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58 MUSIC, PHYSICS, AND ENGINEERING

the melody. A chord consists of a series of three, four, five, six, or seven
tones, arranged one above the other and bearing a harmonic relation to
each other. The lowest note of a chord is numbered with what is termed a
root as the reference point. The smallest chord is a triad consisting of
three tones. Triads may be classified as follows: major, minor, dimin-
ished, and augmented.

A triad may be built on any scale tone as, for example, on C: the major
triad on C is C-E-G, the minor triad on C is C-Eb-G, the diminished
triad on C is C-Ep-Gb, and the augmented triad on C is C-E-G#; or on (:
the major triad on G is G-B-D, the minor triad on G iz G-Bp-D, the dimin-
ished triad on G is G-Bb-Db, and the augmented triad on G is G-B-D#.

Harmony is a factor which must be considered in the process of com-
position, Harmony refers to tones sounding simultaneously, that is,
chords, as contrasted to tones sounding consecutively as in the melody.
Harmony is the process of fitting suitable chords to the melody employ-
ing chord constructions and combinations. A few of the chords have
been given above, Harmony is a subject dealing with tones as related to
consonance and disonance (Sec. 7.4H), The laws of harmony have been
derived by empirical and subjective means. Each era evolves new laws
of harmony.

Counterpoint is the art of making two parts of a musical selection move
together with such independence that each one appears to have a design of
its own. It may be =aid to be the process of adding one or more parts or
melodies to a given melody.

In the opinion of the author, it is beyond the scope of musical engineer-
ing at this time to outline the theory of music as related to the process of
composition. It appears that the process of musical composition is art,
rather than a science. It isan art in which the composer is a gifted person
who does not obtain his creative ability to compose from a set of rules or
studies. However, this does not mean that studies in the different aspects
of composition are not an aid to those persons endowed with the creative
ability to compose. The ultimate objective of a composer is the proeduc-
tion of a composition which, when rendered, will be acceptable to a certain
crogs section of the population.
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CHAPTER FOUR

Resonators and Radiators

41 INTRODUCTION

The musical tones used in Western music consist of certain definite and
discrete fundamental frequencies. Therefore, musical instruments must
be capable of producing these tones and diseriminate against other tones.
Hiphly resonant vibrating systems are excited by driving frequencies
which correspond to the resonant frequencies of the system. There are a
large number of vibrating systems which exhibit resonant characteristics
that are suitable for use in musical instruments, These systems include
strings, bars, membranes, plates, pipes, horng, and electronic generators.
In some of these systems, the resonant frequencies are fixed, and in others

. the resonant frequencies are variable. The resonant systems are provided
* with radiating means for producing sound waves in air which correspond
. to the mechanical vibrations. It is the purpose of this chapter to
~ describe resonant vibrating systems used in musical instruments to pro-
- duce musical sound waves in the surrounding air.

As an ald in describing the action of vibrating systems in musical instru-

* ments, it is useful to employ analogies between electrical circuits and these

vibrating systems. Therefore, in this book dynamical analogies will be

. employed to describe the action of the vibrating systems of musical instru-

ments. As a eonsequence, one of the first considerations in developing the

. theory and action of vibrating systems will be a brief development of
 dynamical analogies hetween electrical, mechanical, and acoustical
. systems.

: 4.2 DYNAMICAL ANALOGIES!?

. Analogies are useful when it is desired to compare an unfamiliar system
-> with one that is better known. The relations and actions are more easily
* visualized, the mathematics more readily applied, and the analytical

10lson, H. F., Dynamical Analogies, D. Van Nostrand Company, Inc., Princeton

?Olson, H. F., Acoustical Engineering, D. Van Nostrand Company, Inc:, Princeton,

1057.
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54 MUSIC, PHYSICS, AND ENGINEERING

elements: acoustical resistance, inertance, and acoustical capacitance,

Electrical Abohm. An electrical resistance, reactance, or impedance
is said to have a magnitude of one abohm when an electromotive force
of one abvolt produces a current of one abampere.

Mechanical Ohm. A mechanical resistance, reactance, or impedance is
said to have a magnitude of one mechanical ohm when & force of one dyne
produces a velocity of one centimeter per second.

Acoustical Ohm. An acoustical resistance, reactance, or impedance is
said to have a magnitude of one acoustical ohm when a pressure of one
dyne per square centimeter produces a volume current of one cubic centi-
meter per second.

B. Elements

An element or circwit parameter in an electrical system defines a
distinet activity in its part of the circuit. In an electrical system these
elements are resistance, inductance, and capacitance. As indicated in
the introdnction to this chapter, the study of mechanical and acoustical
systems is facilitated by the introduction of elements analogous to the
elements in an electrical circuit. In this procedure, the first step is to
develop the elements in these vibrating systems. It is the purpose of the
section which follows to describe electrical, mechanical, and acoustical
elements.

C. Resistance

1. Electrical Resistance. Electrical energy is changed into heat by the
passage of an electrical current through a resistance. Fnergy is lost by
the system when a charge ¢ of electricity is driven through a resistance
by a voltagee. Resistance is the circuit element which causes dissipation.

Electrical resistance 7z, in abohms, is defined as

LS~ ]

T = (4.1)
where ¢ = voltage across the electrical resistance, in abvolts
i = current through the electrical resistance, in abamperes

Equation {4.1) states that the electromotive force across an electrical
resistance is proportional to the electrical resistance and the current.

2. Mechanical Resistance. Mechanical energy is changed into heat
by a rectilinear motion which is opposed by linear resistance (friction).
In a mechanical system, dissipation is due to friction. Energy is lost
by the system when a mechanical resistance is displaced a distance z
by a force fu.

i
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Mechanical resistance 74, in mechanical ohms, is defined as

Far = % (4.2}
where f»r = applied force, in dynes
u = velocity at the point of application of the force, in centi-

meters per second

Equation {4.2) states that the driving force applied to a mechanical
resistance is proportional to the mechanical resistance and the linear
velocity.

3. Acoustical Resistance. In an acoustical system, dissipation may
be due to the fluid resistance or radiation resistance. At this point the
former type of acoustical resistance will be considered.  Acoustical energy
is changed into heat by the passage of a fluid through an acoustical resist-
anee, The resistance is due to viscosity. Energy is lost by the system
when a volume displacement X of a fluid or gas is driven through an
acoustical resistance by a pressure p.

Acoustical resistance r4, in acoustical ohms, is defined as

ra= & (4.3)

where p = pressure, in dynes per square centimeter
[/ = volume current, in cubie centimeters per second
Equation (4.3) states that the driving pressure applied to an acoustical
resistance is proportional to the acoustical resistance and the volume
current.

D. Inductance, Mass, Inertance

1. Inductance. Hlectromagnetic energy is associated with inductance.
Electromagnetic energy increases as the current in the inductance

. increases. It decreases when the current decreases. It remains constant

when the current in the inductance is a constant. Inductance is the
electrical circuit element which opposes a change in current. Inductance
L, in abhenrys, is defined as
di
e =1L 7 {4.4)
where ¢ = electromotive or driving foree, in abvolts
di/di = rate of change of current, in abamperes per second
Equation (4.4) states that the electromotive force across an inductance

. is proportional to the inductance and the rate of change of current.

2. Mass. Mechanical inertial energy is associated with mass in the

. mechanical system. Mechanical energy increases as the linear velocity
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Cigg MUSIC, PHYSICS, AND ENGINEERING

A .Circulc:r Clamped Plate

Consider a eircular clamped plate, as shown in Fig. 4.94. The funda-
mental frequency is given by

_0.467¢ G
Jor = 7R \/p(l ) (4.41}

where [ = thickness of the plate, in centimeters
E = radius of the plate up to the clamping boundary, in centimeters
p = density, in grams per cubic centimeters

o = Poisson’s ratio
€} = Young’s modulus, in dynes per square centimeter
The fundamental frequency is with the circumference as a node and
with maximum displacement at the center (Fig. 4.104). The frequencies
of the next two overtones with nodal cireles, Figs. 4.10B and 4.10D, are

foz = 3.91f0

fos = 8.75fn
The frequencies of the first and second overtones with nodal diameters,
Figs. 4.10C and 4.10F, are

fn = 209fﬂl

fn = 3.43fn
Following these simpler forms of vibration are the combination of nodal
circles and nodal diameters. The frequency of the first overtone with
one nodal diameter and one nodal circle, Fig. 4.10E, is

f12 = 5-98fu;.

The clamped circular plate is used in telephone receivers and small
condenser microphones,

F f2i=3.43f0

Fiac. 4,10, Modes of vibration of a clamped circular plate,
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: .-'B. Circular Free Plate

Consider a circular plate under no tension, uniform in eross section,
“and perfectly free (Fig. 4.90). For a vibration with nodal circle, Fig.

4114, the frequency is
- i 0.412¢ \/"‘”’?M
- R p(l — o%)

thickness of the plate, in centimeters
R = radius of the plate, in centimeters
p = density, in grams per cubic centimeter
o = Poisson’s ratio
¢} = Young's modulus, in dynes per square centimeter
For a vibration with two nodal diameters, Fig. 4.11B, the frequency is

_olw [0
T= " NI =

The gong is an example of the circular free plate.

(4.42)

. where { =

{4.43)

C. Circular Plate Supported at the Center

Consider a circular plate under no tension, uniferm in cross section,

edges perfectly free, and supported at the center (Fig. 4.9C). The fre-
quency, for the umbrella mode, shown in Fig. 4.11C, is
_0.172¢ Q
1=t )

The eymbal is an example of a cireular plate supported in the center.

Fic. 411, Modes of vibrations of plates. A. Circular free plate with a circular
node. B. Circular free plate with two nodal diameters. (. Circular plate supported
at the center. D. Circular plate supported at the outside.
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where p = sound pressure of the generator, in dynes per square centimeter

zag = acoustical impedanece of the generator, in acoustical ohms

r41 = acoustical impedance at the throat, in acoustical ohms

za1 = acoustical reactance at the throat, in acoustical ohms
The sound output P is given by

P = T41|X1%2 (454)

The sound output can be obtained from Eqgs. {4.53) and (4.54). The
acoustical-impedance characteristies for different pipes and horns are
given in this chapter. Examining these characteristics, it will be seen
that the maximum of r4; corresponds very closely to the frequeney at
which the aeoustical reactance z.; is zero. Under these conditions, it
will be seen from Eqs. {4.53) and (4.54) that the maximum sound output
will occur at or very near these frequencies provided that the acoustical
impedanece of the generator is relatively large or is an acoustical resistance.
The experimental response-frequency characteristics of pipes and horns,
depicted in this chapter, were obtained by coupling the throat to a piston
vibrating with a constant veloeity. TUnder these conditions, the acousti-
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Fic. 4.18. The measured output response-frequeney characteristic of the pipe shown °
above when driven by a piston moving with constant velocity.

- “'are shown in Fig. 4.19.
i 2 at the mid-point of the pipe may be obtained in terms of the length I,
- 'and the acoustical impedance z.; from Eq. {4.49).
" ance z4 may also be obtained from Eq. (4.49).
. acoustical impedance 2/, for the length [, is now the combination of the
‘hole inertance M, in series with the acoustical resistance ras, in parallel
< with 2.,

7 ertance of the hole, r4; and
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cal impedance of the generator is for all practical purposes infinite. The
‘i experimental response-frequency characteristic of the pipe of Fig. 4.16 is
©‘shown in Fig. 4.18.
- resonance occurs when the reactance is zero.

Comparing Figs. 4.16 and 4.18, it will be seen that
It will also be seen that
the resonant frequencies are in the ratio 1, 3, 5, ete.

Pipes are used for the resonant system in many musical instruments.

727 In the pipe organ the pipes are fixed in length. Therefore, a pipe is
- required for each frequency. However, in other instruments, where a
7. single tube is used to cover a range of frequencies, some means must be
- provided to vary the effective length of the pipe and thereby effect a
. corresponding change in the resonant frequency. A change in the effec-
i tive length of the pipe may be accomplished by means of holes in the side
i “of the pipe, which may be open or closed. Examples of musical instru-
' ments employing this system are the piccolo, flute, clarinet, saxophone,
.- oboe, and bassoon,

A pipe with a hole in the side and the acoustical network for this system
The acoustical impedance z4: of the pipe length

The acoustical imped-
However, the mouth

The acoustical impedance 2, is
zA?(TAﬂ —+ jwMa)

r
Zag = oo

240 + Taz + JoM,
To obtain the acoustical impedance z.;, from Eq. (4.49), the mouth

(4.55)

. impedance 2], is used with the length /.

© Frc. 419, A pipe with a hole
Z:in the gide and the acoustical

; _ R M
=i network of the vibrating sys- Taz
. E.:-_._tem‘ z41 = acoustieal imped- My - ZageZig -2,
iirance at the throat, r4, and M. Taz
.. = acoustical resistance and in- £, £

SECTIONAL VIEW
M, = acoustical resistance and

inertance of the mouth of the
‘pipe, & and I, lengths of the L = LINER, Ezn
two sections of pipes, z4z = T Fi

‘acoustical impedance of the
‘section [, considered #s a aimple
pipe.

ACOUSTICAL NETWORK

To illistrate the efiect of a hole in the side of & pipe, the acoustical

impedance and response-frequency characteristics of a pipe with and
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Fia. 4.20. The
throat acousti-
cal-resistance
and acoustical-
reactance fre-
queney charac-
terigtic of the fi-
nite pipe shown
above, r4: =
acoustical re-
sistance, z4; =
acoustical re-
actance, Note:
The character-
istice shown are
the throat
acoustical re-
sistance and
acoustical re-
actance multi-
piied by §; and
divided by pc.

Fia. 4,21, The
measured out-
put response-
frequency char-
acteristic of the
pipe shown
above when
driven by a pis-
tonmoving
with constant
velocity.

“side is shown in Fig. 4.22.

*igtic is shown in Fig. 4.23. The fundamental resonant frequency is 800
. gyeles.
. seen that the fundamental resonant frequency has been shifted from 500
“cyeles for a pipe without a hole to 800 cycles for a pipe with a hole.
~example illustrates how the resonant frequeney of a pipe can be varied
“:by means of a hole in the side of the pipe with provisions for opening or
“closing the hole.
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“without a hole will now be considered. The acoustical-impedance char-

acteristic and the measured response-frequency characteristic of a pipe

- 1inch in diameter and 6 inches in length are shown in Figs. 4.20 and 4.21.
. The fundamental resonant frequency is 500 cycles, both from the theo-

retical and experimental characteristics.
The acoustical-impedance characteristic of a pipe with a hole jn the
The measured response-frequency character-

Comparing Figs. 4.20 and 4.21 with Figs. 4.22 and 4.23, it will be

This
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‘Frg. 4.22. The throat acoustieal-resistance and acoustical-reactance frequency
‘characteristics of the finite pipe with a hole as shown above. 7. = acoustical resist-
nee, T4: = acoustical reactance. Note: The characteristics shown are the throat
-acoustical resistance and acoustical reactance multipkied by 8; and divided by pc.
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acteristies of the finite conical horn shown above.
Ta1 = acoustical reactance.

The expression*® for the acoustical impedance 241, at the throat 8, of
an exponential horn in terms of the dimensions, the flare constant, and

. CYCLES PER SECOND
Fic. 4.24. The throat acoustical-resistance and acoustical-reactance frequency char-
ra1 = acoustical resistance,
Note: The characteristics shown are the throat acoustical

resistance and acoustical reactance multiplied by §; and divided by pc. :

the acoustical impedance 2.2, at the mouth, is given by

where 8,
8,

l

Za2

f

a

b

1957.

2a1

I

tan—! a/b
mj2

16 /I b

4 Olson, H. F., Acoustical Engineering, 1. Van Nostrand Company, Inc., Princeton,

_ pc [8szwlcos (b1 + 8)] + joclsin (bl)}]
N 8, jSzeAz[SiH (bl)] + pC[COS (bl - 6)]

area of the throat, in square eentimeters
area of the mouth, in square centimeters
length of the horn, in centimeters
acoustical impedance of the mouth, in acoustical ohms

3

. FREQUENCY IN CYCLES PER SECOND

16. 4.25. The measured output response-frequency characteristic of the finite conical
orn shown above driven by a piston moving with constant velocity.

- The acoustical-impedance characteristies at the throat of an exponen-
ial horn are shown in Fig. 4.26. The acoustical impedance z4, at the
mouth of the horn is assumed to be the same as the load upon a piston
‘i’ an infinite baffle [see Fig. 4.15 and Eqs. (4.50), (4.51}, and (4.52)].
he measured response-frequency characteristic of the same horn is
hown in Fig. 4.27. Comparing Figs. 4.26 and 4.27, it will be seen that
“the resonant frequencies occur when the acoustical reactance is zero.

“In musieal instruments employing horns, the resonant frequency is
arted by means of holes in the side or by varying the length of the horn.
The length of the horn is varied in the trumpet, French horn, tuba, and
rombone to effect a change in the resonant frequency. In the first
hree ingtruments, the length is varied in discrete steps by introducing
-additional lengths by means of valves, as shown in Fig. 4284, The use
f the three additional side tubes shownin Fig. 4.284 together with valves
for introducing or eliminating any of the additional side tubes makes
it possible to obtain eight resonant frequencies. The resonant frequen-
1es correspond to the following lengths L, L+ A, L+ B, L+ C, L +

{4.59)
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Fra, 4.26. The throat acoustieal-resistance and acoustical-reactance frequency char-

acteristics of the finite exponential horn shown above. ra: = acoustical resistance,

z41 = acoustical reactance. Note: The characteristics shown are the throat acoustical

resistance and acoustical reactance multiplied by 8 and divided by pe.

A+B L+A4+CL+B4+C andL + 4+ B+ C, where L is the
length of the horn alone and 4, B, and C are the lengths of the side tubes.
The trombone uses telescopic tubing to vary the length, as shown in Fig,
4.28RB, The length ¢an be varied in a uniform and continuous manner.
As a consequence, an infinite number of resonant frequencies may be
obtained within the range of the instrument.

The acoustical impedance of a horn with an additional length of cylin-
drical pipe can be determined from Eqs. (4.49) and (4.57) or (4.59). For
example, if a pipe is added to the throat of an exponential horn, the
acoustical impedance z,, at the opening of the pipe is determined from
Eq. (4.49). The acoustical impedance z4; of the pipe is the acoustical
impedance at the throat of the exponential horn given by Eq. (4.59).

The acoustical-impedance characteristic of the exponential horn of
Fig. 4.26 with an additional e¢ylindrical length of 6 inches attached to the
throat is shown in Fig. 4.29. Comparing Figs. 4.26 and 4.29, it will be
seen that the impedance characteristic has been shifted downward in
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‘Fia. 4.27. The meagsured oulput response-frequency characteristic of the fnite
exponential horn shown above driven by a piston moving with constant velocity.
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Fra. 4.28. Methods for varying the length of a horn, thereby changing the resonant
frequency. In the system of A above, the length of the air column may be varied in
discrete steps by the addition of the three tube lengths, In the system of B above,
the length of the air column may be continuously varied by means of the telescopic
slide.
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Fic. 4.29. The throat acoustical-resistance and acoustical-reactance frequency
charaeteristics of the finite exponential horn with a 6-<iach length of tubing added at the
throat as shown above. r, = acoustical resistance, T4; = acoustical reactance.
Note: The characteristics shown are the throat acoustical resistance and acoustical
reactance multiphed by S; and divided by pe.

frequency hy the additional length, The measured response-frequency
characteristic of the exponential horn with the additional cylindrical
length is shown in Fig. 4.30. Comparing Figs. 4.27 and 4.30, it will be
seen that the fundamental resonant frequency has been lowered from 650
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_F1c. 4.30. The measured output response-frequency charscteristic of the finite expo-

‘nential horn, with a 6-inch length of tuhing added at the throat as shown ahove,

“driven by a piston moving with constant veloeity.

‘cycles for the exponential horn alone to 420 cycles for the exponential
horn with the additional cylindrical length of pipe.

The resonant frequency of a horn may also be varied by means of holes
in the side of the horn. The theory and the action is similar to that of a
:hole in the side of a cylindrical pipe considered in Sec. 4.10. The acousti-
cal-impedance frequency characteristics of the exponential horn of Fig.
4.26 with a hole in the side at the mid-point along the axis is shown in
Fig. 4.31. Comparing the impedance frequency characteristics of Figs.
'4.26 and 4.31, it will be seen that the acoustical-impedance frequency
characteristic has been shifted upward in frequency. The measured
response-frequency characteristic of a horn with a hole in the side is shown
in Fig. 4.32. Comparing Figs. 4.27 and 4.32, it will be seen that the
fundamental resonant frequency has been raised from 650 cyeles for the
exponential horn without a hole to 900 cycles for the exponential horn
with a hole in the side.
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some idea of the directional performance of more complicated systems,

The directional characteristic of a source made up of any number of :
equal point sources, vibrating in phase, located on a straight line, and .

separated by equal distances is given by

. (mrd . )
sin T 8In
Rﬂ T ——— it i
7 8in (’Iﬁ sin a.)
A

where [, = ratio of the pressure for an angle a to the pressure for an
angle « = 0. The direction &« = 0 is normal to. the line

(4.60)

7 = number of sources
d = distances between the sources, in centimeters
A = wavelength, in centimeters

The directional characteristics of a two peint sound source are shown in

Fig. 4.33. It will be noted that the directional pattern ig quite complex
even though there are only two sources.

DISTANCE =% CISTANCE = §a CISTANCE= A
1.0 LE-3 (2]

e >
SN~
a1 9N
e

Fie. 433. Directional characteristics of two separated equal small sources vibrating
in phase as a function of the distance between the sources and the wavelength, The
polar graph depicts the pressure, at a fixed distance, as a function of the angle. The
pressure for the angle 0 degrees is arbitrarily chosen as unity. The direction correspond-
ing to the angle 0 degrees is perpendicular to the line joining the two sources. The
directional characteristics in three dimensions are surfaces of revolution about the line
joining the two sources as an axis. (After Mlson, Acoustical Engineering, D. Van Nos-
trand Company, Inc., Princeton, 1957.)

B. Plane Circular Surface Sourcets—+

In sorme musical instruments the radiating surface consists of a circular
flat vibrating surface as, for example, drum, banjo, and tambourine.

45 Btenzel, H., Elek. Nachr ~Tech. Vol. 4, No. 6, p. 1, 1927.

% Wolff, 1., and Malter, L., Jour. Acoust. Soc. Amer,, Yol. 2, No. 2, p. 201, 1930,

47 Olson, H. F., Acoustical Engineering, D. Van Nostrand Company, Ine., Princeton,
1957.
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The diaphragm of a loudspeaker is also an example of a cireular surface

gource.

/. The directional characteristics of a circular surface source with all parts

“of the surface vibrating with the same strength and phase are

{4.61)

= ratio of the pressure for an angle ¢ to the pressure for an
angle a = 0

= Bessel function of the first order
radius of the circle, in centimeters

= angle between the axis of the ecircle and the line joining the
point of observation and the center of the eircle
wavelength, in centimeters

i The directional characteristics of a plane circular surface source as a

function of the diameter and wavelength are shown in Fig. 4.34. The

“directional pattern becomes sharper as the ratio of the diameter to the
‘wavelength increases. This is typical of most acoustical radiating

PISTON

PERSPECTVE VIEW

OIAMETER « »
1.0

ity g
X TEl AN LELTA el
g, A, N

i
A

Fra. 4.34. Directional characteristics of a circular piston source as a function of the
diameter and wavelength. The polar graph depicts the pressure, at a large fixed dis-
tauce, as a function of the angle, The pressure for the angle 0 degrees is arbitrarily
chosen a8 unity. The direction correspending to the angle 0 degrees is the axis, The
axin is the center line perpendicular to the plane of the piston, The directional char-
acteristics in three dimensions are surfaces of revolution about the axis,
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. Plane Rectangular Surface Source
.+ In some musical instruments the radiating surface consists of a fat
- radiating surface, as, for example, the soundboard in the piano and the
harp, the flat surfaces of the body of the guitar and ukulele. The direc-
tional characteristics of a plane rectangular surface source approximates
the performance of these systems,

The directional characteristics of a rectangular surface source with all
parts of the surface vibrating with the same strength and phase are

sin (Er—lf sin u.) sin (ﬂé sin ,8)
A A
R —
wlp .
A

a = ‘ﬂ'l (4.62)
~—sine

Y sin G

= length of the rectangle
width of the rectangle
angle between the normal to the surface source and the pro-
jection of the line joining the middle of the surface and the
observation point on the plane normal to the surface and
parailel to I,

8 = angle between the normal to the surfsce source and the pro-
jection of the line joining the middle of the surface and the
observation point on the plane normal to the surface and
parallel to [y

The directional characteristics of a plane surface source are shown in
Fig. 4.35. The characteristics are for either ¢ = Qorf=0. Ifg =0,
the directional pattern is taken in the plane normal to the vibrating sur-
face and parallel to I,. The length given above each characteristic is
then . If a = 0, the directional pattern is taken in the plane normal to
the vibrating surface and parallel to ;. The length given above each
characteristic is then .

D. Cylindrical Surface Source®

In some of the musical instruments the soundboard, or bedy of the
instrument, is a curved surface. The directional characteristics of this
type of surface approximates that of cylindrical surface. A cylindrical
surface radiator is shown in Fig. 4.36. 1In this radiator it will be assumed
that all parts of the surface vibrate, with equal amplitudes and in the
same phase, in directions along the radii of the cylinder. The directional
characteristics of interest lie in a plane normal to the axis of the eylinder.

4 Olgon, H. ¥., Acoustical Engineering, D. Van Nostrand Company, Ine., Princeton,
1957.

" RESONATORS AMD RADIATORS
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Fie. 4.35. Directional characteristies of a rectangular surface source as a function of
" the length and the wavelength. The polar graph depicts the pressure, at a large fixed
distance, as a function of the angle. The pressure for the angle 0 degrees is arbi-
trarily chosen as unity. The direction corresponding to the angle 0 degrees is perpen-
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dicular to the surface.
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Fic. 4.36. The directional characteristios of a cylindrieal surface source which sub-
tends an angle of 60 degrees. The polar diagram depicts the pressure, at a large fixed
distance, as a function of the angle. The direction corresponding to the angle 0
degrees is perpendicular to the surface at the mid-point, Tbe observation peints, for
the angle a, are located in the plane normal to the axis of the cylindrieal surface. The

pressure for the angle 0 degrees is arbitrarily chosen ag unity.
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acoustical system. A pressure microphone is a mierophone in which the
electrical response corresponds to the variations in pressure in the actuating
gsound wave. A velocity microphone is a microphone in which the electrical
response corresponds to the particle velocity resulting from the propagation

of a sound wave through an acoustical medium. All microphones in use.
today may be classified as follows: pressure, velocity, or combination pres- -

sure and veloeity. TFor the conversion of the acoustical variations info the
corresponding electrical variations the following transducers may be used:
carbon, magnetic, dynamic, condenser, crystal, magnetostrictive, electronie,
and hot-wire. _

It is beyond the scope of this book to consider in detail all types of miero-
phones. Therefore, the considerations of microphones will be confined to
the following, namely, the pressure-responsive carbon, crystal, dynamic,

magnetie, and condenser microphones; the velocity-responsive dynamie

ribbon microphone; and various unidirectional mierophones,

A. Pressure Microphones

1. Carbon Microphone. A carbon microphone is a microphone which

depends for its cperation on the variatiou in resistance of carbon contacts.

The high sensitivity of this microphone is due to the relay action of the_'
carbon contacts. The carbon microphone is almost universally employed :
in telephonic communications, where the prime requisite is sensitivity

rather than low distortion and uniform response over a wide frequency
range.

)
-

Ny

CARBON
Fra. 9.1. Sectionai view of a carbon- GRANULES

pressure microphone.
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DIAPHRAGM RESISTANCE

=
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carbon button consists of a cylindrical eavity filled with carbon granules.
The carbon granules make contact with the central portion of the dia>

OUHND-REPRODUCING SYSTEMS

phragm and base of the carbon granule cavity. A displacement of the

“diaphragm produces a change in the electrical resistance between the two

erminals of the carbon chamber. The resistance decreases ag the motion

“of the diaphragm compresses the ecarbon granules and increases ag the
“motion of the diaphragm expands the volume occupied by the carbon
-granules. 1f the carbon microphone is connected in a series electrical cir-
“cuit consisting of a fixed electrical resistance and battery, the current will
“be an inverse function of the resistance of the ecarbon microphone. The
voltage developed across the fixed electrical resistor is proportional to the

current. Under these conditions, since the motion of the diaphragm is

: proportional to the impinging sound pressure, the alternating voltage
" developed across the fixed electrical resistor will correspond to the pressure
-undulations in the sound wave.

2. Crystal Microphone. A erystal or piezoelectric microphone is a

“miecrophone which depends upon the generation of a voltage by the defor-

ation of a crystal having piezoelectric properties. A piezoelectric erystal
generates a voltage when it is deformed. Rochelle salt exhibits the greatest

‘plezoeleetric activity of all the known crystals. A barium titanate ceramic
‘element may be used in place of the Rochelle salt crystal element. The

ction and the general performance is the same except that a microphone

::_with a ceramic element exhibits slightly lower sensitivity. The barium

tanate element will operate at higher temperatures than the Rochelle
alt element without suffering permanent damage.
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F1g. 9.2. Bectional and perspective views of a crystal-pressure microphone.

Perspective and cross-sectional views of a crystal microphone are shown
in Fig. 9.2. The apex of the diaphragm is coupled to one corner of the
¢rystal. The remaining three corners are attached to the case of the
Microphone. The motion of the diaphragm due to an impinging sound




: .32.3;. .

wave deforms the crystal which produces an alternating voltage which: |

: The crystal .
microphonie has a high electrical impedance and is therefore coupled. -

corresponds to the pressure undulations in the sound wave.

directly to the grid of the first vacuum tube in the amplifier or a high-
impedance field-effect transistor.

3. Dynamic Microphone. A dynamic microphone is a microphone in
which the output resnits from the motion of a conductor in a magnetic .
field. When a conductor moves in a magnetic field, a voltage is generated -

which is proportional to the number of magnetic flux lines which are eut
per second,
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SECTIONAL VIEW

Fie. 9.3. Perspective and sectional views of & dynamic-pressure microphone.

Perspective and cross-sectional views of a dynamie mierophone are
shown in Fig. 9.3. The diaphragm is coupled to a coil located in a mag-
netic field. The motion of the diaphragm due to an impinging sound
wave is transmitted to the coil. The motion of the coil generates an
alternating voltage which corresponds to the pressure variations in the -
sound wave. The eleetrical impedance of the dynamic microphone is

relatively low, being of the order of 10 to 50 ohms. Therefore, a trans- ;
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former is used to couple the output of the microphone to the grid of a
‘yacuum tube, The low electrical impedance of the dynamic microphone
makes it suitable for direct coupling to a transistor amplifier. Very small
i dynamic microphones of the type shown in Fig. 9.3 have been built for

: “personal use and worn in the manner of a lavaliere.

20 4. Magnetic Microphone, A magnetic microphone is a microphone
" which depends for its operation on variations in the reluctance of a mag-
‘netic circuit. Perspective and sectional views of a magnetic microphone
" are shown in Fig. 9.4. The variation in reluctance in the magnetic circuit

DIAPHRAGM
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/DIAF’HRAGM
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PERSPECTIVE VIEW
MAGNET

BECTIONAL VIEW

Fre. 9.4. Perspective and sectional views of a magnetic-pressure microphone.

“produces a variation in magnetic flux and leads to the industion of a voltage
.in the coil surrounding the magnetic eireuit. In the magnetic microphone
shown in Fig. 9.4 the diaphragm is coupled to the armature. Motion of
‘the armature produces variation in the magnetie flux in the armature and
‘leads to the induction of & voltage which corresponds to the motion of the
diaphragm. The electrical impedance can be of almost any value up to
‘5,000 ohms. The electrical impedance can be selected for coupling directly
‘to a transistor. One of the main uses for the magnetic microphone is in
hearing aids.

5. Condenser Microphone (Electrostatic Microphone). A condenser or
‘electrostatic mierophone is a microphone which depends for its operation
‘on the variations in electrical eapacitance, Perspective and sectional views
‘of a condenser microphone are shown in Fig. 9.5. The elements of the
condenser microphone consist of the diaphragm and fixed back plate. The
‘impinging sound wave produces motion of the diaphragm and a corre-
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A line microphone is & microphone consisting of a large number of equally
spaced pickup points arranged on a line. The arrangement may consist
of a series of tubes graduated in length and connected to a diaphragm of
a condenser microphone as shown in Fig. 9.124 or a pipe with openingg
along the length with one end closed and the other connected to a dia-:’
phragm of a dynamic microphone as shown in Fig. 9.128. To obtain g =
high order of directivity the line must be at least a wavelength in length,

today, namely, the direct-radiator type and the horn type. In the
“direct-radiator type a large diaphragm is coupled directly to the air. Inthe
orn type a small diaphragm is coupled to the throat of a horn. Through
“the years, many types of systems have been used for driving the diaphragm.
owever, today the dynamic type of drive is almost universally used.

“A. Direct-radiator Dynamic Loudspeakers

. The almost universal use of the dynamic direct-radiator loudspeaker in
radio receivers, phonographs, announce and intercommunicating systems
“i5 due to the simplicity of construction, small space requirements, and the
relatively uniform response-frequency characteristicc.  The vibrating sys-
tem of the dynamic direct-radiator loudspeaker consists of a conical paper
‘diaphragm coupled to a,volce coil located in a magnetic field (Fig. 9.13).

QUTER
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F1a.9.12.  Line microphones. 4. A bundle of pipes graduated in length connected to
a condenser-unidirectional microphone. B. A pipe with openings along the length and
connected to a dynamic-unidirectional microphone. :

YOKE MAGNET

Therefore, the line becomes long and cumbersome in the low-frequency _ SECTIONAL VIEW PERSPECTIVE VIEW
range. The microphones shown in Fig. 9.12 are cardioid microphones of
Figs. 9.11 and 9.10 with a line connected to the diaphragm. The direc- Fie. 0.13. Sectional and perspective views of a dynamic direct-radiator loudspeaker
tivity pattern is a cardioid in the low-frequency range. In the mid- and
high-frequency ranges the directivity is greater than that of a cardioid

microphone.

9.3 LOUDSPEAKERS

A loudspeaker is an electroacoustic transducer actuated by energy in an
electrical system and delivering energy to an acoustical system, the wave-
form in the acoustical system being substantially equivalent to that in the
electrical system. There are two general classifications of loudspeakers in

hen a current is caused to flow in the voice coil by the application of a
voltage, a foree is produced by the interaction of the current and the mag-
tietic field which corresponds to the applied voltage. This foree is trans-
mitted to the diaphragm and, as result, produces motion of the coil and
diaphragm. The motion of the diaphragm produces sound waves. Since
e motion of the diaphragm corresponds to the applied voltage, the resul-
tant undulations in the sound wave produced by the motion of the dia-
phragm corresponds to the variations in the applied alternating voltage.
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uditory perspective provides the illusion of the distribution of the repro-
weed sound in lateral directions as well as in depth in a geometrical con-
‘fguration and correspondence which approximate the disposition of the
riginal sound sources. This can be illustrated by means of a two-channel
gtereophonic reproducing system as depicted in Fig. 9.25. The five original
sources of sound are Soy, Sos, Sos, Sos and Sas.  Under favorable conditions
o reproduction, the corresponding reproduced sources of sound appear to

STUDIO
ORIGINAL SOUND SOURCES

@

MICROPHONE L MICROPHONE R

\:;:’ b 7

| originate at Swri, Sz Sns, Sre and Sws. The two-channel stereophonic
L _g'(j_und-reprodueing system does provide in actual practice very good repro-
lrnnnsoucea o _"} TRANSDUCER duction of sound in auditory perspective.
L L | R “The microphone placement with respect to the sound sources plays an
1 mportant part in the auditory perspective aspects of the reprodueed
E "l] E sound in the living room. The sound sources and the microphone place-
FARN :

LOUDSPEAKER L LOUDSPEAKER R

@ SOUND SOURCE

SUBJECTIVE LOCATION OF pELD
REF‘RODUCED SOUND SCURCES MICROPHONE B
DELAY
)— MICROPHONE A
LIRSSE;;:R AMPLIFIER {

Fi6. 9.25. Btereophonic sound-reproducing system. ATTENUATOR ]‘
original sound, are each coupled to & corresponding number of independent :M:::'E: on I
transducing channels which in turn are each coupled to a corresponding LEUDSI::EIA::;A ° AP ouRees T
number of loudspeakers arranged in substantial geometrical correspond e _f
ence to that of the microphones (Fig. 9.25). The transducer may be an: A
amplifier, radio transmitter and receiver, a phonograph recorder and repro
ducer, a sound-motion-picture recorder and reproducer, a television trang
mitter and receiver, or a magnetic tape recorder and reproducer. Two )
channels are used in the dise phonograph and frequency-modulation radi
Two and three channels are used in the magnetic tape reproducer. Two; LISTENING
three and more channels are used in motion picture reproducers, The
acoustics of two rooms are involved in stereophonic sound reproduction,
namely, the studio in which the sound is picked up and the room in which:
the sound is reproduced. OBSERVER B

9.7 AUDITORY PERSPECTIVE

Stereophonic sound repreduction as depicted in Fig. 9.25 provides audi~
tory perspective of the reproduced sound. Reproduction of sound in.

'ic. 9.26. Bchematic arrangement of the apparatus which illustrates the effect of the
lative delay and amplitude of two spaced sound sources in determining the apparent
ateral location of the reproduced sound source.
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extensive high-frequency range of the overtones of musical instruments,

the upper limit of sound reproduction must extend to 15,000 eyeles in

_ order to ohviate any perceptible change in quality. In order to reproduce
the fundamentals of musical instruments, the lower limit of reproduction
should extend to at least 40 cycles.

9.17 EFFECT OF FREQUENCY DISCRIMINATION UPON THE ARTICULATION
OF REPRODUCED SPEECH

The most important aspect of the perception of speech is the process in-
volving the ability of a person to recognize correctly the speech sounds
which are spoken. The method for measuring speech perception is to
have a speaker read aloud certain speech sounds to a listener who writes
what he thinks he hears. A comparison of sonnds, syllables or words
recorded by the listener with those spoken by the speaker shows the frac-
tion that is interpreted correctly. This fraction is termed articulation.
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F1c. 9.67. The effect of the frequency range upon the sound articulation of speech.
HP. High-pass filter: all frequencies below the frequency given by the abscissa are
removed. LP. Low-pass filter: all frequencies above the frequency given by the
abscisea are removed. (Ajter Fletcher, Speech and Hearing in Communication, D. Van
Nostrand Company, Ine., Princeton, 1953.)

Sound articulation refers to the use of speech sounds such as “p,” “a,”
“t,”” ete. Syllable articulation refers to the use of syllables such as pat,
run, ete. Word artienlation refers to the use of a complete word.

The medium between the speaker and the listener may be the direct
path through the air or through a sound-reproducing systeim.

The effect of reducing the high- and low-frequency range upon the sound
articulation of speech at a normal conversational level is shown in Fig.

¢Snow, W. B., Jour. Acoust. Soc. Amer,, Vol. 3, No. 1, Part 1, p. 155, 1931.

18 Fletcher, Speech and Hearing in Communication, D. Van Nostrand Company, Inc.,
Princeton, 1953.
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or distortion® are shown in Fig. 9.66. Tt will be seen that, owing to the i ?VS; a very narrow transmission band, However, the quality of the repro-
: duced speech is very much impaired by transmission over a narrow fre-
" quency band. From the standpoint of articulation, a limited 'frequency
- range may be actually superior to a wider frequency band, owing to the

©“jntroduction of additional uoises and distortions in a wider baud, unless

' .'.:'-particular precautions are observed. S, |
' songs, & limited frequency range impairs the quality and artistic value of

. ""the reproduced sound.
9.18 EFFECT OF FREQUENCY DISCRIMINATION UPOMN THE QUALITY OF
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It will be seen that a relatively high articulation ean be obtained

In the case of speeches, plays, and

REPRODUCED MUSIC

: : :The effect of the frequency range upon the quality of reproduction of
£+ orchestral musie is shown in Fig. 9.68.

It will be seen that the frequency
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£ Prc. 9.68. The effect of the frequency range upon the quality of orchestral music.
UHP High-pass fiiter: all frequencies below the frequency given by the abscissa are
“i'removed. LP.Low-pass filter: all frequencies above the frequency given by the abacissa
v are removed. (After Snow.)

. ;:;_3'. range reguired for no appreciable loss in quality is 40 to 15,000. AS the
" “next section will show, the frequency ranges of high-quality ma‘.gnetlc tape
“’recorders and reproducers, dise recorders and reproducers, radio and tele-

vigion transmitters and receivers, sound-motion-picture recorders and re-

:t.i producers and sound systems cover the frequency range depicted in Fig.
[ 9.68.

“:of the reproducing equipment.
- 'ume compression must be used to cover the amplitude range (see Sec. 8.3L).

In soine cases, the volume range of the music exceeds the capabilities
Under these conditions, some form of vol-

U Snow, W, B, Jour. Acoust. Sec. Amer,, Vol. 3, No. 1, Part 1, p. 155, 1931.
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B. Sound-pressure Level and Ear-frequency Response

The frequency-response characteristic of the ear and the sound-pressure
level of the reproduced program in a small room are two factors involved
in the relatively low level of sound reproduction in the home.

The equal loudness frequency relations of hearing or the response-fre-
quency characteristics of the human hearing mechanism have been deter-
mined by several investigators,. The characteristics shown in Fig. 9.77
are an average of the investigations carried out by Fletcher and Munson,
Churcher and King,® and Robinson and Dadson.? As far as the com-
pensation is concerned in going from one level to another for a change of
20 decibels or less—which is the point of interest—the individual data
from each of the three different investigations yield very nearly the same
results. Essentially the same results are obtained from the response-fre-
quency characteristics of the hearing mechanism from the draft recom-
mendation of the I.8.0.22 Therefore, it seems fogical to use the average
data of the three investigations listed above.
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Fic. 9.77. Freefield contour lines of equal loudness for normal ears. Numbers on
curves indicate loudness level. 0 dB = 10~ watts per square centimeter, 0 dB =
0.0002 dyne per square centimeter.

The response-frequency characteristics of the human hearing mechanism
as depicted in Fig. 9,77 indicate that certain of the frequency ranges must
be increased or decreased in amplitude in order to maintain the quality
balance of music when it is reproduced at a lower level than the original,

1% Fletcher and Munson, Jour. dcoust. Soc. Amer., Vol 5, No. 1, p. 82, 1933.

2 Churcher and King, Jour. I'nsi. Elec. Bng. (London), Vol. 81, No. 1, p. 57, 1937,

% Robinson and Dadson, Brit. Jour. App. Phy., Vol. 7, No. 5, p. 116, 1956.

# International Organization for Btandardization, Draft Recommendation, B 226,
1961.
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: Therefore, means must be provided to correct dynamically for the
hange in response of the ear with Tespect to frequency for a level drop of
20 decibels. There must be a continuous variation in the response
‘quency characteristic as the level changes,
"+ The frequency-response characteristics of the ear shown in Fig. 977 are
- essentially for free-field conditions, Therefore, the acoustic characteristics
- of the average room in a home and the loudspeaker operating in the room
~'inust be considered in establishing over-all frequency-response charaeter-
.istics of the ear, the loudspeaker, and the room,
- In the reproduction of sound in a room there are two sources of sound
© with respect to the listener, namely, the direct sound from the loudspeaker
-and the generally reflected sound. The acoustical characteristics of the
‘average room in a residence accentuate the low-frequency Tesponse as can
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F1c. 9.78. Relative response derived from the dynamic average of the direct and re-
flected sound reproduced in a room in a residence.

. be deduced from the reverberation characteristic of a typical living room
/In & home as shown in Fig. 8.14. The general run of direct-radiator loud-
“ speakers exhibit increagsed directivity with increase of the frequency, The

cambination of the acoustica] characteristics of the room and loudspeaker

_éonspires to produee an accentuation in the low-frequency response as per-
‘ceived by the listener. The relative response® at normal listening dis-

tances derived from the dynamic average of the direct and generally re-
flected sound for the case of music reproduced in & room in a residence
is shown in Fig. 9.78.

C. Loudness and Dynamics

- The loudness versus loudness leve]. of a performance must also be
considered in the transition from the concert hall, auditorium, studio or
any large room to the small room in the home. The loudness in sones is

¢ BH. F. Olson, A coustical Engineering, 1), Van Nostrand Company, Princeton, 1957.
* Btephens, 8. 8., Jour. Acoust. Soc. Amer., Vol. 27, Na. 8, p. 815, 1955.
: % Lochner and Burges, Jour. dcoust. Soc. Amer., Vol, 34, No. 5, p- 576, 1962,
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