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PREFACE 

The experimental techniqQes and apparatQS QSed for the measQrement 

of diffracted sot1nd fields have been discQSsed in this paper. The re

sQlts of experimental measQrements are then compared to elementary dif

fraction theory, by means of cQrves obtained from the experimental data. 

Indebtedness is acknowledged to Dr. G. B. ThQrston for his invalQ

able gQidance dQring the COQrSe of the work, and to Mr. RQSsell Heiserman 

for his assistance in taking the experimental data. This work was made 

possible by the sQpport of Office of Naval Research, AcoQStics Branch, 

Code 411 (Project No. 385-545). 
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CHAPTER I 

INTRODUCTION 

During the past 30 years considerable attention has been paid to 

the experimental and theoretical study of diffraction by circular disks 

and transmission through circular apertures. Most of the experimental 

work has been concerned with measurement of the magnitude of the field 

variables only, without particular regard to phase factors. 

Attempts to obtain mathematically exact solutions of these dif

fraction problems go back to Rayleighl who succeeded in evaluating the 

case of transmission through a hole which has dimensions very small in 

comparison with the wave length. Only recently have Bouwkamp2, Spence3, 

and Wergeland and Storruste4 independently reported solutions for the 

case of a circular aperture which is valid over a large frequency 

range. 

In this work a method of making field measurements, before the 

reverberations due to multiple reflections are built up in the region 

of measurement, has been presented. Limitations of the method as re~ 

lated to the specific laboratory environment are pointed out. Mea

sured field conditions along the axis, along the lateral surface, and 

at fixed radial distances, for the circular aperture have been com

pared to elementary diffraction theories for three cases~ (1) D/J ? I 

(2) D/x :::::::: / and (3) D/;t. L ) where D is the diameter of the 

aperture and A. the wave length. Also, the measured pressure fields 
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of a rectangular aperture and a circular disk have been compared to the 

respective theories. 

The purpose of this work was to obtain more complete information 

on the properties of the acoQstic field than is normally available . 

ThQs the field measurement inclQdes not only pressure magnitQde deter

minations bQt also the phase of the pressure and the magnitQde and phase 

of the pressure gradient. This more detailed st r ucture of the acoustic 

fie l d is then compared with t he properties predicted by el ementary 

theoretical concepts. In order to perform these measurements 1-t was 

necessary to Qse conventional pulse techniqQes, bQt to improve the 

details of the handling of the pulses in order to carry oQt the reqQired 

phase measurements. 

The experimental results show good agreement with those predicted 

by elementary theories, where it is expected that these theories should 

apply. 



CHAPTER II 

TECHNIQUES OF MEASUREMENT 

A. General Background 

Consider the sound field originating from a sol.ll'ce in a room. If 

reflection from the walls of the room could be eliminated the sound 

field would be the same as the field of the source in free space. 

The effect of the room can be eliminated if the measurements can 

be made before the reverberation become effective, or by enclosing the 

experimental equipment in a room with non-reflecting wall so that all 

the sound incident on the walls is absorbed. 

For the measurements presented herein, a pulse technique was used 

so that measurements of the field could be made before the reverbera

tions became effective. The time between pulses was such that the 

reverberations in the room due to the previous pulse decayed to a level 

such that they were undectable before the next pulse began. The rever

beration time can be decreased by lining the walls with an acoustic 

absorbant material. 

B. Pulse Technique of Measurement 

With the horn mounted to the rear of the anechoic chamber used in 

this work it takes approximately six milliseconds, from the time the 

electrical pulse is fed to the horn, for the sound pulse to reach the 

front of the chamber. As the microphone is moved out in the field away 
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from the chamber this delay time is increased at a rate of approximately 

3.3 miliseconds per meter. Because of this inherent delay, it was 

necessary to use the delay trigger circuit so that a more efficient use 

of the oscilloscope trace could be made. Since the oscilloscopes are 

triggered with the gate drive, without the delay trigger the six or 

more milliseconds of sweep during the delay were of no value. With the 

delay trigger the beginning of the sound pulse can be shifted to the 

beginning of the sweep, by adjusting the trigger level of the oscillo

scopes. Likewise, the trail off of the pulse can be observed by chan

ging the sign of the triggering mode. 

A simulated signal equal in magnitude and phase to the acceptable 

portion of the pulse was constructed visually on a dual beam oscillo

graph. The pressure and phase measurements were then made from this 

simulated signal. 

The gating circuit can be driven by any of the three wave forms 

from the function generator: (1) sine, (2) square or (3) triangular 

waves. Illustrations of the three driving modes are discussed in the 

next section. 

C. Nature of the Sound Pulses 

The following photographs were taken from the 533 oscilloscope 

using a model 196-A Polaroid Land camera. For all the photographs 

shown a 4 x 4 foot aluminium plate was suspended at t he end of the room 

to reflect more of the sound such that the effects of the reflected 

waves would be enhanced. The microphone is approximately 50 cm. from 

the front of the chamber. 

The time represented between the dial calibration is 10 milliseconds. 



The pulse begins as the sound wave train reaches the microphone from 

the aperture in the front of the chamber. 

Figures 1 and 2(a) show the acoustic pulse at different points on 

the axis of the ci rcular aperture, using the square wave as the gating 

drive. 

5 

Note that between 9 and 16 milliseconds a definite transient appears 

at the beginning of the pulses. This transient is present when t he 

square wave drive is used and is tbe result of the signal and the gate 

drive not being synchronized. If the signal starts at zero ampl itude 

each time the gate opens, this transient does not appear, at least wi th 

such magnitude. This can be verified by carefully tuning the two gene

rators. 

The sound pulse shown in figure l(a) will now be discussed briefly. 

Note that the region between 20 and 35 milliseconds is relatively flat 

and uniform. This is the region of the primary field from which mea

surements are made. The peak to peak amplitude of this region is read 

from the 130-A oscilloscope as described earlier. 

The small dip in amplitude shown from 36 to 41 milliseconds, is 

due to the interference of the wave train reflected from the plate at 

the wall and the primary wave train. The length of the dip corre sponds 

to the time required for the reflected wave train to travel from t he 

microphone to the front of the chamber and back to the microphone . At 

the front surface of the chamber this dip is not visible and t he widt h 

of the dip increases as the microphone is moved away from the chamber. 

The remaining 50 milliseconds of the pulse correspond to the fie l d due 

to the presence of the three waves: primary wave, wave reflected from 

the plate at the wall , and the do ubly reflected wave from the face of 
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Figure 1 

(a) Acoustic pulse 50 cm from aperture 
with square wave drive 

(b) 4coustic pulse 53 cm from aperture 
with square wave drive 
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Figure 2 

(a) Acoustic pulse 47 cm from aperture 
with square wave drive 

(b) Acoustic pulse 50 cm from aperture 
with triangular wave drive 
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'(a) 
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Figure 3 

{a) Acoust ic pulse 50 cm from aperture 
with sine wave drive 

(b) Trail off and dead time 50 cm from 
aperture with square wave drive 
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(a) 

time (ms} 

(b) 

Figure 4 

(a) Trail off and dead time 50 cm from 
aperture with triangular wave drive 

(b) Trail off and dead time 50 cm from 
aperture with sine wave drive 
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the chamber. 

Figures l(b) and 2(a) reveal essentially the same information as 

does figure l(a). However:, for these two figures, a 4 x 4 foot plate 

was placed along one side wall, approximately even with the chamber and 

orientated in such a way as to greatly enhance the side reflections. 

Because the plate had to be so near t he chamber and microphone, and 

because the orientation is critical f or enhancement of the reflection, 

the reflections from the walls and -were neglected in the measurements taken, 

The position of the microphone in figt:1.re 2(a) is such as to show the 

destructive interference of t he three waves. 

Figures 2(b) and 3(a) show the same pulse as figure l(a)j except 

the gate drive is the triangular and sine wave respectively. Note 

the gradual build up of the t wo pu.lses and the beginning transient does 

not occur as with the square wave drive, because the amplitudes of the 

first few cycles are small . However, f or the measurements taken, the 

square wave drive was chosen because t he sharp definition makes pos

sible definite identification of envelope characteristics. At certain 

points in the field i t cau.ld be possibl e 9 if the sine of triangular wave 

drives were used j> to make meas urements on the modified field t1.11.realized 

by the operator. I t is fe lt~ however 9 that with the sharp definition 

by the square wave drive t hi s error could be eliminated. 

Figures 3(b) and 4 show the trail off and the dead time of the 

squarej triangular and sine wave drives respectively. In figure 3(b) 

from 5 to 9 milliseconds ~ the same type transient appears as at the be

ginning of the pulse as seen at 90 milliseconds and in figure 1( a). 

From 10 to 30 milliseconds there is the interference of the two reflected 

wave trains then from 30 to 36 mil liseconds the end of the wave train 
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reflected from the front of the chamber. It is evident that the rever

beration time of the room is short even with the reflecting plate be

cause no other identifiable signal appears during the remainder of the 

dead time. Thus the initial condition of quietness in the room is almost 

reached before the next pulse arrives. Also 1 in figure 3(b) the first 

13 milliseconds of t he beginning of t he next pulse can be seen. The 

larger transient t han in figure l (a) is due to the signal starting at a 

greater ampl i tude when t he gat e was opened. 



CHAPTER III 

INSTRUMENTS AND EQUIPMENT 

A. Basic Equipment 

The measurements described herein were made in the semianechoic 

room of the Acoustics Laboratory. The dimensions of the room are 

approximately 35 x 16 x 8 feet. The walls and ceiling of the room are 

lined with a lf inch layer of pressed fiberglass, which has its outer 

surface painted. The floor is covered with cork tile. 

The experimental equipment consists basically of: (1) electronic 

equipment, (2) anechoic chamber, and (3) metal supporting frame. The 

arrangement of the equipment in the room is illustrated in figure 5. 

B. Steel Supporting Frame 

The metal supporting frame is a five-inch-steel "I" beam supported 

on coasters by two pieces of two-inch steel pipe. In the center of the 

"I" beam is attached a thrllSt assembly on which is mounted an angle 

vernier. The thrust assembly has attachments, which will support the 

4 x 4 foot plates, or the microphone. 

The microphone is supported by at inch steel rod, attached to the 

thrust assembly, such that it can easily be moved for axial measQre

ments and also'held rigidly for radial measurements. The frame can 

be seen in figure 5. 

12 



FIGURE LEGEND 

Figure 5 Experiment al Equipment 

(A) hp 202- A function generator 
(B) hp 202- B low freq uency generator 
(C) hp 450-A amplif i er 
(D) Mcintosh MC-30 amplifier 
(E) hp 130-A oscilloscope 
(F) Tekt ronix 533 osci lloscope 
(G) ITECO 2oo~AB phase meter 
(H) Gate J phase shifter and trigger 
(I) Meter stick for l ateral positioning 

of microphone 
(J) Thrust assembl y and angle vernier 
( K) Circular aperture i n face of chamber 
(L) Source j P-30 University horn 
(M) Microphone and preampl ifier 
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c. Anechoic Chamber 

The anechoic chamber is supported on coasters by four two-foot 

l engths of two-inch st ee l pipe. The outside dimensions of the chamber 

are 4 x 4 x 4 feet. These dimens ions were chosen because they are the 

largest dimensions which would allow transport of the chamber from the 

shop t o the l aborat ory and al so allow f or the most efficient use of 

materials. The walls of t he chamber are made of 3/4 inch plywood and 

the inside was lined wit h two l ayers of two-inch fiberglass mats of 

different density, the l ayer next t o the plywood being the more dense. 

One side of the chamber (hereafter called the front) is open so that 

different int erface materials may be attached. 

In the center of the rear face (the face opposite the open front) 

was cut a square opening 15 x 15 inches~ to which was mounted the 

P-30 University horn. 

For this work the front of the chamber was closed with a 4 x 4 foot 

aluminium plate i inch thick. Two layers of the fiberglass, used on 

t he walls and ceiling of the r oom, were glued by contact cement , to 

t he inside of the plat e t o reduce internal reflections from the plate 

and t o damp any f l exural waves set up in the pl ate by t he incident 

sound waves. 

A window 10 i nches in diameter was made in t he center of t he 

pl ate. This diameter was chosen so that the diamet er would be small 

and l arge compar ed t o the wave l engt h of the so und wi t hi n the freq uency 

range of the horn. To this window can be attached , by means of mount

ing rings , many variations of t he apert ure, such as rectangular aper

tures , membranes , etc •• The microphones and sampl es used in this work 



are shown in figures 6, 7, 8 and 9. 

D. Electronic Equipment 

The electronic equipment consists of: 

1 P-30 University horn 

1 MC-30 Mcintosh power amplifier 

1 450-A Hewlett Packard fixed gain voltage amplifier 

1 202-A Hewlett Packard function generator 

1 202-B Hewlett Packard low frequency generator 

1 130-A Hewlett Packard single beam oscilloscope 

1 533 Tektronix dual beam oscilloscope with type CA plug in unit 

1 200-AB ITECO Phazor phase meter 

1 16-PI Power suppl y 

1 P-16 Preamplifier with Kellogg capacitance microphone 

1 R-C delay trigger circuit 

1 Transistor gating circuit 

1 Phase shifting network 

E. R-C Delay Trigger 

The R-C delay trigger circuit was a simple series R-C network. 

15 

The output of the 202-A function generator was fed to the input of the 

trigger, then t he voltage across the capacitor was fed to the external 

trigger of the two oscilloscopes. Using this delay trigger one could 

observe the entire gated burst of signal ( hereafter called the p1.llse) ~ 

the entire dead time, the beginning of the pulse and the trail off of 

the pulse J simpl y by changing the triggering level of the oscilloscopes. 



FIGURE LEGENDS 

Figure 6 Microphone ~ preamplifier, and circular aperture 

Figure 7 Gradient microphone 
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Figure 6 

Figure 7 



Figure 8 

Figure 9 

FIGURE LEGENDS 

Re ctangular aperture j mounting rings 

Circular disk l o5 mo from aperture 
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Figure 8 

Fi gure 9 
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F. Transistor Gating Circuit 

The gating circuit5 was a 2N78 transistor operating in its switching 

mode and used as a switch. Figure 10 shows the gating circuit in which 

the transistor is effectively shunte d across the signal path. 

The 1 k ohm resistor R in the collector circuit and the input 

impedence of the Mcintosh power amplifier Z effectively make a voltage 

divider from point A. When the transistor is in its 11 off11 mode, a vol

tage applied at point A will appear across Z decreased by the ratio of 

R t o Rf z. The "off" mode occurs when a positive d-c voltage is 

applied to the base of the transistor. 

With a negative d-c voltage applied to the base the transistor 

is biased "on. 11 The negative voltage is chosen such that the transistor 

is in its satll!'ation statej with the result that it will shunt a very 

low impedence from point C to ground. While the transistor is in this 

mode,any signal at point A will be dropped across Rand none (or very 

little) will appear across the output terminals. 

Thus by using the fll!lction generator as the base drive the base 

can be biased alternatel y positive and negative , producing pulses of 

t he signal applied to point A. The diode allows a positive base voltage 

s uch that the t ransistor is 11 off11 and still a large biasing signal can 

be used s uch t hat t he negative voltage will drive the transistor to 

saturation rapidly. 

The length of the gated pulse is controlled by the frequency of 

the base bi asing signal . There are two inherent disadvant ages in the 

gateg (1) t he dead time 9 by nature of the symmetry of the biasing 

signal, is the sa~e l ength as the pulse , and (2) there is no sychro-
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nization between the signal of the pulse and the biasing signal. As a 

result of the latter, the starting point of the gated signal cannot be 

controlled. 

G. Phase Shifting Circuit 

The phase shifter shown in figure 11 is a basic phase shifting 

network. The .001 mfd capacitor was put in the circuit to provide a 

fixed shift in the output. Without this capacitor the total quadra

ture cannot be covered continuously by the network. 

The double pole double throw switch s2 makes possible an instan

taneous phase shift of 180°. The transformer serves only to isolate 

the ground points of the two sides of the network. 

H. Experimental Arrangement 

A block diagram of the experimental equipment is shown in figure 

12. The output of the 202-A was used to drive the gate and through 

the trigger delay to externally trigger the two oscilloscopes. The 

output of the 202-B was gated by the gate circuit, amplified by the 

Mcintosh power amplifier and fed to the University horn. Also, the 

output of the 202-B was used as a reference signal for the phase de

terminations. 

The output signal of the microphone was fed to the fixed gain 

(40db or 20db) 450-A voltage amplifier then to the vertical input of 

the 130-A oscilloscope and to channel A of the Tektronix 533 oscil

loscope. The peak to peak amplitude of the output signal from the 

microphone was read directly from the calabrated 130-A oscilloscope. 

Since the phase meter can be used only on continuous signals~ the 
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reference phase signal was fed through the phase shifter network to 

channel B of the 533, and was shifted until it was in phase with the out

put signal of the microphone. The relative phase between the shifted 

reference and the fixed reference was then read from the phase meter. 
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CHAPTER IV 

CIBCULAR APERTURE 

A. The Radial Pressure Field 

The angular djrection, from the normal to the aperture, of the 

maximum and minimum pressures may be calculated from the Fraunhofer 

diffraction theory.6,7 

If fJ is the angle measured from the normal to the direction of 

the maximum or minimum, the values of the angle ~ are given by 

SI N p = 71' 
1 
D 

( 1) 

where A is the wavelength of the incident wave, D , the diameter 

of the aperture and ~, , a number computed for each successive max

imum or minimum from the function8 

(2) 

where '1-- :::. n' T1 The pressure maxima occur when J,(-y.) is maximum 

and minima occur when J,(-11) is zero. 
. I 

The first four maxima occur when n has the values of O, 1.635, 

2.679 and 3.699 respectively. Similarly, the first four minima occur 

I when TL has the values of 1.220, 2.233, 3.238 and 4.250 respectively. 

From equation ( 1) we see that the value of f3 for a particular 

?1' depends on the ratio A-/ D When ).. ID > 1 there will be no 

') I 
.... "+ 
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minima and the apertl.U'e will radiate as a point solll'ce. When J.-/ D = 1 

there will be a minima in the region of ~ = 90° and when A./D L 1 the 

minimwn points will appear according to equation (1). 

These three conditions are approximately satisfied using the aper-

tl.U'e 25 cm. in diameter with frequencies as follows: 

Case 1 500 cycles per second 

Case 2 1500 cycles per second 

Case 3 -- 8000 cycles per second 

The velocity of sound in air for an atmospheric pressl.U'e of 73.7 

cm., which is the average pressl.U'e in the laboratory, is 33,960 cm./sec. 

Using this value for the velocity of propagation we have: 

Case 1 

Case 2 

Case 3 

A = 79.1 cm. 

).. = 26.4 cm. 

;t. = 4.95 cm. 

We shall now look at the three cases separately. 

Case 1: 

The ratio of A/Dis less than l; thus, the radial pressl.U'e field 

will appear as concentric half circles with center at the center of the 

apertl.U'e. 

Case 2: 

The ratio of A/ D is of the order of l; thus, the radial press t:.r e 

field will appear as a single lobe, with decreasing pressl.U'e as the 

angle (3 approaches 90 degrees. This case will be discussed in more 

detail later. 

Case 3: 

Using equation ( 2) the calculated values of 1/.1 for the fol.U' 
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minima are 

!1. 1 = 1.22, 2.23, 3.34 and 4.25. 

The .corresponding values of fJ as obtained from equation (1) are 

fl = 13.95°, 26.15°, 41.450 and 62.60. 

Using equation (2) we can compute n' for which maxima will occur. 

The values of Tt! for the first four maxima are 

71.' = 0, 1.635, 2.679 and 3 .699. 

The corresponding values of (3 are 

~ = o0, 18.9°, 32.0° and 47.20. 

Figure 13 is a polar graph of the observed radial pressure field 

for case 3 at distances of 30 and 200 cm. The minimum and maximum 

points correspond well to the values given by the Fraunhofer diffraction 

theory above. 

Figure 14 shows a polar graph of the radial pressure field as 

observed at 15, 32, 50 and 85 cm. for case 1. From figure 14 we note 

that the near field produces an almost spherical wave whereas at greater 

distances the wave deviates from the spherical form. This deviation is 

due primarily to reflections from the side walls, floor and ceiling of 

the room. 

The magnitude measurements are accurate to within ± 1 db, and the 

relative phase accurate to within~ 5 degrees, based on the reproduc

ability of the data. The positions relative to each other are within 

!o.5 mm, and the exact positions relative to the center of the aperture 

are accurate to within 2 mm. For some of the curves contained herein, 

a simple straight line connection between data points is used because 

there is insufficient data to more completely define the field. How

ever, when smooth curves are used, these curves lie within the error 



mentioned above except where otherwise indicated. 

The error in pressure and phase is due basically to (1) position 

of microphone, (2) the presence of the microphone, supports, etc., in 

the field, (3) meter and oscilloscope reading and (4) transmission 

through the front of the chamber as shown in Appendix I. 

The error in position is due to (1) asswning the microphone hangs 

vertical at each position, since it is free to swing as a pendulum, 

(2) fluctuations in the calibrations of the meter stick and (3) the 

position setting on the meter stick. 

B. The Axial Pressure Field 

The Fresnel diffraction theory? can be used to determine the 

pressure field along the axis of a circular aperture if we asswne that 

the incident wave is nearly plane. This condition is approximated in 

the experimental arrangement. 

How does the pressure of the axial field change as the point of 

observation moves along the axis? The radii of the Fresnel zones de

pend on the position of observation. Thus we find the pressure goes 

through a series of maxima and minima, occurring respectively when the 

aperture includes an odd or even number of Fresnel zones. 

The outer radii of the Fresnel zones are given by 

(3) 

where rn is the outer radius of the TL th zone, n, an integer, '"j, 

the distance from the aperture to the point of observation on the 

axis, and it the wave length of the wave. 
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Considering the vibration spiral, we note that as :z. decreased 

from a distant point the radius Yn of the 77. i~ Fresnel zone decreases; 

hence, an increasingly large fraction of the first Fresnel zone appears 

through the aperture. The pressure therefore increases and reaches a 

maximum when the radius of the first Fresnel zone is equal to the radius 

of the aperture. That is, when 

(4) 

where D is the diameter of the apertura. Thus from equation (3) 

the distance from the aperture to the maximum points is given by 

il 
t/ (5) 

As the point of observation moves closer to the aperture, the 

maxima and minima follow each other at decreasing distances. When the 

distance )'.'.. is not very large compared to the radius of the aperture, 

the distances between successive maxima and minima approach the magni-

tude of the wave length. Under these conditions the maxima and minima 

can no longer be practically observed. 

Case 1: 

Since the aperture acts essentially as a point source the wave 

will propagate out from the aperture as a spherical wave . Thus the 

diffraction theories of Fraunhofer and Fresnel do not apply. 

Figure 15 shows the axial variations of pressure as the point of 

observation moves away from the source for case 1. 

Case 3: 

Using equations (3) and (4) we find that as the distance :x. is de-
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Figure 15. Pressure vs. axial distance, circular aper
ture, f = 500 cps. (See Appendix II for pressure ref
erence l evel.) 

.31 



-IQ.--~~~~~~~~-.-~~~~~~~~~~~~~~~~~---. 

p {db) 

-2of O ::a-.... 1 ~ I ff -~ I -n::::: r,?....I~ 7 

I I I I L l l l I I I I I I I I I I I I I I I I L I I f -30 
. I 10 100 

x {cm) 

Figure 16. Pressure vs. axial distance, circular aperture, f = 8000 cps. (See Appendix 
II for pressure reference level.) 

\JJ 
l\) 



creased the maxima will appear at: 

X = 30, 9.2, 5.0, 3.2, 2.2, 1.6 cm. 

The corresponding minima points will appear at: 

--;. = 14.4, 6.6, 4.0, 2.6, 1.8, 1.02 cm. 
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Figure 16 shows the axial pressure variations as the distance 

increases, for case 3. The regions of the two maxima and minima compare 

favorably with the first two values given above. 

c. The Near Field or Lateral Pressure 

R. D. Spence9 has compared the predictions of the Kirchhoff approxi

mations with those of the exact theory for the problem of diffraction by 

a circular aperture. His conclusions are: (1) The Kirchhoff assumption 

(constant pressure in the aperture) gives an approximately correct 

value for the average value of the normal pressure provided the radius 

of the aperture is nearly equal to or greater than the wavelength; (2) 

The diffraction pattern calculated from the Kirchhoff approximations are 

reasonably accurate for angles less than that of the first minimum pro

vided the radius of the aperture is nearly equal to or greater than the 

wavelength. 

The pressure distribution in planes perpendicular to the axis of 

the aperture has been investigated theoretically and experimentally by 

G. Bekefi.10 Within the aperture, he found pressure maxima and minima 

across the aperture which contridicts the Kirchhoff assumption. 

He found that the pressure distribution remained unchanged as long 

as the ratio of aperture diameter to wavelength was kept constant. Also 9 

he found that the relative pressure variations are greatest when D/~ 

is half-integral--that is, when P/~ = rfl +~. Central maxima were 
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follnd when m is even and minima when m is odd. He has also modi

fied the Fresnel-Kirchhoff theory in an attempt to make it valid for 

field points near the aperture. This theory compares very favorably 

with his experimental results provided the field points are at a dis

tance from the screen greater than the aperture diameter. At distances 

less than this the agreement is poor and becomes progressively worse 

as the aperture plane is approached. 

This theory of Bekefi indicates that as the observation point moves 

toward the geometrical shadow of the aperture from the center along a 

diameter, oscillations in the pressure will occur. As the geometrical 

shadow is crossed the oscillations should continue, but the pressure 

falls rapidly as the bollndary is crossed provided the ratio of D/ Ais 

large. As the ratio of DIA is reduced, the oscillations become less 

pronollnced and the change in pressure across the bollndary of the geo

metrical shadow also is less pronollnced. 

Figure 17 shows the change in pressure with lateral distance at 

5 mm. from the aperture as measured for case 1 of section IV-A. Here 

D / A. is small and a slight maximum at approximately 32 cm. is seen. 

Then the pressure decreases rather rapidly and approaches a limit. 

Figure 18 is the same measurement as was taken in figure 16 ex

cept the frequency is that of case 3 and the ratio of D / ~ is large ~ 

on the order of 6. Note the osqillations, the rapid decrease in 

pressure as the bollndary of the geometrical shadow is crossed , and the 

gradual decrease in pressure with the superimposed oscillations. The 

calculation of the exact position of the oscillation from the theory 

is a tedious operation and will not be attempted here. 
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CHAPTER V 

EXTENDED STUDY OF CIRCULAR APERTURE 

A. General Discussion 

The pressure field measurements were extended, for case 2 of 

section IV-A, to include the normal pressure gradient along the axis 

and across the face of the aperture and plate. This wavelength was 

chosen for the measurements because of the structure of the microphone 

shown in figure 7. The ports are spaced 1.02 cm. apart; thus with 

the wavelength of 26.4 cm., we are measuring an interval of 0.0391 it. 

However, the wavelength can be decreased to 10 cm. before serious 

difficulty should arise since the distance between ports would be 0.10 

). . 
The two ports are connected to the two sides of a .0003 inch 

thick aluminium membrane through approximately equal air volumes. 

However, it was necessary to partially close the front port in order 

to match the sensitivities of the two ports and their resonant fre

quencies (See Appendix III). 

For this case, it is necessary to assume a wave form in order 

to determine the characteristics of the gradient, and pressure fields . 

On the basis of the radial pressure and phase measurements shown in 

figures 19 and 20 respectively, we chose a spherical wave for an 

approximation to the wave form. We chose the spherjcal wave because 

figure 19 indicates the wave to be nearly plane near the aperture but 
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nearly spherical as it propagates out. The phase values for all phase 

curves are relative to the output of the oscillator. To make them rela-

tive to the pressure wave at the aperture one would shift the axis such 

that the phase of the pressure is zero at 7- = o • 

B. The Axial Pressure Field 

Assuming a spherical wave with no attenuation the pressure at any 

point in the field will be given by the real part of 

p 

where 

!{ = 

j(wt - K f\) 
ro e 
R ( 6) 

( 7) 

and fo is the pressure at the surface, W the angular frequency, A. 

the distance from the aperture and K the propagation constant. Tak

ing the real part of equation 6, and evaluation at R .::. ( 71-J O; 0 ) 

we have 

- Po C OS ( w i: - K-x-) 
1'- (8) 

From equation (8) we see that for a spherical wave the magnitude 

of the pressure decreases as ) /--1- • Figure 21 shows the pressure 

as measured along the axis and the theoretical pressure for a plane 

and spherical wave. The oscillations appearing at 100 cm. are due to 

reflections primarily from the floor. Note that the wave remains 

fairly plane for approximately 10 cm. and then changes to a more spheri-

cal form. 
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Figure 22 shows the phase change of the pressure wave along the 

axis. From the curve we see the wave propagates uniformly. The phase 

change along the axis is the same for both the plane wave and the spher-

ical wave. 

C. The Pressure Gradient 

The normal pressure gradient may be represented by 

v P • L (9) 

where 

.-
and L is a unit vecter in the direction of the normal. 

Then from equation (9) 

(10) 

Substituting equation (6) into (10) 

· r,j -J(wt- KI=?) 
;1 ;.<, ,o 2:- E 

R R 
( 11) 

Evaluating equation (11) along the axis, Ii= (7') tJ, o), 

(12) 

Taking the real part of equation (12) 
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Investigation of equation (13) reveals that at ""J, = 4.2 cm. the modulus 

of the two terms are equal, and at 40 cm. the modulus of the second term 

is large compared to the first. Thus for ~ > 40 cm. the gradient may 

be represented by 

Comparing equation (14) with equation (8) we note that the amplitude of 

the gradient is the amplitude of the pressure attenuated by the factor 

K , and is 90 degress out of phase with the pressure. 

Now in the region of 4.2 to 40 cm. both terms must be retained in 

the right member of equation (13). Considering the right member of 

equation (13) we can write it in the form 

(15) 

where C is a constant and 9 the phase relation to the pressure. 

Expanding the right member as the swn of two angles and comparing to 

the left member we have 

8 - arc TAN l(X 
(16) 

and 

'l 
C = f (7 + K~ ~ (17) 

Figure 23 shows the gradient of the pressure as measured with 

the gradient microphone ahd the gradient of the pressure as predicted 

from equation (13). 
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From equation (16) we see that the phase of the gradient relative 

to the pressllI'e will decrease as the apertllI'e is approached, until they 

are in phase at the apertllI'e. FigllI'e 24 shows the axial phase of the 

gradient as measllI'ed with the gradient microphone. 

D. The Lateral Pressure Field 

It is pointed out in section V-A that the pressllI'e wave is nearly 

plane in the region near the apertllI'e. This is fllrther verified by the 

pressllI'e and phase cllI'ves of the lateral field shown in figllI'es 25 and 

26. From these cllI'ves we see that the pressllI'e and phase remain nearly 

constant out to 10 cm. From 10 cm. on the pressllI'e decreases in a 

fashion similar to an attenuated spherical wave. 

If the wave is non-attenuated and spherical the pressure will be 

given by the real ··part of equation ( 6) evaluated at R:. ( 0,5) 'I J O) 

then 

Po COS [wt -k(o.~5'+ ~2:/j (l8) 
( 0,2.5-+ ~") ,;,.. 

or for ;) ;, Io c,.,.,., . the pressllI'e may be approximated by 

Re [ p J := : c o .S (wt - K ~ ) (19) 

The phase of the pressllI'e will then change linearly with 

E. The Lateral Nbrmal Pressure Gradient 

The normal pressllI'e gradient across the s llI'f ace of the apertllI'e 

and screen is given by equation (11) evaluated at R = (_o .~ ;j; O) • 
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Thus 

If we consider only ::J 7 /0 , then equation ( 20) may be approximated by 

(21) 

Taking the real part of equation (21) 

R [JP_l= _o.5Po COS(wt-,~~) + o.SJ<.R, SIN(Wt -K:1) 
C J,',J j~ ~~ 

(22) 

For lj 7 Jo , the amplitude of the first term of equation (22) 

is small compared to the amplitude of the second term, thus the normal 

gradient can be further approximated by 

Re[t~] = o.5HPo .5JN(wt-H':J) 
j~ 

( 23) 

Comparing equation (23) to equation (19) we see that the magnitude 

of the pressure gradient is the same as the magnitude of the pressure 

attenuated by the factor 0.51< / j and is 90 degrees out of phase with 

respect to the pressure. Figures 27 and 28 show the magnitude and rela-

tive phase of the pressure gradient across the surface as measured with 

the gradient microphone. 
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CHAPTER VI 

RECTANGULAR APERTURE AND CIRCULAR DISK 

A. The Radial Pressure Field of the Rectangular Aperture 

The mathematical treatmentll involving double integration over 

both dimensions of the wave front incident upon the aperture shows that 

for a length large compared to the width the result corresponds to the 

single slit. However, for a length comparable to the width the treat-

ment shows that the pressure is a minimlllll along straight lines defined 

by the equations 

(24) 

) 

where 7L is an integer and d.i and o are integration factors defined 

by 

o; -

r - TrbSIN c!) 
A 

(25) 

(26) 

where _i_ is the length of the aperture; b , the width of the 

aperture; A.. , the wave length; and ..£1, and ~ are angles measured 

from the normal to the aperture at its center in planes through the nor-

mal parallel to the sides ~ and b respectively. 
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Consider the three cases for which measurements have been made. 

For case one, for which the length of the aperture was oriented verti-

cally, cf.. = 0 Thus one can determine the value of 4) for which the 

pressure is minimllin. From equation (26) a minimllin should appear at 

4) = 38.2° for a wave length A= 4.95 cm., which was the wave length 

used for the measurements. Figure (29) shows the measured pressure 

field at 11, 50 and 90 cm. 

For case two, for which the length of the aperture was oriented 

horizontally, ( = 0 Hence, the values of .s-2- for which the 

minima should occur can be determined. From equation (25), minima 

should occur for 

_n_ = 13°, 26.75°, 41.5°, 64.2° 

Figure 30 shows the radial pressure field of the horizontal aperture 

as measured for A = 4.95 cm. 

For case three, for which the length of the aperture was oriented 

at an angle of 600 to the vertical, the first minima should be at a 

slightly greater angle than for the horizontal case. The difference 

between the angular separation of the corresponding minima will increase 

as the angle from the normal increases. This is verified by the field 

as shown in figure 31. 

B. The Axial Field of the Rectangular Aperture 

On the basis of Fresnel's theory as outlined in section IV-B, for 

partially exposed zones and comparable dimensions of the rectangular 

and circular aperture, one would expect the axial fields to be very 

nearly the same, when the same frequencies are used. However, the maxi

ma and minima should be shifted slightly toward the aperture and the 
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average pressure to be less since the rectangular aperture is smaller. 

Comparisons of figure 32, with figure 16, shows this to be the case for 

a frequency of 8000 cps. 

C. The Near Field or Laterial Pressure 

Again, because of the comparable dimensions of the rectangular and 

circular apertures, the approximate theory as outlined in section IV-B 

should apply for the same frequencies. Inspection of figures 33, 34 

and 35 shows this to be essentially the case for Y-- = 0.2 cm. In 

figure 35 one observes that the pressure drops very rapidly as the boun

dary of the geometrical shadow is crossed. Note that at approximately 

11 cm. in figures 33, 34 and 35 there appears an abrupt minimwn. This 

point is A/'/ from the inside surface of the mounting rings and could 

possibly be due to a standing wave set up by reflections from this 

surface. Also over the external surface of the rings some irregulari

ties occur which are possibly due to the interaction of the rings with 

the field. Otherwise, the field follows the field of the circlllar 

aperture, except the oscillations are not as great. 

D. The Circular Disk 

On the basis of Fresnel's formulation of the wave theoryj Poisson6 

predicted the existence of an axial bright spot behind a circular disk 

illuminated by a point source on its axis. This bright spot was first 

observed by Arogo, and his observation gave the wave theory much support. 

The Kirchhoffl2 theory expresses the pressure at points within a 

region of space in terms of asswned boundary values of the surface 

bounding the region. The Maggi transformation reduces the Kirchhoff 
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surface integral, in the manner of Stokes theorem, and greatly facili-

tates calculation. In addition, it exhibits with particular clarity 

the difference between physical and geometrical acoustics indicating 

that diffractions around an obstacle arises from waves originating at 

its rim. This transformation further shows that the Kirchhoff theory 

fails to distinguish between the kinds of obstacles and their shapes. 

Henry Primkoff, Martin Klein, Joseph Keller and E. L. Carstensenl3 

have used the Maggi transformation to determine the pressure field on 

the axis of the disk and in a plane perpendicular to the axis. They 

have made measurements in water to partially verify their results. 

They show that there is a central zone surrounding the axis, and sym-

metric about it, in which the pressure is high, corresponding to the 

bright spot as predicated first by Poisson. This "bright spot" has a 

diameter on the order of a wave length immediately behind the disk 

and increases in diameter with increasing distance from it. 

Around this "bright spot" there is an axially symmetric region in 

which the sound pressure is on the whole low. This is called the 

11peysical shadow," as distinguished from the "geometrical shadow," 

which is an infinite cylinder whose base is the disk. 

The sound pressure in the "physical shadow" undergoes a periodic 

variation as a function of distance from the axis. 

The "physical shadow" is bounded on the outside by a region of 

high sound pressm·,e., The cross section of the outer region of high 

pressure between the physical and geometrical shadows, called the 

"annular ring," also increases in width with increasing distance behind 

the disk. At a distance on axis behind the disk of st== a,1-!?-
where a, is the radius of the disk and ;L the sound wave length, 



64 

the bright spot and annular ring meet and the physical shadow ceases to 

exist. 

Their results further show that at moderate distances behind the 

disk ( 71- L. r:i'-/;, ) . The pressure at the geometrical shadow 

boundary, ( ~ = ~ ) is approximately t of the value it would have if the 

disk were not present. For large distances behind the disk ( 7t- 7 tl'/;.,) 

the pressure at the geometrical shadow is the same as its value when 

the disk is not present. 

The position of the outer edge of the physical shadow may be deter-

mined from the equation 

(27) 

Now using this approximate theory of Primkoff and others for the 36 

cm. disk considered, the field behind the disk should become the same 

as the undisturbed field at a distance, -;., = 65.4 cm. at this distance 

the physical shadow will have disappeared. It is seen from figure 36 

that the measured pressure field corresponds closely to this value; i.e.j 

it remains high and increases with '1,-, until the no field condition is 

reached in the region of 65 to 75 cm. 

The lateral pressure measurements were taken at 1- = 0.2 cm. This 

distance satisfies the requirement -f L. rz"- /;... = 65 .4 cm. From figure 

37 it is seen that the pressure is on the order oft its value without 

the disk. 

The outer edge of the physical shadow is determined from equation 

( 27) and is located at t, = 17 .25 cm. 

It is seen from figure 37 that at ;J = 17 .25 cm. the pressure has 

increased greatly. Two probable reasons the calculated value does not 
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correspond to the measured value are that the condition ( [,l/,z ·1;,J 111.7 I ) 

is not sufficiently satisfied, and the condition of the rigid disk are 

not met. The extreme oscillations of the field behind the disk are 

possibly due to surface motions of the disk. 
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CONCLUSION 

The experimental results show good agreement with those predicted 

by elementary theories, where itJ.s expected that these theories should 

apply. The pressure fields of the circular and rectangular apertures 

follow the predicted field closely for far field points, that is at 

distances large compared to the dimensions of the apertures. However, 

near the aperture these theories are not adequate and one must use the 

exact theories of Spence3 and others for the near field determinations. 

The pressure field of the circular aperture with dimensions comparable 

to the wavelength agrees qualitatively with the field predicted by 

theory, as does the pressure field of the circular disk. 

SUGGESTIONS FOR FURTHER STUDY 

The field measurements of the scattering by the disk should be 

extended to include measurements on both the source and field sides of 

the disk. The phase measurements across the surfaces of the disk will 

reveal more information concerning the motions of the surface. Also, 

similar measurements should be made with various types of disks such 

as metal, plastic, rubber, etc. 

The techniques of measurement used for this experimental investi

gation may also be used to obtain data for far field predictions from 

near field measurements as described by Dr. G. B. Thurstonl4 in his 

report, "A Method of Determination of the Radiated Acoustic Field of a 

Source Transmitting Through a Finite Plate." 
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APPENDIX I 

It is practically impossible to construct a simple acoustically 

opague baffle. Thus, measurements of the leakage through the chamber 

were made in the following manner. A plug was made of the same material 

as the box and inserted into the aperture. The lateral and axial 

measurements were then repeated for frequencies of 500 and 1500 cps. 

Figures 38 and 39 show the measured leakage for 500 cps, and figures 

40 and 41 show the measured leakage for 1500 cps. A comparison of 

figures 38 through 41 with their respective pressure field curves pre

sented in figures 15, 17, 22 and 25 shows the level of the leakage 

signals to be from 30 db to 40 db below the level of the measured 

pressure fields, so that the character of the field curves is not 

effected by the leakage signal. 
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APPENDIX II 

Because the acoustic output of the horn at constant input voltage 

and the sensitivity of the microphone with probe cap in place, are not 

linear functions of frequency a relative comparison of acoustic pressure 

between the three frequencies is impractical. Thus a separate input 

voltage was chosen, from response curves, for each frequency such that 

the amplitude of the wave would be sufficiently large for easy measure

ments. 

From the microphone calibration curves, furnished with the micro

phone, an approximate pressure level was determined for theodhreference 

for each of the three frequencies. 

Case 1: 

The O d .b reference level for 500 cps. is referred to 100 vol ts 

peak to peak output from the hp 450-A amplifier, with an input voltage 

to the horn of 10 volts peak to peak. From the calibration curves oJb 

corresponds to a pressure of approximately 0.7406 dynes/cm2. 

Case 2: 

The O db reference level for 1500 cps. is referred to iOO volts 

peak to peak from the hp 450-A amplifier, with 15 volts peak to peak 

input voltage to the horn. From the calibration curves odhcorresponds 

to a pressure of approximately 1.1208 dynes/cm2. 

Case 3: 

The O d .b reference level for 8000 cps. is referred to 100 vol ts 

peak to peak output from the hp 450-A amplifier with 50 volts peak to 
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peak at the inpQt of the horn. Determinations from the calibration 

CQrves indicate CJ cl b corresponds to a pressQre of approximately 

14.1067 dynes/cm2. 
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Comparison of the sensitivities of the two ports on the gradient 

microphone with the sensitivity of the Kellogg show that at a fixed 

point in the field the oQtpQt of either port is IO JI, below the oQtpQt 

of the Kellogg. ThQs the scale of the gradient cQrVes has been shifted 

to correspond to the calibration of the Kellogg microphone at 1500 cps. 



APPENDIX II I 

The microphone shown in figure 7 was designed to measure the in

stantaneous pressure difference between the two ports mechanically. 

Some of the limitations of the microphone which have be en found are :i 

(1) the fixed spacing of the two probe tubes puts an upper limit to 

the useful frequency, ( 2) interaction between the two probe tubes can 

distort the field and (3) a mis-match between the two probe tubes and 

their respective air volumes causes different resonant frequencies 

between the two sides of the diaphram as well as causing a difference 

in sensitivity. 

Frequency response curves were made with one port closed, on each 

of the two ports and they show the front port (the port away from pre

amplifier) to be more sensitive than the rear port (the port nearest 

preamplifier). Also the response curves show the resonant frequencies 

of the front port to be greater than the resonant frequencies of the 

rear port. Both conditions were nearly corrected simultaneously by 

placing two 1-t'' pieces of bare 18-gage wire in the front port. Howevery 

when the axis of the microphone was placed parallel to a plane wave 

front, that is with f = 1500 cps, the output of the microphone was 

not zero, as it should be if equal pressures are applied to both sides 

of the membrane. With both tubes closed the output was zero which 

ruled out possible leakage into the microphone cavities. Further in

vestigation has failed to reveal the cause of this difficulty. 

To justify using the gradient microphone for gradient measurements, 
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the following investigations were made. The effect of reflections from 

the preamplifier, supporting rod and flat end of microphone was studied 

by making these surfaces essentially non-reflecting by wrapping them 

with fiberglass. This proved to have only a slight effect on the out

put of the microphone. 

If the gradient microphone is operating properly, when it is placed 

normal to the field of a plane wave, and rotated 90° about a vertical 

axis through a point midway between the two ports, the output will 

be one-fourth a cycle of a cosine curve. Figure 42 shows a portion of 

a cosine curve with the data points as taken from the gradient micro

phone. 

The major deviation of the microphone response from the cosine 

curve from 65 to 90 degrees is due to the overriding influence of the 

second harmonic. At approximately 65 degrees the second harmonic becomes 

significant, and it becomes dominant as the angle of rotation is increased 

to 90 degrees. The enhanced response of the gradient microphone to the 

second harmonic is possibly due to the geometrical orientation, since 

when the relative separation between the supporting rod and the micro

phone was increased, the second harmonic content of -the microphone 

output was decreased slightly, but not removed. However, on the basis 

of the agreement shown in figure 42, the gradient microphone was used 

for the pressure gradient measurements of Chapter V. 
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