions with 10 unknowns: 

A' 

I i 

A'e w ♦ B'e 

B*  ♦ C*  ♦  D'     • 0 

- i       i .     - ii. 
♦ C'e   4 D'e     • 0 i48« 
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The coefficients of the linear system (47)-(56) are then known explicitly 
and the system may be solved for A,B,C...E,F, neglecting higher order terms. 
The mode shapes are normalized by requiring that 

p'(x>o) - 1 (68) 

The results are exhibited in Table I. 

DISCUSSION 

The boundary value problem has therefore been solved to order —• 

included. Our experiments are uniformly valid throughout the cross section. 

Propagation wave number: 

The first term in equations (61) and (62) are the well known inviscid 
solutions to the problem. The second term of order 1/y/ R  correspond to the 

acoustic boundary layer attenuation and dispersion effects. They are Identical 
to those obtained by previous investigators. In particular the second term in 
equation (61) Is the Kirchhoff correction term for plane wave propagation in 
ducts. Note that higher order modes are more attenuated than the fundamental 
mode. The third terms correspond to higher order boundary layer effects 
whereas the fourth terms are due to viscous dilatation. These last two con- 
tributions give rise to attenuation only and do not change values of the phase 
velocity since they are imaginary. We note that viscous dilatatlonal effects 
are of higher order than acoustic boundary layer effect* and will provide 
only a slight correction to the total attenuation. 

Mode shapes: 

As seen from Table I, the mode shapes have been written as the sum of 
three contributions. 

The outer region terms which are equally Important over the entire 
cross section of the duct.  It is easily verified that in the Inviscid case, 
these are the only terms that are nonzero. However, in the viscous case, the 
variations of pressure, velocity ... with x have been changed even outside 
the boundary layer. This is due to boundary layer displacement effects. We 
expect that arbitrary disturbances propagating along the duct axis will 
exhibit different characteristics than in the no friction situation. 

The thermal boundary layer terms are only significant In a thin region 

close to the duct walls of thickness 

932 
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Outside this region, they are exponentially small. Note that to order 1/R , 
there is a correction term to the pressure fluctuations in the boundary la^er. 
This correction vanishes when the Prandtl number Pr is such that Pr ■ 
1/ /(ir/p ). As expected the gradients of entropy and temperature are very high. 

The viscous boundary layer terms are significant in a thin region close 
to the duct wall of thickness 

Outside thia region, they are exponentially small. 
,of axial velocity and vorticity are very high. 

As expected, the gradients 

CONCLUSION 

Numerical results for the phase velocity, attenuation and mode shapes 
are not yec available at this point. They will be presented in a forthcoming 
JIA report. Our expansions are not valid close to the cut off frequencies and 

we intend to modify our procedure to obtain expansions which are valid through- 
out the frequency domain. In the other limiting case of capillary tubes, the 
dispersion relation may also be solved by expanding in powers of the Reynolds 
number. Finally for arbitrary values of the parameters, we need to solve the 
dispersion relation numerically. 

The two dimensional duct problem provides a solid basis upon which we can 
make the extension to the case of ducts of circular cross section. We shall 
therefore be able to assess the importance of viscous effects for all ranges 
of Reynolds numbers, and to compare them with the analytical results of the 
high and low Reynolds number approximations. 

These studies are supported in part by NASA Givnt NASA NGR 05-020-526. 
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Determination of Lip Noise by 
Correlation Measurements 

D. R. Regan and 'W. C. Meecham 

University of California 

Los Angeles, California 

An experimental investigation of lip noise has been con- 
ducted at the U.C.L.A Aerosonics Laboratory using a 1-1/2 inch 
diameter model jet.  Over the range of Mach numbers M for which 
the experiments were performed (0.3*M*0.7) the lip noise inten- 
sity IL was found to vary as the sixth power of the jet velocity 

(I.MU ) consistent with a dipole source.  Cross-correlation 
measurements of the near field acoustic pressure waves emitted 
perpendicular to the jet axis shows that lip noise originates 
from two lip positions (presumably from the near and far side of 
the lip), the two contributions being out of phase for frequencies 
significantly above 2kHz.  Cross-correlation measurements of the 
far field acoustic pressure waves received at symmetric positions 
on opposite sides of the jet axis suggest that lip noise reaches 
maximum Intensity about 70-80° from the jet axis.  Third-octave 
spectral analysis shows that1lip noise can be characterized as 
a wide band (impulsive) type, of noise peaked at a frequency 
f*U/D where D is the jet diameter.  Measurements made with a 
small, 2mm O.D. probe tube mounted flush with the inside surface 
of the lip show as expected that the hydrodynamic pressure 
fluctuations arising from turbulence there are proportional to 
the square of the jet velocity (p*U2).  Calculations made from 
the probe tube measurements yield values of 0.02 for the turbu- 
lence intensity just inside the lip of the jet. 
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1. INTRODUCTION 

Curie has shown chat acoustic dlpole radiation Is generated 
by rigid bodies immersed In a turbulent flow.  Acoustic dlpoles 
are generated by fluctuating turbulent, hydrodynamic pressure 
forces acting on the jrlgld surface.  Aerosound generated by air- 
foils is but one example of this phenomenon.  Experimental 
Investigations2 have verified the acoustical properties of airfoil 
generated aerosound as predicted by Curie» e.g. the sixth power 
velocity dependence of acoustic Intensity and a dlpole radiation 
pattern peaked normal to the airfoil surface. 

It follows that acoustic dlpoles exist on surfaces which 
contain turbulent flows.  For example, the internal surface of a 
nozzle is subjected to fluctuating pressure forces in much the 
same manner as is an airfoil, immersed in a turbulent flow.  One 
would suppose, then, that acoustic waves created by such inter- 
nally distributed pressure forces would radiate from the vicinity 
of the nozzle orifice (lip) of the jet.  One would further suppose 
that this lip noise radiation would exhibit acoustical properties 
similar tw airfoil aerosound. 

The present work provides experimental Information about the 
acoustical properties of lip noise radiation.  In this work, we 
find that predictions derived from Curie's theory account for - 
many of the observed properties of lip noise radiation. 

2, EXPERIMENTAL APPARATUS 

The experimental work described here was perf 
U.C.L.A. Aerosonics Laboratory using a 1-1/2 inch 
nozzle is a Harrop design having a contraction rat 
230 mesh wire screen is mounted eight jet diameter 
the nozzle exit in order to reduce flow turbulence 
tive muffler, which has an acoustic attenuation in 
over the frequency range of 200Hz to 20KHz, is als 
stream to remove value noise. The model jet is lo 
seml-anecLoic chamber, which has been found to be 
random pressure fields from frequencies slightly b 
veil above 20KHz. 

ormed at the 
model jet. The 
io of 7.56.  A 
s upstream from 

An absorb- 
SPL of 66 dB 

o placed up- 
cated in a 
adequate for 
e ow 200Hz to 

The flow speed of the model jet is continuousl> variable and 
steady operation up to Mach 0.7 is possible.  The jet speed is con- 
trolled by a regulator supplied with high pressure air (100 psl 
stagnation pressure) from three piston type compressors.  The 
velocity profile of the jet was measured with a smsll plt^t-static 
tube and found to be flat (top-hat profile) over the entire 
orifice with the exception of a thin annular region near the nozzle 
wall ./here the viscous shear layer is located.  Over the range of 
Mach numbers used in these experiments 0.3^M^0.7 the Reynolds  - 
number R. based on the nozzle diameter ranges from 2X1OVR .44,5X10 , 
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3. LIP PRESSURE PROBE 

The hydrodynamic pressure fluctuations at the lip of the jet 
orifice are studied with two small (2 mm O.D.) pressure probe 
tubes.  These probes are 46.6 am in length and are Bated with 
B&K 4134-1/2 in. condenser microphones via a conical adapter. 
The probes are mounted flush with the internal lip surface» by 
insertion through small holes 1.27 mm from the lip edge.  Probe 
tube resonances arising when the tube length is an odd multiple 
of a quarter wavelength, are critically damped by inserting a 
small wai of steel wool inside the, probe tip.  The frequency 
response and sensitivity of the probe tube system is determined 
by direct comparison with a calibrated B&K 4135-1/4 in. condenser 
microphone placed in a random-noise sound field.  Since the free- 
field probe calibration agrees very well with pistonphone cali- 
bration, the latter calibration method was used throughout these 
experiments. 

4. LIP TURBULENCE MEASUREMENTS 

The hydrodynamic pressure level Inside the orifice lip was 
measured over Mach numbers K ranging from 0.3-M£0«7 using the 2 mm 
probe tube.  In terms of the mean gas density pp and the turbu- 
lent fluctuation velocity u, the lip pressure 
given approximately by 

.2 

fluctuation P  is 

»i* w (1) 

The square law dependence of P. with U (supposing u'aU) was 
verified over the range of MacR numbers used in the experiment 
and is shown in Fig. 1.  The rms lip turbulence Intensity u'/U is 
determined from the hydrodynamic pressure level (H.P.L.) using 
the relationship 

u'/U - (0.02/Ma0pJ*)10 
V^in(H.P.L./40) (2) 

where the sound speed aQ - 
Equation (2) is based on Eq. 
given by 

H.P.L. 

3.43X10     cm/sec  at  room  temperature. 
.   (1)   and   the  definition  of  H.P.L. 

(dB) (3) 20  Uil0(VW  - 
where the reference pressure p„- - 0,0002 dynes/cm .  Using re E 
Eq. (2) and measured values of H.P.L. (corrected for probe tube 
attenuation and microphone sensitivity) we find u'/U*0.02 for 
0.3%M*0.7.. It will be shown in following discussion that lip 
pressure fluctuations sensed by the probe tube have average scale 
sizes £» D.In addition, we find lip pressure fluctuations are 
correlated across a nozzle diameter.  From this information alone, 
we see that lip pressure fluctuations sensed by the probe tube are 
not associated with boundary layer turbulence. 
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The source of lip pressure fluctua 
stream of tne 230 mesh screen.  Fully d 
flow has turbulence Intensities u*/U»0. 
screen and a nozzle contraction account 
turbulence.  Additional experimentation 
of pipe (diameter 1-1/2 in., length 24 
increases the turbulence intensity to u 
one would expect.  This latter value of 
based on H.P.L. measurements and is in 
turbulence intensity level associated w 
ing supports our measurement technique 
concerning the source of the nozzle lip 

tlons is turbulence up- 
eveloped turbulence pipe 
05.  The combination of a 
s for the reduction of lip 
shows that adding a length 

In.) to the nozzle orifice 
'/U*0.06 at the pipe lip as 
turbulence intensity is 

agreement with the 52 
ith pipe flows. This find- 
:w hence our hypothesis 
turbulence. 

5.  LIP PRESSURE FLUCTUATION SPECTRUM 

Thlrd-uctave spectrums of lip pressure fluctuations are shown 
in Fig. 2.  These spectrums, which have been corrected for the 
frequency response of the 2 mm probe tube, show a broad peak 
which tends to narrow as the flow speed is Increased.  The spectrum 
peak scales approximately with a convection frequency given by 

f~U/D (4) 

In Eq. 4 we assume the scale length o£ the turbulent pressure 
fluctuations is of order D. 

That turbulent pressure 
evident from observatio 
fluctuation signals dis 
length of the pressure 
width measurements hy 

I    - e 

where t  is the width o 
based on a frozen flow 
average pulse width and 

(D - 1,5 in.)  Note tha 
is the characteristic f 

7.7KHz which is in exce 
shown in Fig. 2. 

fluctuations have scale lengths I «D is 
ns the time width of lip pressure 
played on an oscilloscope.  The scale 
fluctuations is determined from time, pulse- 

MVp- (5) 

f a pressure pulse.  Note that Eq. (5) is 
assumption.  For M ■ 0.7 we measured the 
found t 0.13ms so that l**1.2 in. 

t the reciprocal of the average pulse width 
requency, f ■ 1/t .  For M ■ 0.7, f  ■ 

P     P P 
llent agreement with the spectrum peak 

It is Important to note that frequency spectrums previously 
measured are not associated with the moving-frame time scales of 
the pressure fluctuations themselves, since the probe tube is at 
rest with respect to the flow.  Instead, these spectrums result 
from pressure disturbances being convected past the probe with 
speeds nearly equal to those of the jet. 
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6.  LIP PRESSURE CROSS-CORRELATIONS 

We now describe a simple experiment which ha« supplied addi- 
tional information on the structure of the lip pressure fluctua- 
tions.   Two calibrated 2 am probe tubes mounted flush with the 
inside lip surface, on opposite sides of the lip, are employed. 
The lip pressure fluctuations tensed by each probe are filtered, 
amplified and processed with a 100 point digital to analog correl- 
ator (operated in the clip mo4e).   The probes are nearly identi- 
cal t  one another so that time delays and phase shifts associated 
with wave propagation through the probe tubes are nearly identical 
in each circuit.   This eliminates time and phase shift errors in 
the cross-correlation measurements. 

Typical lip pressure cross-correlation functions have been 
measured for M « 0.5 to 0.7;  the result for M - 0.6 is shown in 
Fig. 3.   The magnitude of the normalised cross-correlation 
coefficients measured for zero time delay, R(0), vary from 0.035 
to 0.081 for the Nach numbers used in the experiment.   The rela- 
tively low R(0) values suggest that l.irge scale turbulence is 
responsible for lip pressure fluctuations rather than highly 
coherent structures, such as vortex rings, which would yield lar- 
ger R(0) values.   It Is certainly possible that randomized 
"vortex rings" exist in the flow, but outside, downstream, rather 
than inside the lip.  Note that boundary layer pressure fluctua- 
tions cannot account for observed R(0) values owing to the small 
value of boundary layer eddy correlation length to lip circumfer- 
ence ratio (£, /HD<<1), which makes the correlation coefficients for 
boundary layer turbulence negligibly small across the nozzle 
diameter. 

Further examination of the cross-correlation functions shows 
that the correlated components of the lip pressure fluctuations 
are in phase across the orifice, as Indicated by the positive 
value of R(0).   This phase coherence across the nozzle orifice is 
expected if large eddies having scale lengths i   * D are being con- 
vected past the lip.   In Sec. 8, we present experimental evidence 
that suggests that these large scale pressure disturbances are 
responsibls for lip noise which is radiated on either side of the 
J«t. 

7.  HP NOISE RADIATION PROPERTIES 

We now investigate the properties of acoustic radiation gener- 
ated by fluctuating pressure forces acting on the lip surface. 
In this section, we use cross-correlation techniques to study the 
relation between lip pressure fluctuations and acoustic waves 
emitted from the nozzle lip. 
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Curie has shown that acoustic pressure fluctuations radiated 
by a stationary, rigid body inaersed In a turbulent flov Is 
expressed exactly by (In standard notation) 

p'(x,t) « JL_ 
4n h*t        J     r 

Pt (*,t- r/ao)dS(x), 

r 

(6) 

where p'(x,t) is the acoustic pressure (deviation fron ambient 
value) and P.(v^,t-r/a ) is the tine retarded force per unit area 
(lip pressure fluctuation) exerted on the body by Lhe turbulent 
fluid.   A rigid body at rest with respect to the flow injects 
momentum (rather than mass) into the flow field;  the acoustic 
radiation is that of dipole sources distributed over the internal 
body surface« 

In the far field we find in the usual way, for Eq. (6), 

P'(x.t) -1 
411 a x 

o 

p1(X,t-r/ao)(xi/r)dS(jr) (7) 

where the dot denotes time differentiation.   Convection and re- 
fraction effects have been neglected in the above expressions. 
The classic dipole radiation pattern for each surface element is 
seen in Eq. (7).   The result of integrating the effects of these 
(partially coherent) dlpcles is complicated, though<ne may expect 
larger Intensities at larger angles from the jet axis. 

The velocity dependence of the far field acoustic intensity 
may be obtained from Eq. (7).   Using order of magnitude estimates 
one finds 

Pa 3  2 
o  o a_  x 

(8) 

where C Is a constant, A~wD  is the internal lip source area and 
x is the distance between the lip and the field point.   The 
anove equation Illustrates the sixth power velocity dependence of 
acoustic dipole radiation.   Our measurements show that C £10~ 
for lip noise. 

A simple experiment was performed with our subsonic jet which 
verifies the sixth power velocity dependence for acoustic dipole 
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radiation as predicted by Eq. (8).   A condensor microphone was 
located perpendicular to the jet axis at X/D - 0, Y/D - 5 where 
lip noise should be present according to Eq. (7).   (X is the 
downstream, and T the radial distance.)   Since the microphone is 
in the far field for frequencies above lKHz (kx > 3.5, f * lKHz) 
the acoustic waves are nearly plane waves at the field point. 
Therefore, measurements of sound pressure level (S.P.L) are equiv- 
alent with acoustic intensity I via the relationship 

i dB - 10 log(I/Iref) - 20 log(p/pref) (9) 

•16 2 2 
where I  . - 10   watts/cm  and p  f ■ 0.0002 dynes/cm . 

rei re x 

The results of our measurements a-e shown in Fig. 4, where 
the Intensity 1 it>  plotted against M for 0.3SMS0.7.  The agreement 
between the data points and the I«*U6 line is striking;  this 
acoustic radiation is consistent with a dlpole source. 

We now describe an experiment which further supports the 
view that lip pressure fluctuations generate acoustic waves which' 
are consistent with a dlpole source.   The following experiments 
are based on cross-correlation measurements of the far-field 
sound pressure p'(_x, t) and the time differentiated lip pressure 
P (0,t - X).       The time f■ x/a  is th, delay time for acoustic 
wives which travel from the lip°to the field position;   the lip 
pressure is differentiated as required by Eq. (7). 

It is important to realise that at the field point the 
instantaneous sound pressure is the linear SUB O* sound oressures 
arising from other sources besides lip noise, i.e., free jet noise. 
The far-field sound produced by lip pressure fluctuations (if 
present) will be extradted from the sound field by cross-correla- 
tion, i.e. by measuring the time averaged product 
<P (0,t -T) p'(0,x,t)>.   Only the sound pressure correlated with 
P will register in the correlator and be recorded.   Here 9 is 
tfte angle between x and the sideline direction. 

(10) 

If lip noise is not being produced, the correlation will be zero 
for all values of 9  at *- x/a . 

A microphone is located In the far-field where kx& 20 for 
fl  lKHz.   The 2 mm orobe tube system Is inserted Into a hole in 
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the lip as before.  The lip pressure signals are electronically 
differentiated before data processing as required by Eq, (7). 
A 100 point analog-to-digital correlator is used to measure 
<Pi(0,t - T) p'(0,x,t)) at T - x/ao. 

The experimental results are shown in Fig. 5 for M * 0.6. 
While the cross-correlation measurements definitely establish 
the existance of lip noise, the sound pressure radiation pattern 
disagrees with a quasi- cos 0 pattern predicted by Eq. (7), 
(there is an integral in (7), which modifies the cos 0).  These 
measurements show that lip noise radiation reaches a maximum in 
back of the jet 150° from the jet axis.  This 'backfire* 
radiation pattern was unexpected. 

A possible explanation for this strange behavior is found 
when the nozzle geometry is considered.  Theoretically, the quasi' 
cos 0 radiation pattern should only apply if the nozzle is a long 
pipe of constant diameter.  Our nozzle exit pipe is quite short, 
being about one nozzle diameter in length.  Additional experi- 
mentation suggests that the curved surface ahead of the nozzle 
exit (due to the nozzle contraction) may be responsible for 
'backfire1 sound radiation from the nozzle lip. 

The effect of changing the nozzle geometry is studied by 
attaching a 1-1/2 inch diameter pipe, 2 feet in length to the 
existing nozzle and repeating the experiment previously described, 
In the following work, the curved surfaces of the nozzle are 
acoustically shielded with glass wool to eliminate any possible 
contribution to the lip noise radiation pattern.  The experi- 
mental results shown in Fig. 6 indicate that extending the nozzle 
exit pipe causes a dramatic change in the lip noise radiation 
pattern. The 'backfire' sound radiation is eliminated; there is 
a radiation peak in the forward direction at about 60° from the 
jet axis. 
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8. ADDITIONAL CROSS-CORRELATION 

STUDIES OF LIP NOISE RADIATION 

Experimentation previously described has shown that the lip 
pressure fluctuations arising from the convection of large turbu- 
lent eddies past the nozzle lip are correlated and in phase across 
the orifice.  This means» according to Eq.(7), that some lip noise 
radiation should be in phase oc either side of the nozzle since the 
large eddies produce low frequency pressure fluctuations and hence 
the low frequency components of lip noise. 

A simple experiment was performed in order to check this hy- 
pothesis.  Two condenser microphones are placedin the far-field 
at equal distances from the nozzle orifice.  These microphones 
pivot about the nozzle orifice making angles |L and i*  with respect 

to the jet axis.  In the following experiment, we measure the 
cross-correlation coefficient R(4>0) defined by 

R(rf,0) 
^pj(rf,x,t)   y^      pj(^,x,t)^ 

with i   «^2"^, x- * x„ - x and T « 0.  A polar plot of R(^,0) indi- 

cates the degree to which the sound radiated on either side of the 
jet is correlated.  Since the denominator of Eq.(ll) increases with 
O.A.S.P.L., the cross-correlation coefficient R(4»0) is not directly 
proportional to ^p'(tf9x,t) pI(<*»Xjt)^.  Thus, the radiation pat- 
tern derived from polar plots of R(4»0) is reduced as the angle i> 
decreases due to increasing uncorrelated sound pressure levels 
found near the jet axis (arising from free-jet noise). 

A polar plot of R(rf,0)  for 15°£ rf^90° is shown in Fig.7 for 
M - 0.6 using the 1-1/2 inch diameter nozzle.  These measurements 
do show that two lobes A and B of correlated sound are radiated on 
either side of the jet at angles nearly perpendicular to the jec 
axis as predicted.  Furthermore, for frequencies below 3-AKHz the 
sound radiation in lobes A and B is in phase as indicated by posi- 
tive values of R(<J,0).  This latter property is consistent with our 
hypothesis that large eddies passing over the lip surface produce 
sound whrch is radiated in phase on either silo of the jet. 

We briefly mention some of the properties of the other lobes of 
correlated sound radiated on either side of the jet.  Lobes C and D 
are very narrow lobes which are out of phase with one another f^r 
frequencies below AKHz.  For frequencies above 4KHz, these lobes do 
not exist.  The source of this narrow beam of radiation is not known 
at this time. 

Lobe E is simply the correlated sound components radiated by 
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turbulence in ths nixing region of the jet flow.  This sound is 
always in phase (positive R(4»0) values) for both low and high 
frequencies. 

Our experiments suggest that fluctuating hydrodynamic pressure 
forces acting on the internal surface of the nozzle lip produce 
dipole sources of sound.  The Intensity of the radiated sound (lip 
noise) has been found to vary with the sixth power of the jet vel- 
ocity as predicted by Curie's theory.  The lip noise radiation 
pattern has been found to be sensitive to nozzle geometry.  A 
short nozzle in the proximity of a curved surface, such as a nozzle 
contraction, is found to direct the lip noise radiation away from 
the jet.  Extending the nozzle with a section of pipe eliminates 
'backfire' lip noise radiation, producing a rough cos 6 radiation 
pattern. 

The source of the lip pressure fluctuations has been found to 
be pipe turbulence ahead of the orifice.  A third-octave spectrum 
of the lip pressure fluctuations is peaked at a frequency f^U/D, 
which is associated with large scale pressure disturbances passing 
by the nozzle lip. 
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