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CHAPTER I 

INTRODUCTION 

Sound radiation frorn buildings and equipment enclosures is a 

subject of ever increasing interest, especially considering recent 

noise legislation. The Occupational Health and Safety Act of 1969 

limits the noise levels that employees may be subjected to and thus 

requires that consideration be given to equipment enclosures and 

locations to limit noise levels. More recent legislation dealing with 

noise infringement across property lines makes it desirable, in fact 

necessary, to predict or estimate the noise radiation patterns of 

structures before they are built. Specific types of equipment and 

shelters have been investigated on occasion as problems occurred, 

but there has been virtually no research conducted into the sound 

radiation patterns of three-dimensional rectangular sound sources 

in general, even though most buildings and equipment enclosures are 

in this category, 

\; Sound radiation from all of the elementary classical sound 

sources such as spheres, ellipsoids, cylinders and pistons of dif

ferent shapes, has been studied in detail and is discussed in most 
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acoustics texts. The sound field of vibrating plates and panels has 

also been studied in recent years and is discussed in some of the more 

recent advanced texts dealing with acoustics. 

A few greatly simplified methods have been proposed for pre-

dieting the sound levels from plane two-dimensional sources based 

on expected acoustic power or surface intensities, but most of these 

are independent of frequency and seem to have only limited practical 

value. 

To understand the complexity of the problem and the need for 

simplification, the basic equation for sound radiation from a vibra-

ting surface must be considered. (Figure 1 ). 

d- jpck (- d,...) p = v. v 
2rr 

j (wt-kr ') 
e 

r 

Even for the relatively simple case of a piston where all points are 

in phase and the velocity is normal to the surface, the resulting 

equation is so comple-'I': that it cannot be integrated if the exact expres-

sion for r' is used. 

V • dcr = V dcr 
0 

r' = [(x - x')2 + (y .. y')2 + z2]-f 



y 

y' 

P(x,y,z). 

,___,___ _ _.,_ __ .___ ___ x 
x I I 

I 

I 
I 

I 
I 

I 
--- --- ___ jt 

Figure 1. Geometry of Sound Radiation From 
a Surface, 
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To obtain an approximate solution, the expression for r' must be 

expanded binomially and only the first two terms retained. This is 

equivalent to restricting the point of pressure computation to a 

distance much greater than the size of the piston (z. >> x and 

z ·>> y, or r' ~ r ). 

The magnitl;lde of the problem is even greater when the general 

expression for the velocity profile over a .plate is examined, and the 

plate is a large wall such that the approximation for r is not valid 

(i.e., close distance). 

- d -
v (x, y, t) = dt [ W (x; y, t)] 

= CD 

W(x, y, t) = l \ G (t) F (x,y) l mn mn 
m=l n:;:l 

= ,CC) 

v (x, y, t) = l l d 
-dt (G (t)] F (x, y) 

mn mn 
m=l n=l 

It is readily obvious that the resulting expression would 

certainly not be integrable if the expression above were put in the 

general equation for pressure. According to Skudrzyk (1), "The 

exact computation of the sound field of a complex vibrator is a dif-

ficult and laborious task--if it is possible at all. Even i~ this com-

putation were possible, it is doubtfl,ll whether the result would be 

worth the troubl~. 11 
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The preceding discussion is only for the case of a plane, two-

dimensional surface. The complexity is greatly increased when five 

such plane surfaces are arranged in three-dimensions to form a 

11building' 1• In addition to the sound radiation from each 11 visible 11 

surface, consideration must also be given to the diffraction of the 

sound waves around the corners. 

There is currently no satisfactory method to accurately predict 

such things about sound radiation from b\lildings as directivity patterns 

and where spherical spreading begins. 

I 
The purpose of this research was therefore to initiate the 

general study of sound radiation from three-dimensional rectangular 

structures and determine whether a relationship exists between sound 

radiation and source geometry independent of stn1cture dynamic 

properties. Specifically, the two primary objectives of this research 

were to: 

( 1) Determine how geometry alone affects the directivity 

patterns of sound being emitted from a three-dimensional 

rectangular source. 

(2) Determine how geometry alone affects the decrease of 

sound pressure level with distance relatively near the 

source. 

The investigation of the subject was conducted in three distinct 

experimental phases, which were: 
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(1) Experiments in the anechoic chamber with small 

scale models. 

(2) Experiments ou,t-of-doors with large scale models. 

(3) Experiments with surface gravity waves on a water table. 

The scope of this researc;::h was limited to measurements in two-

dimensions, in the horizontal plane, about a three-dimensional sound 

source. A three-dimensional directivity pattern was not included in 

this study. The study was also limited to rectangular structures of 

wooden construction with length-width-height ratios of . 6-1-1 to 

2. 1-1-1. It did not include very elongated models in either the ver

tical or horizontal dimension. 



CHAPTER II 

LITERATURE REVIEW 

The literature dealing directly with the subject of this investi

gation was virtually nonexistent and even literature dealing with it 

indirectly was scarce. Generally the literature that was reviewed can 

be divided into three categories: 

( 1) Investigations of specUic noise radiation problems. 

(2) Study of the sound field of plates and panels. 

(3) Proposed methods of predicting the sound pressure 

levels from plane, two-dimensional sources. 

Investigation of Specific Areas 

Noise radiation from lar~e electrical power transformers into 

surrounding communities caused some concern in the 1950 1 s and 

prompted several studies. Johnson et. al. (2) used scale models 

in a study of this subject and achieved good correlation between scale 

model and full size data by plotting noise reduction versus a "dimen

sionless distance" (Figure 2). This normalized distance was the 

quotient of the tn1e distance and the square root of the visible surface 

area. 

7 
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Studies have been made on cooling tower noise also. R. M • 

. Ellis (3) studied the sound radiation from large circular natural draft 

cooling towers and was able to predict with very good accuracy the 

noise level as a function of geometry. 

9 

The circular cooling towers were compara,tively simple sound 

sources as shown in Figure 3 being basically open "cylinders" of 

radius R and height h '. The sound was relatively broad band noise 

and was logically assumed to behave as a circular array of an infinite 

number of incohel'ent sources. Ellis made the following assumptions: 

(1) The radiation pattern would remain drcular. 

(2) The sound level at any point could be determined as 

a function of the power or intensity and independent 

of frequency. 

(3) The inward radiated sound does not "escape" so that the 

SPL at any point was a function only of the "visible" 

portion of the cylinder as shown in Figure 4. (e.g. 

diffraction was neglected, ) 

·A straightforward relationship was derived to estimate the 

sound pressure at any point based on total acoustic power, and then 

an empirical relationship was developed to predict the acoustic 

power as a function of the tower geometry and mass flow rate of 

cooling water. This empirical model was based on measurements 

of the sound radiation from existing cooling towers. 
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Sound Fields of Plates 

The literature dealing with sound and plates can be divided into 

three broad categories: 

(1) Plate response to sound and boundary layer excitation. 

(2) Transmission of sound through thin plates. 

(3) Acoustic power radiation from vibrating plates. 

Most of the literature was more abstract than desired for this 

research since detailed knowledge of the plate structural properties 

was necessary. It was felt that the truly general method sought must 

be independent of wall dynamics. Papers on the two subjects of 

primary concern to this research (i.e., source geometry effects 

on directivity patterns and farfield distances) were almost totally 

absent from the literature. 

K. Gosele (4) derived some relationships for a "radiation 

factor" which he defined as the ratio of the sound power radiated 

from a vibrating plate to the sound power of a plate of the same size 

vibrating rigidly (e.g. a piston). He derived a directivity function 

for radiated energy in the special case of a traveling wave which 

showed that for frequencies at or below the coincidence frequency 

the radiated energy is concentrated on the axis of symmetry, but at 

frequencies above the critical frequency, the lobe of radiated energy 

is moved to some angle off this axis. It further showed that the 
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sharpness of the lobes is a function of the size of the plate. A 

traveling wave is not of practical concern however. 

Cremer and Heckl (5) elected to use an approximation of a 

vibrating plate, rather than attempt to integrate Kirchoff's integral 

with the exact plate velocity profile. They assumed that a rectangular 

plate vibrating in the m by n mode can be modeled as an m by n array 

of simple sources distributed at equal intervals over the plate. Each 

source is assumed to be of equal strength (q. = vdcr) and adjacent 
l 

sources 180 degrees out of phase. The relationship is made very 

simple by making the (a, b) source in the array. 

= (-l)a+bq. 
l 

-j (a+b)rr 
qab = e qi 

With this relationship, Kirchoff's integral reduced to the pro-

duct of two series summations which was quite suitable for pro-

gramming on a digital computer. 

The radiation patterns are plotted for several cases, which 

show two primary lobes of sound radiation at approximately± rr/4 

off the axis of symmetry. The magnitude of the lobes is a function 

of the source size (ka) and array size. The larger the array size, 

of course, the greater the number of minor lobes. (Figure 5) 
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Finite Plane Sound Sources 

The other methods found that attempted to predic;:t radiation 

patterns were all based on sound intensity independent of frequency, 

and the assumption that a plane source behaves as an infinite array 

. of incoherent sources. 

E. · Rathe (6) used the fundamental relationship 

(P )a,= WZ/4rrr 2 
RMS 

and treated the plane source as an infinite array of small elementary 

sources. He asserted that the effective pressure squared at a point 

on the axis of symmetry is equal to the integral of all the elemental 

sources over the entire plane surface. By straightforward integration 

he arrived at an approximation for the SPL attentuation with distance. 

R. Ellis (7) pointed out a rather insignificant error at close 

distances in Rathes paper. He then expanded the work to include 

other points than on the axis of symmetry, such as on a line perpen-

dicular to the edge and at an angle to the edge and presented some 

db correction curves for the close distance errors. By .using several 

of these points one can approximate a frequency independent radiation 

pattern and an estimate of the farfield distance. 

R. Tatge (8) proceeded in a very similar manner to both of the 

above, but like Rathe, only for the axis of symmetry. His results 

wer,e given essentially as a series of plots of db corrections for 

various cases. 
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In another recent paper, Z, Maekawa (9) claimed to base his 

calculations on the total energy density, but in actuality he omitted 

1 
the kinetic energy density term, 2 p0 v 2 , so in fact also used sound 

intensity. One of his methods was a little more generp.l than the 

preceding ones as it approximated the intensity at any point in front 

of a plane surface by a summing process. However, it involved use 

of a chart (to determine the value of a numerically evaluated integral) 

which was valid only at distances closer than approximately one wall 

width. Another of his methods gave some consideration to surface 

directivity (his first method did not), but again only on the axis of 

symmetry, 



CHAPTER III 

THE EXPERIMENTAL METHODS 

The investigation of this subject was divided into three distinct 

phases, each with a different experimental procedure. They were, 

in the order they were performed: 

( 1) •Small so ale model experiments. 

(2) Large scale model experiments. 

(3) Water table experiments. 

Small Scale Model Experiments 

It was decided ta conduct the initial investigations with small 

scale models because of the availability of the anechoic chamber at 

Oklahoma State University which would simulate a free field environ

ment and eliminate the uncontrollable variables such as wind, humidity 

and temperature gradients, The anechoic chamber was c;i.pproximately 

17 feet by 22. 5 feet measured from the points of the wedges, with a 

wedge depth of 9 inches. This wedge depth gave a theoretical cutoff 

frequency of 3 75 Hz, below which there should be no reflection and 

hence no echos or standing waves, The background noise in all 

l.6 



octave bands from 500 Hz and up was below 20 db, and from the 250 

Hz band and down was usually below 25 db. 

17 

An ordinary antenna rotor was suspended from the ceiling to 

rotate a boom in a circular arc, from which the microphone was 

suspended. The rotor and control box were designed such that rota

tion was accomplished in six degree increments which was therefore 

the minimum rotation possible bet\yeen measuring points. The rotor 

control box and all instrumentation were remotely located outside the 

chamber. The actual instrumentation used for measuring the SPL is 

listed in the appendix. 

The models were built to 1I10 scale of an 8 foot high by 8 foot 

wide by 11. 3 foot long enclosure, thus making them 9. 6 inches by 

9. 6 inches by 13. 6 inches. They were constructed of three-quarter 

inch plywood so the walls would be effectively infinitely rigid when 

compared to the interior volume of the models and the acoustic 

pressures inside. Five variations were constructed in addition to 

the basic solid walled model. 

The end was made rernovable in one variation so that ends of 

different material could be installed, and a side was made removable 

in a second variation for the same reason. The three remaining 

models had one or more walls perforated with a rectangular array 

or. 125 inch holes on one inch centers covering the entire wall(s). 

One had a perforated end only, another a perforated end and side, 

and the last a perforated end, side and top. 
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The sound source inside the models was a very high frequency 

high fidelity loudspeaker driven by an audio power amplifier with an 

input signal from a random noise generator. Details of the equipment 

used are in the appendix" 

A reflecting plane to simulate the ground was created with 

acoustical ceiling tile by placing it on the wire floor of the anechoic 

chamber. The test model was placed on this surface and centered 

under the boom rotor. The microphone was positioned manually in 

the horizontal plane of interest and at the desired radius from the 

center of the source. 

Sound-level measurements were made in seven planes to get 

a three-din1ensional sound radiation pattern. In each of these planes, 

readings were taken at nine different radii from 3, 25 to 60 inches and 

at nine different azimuths, Thus, there was a grid of 81 discrete 

points in each of the seven planes where measurements were taken 

for each of the test models, 

At each of these grid points, the A-weighted SPL readings 

were taken as well as 1 /3 octave band :readings at 1, 2, 4, 8, and 

16 Kilohertz. The lower of these frequencies was chosen because 

of the desire to stay above the cutoff frequency of the chamber, and 

because of the speaker frequency response, The upper frequency 

was dictated only by the capability of the speaker. Based on the 

1/10 scale size of the models these frequencies correspond to full 
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size frequencies ~f 100 to 1600 hertz, which was felt to be a 

sufficiently wide frequency range. 
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The equipment requiring calibration was calibrated in accor

dance with the operating or maintenance manuals. The frequency 

analyzer was completely calibrated separately and then the micro

phone and frequency analyzer were calibrated together with a piston

phone. It was determined that the calibration factor, K, for the 

micrdphone being used was 31. 6 db rather than 35. 1 db specified 

on the calibration sheet provided with the microphone. Age and use 

could account for this change in sensitivity. Constant errors, such 

as the value of K above, though corrected, were of minimal concern 

since all results were being normalized with respect to the zero 

degree azimuth readings. 

Large Scale Model Experiments 

The instrumentation used for the large scale model experiments 

was in general somewhat less extensive than that used for the small 

scale model experiments. The actual SPL measurements were taken 

with a portable sound level meter which was equipped with an octave 

band filter set, (see appendix). However, the same equipment used 

in the small scale model experiments was used to measure and plot 

the continuous frequency spectrum near the source in one case. The 

sound level meter was calibrated daily with a pistonphone when 

measurements were being taken. 
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The large scale model was constructed of one-half inch plywood 

with 2 by 4 studs on 2 foot centers. The width and height dimensions 

were fixed at 8 feet each and the length was made variable from 4. 6 7 

feet to 16. 67 feet by the insertion of 4 foot wide prefabricated panels. 

Thus, there were in effect four full size models of different lengths. 

The sound source inside the models was a high efficiency loud speaker 

system, powered by the same audio power amplifier and random noise 

generator as the small scale models. An audio oscillator was used 

as the signal generator for some pure tone tests. 

The large models were erected on a flat, remote location at 

the Stillwater Municipal Airport. They were positioned approximately 

400 feet from the only nearby hanger, and at a slight angle to minimize 

reflections and standing waves. A large polar coordinate grid system 

was laid out around the models. Complete 90 degree arcs were made 

at radii of 26, 58, 106, and 154 feet with grid points at every ten 

degrees on these arcs. Additionally, on the axis of the two walls 

(zero and 90 degrees) grid points were placed at every 8 foot interval. 

The only vegetation on the site was common grass which was main

tained at a height of approximately four inches throughout the experi-

men.ts. 

The sound level meter was tripod mounted at a height of 48 

inches (the plane through the center of the source) and SPL readings 

taken for the A-weighted level, 250, 500, 1000, 2000 and 4000 Hz 
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octave bands at all of the grid points. For one model, readings were 

also taken at heights of 30 and 90 inches. 

The flat remote location was selected for two reasons. First 

it was necessary to locate the models away from other structures as 

mentioned for a free-field. Secondly, it was necessary to have a 

site where the residual background noise level was sufficiently low 

to be insignificant while taking measurements. The site selected 

was adequate in both respects. Background levels were typically 

below 35 db in the 250 Hz through 1000 Hz octave bands and below 

30 db in the 2000 Hz and 4000 Hz octave bands, and frequently below 

30 db and 25 db, respectively. Background levels were checked 

frequently throughout the periods when measurements were being 

taken to ensure that there was always an absolute minimum of ten db 

difference between the background level and the lowest SPL 1 s being 

measured, Normally the minimum difference was between 15 to 20 

db. When two signals are being added that have a difference of ten db, 

the result is less than . 5 db greater than the larger and if the dif

ference is greater than 15 db the result is less than . 1 db greater 

than the larger. 

In addition to being cautious with the background levels, 

weather conditions were also watched very closely. Wind and 

temperature gradients are significant factors usually only at much 

greater distances than those involved in this research. Nevertheless, 



it was desired to minimize these variables as much as possible. 

Therefore, data was generally taken only during the morning hours 

on calm days with less than about five miles per hour wind speed. 

Several days were required to complete the data gathering for each 

model, but all the data for a given arc or a given axis was taken on 

the same day. 

In addition to the large scale models, the directivity pattern 

from a large newly constructed steel building was measured before 

any interior partitions were installed. The same sound source and 

measuring techniques were used as with the large scale models. 

Water Table Experiments 

24 

Experiments with a water table were included in the study to 

gain further understanding of the sound radiation patterns, by visually 

studying water gravity waves. A water table was designed and built 

29. 5 inches square and 2. 25 inches deep. The sides were lined 

with rem0vable one inch thick cotton pads, contained in screen wire, 

to reduce reflection and thus standing waves. 

Several wave generators (drivers) were built and tested. The 

first were essentially pistons (entire surface in phase) operated by a 

four-bar mechanism which generated plane waves on the surface. 

Unfortunately they were relatively low frequency (below ten Hz) and 

generated a series of impulses rather than continuous waves. Two 
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other drivers capable of relatively high frequency were then built 

and proved to be more satisfactory, One consisted of two, 2 inch 

26 

by 6 inch oval loudspeakers mounted on adjacent sides in a square 

box. They were waterproofed and immersed directly in the water, 

table. The most satisfactory driver was built with two stainless 

steel membrane "ribbons" and two electromagnets for exciters. The 

·electromagnets were powered by an ordinary audio power amplifier 

with an input from an audio oscillator, 

The procedure was simply to immerse the wave generator in 

the water table; slowly sweep the audio oscillator through the fre

quency range of interest, observe and photograph the wave radiation 

patterns. Observation and photography of the waves was accomplished 

with the aid of a stroboscopic light. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

The papers by Maekawa (9) and Ellis (7) indicated that a single 

plane radiating surface would have one large primary lobe on its axis 

and no side lobes of any significance. The initial objective of the' 

experimental study was therefore intended to determine more closely 

the directivity pattern from a single radiating wall. Logically then, 

the radiation pattern from multiple radiating surfaces could be 

obtained by combining the individual directivity patterns. The pre

liminary experimental work disproved this theory rather quickly 

however. 

Small Scale Model Results 

Directivity Patterns 

The initial small scc;i.le model experiments were conducted 

with the model with. the removable end and seve:ral ends of different 

material, lighter than the three-quarter inch plywood were used. 

Since the lighter end would not afford as much noise reduction, it 

would have greater intensity on the outside than the other walls and 
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thus radiate more power. This proved to be the case and rather 

large lobes were measured on axis for each of the materials experi. 

mented with as shown in Figures 9 through 14. Figure 9 is the 1 /3 

octave band pattern at 1000 Hz from a wall of • 009 inch thick aluminum 

sheet. Likewise, Figure 10 is the 1000 Hz, 1 /3 octave band pattern 

for . 25 inch plasterboard (sheetrock), and Figure 13 is the 1000 Hz, 

1 /3 octave band pattern from a wall of perforated masonite (pegboard), 

Figures 11, 12 and 14 show the 8000 Hz, 1 /3 octave band patterns for 

the same three rnaterials. All of these patterns are typical and only 

intended to be a representative sample. 

It is not considered particularly meaningful to discuss a 

directivity index (DI) of a 11building 11 in general since there must be 

a reference axis to define a DI. Additionally, by definition, a simple 

point source in an infinite baffle (suc.h as on the ground) radiating 

uniformly into a hemisphere, already has a DI of 2 by definition even 

though it is omnidirectional in the hemisphere. The confusion is 

further compounded in this case since the 11plane 11 source is really 

radiating into a quarter-sphere and again by definition, would have 

a directivity index of 4, even if it were perfectly omnidirectional 

within this quarter- sphere. It is therefore, probably more illustra

tive to discuss 11beam-width 11 • Thus, the walls just discussed have 

six db beam-widths of approximately 75, 65 and 105 degrees 

respectively for 1000 Hz, and 70, 50 and 150 degrees for 8000 Hz. 



RADIATI6N PATTERN 
0 
0 
..;, ... •..1•n• NE. .... :111.lD IA• PL,,_ 

TIP -.10 m• PLY9MI 
l'LIK ... 

~ PJLTD ·-<:> 
, . ..,.,. ... 

0 

~ 

-3D. 00 -i!'l, OU -lD, DO -12, DD -il.DD D.DD u·.oo 

Figure 9. 

N6RHALIZED SPL 

Directivity Pattern of Small 
Scale Model ( 1/3 Octave 
Band at 1000 Hz with 
. 009 '' Aluminum End) 

ffADIATI6N PATTERN 
g 

L 
.. ...... 
Ital .. _..PL_ .. anan•PL..-,,_ ... 
mm -, n.,... ... 

-24. aa -le. oo -12. oo ..e.oD D~IJO 6.00 
N6RHALI ZED SPL 

Figure 10. Directivity Pattern of Small 
Scale Model ( 1 /3 Octave 
Band at 1000 Hz with . 25" 
Sheetrock End) 

N 

'° 



g 
,;, 

AADIATI6N PATTEAN 
DD M.mlUPlll!L 
llDE •ID 11'• PL~ 
TBP -.ru m• PL'-
PLmE ••• 

g PILTD IDllD ... 

-llD,Oll -l!,,Oll -ltl,DD -12,0IJ -8.00 o·.oo a·.oo 
N6AMALIZED SPL 

Figure 11. Directivity Pattern of Small 
Scale Model ( 1/ 3 Octave 
Band at 800d Hz with 
. 009" Aluminum End) 

g 
,;,· 

8 
Cl 

Cl 
0 

...J' 
Q.. 
en 
08 
Wai .,.._-r---_ -· ...J 
a: 
Eo 
a:<> 
c.; 
z-. 

I 

0 
0 

0 

-llo.oo -2'.Dll -·1t1.011 -12.00 '-8.uo 
N6AMALIZED SPL 

AADIATI6N PATTEAN .. ....... .... •118119 ... ,_ ,. •ra~PL.,.. ..... L• 
PD.Tll -·- . .. 

a·.rif. ,-.Oii 

Figure 12. Directivity Pattern of Small 
Scale Model ( l /3 Octave 
Band at 8000 Hz with. 25 11 

Sheetrock End) 

w 
0 



g 
rD 

-ao.oa -l!,.oo -11.oa -12.00 -6.oo 
NORMAL! ZED SPL 

RADIATION PATTERN 

EID --!UDE •ra m• PLYmm .,.. -.m 111• PL,_, 

PIJ9R '·' . 
PILTD ·1ma ... 

o.oa s·.oa 

Figure 13. Directivity Pattern of Small 
Scale Model ( 1 /3 Octave 
Band at 1000 Hz with 
Pegboard End) 

g 
ID 

g 
o-+----

0 
0 

ID, 

--'' 
ll.. 
(fl 

-lB. DO -12, DO 
NORMALIZED SPL 

RADIATION PATTERN - --1111! m.IDM• ........ ,... •m"'9PL,_ ..... LI 
m.ta -........ . .. 

li~DO 

Figure 14. Directivity Pattern of Small 
Scale Model ( 1 /3 Octave 
Band at 8000 Hz with 
Pegboard End) 

(.;,.) 

...... 



32 

Figures 15 and 16 show the directivity patterns for the model 

with the nine by nine array of perforations on the end. and it exhibits 

very similar patterns to the other "single wall" sources. They have 

six db widths of 50 and 100 degrees for 2000 and 8000 Hz respectively. 

When the second wall (the side) was perforated with a similar 

array of holes to simulate two radiating walls, very wide and strong 

corner lobes appeared as shown in Figure 1 7 for 1 /3 octave at 

2000 Hz. The magnitude of these corner lobes varied from 6. 5 db 

at 2000 Hz to zero db at 4000 Hz. Perforation of the third wall (the 

top) had no measurable affect on the directivity patterns in planes 

below the plane of the top. 

The measured directivity patterns of the scale model with all 

solid sides also had wide strong corner lobes, similar to those in the 

preceding case, as shown in Figures 18 and 19. This result led to 

the conclusion that the radiation pattern was more strongly dependent 

on geometry than on the properties of the walls. The magnitude and 

size of the lobes in the case of the solid walled model varied from 

as little as zero db at 2000 Hz to nearly seven db at 4000 Hz. 

SPL Decrease With Distance 

The decrease of sound-pressure-level with distance was not 

quite as well behaved as the inverse distance squared law predicted 

and varied considerably from one frequency to the other, as can be 
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seen in Figures 20 and 21. The lower frequencies began to conform 

to the minus six db slope (per doubling of distance) as close as one or 

two wall widths (Figure 20), a wall width being defined as the hori

zontal dimension of the radiating surface. The higher frequencies, 

however, often did not conform to the minus six db slope until a 

distance of five or six wall widths was reached. (Figure 21.) 

As might be logically expected, SPL from the model with the 

perforated walls conformed to the minus six db q.symptote at a closer 

distance than for the solid walled model. There was too little data 

from the small scale models alone, however, to form any firm 

conclusions regarding the region where the farfield sound behavior 

begins. 

Large Scale Model Results 

Directivity Patterns 

Immediately upon beginning the large scale model testing, 

even before making any actual measurements, the presence of the 

strong corner lobes was readily noted by ear. One could clearly 

hear a very marked increase in the sound level while walking past 

the corners of the models. 

Subsequent measurement of these lobes yielded sound Q.irec

tivity patterns for the lower octave bands nearly identical to those 

of the small scale models, as can be seen in Figure 22. While 
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comparing the directivity patterns in the preceding section on small 

scale models, one must consider the difference in scale size. Table I 

gives the comparison of the small scale versus large scale model 

frequencies. 

TABLE I 

COMPARISON OF MODEL FREQUENCIES 

Small Scale Models 
( 1 /3 Octave) 

Center 
Frequency 

lOOQ----i 

2000 -----1 

4000 -----1 

8000-----i 

Frequency 
Limits (x l I 10) 

88.5 

111. 5 

1 77. 
223. 

354. 

446. 

708. 

892. 

Large Scale Models 
(Full Octave) 

Frequency 
Limits 

Center 
Frequency 

167. ]-- 250 

333.J-

500 

667.J-
1000 

1333 
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In brief, the 1 /3 octave band at 2000 Hz in the small scale 

model tests is analagous to the 250 Hz octave band in the large scale 

model tests; the 4000 to 400 Hz and the 8000 ta 1000 Hz, respectively. 

It was then observed that as the higher octave bands were 

measured two corner lobes appeared and were even stronger than 

those in the lower bands. (Figure 26.) 

The rest of the large scale models were tested in turn and had 

the same general radiation patterns as the first one in every case, 

the only change being a slight decrease in the SPL on the axis of the 

longer wall. Part of this decrease can be attributed to the fact that 

as the building length was increased, the grid points where the SPL 

measurements were taken were slightly farther away from the longer 

wall than the shorter wall. In the case of the 8 foot by 16. 67 foot 

model, approximately 1 db decrease at a radius of 58 feet can be 

attributed to this 4 foot increase in distance. 

The change in the radiation patterns with increasing model 

length is illustrated in Figures 22 through 25 for the 250 Hz octave 

band and in Figures 26 through 29 for the 4000 Hz octave band. The 

sin1ilarity of patterns for all source sizes within any given octave 

band held true throughout the experiments. The complete transition 

of the directivity pattern shapes with changing octave bands is illus

trated in Figures 30 through 35 for the 8 foot by 12. 67 foot model. 

Again this transition of the patterns for the particular case shown in 

these figures is typical of all the model lengths. 
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SPL Decrease With Distance 

As with the smal! scale models, it was found that the variation 

of SPL with distance was not quite as well behaved as the inverse 

distance squared law ~rnggested especially in the region that might 

be called the near farfield. In the lower octave bancl the plots again 

appeared to approach the minus six db asymptote at a closer distance 

than in the higher octave bands. The anamalous excess atmospheric 

attenuation of mid-range frequencies between about 300 and 600 Hz 

reported by other authors (9, 10) was very evident in all of the plots 

of SPL versus distance for the 250 and 500 Hz octave bands. It was 

unusual only in that it was evident at such close distances. Figure 36 

and 37 are frequency spectrums at three inches, and at six feet from 

the surface of the models and also illustrates this attenuation. Data 

reported by these authors (9, 10, 11, 12) indicated that all other excess 

attenuation was negligible in this study. Weiner and Keast (10) 

developed idealized attenuation functions for both upwind and down

wind sound propagation (less molecular absorption) which did not give 

any excess attenuation at distances less than 250 feet upwind or less 

than 5 00 feet downwind. Using an example of 50 percent relative 

humidity and 25 degrees centigrade, Harris' s (12) results under 

laboratory conditions gave sound absorption in air ranging from . 1 db 

per 100 meters at 250 Hz to 2. 5 d.b per 100 meters at 4000 Hz. This 

was less than 1 db attenuation per 100 feet, and in this study 150 feet 
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was the maximum distance where measurements were taken. Wind 

and temperature gradients cause the well known "shadow zones" but 

not at such close distances as in this study. Regardless, as pre

viously stated, measurements were taken in the early morning hours 

on calm days to minimize wind and temperature gradients. Other 

authors results similarly gave maximum values of total excess 

attenuation of 1 to 2 db per 100 feet at 4000 Hz (the most severe case), 

(11, 16) The variation in behavior of SPL with distance through the 

frequency bands can be seen in Figures 38 and 39. 

It was concluded from study of all the SPL versus distance 

plots that, for the inverse square law to be completely valid at high 

frequencies the SPL must be plotted with respect to the distance from 

an "image" source at some point within the model, and not the wall 

itself. This can be deduced logically since the added dimension of 

depth of the model would obviously add depth to the sound source 

alsoo 

That this irnage source forced the SPL to fit the minus six db 

asymptote closer can be s~en by adding half the model length, four 

feet, to all the distances plotted in Figure 39. Four feet is quite 

significant at close distances but less significant at greater distances. 

At th~ lower frequencies, however, the actual source appeared to be 

the wall surface itself, a.s the SPL curve fit the asymptote quite 

closely. 
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Water Table Results 

The experirnents with the water table were conducted so the 

directivity patterns could be visually studied since surface waves on 

a water table provide a graphical representation of wave motion not 

available by any other method. In such a stuc:ly the amplitude of a 

water surface wave is analagous to the pressure of an acoustic wave 

in air. 

It was necessary to keep the source dimension to wave length 

ratios (d/)..) approximately the same as for the acoustic models. The 

actual range of d/A ratios was from less than 1 to 60, but the range 

of greatest interest was between 7 and 28. These values of d/).. 

dictated a surface wave frequency range of approximately 30 to 120 

Hz. Details of hqw this frequency range was determined is contained 

in the appendix. The :membrane and oval loudspeaker drivers were 

both capable of generating frequencies over this range. 

Corner lobes were observed being radiated from both of these 

drivers at several frequencies throughout the range of interest, but 

there were also several frequencies where the generators appeared 

to vibrate in phase and plane waves were generated which created 

no corner lobes. Figures 40 through 43 are photographs showing 

details of the wave patterns generated. The significance of this 

data is that at frequencies when the source wall acts as "multiple 
( 

sources" this strong reinforcement at the COl;"ners occurs, and it is 



Figure 40. Water Table Oval Loudspeaker Ddver 
(26 Hz) 

Figure 41. Water Taible Membrance DriveT 
(llO Hz) 
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Figur e 42. Water Table Qval LqudsiPea~r 
Driver (68 Hz) 

Figure 43. Water Tab le MEl~9r -~ :Or,iv~rr 
(138 Hz) 
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logically assumed that there are many such frequencies throughout 

each octave band. The fact that this strong corner reinforcement 

occurred with both driver designs was further evidence that radiation 

is more strongly dependent on geometry than on wall dynamics. 

Attempts at actual measurement of the amplitude of the gravity 

waves generated were fruitless, primarily because of their small 

amplitude. Briefly, the methods attempted and the difficulties en

countered with each are summarized next, 

First, a fine (. 1 inch) square grid on clear acetate was im

mersed vertically in the water so a photograph of the wave from the 

side would show the amplitude directly in the picture. The surface 

tension of the water was sufficiently high and the wave amplitude so 

low that all wave motion stopped adjacent to the grid. Then an 

attempt was made to mount a needle point on a micrometer type 

carrier and lower it just until contact was observed and thus measure 

the amplitude from the surface of the undisturbed water surface to 

the wave crest, This also was prevented by the surface tension and 

small wave amplitude. 

Stereoscopic photography was used but was also unsuccessful. 

because of unavailability of a camera with widely separated lens, and 

a good interpreter. Lack of a suitable reference point on the water 

surface made accurate measurement by this method questionable at 

best. 
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The final method attempted was use of a Moire 1 grid. The 

untreated water surface did not afford enough reflection and neither 

the addition of white coloring nor aluminum dust on the surface helped 

significantly. In addition, the close pt-oximity that the grid had to be 

located to the water surface to achieve the interference patterns made 

this method impractical. In short, the fringes could not be attained 

even with a grid of 64 lines-per-inch, and theory indicated 200 lines

per-inch were necessary for sufficient accuracy. 

Certainly measurement of the wave amplitudes was not impos

sible, but insufficient time plus limited value of the results prompted 

the decision to abandon further attempts. 

Summary of Experimental Results 

Spherical Spreading 

The results of all the data gathered during this research indi

cated that spherical spreading did not occur at some point a given 

number of wall widths away as simply as suggested in some of the 

current literature. Examination of Figure 39, for example, illus

trates that if spherical spreading were assumed to exist at three 

wall widths away, an error of over seven db would be introduced at 

distances of 100 feet or more. Io. fact spherical spreading did not 

begin until approximately ten wall widths away. 
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It was determined, however, that the data was rea$onably 

consistent for all large scale models within any frequency band when 

the distances were normalized with the cube root of the product of the 

three major dimensions (i.e. the volume). 

3:-----------d = "/ width~~length*height 

A characteristic distance was defined as that distance from the 

wall to the point where the minus six db asymptote intersects the 

value of the intensity at the wall surface. The distance from the wall 

itself was chosen because of the uncertainty of the additional distance 

to the image source discussed earlier. This characteristic distance 

was then related to the octave bands as shown in Table II, Though 

there was not a large quantity of data for a statistical analysis, it 

was felt that the results were cons is tent enough to be the basis of a 

good design guide. It was assumed that any design guide should be 

conservative, within reason, and that neither the "average" nor the 

"worse case" figures were the best to use. Therefore, the weighted 

figures in the third column are recommended for use. These figures 

are plotted in the curve shown in Figure 44. Also shown in Figure 

44 are the data points from the corresponding small scale model 

tests. 

Uncorrected data on the noise measurements from the new steel 

building were generally well below this curve in Figure 44, however, 

when considered as a very large 7. 5 /1 scale model and the actual 
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frequencies adjusted upward acc:;ordingly, the data fit much closer as 

seen by the two da,ta points on the cµrve. 

TABLE II 

STATISTICAL DATA SJ?L VERSUS NORMALIZED 
DISTANCE CURVES 

Average Worst Skew 
Octave Band 0 db -6 db 0 db -6 db 0 db -6 db 

0 . 4 . 45 . 6 . 7 . 5 . 65 
250 • 7 . 9 1. 2 1. 6 1. 0 1. 7 
500 • 4 . 6 . 55 1. 0 • 5 . 8 

1000 • 35 • 5 .4 . 8 • 4 . 6 
2000 .4 . 3 . 6 . 6 • 5 .4 
4000 . 5 . 1 . 8 .4 .65 . 2 

To assist in making a better estimated plot of the SPL farfield 

behavior, the points at which the measured SPL had decreased 6 db 

from the surface intensity were :related statistically to the same 

dimensionless distance used previously. These results are also 

given in Table II and plotted in Figure 45. 

Given then the fact that one knows the dimensions of a structure 

under consideration, and an estimate of the sound intensity at the out-

side surface, use of the curves in Figures 44 and 45 will give a very 



1.6 
I \ 

\ 
\ 
\ 

1.41- \ \ 
\ 
\ 0 SMALL SCALE MODEL 
\ 

D \ \ /l LARGE STEEL BUILDING 

1.21- \ 
\ 
o\ 

\ 
1.m- \ 

\.,',,, 

~ 0.8~ " . ,, 

' ' D ....... , 

" 
....... , . 

' ' ' ....... , 
' "-- ....... 0.61- ....... 

......... .............. , 
~ ...... 
-~ 

......., 
....... D.. 

0:41- '"'-. ', 
'"-. 

' 

""'' 0.21- ............... ,, 
0 
100 1000 10000 

FREQUENCY (Hz) 

Figure 45. Distance to 6 db Down Point Versus Frequency O' 
0 



good estimate of the SPL decrease with distance. Application of 

Figure 44 locates the asymptote and Figure 45 the iocation of the 

first 6 db decrease, and these two known points' aid in sketching the 

approximate curve. 

Directivity Patterns 
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Examination of the data gathered during this research indicated 

very definitely that there was a strong relationship between geometry 

and radiation patterni;i. It was apparent very early in the project that 

the simple combination of two radiation patterns as shown in. Figure 

16 positioned on adjacent sides of a mo¢l.el would not yield the same 

radiation pattern as shown in Figure 18. 

The most significant change in the radiation patterns with the 

increasing size of the large scale model was the slight shift in the 

positions of the lo bes toward the axis of the narrower side. Further 

analysis indicated that the radiation patterns of the 12 and 16 foot long 

models could be approximated with the data from the 8 foot model, if 

corrections for geometry we:re made, 'l'his method of approximation 

merely analyzed the longer models as if they were two telescoping 

eight foot models expanded to the same total length. This procedure 

provided an estimate of the SPL to within approximately ten degrees 

of the axis of the longer side. The geometrical relationship between 

the two telescoping equilateral sources expanded to a length of 12 
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feet is shown in Figure 51, As shown graphically in the figure, any 

given point in apace is at a different angle from the center of the 

equilateral source than from the center of whole source, and also 

at a different distance. Calculation of this 6R is a simple matter 

and varies approximately linearly with the angle. 

The data for the eight foot (cubed) large scale model was then 

smoothed and resulted in the "13tandard equilateral soµrce" directivity 

data given in Table III. This data is also plotted in Figures 46 through 

50. This directivity data can now be used in conjunction with the SPL 

distance curve from the preceding sec;tion to approximate the sound 

intensity around a structure by adding the db correction in Table III 

to the estimate of the on-a~is SPL, Note that this will not be a true 

radiation pattern, because it will not be centered on the center of 

the structure; however, one can be constructed with geometrical 

corrections for angle and distance changes. 

To estimate a directivity p;;i.ttern at 58 feet in the example in 

Figure 51 for a sound source with predominant 1000 Hz octave band 

components, the .first step would be to determine an the angles (0.) 
1 

from the center o.f the equilateral source to the points at every ten 

degrees on the 58 foot arc around the center of the source. Once 

this is determined, the changes in SPL for each of these angles can 

be read from the curve in Figure 48. The error in these db correc-

tions due to the change in distance, tiR, can be found from the plot of 



TABLE III 

SMOOTHED DATA FOR EQUILATERAL SOURCE 
(Correction in Db) 

Octave Band Angle (Deg;rees) 

0 10 20 30 40 50 60 70 

250 0 .. 2 -2 0 3 3 0 -2 
500 0 1 2 3 4 4 3 2 

1000 0 1 2 3 3 3 3 2 
2000 0 2 5 4 3 3 4 5 
4000 0 5 9 9 3 3 9 9 
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80 90 

-2 0 
1 0 
1 0 
2 0 
5 0 
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Figure 46. Smoothed Equilateral Source Directivity Pattern- -
250 Hz 
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60° 

30° 

-10 db 
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-10 db 0 +10 db 

Figure 48. Smoothed Equilateral Source Directivity Pattern- -
l 000 Hz 
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90° 

60° 

-10 db 0 +10 db 

Figure 49. Smoothed Equilateral Source Directivity Pattern--
2000 Hz 
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-10 db 0 +10 db 

Figure 500 Smoothed Equilateral Source Directivity Pattern-~ 
4000 Hz 
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Figure 51. Geometrical Corrections. for Telescoping Equilateral 
Source 
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SPL decr~ase with distance. The maximum error is at 90 degrees 

where tiR is a r;nax~mum, two feet in this example, The change in 

SPL at 52 feet (from the wall) due to a two foot decrease in distance 

is less than one db, so no corrections need be made for !1R, and the 

estimate will just be slightly more conservative. Plotting these 

changes in SPL at each point completes the directivity pattern from 

0 to 80 degrees, and assuming the SPL constant from 80 to 90 de

grees completes the quarter circle. The resulting estimate is 

70 

shown in Figure 52 superimposed on the meai:;ured directivity pattern. 

Actual measured directivity patterns were approximated generally 

within one or two db by this method. The data in Table III is valid 

for dimensionless distances (page 57) between approximately three 

and six from the structure wall. 
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CHAPTER V 

COMPARISON WITH 0 THER METHODS 

The preceding chapter gave the res\,llts of this research in the 

form of SPL versus distance ~urves and sound radiation patterns. A 

method was also proposed for obtaining an engineering estimate of 

noise radiation behavior based on the results of this data and the 

accuracy of this method was shown. This chapter will provide, for 

comparison, the estimates from some of the methods proposed in the 

literature. For purpose of this comparison an equilateral source 

with eight foot sides was us~d. As none of the other proposed methods 

are frequency dependent, an A-weighted SPL of 83. 5 db measured at 

the surface of the large scale models was used. The estimates were 

all made for a distance of 24 feet, unless otherwise stated. 

Rathe' s method was only for estimating the SPL decrease with 

distance with a three slope asymptotic curve, which for this example 

reduced to two slopes since the source sides were of equal length. 

The curve break point was 8/rr' which gave an estimated SPL decrease 

of 20 db (to 63. 5 db) and was within two db lower of the actual 

measured "A" level SPL. It was noted, however, that if the noise 

was predominantly in the 250 Hz octave band this estimate would be 
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10 db low, and if it was in the 4000 Hz band the estimate "".:ould be 

6 db low at distances of 100 feet and greater. Ellis' correction to 

Rathe 1 s method was negligible in this case. 

Ellis 1 method was for estimating the SPL on the ground plane, 

and was prirnarUy used here to determine the directivity pattern it 

predicts. The db corrections to be applied to the surface intensity 

were calculated and are tabulated in Table IV below. 

TABLE IV 

DB CORRECTIONS BY ELLIS' METHOD 

Location (distance of 24') 

Normal to center of surface 
Normal to edge of surface 
l o0 fron1 normal to edge 
20° from normal to edge 
30° from normal to edge 
40° from normal to edge 
50° from normal to edge 
60° from normal to edge 
70° from normal to edge 
80° from normal to edge 

0 90 from normal to edge 

Db Correction 

-14.7 
-14.8 
-15.0 
-15.4 
-15. 9 
-16.6 
-17.5 
-18. 7 
-20.4 
-23.3 
-51. 1 
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The above estimate for the db correction to be applied normal 

to the wall center on axis was about five db higher (conservative) than 

actually measured so would probably be acceptable. When two such 

plane radiating surfaces as tabulated above were positioned at right 

angles to simulate two walls of a building, and the above figures 

combined (by db addition), the resulting rad,iation pattern was a 

quarter circular arc around the corner, within± 1 db. In summary, 

after all the calculations, the estimate only indicated that all points 

equidistant from the surface have equal SPL's. The er.ror involved 

in this estimate was obvious. 

Tatge's proposed method was very simple to apply but as with 

Rathe' s method, it was only good, for estimating the SPL versus dis

tance behavior. Actually there was no procedure to this method 

other than reading the SPL decrease directly from a series of curves 

plotted against distance which was normalized by the largest source 

dimension. For the particular example chosex1, a 17 db decrease was 

:reacl which was within three db (conservative) of the actual measure

ment, however, exactly the same errors were incurred as with 

Rathe' s method (e.g. a ten db error at closer distances in the 250 

Hz octave band, and a six db error at greater distances in the 4000 

Hz octave band). The most serious error found in Tatge' s paper 

after close scrutiny was that his curves indicated the farfield minus 

six db slope was obtained in every case at one wall width which was 

p<;isitively determined not to be the case by this research. 



The last proposed method with which this research data was 

compared was Maekawa's. As stated in the introduction, this 

method w~s as se;rted to be valid at close distances and indeed the 

absolute limit was one and one half wall widths away from the sur-

face, or 12 feet for our example. The data tabulated below in. Table 

V for a single eight foot square plane surface was calculated from 

Maekawa's paper, using his equations and charts. 

TABLE V 

DB CORRECTIONS BY MAEKAWA'S METHOD 

Location (distance of 12 1 ) Db Correction 

Normal to center of surface 
Normal to edge of surface 
22. 5° from normal to edge 
30 
45 

- 4.0 
- 5.2 
- 7.0 
-10.0 

- QC) 

Of course it was immediately obvious that the combination of 

two such sources at right angles, as befor~ would prodl,lce a major 

lobe on each axis with a 0 db cusp at 45 degrees, and absolutely no 

indication of any corner lobes as were actually measured. 
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It was then concluded that none of the existing methods known 

can yield a satisfactory engineering estimate of the sound radiation 

behavior measured during this research. 
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CHAPTER VI 

SUMMARY, CONCLUSIONS AND 

RECOMMENDATIONS 

An experimental study of the noise radiation behavior from 

three-dimensional rectangular sound sources was conducted to 

determine the influence of geometry, independent of dynamic char

acteristics. The soup.d ... pressure level reduction with distance was 

measured in addition to the sound directivity patterns. The study 

included investigation of small scale acoustic models, large scale 

acoustic models and water table models. The length to width ratios 

of the models studied was from . 5 to 2. 

The data resulting from the· study was compared with estimates 

obtained by use of methods proposed in the current literature by other 

authors. 

A method was developed for estimating the sound pressure level 

versus distance plot for a practical three-dimensional noise source 

by use of normalized plots of the data gathered during this research. 

In addition, a method was proposed for estimating the directivity 

pattern around such a source by treating it as a ''telescoping'' pair of 

standard equilateral sources expanded to the desired length. 
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study: 

The following significant results were obtained during the 

(1) The existence of acoustic lobes extending radially from 

the corners of rectangular sound sources was determined, 

with intensities several db greater than the intensity on 

the axis of symmetry. The magnitude and position of the 

lobes varied with the frequency band. 

(2) Very good agreement was obtained between the directivity 

data of the small scale model experiments and the large 

scale model experiments when the frequency was scaled 

inversely to the model scale per normal procedures. 

(3) The existence of the corner lobes was verified visually by 

use of sur.face wave generators and a water table, within 

the same source size to wave length ratios. 

(4) The farfield behavior of SPL with distance_,wa,s found to 
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be very dependent on the frequency band of the sound. It 

was determined to be consistent, however, within a given 

frequency band between all sizes of the large scale models 

and the small scale models when normalized with a 

suitable parameter. 

(5) Very poor agreement was generally found between the 

predictions obtai.qed from the methods proposed by Rathe, 

Ellis, Tatge and Maekawa and the actual measured data. 



Errors in the farfield estimates were 10 db in some 

cases, and none of the methods·predicted any type of 

sound reinfo:reement at the corners to form lobes such 

. as were measured. 

(6) The acoustic corner lobes of all the models were able 

to be approximated very closely with smoothed data 

from the equilateral model source. The approximation 

derived from the use of the standard directivity pattern 

was generally within ± 2 db. 

The major conclusions drawn ;from this study are: 

(1) There is a definite relationship between the geometry 

of a source and its sound directivity pattern, beyond the 

simple combination of the directivity patterns of its 

individual surfaces. 

(2) Both the SPL decrease with distance and directivity 

patterns are strongly dependent on the frequency band 

of the noise, and therefore the frequency content of an 

anticipated noise source must be considered in any 

realistic attempt at predicting sound radiation behavior 

in a practical engineering situation. 

(3) There was no method of satisfactorily estimating the Sl?L 

behavior with distance or the directivity patterns from 

three~dimensional rectangular sound sources. The 
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estimation methods for plane sources are all clearly 

inadequate for the three-dimensional case and the 

physical significance of a plane source is unclear at 

best. 

(4) Any method that attempts to define farfield behavior of 

a general three-dimensional noise source in terms of a 

distance that has been normalized with only one of its 

three major dimensions will be in error, as the relation

ship is much more intricate. 

(5) The procedures detailed in this study for estimating 

sound radiation behavior as a function of geometry and 

frequency band are very versatile tools. They are simple 

and straightforward to apply, but most important they 

provide a good conservative engineering estimate of 

noise radiation for many practical applications. 

(6) Scale modeling is widely recognized as a relatively 

inexpensive and valuable tool in the study of architectural 

acoustics. It is just as valuable in the study of exterior 

noise radiation problems and is advisable in practical 

cases if a noise problem is anticipated. When lack of 

an anechoic facility prevents acoustic studies, water 

table studies could be considered as an alternative. 
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The following areas are recommended for future studies: 

(1) It is first recommended that this study be expanded upon 

to confirm its validity for larger buildings, buildings of 

other construction and extreme proport;ioned buildings 

(e.g. very long and narrow, or very tall). As stated 

previously, this study encompassed models with length 

to width ratios of . 5 to 2 and d/A. ratios of 1 to 6 0, Other 

shaped structures should also be the subject of future 

study, especially ones with an interior corner to deter

mine their effect, 
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(2) Development of an accurate analytical model for a three

dimensional sound source is also recommended. The sim-

plicity of applying the method described in this study 

ma:<:es it more desirable in the rectangular case but 

more intricate shapes may be able to be analyzed with 

an analytical model. A summary of the efforts in this 

study on an, analytical model is contained in the appendix. 

(3) A study of corner designs or special treatment that may 

be used to reduce the magnitude of the corner lobes is 

also encouraged, This study could even include land

scaping schemes. 

(4) Another area requiring study is a theory that will explain 

the existence of the corner lobes. As shown in this report, 



the simple combination of two on-axis lobes does not 

produce the co:t;"ner lobes, It appears that diffraction is 

not the explanation either as diffraction is predominant 

at low frequency and this lobe phenomena is predominant 

at high frequency. 
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APPENDIX A 

Following is the list of equipment used during this study: 

Small Scale Model Phase 

1 /4 11 Microphone, Bruel and Kjaer, Type 4136, S/N 277037 

Frequency Analyzer, Bruel and Kjaer, Type 2107, S/N 224193 

Graphic Level Recorder, General Radio, Model 1521, S/N 603 

Random Noise Generator, General Radio, Model 1390-B, S/N 6517 

Audio Amplifier, Mcintosh, Model 75 

VHF Driver, Electro-Voice, Model T350 

Pistonphone, Bruel and Kjaer 

RMS Voltmeter, Ballentine, Model 320 

Large Scale Model Phase 

l" Microphone, Bruel and Kjaer, Type 4131 

Portable Sound Level Meter, Bruel and Kjaer, Type 2203 

Octave-Band Filter Set, Bruel and Kjaer, Type 1613 

Audio Oscillator,· Hewlett-Packard, Model 200 AB 

Loudspeaker System, Altec-Lansing, Model 1204-B 
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Water Table Phase 

Audio Oscillator, General Radio, Model 1313 A 

Audio Amplifier, Knight KB 30 

Stroboscope, Chadwich-Helmuth, Model 127 

Slip-Sync, Chadwick-Helmuth, Model 105 A 

Model Construction 

The small scale models were made of three-quarter inch 

plywood, with the sides beveled at 45 degrees and joined by gluing 

them solidly to form the 90 deg,ree corners. The joints were then 

further sealed with putty to prevent leaks. No attempt was made to 

duplicate actual construction techniques. 
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The frame of the large scale model was constructed with two 

by four wooden studs on two foot centers, with the standard double 

stud at the corners. The one-half inch plywood was attached to the 

frame by eight penny nails with approximately one foot nail spacing. 

To facilitate expanding the model, the walls and insert sections were 

joined by bolts on two foot centers. All joints and corners were 

taped to seal acoustical leaks. 



APPENDIX B 

This appendix outlines the manner in which the equivalent 

frequencies fol;' the water table experiments were obtained. 

The important point to note is that the wave length of the sur-

face gravity waves was the parameter of interest and not the wave 

length of the acoustic pres sure waves in the water. 

The range of acoustical wavelengths involved in the large scale 

model experiments varied from A. 250 = 4. 53 feet, to A. 4000 = . 282 feet. 

This gave a range of dimension to wavelength ratio for the 8 foot long 

model of: 

1. 7 7 $ ~· s 2 8. 4 

It was decided for practical reasons that the range of primary 

interest was between 1000 and 4000 hz which gave a n.ew limit on the 

ratios as: 

7' 1 $ ~ $ 28. 4 

The approximate velocity of gravity surface waves is given by: 
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Water depth waa kept at approximately 1. 6 inches and the wave 

amplitude was of . 1 inch order of magnitude. Thus: 

C ~ 25 inches/second 

Dimension of the wave generator was 6 inches, which dictated 

the range of wavelengths as: 

_L.<,<-6-
28. 4 - r.. - 7. 1 

. 21 s >.. s , 84 

Obviously the frequency range of interest was given by: 

2~ < f < 25 
• 84 - - Ti 

29. 8 6 f s 119. 2 

or approximately 30 to 120 hz. 



APPENPIX C 

This appendix is a summary of the efforts at deter:rnining an 

analytical model for a three-dimensional rectangular sound source 

that would exhibit the same sound radiation behavior as measured 

in the study. 

All efforts were directed at achieving a model for a single plane 

source that could be combined in a three-dimensional array with 

others to give similar directivity patterns to those measured. It was 

obvious that a plane source could not be satisf(l.ctorily modeled by any 

single, easily analyzed source such as a piston, pulsating sphere, 

or linear array of in-phase sources including a line source. The 

reason being that all of these sources of finite size have a major lobe 

on axis b\lt no side lobes of sufficient magnitude to produce the corner 

lobes measured. 

Examination of Cremer and Heckl' s radiation patterns for 

linear arrays with opposite phasing (a series of dipoles) prompted 

the use of that type of modeL, with some success. First, a general 

m by n size array on each of two planes was programmed for the 

IBM 360 computer. This program added the RMS pressures (at any 

given radius) at every ten degrees azimuth from all the radiating 
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points on each surface, and at ~leven frequencies in each octave 

band. It then averaged the pressures due to each of the eleven fre

quencies at the points on each azimuth. The roof was treated as being 

a source that radiated hemispherically, with an intensity equal to the 

average of the points on each azimuth pattern. This also served, to 

smooth out the lobes and cusps in the pattern. Both the true average 

(mean) and RMS avera.ge were used with little difference in the 

results. 

This general m by n array yielded a primary lobe with too 

great a magnitude plus too many secondary lobes to be satisfactory, 

so the model was then limited to a three by three array with much 

better success. 

It was determined that a more satii;factory source model was 

obtained by placing the three by three array in the center of the plane 

surface with a certain spacing (ka) rather than spreading the array 

equally over the surface. An optimization search routine was used 

to determine the value of ka b'q.t the "surface" proved to be very 

complex and certainly not unimodal, Values of ka were determined 

for most' cases that gave good appJ;'OXimations of the equilateral 

large scale model measured radiation patterns, but were generally 

unsatisfactory as the patterns were often too sensitive to ka (e.g. 

a change in ka of. 1 in 10, changed the results significantly). 



Examples of how closely this analytical model fit the data of 

the equilateral source is shown in Figures 53 through 56 for 500, 

1000, 2000 and 4000 Hz, respectively. All of these estimates are 

acceptably close with the posr;;ible exception of 4000 Hz which is 

several db low at the lobes, 

When the same analytical model was used ti;> try to predict the 

directivity patterns of the elongated large scale-models, such close 

results were not achieved. It was i;;till felt, however, that the 

success achieved makes this area worthy of further study. 
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