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PREFACE

The first edition of this book, published in 1940, was the subject matter
of thirty lectures prepared for presentation at Columbia University. It was
an exposition of the fundamental principles used in modern acoustics and
a description of existing acoustical instruments and systems.

Many and varied advances were made in acoustical engineering in the
seven years following the issuance of the first edition. The second edition
of the book, published in 1947, covered the advances in acoustics which
were made in the period between the first and second editions. Since the
publication of the second edition, the developments in acoustics have been
on an ever greater scale than in the period between the first and second edi-
tions. Today, the science of acoustics includes the generation, transmission,
reception, absorption, conversion, detection, reproduction and control of
sound. An important division of acoustical engineering is sound repro-
duction as exemplified by the telephone, radio, phonograph, sound motion
picture and television. These sound reproducing systems are universally
employed in all variations of modern living. The impact of the reproduc-
tion of sound by these systems upon the dissemination of information, art
and culture has been tremendous.

The ultimate useful destination of all informative sound, direct or repro-
duced, is the human ear. In this connection, great strides have been made
in obtaining knowledge on the characteristics and action of the human hear-
ing machine. Measurements play an essential part in the advancement of
any scientific field. Instruments have been developed and standards have
been established for the measurement of the fundamental quantities in
acoustics. The applications of acoustics in the field of music have led to a
better understanding of the stuff of which music is made. This knowledge
has been applied to the development of new musical instruments employing
the latest electronic and acoustical principles.

Accelerated by the requirements in World War 11, tremendous advances
were made in underwater sound. The developments in underwater sound
have resulted in systems for detection and accurate location of underwater
craft and obstacles over great distances, depth sounders and other acoustic
applications in undersea communication. The industrial applications of
ultrasonics have unfolded a new field in acoustics. Some of the important
ultrasonic developments include the cleaning of machine parts, drilling and
flaw detection. The science of architectural acoustics has advanced to the
point where auditoriums, studios and rooms can be designed to obtain ex-
cellent acoustics under severe artistic conditions. With ever increasing in-
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dustrial expansion comes an increase in noise. Work is now under way
actively to control noise by the use of a variety of acoustic countermeasures.

The preceding brief description of the present status of acoustics shows
that it plays a very important part in our modern civilization. Furthermore,
the fundamentals and applications of the science of acoustics are so well
formulated and substantiated that a large area of the field of acoustics has
attained an engineering status. In preparing new material and in revising
existing material in the third edition, the same principles were followed as in
the first and second editions. Particular efforts have been directed towards
the development of analogies between electrical, mechanical and acoustical
systems because engineers have found that the reduction of a vibrating
system to the analogous electrical network is a valuable tool in the analysis
of vibrating systems. Each chapter has been brought up to date and ampli-
fied. Two new chapters on Complete Sound Reproducing Systems and
Means for the Communication of Information have been added. As in the
first and second editions most of the illustrations contain several parts so
that a complete theme is depicted in a single illustration.

The author wishes to express his appreciation to Miss Patricia Durnan
for her work in typing the manuscript and to his wife Lorene E. Olson
for assistance in compiling and correcting the manuscript.

Harry F. OLsonN
March, 1957
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SOUND WAVES

1.1. Introduction.—The term acoustics in its broadest sense is a term
used to designate an art and a science involving sound in all its manifold
forms and manifestations. Specifically, acoustics includes the generation,
transmission, reception, absorption, conversion, detection, reproduction,
and control of sound.

An important division of acoustics is the reproduction of sound which
is the process of picking up sound at one point, and reproducing it at the
same point, or at some other point either at the same time, or at some
subsequent time. The most common sound reproducing systems are the
telephone, phonograph, radio, sound motion picture, and television.

The radio, phonograph, sound motion picture, and television have made
it possible for all the people of the world to hear famous statesmen, artists,
actors, and musical aggregations where only a relatively small number had
been able to hear them first hand. It is evident that the reproduction of
sound has produced in a relatively short time a great change in the education
and entertainment of this and other countries. The impact of the telephone,
phonograph, radio broadcasting, sound motion pictures, and television
upon the dissemination of information, art, and culture has been tremendous.
The reproduction of sound in these fields has been as important to the
advancement of knowledge as the printing press and the printed page.

The ultimate useful destination of all informative sound, direct or repro-
duced, is the human ear. In this connection, great strides have been made
in obtaining knowledge on the characteristics and action of the human hearing
mechanism.

Measurements play an essential part in the advancement of any scientific
field. Instruments have been developed and standards have been established
for the measurement of the fundamental quantities in acoustics.

The applications of acoustics in the field of music have led to a better
understanding of the stuff of which music is made. This knowledge has been
applied to the development of new musical instruments employing the latest
electronic and acoustic principles.

Accelerated by the requirements in World War II, tremendous advances
were made in underwater sound. The developments in underwater sound
have resulted in systems for detection and accurate location of underwater
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craft and obstacles over great distances, in depth sounders, and in other
acoustic applications in undersea communication.

The industrial applications of ultrasonics have unfolded a new field in
acoustics. Some of the important ultrasonic developments include the
cleaning of machined parts, drilling, and flaw detection.

The science of architectural acoustics has advanced to the point where
auditoriums, studios, and rooms can be designed to obtain excellent acoustics
under severe artistic conditions.

With ever-increasing industrial expansion comes an increase in noise.
Work is now under way actively to control noise by the use of a variety of
acoustic countermeasures.

The preceding brief introduction to the present status of acoustics shows
that it plays a very important part in our modern civilization. Further-
more, the fundamentals and applications of the science of acoustics are so
well formulated and substantiated that a large area of the field of acoustics
has attained an engineering status.

In this book the author has attempted to outline the essentials of modern
acoustics from the standpoint of the engineer or applied scientist. It has
been the aim and purpose to make the book as complete as possible by
covering all the major aspects of modern acoustics as outlined in the
preceding text of the introduction. In order to cover a wide range of
readers, the book has been written and illustrated so that the derivations
may be taken for granted. The concepts of mechanical and acoustical
impedance have been introduced and applied so that anyone who is familiar
with electrical circuits will be able to analyze the action of vibrating systems.

1.2. Sound Waves.—Sound is an alteration in pressure, particle dis-
placement or particle velocity propagated in an elastic material or the
superposition of such propagated alterations.

Sound is also the sensation produced through the ear by the alterations
described above.

Sound is produced when air is set into vibration by any means whatso-
ever, but sound is usually produced by some vibrating object which is in
contact with the air. If a string, such as one used in a banjo or similar in-
strument, is stretched between two solid supports and plucked, sound is
produced which dies down in a fairly short time. When the string is
plucked it tends to spring back into its rest position, but due to its weight
(mass) and speed (velocity) it goes beyond its normal position of rest.
Then, in returning it again goes beyond its normal position of rest. The
excursions become smaller and smaller and finally the string comes to rest.
As the string moves forward it pushes air before it and compresses it, while
air rushes in to fill the space left behind the moving string. In this way
air is set in motion. Since air is an elastic medium, the disturbed portion
transmits its motion to the surrounding air so that the disturbance is propa-
gated in all directions from the source of disturbance.

If the string is connected in some way to a diaphragm such as a stretched
drumhead of a banjo, the motion is transmitted to the drum. The drum,
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having a large area exposed to the air, sets a greater volume of air in motion
and a much louder sound is produced.

If a light piston several inches in diameter, surrounded by a suitable
baffle board several feet across, is set in rapid oscillating motion (vibration)
by some external means, sound is produced (Fig. 1.1). The air in front of
the piston is compressed when it is driven forward, and the surrounding air
expands to fill up the space left by the retreating piston when it is drawn
back. Thus we have a series of compressions and rarefactions (ex-
pansions) of the air as the piston is driven back and forth. Due to the
elasticity of air these areas of compression and rarefaction do not remain
stationary but move outward in all directions. If a pressure gage were set

DRIVING
MECHANISM

PISTON

BAFFLE BOARD / :

F16.1.1. Production of sound waves by a vibrating piston.

up at a fixed point and the variation in pressure noted, it would be found
that the pressure varies in regular intervals and in equal amounts above
and below the average atmospheric pressure. Of course, the actual varia-
tions could not be seen because of the high rate at which they occur. Now,
suppose that the instantaneous pressure, along a line in the direction of
sound propagation, is measured and plotted with the ordinates representing
the pressure; the result would be a wavy line as shown in Fig. 1.1. The
points above the straight line represent positive pressures (compressions,
condensations); the points below represent negative pressures (expansions,
rarefactions) with respect to the normal atmospheric pressure represented
by the straight line.

From the above examples a few of the properties of sound waves and
vibrations in general may be defined.

Periodic Quantity—A periodic quantity is an oscillating quantity the
values of which recur for equal increments of the independent variable.

Cycle—One complete set of recurrent values of a periodic quantity
comprises a cycle; or, in other words, any one set of variations starting
at one condition and returning once to the same condition is a cycle.

Period—The period is the time required for one cycle of a periodic
quantity.

Frequency—The number of cycles occurring per unit of time, or which
would occur per unit of time if all subsequent cycles were identical with
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the cycle under consideration, is the frequency. The unit is the cycle per
second.

Fundamental Frequency.—A fundamental frequency is the lowest com-
ponent frequency of a periodic wave or quantity.

Harmonic—A harmonic is a component of a periodic wave or quantity
having a frequency which is an integral multiple of the fundamental fre-
quency. For example, a component, the frequency of which is twice the
fundamental frequency, is called the second harmonic.

Subharmonic.—A subharmonic is a component of a complex wave having
a frequency which is an integral submultiple of the basic frequency.

Wavelength.—The wavelength of a periodic wave in an isotropic medium
is the perpendicular distance between two wave fronts in which the dis-
placements have a phase difference of one complete cycle.

Octave—An octave is the interval between two frequencies having a
ratio of two to one.

Transducer.—A transducer is a device by means of which energy may
flow from one or more transmission systems to one or more other trans-
mission systems. The energy transmitted by these systems may be of
any form (for example, it may be electrical, mechanical, or acoustical) and
it may be the same form or different forms in the various input and out-
put systems.

The example of Fig. 1.1 has shown graphically some of the properties
of wave motion. It is the purpose of the next section to derive the funda-
mental wave equation. It is not necessary that the reader digest all
the assumptions and processes involved in order to obtain valuable infor-
mation concerning the properties of a sound wave.

1.3. Acoustical Wave Equation.—The general case of sound propaga-
tion involves three dimensions. The general relation for sound propaga-
tion of small amplitudes in three dimensions will be derived and then these
relations will be applied to special problems.

A. Eguation of Continuity.—The fundamental equation of hydrokinetics
is the equation of continuity. This equation is merely a mathematical
statement of an otherwise obvious fact that matter is neither created nor
destroyed in the interior of the medium. That is, the amount of matter
which enters the boundaries of a.small volume equals the increase of matter
inside. Consider the influx and efflux through each pair of faces of the
cube of dimensions Ax, Ay, and Az, the difference between the latter and
the former for the whole cube is

— [ Pu) ) 6(2':0)] Ax Ay Az 1.1

where x, y, z = coordinates of a particle in the medium,
%, v, w = component velocities of a particle in the medium, and

’

p’ = density of the medium.
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The rate of growth of mass 66_;; Ax Ay Az in the cube must be equal to
the expression 1.1. This may be written as

a(p u) n 3(%’}0) n 3(2’:?/) 0 12

op’
= +

where ¢ = time.

This is the equation of continuity which signifies the conservation of
matter and the three dimensionality of space.

B. Eguation of Motion.—Referring again to the space Ax Ay Az the
acceleration of momentum parallel to x is p’ Ax Ay Az aa—? The mean pres-
sures on the faces perpendicular to x are

(Po' opo’ Ax) Ay Az and (}‘) +a;b0 )A Az

where po’ = pressure in the medium.
9po
Bx
Equating this to the acceleration of momentum, the result is the equation
of motion,

The difference is a force Ax Ay Az in the direction of increasing x.

, ou o 3p0 6v _ 3}50 3w apo' 1.3
P~ & Pa- " faT & '
The equation of motion may be written
dV“”w —I— Grad po’ =0 1.4

C. Compressibility of a Gas.—1 he next property of a gas which is used
to derive the wave equation depends upon the thermodynamic properties
of gases. The expansions and contractions in a sound wave are too rapid
for the temperature of the gas to remain constant. The changes in pres-
sure and density are so rapid that practically no heat energy has time to
flow away from the compressed part of the gas before this part is no longer
compressed. When the gas temperature changes, but its heat energy
does not, the compression is termed adiabatic.

In the case of an adiabatic process,

P _ (”—')’ 1.5
Po P
where po = static pressure. The static pressure is the pressure that
would exist in the medium with no sound waves present.
The unit is the dyne per square centimeter.
p = static or original density,
po’ = total pressure (static 4 excess),
p' = instantaneous density (static + change), and
y = ratio of specific heat at constant pressure to that at con-
stant volume and has a value of 1.4 for air.
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D. Condensation.—A new term will now be introduced. Condensation
is defined as the ratio of the increment of density change to the original
density,

s=02—"F 1.6
P
Combining equations 1.5 and 1.6
p o (P,)y 1
- — 1= = —I— S)Y = 1 + S 1.7
Do P ( ) ”
or po’ = po + poys 1.8
The excess pressure, or instantaneous sound pressure p, is po’ — po.
P = poys 1.9

The instantaneous sound pressure at a point is the total instantaneous
pressure at that point minus the static pressure. The unit is the dyne per
square centimeter. This is often called excess pressure.

The effective sound pressure at a point is the root-mean-square value of
the instantaneous sound pressure over a complete cycle, at that point.
The unit is the dyne per square centimeter. The term ‘‘effective sound
pressure’’ is frequently shortened to ‘“sound pressure.”

The maximum sound pressure for any given cycle is the maximum
absolute value of the instantaneous sound pressure during that cycle.
The unit is the dyne per square centimeter. In the case of a sinusoidal
sound wave this maximum sound pressure is also called the pressure am-
plitude.

The peak sound pressure for any specified time interval is the maxi-
mum absolute value of the instantaneous sound pressure in that interval.
The unit is the dyne per square centimeter.

A dyne per square centimeter is the unit of sound pressure.

E. D’Alembertian Wave Equation—The three equations 1.2, 1.4, and
1.5 characterize disturbances of any amplitude. The first two are non-
linear save for small amplitudes. In general, acoustic waves are of in-
finitesimal amplitudes, the alternating pressure is small compared with
the atmospheric pressure and the wavelength is so long that #, v, v, and s
change very little with x, y, and 2. Substituting equation 1.6 in 1.2 and
neglecting high order terms,

os ou , ov , ow
5t+5c+8_y+§_0 1.10

The type of motion to be considered is irrotational, that is Curl V., =
0. That is a necessary and sufficient condition for the existence of a
scalar velocity potential ¢ which is defined as

% 08, =% 1.11

= a—x, V= a—yv = az
or
Vu,gw = Grad ¢
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Substitute equations 1.11 in 1.3 and multiply by dx, dy, and dz
1

0 ).

5td¢ = — ?dpo 1.12
or integrating

% _ _ (4

a f I3

Since the density changes very little, the mean density, p, may be used.
The [dp¢’ is the excess pressure; then
o _ P
A 1.13
where p = excess pressure.
From equations 1.9, 1.10, 1.11, and 1.13
2 2 2 2
%¢ ”P"(a—"S g 6-""‘):0 1.14

a2 p \ox® " 9y T 022
or this may be written

2
Z_t‘f = c2 V2p

which is the standard D’Alembertian wave equation for ¢. The velocity
of propagation is
vPo _ 1.15
P
For the velocity of sound in various mediums see Table 1.1.

TABLE 1.1. YOUNG'S MODULUS ), IN DYNES PER SQUARE CENTIMETER, POISSON’S RATIO o,

DENSITY p, IN GRAMS PER CUBIC CENTIMETER, VELOCITY OF SOUND ¢, IN METERS PER

SECOND, AND THE SPECIFIC ACOUSTICAL RESISTANCE p¢, IN GRAMS PER SECOND PER
SQUARE CENTIMETER

METALS
Substance 0 o ') c pc
Aluminum . . . 7.3 x 1011 .33 2.7 5200 140 x 104
Antimony . . . 7.8 x 1011 .33 6.6 3400 220 x 104
Beryllium . . . 26.0 x 1011 .33 1.8 12000 216 x 104
Bismuth . . . 3.19 x 1011 .35 9.7 1800 170 x 104
Cadmium . . . 5.3 x 1011 .30 8.6 2500 215 x 104
Cobalt . . . 19.0 x 1011 .30 8.7 4700 410 x 104
Copper . . . 11.0 x 1011 .35 8.9 3500 310 x 104
Gold . . . 8.0 x 101 .35 19.3 2000 390 x 104
Iridium . . . 52.0 x 101 .33 22.4 4700 1050 x 104
Iron Cast . . . 9.0 x 1011 .29 7.8 3400 270 x 104
Iron Wrought . . 20.0 x 101 .28 7.9 5100 400 x 104
Lead . . . . 1.7 x 1011 .43 11.3 1200 130 x 104
Magnesium . . . 4.0 x 1011 .33 1.7 4800 82 x 104
Mercury . . . e e 13.5 1400 190 x 104
Nickel . . . 21.0 x 1011 .31 8.8 4900 430 x 104
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METALS (continued)

Substance Q o P c pc
Palladium . . . 12.0 x 1011 .39 12.0 3200 380 x 104
Platinum . . . 17.0 x 1011 .33 21.4 2800 600 x 104
Rhodium . . . 30.0 x 1011 .34 12.4 4900 610 x 104
Silver . . . 7.8 x 1011 .37 10.5 2700 280 x 104
Tantalum . . . 19.0 x 1011 .31 16.6 3400 560 x 104
Tin . . . . 4.5 x 101 .33 7.3 2500 180 x 104
Tungsten . . . 35.0 x 1011 .17 19.0 4300 830 x 104
Zinc . . . . 8.2 x 1011 .17 7.1 3400 240 x 104

ALLOYS
Alnico . . . 17.0 x 1011 .32 7.0 4900 340 x 104
Beryllium Copper. . 12.5 x 1011 .33 8.2 3900 320 x 104
Brass . . . . 9.5 x 1012 .33 8.4 3400 290 x 104
Bronze Phosphor . . 12.0 x 1011 .35 8.8 3700 330 x 104
Duraluminum . . 7.0 x 1011 .33 2.8 5000 140 x 104
German Silver . . 11.6 x 1011 .37 8.1 3800 310 x 104
Monel . . . 18.0 x 1011 .32 8.8 4500 400 x 104
Steel C.08 . . . 19.0 x 1011 .27 7.7 5000 390 x 104
Steel C.38 . . . 20.0 x 1011 .29 7.7 5100 390 x 104
CeraMics, Rocks
Brick . . 2.5 x 101 1.8 3700 67 x 104
Clay Rock . 2.5 x 101 2.2 3400 75 x 104
Concrete 2.5 x 101 2.6 3100 81 x 104
Glass, Hard 8.7 x 1011 2.4 6000 144 x 104
Glass, Soft . 6.0 x 1011 2.4 5000 120 x 104
Granite 9.8 x 1011 2.7 6000 162 x 104
Isolantite 5.0 x 101 2.4 4600 110 x 104
Limestone 2.9 x 101 2.6 3300 86 x 104
Marble 3.8 x 101 2.6 3800 99 x 104
Porcelain 4.2 x 1011 2.4 4200 102 x 104
Quartz, Fused . 5.2 x 1011 2.7 4400 118 x 104
Quartz, 11 Optic . 10.3 x 101 2.7 6200 168 x 104
Quartz, 1 Optic 7.95 x 1011 2.7 5400 146 x 104
Slate . 5.8 x 101 2.9 4500 131 x 104
Ice .94 x 1011 .92 3200 29 x 104
WooDS (WITH THE GRAIN)
Ash 1.3 x 1011 e .64 4500 29 x 104
Beech 1.0 x 1011 e .65 3900 25 x 104
Cork . .0062 x 1011 cee .25 500 1.2 x 104
Elm 1.0 x 1012 e .54 4300 23 x 104
Fir . 1.1 x 1012 .51 4700 24 x 104
Mahogany 1.1 x 1011 R .67 4000 27 x 104
Maple 1.3 x 1011 . .68 4300 29 x 104
Oak, White 1.2 x 1011 . .72 4100 29 x 104
Pine, White .6 x 101 . .45 3600 16 x 104
Poplar 1.0 x 1012 . .46 4600 21 x 104
Sycamore 1.0 x 1011 ... .54 4300 23 x 104
Walnut 1.2 x 1011 ce. .56 4600 26 x 104

Across the grain, } to 4 of the above values for c.
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PrLasTICS
Substance Q o p c pc

Cellulose Acetate,

Sheet . 1.4 x 1010 1.3 1000 13 x 104
Cellulose Acetate,

Molded . 2.1 x 1010 1.3 1300 17 x 104
Cellulose Acetate,

Butyrate . . . 17.0 x 1010 1.2 3700 44 x 104
Cellulose Acetate, Py-

roxylin . . . 21.0 x 1010 1.5 3700 55 x 104
Ethyl Cellulose 2.1 x 1010 1.1 1400 15 x 104
Ivory . . . . 9.0 x 1010 1.8 2200 40 x 104
Methyl Metha-Crylate

Resin, Cast . . 3.5 x 1010 1.2 1700 20 x 104
Methyl Metha-Crylate

Resin, Molded . . 2.8 x 1010 1.2 1500 18 x 104
Paper, Parchment 4.8 x 1010 1.0 2200 22 x 104
Paraffin, 16°C. . 1.5 x 1010 .9 1300 12 x 104
Phenol-Formaldehyde

Wood Filler . . 8.4 x 1010 1.35 2500 34 x 104
Phenol-Formaldehyde

Paper Base . . 7.0 x 10t 1.3 2300 30 x 104
Phenol-Formaldehyde

Fabric Base . 8.4 x 1010 1.35 2500 34 x 104
Phenol-Formaldehyde

Mineral Filler 10.5 x 1010 1.8 2400 43 x 104
Rubber, Hard 2.3 x 1010 1.1 1400 15 x 104
Rubber, Soft .5 x 108 .95 70 .67 x 104
Sheepskin . . 2.0 x 10® .9 470 | 4.2 x 104
Shellac Compound 3.8 x 1010 1.7 1500 26 x 104
Styrene Resin 3.1 x 1010 1.1 1700 19 x 104

Liguips
Alcohol, Methyl . . | .......... .81 1240 | 10.0 x 104
Benzine . . .| ... .90 1170 10.5 x 104
Chloroform . . .| .......... 1.5 983 14.7 x 104
Ether . . ] ..o .74 1020 7.6 x 104
Gasoline . . .| ...l .68 1390 9.4 x 104
Turpentine . . .| .......... .87 1330 | 11.6 x 104
Water, 13°C. . .| .. ... ... 1.0 1441 14.4 x 104
Water, Salt . .| ... ..., 1.03 1540 15.5 x 104
GASES

Air, 0°C. . . | ool .00129 331 42.7
Air, 20°C. . . | ...l .00120 344 41.4
Carbon Monoxide . | .......... .00125 337 42.0
Carbon Dioxide . .| .......... .00198 258 51.2
Chlorine . . .| ... .00317 205 65.0
Hydrogen . . .| .......... .00009 1270 11.4
Methane . . .| ... ,00072 432 31.0
Nitrogen . . .| ..ol .00125 336 42.0
Oxygen . . .| oo .00143 317 45.5
Steam. . . .| ..ol .00058 405 23.5
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1.4. Plane Sound Waves.—Assume that a progressive wave proceeds
along the axis of x. Then ¢ is a function of x and ¢ only and the wave
equation 1.14 reduces to

2 2
P4 _ 209 1.16

2~ O

A solution of this equation for a simple harmonic wave traveling in the
positive x direction is
¢ = A cos k(ct — x) 1.17

where A = amplitude of ¢,
k= 2m/2,
A = wavelength, in centimeters,
¢ = fA = velocity of sound, in centimeters per second, and
f = frequency, in cycles per second.

A. Particle Velocity in a Plane Sound Wave.—The particle velocity, #,
employing equations 1.11 and 1.17 is

od .
u_éj—‘_kA sin k(ct — x) 1.18
The particle velocity in a sound wave is the instantaneous velocity of a
given infinitesimal part of the medium, with reference to the medium as a
whole, due to the passage of the sound wave.

B. Pressure in a Plane Sound Wave—From equations 1.9, 1.13, and
1.15 the following relation may be obtained
op 9
= s 1.19

The condensation in a plane wave from equations 1.19 and 1.17 is
given by

s = % sin k(ct — x) 1.20
From equations 1.9 and 1.15 the following relation may be obtained
P = c2ps 1.21
Then, from equations 1.20 and 1.21 the pressure in a plane wave is
p = kepA sin k(ct — x) 1.22

Note: the particle velocity, equation 1.18, and the pressure, equation
1.22, are in phase in a plane wave.

C. Particle Amplitude in a Plane Sound Wave.—The particle amplitude
of a sound wave is the maximum distance that the vibrating particles of the
medium are displaced from the position of equilibrium.

From equation 1.18 the particle velocity is

&€ =u = kA sin k(ct — x) 1.23
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where ¢ = amplitude of the particle from its equilibrium position, in
centimeters.
The particle amplitude, in centimeters, is

&+ — ‘%1 cos k(ct — x) 1.24

From equations 1.20 and 1.24 the condensation is

o¢
s=—3 1.25

1.5. Spherical Sound Waves.—Many acoustical problems are concerned
with spherical diverging waves. In spherical coordinates x =  sin 8 cos ¢,
y =rsin@sin ¢ and z = cos 6 where 7 is the distance from the center,
6 is the angle between » and the oz axis and ¢ is the angle between the
projection of 7 on the xy plane and ox. Then V20 becomes

% 204 1 8¢ 1 &2
24 — L
Vi = Ty r or MY 72 sin 0 80 (sin 0) 72 sin2 0 o2 126
For spherical symmetry about the origin
o2
20 — —
V ¢ - 7672 (7¢) 1.27
The general wave equation then becomes,
02 02
58 (r$) = ¢ 57 (ré) 1.28

The wave equation for symmetrical spherical waves can be derived in
another way. Consider the flux across the inner and outer surfaces of
the spherical shell having radii of » — A7/2 and » + Ar/2, the difference is

0 or
— 47 2 o r2?
4 ar(pr at) Ar 1.29
The velocity is
or o

where ¢ = velocity potential.
The expression 1.29 employing equation 1.30 becomes

o(,., 0
— —| o2 =X
47 37(/” ar) Ar 1.31
The rate of growth of mass in the shell is
op’
2 2P
T 1.32

The difference in flux must be equal to the rate of growth of mass, expres-

sions 1.31 and 1.32,
op
"p2
+ ( 67) =0 1.33
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Using equations 1.6, 1.9, and 1.13, equation 1.33 may be written,

024 0 o0
29?2 9,9 _ 4
r 8t2 ¢ or (7 87) 0 1.3

Equation 1.34 may be written

R2(rg) 5 0%rd) _
 — R =0 1.35

which is the same as equation 1.28. The solution of equation 1.35 for
diverging waves is

¢ = 4 elk(ct=r) 1.36
7
From equations 1.19 and 1.36 the condensation is given by
1 o4 JRA _ {
S = —22-52 = —-c—rijk(” 7) 137
90
-\\
80
70 \\
§ 60
N

50 v\

PHASE ANGLE
I
o

AN
N

"~
\\I
0l 02 04 08. 2 a 8 | 2 4 8 10 20 40 80100
kr
Fic. 1.2. Phase angle between the pressure and particle velocity in a spherical sound
wave in terms of k». where £ = 2x/A, A = wavelength and » = distance from the source.

A. Pressure in a Spherical Sound Wave.—The pressure from equation
1.211is

b = c2ps 1.38

The pressure then from equations 1.37 and 1.38 is

b= _jk_crAi’ Ik(ct-r) 1.39
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Retaining the real part of equation 1.39 the pressure is
p=p 'I# sin k(ct — 7) 1.40

B. Particle Velocity in a Spherical Sound Wave.—The particle velocity
from equations 1.11 and 1.36 is

1 A
= — |- k| = efk(ct-r)
u (7—|—]k)7 elk(ct—r 1.41
Retaining the real part ot equation 1.41 the particle velocity is
U= —%—k 1—ycosk(ct—r) —sink(ct—r)] 1.42

C. Phase Angle between the Pressure and the Particle Velocity in a Spheri-
cal Sound Wave.—The particle velocity given by equation 1.42 may be
written

4 /1 .
u=7A/ﬁ—|—k251n (k(ct —7) — 0] 1.43
where tan 6 = 1/kr.
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Fic.1.3. Ratio of the absolute magnitude of the particle velocity to the
pressure in a spherical sound wave in terms of k», where & = 27/},
A = wavelength and » = distance from the source.
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Comparing equation 1.43 with equation 1.40 for the pressure it will be
seen that the phase angle between the pressure and velocity in a spherical
wave is given by

6 = tan™! 1 1.44
Rr
For very large values of %7, that is, plane waves, the pressure and particle

velocity are in phase. The phase angle as a function of %7 is depicted in
Fig. 1.2

D. Ratio of the Absolute Magnitudes of the Particle Velocity and the Pres-
sure 1n a Spherical Sound Wave.—From equations 1.40 and 1.43 the ratio
of the absolute value of the particle velocity to the absolute value of the
pressure is given by
V1 4 k%2

e 1.45

Ratio =

The ratio in equation 1.45, as a function of %7, is depicted in Fig. 1.3.

1.6. Stationary Sound Waves.—Stationary waves are the wave system
resulting from the interference of waves of the same frequencies and are
characterized by the existence of nodes or partial nodes.

Consider two plane waves of equal amplitude traveling in opposite direc-
tions; the velocity potential may be expressed as

¢ = A [cos k(ct — x) -+ cos k(ct + x)] 1.46

The pressure in this wave system from equations 1.19 and 1.21 is
p=—p %‘;‘ = kcpA [sin k(ct — x) + sin k(ct + x)] 1.47
p = 2kcpA [sin kct cos kx) 1.48

The particle velocity in this wave system from equations 1.11 and
1.46 is

U= {;—ﬁ = kA [sin k(ct — x) — sin k(ct + x)] 1.49
u = —2kA [cos kct sin kx] 1.50
u = 2kA [sin (kct — 7-72-) cos (kx — %)] 1.51

Equations 1.48 and 1.51 show that the maxima of the particle velocity
and pressure are separated by a quarter wavelength. The maxima of p
and # differ by 90° in time phase.

A stationary wave system is produced by the reflection of a plane wave
by an infinite wall normal to the direction of propagation. This is the
simplest type of standing wave system. Complex stationary wave sys-
tems are produced when a sound source operates in a room due to the re-
flections from the walls, ceiling, and floor.
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1.7. Sound Energy Density.—Sound energy density is the sound energy
per unit volume. The unit is the erg per cubic centimeter.
The sound energy density in a plane wave is

2
E=2 1.52
pc
where p = sound pressure, in dynes per square centimeter,
p = density, in grams per cubic centimeter, and
¢ = velocity of sound, in centimeters per second.

The positive radiation pressure in dynes per square centimeter exerted
by sound waves upon an infinite wall is

p=@+1)E 1.53

where E = energy density of the incident wave train in ergs per cubic
centimeter, and
y = ratio of specific heats, 1.4 for air.

Instruments for measuring the radiation pressure have been built, con-
sisting of a light piston mounted in a large wall with means for measuring
the force on the piston. Since the radiation pressure is very small these
instruments must be quite delicate.

1.8. Sound Intensity.—The sound intensity of a sound field in a speci-
fied direction at a point is the sound energy transmitted per unit of time
in the specified direction through a unit area normal to this direction at
the point. The unit is the erg per second per square centimeter. It may
also be expressed in watts per square centimeter.

The intensity, in ergs per second per square centimeter, of a plane wave is

=2 2 1
== pu = peu .54
where p = pressure, in dynes per square centimeter,
u = particle velocity, in centimeters per second,
¢ = velocity of propagation, in centimeters per second, and
p = density of the medium, in grams per cubic centimeter.

The product pc is termed the specific acoustical resistance of the medium.
The specific acoustical resistance of various mediums is shown in Table 1.1.

1.9. Decibels (Bels).—In acoustics the ranges of intensities, pressures,
etc., are so large that it is convenient to use a scale of smaller numbers
termed decibels. The abbreviation db is used for the term decibel. The
bel is the fundamental division of a logarithmic scale for expressing the
ratio of two amounts of power, the number of bels denoting such a ratio
being the logarithm to the base ten of this ratio. The decibel is one tenth
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of a bel. For example, with P; and Pj designating two amounts of power
and # the number of decibels denoting their ratio:

n = 10 logio Iil» decibels 1.55
Py
When the conditions are such that ratios of currents or ratios of voltages
(or the analogous quantities such as pressures, volume currents, forces, and
particle velocities) are the square roots of the corresponding power ratios,
the number of decibels by which the corresponding powers differ is ex-
pressed by the following formulas:

n = 20 loguo ? decibels 1.56
2

n = 20 log 10 ;’_; decibels 1.57

where 71/i2 and ej/es are the given current and voltage ratios, respectively.
For relation between decibels and power and current or voltage ratios,
see Table 1.2.

TABLE 1.2. THE RELATION BETWEEN DECIBELS AND POWER AND CURRENT OR VOLTAGE

RATIOS
Power Ratio Decibels Vc(;:ll;;rg?ﬁgfcio Decibels
1 0 1 0
2 3.0 2 6.0
3 4.8 3 9.5
4 6.0 4 12.0
5 7.0 5 14.0
6 7.8 6 15.6
7 8.5 7 16.9
8 9.0 8 18.1
9 9.5 9 19.1
10 10 10 20
100 20 100 40
1000 30 1000 60
10,000 40 10,000 80
100,000 50 100,000 100
1,000,000 60 1,000,000 120
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1.10. Doppler Effect.!—The change in pitch of a sound due to the rela-
tive motion of the source and observer is termed the Doppler Effect.
When the source and observer are approaching each other the pitch ob-
served by the listener is higher than the actual frequency of the sound
source. If the source and observer are receding from each other the pitch
is lower.

The frequency at the observation point is

Jfo= sfs 1.58

where v = velocity of sound in the medium,
vg = velocity of the observer,
vs = velocity of the source, and
fs = frequency of the source.

All the velocities must be in the same units.

No account is taken of the effect of wind velocity or motion of the me-
dium in equation 1.58. In order to bring in the effect of the wind, the
velocity v in the medium must be replaced by v 4 w where w is the wind
velocity in the direction in which the sound is traveling. Making this
substitution in 1.58 the result is

_v4w — g
fo= g, 0 1.59
Equation 1.59 shows that the wind does not produce any change in pitch
unless there is some relative motion of the sound source and the observer.

1.11. Refraction and Diffraction.—The change in direction of propa-
gation of sound, produced by a change in the nature of the medium which
affects the velocity, is termed refraction. Sound is refracted when the
density varies over the wave front (see equation 1.15). A sound wave
may be bent either downward or upward depending upon the relative
temperatures (densities) of the air,2 Fig. 1.4. The distance over which
sound may be heard is greater when the wave is bent downward than
when it is bent upward. The first condition usually obtains during the
early morning hours while the latter condition prevails during the day.

Structures® may be built which refract sound waves. Acoustic lenses
and prisms employing these structures may be used for various acoustical
applications, as for example, loudspeakers and microphones. See Secs.

1 Perrine, J. O., Amer. Jour. Phys., Vol. 12, No. 1, p. 23, 1944. This paper describes
sixteen versions of the Doppler and Doppler Echo Effects. In addition to systems
given in the text above are systems involving moving and fixed reflectors.

2 For other phenomena of atmospheric acoustics such as the effects of wind and
temperature upon the propagation of sound waves and the applications to sound
ranging and signaling in air, see Stewart and Lindsay, *“ Acoustics,”” D. Van Nostrand
Company, Princeton, N.J., 1930.

3 Koch and Harvey, Jour. Acous. Soc. Amer., Vol. 21, No. 5, p. 471, 1949.
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COOL AIR — LOW VELOCITY WARM AIR = HIGH VELOCITY
WAVE FRONTS

WAVE FRONTS ﬁ//z//%/
WARM AIR — HIGH VELOCITY cooL AIR — LOW VELOCITY

SURFACE OF THE EARTH SURFACE OF THE EARTH
Fi1c. 1.4. The refraction of a sound wave in air.
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Fic. 1.5. Obstacle and path length structures for
refracting sound waves.

6.15 and 8.6B. Practical systems have been developed based upon obstacle
arrays and path length devices.

Obstacle arrays increase the effective density of the medium and thus
produce a reduced propagation velocity of sound waves passing through
the array. Three different obstacle arrays are shown in Fig. 1.5.
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The index of refraction #, of a spherical obstacle array as shown in
Fig. 1.5, is given by
n2 =1+ %madN 1.60

where ¢ = radius of the sphere, and
N = number of spheres per unit volume.

The index of refraction #, of a disk obstacle array as shown in Fig. 1.5,
is given by
n2 =14 §c3N 1.61
where ¢ = radius of the disk, and
N = number of disks per unit volume.

The index of refraction #, of a series of strips as shown in Fig. 1.5, is
given by
n2 =14 7b2N 1.62

where b = half breadth of the strip normal to the direction of propagation
of the wave and
N = number of strips per unit area viewed endwise.

Path length devices increase the time of travel of the waves through the
path over that in free space. Three different path length devices are shown
in Fig. 1.5.

The index of refraction », of parallel plates as shown in Fig. 1.5, is unity.

The index of refraction #, of the serpentine plates as shown in Fig. 1.5,
is given by

l
"= 1.63
where / = path length through the plates, and

lo= path in the absence of the plates.
The index of refraction #, of slant plates as shown in Fig. 1.5, is given by

l 1
=i " cos® 1.64
where § = angle between the direction of propagation of the wave and

the plane of the plates.

In the examples in this book the serpentine system will be used.

An acoustic lens which converges the impinging sound wave is shown
in Fig. 1.6A. The sheet metal is arranged so that the path length through
the lens is the greatest at the center of the lens. The action of the lens is
depicted by the ray and wavefront diagram of Fig. 1.6A. The path lengths
of all the pencils of the incident sound wave are all the same at focus. An
acoustic lens which diverges the incident sound wave is shown in Fig. 1.6B.
The action of the lens is depicted by the ray diagram and wavefront diagram
of Fig. 1.6B.
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F16.1.6. Acoustic lenses. A. Converginglens. B. Diverg-
ing lens.

An acoustic prism is shown in Fig. 1.7. The acoustic prism changes the
direction of the impinging sound wave. The action of the prism is depicted
by the ray and wavefront diagrams of Fig. 1.7.

Diffraction is the change in direction of propagation of sound due to
the passage of sound around an obstacle. It is well known that sound
will travel around an obstacle. The larger the ratio of the wavelength
to the dimensions of the obstacle the greater the diffraction. The dif-
fraction around the head is important in both speaking and listening.
The diffraction of sound by microphones and loudspeakers is important
in the performance of these instruments. The diffraction? of sound by a
sphere, a cube, and a cylinder as a function of the dimensions is shown in
Fig. 1.8. These data may be used to predict the diffraction of sound by
objects of these general shapes. As, for example, the sphere may be used
to predict the diffraction of sound by the human head.

4 Muller, Black, and Dunn, Jour. Acous. Soc. Amer., Vol. 10, No. 1, p. 6, 1938.
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There are other shapes® besides the cylinder, cube, and sphere that are
used for microphone and loudspeaker enclosures. In order to provide
additional information, the diffraction of sound by the shapes shown in
Fig. 1.9 were obtained experimentally. The dimensions of the ten different
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ON PARALLELOPIPED
Fi1c. 1.9. Structures used in sound diffraction
studies.

enclosures are shown in Fig. 1.9. The experimentally-determined diffrac-
tion of a sound wave by these different enclosures was obtained by com-
paring the response of a small loudspeaker in free space with the response
of the loudspeaker mounted in the enclosures in the position shown in
Fig. 1.9. The diameter of the diaphragm of the cone used in the loud-
speaker was § inch. Since the upper frequency limit of the response was
made 4000 cycles, the diameter of the cone is less than one-quarter wave-
length. In other words the source is for all practical purposes nondirec-
tional. The diffraction characteristics for the ten shapes are shown in
Fig. 1.10. The response frequency characteristics shown in Fig. 1.10 are for
the dimensions shown in Fig. 1.9. The response frequency characteristics

5 Olson, H. F., Audio Eng., Vol. 35, No. 11, p. 34, 1951.
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Fic. 1.10. Response frequency characteristics depicting the
diffraction of sound by ten objects of different shapes.
dimensions of the objects are given in Fig. 1.9.

The

for enclosures of other dimensions can be obtained by multiplying the
ratio of the linear dimensions of the enclosure of Fig. 1.9 to the linear
dimension of the enclosure under consideration by the frequency of Fig. 1.10.
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See Sec. 1.13. For example, if the linear dimensions of the new enclosure
are two times that of Fig. 1.9, the frequency scale of Fig. 1.10 should be
multiplied by one-half.

Another example of diffraction of sound is illustrated by the zone plate
shown in Fig. 1.11. The path lengths of the sound from the source to the
focus vary by an integral wavelength. As a consequence, all the pencils
of sound are in phase at the focus with the result that the sound pressure
is considerably greater at this point than any other position behind the
zone plate.

FRONT VIEW CROSS-SECTIONAL VIEW

Fig. 1.11. Zone plate. The source S and the focus F are equidistant from the zone
plate.

1.12. Acoustical Reciprocity Theorem.87.8.9—The acoustical reciproc-
ity theorem, as developed by Helmholtz, states: If in a space filled with
air which is partly bounded by finitely extended bodies and is partly un-
bounded, sound waves may be excited at a point 4, the resulting velocity
potential at a second point B is the same in magnitude and phase as it
would have been at 4 had B been the source of sound. It is the purpose of
this section to derive the acoustical reciprocity theorem.

Consider two independent sets of pressures " and p” and particle veloci-
ties v’ and v”. Multiply equation 1.4 by the p and v of the other set.

dv’ ,dv”

” 1 ” ’ 1 ’ ” __
L i —I—I—)v grad po —,—)v grad po" =0 1.65

If $ and v vary as a harmonic of the time, equation 1.65 becomes
% v” grad po’ — }) v grad po”" = 0 1.66

There is the following relation:
vgrad p =divep — pdivoy 1.67

8 Rayleigh, “ Theory of Sound,” Macmillan and Company, London, 1926.

7 Ballentine, S., Proc., I.R.E., Vol. 17, No. 6, p. 929, 1929.

8 Olson, H. F., RCA Review, Vol. 6, No. 1, p. 36, 1941.

9 Olson, ‘“ Dynamical Analogies,” D. Van Nostrand Company, Princeton, N.J., 1943.
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From equations 1.9 and 1.10

1 315
y;bo ¥ 4+ dive =0 1.68
From equations 1.66, 1.67, and 1.68,
div (v" p" — v p") =0 1.69

The relation of equation 1.69 is for a point. Integration of equation
1.69 over a region of space gives

f f (v"p" —v'p")ds =0 1.70

If, in an acoustical system comprising a medium of uniform density
- and propagating irrotational vibrations of small amplitude, a pressure
4" produces a particle velocity v and a pressure p” produces a particle

velocity v”, then
Hv VP uds — O 1.71

where the surface integral is taken over the boundaries of the volume.
In the simple case in which there are only two pressures, as illustrated
in the free field acoustical system of Fig. 1.12, equation 1.71 becomes

Plvll P” ’ 1.72
where p’, p” and v’, v" are the pressures and particle velocities depicted
in the free field acoustical system of Fig. 1.12.

T P T 7T T T T T T T T T T T TP T2 727
ﬁ:{* ‘Kbi’ P’ X"z, Zpas P
pv’ p'v

Za2

FIELD LUMPED CONSTANTS

Fic. 1.12. Reciprocity in field and lumped constant acoustical systems.

The above theorem is applicable to all acoustical problems. However,
it can be restricted to lumped constants!® as follows: In an acoustical sys-
tem composed of inertance, acoustical capacitance, and acoustical resist-
ance, let a set of pressures p1’, p2’, p3’ ... pn’, all harmonic of the same
frequency acting in # points in the system, produce a volume current dis-
tribution X3’ Xo', X3' ... X4/, and let a second set of pressures p1”, p2”,
3" ... Py”, of the same frequency as the first, produce a second volume
current distribution X1”, X»”, X3" ... X,". Then

n
Z prX. = > b Xy 1.73
j=1 i=1

”»

10 Olson, ‘‘ Dynamical Analogies,
1943.

D. Van Nostrand Company, Princeton, N.J.,
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This theorem is valid provided the acoustical system is invariable,
contains no internal source of energy or unilateral device, linearity in
the relations between pressures and volume currents, and complete re-
versibility in the elements and provided the applied pressures p;, po,
3 ... pn are all of the same frequency.

In the simple case in which there are only two pressures, as illustrated
in the acoustical system of lumped constants in Fig. 1.7, equation 1.73
becomes

pX'" = p" X’ 1.74

where ¢’, ” and X’, X" are the pressures and volume currents depicted
in the acoustical system of lumped constants in Fig. 1.12.

1.13. Acoustical Principle of Similarity.11—The principle of similarity
in acoustics states: For any acoustical system involving diffraction phe-
nomena it is possible to construct a new system on a different scale, which
will exhibit similar performance, providing the wavelength of the sound is
altered in the same ratio as the linear dimensions of the new system.

The principle of similarity is useful in predicting the performance of
similar acoustical systems from a single model. A small model can be
built and tested at very high frequencies to predict the performance of
similar large systems at lower frequencies. For example: in the diffraction
of sound by objects, if the ratio of the linear dimensions of the two objects
is X : 1, the corresponding configuration of the frequency characteristics
will be displaced 1 : X in frequency. This is illustrated in Figs. 1.8 and
1.10. Other examples are the directional characteristics of various sound
sources Figs. 2.3 to 2.23 inclusive, the air load upon a diaphragm, Fig. 5.2,
etc.

1.14. Longitudinal Waves in a Rod.—The preceding considerations have
been concerned with sound waves in gases and fluids. In the case of solids,
longitudinal waves in rods are of practical interest in many applications.
It is the purpose of this section to derive the equations for longitudinal
sound waves in a rod of homogeneous material and constant cross section.

The longitudinal axis of the bar will be assumed to coincide with the x
axis. Consider an element of the bar 8x, determined by two planes per-
pendicular to x and initially at distances x and x + 8x from x = 0. Assume
that the planes are displaced by distances ¢ and ¢ 4 8¢. The distance
between the planes is now

8x+8§=8x+%€8x 1.75

Lo . 0
The increase in distance between the planes is 5{ 8% .

The increase in length of the bar per unit length at this point is 2755

11 QOlson, H. F., RCA Review, Vol. 6, No. 1, p. 36, 1941.
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Young’s modulus is defined as the ratio of the longitudinal stress to the
corresponding extension. At the first face of the element Young’s modulus
is

Wiy

Q= PT: 1.76
ox
where Q = Young’s modulus, in dynes per square centimeter,
= force, in dynes,
S = cross-sectional area of the rod, in square centimeters, and
7

—§ = extension.
o0x

The force acting on the element across the first face is

) 3§
F=0QS P 1.77
The force acting across the second face of the element is
F 4 8F = QS ¢ ag ax(QS ) 1.78
= QS -|— QS 1.79
The resultant force on the element is
8F = QS o § 1.80
The acceleration of momentum of the element is
0%
Spdx — = 1.81

where p = density, in grams per cubic centimeter.
Equating the resultant force on the element to the acceleration of mo-
' mentum, the result is
2 2
o _ Qo 1.82

B, o
This is the wave equation for {. Equation 1.82 is analogous to equation
1.16 for plane waves in a gas and the solution of the differential equation

is similar. The velocity of propagation, in centimeters per second, of
longitudinal waves is in a rod
c= A/ 9 1.83
P

where 0 = Young’s modulus, in dynes per square centimeter (see Table
1.1), and
p = density, in grams per cubic centimeter (see Table 1.1).
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The velocity of sound, Young’s modulus and the density for various
solids are given in Table 1.1.

1.15. Torsional Waves in a Rod.—A rod may be twisted about an
axis of the rod in such a manner that each transverse section remains in its
own plane. If the section is not circular there will be motion parallel to
the axis of the bar. For a circular cross section and a homogeneous bar the
equations of motion are analogous to those of longitudinal waves in the rod.
The velocity of propagation, in centimeters per second, of torsional waves
in a rod, is

_ |90
C—A/Zp(o—l—l) 1.84

where Q = Young’s modulus, in dynes per square centimeter (see Table
1.1),
p = density, in grams per cubic centimeter (see Table 1.1), and
o = Poisson’s ratio (see Table 1.1).

1.16. Cylindrical Sound Waves.l2—From a practical standpoint, the
important waves in acoustics are plane and spherical waves. However,
it may be interesting as an addition in the chapter on sound waves to
indicate some of the characteristics of cylindrical sound waves.

The consideration will be the sound pressure and particle velocity pro-
duced by a long cylinder expanding and contracting radially with a velocity
#g, in centimeters per second, given by

o = Upelwt 1.85

where Uy = maximum velocity of the vibration in centimeters per second,
w = 2xf,
f = frequency, in cycles per second, and
t = time, in seconds.

When the radius of the cylinder is small compared to the wavelength,
the sound pressure p, in dynes per square centimeter, at a distance large
compared to the radius of the cylinder may be expressed as

p = mpaUy A/%f eIk (r—ct)—jn/4 1.86

where p = density of the medium, in grams per cubic centimeter,
¢ = velocity of sound in the medium, in centimeters per second,
k=2xn/A
A = wavelength, in centimeters,
a = radius of the cylinder, in centimeters, and
r = distance from the axis of the cylinder.

12 Morse, *“ Vibration and Sound,” McGraw-Hill Book Company, New York, N.Y.,
1948.
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The particle velocity #, in centimeters per second, under the same con-
ditions is given by
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w— malUo [ L et—ct—smn 1.87
cr

It will be seen that the pressure and particle velocity decrease inversely
as the square root of the distance from the cylinder.

The product of the pressure and the particle velocity gives the flow of
energy per square centimeter as follows,

P= %ﬂpazuozf; 1.88

It will be seen that the intensity falls off inversely as the distance.
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ACOUSTICAL RADIATING SYSTEMS

2.1. Introduction.—There are almost an infinite number of different
types of sound sources. The most common of these are the human voice,
musical instruments, machinery noises, and loudspeakers. The most
important factors which characterize a sound source are the directional
pattern, the radiation efficiency, and the output as a function of the fre-
quency. In the case of some sound sources as, for example, musical instru-
ments, it is almost impossible to analyze the action. However, in the case
of most sound reproducers the action may be predicted with amazing
accuracy. It is the purpose of this chapter to consider some of the simple
sound sources that are applicable to the problems of sound reproduction.

2.2. Simple Point Source.—A point source is a small source which
alternately injects fluid into a medium and withdraws it.

A. Point Sowrce Radiating into an Infinite Medium. Solid Angle of
4w Steradians.—Consider a point source having a maximum rate of fluid
emission of 4wA cubic centimeters per second. The momentary rate at a
time ¢ is 4w A cos wf. The maximum rate of fluid emission may be written

— 4nd = S, 2.1

where S = area of the surface of the source, in square centimeters, and
£o = maximum velocity, in centimeters per second over the sur-
face S.

The velocity potential of a point source from equation 1.36 is

¢y = 4 elk(ct—r) 2.2
r
The particle velocity at a distance 7 from equation 1.42 is
Ak 1 .
u:—T[k—rcosk(ct—r)—smk(ct—r] 23
The pressure at a distance 7 from equation 1.40 is
p= Pka sin k(ct — 7) 24

30
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The intensity or average power, in ergs per second, transmitted through
a unit area at a distance 7, in centimeters, is the product of p and # and is
given by

_ pck24?
P = 7 2.5
The total average power in ergs per second emitted by the source is
Pp = 2mpck2A2 2.6

where p = density of the medium, in grams per cubic centimeter,
¢ = velocity of sound, in centimeters per second,
k = 2z/],
A = wavelength, in centimeters, and
4 is defined by equation 2.1.

B. Point Source Radiating into a Semi-Infinite Medium. Solid Angle
of 2n Steradians.—The above example considered a point source operating
in an infinite medium. The next problem of interest is that of a point
source operating in a semi-infinite medium, for example, a point source
near an infinite wall.

In this case we can employ the principle of images as shown in Fig. 2.1.
The pressure, assuming the same distance from the source, is two times
that of the infinite medium. The particle velocity is also two times that
of the infinite medium. The average power transmitted through a unit
area is four times that of the infinite medium. The average power out-
put of the source, however, is two times that of a simple source operating
in an infinite medium.

C. Point Sowrce Radiating into a Solid Angle of = Steradians—Em-
ploying the method of images Fig. 2.1 the pressure is four times, the par-
ticle velocity is four times, and the average power transmitted through a
unit area is sixteen times that of an infinite medium for the same distance.
The average power output of the source is four times that of a simple
source operating in an infinite medium.

D. Point Source Radiating into a Solid Angle of mw/2 Steradians.—Em-
ploying the method of images, Fig. 2.1, the pressure is eight times, the
particle velocity eight times, and the average power transmitted through a
unit area is sixty-four times that of the same source operating in an infinite
medium at the same distance. The average power output is eight times
that of the same simple source operating in an infinite medium.

E. Application of the Simple Source—The above data may be applied
to acoustic radiators in which the dimensions are small compared to the
wavelength and located close to the boundaries indicated above. For
example, A would correspond to a loudspeaker, which acts as a simple
source, suspended in space at a large distance from any walls or boundaries.
' B would correspond to a loudspeaker placed on the floor in the center of
the room. C would correspond to a loudspeaker placed on the floor along
a wall, and D would correspond to a loudspeaker placed in the corner of
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the room. Of course, as pointed out above, these examples hold only when
the dimensions of the radiator and the distance from the wall are small
compared to the wavelength.

SOLID ANGLE PRESSURE POWER ENERGY

OF SOUND AT A OUTPUT  DENSITY
EMISSION DISTANCE P DISTANCEP
° 41 p w 1
SOURCE
o-1-e am 2p 2w 41
IMAGE | SOURCE
SOURCE
™ 4p 4w 161
IMAGES
SOURCE
I 8 8
w 641
01 2 P
IMAGES

F1c. 2.1. The sound pressure, total power output, and energy
density delivered by a point source operating in solid angles of
4m, 27, w, and =/2 steradians.

2.3. Double Source (Doublet Source).1,2:3:4—A double source consists
of two point sources equal in strength 4-47A4’, but opposite in phase sepa-
rated by a vanishingly small distance 8r. The strength of the doublet is
47A'8r. Let A'8» = A. In these considerations A’ corresponds to 4 of
equation 2.1, that is 4m4’ = Séo.

At a distance 7 in a direction inclined at an angle « to the axis of the
doublet the velocity potential is
3+ 4 )

4 eIk (et=n) cos a 2.7

¢ =

1 Lamb, ‘ Dynamical Theory of Sound,”’ E. Arnold, London, 1931.

2 Dayvis, ‘“ Modern Acoustics,” The Macmillan Co., New York, N.Y., 1934.

3 Wood, ‘“ A Textbook of Sound,’”’ Bell and Sons, London, 1930.

4 Crandall, ““ Theory of Vibrating Systems and Sound,” D. Van Nostrand Company,
Princeton, N.J., 1926.
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The pressure from equation 2.7 is

o .pckA (1 .
= —p= = — - Jk(ct—r)
P P 5 p (r+‘7k)€ ct=1) ¢os o 2.8
Retaining the real parts of equation 2.8
p= Pc}:,A [-1; sin k(ct — 7) + k& cos k(ct — r)] CoS & 2.9
At a very large distance
k24
P o —,— cos« 2.10
At a very small distance
kA
p 7 Cosa 2.11
The particle velocity has two components, the radial %? and the trans-
verse } Z—ﬁ - The radial component of the particle velocity from equation
2.7 is,
op 2 Jk (1 gk B
"=z == [(7—3 + ;5) + jk (7_2 + 7)] A eIk(et=1) cos o 2.12

Retaining the real parts of equation 2.12

2 k2 2k
= —A4 [(7—3 — 7) cos k(ct —7) — 3 Sin k(ct — r)] cos « 213

At a very large distance

2
u oc @ cos a 2.14
At a very small distance
% oC 43 cos « 2.15
%

The transverse component of the particle velocity is

1 .
-+ Jk
w=Ll%_ _ |7 Aeket—1 sin o 2.16
7 Oo r2
Retaining the real parts of equation 2.16
w—=—A4 [r_%,, cos k(ct — 7) — ,—kz sin k(ct — 7)] sin a 2.17

At a very large distance

% oC -A—fsina 2.18
7
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At a very small distance

4 .
% oC — sin «

5 2.19

Fig. 2.2 shows the velocity components and the pressure for various

points around a doublet source.
is a direct radiator loudspeaker mounted in a small baffle.

F1c. 2.2. The sound pressure and
particle velocity at a constant dis-
tance from a doublet source. The
magnitude of the pressure is in-
dicated by the circle. The particle
velocity has two components, a
‘radial and a transverse component.
The direction and magnitude of
these two components are indicated
by vectors.

A common example of a doublet source
(Dimensions
of the baffle are small compared to the
wavelength.) If the response of such a
loudspeaker is measured with a pressure
microphone for various angles at a con-
stant distance, the result will be a cosine
characteristic. If the response is measured
with a velocity microphone keeping the
axis pointed toward the loudspeaker,
the result will be a cosine directional
characteristic. If the same is repeated
keeping the axis of the velocity microphone
normal to the line joining the microphone
and the loudspeaker, the result will be a
sine directional characteristic.

The total power, in ergs, emitted by a
doublet source is

- JfEs

where p = pressure, in dynes per square
centimeter,

p = density, in grams per cubic
centimeter,

¢ = velocity of sound, in centi-

meters per second, and
dS = area, in square centimeters,
over which the pressure is .

2.20

Taking the value of p from equation 2.9 (for » very large), the total
average power in ergs per second emitted by a doublet source is

£ 442

Pp = 2mr2 f PczkrzA cos? o sin a do 2.21
0

Pq = EmpckiA2 2.22

where p = density, in grams per cubic centimeter,

k= 2m/A,

A = wavelength, in centimeters,
¢ = velocity of sound, in centimeters per second, and
A is defined in the first paragraph of this section.
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The power output from a simple source (equation 2.6) is proportional
to the square of the frequency, while the power output from a doublet
source (equation 2.22) is proportional to the fourth power of the frequency.
For this reason the power output of a direct radiator loudspeaker falls off
rapidly with frequency when the dimensions of the baffle are small compared
to the wavelength (see Sec. 6.8).

=4 ’
DISTANCE =2 X\ DISTANCE = '5)\ DISTANCE=X

Fic. 2.3. 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 sound pressure, at a fixed distance, as a function of the angle. The
sound pressure for the angle 0° is arbitrarily chosen as unity. The direction correspond-
ing to the angle 0° 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.

24. Series of Point Sources.—The directional characteristic?.67 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

. (n'rrd . )
sin | —— sin «
Ro— — A/
e . (nd .
% sin (7 sin a)
where R, = ratio of the pressure for an angle « to the pressure for an
éngle « = 0. The direction « = 0 is normal to the line,
n = number of sources,
d = distances between the sources, in centimeters, and
A = wavelength, in centimeters.

The directional characteristics of a two-point source are shown in Fig.
2.3. It will be noted that the secondary lobes are equal to the main lobe.

8§ Wolff, I., and Malter, L., Jour. Acous. Soc. Amer., Vol. 2, No. 2., p. 201, 1930.
8 Stenzel, H., Elek. Nach. Tech., Vol. 4, No. 6, p. 239, 1927.
7 Stenzel, H., Elek. Nach. Tech., Vol. 6, No. 5, p. 165, 1929.
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2.5. Straight-Line Source.—A straight-line source may be made up
of a large number of points of equal strength and phase on a line separated
by equal and very small distances. If the number of sources » approach
infinity and 4, the distance between the sources, approaches zero in such a
way that

nd =1

the limiting case is the line source. If this is carried out, equation 2.23
becomes

. (1rl . )
Sin —X- SIn o
Ry=—rvw—_— < 2.24

The directional characteristics of a continuous line source are shown in
Fig. 2.4. The directional characteristics are symmetrical about the line
LENGTH -3 LENGTH =3
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F1G. 2.4. Directional characteristics of a line source as a function of the length and the
wavelength. The polar graph depicts the sound pressure, at a large fixed distance, as a
function of the angle. The sound pressure for the angle 0° is arbitrarily chosen as unity.
The direction corresponding to the angle 0° is perpendicular to the line. The directional
characteristics in three dimensions are surfaces of revolution about the line as an axis.

as an axis. Referring to Fig. 2.4, it will be seen that there is practically no
directivity when the length of the line is small compared to the wave-
length. On the other hand, the directional characteristics are sharp when
the length of the line is several wavelengths.

2.6. Beam Tilting by Phase Shifting.—The direction and shape of the
wavefront produced by a series of sound sources may be altered by the
introduction of a delay pattern in the excitation of the sources. An example
of a series of point sources of sound equally spaced along a straight line in
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combination with a delay system is shown in Fig. 2.5. In the system shown
in Fig. 2.5 the distance #, in centimeters, is given by

x =ct 2.25

where ¢ = velocity of sound, in centimeters, and
¢t = time delay, in seconds.

The angle 6, the angle by which the wavefront is shifted by the delay
system, is given by
x
=sin"1%
0 = sin a 2.26
where d = distance between the units, in centimeters.
Phase shifting can be used in many other ways besides beam tilting. For
example, practically any wavefront shape can be obtained by introducing
the appropriate phase shift in the sound sources.

SOUND
SOURCES

DELAY
UNITS

INPUT

F1c. 2.5. A delay system for tilting the direc-
tional characteristic of a line of sound sources.

2.7. Tapered Straight-Line Source.—The directional characteristic8ofa
line source, all parts vibrating in phase, in which the strength varies linearly
from its value at the center to zero at either end, is given by

sin2 (ll sin a)
2A

(-’T—l sin )2
o

where R, = ratio of the pressure for an angle « to the pressure for an
angle « = 0. The direction « = 0 is normal to the line,
I = total length of the line in centimeters, and
A = wavelength, in centimeters.

R, = 2.27

The directional characteristics of a tapered line source are shown in
Fig. 2.6. Comparing the directional characteristics of Fig. 2.6 with those
of the uniform line of Fig. 2.4, it will be seen that the main lobe is broader
and the secondary lobes are reduced in amplitude.

8 Menges, Karl, Akus Zeit., Vol. 6, No. 2, p. 90, 1941.
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Fic. 2.6. Directional characteristics of a tapered line source as a function
and the wavelength. The volume current output along the line varies linearly from a
maximum at the center to zero at the two ends. The polar graph depicts the sound
pressure, at a fixed distance, as a function of the angle. The sound pressure for the
angle 0° is arbitrarily chosen as unity. The direction corresponding to the angle 0° is
perpendicular to the line. The directional characteristics in three dimensions are sur-
faces of revolution about the line as an axis.

1A‘

~ 2.8. Nonuniform Straight-Line Source.—The directional characteristic
of a line, all parts vibrating in phase, in which the strength varies as a
function of the distance x along a line is given by

d
*3
j f(x) e@nz/n) sina gy
R, = 2.28

d
J ® flx) dx

d

d

where x = distance from the center of the line, in centimeters,
d = total length of the line, in centimeters,
f(x) = strength distribution function and the other quantities are
the same as those in equation 2.27.

2.9. End Fired Line Source.—An end fired line source is one in which
there is progressive phase delay between the elements of the line. In the
case in which the time delay of excitation between the elements corresponds
to the time of wave propagation in space for this distance the maximum
directivity occurs in direction corresponding to the line joining the elements.
The directional characteristics of an end fired line of this type and of uniform
strength is given by

sin j\-’ (I —1cosa)
R, = 2.29

;—:(l—lcos)a




ACOUSTICAL RADIATING SYSTEMS 39

where R, = ratio of the pressure for an angle « to the pressure for the
angle « = 0. The direction « = 0 is along the line,
! = length of the line, and
A = wavelength.

The directional characteristics? of a uniform end fired line with progressive
time delay between elements corresponding to the time of wave propagation
over this distance in free space are shown in Fig. 2.7. The maximum direc-
tivity occurs along the direction corresponding to the line. The directional
characteristics are symmetrical about the line as an axis.
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Fi1c. 2.7. Directional characteristics of an end fired lineysource as a
function of the length and wavelength. The polar graph depicts the
sound pressure, at a large fixed distance, as a function of the angle.
The sound pressure for the angle 0° is arbitrarily chosen as unity. The
direction corresponding to angle 0° coincides with the line. The
directional characteristics in three dimensions are surfaces of revolution
about the line as an axis.

2.10. Super Directivity Source.—From the preceding examples of
directional systems it will be seen that in order to obtain some order of
directivity the dimensions of the radiator must be greater than a wavelength.
It is possible to obtain a high order of directivity from a source which is
smaller in dimension than wavelength. These systems have been termed
super directional sources.l® A super directional system may be considered
to be the difference between two patterns each of which is due to a conven-
tional linear array employing in phase excitation. A super directional array

9 Olson, H. F., Jour. Inst. Rad. Eng., Vol. 27, No. 7, p. 438, 1939.
10 Pritchard, R. L., Jour. Acous. Soc. Amer., Vol. 25, No. 5, p. 879, 1953.
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is shown in Fig. 2.8.

It will be seen that alternate elements are oppositely

phased. Comparing the directional pattern of the super directivity source
with the directivity pattern of the simple line source of Fig. 2.4, it will be

AMPLITUDE IN DB

®@ 0 ® 06
A -20L
) RELATIVE AMPLITUDES
Fic. 2.8. Directional characteristics of a

super directivity source consisting of five
sources spaced } wavelength apart. The
relative amplitudes and the phases of the
sources are shown in the diagrams above.
The polar graph depicts the sound pressure
at a large fixed distance from the array.
The sound pressure for the angle 0° is
arbitrarily chosen as unity. The direc-
tion corresponding to the angle 0° is
perpendicular to the line joining the
sources. The directional characteristics
in three dimensions are surfaces of revolu-
tion about the line as an axis.

seen that approximately the same
directivity is obtained with a line of
one-third the length of the simple line
source. This added directivity is
obtained at the expense of some
other factors. The reversed phase
excitation results in a loss in
efficiency. Close tolerances must be
maintained upon the strength of the
elements and the operating wave-
length, otherwise the directivity pat-
tern will not be maintained. Thus
a super directional system is sensitive
to frequency changes and is, there-
fore, not suitable for broad band
operation. Therefore, the applica-
tions for a super directional source
are where a narrow frequency band
width and low efficiency can be
tolerated in exchange for smaller
space requirements.

2.11. Curved-Line Source (Arc
of a Circle).—A curved-line source

may be made up of a large number of point sources vibrating in phase on the

arc of a circle separated by very small distances.

The directional charac-

teristics of such a line in the plane of the arc are,

k= m

1
R.= 2m-|—1

where
an angle « = 0,

cos [— cos {a + k0)]

ny Z sin[:ﬁglf

=-m

2.30

cos (o + ke)]

R, = ratio of the pressure for an angle « to the pressure for

o = angle between the radius drawn through the central
point and the line joining the source and the distant

observation point,

A = wavelength, in centimeters,
R = radius of the arc, in centimeters,

2m + 1 = number of points,

6 = angle subtended by any two points at the center of the

arc, and
k = variable.



ACOUSTICAL RADIATING SYSTEMS 41

Another method!! is to break up the arc into a large number of equal
chords. The strength is assumed to be uniform over each chord. Also the
phase of all the chords is the same. In this case the result takes the form,

sin [7%13 sin (e + k0)]

1 kom 2R
R"ZZ—mTl . chos{)\— cos (a + kﬁ)}

7—:\‘—i sin (a + k0)

\ sin [%d sin (e 4 kt‘))]

R 2nR
+7 Z sin {T cos (o + ,1309)J 7 2.31
k="m ”Tsin (a + k8)
where R, = ratio of the pressure for an angle o to the pressure for

an angle « = 0,
= wavelength, in centimeters,
k = variable,
R = radius of the arc, in centimeters,
2m -+ 1 = number of chords,
6 = angle subtended by any of the chords at the center of
circumscribing circle, and
d = length of one of the chords, in centimeters.
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F16. 2.9. Directional characteristics of a 60° arc as a function of the radius and the
wavelength. The polar graph depicts the sound pressure, at a large fixed distance, as a
function of the angle in the plane of the arc. The sound pressure for the angle 0° is
arbitrarily chosen as unity.

The directional characteristics for an arc of 60°, 90°, and 120° are shown
in Figs. 2.9, 2.10, and 2.11. The interesting feature of the directional

11 Wolff, I., and Malter, L., Jour. Acous. Soc. Amer., Vol. 2, No. 2, p. 201, 1930.
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characteristics of an arc is that the directional characteristics are very
broad for wavelengths large compared to the dimensions, and are narrow for
wavelengths comparable to the dimensions and are broad again for wave-
lengths small compared to the dimensions of the arc. The arc must be
several wavelengths in length in order to yield a ““wedge-shaped’’ direc-
_ tional characteristic.

RADIUS =% RADIUS = 3 RADIUS = X
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FiG. 2.10. Directional characteristics of a 90° arc as a function of the radius and the
wavelength. The polar graph depicts the sound pressure at a large fixed distance, as a
function of the angle in the plane of the arc. The sound pressure for the angle 0° is
arbitrarily chosen as unity.
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Fic. 2.11. Directional characteristics of a 120° arc as a function of the radius and the
wavelength. The polar graph depicts the sound pressure, at a large fixed distance, as a
function of the angle in the plane of the arc. The sound pressure for the angle 0° is
arbitrarily chosen as unity.
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2.12. Circular-Ring Source.—The directional characteristics12:13 of a
circular-ring source of uniform strength and the same phase at all points on
the ring is

R.=Jo [(@e) sin oc] 2.32

where R, = ratio of the pressure for an angle « to the pressure for an
angle o = 0,
Jo = Bessel function of zero order,
R = radius of the circle, in centimeters, and
o = angle between the axis of the circle and the line joining the
point of observation and the center of the circle.

The directional characteristics of a circular-ring source as a function of
the diameter and the wavelength are shown in Fig. 2.12. The shapes are
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Fic. 2.12. Directional characteristics of a circular-line or ring source as a function of the
diameter and wavelength. The polar graph depicts the sound pressure, at a large fixed
distance, as a function of the angle. The sound pressure for the angle 0° is arbitrarily
chosen as unity. The direction corresponding to the angle 0° is the axis. The axis is
the center line perpendicular to the plane of the circle. The directional characteristics
in three dimensions are surfaces of revolution about the axis.

quite similar to those of a straight line. The characteristic is somewhat
sharper than that of a uniform line of length equal to the diameter of the
circle, but has almost the same form. The amplitudes of the secondary
lobes are greater than those of the uniform line.

2.13. Plane Circular-Piston Source.—The directional characteris-
tics!4, 15 of a circular-piston source mounted in an infinite baffle with all

12 Stenzel, H., Elek. Nach. Tech., Vol. 4, No. 6, p. 1, 1927.
13 Wolff, 1., and Malter, L., Jour. Acous. Soc. Amer., Vol. 2, No. 2, p. 201, 1930.
14 Stenzel, H., Elek. Nach. Tech., Vol. 4, No. 6, p. 1, 1927.
15 Wolff, I., and Malter, L., Jour. Acous. Soc. Amer., Vol. 2, No. 2, p. 201, 1930.
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parts of the surface of the piston vibrating with the same strength and phase

are
27R .
2]1 (% sin a)
S VA — .
27R sin 2.33
_ 1
A
where R, = ratio of the pressure for an angle « to the pressure for an
angle « = 0,
J1 = Bessel function of the first order,
R = radius of the circular piston, in centimeters,
o = angle between the axis of the circle and the line joining the
point of observation and the centre of the circle, and
A = wavelength, in centimeters.
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F1G. 2.13. Directional characteristics of a circular-piston source mounted in an infinite
baffle as a function of the diameter and wavelength. The polar graph depicts the sound
pressure, at a large fixed distance, as a function of the angle. The sound pressure for
the angle 0° is arbitrarily chosen as unity. The direction corresponding to the angle 0°
is the axis. The axis is the center line perpendicular to the plane of the piston. The
directional characteristics in three dimensions are surfaces of revolution about the axis.

The directional characteristics of a plane circular-piston source mounted
in an infinite baffle as a function of the diameter and wavelength are shown
in Fig. 2.13. The characteristic is somewhat broader than that of the
uniform line of length equal to the diameter of the circle, but has approxi-
mately the same form. The amplitudes of the secondary lobes are smaller
than those of the uniform line.

2.14. Nonuniform Plane Circular-Surface Source.l8—The integration
of the expression for a plane circular-surface source in which the strength
varies as a function of the distance from the center cannot be obtained in

18 Jones, R. Clark, Jour. Acous. Soc. Amer., Vol. 16, No. 3, p. 147, 1945. This is a
comprehensive paper on the study of directional patterns of plane surface sources with
specified normal velocities. A number of directional patterns and tables are given.
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simple terms. An approximate method may be employed in which the
plane circular surface with nonuniform strength is divided into a number of
rings with the proper strength assigned to each ring. An alternative method
may be employed in which the strength distribution is obtained by super-
posing a number of plane circular-surface sources of different radii with
the proper strength assigned to each surface.

2.15. Plane Circular-Piston Source Set in the End of an Infinite
Pipe.17:18—The directional characteristics of a plane circular-piston set in
the end of an infinite pipe with all parts of the piston vibrating with the
same amplitude and phase as a function of the diameter and wavelength
are shown in Fig. 2.14.
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Fic. 2.14. Directional characteristics of a circular-piston source located in the
end of an infinite pipe as a function of the diameter and wavelength. The
polar graph depicts the sound pressure, at a large fixed distance, as a function
of the angle. The sound pressure for the angle 0° is arbitrarily chosen as
unity. The direction corresponding to the angle 0° is the axis. The axis is
the center line perpendicular to the plane of the piston. The directional
characteristics in three dimensions are surfaces of revolution about the axis.

An example of a vibrating piston set in a tube is that of a loudspeaker
mechanism set in a completely enclosed cabinet having a face area not
appreciably larger than the loudspeaker mechanism.

2.16. Plane Circular-Piston Source in Free Space.l9—The directional
characteristics of a plane circular piston in free space with all parts of the
piston vibrating with the same amplitude and phase as a function of the
diameter and wavelength are shown in Fig. 2.15. In the low-frequency
range the directional pattern is the same as that of a doublet source because
it is doublet in this frequency range.

An example of a vibrating piston in free space is a loudspeaker mechanism
operating in free space without a baffle, cabinet, etc.

2.17. Plane Square-Surface Source.—The directional characteristics
of a plane square-surface source, with all parts of the surface vibrating with
the same intensity and phase, in a normal plane parallel to one side, is the

17 Levine and Schwinger, Phys. Rev., Vol. 73, No. 4, p. 383, 1948.
18 Beranek, ‘‘ Acoustics,”” McGraw-Hill Book Company, New York, N.Y., 1954.
19 Wiener, F. M., Jour. Acous. Soc. Amer., Vol. 23, No. 6, p. 697, 1951.
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same as that of a uniform line source having a length equal to one side of
the square (equation 2.24).

The directional characteristics of a plane square-surface source, with all
parts of the surface vibrating with the same strength and phase, in a normal
plane containing the diagonal is the same as that of the tapered line source
having a length equal to the diagonal (equation 2.28).

48% m‘ as°

#3\32[(’/45.' My
LR

SRR 58S

180° 180° Neo°
DIAMETER =14\ DIAMETER = 2) DIAMETER = 4\

F1c. 2.15. Directional characteristics of a circular piston located in free space
as a function of the diameter and wavelength. The polar graph depicts the
sound pressure, at a large fixed distance, as a function of the angle. The
sound pressure for the angle 0° is arbitrarily chosen as unity. The direction
corresponding to the angle 0° is the axis. The axis is the center line perpendi-
cular to the plane of the piston. The directional characteristics in three
dimensions are surfaces of revolution about the axis.

2.18. Plane Rectangular-Surface Source.—The directional characteris-
tics of a rectangular-surface source with all parts of the surface vibrating
with the same strength and phase are

sin ("—l“ sina| sin (ﬂ—lb sin B
R — A A

a =

2.34
e . wly .
5 Sine ~ sin B
where /, = length of the rectangle,

Iy = 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
parallel to /,, and
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B 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
parallel to /p.

The directional characteristic of a plane rectangular-surface source with
uniform strength and phase is the same as the product of the characteristic
of two line sources at right angles to each other and on each of which the
strength and phase are uniform.

2.19. Horn Source.—The directional characteristics of a horn depend
upon the shape, mouth opening, and the frequency. It is the purpose of
this section to examine and consider some of the factors which influence the
directional characteristics of a horn.

The phase and particle velocity of the various incremental areas which
may be considered to constitute the mouth determines the directional
characteristics of the horn. The particular complexion of the velocities
and phases of these areas is governed by the flare and dimensions and shape
of the mouth. In these considerations the mouth will be of circular cross
section and mounted in a large flat baffle. The mouth of the horn plays
a major role in determining the directional characteristics in the range
where the wavelength is greater than the mouth diameter. The flare is
the major factor in determining the directional characteristics in the range
where the wavelength is less than the mouth diameter.

A. Exponential Horns.—The effect of the diameter of the mouth for a
constant flare upon the directional characteristics20,21 of an exponential
horn is depicted in Fig. 2.16. At the side of each polar diagram is the
diameter of a vibrating piston which will yield approximately the same
directional characteristic. It will be seen that up to the frequency at which
the wavelength becomes comparable to the mouth diameter, the directional
characteristics are practically the same as those of a piston of the size of
the mouth. Above this frequency the directional characteristics are
practically independent of the mouth size and appear to be governed
primarily by the flare.

To further illustrate the relative effects of the mouth and flare, Fig. 2.17
shows the effect of different rates of flare, for a constant mouth diameter,
upon the directional characteristics of an exponential horn. These results
also show that, for the wavelengths larger than the mouth diameter, the
directional characteristics are approximately the same as those of a vibrating
piston of the same size as the mouth. Above this frequency the directional

20 Olson, H. F., RCA Review, Vol. 1, No. 4, p. 68, 1937.

21 Goldman, S., Jour. Acous. Soc. Amer., Vol. 5, p. 181, 1934, reports the results of an
investigation upon the directional characteristics of exponential horns at 15,000 and
25,000 cycles. A comparison can be made with the results shown in Figs. 2.16 and 2.17
by increasing the dimensions of the horns used by him to conform with those shown
here and decreasing the frequency by the factor of increase in dimensions. Such a
comparison shows remarkable agreement between the two sets of data.
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characteristics are broader than those obtained from a piston the size of the
mouth. From another point of view, the diameter of the piston which will
yield the same directional characteristic is smaller than the mouth. These
results also show that the directional characteristics vary very slowly with
frequency at these smaller wavelengths. Referring to Fig. 2.17 it will be
seen that for any particular high frequency, 4000, 7000, or 10,000 cycles per
second, the directional characteristics become progressively sharper as the
rate of flare decreases.

2000~ 4000~ 7000 ~ 10,000 ~

F1G. 2.16. The directional characteristics of a group of exponential horns, with a con-
stant flare and throat diameter of § inch as a function of the mouth diameter. The
number at the right of each polar diagram indicates the diameter of a circular piston
which will yield the same directional characteristic. The polar graph depicts the sound
pressure, at a fixed distance, as a function of the angle. The sound pressure for the
angle 0° is arbitrarily chosen as unity. The direction corresponding to 0° is the axis
of the horn. The directional characteristics in three dimensions are surfaces of revolu-
tion about the horn axis.

B. Conical Horns.—In the case of the circular conical horn the direc-
tional pattern should be the same as that of a circular, spherical surface
source. The radius of the spherical surface is the distance along the side
of the horn from the apex to the mouth. The directional characteristics of
two conical horns are shown in Fig. 2.18. At the lower frequencies the
directional pattern is approximately the same as that of a piston of the same
size as the mouth. The directional pattern becomes sharper with an increase
of the frequency. However, at the higher frequencies where the diameter
of the mouth is several wavelengths, the pattern becomes broader as would
be expected from a spherical surface source. The directional characteristics
of a conical horn as depicted in Fig. 2.18 are practically the same as those of
a spherical surface source.

C. Parabolic Horns.—In the parabolic horn the sectional area is pro-
portional to the distance from the apex. This horn may be constructed
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Fic. 2.17. The directional characteristics of a group of exponential horns, with a
mouth diameter of 12 inches and a throat diameter of § inch, as a function of the
flare. The number at the right of each polar diagram indicates the diameter of a
circular piston which will yield the same directional characteristic. The polar
graph depicts the sound pressure, at a fixed distance, as a function of the angle.
The sound pressure for the angle 0° is arbitrarily chosen as unity. The direction
corresponding to 0° is the axis of the horn. The directional characteristics in
three dimensions are surfaces of revolution about the horn axis.
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Fic. 2.18. The directional characteristics of two conical horns with mouth
diameters of 12 inches and throat diameters of £ inch and lengths of 12 inches and
24 inches. The polar graph depicts the sound pressure, at a fixed distance, as a
function of the angle. The sound pressure for the angle 0° is arbitrarily chosen as
unity. The direction corresponding to 0° is the axis of the horn. The directional
characteristics in three dimensions are surfaces of revolution about the horn axis.

as shown in Fig. 2.19 in which two opposite horn walls are parallel and the
other two are inclined at an angle with respect to each other. The direc-
tional characteristics of a 90° parabolic horn are shown in Fig. 2.19. The
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source at the mouth is essentially a curved-line source described in Sec.
2.11. Therefore, the directional characteristics in a plane parallel to the
two parallel sides of the horn should be essentially the same as that of a
90° arc. Comparing Fig. 2.19 with the 90° arc source of Fig. 2.10 it will
be seen that the two directional patterns are quite similar.

From the directional patterns of horn-type radiators described in the
preceding sections, it is evident that a wide range of directional patterns
is possible in simple horns by variations in the shape of the horn and the
mouth opening.

The results of Figs. 2.16, 2.17, 2.18, and 2.19 are applicable to other geo-
metrically similar horns by changing the wavelength (or the reciprocal
of the frequency) in the same ratio as the linear dimensions in accordance
with the principle of similarity of Sec. 1.13.

A commercial application22 of the principles of the parabolic horn is
shown in Fig. 2.20. The horn is of the exponential rate of flare with straight
sides on two boundaries and curved sides on the other two boundaries.
The directivity patterns in the plane normal to the straight sides are the
same as those of the parabolic horn of Fig. 2.19. The coverage in the
vertical plane can be obtained by using the proper number of horn units as
shown in Fig. 7.18.

2.20. Curved-Surface Source.—A sphere vibrating radially radiates
sound uniformly outward in all directions. A portion of a spherical surface,
large compared to the wavelength and vibrating radially, emits uniform
sound radiation over a solid angle subtended by the surface at the center
of curvature. To obtain uniform sound distribution over a certain solid
angle, the radial air motion must have the same phase and amplitude over
the spherical surface intercepted by the angle having its center of curvature
at the vertex and the dimensions of the surface must be large compared
to the wavelength. When these conditions are satisfied for all frequencies,
the response characteristic will be independent of the position within the
solid angle.

A loudspeaker?23,24,25 consisting of a large number of small horns with
the axis passing through a common point will satisfy, for all practical
purposes, the requirement of uniform phase and amplitude over the spherical
surface formed by the mouths of the horns. A cellular or multihorn of this
type is shown in Fig. 2.21A. This particular horn system consists of fifteen
horns arranged in five vertical rows and three horizontal rows. The mouth
opening of each horn is 8 X 8 inches. The horizontal and vertical angle
between the axis of the individual horn is 17°.

The directional characteristics of a multihorn loudspeaker may be
predicted theoretically?® from the directional characteristics of an in-
dividual horn and the geometrical configuration of the assembly of horns.

22 Volkmann, J. E., Unpublished Report.

23 Wente, E. C., and Thuras, A. L., Jour. A. I. E. E., Vol. 53, No. 1, p. 17, 1934.
24 Hilliard, J. K., Tech. Bull. Acad. Res. Council, March, 1936.

25 Olson, H. F., RCA Review, Vol. 1, No. 4, p. 68, 1937.
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Fic. 2.19. The directional characteristics of a parabolic horn of the shape and the
dimensions shown in the sketches on the left. The patterns were obtained in the plane
midway between and parallel to the two parallel sides. The polar graph depicts the
sound pressure, at a fixed distance, as a function of the angle. The sound pressure for
the angle 0° is arbitrarily chosen as unity. The direction corresponding to 0° is spaced
midway between the two nonparallel sides of the horn. R = 12 inches. The ratio of
R/) is also given for comparison with Fig. 2.10.
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SIDE VIEW FRONT VIEW

TOP VIEW

F1G. 2.20. A horn of exponential flare with two
straight sides.

/ x
z B
Fic. 2.21. A. A spherical radiating surface consisting of 15 individual

exponential horns. B. Geometry for predicting the directional characteristics
of a cluster of small horns.
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Assume that the point of observation is located on the OY axis, Fig. 2.21B,
at a distance several times the length of the horn. The amplitude of the
vector contributed by an individual horn for the angle ¢ can be deter-
mined from its individual directional characteristic. In this illustration,
the plane XOZ is chosen as reference plane for the phase of the vector.
The phase angle of the vector associated with an individual horn is

0= ; 360° 2.35

where d = the distance between the center of the mouth of the horn and
the reference plane X’'0’Z’, in centimeters, and
A = wavelength, in centimeters.

The vectors, having amplitudes 41, A9, A3, A4, etc., determined from the
directional characteristics and having phase angles 681, 85, 83, 84, etc., de-
termined from equation 2.35, are added vectorially as shown in Fig. 2.21B.
This method of predicting the directional characteristics assumes that
there is no interaction between individual horns which changes the com-
plexion of the velocities at the mouth from that which obtains when
operating an individual horn. Obviously, this condition is not absolutely
satisfied. Apparently, the discrepancy has no practical significance because
it has been found that this method of analysis agrees quite well with experi-
mental results.

The directional characteristics of the cellular horn of Fig. 2.21A are
shown in Figs. 2.22 and 2.23. Above 2000 cycles the dimensions of the
total mouth surface are several wavelengths and the directional character-
istics are fairly uniform and defined by the total angular spread. Where
the dimensions are comparable to the wavelength the directional charac-
teristics become very sharp, as shown by the polar curves for 500 and 1000
cycles. Then, as the dimensions of the surface become smaller than the
wavelength, 250 cycles, the angular spread broadens, as is illustrated by
the larger spread for the smaller vertical dimension when compared to the
smaller spread for the larger horizontal dimension.

The directional characteristics of a cellular horn show a striking resem-
blance to those of an arc of the same angular spread. For example, the
angular spread of the horn of Fig. 2.21 in the plane containing the line
AA’ and the axis is 874°. This may be compared to the arc of Fig. 2.10.
In this case A/4, A/2, A, 2A, 4A, and 8A will correspond to 145, 290, 580,
1160, 2320, and 4640 cycles. The angular spread in the plane containing
the line BB’ and the axis is 523°. This may be compared to the 60° arc
of Fig. 2.9 with the same relation between the wavelengths and frequencies,
as noted above. It will be seen that there is a marked resemblance between
corresponding frequencies. Of course, there is some variation due to the
fact that the frequencies do not correspond exactly. Further, there is some
difference in the angular spread. For most spherical surfaces of this type
the directional characteristics in various planes correspond very closely to
the directional characteristics of the corresponding arc.
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90
F1G. 2.22. Directional characteristics of the 15-cell cellular horn
shown in Fig. 2.21A in a plane containing the line B-B’ and the
axis of the center horn. The polar graph depicts the sound
pressure, at a fixed distance, as a function of the angle. The
sound pressure for the angle 0° is arbitrarily chosen.
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F1G. 2.23. Directional characteristics of the 15-cell cellular horn
shown in Fig. 2.21A in a plane containing the line A-4’ and the
axis of the center horn. The polar graph depicts the sound
pressure, at a fixed distance, as a function of the angle. The
sound pressure for the angle 0° is arbitrarily chosen.

2.21. Cone-Surface Source.26—The directional characteristics2? of a
paper or felted paper cone used in the direct radiator-type loudspeaker
may be predicted theoretically from the dimensions and shape of the cone
and the velocity of sound propagation in the material. For this type of
analysis the cone is divided into a number of ring-type radiators as shown
in Fig. 2.24. The dimension of the ring along the cone should be a small

26 Carlisle, R. W., Jour. Acous. Soc. Amer., Vol. 15, No. 1, p. 44, 1943.

27 The analysis in this section assumes that there is no reflected wave at the outer
boundary. In order to obtain a uniform response frequency characteristic the reflected
wave must be small. If the reflected wave is small, the effect upon the directional
pattern may be neglected.
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fraction of the wavelength of sound in the paper. The output of the cone
at any angle is the vector sum of the vectors Ao, 41, A2 ... Ap where the
A’s are the amplitudes of the individual rings.

The phase angle of the amplitude of the first ring is

0p=0 2.36
The phase angle of the amplitude of the second ring is
_ dl D1
6 — 2"(E - X;) cos a 237

The phase angle of the amplitude of the third ring is

5 (d1+d2 D1+ D
O = 27 —
A4

-

j
1.

) COS 2.38
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Fi1c. 2.24. Geometry for obtaining the directional pattern of a cone-type radiator.

The phase angle of the amplitude of the nth ring is

onzzﬂ(dl—}-dz...d”_Dl—I-Dz...Dn)COSa 2.39
A4 Ap
where dj, dg, . . . = axial distances shown in Fig. 2.24 in centimeters, and
D, Dy, ... = distances along the cone shown in Fig. 2.24 in centi-
meters,
A4 = wavelength of sound in air, in centimeters,
Ap = wavelength of the sound in the paper cone, in centi-

meters, and
o = angle between the axis of the cone and the line joining
the observation point and the center of the first ring.

The relative amplitude of the vector 4, is given by
Ap = 2ar4Da]o (

where 7, = radius of the nth ring, in centimeters,
D, = width of the nth ring along the cone, in centimeters,
A4 = wavelength of sound in air, in centimeters,
o« = angle between the axis of the cone and the line joining the
observation point and the center of the cone, and
Jo = Bessel function of zero order.

2775 in a) 2.40
A4
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The directional characteristic of the cone is
K=n K=n
Z AgcosOg —j Z Ag sin 0k
K=0 E-o0
K=mn
2. Ax
K=o

where R, = ratio of the pressure for an angle « to the pressure for an angle
a=0.

R, = 2.41

A consideration of equation 2.41 shows that the directional pattern is

a function of the frequency and becomes sharper as the frequency increases.

For a particular frequency, cone angle, and material the directional patterns

are practically similar for the same ratio of cone diameter to wavelength.

For a particular frequency and the same cone material the directional

. pattern becomes broader as the cone angle is made larger. For a particu-

' lar frequency and cone angle the directional pattern becomes broader as
| the velocity of propagation in the material decreases (see Sec. 6.2).
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MECHANICAL VIBRATING SYSTEMS

3.1. Introduction.—The preceding chapters have been confined to the
considerations of simple systems, point sources, homogeneous mediums,
and simple harmonic motion. Sources of sound such as strings, bars,
membranes, and plates are particularly liable to vibrate in more than one
mode. In addition, there may be higher frequencies which may or may not
be harmonics. The vibrations in solid bodies are usually termed as longi-
tudinal, transverse, or torsional. In most cases it is possible to confine
the motion to one of these types of vibrations. For example, the vibrations
of a stretched string are usually considered as transverse. It is also possible
to excite longitudinal vibrations which will be higher in frequency. If the
string is of a fairly large diameter torsional vibrations may be excited.
The vibrations of a body are also affected by the medium in which it is
immersed. Usually, in the consideration of a particular example it is
necessary to make certain assumptions which will simplify the problem.
The mathematical analysis of vibrating bodies is extremely complex and
it is beyond the scope of this book to give a detailed analysis of the various
systems. For complete theoretical considerations, the reader is referred
to the treatises which have been written on this subject. It is the purpose
of this chapter to describe the most common vibrators in use today, to
illustrate the form of the vibrations, and to indicate the resonant frequencies.

3.2. Strings.—In all string instruments the transverse and not the
longitudinal vibrations are used. In the transverse vibrations all parts
of the string vibrate in a plane perpendicular to the line of the string. For
the case to be described it is assumed that the mass per unit length is a
constant, that it is perfectly flexible (the stiffness being negligible), and
that it is connected to massive nonyielding supports, Fig. 3.1. Since the
string is fixed at the ends, nodes will occur at these points. The funda-
mental frequency of the string is given by

1 /T
f= N 3.1
where T = tension, in dynes,
m = mass per unit length, in grams,
I = length of the string, in centimeters.
56
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The shape of the vibration of a string is sinusoidal. In addition to the
fundamental, other modes of vibration may occur, the frequencies being
2, 3, 4, 5, etc., times the fundamental. The first few modes of vibration
of a string are shown in Fig. 3.1. The points which are at rest are termed
nodes and are marked N. The points between the nodes where the ampli-
tude is a maximum are termed antinodes or loops and are marked L.

FUNDAMENTAL FIRST HARMONIC
FIRST OVERTONE SECOND HARMONIC
NmN L N/N
. \/
SECOND OVERTONE THIRD HARMONIC
H/L_\N L N~—"T N L N
~———— \/.
THIRD OVERTONE FOURTH HARMONIC
L L L
N ~—""=N L N/\%
| | ~—
FOURTH OVERTONE FIFTH HARMONIC
L L
N_——~N L N o N L N/L\N L N
e —— S ~——1
FIFTH OVERTONE SIXTH HARMONIC

FiG. 3.1. Modes of vibration of a stretched string. The nodes
and loops are indicated by N and L.

The above example is the simplest form of vibration of a string. A few
of the problems which have been considered by different investigators!,2,3,4,5
are as follows: nonuniform strings, loaded strings, stiff strings, nonrigid
supports, the effect of damping, and the effect of different types of excitation.
These factors of course alter the form of vibration and the overtones.

3.3. Transverse Vibration of Bars.l:3:4.5_In the preceding section
the perfectly flexible string was considered where the restoring force due
to stiffness is negligible compared to that due to tension. The bar under
no tension is the other limiting case, the restoring force being entirely due
to stiffness. For the cases to be considered it is assumed that the bars
are straight, the cross section is uniform and symmetrical about a central

1 Rayleigh, * Theory of Sound,”” Macmillan and Company, London, 1926.

2 Crandall, ** Theory of Vibrating Systems and Sound,” D. Van Nostrand Company,
Princeton, N.J., 1926.

3Wood, ‘“ A Text Book of Sound,’”’ Bell and Sons, London, 1930.

4 Morse, ‘‘ Vibration and Sound,” McGraw-Hill Book Company, New York, N.Y.,
1936.

5Lamb, ‘“ Dynamical Theory of Sound,” E. Arnold, London, 1931.
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plane and, as in the case of the string, only the transverse vibrations will
be considered.

A. Bar Clamped at One End.—Consider a bar clamped in a rigid support
at one end with the other end free (Fig. 3.2A). The fundamental frequency
is given by

5596 [QK?
=" QT 3.2

where ! = length of the bar, in centimeters,
p = density, in grams per cubic centimeter, see Table 1.1,
Q = Young’s modulus, in dynes per square centimeter, see Table 1.1:
and
K = radius of gyration.

A B C
/ _/N
& X
FUNDAMENTAL FUNDAMENTAL FUNDAMENTAL
e —— G ———
- ——<—X ¥ ~<
FIRST OVERTONE FIRST OVERTONE FIRST OVERTONE
SECOND OVERTONE SECOND OVERTONE SECOND OVERTONE
THIRD OVERTONE THIRD OVERTONE THIRD OVERTONE
D E F
FUNDAMENTAL FUNDAMENTAL FUNDAMENTAL
FIRST OVERTONE FIRST OVERTONE FIRST OVERTONE
SEGCOND OVERTONE SECOND OVERTONE SECOND OVERTONE
- — — Pvgd M
THIRD OVERTONE THIRD OVERTONE THIRD OVERTONE

F1G. 3.2. Modes of transverse vibrations of bars. A. A bar clamped at one end and
free at the other. B. A bar clamped at one end and supported at the other. C. A bar
supported at one end and free at the other. D. A bar free at both ends. E. A bar sup-
ported at both ends. F. A bar clamped at both ends.

For a rectangular cross section the radius of gyration is

a
K —_ =
V12
where a = thickness of the bar, in centimeters, in the direction of vibration.
For a circular cross section,

a
K=3

where a = radius of the bar, in centimeters.
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For a hollow circular cross section,
Va® + a2
2

where a = outside radius of the pipe, in centimeters, and
a1 = inside radius of the pipe, in centimeters.

K:

The modes of vibration of a bar clamped at one end are shown in Fig.
3.2A. The table below gives the position of the nodes and the frequencies
of the overtones.

Distances of Nodes from Free Frequencies
No. of Tone No. of Nodes | End in Terms of the Length of | as a Ratio of the
the Bar Fundamental
1 0 N
2 1 .2165 6.267f1
3 2 .1321, .4999 17.55f1
4 3 .0944, .3558, .6439 34.3911

It will be seen that the overtones are not harmonics. The first overtone
of a bar or reed has a higher frequency than the sixth harmonic of a string.
The tuning fork is the most common example of a bar clamped at one end,
because it can be considered to be two vibrating bars clamped at the lower
ends. The overtone or the high-frequency sound of a tuning fork is quickly
damped out leaving almost a pure sound.

B. Bar Free at Both Ends—Consider a perfectly free bar (Fig. 3.2D).
The fundamental frequency is given by

1.1337 [QK?
fl = TJT 33

where / = length of the bar, in centimeters. All the other quantities are
the same as in equation 3.2.

The modes of vibration of a perfectly free bar are shown in Fig. 3.2D.
The table which follows gives the position of the nodes and the frequencies
of the overtones.

Distances of Nodes from One | Frequencies as
No. of Tone No. of Nodes | End in Terms of the Length of | a Ratio of the

the Bar Fundamental
1 2 .2242, .7758 N
2 3 .1321, .50, .8679 2.756f1
3 4 .0944, .3558, .6442, .9056 5.404f1
4 5 .0734, .277, .05, .723, .9266 9.933f1
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C. Bar Clamped at Both Ends.—Consider a bar rigidly clamped at both
ends (Fig. 3.2F). The same tones are obtained as in the case of the per-
fectly free bar.

D. Bar Supported at Both Ends—Consider a bar supported on knife
edges at the two edges at the two ends (Fig. 3.2E). The fundamental

frequency is given by
x [QK?
h= 2_12“/ T 3.4

where / = length of the bar, in centimeters. All the other quantities are
the same as in equation 3.2.

The overtones are

fo=14N
fs=9%%
fa = 16f1 etc.

The nodes are equidistant as in case of the string.

E. Bar Clamped at One End and Supported at the Other.—Consider a
bar clamped at one end and supported at the other end (Fig. 3.2B). The
fundamental frequency is given by

_ 245 R

h=7F > 3.5
The overtones are
fo= 3.25
fs= 6.751
fa = 11.5f,
and
fs =177

The modes of vibration are shown in Fig. 3.2B.

F. Bar Supported at One End and Free at the Other.—Consider a bar
supported at one end and free at the other (Fig. 3.2C). The fundamental
frequency is zero. The first overtone is given by

2.45 [QK?2
fo= P QT 3.6
The overtones are

A= 0

fs= 3.250

fa= 6.75f3

fs = 11.5f,,

and
fo = 17.7f2

The modes of vibration are shown in Fig. 3.2C.
G. Tapered Cantilever Bars.—In the preceding, considerations have
been concerned with bars of uniform cross section. It is the purpose of
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this section to give the formulas for the resonant frequencies of tapered
cantilever bars.

The resonant frequency of a wedge-shaped bar vibrating normal to the
two parallel sides of the wedge, Fig. 3.3A, is

114 Q—b2
where b = thickness of the bar in the direction of vibration, in centimeters.

1

A—E 4
s

-
1]

4
— 1 o]

SIDE VIEWS END VIEWS

Fic. 3.3. Tapered cantilever bars,
that is, bars clamped at one end and
free at the other. A. A wedge-shaped
bar vibrating in a direction normal to
the two parallel sides. B. A wedge-
shaped bar vibrating in a direction
parallel to the two parallel sides.
C. A conical bar.

The resonant frequency of a wedge-shaped bar vibrating parallel to the
two parallel sides of the wedge, Fig. 3.3B, is

85 [Qp
The resonant frequency of a conical bar, Fig. 3.3C, is
_ 1.39 [Qa?
f= 7 W 3.9

where a = radius of the cone at the base, in centimeters.

3.4 Stretched Membranes.5:7:8.9,10__The ideal membrane is assumed to
be flexible and very thin in cross section, and stretched in all directions by a

6 Lamb, ‘ Dynamical Theory of Sound,” E. Arnold, London, 1931.

7 Rayleigh, * Theory of Sound,” Macmillan and Company, London, 1926.

8 Morse, ‘‘ Vibration and Sound,” McGraw-Hill Book Company, New York, N.Y.,
1936.

9 Wood, ‘“ A Text Book of Sound,”’ Bell and Sons, London, 1930.

10 Crandall, ‘“ Theory of Vibrating Systems and Sound,”” D. Van Nostrand Company,
Princeton, N.J., 1926.
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force which is not affected by the motion of the membrane. Complete
theoretical analyses have been made of circular, square, and rectangular
membranes. For cases of practical interest the membrane is assumed to be
rigidly clamped and stretched by a massive surround. Itisthe purpose of this
section to consider circular, square, and rectangular stretched membranes.
A. Circular Membrane.—The fundamental frequency of a circular stretched

membrane is given by
.382 JT
Joo= 7%/ 3.10

where m = mass, in grams per square centimeter of area,
R = radius of the membrane, in centimeters, and
T = tension, in dynes per centimeter.

9.0

foz=2.30f0r fos=3.60fa1

P&

fiv=1.59f0: fz1=2.14f01 fa=2.65for

QL@

fiz=2.92f, f22=3.50fu fis=a.22ly

Fi1G. 3.4. Modes of vibration of a stretched circular mem-
brane. Shaded segments are displaced in opposite phase to
unshaded.

The fundamental vibration is with the circumference as a node and a
maximum displacement at the center of the circle (Fig. 3.4A). The fre-
quencies of the next two overtones with nodal circles are

Jfoz = 2.30fo

foz = 3.60fg,
and are shown in Figs. 3.4B and 3.4C. The frequencies of the first, second
and third overtones with nodal diameters are

fu = 159
fz]_ = 2.14f()1
Sfa1 = 2.65fq1
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These nodes are shown in Figs. 3.4D, 3.4E, and 3.4F. Following these
simpler forms of vibration are combinations of nodal circles and nodal

diameters. The frequency of one nodal circle and one nodal diameter,
Fig. 3.4G, is

Jfi2 = 2.92fn;

The frequency of one nodal circle and two nodal diameters, Fig. 3.4H, is
Sfo2 = 3.50f

The frequency of two nodal circles and one nodal diameter, Fig. 3.41, is
fiz = 4.22fq

The stretched circular membrane is used in the condenser microphone
(see Sec. 8.2B). The fundamental resonance frequency is placed at the
upper limit of the frequency range. A resistive load is coupled to the
diaphragm for damping the response in the neighborhood of the funda-
mental resonance frequency. This resistance is incorporated in the back
plate which serves as the stationary electrode.

A stretched circular membrane is also used in all types of drums. In
this case the air enclosure as well as the characteristics of the membrane
controls the modes of vibration.

B. Square Membrane.—The fundamental frequency of a square stretched

membrane is given by
705 JT
f= - N 31

where m = mass, in grams per square centimeter of area,
a = length of a side, in centimeters, and
T = tension, in dynes per centimeter.

C. Rectangular Membrane.—The fundamental frequency of a rectangu-
lar stretched membrane with the sides in the ratio of 1 to 2 is given by

'—79{/7 3.12
F=a m -

where m = mass, in grams per square centimeter,
a = 2b = length of the long side, in centimeters,
b = length of the short side in centimeters, and
T = tension, in dynes per centimeter.

3.5. Circular Plates.11,12,13,14,15__The circular plates shown in Fig. 3.5
are assumed to be of uniform cross section and under no tension. It is

11 Rayleigh, ‘“ Theory of Sound,”” Macmillan and Company, London, 1926.

12 Morse, ‘‘ Vibration of Sound,” McGraw-Hill Book Company, New York, N.Y.,,
1936.

18 Wood, ‘“ A Text Book of Sound,”’ Bell and Sons, London, 1930.

14 Crandall, “ Theory of Vibrating Systems and Sound,” D. Van Nostrand Company,
Princeton, N.J., 1926.

15 Lamb, ‘“ Dynamical Theory of Sound,” E. Arnold, London, 1931.
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the purpose of this section to consider the vibration of circular plates for
the various support means of Fig. 3.5.

A. Circular Clamped Plate.—Consider a circular clamped plate as shown
in Fig. 3.5A. The fundamental frequency is given by

fou = HO7 [ Q
U7 RN I — )

where ¢ = thickness of the plate, in centimeters,
R = radius of the plate up to the clamping boundary, in centimeters,
p = density, in grams per cubic centimeters (see Table 1.1),
o = Poisson’s ratio (see Table 1.1), and
Q = Young’s modulus, in dynes per square centimeter (see Table
1.1).
The fundamental frequency is with the circumference as a node and a
maximum displacement at the center (Fig. 3.6A).

The frequency of the next two overtones with nodal circles, Fig. 3.6B
and 3.6C, are,

3.13

foz = 3.91fn1
Jfoz = 8.75fn

The frequencies of the first, second, and third overtones with nodal diame-
ters are

Ju = 2.09un
Sfo1 = 3.43fn
fs1 = 4.95fo1

These nodes are shown in Figs. 3.6D, 3.6E, and 3.6F.

Following these simpler forms of vibration are combinations of nodal
circles and nodal diameters. The frequency of one nodal circle and one
nodal diameter, Fig. 3.6G, is

fi2 = 5.98fa

The frequency of one nodal circle and two nodal diameters, Fig. 3.6H, is
Jfoe = 8.74fn

The frequency of two nodal circles and one nodal diameter, Fig. 3.61, is
fis = 11.9fa

The clamped plate is used in electromagnetic telephone receivers in which
the steel diaphragm serves as the armature (see Sec. 9.2A). It is used in
carbon microphones (see Sec. 8.2A). It is used in the subaqueous condenser
microphone (Sec. 15.4) and the magnetic subaqueous loud speaker (sec. 15.6).
Clamped plate diaphragms have been used in miniature condenser micro-
phones. The disadvantage of a plate is the difficulty of mounting a thin
plate to give a small mass per unit area for high sensitivity and still have
sufficient stiffness to yield a high fundamental frequency.
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CLAMPED EDGE SUPPORTED EDGE

C D
B

SUPPORTED CENTER FREE

F1G. 3.5. Circular plates. A. A circular plate clamped at the
edge. B. A circular plate supported at the edge. C. A cir-
cular plate supported at the center. D. A free circular plate.
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foz=a9ifor fos=8.75for

(DO®

fu= 200t fa=3.43f0 far=4.95for

QY@

fiz=s.96for fe2=874f0r fia=11.9for

F1c. 3.6. Modes of vibration of a clamped circular plate.
Shaded segments are displaced in opposite phase to unshaded.

In telephone receivers, microphones, and loudspeakers employing a
clamped diaphragm, the effective mass and effective area of the diaphragm,
in terms of the velocity at the center, are needed when the system is reduced
to a lumped element representation. The effective mass or effective area
for this condition is one third of the total mass or total area of the diaphragm.
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The air or water load on the diaphragm can be determined by assuming the
effective radius of the equivalent piston to be .55 times the radius of the
diaphragm (see Sec. 5.8).

B. Circular Free Plate—Consider a circular plate under no tension,
uniform in cross section and perfectly free (Fig. 3.5D). For a vibration
with nodal circle, as depicted in Fig. 3.4B, the frequency is

412t [ Q
/= TN =

where ¢ = thickness of the plate, in centimeters,
R = radius of the plate, in centimeters,
p = density, in grams per cubic centimeter (see Table 1.1),
o = Poisson’s ratio (see Table 1.1), and

Q = Young’s modulus, in dynes per square centimeter (see Table
1.1).

For a vibration with two nodal diameters, as depicted in Fig. 3.4E, the

frequency is
193¢ A/ Q
f_ Rz (Pl _ 0__2) 3.15

C. Circular Plate Supported at the Center.—Consider a circular plate under
no tension, uniform in cross section, edges perfectly free and supported at
the center (Fig. 3.5C). The frequency, for the umbrella mode, is

172t |
f=73'2— ’ﬁ 3.16

D. Circular Plate Supported at the Outside—Consider a plate under no
tension, uniform in cross section, edges simply supported at the periphery
(Fig. 3.5B). The fundamental frequency is

233
f= R—zt./,)(l—ga—z) 3.17

3.6. Longitudinal Vibration of Bars.16.17.18,19__(Consider an entirely
free rod of homogeneous material and constant cross section (see Sec. 1.14).
The simplest mode of longitudinal vibration of a free rod is one in which
a loop occurs at each end and a node in the middle, that is, when the length
of the rod is one-half wavelength. The fundamental frequency of longi-
tudinal vibration of a free rod, Fig. 3.7, may be obtained from equation
1.78 as follows,

3.14

_c_ ¢ 1 Q
fl_X_fl_ZA/; 3.18

16 Rayleigh, ‘* Theory of Sound,”” Macmillan and Company, London, 1926.

17 Morse, ‘‘ Vibration and Sound,” McGraw-Hill Book Company, New York, N.Y.,
1936.

18 Wood, ‘“ A Text Book of Sound,” Bell and Sons, London, 1930.

19 Tamb, * Dynamical Theory of Sound,” E. Arnold, London, 1931.
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where / = length of the rod, in centimeters,
p = density of the material, in grams per cubic centimeter (see

Table 1.1),
Q = Young’s modulus, in dynes per square centimeter (see Table
1.1),

¢ = velocity of sound, in centimeters per second (see Table 1.1,
and equation 1.78), and
A = wavelength of the sound wave, in centimeters.

The overtones of the free rod are harmonics of the fundamental; that is
fg = 2f1, f3 = 3f1, f4 = 4f1, etc., Flg 3.7.
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Fi1g. 3.7. Modes of longitudinal vibrations of a free rod. The
nodes and loopes are indicated by N and L.

The fundamental resonance frequency occurs when the length of the rod
is one-half wavelength. This fact provides a means of computing the
velocity of sound when the density, Young’s modulus, and the frequency
are known, or the frequency of sound when the velocity, density, and
Young’s modulus are known.

Rods in which the longitudinal waves are excited by striking the ends
are used as standards of high-frequency sounds, 5000 cycles and above,
where a tuning fork is not very satisfactory.

Longitudinal waves in a rod may be set up by electromagnetic, electro-
static, or magnetostriction means. In the first case, if the rod is of mag-
netic material and is held near an electromagnet in which an alternating
current is flowing a longitudinal force will be set up in the rod. If the
frequency of the driving current is continuously variable, the rod will be
set into violent vibrations at the fundamental resonant frequency. If the
plane end of a rod is placed near a metallic disk, the two plane surfaces
may be used to serve as plates of a condenser. An alternating current sent
through the condenser will cause an alternating force to be exerted upon the
end of the rod. The rod will be sent into violent vibrations when the
frequency of the impressed alternating current corresponds to the funda-
mental frequency or one of the overtones. Magnetization of magnetic
materials produces small changes in the dimensions of these materials.
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A rod of magnetic material placed in a coil of wire will experience a change
in length corresponding to the alterations in the actuating current. If the
coil is part of the circuit of a vacuum tube oscillator the rod will vibrate
and the vacuum tube will oscillate at the fundamental frequency of the rod.
Such a system is termed a magnetostriction sonic, ultrasonic, or supersonic
generator20 and may be used to produce sound waves in air or any other
medium (see Secs. 15.7 and 15.8).

3.7. Torsional Vibration of Bars.21,22—A solid bar or tube may be
twisted about the axis of the rod in such a manner that each transverse
section remains in its own plane (see Sec. 1.15). If the section is not circular
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Fi1c. 3.8. Modes of torsional vibration of a free rod. The
nodes and loops are indicated by N and L.

there will be motion parallel to the axis of the bar. Consider an entirely
free rod of homogeneous material and circular cross section. The simplest
or fundamental mode of torsional vibration occurs when there is a node in
the middle and a loop at each end, that is, when the length of the rod is one-
half wavelength. The fundamental resonant frequency, Fig. 3.8, may be
obtained from equation 1.79, as follows

_c_c¢ 1 A/ Q
N= 5= 2= N 5e 71 319
where / = length of the rod, in centimeters,
p = density, in grams per cubic centimeter (see Table 1.1),
Q = Young’s modulus, in dynes per square centimeter (see Table
1.1),
o = Poisson’s ratio (see Table 1.1),
¢ = velocity of propagation of torsional waves, in centimeters per
second, see equation 1.79, and
A = wavelength of the torsional wave, in centimeters.
20 Pierce, G. W., Proc. Am. Acad. Arts and Sci., Vol. 63, p. 1, 1928.

21 Wood, ‘“ A Text Book of Sound,” Bell and Sons, London, 1930.
22 Rayleigh, * Theory of Sound,”” Macmillan and Company, London, 1926.
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The overtones, as in the case of longitudinal vibrations, are harmonics of
the fundamental. That is, fo = 2f1, fa = 3f1, fa = 4f1, etc. The nodes
and antinodes for the various harmonics are formed as in the case of longi-
tudinal vibrations.

Torsional vibrations may be set up in bars by any means which applies
tangential forces to the free end. From a comparison of the longitudinal
and torsional vibrations in the same bar, Poisson’s ratio may be determined.

3.8. Open and Closed Pipes.—The vibrations of a column of gas or
fluid in a cylindrical tube are analogous to the longitudinal vibrations in
a solid bar. For the open pipe there must be a loop of displacement at
the open ends.

The fundamental resonant frequency of a pipe, open at both ends,
Fig. 3.9, is

c
where / = length of the pipe, in centimeters,

¢ = velocity of sound, in centimeters per second (see Table 1.1), and
A = wavelength, in centimeters.
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F1G. 3.9. Modes of vibration of the air column in a pipe open at both ends and
in a pipe closed at one end and open at the other end. The velocity nodes and
loops are indicated by N and L.

The overtones of an open pipe are harmonics of the fundamental. That

is, fo = 2A1, f3 = 3f1, fa = 4A, etc.
The fundamental resonant frequency of a pipe closed at one end and
open at the other end, Fig. 3.9, is

c c

The overtones of the pipe closed at one end are the odd harmonics.
That is fa = 3f1, f3 = 5f1, etc.
In the above examples the end connection has been omitted. Rayleigh23

23 Rayleigh, ** Theory of Sound,” Macmillan and Company, London, 1926.
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shows the added length at the open end to be .82R where R is the radius
of the pipe. If the pipe is terminated in a large flange the end connection
will be that given in Sec. 5.12.

Organ pipes and whistles have been built to cover the range from 16
cycles to 30,000 cycles. The frequency of open and closed pipes may be
computed from the above equations. The sound vibrations in the pipe
are set up by the stream of air which is controlled by the vibration in the
pipe. It is an oscillatory system fed by a direct current of air or gas.




4

DYNAMICAL ANALOGIES

4.1. Introduction.—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 solutions more readily obtained in the familiar system.
Analogies make it possible to extend the line of reasoning into unexplored
fields.

A large part of engineering analysis is concerned with vibrating systems.
Although not generally so considered, the electrical circuit is the most
common example and the most widely exploited vibrating system. The
equations of electrical circuit theory may be based on Maxwell’s dynamical
theory in which the currents play the role of velocities. Expressions for
the kinetic energy, potential energy, and dissipation show that network
equations are deducible from general dynamic equations. In other words,
an electrical circuit may be considered to be a vibrating system. This
immediately suggests analogies between electrical circuits and other
dynamical systems as, for example, mechanical and acoustical vibrating
systems.

The equations of motion of mechanical systems were developed a long
time before any attention was given to equations for electrical circuits.
For this reason, in the early days of electrical circuit theory, it was natural
to explain the action in terms of mechanical phenomena. However, at
the present time, electrical circuit theory has been developed to a much
higher state than the corresponding theory of mechanical systems. The
number of engineers and scientists versed in electrical circuit theory is
many times the number equally familiar with mechanical systems.

Almost any work involving mechanical or acoustical systems also includes
electrical systems and electrical circuit theory. The acoustical engineer
is interested in sound reproduction or the conversion of electrical or mechan-
ical energy into acoustical energy, the development of vibrating systems,
and the control of sound vibrations. This involves acoustical, electro-
acoustical, mechanoacoustical, or electromechanoacoustical systems. The
mechanical engineer is interested in the development of various mechamsms
or vibrating systems involving masses, springs, and friction.

71
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Electrical circuit theory is the branch of electromagnetic theory which
deals with electrical oscillations in linear electrical networks.! An electrical
network is a connected set of separate circuits termed branches or meshes.
A circuit may be defined as a physical entity in which varying magnitudes
may be specified in terms of time and a single dimension.2 The branches
or meshes are composed of elements. Elements are the constituent parts
of a circuit. Electrical elements are resistance, inductance, and capacitance.
Vibrations in one dimension occur in mechanical systems made up of
mechanical elements, as, for example, various assemblies of masses, springs,
and brakes. Confined acoustical systems in which the dimensions are small
compared to the wavelength are vibrations in a single dimension.

The number of independent variables required to completely specify the
motion of every part of a vibrating system is a measure of the number of
degrees of freedom of the system. If only a single variable is needed the
system is said to have a single degree of freedom. In an electrical circuit
the number of degrees of freedom is equal to the number of independent
closed meshes or circuits.

The use of complex notation has been applied extensively to electrical
circuits. Of course, this operational method can be applied to any analyti-
cally similar system.

Mathematically the elements in an electrical network are the coefficients
in the differential equations describing the network. When the electric
circuit theory is based upon Maxwell’s dynamics, the network forms a
dynamical system in which the currents play the role of velocities. In the
same way the coefficients in the differential equations of a mechanical or
acoustical system may be looked upon as mechanical or acoustical elements.
Kirchhoff’s electromotive force law plays the same role in setting up the
electrical equations as D’Alembert’s principle does in setting up the mechan-
ical and acoustical equations. That is to say, every electrical, mechanical,
or acoustical system may be considered as a combination of electrical,
mechanical, or acoustical elements. Therefore, any mechanical or acoustical
system may be reduced to an electrical network and the problem may be
solved by electrical circuit theory.

In view of the tremendous amount of study which has been directed
toward the solution of circuits, particularly electrical circuits, and the
engineer’s familiarity with electrical circuits, it is logical to apply this
knowledge to the solution of vibration problems in other fields by the same
theory as that used in the solution of electrical circuits.

It is the purpose of this chapter to develop the analogies between elements3
in electrical, mechanical, and acoustical systems.

1 The use of the terms “‘ circuit ’ and * network *’ in the literature is not established.
The term * circuit ”’ is often used to designate a network with several branches.

2 The term ‘‘ single dimension ’ implies that the movement or variation occurs along
a path. In a field problem there is a variation in two or three dimensions.

3 For further considerations of analogies see Olson, ‘‘ Dynamical Analogies,”” D. Van
Nostrand Company, Princeton, N.J., 1943.
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4.2. Definitions.—A few of the terms used in dynamical analogies will
be defined in this section. Terms not listed below will be defined in sub-
sequent sections.

Abvolt—An abvolt is the unit of electromotive force.

Instantaneous Electromotive Force—The instantaneous electromotive
force between two points is the total instantaneous electromotive force.
The unit is the abvolt.

Effective Electromotive Force—The effective electromotive force is the
root mean square of the instantaneous electromotive force over a complete
cycle between two points. The unit is the abvolt.

Maximum Electromotive Force—The maximum electromotive force for
any given cycle is the maximum absolute value of the instantaneous electro-
motive force during that cycle. The unit is the abvolt.

Peak Electromotive Force—the peak electromotive force for any specified
time interval is the maximum absolute value of the instantaneous electro-
motive force during that interval. The unit is the abvolt.

Dyne—A dyne is the unit of force or mechanomotive force.

Instantaneous Force (Instantaneous Mechanomotive Force)—The in-
stantaneous force at a point is the total instantaneous force. The unit is
the dyne.

Effective Force (Effective Mechanomotive Force)—The effective force
is the root mean square of the instantaneous force over a complete cycle.
The unit is the dyne.

Maximum Force (Maximum Mechanomotive Force)—The maximum
force for any given cycle is the maximum absolute value of the instanta-
neous force during that cycle. The unit is the dyne.

Peak Force (Peak Mechanomotive Force)—The peak force for any
specified interval is the maximum absolute value of the instantaneous
force during that interval. The unit is the dyne.

Dyne Centimeter—A dyne centimeter is the unit of torque or rotato-
motive force.

Instantaneous Torque (Instantaneous Rotatomotive Force)—The in-
stantaneous torque at a point is the total instantaneous torque. The unit
is the dyne centimeter.

Effective Torque (Effective Rotatomotive Force)—The effective torque
is the root mean square of the instantaneous torque over a complete cycle.
The unit is the dyne centimeter.

Maximum Torque (Maximum Rotatomotive Force)—The maximum
torque for any given cycle is the maximum absolute value of the instanta-
neous torque during that cycle. The unit is the dyne centimeter.

Peak Torque (Peak Rotatomotive Force)—The peak torque for a speci-
fied interval is the maximum absolute value of the instantaneous torque
during that interval. The unit is the dyne centimeter.

Dyne per Square Centimeter—A dyne per square centimeter is the unit
of sound pressure.

Static Pressure—The static pressure is the pressure that would exist
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in a medium with no sound waves present. The unit is the dyne per square
centimeter.

Instantaneous Sound Pressure (Instantaneous Acoustomotive Force)—
The instantaneous sound pressure at a point is the total instantaneous
pressure at the point minus the static pressure. The unit is the dyne per
square centimeter.

Effective Sound Pressure (Effective Acoustomotive Force)—The effective
sound pressure at a point is the root mean square value of the instantaneous
sound pressure over a complete cycle at the point. The unit is the dyne
per square centimeter.

Maximum Sound Pressure (Maximum Acoustomotive Force)—The
maximum sound pressure for any given cycle is the maximum absolute value
of the instantaneous sound pressure during that cycle. The unit is the
dyne per square centimeter.

Peak Sound Pressure (Maximum Acoustomotive Force)—The peak sound
pressure for any specified time interval is the maximum absolute value of
the instantaneous sound pressure in that interval. The unit is the dyne per
square centimeter.

Abampere—An abampere is the unit of current.

Instantaneous Current—The instantaneous current at a point is the total
instantaneous current at that point. The unit is the abampere.

Effective Current—The effective current at a point is the root mean
square value of the instantaneous current over a complete cycle at that
point. The unit is the abampere.

Maximum Current—The maximum current for any given cycle is the
maximum absolute value of the instantaneous current during that cycle.
The unit is the abampere.

Peak Current—The peak current for any specified time interval is the
maximum absolute value of the instantaneous current in that interval.
The unit is the abampere.

Centimeter per Second—A centimeter per second is the unit of velocity.

Instantaneous Velocity—The instantaneous velocity at a point is the total
instantaneous velocity at that point. The unit is the centimeter per second.

Effective Velocity—The effective velocity at a point is the root mean
square value of the instantaneous velocity over a complete cycle at that
point. The unit is the centimeter per second.

Maximum Velocity—The maximum velocity for any given cycle is the
maximum absolute value of the instantaneous velocity during that cycle.
The unit is the centimeter per second.

Peak Velocity—The peak velocity for any specified time interval is the
maximum absolute value of the instantaneous velocity in that interval.
The unit is the centimeter per second.

Radian per Second—A radian per second is the unit of angular velocity.

Instantaneous Angular Velocity—The instantaneous angular velocity
at a point is the total instantaneous angular velocity at that point. The
unit is the radian per second.
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Effective Angular Velocity—The effective angular velocity at a point
is the root mean square value of the instantaneous angular velocity over
a complete cycle at that point. The unit is the radian per second.

Maximum Angular Velocity—The maximum angular velocity for any
given cycle is the maximum absolute value of the instantaneous angular
velocity during that cycle. The unit is the radian per second.

Peak Angular Velocity—The peak angular velocity for any specified
time interval is the maximum absolute value of the instantaneous angular
velocity in that interval. The unit is the radian per second.

Cubic Centimeter per Second—A cubic centimeter per second is the unit
of volume current.

Instantaneous Volume Current—The instantaneous volume current
at a point is the total instantaneous volume current at that point. The
unit is the cubic centimeter per second.

Effective Volume Current—The effective volume current at a point is
the root mean square value of the instantaneous volume current over a
complete cycle at that point. The unit is the cubic centimeter per second.

Maximum Volume Current—The maximum volume current for any
given cycle is the maximum absolute value of the instantaneous volume
current during that cycle. The unit is the cubic centimeter per second.

Peak Volume Current—The peak volume current for any specified time
interval is the maximum absolute value of the instantaneous volume current
in that interval. The unit is the cubic centimeter per second.

Electrical Impedance—Electrical impedance is the complex quotient
of the alternating electromotive force applied to the system by the resulting
current. The unit is the abohm.

Electrical Resistance—Electrical resistance is the real part of the elec-
trical impedance. This is the part responsible for the dissipation of energy.
The unit is the abohm.

Electrical Reactance—Electrical reactance is the imaginary part of the
electrical impedance. The unit is the abohm.

Inductance—Inductance in an electrical system is that coefficient which,
when multiplied by 2= times the frequency, gives the positive imaginary
part of the electrical impedance. The unit is the abhenry.

Electrical Capacitance—Electrical capacitance in an electrical system
is that coefficient which, when multiplied by 27 times the frequency, is
the reciprocal of the negative imaginary part of the electrical impedance.
The unit is the abfarad.

Mechanical Rectilineal Impedance? (Mechanical Impedance)—Mechan-
ical rectilineal impedance is the complex quotient of the alternating force

4 The word ‘‘ mechanical "’ is ordinarily used as a modifier to designate a mechanical
system with rectilineal displacements and the word * rotational ”’ is ordinarily used as
a modifier to designate a mechanical system with rotational displacements. To avoid
ambiguity in this book, where both systems are considered concurrently, the words
‘“ mechanical rectilineal "’ are used as modifiers to designate a mechanical system with

rectilineal displacements and the words ‘‘ mechanical rotational *’ are used as modifiers
to designate a mechanical system with rotational displacements.
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applied to the system by the resulting linear velocity in the direction of the
force at its point of application. The unit is the mechanical ohm.

Mechanical Rectilineal Resistance (Mechanical Resistance)—Mechanical
rectilineal resistance is the real part of the mechanical rectilineal impedance.
This is the part responsible for the dissipation of energy. The unit is the
mechanical ohm.

Mechanical Rectilineal Reactance (Mechanical Reactance)—Mechanical
rectilineal reactance is the imaginary part of the mechanical rectilineal
impedance. The unit is the mechanical ohm.

Mass—Mass in a mechanical system is that coefficient which, when
multiplied by 27 times the frequency, gives the positive imaginary part of
the mechanical rectilineal impedance. The unit is the gram.

Compliance—Compliance in a mechanical system is that coefficient which,
when multiplied by 2= times the frequency, is the reciprocal of the negative
imaginary part of the mechanical rectilineal impedance. The unit is the
centimeter per dyne.

Mechanical Rotational Impedance (Rotational Impedance)—Mechanical
rotational impedance is the complex quotient of the alternating torque
applied to the system by the resulting angular velocity in the direction of
the torque at its point of application. The unit is the rotational ohm.

Mechanical Rotational Resistance (Rotational Resistance)—Mechanical
rotational resistance is the real part of the mechanical rotational impedance.
This is the part responsible for the dissipation of energy. The unit is the
rotational ohm.

Mechanical Rotational Reactance (Rotational Reactance)—Mechanical
rotational reactance is the imaginary part of the mechanical rotational
impedance. The unit is the rotational ohm.

Moment of Inertia—Moment of inertia in a mechanical rotational system
is that coefficient which, when multiplied by 2= times the frequency, gives
the positive imaginary part of the mechanical rotational impedance. The
unit is the gram centimeter to the second power.

Rotational Compliance—Rotational compliance in a mechanical rota-
tional system is that coefficient which, when multiplied by 27 times the
frequency, is the reciprocal of the negative imaginary part of the
mechanical rotational impedance. The unit is the radian per centimeter
per dyne.

Acoustical Impedance—Acoustical impedance is the complex quotient
of the alternating pressure applied to the system by the resulting volume
current. The unit is the acoustical ohm.

Acoustical Resistance—Acoustical resistance is the real part of the
acoustical impedance. This is the part responsible for the dissipation of
energy. The unit is the acoustical ohm.

Acoustical Reactance—Acoustical reactance is the imaginary part of the
acoustical impedance. The unit is the acoustical ohm.

Inertance—Inertance in an acoustical system is that coefficient which,
when multiplied by 27 times the frequency, gives the positive imaginary
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part of the acoustical impedance. The unit is the gram per centimeter
to the fourth power.

Acoustical Capacitance—Acoustical capacitance in an acoustical system
is that coefficient which, when multiplied by 2# times the frequency, is the
reciprocal negative imaginary part of the acoustical impedance. The unit
is the centimeter to the fifth power per dyne.

Element—An element or circuit parameter in an electrical system defines
a distinct activity in its part of the circuit. In the same way, an element
in a mechanical rectilineal, mechanical rotational, or acoustical system
defines a distinct activity in its part of the system. The elements in an
electrical circuit are electrical resistance, inductance, and electrical capaci-
tance. The elements in a mechanical rectilineal system are mechanical
rectilineal resistance, mass, and compliance. The elements in a mechanical
rotational system are mechanical rotational resistance, moment of inertia,
and rotational compliance. The elements in an acoustical system are
acoustical resistance, inertance, and acoustical capacitance.

Electrical System—An electrical system is a system adapted for the
transmission of electrical currents consisting of one or all of the electrical
elements: electrical resistance, inductance, and electrical capacitance.

Mechanical Rectilineal System—A mechanical rectilineal system is a
system adapted for the transmission of vibrations consisting of one or all
of the following mechanical rectilineal elements: mechanical rectilineal
resistance, mass, and compliance.

Mechanical Rotational System—A mechanical rotational system is a
system adapted for the transmission of rotational vibrations consisting of
one or all of the following mechanical rotational elements: mechanical
rotational resistance, moment of inertia, and rotational compliance.

Acoustical System—An acoustical system is a system adapted for the
transmission of sound consisting of one or all of the following acoustical
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 rectilineal resistance, reactance, or

| impedance is said to have a magnitude of one mechanical ohm when a force

of one dyne produces a velocity of one centimeter per second.
Rotational Ohm—A mechanical rotational resistance, reactance, or
impedance is said to have a magnitude of one rotational ohm when a torque

" of one dyne centimeter produces an angular velocity of one radian 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.

4.3. Elements.5

5The symbols used in this book conform with American Standards Association,
“ Letter Symbols for Acoustics,” Y10.11-1953.

An element or circuit parameter in an electrical system
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defines a distinctive activity in its part of the circuit. In an electrical system
these elements are resistance, inductance, and capacitance. They are dis-
tinguished from the devices: resistor, inductor, and capacitor. A resistor,
inductor, or capacitor idealized to have only resistance, inductance, and
capacitance is a circuit element. As indicated in the preceding chapter,
the study of mechanical and acoustical systems is facilitated by the intro-
duction of elements analogous to the elements of an electric circuit. In
this procedure, the first step is to develop the elements in these vibrating
systems. It is the purpose of this chapter to define and describe electrical,
mechanical rectilineal, mechanical rotational, and acoustical elements.

4.4. Resistance.—A. Electrical Resistance.—Electrical energy is changed
into heat by the passage of an electrical current through a resistance.
Energy is lost by the system when a charge g of electricity is driven through
a resistance by a voltage e. Resistance is the circuit element which causes
dissipation.

Electrical resistance rg, in abohms, is defined as

e

YR = Z- 4.1
where e = voltage across the electrical resistance, in abvolts, and
7 = 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.

B. Mechanical Rectilineal Resistance.—Mechanical rectilineal 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 rectlhneal resistance is
displaced a distance x by a force far.

Mechanical rectilineal resistance (termed mechanical resistance) 7y,
in mechanical ohms, is defined as

fM

™M ="— 4.2

where far = applied mechanical force, in dynes, and
u = velocity at the point of application of the force, in centimeters
per second.

Equation 4.2 states that the driving force applied to a mechanical recti-
lineal resistance is proportional to the mechanical rectilineal resistance
and the linear velocity.

C. Mechanical Rotational Resistance—Mechanical rotational energy
is changed into heat by a rotational motion which is opposed by a rotational
resistance (rotational friction). Energy is lost by the system when a
mechanical rotational resistance is displaced by an angle ¢é by a torque fg.
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Mechanical rotational resistance (termed rotational resistance) 7g, in
rotational ohms, is defined as

TR :_%i! 4'3

where fr = applied torque, in dyne centimeters, and
0 = angular velocity at the point of application about the axis,
in radians per second.

Equation 4.3 states that the driving torque applied to a mechanical
rotational resistance is proportional to the mechanical rotational resistance
and the angular velocity.

D. 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 resistance.
The resistance is due to viscosity. Energy is lost by the system when a
volume X of a fluid or gas is driven through an acoustical resistance by a

pressure p.
Acoustical resistance 74, in acoustical ohms, is defined as
_ P
Y4 = U 4‘4‘

where p = pressure, in dynes per square centimeter, and
U = volume current, in cubic centimeters per second.

Equation 4.4 states that the driving pressure applied to an acoustical
resistance is proportional to the acoustical resistance and the volume current.

4.5. Inductance, Mass, Moment of Inertia, Inertance.—A. Inductance.
—Electromagnetic 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 abhenries, is defined
as

di
e=1L % 4.5
where e = electromotive or driving force, in abvolts, and
dijdt = rate of change of current, in abamperes per second.

Equation 4.5 states that the electromotive force across an inductance is
proportional to the inductance and the rate of change of current.

B. Mass.—Mechanical rectilineal inertial energy is associated with
mass in the mechanical rectilineal system. Mechanical rectilineal energy
increases as the linear velocity of a mass increases, that is, during linear
acceleration. It decreases when the velocity decreases. It remains
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constant when the velocity is constant. Mass is the mechanical element
which opposes a change of velocity. Mass m, in grams, is defined as

du

where du/dt = acceleration, in centimeters per second per second, and
fm = driving force, in dynes.

Equation 4.6 states that the driving force applied to the mass is pro-
portional to the mass and the rate of change of velocity.

C. Moment of Inertia—Mechanical rotational inertial energy is associated
with moment of inertia in the mechanical rotational system. Mechanical
rotational energy increases as the angular velocity of a moment of inertia
increases, that is, during angular acceleration. It decreases when the angular
velocity decreases. It remains a constant when the angular velocity is a con-
stant. Moment of inertia is the rotational element which opposes a change
in angular velocity. Moment of inertia 7, in gram (centimeter)4, is given by

9
fa=1% 47

where df/dt = angular acceleration, in radians per second per second, and
fr = torque, in dyne centimeters.

Equation 4.7 states that the driving torque applied to the moment of
inertia is proportional to the moment of inertia and the rate of change of
angular velocity.

D. Inertance—Acoustical inertial energy is associated with inertance
in the acoustical system. Acoustical energy increases as the volume current
of an inertance increases. It decreases when the volume current decreases.
It remains constant when the volume current of the inertance is a constant.
Inertance is the acoustical element that opposes a change in volume current.
Inertance M, in grams per (centimeter)4, is defined as

p— il s
where M = inertance, in grams per (centimeter)?,

dU/dt = rate of change of volume current, in cubic centimeters
per second per second, and
¢ = driving pressure, in dynes per square centimeter.

Equation 4.8 states that the driving pressure applied to an inertance is
proportional to the inertance and the rate of change of volume current.
Inertance® may be expressed as
M = @ 4.9
where m = mass, in grams,
S = cross-sectional area in square centimeters, over which the
driving pressure acts to drive the mass.

6 See Sec. 5.6.
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The inertance of a circular tube is
_ A ’
= 4.10
where R = radius of the tube, in centimeters,
I = effective length of the tube, that is, length plus end correction,
in centimeters, and
p = density of the medium in the tube, in grams per cubic centi-
meter.

4.6. Electrical Capacitance, Rectilineal Compliance, Rotation Com-
pliance, Acoustical Capacitance.—A. Electrical Capacitance.—Electro-
static energy is associated with the separation of positive and negative
charges, as in the case of the charges on the two plates of an electrical
capacitance. Electrostatic energy increases as the charges of opposite
polarity are separated. It is constant and stored when the charges remain
unchanged. It decreases as the charges are brought together and the
electrostatic energy released. Electrical capacitance is the electrical cir-
cuit element which opposes a change in voltage. Electrical capacitance
Cpg, in abfarads, is defined as

. de
1 = CE Et . 4‘.11
Equation 4.11 may be written

1 (. q
e—gfzdt—c—E 4.12
where ¢ = charge on electrical capacitance, in abcoulombs, and

¢ = electromotive force, in abvolts.

Equation 4.12 states that the charge on an electrical capacitance is pro-
portional to the electrical capacitance and the applied electromotive force.

B. Rectilineal Compliance.—Mechanical rectilineal potential energy is
associated with the compression of a spring or compliant element. Mechan-
ical energy increases as the spring is compressed. It decreases as the
spring is allowed to expand. It is a constant, and is stored, when the spring
remains immovably compressed. Rectilineal compliance is the mechanical
element which opposes a change in the applied force. Rectilineal compliance
Cm (termed compliance) is defined as

fur = %{ 413

where x = displacement, in centimeters, and
fm = applied force, in dynes.

Equation 4.13 states that the displacement of a compliance is propor-
tional to the compliance and the applied force.
Stiffness is the reciprocal of compliance.
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C. Rotational Compliance—Mechanical rotational potential energy is
associated with the twisting of a spring or compliant element. Mechanical
energy increases as the spring is twisted. It decreases as the spring is
allowed to unwind. It is constant, and is stored when the spring remains
immovably twisted. Rotational compliance is the mechanical element
which opposes a change in the applied torque. Rotational compliance
Cpg, or moment of compliance, is defined as

_ 9
frR= o 4.14
where ¢ = angular displacement, in radians, and
fr = applied torque, in dyne centimeters.

Equation 4.14 states that the rotational displacement of the rotational
compliance is proportional to the rotational compliance and the applied
torque.

D. Acoustical Capacitance.—Acoustical potential energy is associated
with the compression of a fluid or gas. Acoustical energy increases as the
gas is compressed. It decreases as the gas is allowed to expand. It is
constant, and is stored when the gas remains immovably compressed.
Acoustical capacitance is the acoustic element which opposes a change in
the applied pressure. The pressure, in dynes per square centimeter, in
terms of the condensation, is from equation 1.21

P = c2ps 4.15

where ¢ = velocity, in centimeters per second,
p = density, in grams per cubic centimeter, and
s = condensation, defined in equation 4.16.

The condensation in a volume ¥V due to a change in volume from V to
V'is
V-V
I 74
The change in volume ¥V — V', in cubic centimeters, is equal to the
volume displacement, in cubic centimeters.

V—-V=X 4.17

4.16

where X = volume displacement, in cubic centimeters.
From equations 4.15, 4.16, and 4.17, the pressure is

_pet
= 7 X 4.18
Acoustical capacitance C 4 is defined as

X
p=¢ 4.19
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where p = sound pressure in dynes per square centimeter, and
X = volume displacement, in cubic centimeters.

Equation 4.19 states the volume displacement in an acoustical capaci-
tance is proportional to the pressure and the acoustical capacitance.
From equations 4.18 and 4.19 the acoustical capacitance of a volume is

. 420
pC

where V' = volume, in cubic centimeters.
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F1G. 4.1. Graphical representation of the three basic elements in
electrical, mechanical rectilineal, mechanical rotational, and acousti-
cal systems.

vr = electrical resis- v4 = acoustical re- 7p = mechanical rec-

tance sistance tilineal resis-
tance

vgr .. mechanical ro- L = inductance M = inertance
tational resis-
tance

m .. mass I = moment of Cg = electrical capa-

inertia citance

C4= acoustical ca- Cy = compliance Cg = rotational com-

pacitance pliance

4.7. Representation of Electrical, Mechanical Rectilineal, Mechan-
ical Rotational, and Acoustical Elements.—Electrical, mechanical
rectilineal, mechanical rotational, and acoustical elements have been defined
in the preceding sections. Fig. 4.1 illustrates schematically the four elements
in each of the four systems.

The electrical elements, electrical resistance, inductance, and electrical
capacitance are represented by the conventional symbols.

Mechanical rectilineal resistance is represented by sliding friction which
causes dissipation. Mechanical rotational resistance is represented by a
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wheel with a sliding friction brake which causes dissipation. Acoustical
resistance is represented by narrow slits which cause dissipation due to
viscosity when fluid is forced through the slits. These elements are
analogous to electrical resistance in the electrical system.

Inertia in the mechanical rectilineal system is represented by a mass.
Moment of inertia in the mechanical rotational system is represented by a
flywheel. Inertance in the acoustical system is represented as the fluid
contained in a tube in which all the particles move with the same phase
when actuated by a force due to pressure. These elements are analogous
to inductance in the electrical system.

Compliance in the mechanical rectilineal system is represented as a spring.
Rotational compliance in the mechanical rotational system is represented
as a spring. Acoustical capacitance in the acoustical system is represented
as a volume which acts as a stiffness or spring element. These elements are
analogous to electrical capacitance in the electrical system.

In the preceding discussion of electrical, mechanical rectilineal, mechanical
rotational, and acoustical systems it was observed that the four systems are
analogous. As pointed out in the introduction, using the dynamical concept
for flow of electrical currents in electrical circuits the fundamental laws are
of the same nature as those which govern the dynamics of a moving body.
In general, the three fundamental dimensions are mass, length, and time.
These quantities are directly connected to the mechanical rectilineal system.
Other quantities in the mechanical rectilineal system may be derived in
terms of these dimensions. In terms of analogies the dimensions in the
electrical circuit corresponding to length, mass, and time in the mechanical
rectilineal system are charge, self-inductance, and time. The corresponding
analogous dimensions in the rotational mechanical system are angular
displacement, moment of inertia, and time. The corresponding analogous
dimensions in the acoustical system are volume displacement, inertance, and
time. The above-mentioned fundamental dimensions in each of the four
systems are shown in tabular form in Table 4.1. Other quantities in each
of the four systems may be expressed in terms of the dimensions of Table 4.1.
A few of the most important quantities have been tabulated in Table 4.2.
Tables 4.1 and 4.2 depict analogous quantities in each of the four systems.
Further, they show that the four systems are dynamically analogous.

The dimensions given in Table 4.1 should not be confused with the classical
dimensions of electrical, mechanical, and acoustical systems given in Table
4.3. Table 4.3 uses mass M, length L, and time 7. In the case of
electrical units dielectric and permeability constants are assumed to be
dimensionless.

For further considerations of dynamical analogies, as, for example,
electrical, mechanical rectilineal, mechanical rotational, and acoustical
systems of one, two, and three degrees of freedom, corrective networks,
wave filters, transients, driving systems, generating systems, theorems and
applications, the reader is referred to Olson, “Dynamical Analogies,”’ D.
Van Nostrand Company, Princeton, N.J., 1943.



TABLE 4.1

Electrical Mechanical Rectilineal Mechanical Rotational Acoustical
Quantity Symbol Quantity Symbol . Quantity Symbol Quantity Symbol
Self-Inductance L Mass m Moment of Inertia I Inertance M
Electrical Charge q Linear Displacement x Angular Displacement ¢ ;olume Displacement X
Time t Time t Time t Time t
;
TABLE 4.2
Electrical Mechanical Rectilineal Mechanical Rotational Acoustical
Quantity Sg:ll ) Dili’gin- Quantity Sg(r)xf ] Dggin_ Quantity Sggll ) D;Iir(;in_ Quantity Sg(r)xll ] D;rix;(:ln-
Current [ gt1 |Linear Zorv xt~1  |Angular dord ¢t~1  |Volume XorU Xt-1
Velocity Velocity Current
Electromotive e Lgt-2 |Force fu mxt—2 |Torque fr I$t-2 |Pressure P MXt—2
Force
Electrical vE Lt-1  |Mechanical M mit-1 |Rotational 1733 It-1  |Acoustical ¥4 M1
Resistance Resistance Resistance Resistance
Electrical Cg L-1t2  |Compliance Cu m~—142 |Rotational Cr I-142 | Acoustical Cy M-142
Capacitance Compliance Capacitance
Energy Wg Lq%-2 |Energy Wy |mx2%-2 |Energy Wr I42t-2 |Energy W, MX%-2
Power Py Lg%-3 |Power Py mx2t—3 Power Pgr I42t-3 |Power Py MX2t-3
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TABLE 4.3
Electrical Mechanical Rectilineal
Quantity Unit Sl})’:ll' Dimension| Quantity Unit Sl};:;' Dimension
Electromo- ’ s M1/2[ 3/2 .
tive Force Volts x 10 e T-2 Force Dynes fu | MLT
o | Linear Dis- .
Chéff:ngirty Coulombs x 10-1] ¢ | M1/2L1/2 placement Centimeters| » L
4 % |M?1j2L1/2 | Linear Centimeters|; =
Current Amperes x 10-1 T-1| Velocity | per Second |* °F ! LT+
Electrical i i
_ Mechanical| Mechanical -
Imped- Ohms X 109 ZE LT Impedance| Ohms 2y MT-
ance
Electrical . .

. _ Mechanical| Mechanical _
Resist- Ohms x 10° rE LT Resistancel  Ohms 2% MT-?
ance

Electrical _ Mechanical| Mechanical| xx -1
Reactance Ohms X 10° *E r Reactance Ohms MT
Inductance | Henries x 10? | L L Mass Grams m M
Electrical i
Capaci- Farads x 10-% | Cg L-1T2 | Compliance C;r;?]r;;;eers Cy | M1T2
tance
Power Ergs per Second | Py | ML2T-3 | Power ]é:;gsmfzfr Py | ML2T-3
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TABLE 4.3—Continued.
Mechanical Rotational Acoustical
Quantity Unit Sggll' Dimension| Quantity Unit Sg:ll_ Dimension
Dyne ‘ p D%rnes per .
Torque : r | ML2T-2 | Pressure quare P |MLT-
Centimeter Centimeter
Angular Radi s | |Volume Dis- Cubic Cen- | s
p ace adians placement| timeters
ment
. Cubic Cen- |y
Angular Radians per ¢ or 0 -1 Volume 7 X or _
. timeter per L3711
Velocity Second Current Second U
Rotational . . .
Rotational o1 | Acoustical | Acoustical 41
ir:c;;ed- Ohms “r | ML®T Impedance] Ohms Za |ML™T
Rotational . . .

p Rotational a1 | Acoustical | Acoustical a1
aR;SéSt' Ohms e | ML®T Resistance] Ohms ra | MLAT
Rotational Rotational a7-1 | Acoustical | Acoustical 4l
Reactance Ohms ¥z | ML?T Reactance] Ohms ¥4 | MLAT

Grams per
Moment of | (Gram) (Cent- | ;| prrs |fpertance | (Centime- | M | ML-4
Inertia imeter)?2 ter)4
Rotational Radians per Acoustical | (Centime-
Compli- Dyne per Crp |M-1L-2T? Capaci- ter)5 per C4 | M-1LAT2
ance Centimeter tance Dyne
Ergs per 27_3 Ergs per 27 _3
Power Second Pr | ML2T Power Second Py | ML2T




53

ACOUSTICAL ELEMENTS

5.1. Introduction.—The preceding chapter is devoted to analogies be-
tween electrical, mechanical, and acoustical systems. The purpose of draw-
ing these analogies is to facilitate the solution of problems in mechanical
and acoustical vibrating systems by converting these problems into the
corresponding electrical analogies and solving the resultant electrical
circuits by conventional electrical circuit theory. An electrical circuit is
composed of electrical elements. In the same way the acoustical system
is composed of acoustical elements. The type of element, that is, acousti-
cal resistance, inertance, or acoustical capacitance, will depend upon the
characteristic manner in which the medium behaves for different sources of
sound and in the different ways of confining the medium. It is the purpose
of this chapter to consider acoustical elements and combination of elements.

5.2. Acoustical Resistance.—Acoustical resistance may be obtained by
forcing air through a small hole. The resistance is due to viscosity which
may be considered as friction between adjacent layers of air. In the
ordinary transmission of sound in a large tube the motion of all the particles
in a plane normal to the axis is the same, therefore the frictional losses are
small. When sound travels in a small tube the particle velocity varies
from zero at the boundary to a maximum at the center. The same is true
when a steady stream of air is forced through a small hole or tube, the
velocity of adjacent layers varies from zero at the boundary to a maximum
at the center. The smaller the hole the higher will be the resistance because
of the greater effect of the sides.

A small tube also has inertance. Therefore, the reactive component
increases with frequency. The inertive reactance increases as the size of
the hole decreases as does the acoustical resistance, but at a slower rate.
Therefore, the inertive reactance may be made negligible compared to the
acoustical resistance if the hole is made sufficiently small.

Acoustical resistance employing viscosity may be made in various forms
as, for example, a large number of small holes or a large number of slits.
The acoustical impedance of fine holes and slits will be considered in the
next two sections.

5.3. Acoustical Impedance of a Tube of Small Diameter.—The trans-
mission of sound waves or direct currents of air in a small tube is influenced

88
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by acoustical resistance due to viscosity. The diameter is assumed to be
small compared to the length so that the end correction may be neglected.
The length is assumed to be small compared to the wavelength.

The acoustical impedance, in acoustical ohms, of a small-diameter
tubel.2.8 is given by

I (8u 4.
24 = m(ﬁ—z - 3]wp) 5.1

where R = radius of the tube, in centimeters,
wu = viscosity coefficient, 1.86 x 10—4 for air,
w = 2af, f = frequency, in cycles per second,
! = length of the tube, in centimeters, and
p = density, in grams per cubic centimeter.

The effect of viscosity is to introduce acoustical resistance in the form of
dissipation as well as to add to the acoustical reactance.

The acoustical resistance of a single hole is ordinarily much too high.
The desired acoustical resistance may be obtained by using a sufficient
number of holes.

5.4. Acoustical Impedance of a Narrow Slit.—A narrow slit acts in a
manner quite similar to the narrow tube. The length is assumed to be
small compared to the wavelength. The thickness is assumed to be small
compared to the length.

The acoustical impedance, in acoustical ohms, of a narrow slit4,5:6 is
given by

12pw . 6pww
=g T s 32

where p = viscosity coefficient, 1.86 x 104 for air,
p = density, in grams per cubic centimeter,
d = thickness of the slit normal to the direction of flow, in centi-
meters,
! = width of the slit normal to the direction of flow, in centimeters,
w = length of the slit in the direction of the flow, in centimeters,
w = 2xf, and
f = frequency, in cycles per second.

1Crandall, *“ Vibrating Systems and Sound,”” D. Van Nostrand Company, Princeton,
N.J., 1926.

2 Lamb, “ Dynamical Theory of Sound,”” E. Arnold, London, 1931.

3 Rayleigh, ‘“ Theory of Sound,” Macmillan and Company, London, 1926.
! 4Crandall, *“ Vibrating Systems and Sound,”” D. Van Nostrand Company, Princeton,
- N.J., 1926.
5 Lamb, ‘“ Dynamical Theory of Sound,” E. Arnold, London, 1931.
6 Rayleigh, ‘“ Theory of Sound,” Macmillan and Company, London, 1926.
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In equation 5.2 the acoustical resistance varies inversely as the cube of d
and the inertance inversely as 4. Therefore, practically any ratio of
inertance to acoustical resistance may be obtained. The magnitude may
be obtained by a suitable choice of w and /. A slit type of acoustical re-
sistance may be formed by using a pile of washers spaced by small shims.
Another form consists of a spiral of tape with adjacent turns very close
together.

5.5. Acoustical Resistance of Silk Cloth.—Silk cloth provides a simple
means of obtaining an acoustical resistance. The magnitude of the acousti-
cal resistance is governed by the size and nature of the holes in the material
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Fic. 5.1. The acoustical resistance, per square
centimeter, of sheer silk cloth as a function of the
number of layers.

and the number of layers of the cloth. The acoustical resistance of sheer
silk cloth as a function of the number of layers of the material is shown in
Fig. 5.1. As in the case of the small tube and narrow slit, the ratio of
acoustical resistance to inertance is governed by the size of the holes (see
equations 5.1 and 5.2).

Silk cloth has been used as an acoustical resistance element in micro-
phones, telephone receivers, and loudspeakers for many years. The struc-
tural simplicity and the high ratio of acoustical resistance to inertance
make it particularly desirable as an acoustical resistance.
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5.6. Inertance.—Inertance is defined, in Sec. 4.5D, as

mass
M = <z 5.3
where S = area, in square centimeters, over which the driving pressure
acts to drive the mass, in grams.

The acoustical impedance of various types of systems will be considered
in Secs. 5.8, 5.9, 5.10, 5.11, 5.12, 5.13 and 5.14. The imaginary part of these
expressions is due to the inertance of the systems.

For closed systems the acoustical resistance term of Secs. 5.8, 5.9, 5.10,
5.11, 5.12, 5.13 and 5.14 should be omitted because there is no radiation.
In this case the entire acoustical impedance is positive acoustical reactance.
The acoustical reactance term of equations 5.1 and 5.2 is due to inertance.

5.7. Acoustical Capacitance.—The most common type of acoustical
capacitance used in acoustical systems consists of a cavity or volume with
rigid boundaries. The linear dimensions of the enclosure are assumed to
be small compared to the wavelength.

For equation 1.21 the sound pressure is

b = pc2s 5.4
where p = density of air, in grams per cubic centimeter,
¢ = velocity of sound, in centimeters per second, and
s = condensation.
The condensation, from Sec. 1.3D, is

5= ’17 55

where dV is the change in the original volume V.
aV=Sx=X 5.6
where x = displacement, in centimeters, over the area S, in square centi-

meters, and
X = volume displacement, in cubic centimeters.
From equations 5.4, 5.5, and 5.6.

X_V 5.7
P pc?
The ratio X/p is termed the acoustical capacitance by definition (see
Sec. 4.6D). Therefore the acoustical capacitance of a volume is
|4
Cqa= I 5.8
The next consideration will be an acoustical capacitance combined with
an acoustical resistance. The acoustical impedance of a cavity in which
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the boundaries or a portion of the boundary is terminated in an acoustical
resistance is

j— 74
24 = T T joraCa 59

where 74 = acoustical resistance of the boundary, in acoustical ohms,
C 4 = acoustical capacitance of the volume, in cubic centimeters per
second,
w = 2xf, and
f = frequency, in cycles per second
5.8. Mechanical and Acoustical Impedance Load upon a Vibrating
Piston.?8,9. i i
load upon one side of a vibrating piston set in an infinite baffle is

= mR2pe [1 Ju ZkR] + 1 T2 K (2RR) 5.10

where R = radius of piston, in centimeters,
p = density, in grams per cubic centimeter,
¢ = velocity of sound, in centimeters per second,

k= 2m/A,
A = wavelength, in centimeters,
w = 2xf, and

f = frequency, in cycles per second.
J1 and K; may be found in treatisesl®ll on Bessel functions. They
are also defined by the series,
J1(2kR) _ k2R% _ k4R* i k8RS
kR 2 22.3 ' 22324 °°°

K1(2kR) = 7_27[(2’31?)3 __(2kR)5 | (2kR)" ]

1 —

- R I 5.11

The acoustical impedance, in acoustical ohms, of the air load upon one
side of a vibrating piston in an infinite baffle is

pc Ja( 1 ZkR jwp
24 = ;R—Z[l + gLt Ki(2kR) 5.12
The acoustical impedance per unit area of the piston is
T 1 ZkR Jwp
5= pe [ + b K1 (2kR) 5.13

7 Rayleigh,  Theory of Sound,” Macmillan and Company, London, 1926.

8 Crandall, *‘ Vibrating Systems and Sound,”” D. Van Nostrand Company, Princeton,
N.J., 1926.

9 Stewart and Lindsay, ‘‘ Acoustics,” D. Van Nostrand Company, Princeton, N.J.,
1930.

10 Watson, ‘‘ Theory of Bessel Functions,”” Cambridge Press, London, 1922.

11 Jahnke and Emde, ‘‘ Tables of Function,”” Teubner, Berlin, 1928.




ACOUSTICAL ELEMENTS 93

The resistive and reactive acoustical impedance components of the air
load per unit area on one side of a vibrating piston set in an infinite baffle
are shown in Fig. 5.2. These characteristics are useful in determining the
radiation resistance and reactive component of the air load on the cone in a
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F1G. 5.2. The acoustical resistance, 71, and the acoustical reactance,
x1, load per unit area divided by p¢, as a function of 2R for the
following radiators: 1. a vibrating piston of radius R set in an
infinite baffle; 2. a pulsating sphere of radius R; 3. an oscillating
sphere of radius R. Note: The ordinate scale of the characteristics
labeled 3 must be multiplied by one-third. (See Sec. 5.10.)

direct radiator loudspeaker. It is also customary to use these characteristics
for the acoustical impedance at the mouth of a finite horn in computing the
throat acoustical impedance.

5.9. Mechanical and Acoustical Impedance Load Upon a Pulsating
Sphere.—The pulsating sphere is a sphere whose radius increases and de-
creases with time. The motion of the air around the sphere will, like the
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motion of the sphere itself, take place only in radial directions and will have
the same velocity in all directions, but will depend upon the distance from
the center of the sphere.
The mechanical impedance, in mechanical ohms, of a pulsating sphere is
(kR)? + jRR]
T+ (kR)z"]

where R = radius of the sphere, in centimeters,

- 47rR2pC[ 5.14

p = density, in grams per cubic centimeter,

k = 2z/A,

A = wavelength, in centimeters, and

¢ = velocity of sound, in centimeters per second.

The acoustical impedance, in acoustical ohms, of the air load upon
pulsating sphere is

_pe [(BR)® + j(ER)
zA—47rR2[ T T (ER)? ] 515

The acoustical impedance per unit area is

_[(kR) + jhR
n = o |

The resistive and reactive acoustical impedance components of the air
load per unit area of a pulsating sphere are shown in Fig. 5.2. It will be
noticed that the load upon a pulsating sphere is practically the same as
that of a vibrating piston.

5.16

5.10. Mechanical and Acoustical Impedance Load upon an Oscil-
lating Sphere.—An oscillating sphere is a sphere whose radius remains
constant while the sphere executes a movement of translation as a function
of the time. The mechanical impedance, in mechanical ohms, of the air
load upon an oscillating sphere is

_ 4mR%pc[k4R* + j(2kR + k3R3)]
M= 4 + FiRA

where R = radius of the sphere, in centimeters,

5.17

p = density, in grams per cubic centimeter,

k = 27m/A,

A = wavelength, in centimeters, and

¢ = velocity of sound, in centimeters per second.

The acoustical impedance, in acoustical ohms, of the air load upon an
oscillating sphere is

5.18

L. _ _pc [K*R4+ j(2kR + KRY)
4= [2=R? 4 L EAR%
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The acoustical impedance per unit area of an oscillating sphere is
o PC kiR + j(2kRR + k3R3)]
173 4+ k°RS

The average reactive and resistive acoustical impedance components of the
air load upon an oscillating sphere are shown in Fig. 5.2. The load on an
oscillating sphere is not uniform. In order to compare the radiation charac-
teristics with those of a piston and a pulsating sphere, the ultimate acoustical
resistance has been made the same. However, the average acoustical
impedance per unit area of a vibrating sphere is one-third that of charac-
teristics 3 shown in Fig. 5.2.

The oscillating sphere is an acoustical doublet (see Sec. 2.3). There-
fore, the acoustical resistance component is proportional to the fourth power
of the frequency when the dimensions are small compared to the wave-
length. The oscillating sphere represents the direct radiator loudspeaker
without a baffle.

5.11. Mechanical and Acoustical Impedance Load upon a Pulsating
Cylinder.12—The pulsating cylinder is a cylinder whose radius increases
and decreases with time. The motion of the air around the cylinder will,
like the motion of the cylinder itself, take place in radial directions in planes
normal to the axis of the cylinder and will have the same radial velocity in
all directions but will depend upon the distance from the center of the
cylinder.

The mechanical impedance, in mechanical ohms, of the air load, per unit
length, upon a pulsating cylinder is

5.19

(2kR)2 + j2kR
1 4+ (2kR)?
where R = radius of the cylinder, in centimeters,

anr = zﬂRpc[ 5.20

p = density of air, in grams per cubic centimeter,
k = 2m/A

A = wavelength, in centimeters, and

¢ = velocity of sound in centimeters per second.

The acoustical impedance, in acoustical ohms, of the air load per unit
length upon a pulsating cylinder is given by

__pc [(2kR)2 +j2kR] 521
47 22R| 1 + (2kR)? :
The acoustical impedance per unit area is
_ [(2kR)2 + jZkR]
2] = pc[——l T (2kR)2 5.22

The resistive and reactive impedance components of the air load per unit
area of a pulsating cylinder are shown in Fig. 5.3.

12 Hueter and Bolt, ** Sonics,” John Wiley and Sons, New York, N.Y., 1955.
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Fi1c. 5.3. The acoustical resistance, 71, and acoustical reactance, x3,
load per unit area divided by pc as a function of 2R or kD, for two
radiators as follows: 1. A pulsating cylinder of infinite length and of
radius R. 2. A vibrating strip of infinite length and of width 2D, set in
an infinite baffle. (1. After Hueter and Bolt.)

5.12. Mechanical and Acoustical Impedance Load upon a Vibrating
Strip.!13—The mechanical impedance,!4 in mechanical ohms, of the air load,
per unit length, upon one side of an infinitely long vibrating strip set in an
infinite baffle is

3/2 2/3
2kD)3/2 + (2kD) ] 5.3

(
2m = 2pcD
M=o [ [+ (kD)3
18 Hueter and Bolt, *‘ Sonics,” John Wiley and Sons, New York, N.Y., 1955.

14 The expressions given in equations 5.23, 5.24, and 5.25 are not the result of an
analytical derivation, but are approximations obtained from numerical integration.
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where 2D = width of the vibrating strip, in centimeters,
p = density, air grams per cubic centimeter,
¢ = velocity of sound, in centimeters per second,
k = 2=/A, and
A = wavelength, in centimeters.

The acoustical impedance, in acoustical ohms, of the air load per unit
length, upon a vibrating strip set in an infinite baffle is

_ pc[(2RD)3/2 4 (2kD)2/3] 524
4= 25[ 1+ (2kD)32 '
The acoustical impedance per unit area of the strip is
_[(2&RD)3/2 4 (2kD)?/3
Z]1 = Pc[l——f—(mz_{l 5.25

The resistive and reactive acoustical inpedance components of the air load
per unit area of one side of an infinitely long vibrating strip set in an infinite
baffle is shown in Fig. 5.3.

5.13. Mechanical and Acoustical Impedance upon a Vibrating
Piston in the End of an Infinite Tube.l15:16_The resistive and reactive
acoustical impedance components of the air load per unit area on the free
space side of a vibrating piston set in the end of an infinite tube is shown in
Fig. 5.4.

The mechanical impedance, zps, in mechanical ohms, of the air load on the
free space side of a vibrating piston set in the end of an infinite tube is
given by

2y = wR2z = wR%(r1 + x1) 5.26
where 27 = acoustical impedance per unit area,
71 = acoustical resistance per unit area, Fig. 5.4,
x; = acoustical reactance per unit area, Fig. 5.4, and

R = radius of the piston, in centimeters.

The acoustical impedance, z4, in acoustical ohms, of the air load on the
free space side of a vibrating piston set in the end of an infinite tube is given
by

o n+m
4= 1= "3 5.27

Where the quantities are the same as in equation 5.26.

An example of a vibrating piston set in a tube is that of a loudspeaker
mechanism set in a completely-enclosed cabinet having front face area not
appreciably larger than the loudspeaker mechanism.

15 Levine and Schwinger, Phys. Rev., Vol. 73, No. 4, p. 383, 1948.
16 Beranek, ‘‘ Acoustics,” McGraw-Hill Book Company, New York, N.Y., 1954.



98 ACOUSTICAL ENGINEERING

Referring to Figs. 5.2 and 5.4, it will be seen that in the region below 2 = 1
the radiation resistance for a vibrating piston in an infinite baffle is two times
the radiation resistance of a vibrating piston located in the end of an infinite
tube. This agrees with the conclusions of Sec. 2.2 for a point source radiating
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Fi1c. 5.4. The acoustical resistance, 71, and the acoustical reactance, xq,
load per unit area divided by pcas a function of 2R for the following radia-
tors: 1. a vibrating piston of radius R set in the end of an infinite pipe.
2. a vibrating piston of radius R in free space.

into 27w and 4w solid angles. This is to be expected because in the region
below 2R = 1 the piston is essentially a point source.

Computing the end correctionl? for a flanged and an unflanged pipe from
the mass reactance in the region below 2R = 1 from Figs. 5.2 and 5.4, the
end corrections are .82R and .61R, respectively.

17 Levine and Schwinger, Phys. Rev., Vol. 73, No. 4, p. 383, 1948.
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5.14. Mechanical and Acoustical Impedance upon a Vibrating
Piston in Free Space.18:19—The resistive and reactive acoustical impedance
components of the air load on one side of a vibrating piston in free space is
shown in Fig. 5.4.

The mechanical impedance, zp7, in mechanical ohms, of the air load on
one side of a vibrating piston in free space is given by

2 = wR%z = ﬂ'Rz(?’l + x1) 5.28
where z1 = acoustical impedance per unit area,
71 = acoustical resistance per unit area, Fig. 5.4,
x1 = acoustical reactance per unit area, Fig. 5.4, and
R = radius of the piston, in centimeters.

The acoustical impedance, z4, in acoustical ohms, of the air load on one
side of a vibrating piston in free space is given by

_a _(n+=x)
4= 5= T 13 5.29
Where the quantities are the same as in equation 5.28.
An example of a vibrating piston in free space is a loudspeaker mechanism

operating in free space without a baffle, cabinet, etc.

5.15. Acoustical Impedance of a Circular Orifice in a Wall of
Infinitesimal Thickness.—The acoustical impedance of a circular orifice
in a wall of infinitesimal thickness may be considered to be the same as that
of the air load upon a piston of infinitesimal thickness and zero mass set in
the opening. Then the acoustical impedance of a circular aperture in a thin
wall is obtained from equation 5.12 by multiplying by 2.

5.16. Acoustical Impedance of an Open Pipe with Large Flanges.
In this case it will be assumed that the mouths of the pipe are fitted with
freely moving massless pistons and that the length of the pipe is small
compared to the wavelength. The acoustical impedance is the sum of the
mass reactance of the air between the pistons and the acoustical impedance
of the air load upon the pistons.

The acoustical reactance, in acoustical ohms, of the column of air between
the two pistons, from equation 5.3, is

ol

where p = density of air, in grams per cubic centimeter,
! = length of the pipe, in centimeters,
R = radius of the pipe, in centimeters,
w = 2=f, and
f = frequency, in cycles per second.

18 Wiener, F. M., Jour. Acous. Soc. Amer., Vol. 23, No. 6, p. 697, 1951.
19 Beranek, ‘‘ Acoustics,”” McGraw-Hill Book Company, New York, N.Y., 1954.
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The acoustical impedance, in acoustical ohms, of the entire system is

2pc 1(RR . l
ﬂgz[l Ll )] ot K (2kR) + 22 5.31

5.17. Horns.—A horn is an acoustical transducer c0n51st1ng of a tube
of varying sectional area. Horns have been used widely for centuries for
increasing the radiation from a sound source. The principal virtue of a
horn resides in the possibility of presenting practically any value of acousti-
cal impedance to the sound generator. This feature is extremely valuable
for obtaining maximum overall efficiency in the design of an acoustical
system. As an example, in a horn loudspeaker high efficiency is obtained
by designing the system so that the driving force works against resistance
instead of inertia of the diaphragm. Employing suitable combination of
horns, directional characteristics which are independent of frequency, as
well as practically any type of directional pattern, may be obtained. The
combination of high efficiency and the possibility of any directional pattern
makes the horn loudspeaker particularly suitable for larger scale sound
reproduction. It is the purpose of this section to consider some of the
factors which influence the characteristics of a horn.

5.18. Fundamental Horn Equation.20,21,22,23,24,25,26,27,28, 29,30,31__Con-
sider a tube with a certain rate of flare and with the diameter small compared
to the wavelength of the sound passing through it. Let the axis of the tube
coincide with the x axis. Take an element of volume of the tube defined as

SAx 5.32
where S = cross-sectional area of the tube at x, and

Ax = length of the element of volume.

The growth of matter in this volume is the difference between the influx
and efflux of fluid through the faces and may be expressed as

A25E™) 5.33
ox

where # = component of the particle velocity along the axis, and
p’ = density of the medium.

20 Webster, A. G., Jour. Natl. Acad. Sci., Vol. 5, p. 275, 1919.

21 Stewart, G. W., Phys. Rev., Vol. 16, No. 4, p. 313, 1920.

22 Goldsmith and Minton, Proc. Inst. Rad. Eng., Vol. 12, No. 4, p. 423, 1924.

28 Slepian and Hanna, Jour. Amer. Inst. Elec. Eng., Vol. 43, p. 393, 1924.

24 Ballantine, G., Jour. Frank. Inst., Vol. 203, No. 1, p. 85, 1927.

25 Crandall, “ Vibrating Systems and Sound,” D. Van Nostrand Company, Princeton,
N.J., 1926.

26 Stewart and Lindsay, ‘‘ Acoustics,” D. Van Nostrand Company, Princeton, N.J.,
1930.

27 Olson and Massa, ‘“ Applied Acoustics,” P. Blakiston’s Son and Company, Phila-
delphia, Pa., 1934.

28 Mawardi, Osman K., Jour. Acous. Soc. Amer., Vol. 21, No. 4, p. 323, 1949.

29 Lambert, Robert F., Jour. Acous. Soc. Amer., Vol. 26, No. 4, p. 1024, 1954.

30 Jensen and Lambert, Jour. Acous. Soc. Amer., Vol. 26, No. 4, p. 1029, 1954.

31 Scibor-Marchoki, R. 1., Jour. Acous. Soc. Amer., Vol. 27, No. 5, p. 939, 1955.




ACOUSTICAL ELEMENTS 101

The principle of continuity was expressed in Sec. 1.3. Applying the
principle, the difference between the influx and efflux of the fluid into the
element of volume must be equal to the time rate of growth of mass.

op’ . o(Sp'u)
or
op" | o(Sp'u)
5 + e 0 5.35
From equations 1.19 and 1.6
— pd = c2.p’ 5.36
From equation 1.11
w2 5.37

Substituting equations 5.36 and 5. 37 in 5.35 the result may be written as
$— c23¢ = (log S) — cza % _o 5.38

Equation 5.38 is the wave equatlon for the axial motion in a tube of
varying section.
5.19. Infinite Cylindrical Horn (Infinite Pipe).—The equation express-
ing the cross-sectional area as a function of the distance along the axis is
S=8 5.39
where S; = cross section of the pipe, in square centimeters.

The general horn equation for the infinite pipe from equations 5.38 and
5.39 is

§—eZ8—0 5.40
The velocity potential, pressure, and volume current are
¢ = Aekict-2) 5.41
P = kcpA fklct—2) 5.42
U = S1kA fk(ct-2) 5.43

where £ = 2n/,
A = wavelength, in centimeters, and
p = density of the medium, in grams per cubic centimeter.

The real and imaginary components of the acoustical impedance, in
acoustical ohms, at the throat or input end of the pipe are

_pe
=3, 5.44

x4=0 5.45
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5.20. Infinite Parabolic Horn.32—The equation expressing the cross-
sectional area as a function of the distance along the axis is

S =5S1x 5.46
The general horn equation for the parabolic horn is
‘5_0;%_022%:0 5.47
The velocity potential, pressure, and volume current are
¢ = A [Jo(kx) — jYo(kx)] elot 5.48
P = —jwpA [Jolkx) — jYo(kx)] elot 5.49
U= ASk[ — Jo' (kx) + 7Y (kx)] efot 5.50

The real and imaginary components of the acoustical impedance, in
acoustical ohms, at the throat are

_ e 2
"A=S] ka2 (n) + Yi2(kan)] 5.51
_ p¢ Jolkx1)J1(kx1) + Yo(kxy) Yi(kx1) 552
4= S ]12(kx1) -+ Y12(kx1) )

where Jo, /1 = Bessel functions of the first kind of order zero and one,
Yo, Y1 = Bessel functions33 of the second kind of order zero and one,
p = density of the medium, in grams per cubic centimeter,
¢ = velocity of sound, in centimeters,
S1 = area at x3, in square centimeters,
x1 = distance of the throat from x = 0, in centimeters,
k = 2x/A, and
A = wavelength, in centimeters.
5.21. Infinite Conical Horn.—The equation expressing the cross-
sectional area as a function of the distance along the axis is,
S = S1x2 5.53
The general horn equation for the conical horn is
2 2
¢_?;_Z—i_czf;;"é= 5.54
The velocity potential, pressure, and volume current are

6= gd(wt—kw) 5.55

pe— jw%‘lef(wt—kx) 5.56

AS(1 + jkx) el t-k2)
x2

U= — 5.57

32 Olson and Wolff, Jour. Acous. Soc. Amer., Vol. 1, No. 3, p. 410, 1930.
33 JTahnke and Emde, ‘“ Tables of Functions,”” Tuebner, Berlin, 1928.
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The real and imaginary components of the acoustical impedance, in
acoustical ohms, at the throat are

_ e k2x,2
74 =51 T Fong 5.58
po__kx 5.59

A= ST a2
where S; = area at x3, in square centimeters,
x1 = distance of throat from x = 0, in centimeters,
k = 2xn/A, and
A = wavelength, in centimeters.

5.22. Infinite Exponential Horn.—The equation expressing the cross-
sectional area as a function of the distance along the axis

S = S1em= 5.60
where S; = area at the throat, that is, at x = 0, and
m = flaring constant.

The general horn equation for the exponential horn is

. op 0%
—c2 — 22 ?
$ — i — 25 =0 5.61
The velocity potential, pressure, and volume current are
Vir—m*
¢ = e-m/2)z [A e 2 ’] eJwt 5.62
ViF—m
P = — jwpe—(m/2z [A e ]eﬁ"‘ 5.63

'\/4k2 - mz] —-%‘z ‘/4k‘ m’z+] wt 5.64

2

The real and imaginary components of the acoustical impedance, in
acoustical ohms, at the throat are

U= —As[’”

pc m2
X4 gc ’2’; 5.66

When m = 2k or 4=f = mc the acoustical resistance is zero. This is
termed the cutoff frequency of the exponential horn.

Below the cutoff frequency the acoustical impedance is entirely reactive
and

A_Sl(Zk ~/1 4k2) 567
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5.23. Infinite Hyperbolic Horn.34—The equation expressing the cross-
sectional area along the axis is

S = Si (cosh o + T sinh «)2 5.68
where T = family parameter, in the hyperbolic horn 7" < 1,
« = x/%9, dimensionless axial distance,
x = axial distance from the throat, in centimeters,
xo = reference axial distance, in centimeters, and
S1 = area at the throat, in square centimeters, that is, at x = 0.
The expressions for the velocity potential, pressure, and volume current
are quite complex and will not be considered.

The real and imaginary components of the acoustical impedance, in
acoustical ohms, at the throat are

A_§1 T—72 5.69
- —
T
P __ K 5.70
M= T 11 :
1

where p = kxo = f/fo,
k= 2x/A,
fo = cutoff frequency, and
f = frequency under consideration.

Below the cutoff frequency, p = 1, the acoustical impedance is entirely
reactive and

T 1
o Nl
X4 = S _lﬂ 5.71
e

5.24. Throat Acoustical Impedance Characteristic of Infinite
Parabolic, Conical, Exponential, Hyperbolic, and Cylindrical Horns.
—The throat acoustical impedance of infinite horns may be computed from
the equations of Secs. 5.18. 5.19, 5.20, 5.21, 5.22, and 5.23. In order to
compare the throat acoustical impedance characteristics of infinite parabolic,
conical, exponential, hyperbolic, and cylindrical horns, a specific example
has been selected in which the throat area is the same in all horns. In

34 Salmon, V., Jour. Acous. Soc. Amer., Vol. 17, No. 3, p. 212, 1946.
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addition, the area at a distance of 100 centimeters from the throat is the
same for the four horns with flare, as shown in Fig. 5.5. The value of T for
the hyperbolic horn is .5. The acoustical resistance and acoustical reactance
frequency characteristics for the five horns are shown in Fig. 5.5.
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F1c. 5.5. Throat acoustical resistance 74, and acoustical reac-
tance x4, frequency characteristics of infinite parabolic, conical,
exponential, hyperbolic, and cylindrical horns having a throat
area of 1 square centimeter. The cross-sectional area of the
parabolic, conical, exponential, and hyperbolic horns is 100
square centimeters at a distance of 100 centimeters from the
throat.

5.25. Finite Cylindrical Horn.—The acoustical impedance, in acousti-
cal ohms, at the throat of the finite cylindrical horn of Fig. 5.6 is

2ay = gi 5.72

where p; = pressure at the throat, in dynes per square centimeter, and
U; = volume current, in cubic centimeters per second.

The acoustical impedance, in acoustical ohms, at the mouth of a cylindri-
cal horn is

Zap — %: 5.73

where ps = pressure at the mouth, in dynes per square centimeter, and
Uz = volume current, in cubic centimeters per second.
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From equations 5.52 and 5.53 the expressions for the pressures and
volume currents at the throat and mouth are given by

s, Sa Atx =0, p1 = kcpA elket 5.74

z Zaa Uy = S1kA elket 5.75
"z 7 i Atx =1, pa = kepAefkiet=l) 5.76
CYLINDRICAL Us = S1kA ek(ct=1) 5.77

% From equations 5.72, 5.73, 5.74, 5.75, 5.76, and
2

5.77 the expression for the acoustical impedance,

z
|\A2 Z41, at the throat in terms of the length and
| i

£ cross-sectional area of the horn and the acousti-
CONICAL cal impedance, z42, at the mouth is
s ¢ (S12 42 cos (kI ipc sin (kI
' S, ZA1=p—- .1A2 ( )+.7P ( ) 578
Zy Zpa S1\7S12.42 sin (k! + pc cos (ki)
where p = density of the medium, in grams per
ONENTIAL cubic centimeter,
EX
Fic. 5.6 lindrical k= 2m/2,
1G6. 5.6. Finite cylindrical, _ . .
conical, and exponential A= wave!ength, in cen.tlmeters,
horns. z4 = input acousti- ¢ = velocity of sound, in centimeters per
cal impedance at the throat. second,
S1 = cross-sectional area at Sy — : . .
= - ion f n
the throat, in square centi- 1 = cross-sectio il arfa of the pipe, i
meters. x42 = terminating square cen l.me .ersr .
acoustical impedance at the ! = length of the pipe, in centimeters, and

throat. Sy = cross-sectional z42 = acoustical impedance at the mouth,
area at the mouth, in square in acoustical ohms
centimeters. [/ = length, in '

centimeters. The throat acoustical impedance character-

istics of a finite cylindrical horn or pipe are
shown in Fig. 5.7. The mouth acoustical impedance is assumed to be the
same as that of a piston in an infinite baffle. In this case the mouth
acoustical impedance, z42, is given by equation 5.12. It will be seen that the
variations in the acoustical resistance and acoustical reactance components
are quite large at the low frequencies where the mouth acoustical resistance
is small.

5.26. Finite Conical Horn.—The acoustical impedance at the throat of a
finite conical horn of Fig. 5.8 may be obtained in a manner similar to the
procedure for the finite cylindrical horn in the preceding section by employ-
ing the equations for the pressure and velocity in an infinite conical horn
and applying the proper boundary conditions. The expression for the
acoustical impedance, z41, at the throat in terms of the dimensions of the
horn and the acoustical impedance, z42, at the mouth is
sin k(! — 63) = pc .
TV + S sin &l
sin k(! + 61 — 02)  jpcsin k(I + 61)

sin 0y sin k6; ~ Sp  sin kf;

7242
5.79

2A1=§71
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Fi1c. 5.7. The throat acoustical resistance and acoustical reactance fre-
quency characteristics of a finite cylindrical horn. #4; = acoustical
resistance. x43; = acoustical reactance. Note: The characteristics shown
are the throat acoustical resistance and acoustical reactance multiplied by
S1 and divided by pec.

where S; = area of the throat, in square centimeters,
Sg = area of the mouth, in square centimeters,
! = length of the horn, in centimeters,
k0; = tan1 kx,
kOy = tan—1 kxy
x1 = distance from the apex to the throat, in centimeters,
xp = distance from the apex to the mouth, in centimeters,
2m/A,
A = wavelength, in centimeters,

x>
l

¢ = velocity of sound, in centimeters per second,
p = density of air in grams per cubic centimeter,
242 = acoustical impedance at the mouth, in acoustical ohms.

The throat acoustical impedance characteristics of a finite conical horn
are shown in Fig. 5.8. The acoustical impedance at the mouth of the horn
is usually assumed to be the same as that of a piston in an infinite baffle.
In this case the mouth acoustical impedance, z49, is given by equation 5.12.
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Fi1g. 5.8. The throat resistance and acoustical reactance fre-
quency characteristics of a finite conical horn. 747 = acoustical
resistance. x41 = acoustical reactance. Note: The charac-
teristics shown are the throat acoustical resistance and acoustical
reactance multiplied by S; and divided by pc.

5.27. Finite Exponential Horn.35—The acoustical impedance at the
throat of a finite exponential horn of Fig. 5.6 may be obtained in a manner
similar to the procedure for the finite cylindrical horn in the preceding
section by employing the equations for the pressure and velocity in an in-
finite exponential horn and applying the proper boundary conditions. The
expression for the acoustical impedance, z4;, at the throat in terms of the
length and flare constant of the horn and the acoustical impedance, z42,
at the mouth is

= pe SzzAg [co_s (&2 + 6)] 4 jpc [sin (bl)]] 5 80
S114S2242 [sin (8l)] + pc [cos (b — 6)]
where S; = area of the throat, in square centimeters,
Sg = area of the mouth, in square centimeters,
! = length of the horn, in centimeters,
Z42 = acoustical impedance of the mouth, in acoustical ohms,

0 = tan-1a/b,
a = m|2, and
b= }V4k2 — m2.

35 QOlson, H. F., RCA Review, Vol. 1, p. 68, 1937.
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For b = 0, equation 5.80 is indeterminate. To evaluate, take the de-
rivative of the numerator and denominator with respect to 4 and set b = 0.
Then the expression for the throat acoustical impedance becomes

2 . pc Im
“2(1 —%) +75,7
2 5.81

241 = &

. Im  pc ml
JEaz -|-§2(1 +—§)

Below the frequency range corresponding to b1 = 0, 4; is imaginary. For
evaluating this portion of the frequency range the following relations are
useful :

tan~!j4 = j tanh-1 4 = } j[loge (1 4+ A) — loge (1 — 4)] 5.82
loge (— 1) = 4 j= (2K + 1), K = any integer 5.83
cos (A + jB) = cos 4 cosh B F j sin 4 sinh B 5.84
sin J4 = jsinh 4 5.85

The resistive and reactive components of the acoustical impedance of a
finite exponential horn are shown in Fig. 5.9. The acoustical impedance,
Z42, at the mouth was assumed to be that of a piston in an infinite baffle
as given by equation 5.12. An examination of the acoustical resistance
characteristic of Fig. 5.9 shows that there is a sudden change in acoustical
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Fi1Gc. 5.9. The throat acoustical resistance and acoustical reac-
tance frequency characteristics of a finite exponential horn.
741 = acoustical resistance. x4; = acoustical reactance. Note:
The characteristics shown are the throat acoustical resistance
or acoustical reactance multiplied by S; and divided by pc.
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impedance in the frequency region, f = mc/4w. Above this frequency the
acoustical resistance multiplied by Si/pc approaches unity, below this region
the acoustical resistance is relatively small. In the finite exponential
horn the acoustical resistance is not zero below the frequency, f = mc/4x,
the flare cutoff frequency, which means that the horn will transmit below
this frequency. In the case of the finite conical horn, Fig. 5.8, there is no
sudden change in the acoustical resistance. On the other hand, the exponen-
tial horn shows a larger ratio of acoustical resistance to acoustical reactance.
This, coupled with the more uniform acoustical resistance characteristic,
makes the exponential horn more desirable and accounts for its almost
universal use. In view of its widespread use it is interesting to examine
some of the other characteristics of exponential horns.

5.28. Throat Acoustical Impedance Characteristics of Finite
Exponential Horns.36—The throat acoustical impedance characteristic
as a function of the mouth area, with the flare and throat kept constant,
is of interest in determining the optimum dimensions for a particular applica-
tion. The acoustical impedance characteristics of four finite horns having a
cutoff of 100 cycles, throat diameter of 1 inch and mouth diameters of
10, 20, 30, and 40 inches and the corresponding infinite horn are shown in
Fig. 5.10. These results may be applied to horns of a different flare by
multiplying all the dimensions by the ratio of 100 to the new flare cutoff
frequency (see Sec. 1.13). The flare cutoff frequency of an exponential
horn is given by

2w = mc 5.86
where w = 2xf,
f = frequency, in cycles per second, and
¢ = velocity of sound, in centimeters per second.

The acoustical radiation resistance of a mouth 10 inches in diameter is
relatively small below 500 cycles. The large change in acoustical impedance
in passing from the mouth to the free atmosphere introduces reflections at
the mouth and as a result wide variations in the acoustical impedance
characteristic as shown in Fig. 5.10A. For example, the first maximum in
the acoustical resistance characteristic is 150 times the acoustical resistance
of the succeeding minimum.

By doubling the diameter of the mouth the maximum variation in the
acoustical resistance characteristic is 7.5, Fig. 5.10B.

Fig. 5.10C shows the acoustical impedance characteristic of a horn with
a mouth diameter of 30 inches. The maximum variation in the acoustical
resistance characteristic of this horn is 2.

The acoustical impedance characteristic of a horn with a mouth diameter
of 40 inches, Fig. 5.10D, shows a deviation in acoustical resistance of only
a few per cent from that of the infinite horn of Fig. 5.10E.

These results show that as the change in acoustical impedance in passing
from the mouth to the free atmosphere becomes smaller by employing a

36 Olson, H. F., RCA Review, Vol. 1, No. 4, p. 68, 1937.
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mouth diameter comparable to the wavelength, the reflection becomes cor-
respondingly less and the variations in the acoustical impedance charac-

teristic are reduced.
The throat acoustical impedance characteristic as a function of the
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Fic. 5.10. The throat acoustical resistance and acoustical reactance
frequency characteristics of a group of exponential horns, with a flare
cutoff of 100 cycles and a throat diameter of 1 inch, as a function of the
mouth diameter. S; = the throat diameter in square centimeters.
v41 = acoustical resistance. x4; = acoustical reactance. Note: The
characteristics shown are the throat acoustical resistance or acoustical
reactance multiplied by S; and divided by pc.

throat size with the mouth and flare held constant is of interest in determin-
ing the optimum length and a suitable matching impedance for the driving
mechanism. The acoustical impedance characteristics of four horns hav-
ing a cutoff of 100 cycles, mouth diameter of 20 inches, and throat diameter
of 1, 2, 4, and 8 inches are shown in Fig. 5.11. A consideration of these
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characteristics shows that the throat size has no appreciable effect upon
the amplitude of the variations in the acoustical impedance characteristics.
However, the separation in frequency between successive maxima is in-
creased, as the throat becomes larger, due to the decreased length of the
horn. The frequency at which the first maximum in the acoustical resis-
tance characteristic occurs becomes progressively higher as the length is
decreased.

The characteristics in Figs. 5.10 and 5.11 cover the range from 100 to
1000 cycles, the lower value being the flare cutoff frequency. The finite
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Fi1G. 5.11. The throat acoustical resistance and acoustical reactance fre-
quency characteristics of a group of exponential horns, with a flare cutoff
of 100 cycles and a mouth diameter of 20 inches, as a function of the throat
mouth diameter. S; = the throat diameter, in square centimeters.
r41 = acoustical resistance. x4; = acoustical reactance. Note: The
characteristics shown are the throat acoustical resistance or acoustical
reactance multiplied by S; and divided by pec.

horn, of course, transmits below this frequency because the acoustical
resistance is not zero. However, save for the case where the throat is
comparable to the mouth, as for example, Fig. 5.11D, the value of the
acoustical resistance, at and below the flare cutoff frequency, is quite small.

5.29. Exponential Connectors.—A transformer is used in electrical
circuits to transfer between two acoustical impedances of different values
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without appreciable reflection loss. In acoustical systems a horn may be
used to transfer from one acoustical impedance to another. As a matter
of fact a horn may be looked upon as an acoustical transformer, transform-
ing large pressures and small volume currents to small pressures and large
volume currents. It is the purpose of this section to show how an exponen-
tial horn or connector may be used to transfer from one acoustical impedance
to another.

Fig. 5.10 shows an exponential horn coupled to an infinite tube. The
acoustical impedance of an infinite tube is

pe
s 5.87
where p = density, in grams per cubic centimeter,

¢ = velocity of sound, in centimeters per second, and
S2 = cross-sectional area of the infinite tube, in square centimeters.
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Fic. 5.12. The throat acoustical resistance and acoustical reactance frequency charac-
teristics of two exponential connectors with a flare cutoff of 100 cycles. The mouth of
the horn is connected to an infinite pipe. 74; = acoustical resistance. x4; = acoustical
reactance. Note: The characteristics shown are the acoustical resistance or acoustical
reactance multiplied by S; and divided by pc.

Equation 5.87 is the mouth acoustical impedance of the exponential
horn. Equation 5.80 then becomes

g — p_c[ cos (bl 4 ) 4 7 sin (bl)]
AL 51 cos (6 — 6) + 7 sin (B])
For b = 0, equation 5.88 is indeterminate. To evaluate take the deriva-

tive of the numerator and denominator with respect to 4 and set 4 = 0.
Then the expression for the throat acoustical impedance becomes

5.88

dm Im

|77 73
M=l 5-89
1+7+]'7
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Below the frequency corresponding to 6 = 0, b is imaginary. This por-
tion of the range may be evaluated by employing equations 5.82, 5.83,
5.85, and 5.89.

The acoustical impedance characteristics of two exponential connectors
with a flare cutoff of 100 cycles (that is 6 = 0 at 100 cycles) is shown in
Fig. 5.12. Below 100 cycles the throat acoustical impedance is the same
as that of the infinite pipe. However, at the high frequencies the throat
acoustical impedance is the same as the surge acoustical impedance of a
pipe of the diameter of the throat. In order to effect a constant transfer
of acoustical impedance with respect to frequency over a certain frequency
range the cutoff of the connector must be placed below the low-frequency
limit of the frequency range.
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Fic. 5.13. The throat acoustical resistance and acoustical
reactance frequency characteristics of a multiple flare exponential
horn of three sections. The cutoffs due to flare of the three
horns are 25, 100, and 1400 cycles. 7,41 = acoustical resistance.
x41 = acoustical reactance. Note: The characteristics shown
are the throat acoustical resistance or acoustical reactance multi-
plied by S; and divided by pc. S; = area at the throat of the
small horn in centimeters.

5.30. A Horn Consisting of Manifold Exponential Sections.37—The
efficiency of a horn loudspeaker is governed, among many other factors, by
the throat acoustical resistance. To obtain the maximum efficiency at any
frequency the effective acoustical reactance of the entire vibrating system
should be equal to the effective acoustical resistance. This, in general,
means that to obtain maximum efficiency the throat acoustical resistance

37 Olson, H. F., Jour. Soc. Mot. Pic. Eng., Vol. 30, No. 5, p. 511, 1938.




ACOUSTICAL ELEMENTS 115

of the horn should be proportional to the frequency, since the acoustical
reactance is primarily an inertive reactance and, therefore, proportional
to the frequency. Practically any throat acoustical impedance frequency
characteristic may be obtained by employing a horn consisting of manifold
exponential sections.

A horn consisting of three rates of flare is shown in Fig. 5.13. The
acoustical impedance characteristic at the throat of the small horn is
obtained in stages. First, the throat acoustical impedance characteristic
for the large horn is obtained by using equation 5.80. The throat acoustical
impedance obtained for the large horn now becomes the mouth acoustical
impedance of the intermediate horn. The acoustical impedance of the
throat of the intermediate horn is obtained by employing equation 5.80.
For the frequency corresponding to & = 0 of the intermediate horn the
acoustical impedance at the throat of the intermediate horn becomes
indeterminate. The expression can be evaluated as shown in Sec. 5.27 on
the finite exponential horn. Next, the throat acoustical impedance at the
throat of the small horn is obtained by again employing equation 5.80.
The mouth acoustical impedance of the small horn is the throat acoustical
impedance just obtained for the intermediate horn. The acoustical
impedance characteristic of Fig. 5.13 shows three distinct steps depicting
the surge acoustical impedance of each section.

5.31. Closed Pipe with a Flange.—The acoustical impedance of a pipe
closed at one end and equipped with a flange at the open end may be con-
sidered to be the sum of the acoustical impedance of the pipe and the end
correction. It will be assumed that the open end of the pipe is equipped
with a massless piston.

The input acoustical impedance to the pipe at the massless piston may
be obtained from equation 5.74 by setting z42 = co0. The input acoustical
impedance of the pipe closed at the far end is

Za0= — 2 ;’;2 cot kI 5.90
where [ = length of the pipe, in centimeters,
R = radius of the pipe, in centimeters,
p = density, in grams per cubic centimeter,
¢ = velocity of sound, in centimeters per second,
k = 2/m), and
A = wavelength, in centimeters.

The above equation is the acoustical impedance of a closed pipe when
there is no end correctian, as for example, when the pipe is used in a closed
system.

When the open end is free and terminated in a large baffle the total
acoustical impedance is the sum of equations 5.12 and 5.90.

ar — P_C[ _N kR] 45 Ky(2kR) —j L5 cot Bl 5.91

RZ

> R4k3
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The ratio of the pressure at the closed end of the tube to the free space
pressure is useful in predicting the performance of pipes and cavities.
The ratio of the pressure at the closed end to that in free space is

0 mR2 . 2 (wR?2)2 .
‘7;—5 = A/[cos Rkl — o X4 Sin kl] + ﬁ 742 sin? kl 5.92
where p = pressure at the closed end, in dynes per square centimeter,
po = pressure in free space, in dynes per square centimeter,
74 = acoustical resistance, in acoustical ohms, equation 5.12, and
x4 = acoustical reactance, in acoustical ohms, equation 5.12.
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Fic. 5.14. Ratio of the pressure at the bottom of a cylindrical
cavity to the free space pressure in the incident sound wave as a
function of ZR.

The characteristics of Fig. 5.14 depict the ratio of the pressure at the
closed end of a cylindrical cavity to the pressure in free space as a function
of the dimensions of the cavity and the wavelength of the sound.

5.32. Sound Transmission in Tubes.38,39,40,41__The effect of viscosity
upon the characteristics of small holes and slits was considered in Secs. 5.3

38 Crandall, *“ Vibrating Systems and Sound,”” D. Van Nostrand Company, Princeton,
N.J., 1926.

39 Lamb, “ Theory of Sound,” E. Arnold, London, 1931.

40 Rayleigh, * Theory of Sound,” Macmillan and Company, London, 1926.

41 Mason, W. P., Phys. Rev., Vol. 31, No. 2, p. 283, 1928.
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and 5.4. The transmission loss in tubes of circular section is of interest in
problems in acoustics involving the use of tubes. The equation4! expressing
the sound transmission in a tube is

A = Age = 5.93

where A = amplitude (pressure or volume current) at a distance x centi-
meters from the amplitude A4y,

il / wp,

ReN 2p

radius of the tube, in centimeters,

velocity of sound, in centimeters per second,
2mf,

= frequency, in cycles per second,

viscosity coefficient, 1.86 x 104 for air,

= density, in grams per cubic centimeters,
=1+ 1.58 (y1/2— 9~1/2) and

y = ratio of specific heats, 1.4 for air.

I

R T8 o™ &
|

The attenuation characteristics of tubes of various diameters as a function
of the frequency are shown in Fig. 5.15.
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Fic. 5.15. The attenuation of a sound wave, in decibels per foot, as a
function of the frequency, in cycles per second, in pipes of various diameters
and filled with dry air at 20° Centigrade.

5.33. Transmission from One Pipe to Another Pipe of Different
Cross-sectional Area.42—Consider two pipes of cross sections S; and Sg
joined as shown in Fig. 5.16. Assume that sound travels from pipe S; to
pipe Se.

42 Stewart and Lindsay, ‘‘ Acoustics,” D. Van Nostrand Company, Princeton, N.J.,
1930.
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The boundary conditions are

1. Continuity of pressure,
2. Continuity of volume current.

The condition for pressure may be written
P14 1’ = po 5.94
where p1 = incident pressure in pipe Si, in dynes per square centimeter,
p1’ = reflected pressure in pipe Si, in dynes per square centimeter, and
p2 = transmitted pressure in pipe Sg, in dynes per square centimeter.
The condition for volume current may be written
Ur— Uy = U, 5.95
where U; = incident volume current in Sj, in cubic centimeters per second,

U,' = reflected volume current in Sy, in centimeters per second,
Uy = transmitted volume current in Sg, in centimeters per second.

The acoustical resistance of the first pipe Sj is

L _r_h
741 50 5.96

where p = density of the medium, in grams per cubic

I centimeter,

Fic. 5.16. Two con- ¢ = velocity of sound in the medium, in centi-
nected pipes of cross- meters per second, and

sectional areas S; and . . .
Sa. S1 = cross-sectional area of the first pipe, in

square centimeters.
The acoustical resistance of the second pipe Ss is

L )
where Sy = cross-sectional area of the second pipe, in square centimeters.
Expressing equation 5.91 in terms of pressure

$151 — p1'S1 = p2S2

or

S
I p§_12 5.98

Eliminating 1’ from equations 5.94 and 5.98
_ h(2S) _ 2h;

= = 5.99
RS
S1
Expressing in terms of volume current,
Uy = 2 Uls 5.100
142

Se
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Equations 5.99 and 5.100 show that the pressure and volume current
of the transmitted wave in pipe Ss is always in phase with the pressure and
volume current of the incident wave in pipe Sj.

The reflected pressure in terms of the incident pressure is

S1 — 52)
= | e——= 5.101
h (51 + Sq 2
The reflected volume current in terms of the incident volume current is
’ (Sl - S 2)
U/ =—=U 5.102
! S1+S2 *

Equations 5.101 and 5.102 show that if S; << Sz the reflected pressure or
volume current are in phase with the incident pressure or volume current. If
S1> Ss, the reflected pressure or volume current are opposite in phase with the
incident pressure or volume current. IfS; =Sy, there is no reflected wave.

The ratio of the transmitted power to the incident power is

47417 42
Ppg = ——"— 5.103
127 a1 + 742)2
5.34. Transmission Through Three Pipes.43—Consider three pipes of
cross sections Sy, Sp, and S3 as shown S A
in Fig. 5.17. Assume that sound S, s
travels from pipe 1 to pipe 3. Let the S,

boundary between S; and Sz be de-
noted by A and between Sp and Sz
by B.

The boundary conditions are —’—’—

1. Continuity of pressure,

2. Continuity of volume current. |-4— 2 —J

At the boundary 4 th.e conditions for ;. 5.17. Three pipes of cross-sec-
the pressure may be written tional areas Sj, Sg, and S3. The pipe

P+ Pl, — po -+ }52, 5104 Sg is of finite length /.

where p1 = incident pressure in Sj, in dynes per square centimeter,
p1’ = reflected pressure in Sy, in dynes per square centimeter,
p2 = transmitted pressure in S, in dynes per square centimeter, and
P2’ = reflected pressure in Sy, in dynes per square centimeter.
At the boundary A the conditions for the volume current may be written
Uy — Uy =Ug — Uy 5.105
where U; = incident volume current in Sy, in cubic centimeters per second,
Uy’ = reflected volume current in S, in cubic centimeters per second,
Uy = transmitted volume current in S, in cubic centimeters per
second, and
Uy" = reflected volume current in Ss, in cubic centimeters per second.

43 Stewart and Lindsay, “ Acoustics,” D. Van Nostrand Company, Princeton, N.J.,
1930.
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At the boundary B the conditions for the pressure may be written
poeIKl - po’ eIkl — pg 5.106
where po = incident pressure in Sg, in dynes per square centimeter,
po’ = reflected pressure in Sg, in dynes per square centimeter,
ps = transmitted pressure in Sg, in dynes per square centimeter,
I = length of pipe S, in centimeters,
k= 2w/,
A = wavelength, in centimeters.
At the boundary B the conditions for the volume current may be written

Use ikl — Uy'elkl — Uy 5.107
where Us = transmitted volume current in Sp, in cubic centimeters per
second,
Uy’ = reflected volume current in Sg, in cubic centimeters per second,
and
Uz = transmitted volume current in S3, in cubic centimeters per
second.
From equations 5.104, 5.105, 5.106, and 5.107,
p— b3 ( + 1) cos B + 2+§—3 sin &l 5.108
2 S1 0 Se

The ratio of the power transmitted in S to the incident flow of power
in 51 is
Sg

s

Ss 2 ( s
(§1+1) cos2 k&l + S) sin2 kl

5.109

If £l is small, the transmission is independent of the cross section of the
channel Sp.  If sin 2/ = +1, the power transmission is

433
_ Si 455,25
Py = (5_2 5_3)2 = S LSS 5.110
578

Equation 5.105 shows that P = 1, if Se2 = 5;S3. That is, if sin & = 41
and providing the area of Sy is a geometric mean of S; and Ss, the trans-
mission is unity. .

5.35. Transmission from One Medium to Another Medium.44—The
problem of transmission from one medium to another medium as shown
in Fig. 5.18 is the same as the problem transmission from one pipe to another

44 Stewart and Lindsay, ‘“ Acoustics,”” D. Van Nostrand Company, Princeton, N.J.,
1930.
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pipe of different cross-sectional area. The boundary between the two media
is assumed to be plane and parallel to the wavefront which is also assumed
to be plane.

The ratio of the power transmitted in the medium 2 to incident flow of
power in the medium 1 of Fig. 5.18 is

47 417 42
(ra1 + 742)%

where 741 = acoustical resistance of medium 1, and

Py = 5.111

742 = acoustical resistance of medium 2.
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Fic. 5.18. Two media of Fi1Gc. 5.19. Three media of acoustical
acoustical resistances 741 and resistances 741, 742, and 743. The
Y42. length of the medium 2 is /.

5.36. Transmission Through Three Media.4>—The problem of trans-
mission through the three media of Fig. 5.19 is the same as that through the
three pipes. The ratio of the power transmitted in the medium 3 to the
incident flow of power in the medium 1 is

Pig = — > L 5.112
(il n 1) cos? Al (il n 12) sin? 2]
743 A2 743

where 741 = acoustical resistance of the medium 1,
742 = acoustical resistance of the medium 2, between 1 and 3,
743 = acoustical resistance of the medium 3,
I = length of the medium 2, in centimeters,
k= 2n/],
A = wavelength in the medium 2, in centimeters.
5.37. Tubes Lined with Absorbing Material.—In ventilator and ex-
haust systems it is desirable to provide a high degree of attenuation for

audio-frequency waves while offering low resistance to continuous flow of
air. For that purpose, the most satisfactory systems are ducts lined with

45 Stewart and Lindsay, *“ Acoustics,”” D. Van Nostrand Company, Princeton, N.J.,
1930.
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absorbing material. Longitudinal isolation of the walls of the duct should
be provided to prevent longitudinal transmission of sound by the walls of
the duct. This can be accomplished by the use of rubber connectors at
regular intervals. The walls of the duct should be rigid so that air-borne
sounds are not transmitted through the walls. Very high attenuation
can be obtained in ducts of this type.

The attenuation, in decibels per foot, in a square or rectangular conduit
lined with absorbing material may be obtained from the following empirical
formula, 46

db P
_— = 14~ .
Tt 12.60 P 5.113

where P = perimeter, in inches,
A = cross-sectional area in square inches, and .
o = absorption coefficient of the material used for lining the duct.

Equation 5.113 holds for square ducts and rectangular ducts in which
the ratio between the two sides is not greater than two.

The general subject47:48 of tubes lined with absorbing material, with
both rigid and vibratile walls, has been considered theoretically and experi-
mentally.

5.38. Response of a Vibrating System of One Degree of Freedom.—
Consider the electrical circuit, consisting of inductance, electrical resistance,
and electrical capacitance and a voltage connected in series, as shown in
Fig. 5.20. The resonant frequency, in cycles per second, is given by

1
fr= ZWTITE 5.114
where L = inductance, in henries, and
Cg = electrical capacitance, in farads.
The current in the circuit is given by
e
1= . 1 5.115
7E + ](wL + m)
where 7g = electrical resistance, in ohms,
e = driving voltage, in volts, and
1 = current, in amperes.
The quantity Qy is given by
Qr = %’;I: 5.116

where wy = 2afy.

46 Sabine, H. J., Jour. Acous. Soc. Amer., Vol. 12, No. 1, p. 53, 1940.
47 Sivian, L. J., Jour. Acous. Soc. Amer., Vol. 9, No. 2, p. 135, 1937.
48 Molloy, C. T., Jour. Acous. Soc. Amer., Vol. 16, No. 1, p. 31, 1944.
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F1e. 5.20. The current response characteristics of a simple series
circuit as a function of the ratio f — f,, where f, = the resonant
frequency, and f = the frequency under consideration. The
numbers of the characteristics refer to the value of Q,, Q, =
2xf,Ljrg. The above characteristics are applicable to acoustical
and mechanical systems by the substitution of the elements and
quantities which are analogous to the electrical system.

The current response characteristics as function of the ratio f = f, for
various values of Q, are shown in Fig. 5.20.

The above characteristics are applicable to acoustical and mechanical
systems by the substitution of the elements and quantities which are analo-
gous to the electrical system (see Chapter IV).
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DIRECT RADIATOR LOUDSPEAKERS

6.1. Introduction.l—A loudspeaker is an electroacoustic transducer
designed to radiate acoustical energy into a room or open air. There
are two general types of loudspeakers in use today, namely: the direct
radiator and the horn type loudspeaker. The diaphragm of the direct
radiator loudspeaker is coupled directly to the air. The diaphragm of the
horn loudspeaker is coupled to the air by means of a horn. The direct
radiator loudspeaker will be considered in this chapter and the horn loud-
speaker will be considered in the following chapter.

The almost universal use of the direct radiator loudspeaker is due to
the simplicity of construction, small space requirements, and the relatively
uniform response characteristic. Uniform response over a moderate fre-
quency band may be obtained with any simple, direct radiator dynamic
loudspeaker. However, reproduction over a wide frequency range is
restricted by practical limitations. The two extreme ends of the audio-
frequency band are the most difficult to reproduce with efficiency comparable
to that of the mid-audio-frequency range. Inefficiency at the low frequencies
is primarily due to the small radiation mechanical resistance. There are a
number of means available for increasing the radiation mechanical resistance
at the low frequencies. A large radiation mechanical resistance may be
obtained by using a large cone. A phase inverter consisting of a completely
enclosed cabinet with ports provides a means for extending the low-frequency
range. A horn may be used for presenting a large radiation mechanical
resistance to a diaphragm at the low frequencies. The efficiency of a direct
radiator loudspeaker at the high frequencies is limited by the mechanical
mass reactance of the vibrating system. There are a number of arrange-
ments suitable for reducing the mass of the vibrating system at the high
frequencies. Two or more separate loudspeaker mechanisms may be used,
each designed to reproduce a certain portion of the range. Multiple cones
driven by a single voice coil may be arranged so that the mass of the system
decreases at the high frequencies. The voice coil may be sectionalized to
decrease the mass and inductance at the high frequencies and thereby
increase the high-frequency range. Multiple coils and multiple cones

1 Mawardi, Osman K., Jour. Acous. Soc. Amer., Vol. 26, No. 1, p. 1, 1954.
124
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combined into a single mechanism may be designed to yield uniform response
to the upper limit of audibility.

It is the purpose of this chapter to outline the factors which influence
the performance of the conventional, direct radiator loudspeaker, to illustrate
systems for controlling the response with respect to frequency and to describe
several means for decreasing the effective mass of the vibrating systems at the
high frequencies and for improving the efficiency at the low frequencies.

6.2. Single-Coil, Single-Cone Loudspeaker.—The simple dynamic
loudspeaker consists of a paper cone driven by a voice coil located in a
magnetic field. A cross-sectional view, the voice coil circuit and the
mechanical circuit of a dynamic loudspeaker are shown in Fig. 6.1. The

VOICE coiL MECHANICAL CIRCUIT
OF THE
ELECTRICAL CIRCUIT MECHANICAL SYSTEM

CROSS-SECTIONAL
VIEW

Fi1G. 6.1. Cross-sectional view of a single-coil, single-cone, direct radiator,
dynamic, loudspeaker mechanism mounted in a baffle. In the voice coil
circuit, ¢ = the internal voltage of the generator. 7z¢ = the internal electrical
resistance of the generator. 7z¢ and L = the electrical resistance and induc-
tance of the voice coil. zzy = the motional electrical impedance. In the
mechanical circuit, m¢ = the mass of the cone and voice coil. Cyg = the com-
pliance of the suspension system. 7ys = the mechanical resistance of the
suspension system. w4 = the mass of the air load. 74 = the mechanical
resistance of the air load. f» = the mechanomotive force in the voice coil.
zyr = the mechanical impedance due to the electrical circuit. fyo = the
mechanomotive force of the mechanical generator.

total mechanical impedance, in mechanical ohms, of the vibrating system
at the voice coil is

6.1

2T = *Ms +.7m4 + Jome + jomy —
wCus

where 7ps = mechanical resistance of the suspension system, in mechanical
ohms,
rm4 = mechanical resistance of the air load, in mechanical ohms,
mc = mass of the cone and the voice coil, in grams,
m4 = mass of the air load, in grams, and
Cus = compliance of the suspension system, in centimeters per dyne.
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Equation 6.1 may be written as follows
amr = rms + *ma + jxmc + jAMa — JxXms 6.2
where 735 = mechanical resistance of the suspension system, in mechanical
ohms,

rm4 = mechanical resistance of the air load, in mechanical ohms,

xpc = wme = mechanical reactance of the voice coil and cone, in
mechanical ohms,

Xpm4 = wmy = mechanical reactance of the air load, in mechanical

ohms, and
1 . . .
Ms = v mechanical reactance of the suspension system, in
wlpms

mechanical ohms.

The mechanical resistance and mechanical reactance of the air load may
be obtained from Sec. 5.10 and Fig. 5.2.
The motional electrical impedance,? in abohms, of the mechanical system
is
(B)?
AMT

6.3

2EM =

where B = flux density in air gap, in gausses,
! = length of the conductor in the voice coil, in centimeters, and

zmr = total mechanical impedance of the mechanical system, in
mechanical ohms.

The efficiency of the loudspeaker is the ratio of the sound power output
to the electrical power input. The efficiency, in per cent, may be obtained
from the voice coil circuit of Fig. 6.1 and expressed as follows,

YER
=—— x 100 6.4
H YEC + YEM

where rgr = component of the motional electrical resistance due to the
radiation of sound, in abohms,
rEm = total motional electrical resistance, in abohms, and
rec = damped electrical resistance of the voice coil, in abohms.

The components 7gr and 7gy may be obtained from equations 6.2 and
6.3.
From equations 6.2, 6.3, and 6.4, the efficiency, in per cent, of the loud-
speaker is
(Bl)2rpa

r= (B)2(rms+7rma) +7Ec[(rme +7m4)2 + (Xp4 + xpc —xms)?] x 100 6.5

»

2 Olson, “ Dynamical Analogies,
1943.

D. Van Nostrand Company, Princeton, N.J.,
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To simplify the discussion assume that the mechanical reactance and
mechanical resistance of the suspension system are zero. The mechanical
impedance characteristics of the mechanical system are shown in Fig. 6.2.
Since 7pr4 is small compared to xar4 and xac, equation 6.5 becomes

(Bh)*ma

p= . % 100 6.6
rec(xma + xmc)

SYSTEM A B [+

DIAMETER, INCHES 16 4 |

MASS OF CONE, GRAMS 40 | 015

MASS OF VOICE COIL, GRAMS 4 35 015

COMPLIANCE , SUSPENSION 3,2 x107 8.0x107| 5.3X|0-1

MECH. RES., SUSPENSION 2400 200 ito

VOICE COIL_MATERIAL CuU, CuU. AL.

AIR GAP_FLUX GAUSSES 10000 | 10000 [ 10000
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F16. 6.2. The mechanical impedance frequency characteristics of three direct radiator
loudspeakers having 1-inch, 4-inch, and 16-inch diameter cones. xy¢ = the mechanical
reactance due to the cone and coil. x5 = the mechanical reactance due to the suspen-
sion system. xy4 = the mechanical reactance due to the air load. 7y,4 = the
mechanical resistance due to the air load. The efficiency characteristics shown are for
the constants as shown in the table and the graphs of the mechanical impedances. In
the efficiency characteristics, u; = the efficiency for xys equal to zero. ug = the
efficiency for xys as indicated by the graph.
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In terms of the resistivity and density of the voice coil, equation 6.6
becomes

_ BerAml
K= oK, (a4 + %21¢)%10

5 X 100 6.7

where m; = mass of the voice coil, in grams,
p = density of the voice coil conductor, in grams per cubic centi-
meter, and
K, = resistivity of the voice coil conductor, in microhms per centi-
meter cube.

The density, resistivity, and density-resistivity product of various ele-
ments are shown in Table 6.1.

TABLE 6.1. DENSITY p, in GRAMS PER CUBIC CENTIMETER; RESISTIVITY K,, IN MICROHMS
PER CENTIMETER CUBE AND DENSITY-RESISTIVITY PRODUCT pK, OF VARIOUS ELEMENTS;
TEMPERATURE, 20° C.

Element p K, pK,
Sodium . . . .97 4.6 4.5
Lithium . . . .53 9.4 5.0
Potassium . . . .87 7.1 6.2
Calcium 1.55 4.6 71
Aluminum 2.70 2.82 7.6
Magnesium . 1.74 4.6 8.0
Titanium 4.5 3.2 14.4
Copper 8.89 1.72 15.2
Silver . 10.5 1.63 17.1
Chromium 6.93 2.6 18.0
Beryllium 1.8 10.1 18.2
Barium 3.5 9.8 34.0
Manganese 7.2 5.0 36.0
Caesium 1.9 21.2 40.2
Zinc 7.14 5.9 42.0
Gold . . 19.3 2.44 47.0
Molybdenum 10.2 5.7 58.0
Cadmium 8.6 7.4 64.0
Nickel 8.8 7.8 69.0
Iron . 7.9 9.8 78.0
Cobalt 8.7 9.7 84.0
Tin . . . . 7.3 11.5 84.0
Tungsten . . . 19.0 5.5 105.0
Iridium . . . 22.4 6.5 146.0
Platinum . . . 21.3 9.8 208.0
Lead . . . . 11.0 22.0 242.0
Antimony . . . 6.6 41.7 275.0
Bismuth . . . 9.7 119.0 1116.0
Mercury . . . 13.5 95.7 1290.0

The relation between the efficiency and the ratio of the mass of the voice
coil to the mass of the cone and the air load may be obtained from equation
6.7 and is depicted in Fig. 6.3. The maximum efficiency occurs when the
mass of the voice coil is equal to the mass of the cone and air load.
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F1Gc. 6.3. The efficiency loss in a direct radiator loudspeaker as a

function of the ratio , where m; = the mass of the voice

1
mp + my
coil, mp = the mass of the diaphragm, m, = the mass of the air
load. The maximum efficiency is arbitrarily depicted as 0 db.

In general, in commercial loudspeakers3:4 it is not practical to make the
cone mass equal to the voice-coil mass. As a matter of fact, the cone mass
is usually several times the voice-coil mass. A consideration of equation
6.7 shows that the efficiency can be increased by the use of a light-weight
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RELATIVE CONE MASS

F1c. 6.4. Output of a typical direct radiator
loudspeaker as a function of the mass of the
cone.

cone. The relative output of a typical direct radiator loudspeaker as a
function of the weight of the cone is shown in Fig. 6.4. In this example, the
weight of the permanent magnet was kept constant. However, the mass
of the voice coil and the air gap were selected to obtain maximum output.

3 Olson, H. F., Audio Engineerving, Vol. 34, No. 10, p. 5, 1950.
4 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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There is a limit to the extent to which the reduction in mass of the cone can
be carried because, as the cone mass is reduced, the strength of the cone is
reduced and as a consequence the nonlinear distortion is increased due to
overload of the material of the cone. High sensitivity and low distortion
are not compatible. In order to obtain low nonlinear distortion, a relatively
heavy cone must be used. The subject of nonlinear distortion and cone
weight will be discussed in Sec. 6.26.

The mechanical impedance and corresponding efficiency characteristics
assuming the mechanical reactance due to the suspension to be zero are
shown in Fig. 6.2. The air load mechanical resistance and mechanical
reactance are assumed to be the same as those on two sides of a vibrating
piston with the diameter equal to the cone diameter (see Sec. 5.8). The
weights of the cones and voice coils are typical of loudspeakers in actual
use today. It will be seen that the efficiencies of all three systems are
practically the same. Of course, the power-handling capacity of the smaller
cones is very small at the lower frequencies.

In the preceding considerations the mechanical reactance due to the
suspension system was assumed to be zero. The efficiency in which all
the elements of the vibrating system are included may be obtained from
equation 6.5. The mechanical, resistance 7ar¢, due to the suspension system
is also a factor in the efficiency in the region of resonance. Typical values
of 7ym¢ for 16-, 4-, and 1-inch cones are shown in Fig. 6.2. The efficiency
characteristics under these conditions are shown in Fig. 6.2. It will be
noted that the efficiency is high at the resonant frequency. However,
when coupled to a vacuum tube driving system the motional electrical
impedance is also increased which reduces the power input to the voice
coil. For this reason the response is not accentuated to the degree depicted
by the peak in the efficiency characteristic. It will be seen that the
efficiency decreases very rapidly below the resonant frequency. There-
fore, in a direct radiator loudspeaker the limit at the low-frequency end
of the frequency range is determined by the resonant frequency of the
system.

The motional electrical impedance of a dynamic loudspeaker is given
by equation 6.3. The normal electrical impedance, in abohms, of voice
coil is given by

ZEN = ZEM + ZED 6.8

where zgy = motional electrical impedance, in abohms, and

zgp = electrical impedance of the voice coil in the absence of motion,
that is blocked, in abohms.

The components of the motional electrical impedance are shown in
Fig. 6.5. At the resonant frequency the motional electrical impedance is
large because the mechanical impedance is small. The current in the voice
coil circuit may be determined from the voice coil electrical circuit, the
driving voltage and the electrical resistance of the generator.
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The mechamotive force or driving force, in dynes, applied to the mechan-

ical system is
fm = Bl 6.9

where B = flux density in the air gap, in gausses,
! = length of the conductor, in centimeters, and
i = current in the voice coil circuit, in abamperes.

This is the driving force, fu, applied to the mechanical system as shown in

Fig. 6.1.
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Fi1c. 6.5. The electrical impedance characteristics of the voice coil in a direct
radiator loudspeaker. zzy = the normal electrical impedance. zzp = the
damped electrical impedance. zgy = the motional electrical impedance.
7y = the resistive component of the motional electrical impedance. xgy =
the reactive component of the motional electrical impedance.

The mechanical impedance,® in mechanical ohms, due to the electrical
circuit is
Bl)2
IME = (—) 6.10
2ET
where zgr = 7Ec + jowL + 7Eg,
rec = damped electrical resistance of the voice coil, in abohms,
L = damped inductance of the voice coil in abhenries, and

regg = electrical resistance of the generator, in abohms.

This mechanical impedance appears in the mechanical system as shown in
Fig. 6.1. In calculating the steady state performance the driving force,
fum, applied to the mechanical system is used and the mechanical impedance
due to the electrical system need not be considered. However, in comput-
ing the transient response of the system, the damping constant, etc., the

5Olson, ‘“ Dynamical Analogies,” D. Van Nostrand Company, Princeton, N.J.,
1943.
8 Ibid.
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mechanical impedance due to the electrical circuit must be included. The
driving force of the generator in the mechanical system which will produce
a force, fu, across the mechanical system is

foto — for -+ L2EME 6.11
AMT

The increase of electrical impedance of the voice coil, with frequency, in
combination with the existing vacuum tube driving system, is another
factor which reduces the response of a dynamic loudspeaker at the higher
frequencies. The electrical impedance characteristics of the vacuum tube
power amplifiers are generally designed so that the voltage across the loud-
speaker, for constant voltage applied to the input of the power stage, is
independent of the frequency. Therefore, the current in the voice coil
decreases with frequency as the electrical impedance increases with fre-
quency. The electrical impedance frequency characteristics of several
voice coils are shown in Fig. 6.6. In the case of a large, heavy voice coil
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F16. 6.6. The electrical impedance characteristics of 14-inch diameter voice coils of 140,
70, and 18 turns and all having 10 ohms d-c resistance.

the rapid increase of the electrical impedance at the higher frequencies
causes a corresponding reduction in the driving force. To maintain the
driving force at the higher frequencies requires a relatively low ratio of the
inductive electrical reactance to the electrical resistance which for a con-
stant value of the electrical resistance is equivalent to a reduction in the
mass of the voice coil.

The response of a loudspeaker is a measure of the sound pressure produced
at a designated position in the medium with the electrical input, frequency,
and acoustic conditions specified. In general, the response is obtained on the
axis of the cone. If the loudspeaker were nondirectional, the efficiency
characteristic would also be the response frequency characteristic. The
system is not nondirectional but is similar to that of a vibrating piston, in
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that the directional becomes sharper with increase in frequency. However,
the piston directional pattern cannot be used because there is considerable
deviation from piston action in a cone loudspeaker. Measured directional

characteristics of direct radiator loudspeakers, having the constants given
10 1.0

POEA
X LS

F1G. 6.7. Directional characteristics of a dynamic, direct radiator loudspeaker, with a
110° cone 4 inches in diameter, mounted in a large baffle.

F1c. 6.8. Directional characteristics of a dynamic, direct radiator loudspeaker with a
110° cone 16 inches in diameter, mounted in a large baffle.

in Fig. 6.2, are shown in Figs. 6.7 and 6.8. Employing the mechanical
circuit and the electrical circuit of Fig. 6.1 and the data of Fig. 6.2, the total
output of the loudspeaker may be determined as outlined in this section.
It is quite obvious that the response on the axis will be accentuated at the
high frequencies due to the sharpening of the directional pattern.
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The power output of a loudspeaker may be obtained from the direc-
tional pattern and the response frequency characteristic by considering the
sound flow through a spherical surface in which the loudspeaker is located
at the center (see Sec. 10.3D1). The surface is divided into incremental
areas and the power transmitted through each area is determined from the
sound pressure. The total power is equal to the summation of the in-
cremental areas and may be expressed as

—7
P:l”pzds 6.12
pcC

where P = total power, in watts,
p = density of the medium, in grams per cubic centimeter,
¢ = velocity of sound in the medium, in centimeters per second,

p = root mean square sound pressure over the element of area dS,
in dynes per square centimeter, and

dS = element of area on the spherical surface, in square centimeters.

In the case under consideration the power output, P, as a function of
the frequency may be determined from equation 6.5 and the electrical
input. The directional patterns for the cones having diameters of 4 and
16 inches are shown in Figs. 6.7 and 6.8. From these data, the pressure
on the axis may be determined from equation 6.12. The computed re-
sponse frequency characteristics of the loudspeakers of Fig. 6.2 are shown
in Fig. 6.9. These characteristics are quite similar to the actual response
frequency characteristics.

Another factor of interest in a direct radiator is the power handling
capacity. The sound power output, in watts, is given by

P = (ryr4%2)10-7 6.13
where 7pr4 = mechanical resistance, in mechanical ohms, obtained from
Sec. 5.8, and
% = root-mean-square velocity of the piston, in centimeters per
second.

Equation 6.13 may be used to compute the power output of a direct
radiator loudspeaker in the region were all parts of the cone move in phase.
In general, the output is limited by the permissible amplitude. The greatest
amplitude occurs at the low frequencies where the action is essentially that
of a piston. Therefore, piston action may be assumed.

The peak amplitude characteristics of a 16-inch, a 4-inch, and a 1-inch
piston mounted in an infinite baffle for 1 watt of sound output are shown
in Fig. 6.10. These characteristics show that for practical amplitudes
a relatively large piston is required to deliver adequate power at the low
frequencies.

The directional pattern of a vibrating paper cone depends on three
principal factors: the cone diameter, the cone angle, and the frequency.
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Other factors, such as the paper pulp, the processing, the corrugations,
the voice coil diameter, and the suspension also influence the directional
pattern, but in a lesser degree. The directional patterns for various fre-
quencies of 110° cones having diameters of 4 and 16 inches are shown in
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F1G6. 6.9. Pressure response frequency characteristics of the loudspeakers of Fig. 6.2
having cone diameters of 1 inch, 4 inches, and 16 inches.
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F1G. 6.10. The amplitude frequency characteristics of vibrating pistons
of various diameters, mounted in an infinite wall, for 1-watt output on
one side.

Figs. 6.7 and 6.8. It will be see that the directional pattern becomes
sharper with increase in frequency. However, the pattern is broader than
that of a vibrating piston of the same diameter due to the relatively low
velocity of propagation of sound in the paper cone. The directional patterns
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of 130° and 100° cones 4 inches in diameter are shown in Fig. 6.11. It
will be seen that the directional pattern at the high frequencies becomes
broader as the cone angle is increased. This is to be expected because the
velocity of propagation of sound in the paper cone is about two times
the velocity of sound in air. Under these conditions the delay between the
sound emitted from the outside and the center of the cone will increase as
the angle of the cone is increased. As a result the directional pattern will
be broadest for the cone with the widest angle. The preceding observations

100007V

Fi1g. 6.11. Directional characteristics of dynamic direct radiator loudspeakers with
cones 4 inches in diameter for two different cone angles. Row A. 130° cone. Row B.
100° cone. .

with regard to cone type vibrators may be substantiated by theoretical
considerations as outlined in Sec. 2.21.

The characteristics of Figs. 6.2 and 6.9 show that the low-frequency
efficiency may be maintained to the higher frequency ranges by employing
a small and relatively light weight cone and voice coil. On the other hand,
to obtain adequate power handling capacity at the low frequencies with
tolerable excursions of the vibrating system requires a cone of relatively
large area. To insure operation below the elastic limits of the materials,
a cone of large area must be of sturdy construction. Equation 6.7 and Fig.
6.3 show that a large heavy cone also requires a relatively large voice coil
in order to maintain a tolerable efficiency. The efficiency of this system
is low in the high-frequency range. Furthermore, the directional pattern
of a large cone becomes quite narrow in the high-frequency range. Where
the frequency range is confined within the limits of from 80 cycles to
4000 cycles, satisfactory efficiency, response, and directional characteristics
can be obtained from a single-cone, single-coil loudspeaker. The above
discussions show that to obtain adequate power handling capacity and
uniform response over a wide frequency range (greater than 80 to 4000



DIRECT RADIATOR LOUDSPEAKERS 137

cycles) requires a relatively large diameter, heavy diaphragm, and large
coil at the lower frequencies, and a relatively light diaphragm and coil to
obtain good efficiencies at the higher frequencies. There are a number of
direct radiator loudspeaker systems which may be built to satisfy these
conditions. It is the purpose of the sections which follow to consider a
number of these systems.

6.3. Multiple Single-Cone, Single-Coil Loudspeaker.— Several
arrangements for obtaining uniform response, broad directional pattern,
adequate power handling capacity, and tolerable efficiency are shown in
Fig. 6.12.

The systems of Fig. 6.12A, C, and D consist of a large diameter heavy
cone driven by large voice coil for the low-frequency range and a small

H.F. UNIT g
UN[TS

L.F UNIT |

Ay

INPUT

L.F. UNIT

iy

INPUT

C

Fi1Gc. 6.12. Multiple single-cone, single-coil, direct radiator, dynamic, loud-
speaker systems. A, C, and D. Large low-frequency unit, small high-
frequency unit, and filter system. B. Seven small units connected in parallel.

diameter light cone and small voice coil for the high-frequency range and
a filter system for allocating the power in the high- and low-frequency ranges
to the respective low- and high-frequency units. The filter system consists
of an inductance in series with the low-frequency unit and a condenser in
series with the high-frequency unit. Due to the large inductance of the
large voice coil, as shown in Fig. 6.6, it has been found that for most applica-
tions the inductance in series with the low-frequency unit may be omitted.
On the other hand, if a more elaborate filter system is required, the circuit
of Fig. 7.16 may be used.
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In Fig. 6.12A the low- and high-frequency units are separated by a
relatively large distance. In the overlap frequency region this distance
may be more than 1 wavelength. The directional patterns of two sources
shown in Fig. 2.3 are applicable to this system. These characteristics
show that two separated sources exhibit directional patterns with one or
more lobes with very low response between the lobes. The result is fre-
quency discrimination, for points removed from the axis, in the overlap
region. This condition is reduced in Fig. 6.12C but is not eliminated.
However, a disadvantage of the system of Fig. 6.12C is that sound diffracts
around the high-frequency unit and is reflected from the large cone causing
a ragged response due to interference between the direct and reflected sound.

The objectional features of Fig. 6.12A and C referred to above have
been eliminated in Fig. 6.12D. In this system? the large cone is geo-

metrically a continuation of the small cone. Therefore, in the overlap
15" DIAMETER CONE

Iy
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F1Gg. 6.13. Directional characteristics of direct radiator loudspeakers with
cone diameters of 15 inches and 2.5 inches.

region the two cones vibrate together as a single cone. In this way phase
and diffraction effects are eliminated.

In a two-unit loudspeaker, employing a large cone for the reproduction of
the low-frequency range and a small cone for the reproduction of the high-
frequency range, a uniform directivity pattern can be obtained over the
entire audio-frequency range. This has been described in connection with
Figs. 6.6 and 6.7. This is illustrated further in Fig. 6.13 in which the
directivity patterns of 15-inch and 23-inch cone loudspeakers are compared
for a six to one ratio of frequency, that is, for a constant ratio of diameter
to wavelength. Fig. 6.13 shows that the directivity pattern of a 15-inch
loudspeaker at 200 to 1000 cycles corresponds to that of a 2}-inch

7 Olson and Preston, RCA Rsview, Vol. 7, No. 2, p. 155, 1946.
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loudspeaker at 1200 and 6000 cycles. These relationships were used in
designing the two units of the system shown in Fig. 6.12D.

In the loudspeaker8.? shown in Fig. 6.12D, small cones may be attached
to the large cone to reduce the velocity of wave propagation in the large
cone. Fig. 6.14. This broadens the directivity pattern of the low-frequency
cone. In the high-frequency range, the conical domes attached to the
surface of the low-frequency cone improve the performance in three ways:
by decreasing the angle into which the high-frequency cone feeds, thereby
increasing the output of the high-
frequency cone; by diffusely reflecting
some of the sound emitted by the high-
frequency cone, thereby eliminating
discrete reflections; and by diffracting
some of the sound emitted by the high-
frequency cone, thereby broadening the
directivity pattern.

The angles into which the high-
frequency cone feeds, without and with
the conical domes applied to the low-
frequency cone of Fig. 6.14, are desig-
nated as ¢; and ¢s in Fig. 6.15A and
Fig. 6.15B. Since ¢ is smaller than ¢,
the acoustic radiation load upon the
cone is greater with the conical domes
than without them. When the acoustic
radiation load upon a direct radiator
loudspeaker is increased, the sound
power output isincreased. Thus, it will
be seen that the conical domes increase
the high-frequency sound radiated by
the high-frequency cone. In other Fic. 6.14. A perspective view of a

. . . duo-cone loudspeaker with domes
words, the high-frequency efficiency is  attached to the low-frequency cone.

improved. (After Olson, Preston, and May.)
Some of the sound emitted by the
high-frequency cone is diffusely reflected by the conical domes, as shown in
Fig. 6.16. Without the domes, there would be many similar reflections
which would lead to reinforcements and cancellations with the direct radia-
tion. The result would be corresponding peaks and dips in the response of
the high-frequency cone. With the domes, the symmetry of the low-
frequency cone is upset and there are many reflections in different directions
and of different path lengths. The reflections, therefore, cancel out and the
net result is a smooth response-frequency characteristic.
Some of the sound emitted by the high-frequency cone is diffracted by
the conical domes as shown in Fig. 6.17. By diffraction is meant the bending

8 Olson, H. F., Radio and Television News, Vol. 51, No. 2, p. 69, 1954.
9 Olson, Preston, and May, Jowr. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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of the sound around an obstacle. The pencils of sound designated 1 and 2
in Fig. 6.17 are diffracted. The pencils of sound designated 3 to 7, inclusive,
are radiated directly from the high-frequency cone. It will be seen that the
effect of the diffracted sound is to increase the curvature of the wavefront
in the direction of 1, 2, and 3. As a result, the directivity pattern is
broadened.

HIGH
FREQUENCY FREQUENCY
CONE CONE
1
} SECTIONAL VIEW
A
I CONICAL DOME
* \¢2 ANGLE
HIGH
FREQUENCY GH
CONE . FREQUENCY

COILS

SECTIONAL VIEW
B
Fic. 6.15. A. Duo-cone loudspeaker with a
plain low-frequency cone. B. Duo-cone loud-

speaker with domes attached to the low-fre-
quency cone.

Referring to Figs. 6.2 and 6.9 it will be seen that uniform response may
be obtained over a wide frequency range by means of a light cone driven
by a light coil and resonant at the lower limit of the frequency range.
Of course, the power handling capacity of a single unit of this type is in-
adequate and a multiple set of units must be employed. The number of
units required may be determined from the required power output and the
allowable excursion together with equation 6.13 and Fig. 6.10. An arrange-
ment of seven small loudspeaker units mounted in a flat baffle with the voice
coils connected in parallel is shown in Fig. 6.12B. The voice coils of the
loudspeakers may, of course, be connected in parallel, series, or series-parallel.
In order to obtain better high-frequency spatial distribution the units may
be inclined at various angles, for example, the units may be mounted so that
the resulting vibrating surface approximates a spherical surface (see
Sec. 2.20).
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Fic. 6.16. Diffuse reflections of the sound emitted by
the high-frequency cone by the domes attached to the
low-frequency cone.

The frequency range of a direct radiator loudspeaker may be increased
by sectionalizing the coil or cone or both and thereby reducing the mechanical
impedance and electrical impedance or both at the higher frequencies.
These systems will be considered in the sections which follow.

6.4. Single-Coil, Double-Cone Loudspeaker.l0—A typical single-coil,
double-cone loudspeaker, Fig. 6.18B, consists of a single coil coupled to two
cones. In this system an increase in frequency range is obtained by reducing
the mechanical impedance of the diaphragm by coupling a smaller cone to

10 Olson, H. F., Jour. Acous. Soc. Amer., Vol. 10, No. 4, p. 305, 1939.
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Fi1G. 6.17. Diffraction of the sound emitted by the
high-frequency cone by the domes attached to the low-
frequency cone.

the voice coil at the high frequencies. The two cones are separated by a
compliance. At low frequencies the mechanical reactance of the compliance,
Cu, is large compared to the mechanical impedance, zp71, of the large cone
and consequently the entire system moves as a whole. At high frequencies
the mechanical reactance of the compliance, cy, is small compared to the
mechanical impedance, z1, of the large cone, and the small cone, zpr2 moves
while the large cone, zpr1, remains stationary. By means of this reduction
in cone mechanical impedance the range may be extended almost a full
octave, depending upon the mass and electrical impedance characteristics
of the voice coil. The response characteristics of a single-coil, single-cone
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loudspeaker is shown in Fig. 6.18A. The voice coil and large cone of Fig.
6.18B is the same as that of Fig. 6.18A. The high-frequency range has been
extended about one-half octave without any sacrifice of power handling
capacity by the addition of the small cone.

6.5. Double-Coil, Single-Cone Loudspeaker.ll!—The double-coil,
single-cone loudspeaker, Fig. 6.18C, consists of a voice coil, divided into
two parts separated by a compliance, coupled to a single corrugated cone.
The inductance and electrical resistance of the larger portion of the voice
coil, L1, 7g1, is shunted by an electrical capacitance, Cg. At low frequencies
the electrical reactance of the electrical capacitance is large compared to
the electrical impedance of the larger portion of the voice coil, L1, 7g1,
and the mechanical reactance of the compliance, Cas, separating the two
portions of the voice coil is large compared to the mechanical mass react-
ance of m;, and the mechanical impedance zp1. Therefore, in the low-
frequency range the action is the same as that of a single-coil loudspeaker.
At high frequencies the reactance of the electrical capacitance, Cg, is small
compared to the electrical impedance of L;, g1 or L, 7g2; and the mechani-
cal reactance of the compliance, Cyps, is small compared to the mechanical
reactance of large coil, m;. The cone is driven by the lighter portion, mso,
of the voice coil and the heavy coil, m;, remains stationary. In the mid-
range there is a phase difference between the currents in the two portions
of the voice coil. A corresponding phase shift occurs in the mechanical
system. As a consequence, a smooth overlap is obtained in going from two-
coil operation at the low frequencies to a single-coil operation at the high
frequencies. Above the frequency of ultimate resistance the radiation
resistance is a constant. In order to obtain uniform output in this range
the mechanical impedance of the system must be independent of the fre-
quency. This may be accomplished by embossing suitable corrugations
in the cone which reduce the effective mass reactance. The double-coil
system reduces the effective mass reactance of the voice coil as compared
to a single coil, as well as the electrical impedance at the higher frequencies.
A typical response characteristic of this loudspeaker is shown in Fig. 6.18C.

6.6. Double-Coil, Double-Cone Loudspeaker.l2—The double-coil,
double-cone loudspeaker, Fig. 6.18D, consists of a light coil coupled to a
small cone, connected by a compliance to a heavy coil and large cone. In
this system an increase in range is obtained by reducing the impedance of
both the coil and the diaphragm at the higher frequencies. At low fre-
quencies the electrical reactance of the capacitance, Cg, is large compared to
the electrical impedance of the large portion of the voice coil, L;, 7g1, and
the same current flows in both coils. The mechanical reactance of the
compliance, Cp, separating the two portions of the coil is large compared
to the mechanical impedance of m;, plus 2a1. Therefore, at low frequencies
the system behaves as a single-coil, single-cone loudspeaker. Both parts

11 QOlson, H. F., Proc. Inst. Rad. Eng., Vol. 22, No. 1, p. 33, 1034.
12 Olson, H. F., Jour. Acous. Soc. Amer., Vol. 10, No. 4, p. 305, 1939.
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Fic. 6.18. A. Cross-sectional view of a single-cone, single-coil loudspeaker with the voice coil electrical circuit and the mechanical
circuit of the mechanical system. In the voice coil electrical circuit, e = the internal voltage of the generator. 7z = the internal
vg1and L = the electrical resistance and the inductance of the voice coil. In the mechanical

electrical resistance of the generator.
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circuit, m — the mass of the voice coil. zy1 = the mechanical impedance of the cone at the voice coil. f3 = the force generated
in the voice coil. The graph shows the pressure response frequency. B. Cross-sectional view of a double cone, single-coil loud-
speaker with the voice coil electrical circuit and mechanical network of the mechanical system. In the voice coil electrical circuit,
¢ = the internal voltage of the generator. 7z¢ = the internal electrical resistance of the generator. 7z and L = the electrical
resistance and inductance of the voice coil. In the mechanical network, m = the mass of the voice coil. zy; and zys = the
mechanical impedance of the large and small cones. Cy and 7y = the compliance and mechanical resistance of the corrugation in
the large cone. fy = the force-generated in the voice coil. The graph shows the pressure response frequency characteristic.
C. Cross-sectional view of a single-cone, double-coil loudspeaker with the voice coil network and the mechanical network of the
mechanical system. In the voice coil electrical network, ¢ = the internal voltage of the generator. rgze = the internal electrical
resistance of the generator. rg; and L; = the electrical resistance and the inductance of the large coil. gz and Lz = the electrical
resistance and inductance of the small coil. Cjy = the electrical capacitance shunting the large coil. In the mechanical network,
m; = the mass of the large coil. mg = the mass of the small coil. zy; = the mechanical impedance of the cone at the voice coil.
Cy and 7y = the compliance and mechanical resistance of the corrugation separating the large coil and small coil. fi1 = the
force generated in the large coil. fys = the force generated in the small coil. The graph shows the pressure response frequency
characteristic. D. Cross-sectional view of a double-cone, double-coil loudspeaker with the voice coil electrical network and
mechanical network of the mechanical system. In the voice coil electrical network, e = the internal voltage of the generator.
rge¢ = the internal electrical resistance of the generator. 7g; and L; = the electrical resistance and the inductance of the large
coil. 7gs and Ly = the electrical resistance and the inductance of the small coil. Cg = the capacitance shunting the large coil.
In the mechanical network, m; = the mass of the large coil. ma = the mass of the small coil. z1 = the mechanical impedance
of the large cone. zy2 = the mechanical impedance of the small cone. Cy and 7y = the compliance and mechanical resistance
of the corrugation separating the large cone and coil and the small cone and coil. fi; = the force generated in the large coil.
fua = force generated in the small coil. The graph shows the pressure response frequency characteristic.
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F1G. 6.19. A. Cross-sectional view of a conventional single-coil direct radiator, dynamic loudspeaker and the mechanical circuit

of the mechanical system.

cone and suspension system.

In the mechanical circuit, m = the mass of the voice coil.
The graph shows the pressure response frequency characteristic.

Zy¢ = the mechanical impedance of the
B. Cross-sectional view of the
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D. Cross-
In the mechani-

In the mechanical network,

the compliance and mechanical resistance of the corrugation separating the coil and the

the mechanical impedance of the cone and suspension system. The graph shows the pressure response frequency
Cuy1 and 7y = the compliance and mechanical resistance of the cor-

Cys and ry2 = the compliance of the corrugation connecting the mass ms to the cone.
The graph shows the pressure response frequency characteristic.

the mechanical impedance of the cone.
sectional view of the loudspeaker in C with a mass connected by a corrugation to the bottom end of the voice coil.

olled into the voice coil form separating the coil and cone.

the mass of the voice coil.

C M and vy =
C. Cross-sectional view of the loudspeaker in B with a mass connected by a corrugation to the front of the cone.

ZMCc =

rugation separating the coil and the cone.

loudspeaker in A with a corrugation r
ZMc

m = the mass of the coil.

cone.
In the mechanical network, m;

characteristic.

handling capacity as a direct radiator loud-
speaker may be obtained at the low frequencies.

6.7. Mechanical Networks for Control-
ling the High-Frequency Response of a
Loudspeaker.—In general, in radio and other
forms of sound reproduction it is desirable to
attenuate the response above a certain high-
frequency limit. In some cases, it may be
desirable to attenuate a certain band as, for
example, 10,000 cycles in radio reproduction to
eliminate the adjacent channel beat note.
Electrical networks and filters are usually quite
costly compared to mechanical filters for cer-
tain applications in sound reproduction. It is
the purpose of this section to describe the con-
struction and performance of several mechani-
cal networks and filters for suppressing certain
frequency bands or for attenuating the high-
frequency response of a loudspeaker.

A relatively light weight, 8-inch loudspeaker
was chosen for these tests. This type of loud-
speaker is used in small radio receivers. Due
-to the small mass of the cone and coil the
response is well maintained at the high fre-
quencies. The principles involved are applic-
able to all loudspeakers. The loudspeaker was
mounted in a 3-foot irregular baffle. The
response was obtained employing a velocity
microphone located on the axis of the speaker
at a distance of two feet.

A. Conventional Single-Coil Loudspeaker.—
The response frequency characteristic of the
conventional loudspeaker, referred to above,
is shown in Fig. 6.19A. The mechanical cir-
cuit of the mechanical system is also shown in
Fig. 6.19A. The constants have been indicated
as the mass of the voice coil, m;, and the com-
pliance of the centering suspensions, the cone

the mechanical impedance

the compliance and mechanical resistance of the corrugation
ZMc

Cy2 and ryg = the compliance the mechanical resistance of the corrugation connecting the

CM]_ and M1
Cus and 7y3 = the compliance and mechanical resistance of the corrugation connecting the mass ms to the

the compliance and mechanical resistance of the corrugation in the cone.

The graph shows the pressure response frequency characteristic.

cal network, m; = the mass of the voice coil.

separating the coil and the cone.

z X mechanical impedance including the cone out-
°s side suspension and the radiation mechanical
£ 8§  resistance, etc., lumped as zpr¢. The response
8 é f:; is well maintained to 12,000 cycles. For this
Ny ¢ reason, this loudspeaker is well adapted to
@ &§ illustrate the performance of mechanical net-
£ 88  works for controlling the response at the higher

frequencies.
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B. Loudspeaker with a Compliance Shunting the Cone Mechanical Imped-
ance.—One of the simplest means for attenuating the high-frequency response
of a loudspeaker is a compliance inserted between the voice coil and the
cone. This compliance, Cy, may take the simple form of a bead or corruga-
tion pressed into the voice coil form. The response characteristic of a
conventional loudspeaker with a compliance between the voice coil and
cone is shown in Fig. 6.19B. In the mechanical network the compliance,
Cu, shuts the cone mechanical impedance, zy¢. Comparing with Fig.
6.19A it will be seen that there is some attenuation at the higher frequencies.
However, the attenuation is not large. This is due to the fact that the
mechanical impedance, za¢, does not increase appreciably with frequency.
At the higher frequencies a light cone, in particular, does not vibrate as a
piston. In a large diameter light cone the action changes gradually from
piston action to wave propagation at the higher frequencies. As a conse-
quence, the mechanical impedance does not increase directly with the
frequency. In some loudspeakers the mechanical impedance, zp¢, actually
decreases with frequency at the higher frequencies.

C. Loudspeaker with a Compliance Shunting; a Compliance and Mass in
Parallel, Connected in Series with the Cone Mechanical Impedance.—In a
radio receiver it is desirable to attenuate the response at 10,000 cycles so
that the 10,000-cycle adjacent channel beat note will not be reproduced.
A parallel circuit inserted in series with a line causes high attenuation at
the resonance frequency. By inserting a parallel circuit in series with the
voice coil and cone the response will be reduced at the resonant frequency.
The amount of attenuation will depend upon the magnitude of the mechani-
cal resistance in the compliance. An example of this system is shown in
Fig. 6.19C. The mass and compliance are designated as mg and Care.
Comparing with Fig. 6.19A the attenuation at 10,000 cycles is about 25 db.
This system is also easy to fabricate. Two suitable corrugations are pressed
into a single voice coil form.

D. Loudspeaker with a “ T’ Type Filter Connecting the Voice Coil Mass
and the Cone Mechanical Impedance.—This system, Fig. 6.19D, consists
of two parallel resonant mechanical circuits, or a parallel resonant mechani-
cal circuit, mgs and Cpse, connected to the bottom of the voice coil of the
system of Fig. 6.19C. The mechanical network is also shown in Fig. 6.19D.
The system then is a “T’’ type low-pass mechanical filter connecting the
coil and cone. Very high attenuation is obtained at the resonant frequency
of the arms. The response frequency characteristic of this system is shown
in Fig. 6.19D. Comparing with Fig. 1.19A the attenuation at 10,000 cycles
is 35 db. The attenuation is also quite high above 10,000 cycles. As in
the other systems it is made by simply pressing three corrugations into a
single voice coil form.

Several mechanical networks for controlling and suppressing the response
of a loudspeaker at the high frequencies have been described. Some of
these systems are in use in practically all loudspeakers. The cost of the
system is very small compared to an electrical network for accomplishing
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the same result because the mechanical networks are made by simply
placing corrugations in the voice coil form. These examples also illustrate
the value of analogies of electrical circuits in designing and in predicting
the action of mechanical systems.

6.8. Loudspeaker Baffles.—A baffle is a partition which may be used
with an acoustical radiator to increase the effective length of the acoustical
transmission path between the front and back of the radiator. The term
baffle is commonly applied to a plane surface. When a direct radiator
loudspeaker is mounted in a baffle, there exists at 180° phase difference
between the front and back of the cone. When the baffle is small compared
to the wavelength the system is an acoustic doublet (see Secs. 2.3 and 5.14).
In this frequency range the power output for constant velocity is proportional
to the fourth power of the frequency (see Sec. 5.14). When the baffle is
large compared to the wavelength, the two sides of the cone act independently
and the sound power output is proportional to the square of the frequency
(see Secs. 2.2 and 5.8). In the case of a mass controlled system the velocity
is inversely proportional to the frequency. A mass controlled system is a
system in which a positive mechanical reactance is the controlling mechani-
cal impedance. Therefore, in the case of the large baffle the sound power
output will be independent of frequency (see Sec. 6.2). However, when
the dimensions of the baffle are small compared to the wavelength, the power
output in the case of a mass controlled system is proportional to the square
of the frequency. In this frequency range the low-frequency response falls
off rapidly. The transition between doublet operation and independent
operation is quite marked. This transition point occurs when the dimen-
sions of the baffle are slightly less than one-half wavelength.

It is the purpose of this section to consider the action of various types of
baffles and loud-speaker systems.

A. Irregular Baffle.—In the case of a cone in a square baffle the path
from the front to the back is practically the same for all possible paths.
Therefore, some peculiarities in the response would be expected when the
acoustical path from the front to back is equal to a wavelength. At this
frequency the sound that is diffracted around the baffle and transmitted
forward will interfere destructively with the radiation from the front.
The pressure response characteristics of Fig. 6.20A show “dips” in the
response when the acoustical path from front to back is a wavelength.
Using an irregular baffle, Fig. 6.20B, it is possible to reduce this interference
and obtain a uniform response characteristic. In this baffle the various
paths from front to back differ and the destructive interference is spread
over a wide frequency range. The pressure response frequency charac-
teristics of an irregular baffle, Fig. 6.20B, show that the dip in the response
frequency characteristic of the square baffle is eliminated by the use of an
irregular baffle.

B. Large Bajfle, Different Resonant Frequencies.—The radiation me-
chanical resistance of a vibrating piston in an infinite baffle is proportional
to the square of the frequency in the range below the frequency where the
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radiation resistance attains its ultimate value. Referring to equation 6.5
it will be seen that the power output of a direct radiator loudspeaker will
be independent of the frequency in the frequency range above the resonant
frequency up to the frequency of ultimate mechanical resistance, and will
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Fi1c. 6.20. Pressure response frequency characteristics of mass-controlled,
direct radiator, dynamic loudspeaker mechanisms, with 10-inch diameter
cones, mounted in square baffles. In A, the loudspeaker mechanism is
mounted in the center of the baffle. In B, the loudspeaker mechanism is
mounted unsymmetrically to eliminate interference.

be proportional to the fourth power of the frequency below the resonant
frequency. The measured pressure response frequency characteristic of
a direct radiator loudspeaker having a fundamental resonance of 50, 100,
and 200 cycles is shown in Fig. 6.21. It will be seen that the pressure
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F1G.6.21. Pressure response frequency characteristics of direct radiator, dynamic
loudspeaker mechanisms, with 10-inch diameter cones, with resonant frequencies
of 50, 100, and 200 cycles, mounted in very large baffles.

response is independent of the frequency in the frequency range above the
resonant frequency. Below the resonant frequency the pressure response falls
off 12 db per octave. These results agree with that predicted by theory.

C. Low Resonant Frequency, Different Baffle Sizes.—The radiation mechan-
ical resistance of a vibrating piston in a finite baffle is proportional to the
fourth power of the frequency when the dimensions of the baffle are small
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compared to the wavelength, doublet operation, and proportional to the
square of the frequency when the dimensions are comparable to or greater
than the wavelength in the range below the ultimate mechanical resistance
(see Secs. 2.2, 5.8, and 5.14). If the considerations are confined to the
frequency range above the resonant frequency of the mechanism, the velocity
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F1G. 6.22. Pressure response frequency characteristics of mass-controlled, direct
radiator, dynamic loudspeaker mechanisms, with 10-inch diameter cones, mounted
in square baffles of 8, 4, and 2 feet on a side.

of the cone will be inversely proportional to the frequency. Under these
conditions, the pressure response will be proportional to the frequency in
the range where the system behaves as a doublet and independent of the
frequency where the system behaves as a simple radiator. The experimental
results of Fig. 6.22 substantiates these predictions for 2-, 4-, and 8-foot
baffles. Above the range where the system changes from doublet to singlet
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F1G. 6.23. Pressure response frequency characteristics of direct radiator, dynamic
loudspeaker mechanisms, with 10-inch diameter cones, operating under the follow-
ing conditions: A. Square bafile 8 feet on a side and a loudspeaker resonant fre-
quency of 50 cycles. B. Square baffle 4 feet on a side and a loudspeaker resonant
frequency of 100 cycles. C. Square baffle 2 feet on a side and a loudspeaker with a
resonant frequency of 200 cycles.
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operation the pressure response is independent of the frequency. Below
this transition point the pressure response falls off 6 db per octave.

D. Different Resonant Frequencies and Different Bajffle Sizes.—If the
resonant frequency of the loudspeaker is placed near the doublet-singlet
transition frequency the pressure response will be independent of the fre-
quency above this frequency and will be proportional to the cube of the
frequency below this frequency. The experimental results of Fig. 6.23
combines the loudspeaker mechanism of Fig. 6.21 with the baffles of Fig.
6.22. The resonant frequency is placed slightly lower than the doublet-
singlet transition frequency so that the output is quite uniform above the
resonant frequency. Below the resonant frequency and the doublet-singlet
transition frequency the pressure response falls off 18 db per octave. Again
the experimental results are in agreement with theory.

6.9. Cabinet Loudspeakers.13:14,15,16__The most common housing for
a direct radiator loudspeaker is the conventional open-back cabinet which
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Fi1Gg. 6.24. Cross-sectional view of a single-coil, single-cone, direct radiator,
dynamic loudspeaker mechanism mounted in open-back cabinet. In the voice
coil circuit, ¢ = the internal voltage of the generator. 7ze = the internal
electrical resistance of the generator. 7gz¢ and L = the electrical resistance and
inductance of the voice coil. zgy = the motional electrical impedance. In the
mechanical circuit, m¢ = the mass of the cone and voice coil. Cuyg = the
compliance of the suspension system. #ygs = the mechanical resistance of
the suspension system. m,4 = the mass of the ‘air load. 7y, = the mechanical
resistance of the air load. fx = the mechanomotive force in the voice coil.
zy1 = the mechanical impedance due to the cabinet load on the cone. z4; = the
acoustical impedance at the closed end of the cabinet. 242 = the acoustical
impedance at the open end of the cabinet. S, = the area of the cone.

also houses the radio chassis or phonograph mechanism. These range in
size from the largest console type to the smallest midget. From the stand-
point of sound reproduction the principle is the same in all, namely, to
provide a baffle for the loudspeaker. In the case of the midget cabinets the
sound path from the front to the back is very small and the low-frequency
sounds are not reproduced. In the case of the large console cabinets the

13 Olson and Preston, Radio and Tel. News., Vol. 51, No. 2, p. 69, 1954.

14 Olson, H. F., Audio Eng., Vol. 35, No. 11, p. 34, 1951.

15 Olson, H. F., Radio and Tel. News, Vol. 45, No. 5, p. 53, 1951.

16 Meeker, Slaymaker, and Merrill, Jour. Acous. Soc. Amer., Vol. 22, No. 2, p. 206,
1950.
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acoustic path length is sufficiently large to insure good reproduction of low
frequencies. One of the most troublesome acoustical factors in conventional
cabinets is the resonance in the enclosure back of the cone. This resonance
is termed cabinet resonance. The system may be considered from the
standpoint of lumped or distributed constants. In the case of most systems,
the latter viewpoint seems to yield better agreement with experiment. The
cabinet enclosing the back of the cone may be considered to be a pipe with
distributed constants.

A cross-sectional view of a direct radiator loudspeaker mounted in an
open-back cabinet and the mechanical circuit of the mechanical system is
shown in Fig. 6.24. The input acoustical impedance of a finite cylindrical
pipe has been considered in Sec. 5.25. In this chapter it has been more
convenient to use mechanical impedance instead of acoustical impedance.
The mechanical impedance due to the cabinet in terms of the acoustical
impedance is

M1 = ZA1502 6.14
where 2pr1 = mechanical input impedance of the cabinet, in mechanical
ohms.
241 = acoustical impedance of the cabinet, in acoustical ohms, and
S¢ = area of the cone in square centimeters.

The power output of the system may be determined from the mechanical
and electrical circuits of Fig. 6.24 and the constants of the system.

It is the purpose of the sections which follow to consider the performance
of various types of cabinets and loudspeaker systems.

A. Low Resonant Frequency, Different Cabinet Sizes.—The pressure
response frequency characteristics of a direct radiator loudspeaker mechan-
ism, having a resonant frequency of 20 cycles mounted in cabinets of
various sizes, is shown in Fig. 6.25. The resonant frequencies at 80, 150,

Y i
o t K3
e E ° Ll
Ak-arr—F B arr+ ¥ Cofirrd
3 3 3
024 024 @24
a PEN a a V
| ~ 1
wis N wis AS e
2z 0 y’ a
o q g v g
g2 212 g 12 v
c ¥ g1
6| 6 6
/
[v] Q.
3 100 00 30 100 50 %0 00 500
FREQUENCY FREQUENCY FREQUENCY

FiG. 6.25. Pressure response frequency characteristics of mass-controlled, direct
radiator, dynamic loudspeaker mechanisms with 10-inch cones mounted in square
open-back cabinets. A. Cabinet, 4 feet X 4 feet X 12 inches in depth. B.
Cabinet, 2 feet X 2 feet X 8 inches in depth. C. Cabinet, 1 foot x 1 foot x
6 inches in depth.
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and 250 cycles for the 4-, 2-, and 1-foot cabinets, respectively, is quite
evident. In this region the output is somewhat exaggerated in spite of
the fact that the cabinets are relatively shallow. Below the resonant fre-
quency the system behaves as a doublet. Therefore, with a mass-controlled
mechanism the response falls off 6 db per octave.
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F1c. 6.26. Pressure response frequency characteristics of direct radiator,
dynamic loudspeaker mechanisms, with 10-inch diameter cones, operating in
open-back cabinets under the following conditions: A. Cabinet, 4 feet x 4 feet x
12 inches in depth and a loudspeaker resonant frequency of 50 cycles. B. Cabinet,
2 feet x 2 feet X 8 inches in depth and a loudspeaker resonant frequency of
100 cycles. C. Cabinet, 1 foot X 1 foot X 6 inches in depth and a loudspeaker
resonant frequency of 200 cycles.

B. Different Resonant Frequencies and Different Cabinet Sizes.—In most
of the cabinets and mechanisms in use today the resonant frequencies of
the two systems are quite close together. This situation comes about in
a perfectly natural way due to manufacture procedures and design limitations
involved in low-cost, direct radiator mechanisms. The pressure response
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F1G. 6.27. Pressure response frequency characteristics of mass-controlled, direct
radiator, dynamic loudspeaker mechanisms with 10-inch diameter cones operating
in open-back cabinets 2 feet X 2 feet and the following depths: A. 8 inches.
B. 16 inches.. C. 24 inches.
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frequency characteristics of combinations of various cabinets and mechan-
isms having different resonant frequencies are shown in Fig. 6.26. These
characteristics show a marked increase in output of about 6 db at the region
of cabinet and mechanism resonance. Below this frequency range the
pressure response falls off 18 db per octave.

C. Effect of the Depth of the Cabinet.—A consideration of the open-back
cabinet system of Fig. 6.24 shows that the depth of the cabinet will influence
the response, particularly at the resonant frequency. The pressure re-
sponse frequency characteristics of a mass-controlled loudspeaker mechan-
ism mounted in 2-foot cabinets with depths of 8, 16, and 24 inches are
shown in Fig. 6.27. It will be seen that the accentuated response in the
region of cabinet resonance becomes more pronounced as the depth of the
cabinet is increased.

6.10. Back-Enclosed Cabinet Loudspeaker.—A loudspeaker mechan-
ism with the back of the cone completely enclosed by the cabinet is shown
in Fig. 6.28. At the low frequencies the system is a simple source (see
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Fi1c. 6.28. Cross-sectional view of a single-coil, single cone, direct radiator,
dynamic loudspeaker mechanism mounted in closed-back cabinet. In the voice
coil circuit, ¢ = the internal voltage of the generator. 7z = the internal electri-
cal resistance of the generator. 7gz¢ and L = the electrical resistance and induc-
tance of the voice coil. zgzy = the motional electrical impedance. In the
mechanical circuit, m¢ = the mass of the cone and voice coil. Cyg = the com-
pliance of the suspension system. 7ys = the mechanical resistance of the
suspension system. m,4 = the mass of the air load. 7x4 = the mechanical
resistance of the air load. Cuyp = the compliance of the cabinet. fy = the
mechanomotive force in the voice coil.

Sec. 2.2). Under these conditions the radiation mechanical resistance is
proportional to the square of the frequency up to the frequency of ultimate
mechanical resistance. The mechanical circuit of Fig. 6.28 shows that,
under these conditions, the output will be independent of the frequency
above the resonant frequency of the system.

A consideration of the mechanical circuit shows that the fundamental
resonance is influenced by the compliance of the cone suspension, and the
compliance of the enclosure. The compliance of the enclosure in terms of
the acoustical capacitance is given by

C

A
Cup = Sz 6.15
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where Cyp = compliance of the cabinet, in centimeters per dyne,

C 4 = acoustical capacitance of the cabinet, in (centimeters)5 per
dyne, and

S¢ = area of the cone, in square centimeters.
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Fic. 6.29. Pressure response frequency characteristics of
direct radiator, dynamic loudspeaker mechanisms with
10-inch diameter cones operating in open- and closed-back
cabinets. A. Open-back cabinet, 2 feet X 2 feet X 8 inches
in depth and a loudspeaker resonant frequency of 150 cycles.
B. Closed-back cabinet, 2 feet X 2 feet X 8 inches in depth
and a loudspeaker resonant frequency of 150 cycles. C. Open-
back cabinet, 2 feet X 2 feet X 8 inches in depth and a loud-
speaker resonant frequency of 30 cycles. D. Closed-back
cabinet, 2 feet X 2 feet X 8 inches in depth and a loudspeaker
resonant frequency of 30 cycles.

From the expression for the acoustical capacitance of an enclosure,
equation 5.7 and equation 6.15, the compliance of the cabinet is given by

|4
Cup = pCZ—ScZ 6.16
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where V' = volume, in cubic centimeters,
p = density of air, in grams per cubic centimeter, and
¢ = velocity of sound, in centimeters per second.

The pressure response frequency characteristic of a loudspeaker mechan-
ism having a resonant frequency of 150 cycles mounted in a 24-inch open-
back cabinet is shown in Fig. 6.29A. The response falls off 18 db per
octave below 150 cycles.

The pressure response frequency characteristic of a loudspeaker mechan-
ism, having a resonant frequency of 150 cycles, mounted in a completely
enclosed 24-inch cabinet is shown in Fig. 6.29B. The fundamental resonant
frequency of the system is 200 cycles. The increase in the resonant frequency
is due to the addition of the compliance of the enclosure. The response falls
off 12 db per octave below the resonance frequency.

The pressure response frequency characteristic of a loudspeaker mechan-
ism having a resonance frequency of 30 cycles mounted in a 24-inch open-
back cabinet is shown in Fig. 6.29C. In this case the response falls off 6 db
per octave below the doublet-singlet transition frequency.

The pressure response frequency characteristic of a loudspeaker mechan-
ism having a resonant frequency of 30 cycles mounted in a completely
enclosed cabinet is shown in Fig. 6.29D. The compliance of the cabinet
raises the fundamental resonant frequency of the entire system to 70 cycles.
The response is maintained down to 40 cycles. The response of this system
is superior to that of the 8-foot baffle with a low-frequency resonant
mechanism as shown in Fig. 6.16 or to the 4-foot open cabinet with a low
resonance mechanism, Fig. 6.19.

6.11. Compound Direct Radiator Loudspeaker.l’7—A consideration
of the back-enclosed cabinet loudspeaker has been given in Sec. 6.10. The
analysis shows that cabinet volume influences the response in the low-
frequency range when the compliance of the cabinet is comparable to the
compliance of the suspension system. In order to obtain adequate response
in the low-frequency range, some means must be provided for increasing the
effective volume of the cabinet. The effective volume of a cabinet may be
increased by decreasing the stifiness presented to the radiating loudspeaker
mechanism by the cabinet in the low-frequency range. It is possible to
reduce the effective stiffness of the cabinet by the use of an auxiliary loud-
speaker mechanism which drives the radiating loudspeaker mechanism.
This system has been termed a compound direct radiator loudspeaker.

A front and sectional view of a compound direct radiator loudspeaker is
shown in Fig. 6.30. A schematic sectional view and the electrical and the
mechanical network of the system is shown in Fig. 6.31. It will be seen
that the two voice coils are connected in series. Thus, in the low-frequency
range the same current flows in both voice coils. Referring to equation 6.16,
it will be seen that the compliance of the cabinet is inversely proportional
to the square of the cone area. Thus, it will be seen that the compliance

17 Olson, Preston, and May, Unpublished Report.
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Fig. 6.30. Front and sectional views of a compound direct radiator loudspeaker.
(After Olson, Preston, and May.)
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F1c. 6.31. Cross-sectional view and the electrical and acoustical networks of a
compound direct radiator loudspeaker. In the electrical network, ¢ = internal
voltage of the generator. rz¢ = internal electrical resistance of the generator.
7g1 and L1 = electrical resistance and inductance of the voice coil of the radiating
loudspeaker. zgy1 = electrical miotional impedance of the radiating loudspeaker.
7ge and Ly = electrical resistance and inductance of the secondary loudspeaker.
zpme = electrical motional impedance of secondary loudspeaker. Cgrg = elec-
trical capacitance. In the acoustical network, 73,4 and m,4; = mechanical
resistance and mass of the air load upon the cone of the radiating loudspeaker.
my = mass of the cone and coil of the radiating loudspeaker. 731 and Cy;1 =
mechanical resistance and acoustical resistance and compliance of the suspensions
of the radiating loudspeaker. fx1 = mechanomotive force in the voice coil of the
radiating loudspeaker. Cyy = compliance of the cabinet volume. 742 and
Cu2 = mechanical resistance and compliance of the suspensions of the secondary
loudspeaker. mg and m42 = masses of the cone and air load of the secondary
loudspeaker. Cyy1 = compliance of the volume between the two loudspeakers.
fu2 = mechanomotive force in the voice coil of the secondary loudspeaker.
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of the cabinet can be increased by making the diameter of the driving loud-
speaker small. By this expedient the resonant frequency of the driving
loudspeaker and cabinet can be made lower than the radiating loudspeaker
and the cabinet. By this two-stage system the response in the low-fre-
quency range can be extended. A 15-inch loudspeaker is the radiating
loudspeaker in the system of Fig. 6.30. The response-frequency charac-
teristic of the duo-cone loudspeaker mechanism in a back-enclosed cabinet
of two cubic feet is shown in Fig. 6.32. The response frequency charac-
teristic of the compound direct radiator loudspeaker housed in the same
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FiG. 6.32. A. Response frequency characteristic of a
15-inch duo-cone loudspeaker mechanism in a cabinet
of 2 cubic feet. B. Response frequency characteristic
of a compound direct radiator loudspeaker housed in
the same cabinet and employing the same radiating
loudspeaker mechanism.

cabinet is also shown in Fig. 6.32. Tt will be seen that a substantial gain in
low-frequency response is obtained by the use of the compound direct
radiator loudspeaker system.

6.12. Acoustical Phase Inverter Loudspeaker.—The acoustical phase
inverter loudspeaker!® system consists of a direct radiator loudspeaker
mechanism mounted in a completely closed cabinet save for a port coupling
the cabinet volume to the air, Fig. 6.33. The phase of the velocities on
the two sides of the cone differs by 180°. Referring to the mechanical
network of Fig. 6.33, it will be seen that the velocities in the branches 1
and 2 may differ by as much as 180° for positive mechanical reactances and
no mechanical resistances in branches 1 and 2 and a pure compliance in

18 Dickey, Caulton, and Perry, Radio Engineering, Vol. 8, No. 2, p. 104, 1936.
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branch 3. The phase angle will be reduced as mechanical resistance is intro-
duced. However, the mechanical resistance in direct radiator loudspeaker
systems is small compared to the mechanical reactance and the constants
may be chosen so that the phase angle between the velocity of the cone and
the port is very small. This system increases the radiation mechanical
resistance of a direct radiator loudspeaker at the low frequencies. The
pressure response frequency characteristic of a loudspeaker mechanism

VOICE CoiL MECHANICAL NETWORK
OF THE
ELECTRICAL CIRCUIT MECHANICAL SYSTEM

CROSS-SECTIONAL VIEW

Fi6. 6.33. Cross-sectional view of a single-coil, single-cone, direct radiator, dynamic
loudspeaker mechanism mounted in closed-back cabinet with a port. In the voice coil
circuit, e = the internal voltage of the generator. 7z¢ = theinternal electrical resistance
of the generator. 7z¢and L = the electrical resistance and inductance of the voice coil.
zpy = the motional electrical impedance. In the mechanical circuit, m¢ = the mass of
the cone and voice coil. Cygs = the compliance of the suspension system. 7g = the
mechanical resistance of the suspension system. m, = the mass of the air load. 7x4 =
the mechanical resistance of the air load. Cyy = the compliance of the cabinet.
mp = the mass of the air in the port. 73, = mechanical resistance of the air load on
the port. fyx = the mechanomotive force in the voice coil.
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Fi1G. 6.34. Pressure response frequency characteristics of a direct radiator, dynamic
loudspeaker mechanism with a 10-inch diameter cone and a resonant frequency of
30 cycles operating under the following conditions: A. Open cabinet, 2 feet x 2 feet
X 18 inches in depth. B. Closed cabinet, 2 feet x 2 feet X 18 inches in depth.
C. Phase inverter cabinet, 2 feet X 2 feet X 18 inches in depth and various port
openings, 1. Small port. 2. Medium port. 3. Large port.
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response frequency characteristic for the same mechanism mounted in a
closed cabinet of the same dimensions is shown in Fig. 6.34B. The pressure
response frequency characteristic of the same mechanism and cabinet used
as an acoustical phase inverter for various port openings is shown in Fig.
6.34C. The low-frequency range is extended, the output is increased and
cabinet resonance is eliminated by the phase inverter system.

6.13. Drone Cone Phase Inverter.!9—The acoustical phase inverter
loudspeaker system has been described in the preceding section. A study
of this system has shown that the particle velocity over the area of the port
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Fic. 6.35. Cross-sectional view, electrical circuit and mechanical network of a phase
inverter cabinet equipped with a drone cone. In the electrical circuit, ¢ = internal
voltage of the electrical generator. 7gze¢ = internal electrical resistance of the generator.
L and rgz¢ = inductance and electrical resistance of the voice coil. zzy = motional
electrical impedance. Inthe mechanical circuit, m¢and m, = mass of the cone and voice
coiland airload. Cygand rys = compliance and mechanical resistance of the suspen-
sion system. 74 = mechanical resistance of the air load. Cyy = compliance of the
cabinet. m’, = mass of the air load upon the drone cone. #’54 = mechanical resistance
load of the air load upon the drone cone. #'xs = mechanical resistance of the suspension
of the drone cone. m’¢ = mass of drone cone. C’ygy = compliance of the suspension of
the drone cone. (After Olson, Preston, and May.)

is not uniform, either with respect to phase or amplitude. The result is a
loss in energy due to phase shift and friction incurred by viscosity. Another
problem in the ported cabinet is the difficulty of providing a port of large
cross-sectional area so that the particle velocity in the port will be relatively
low. The appropriate inertance in the port can be obtained with a large
cross-sectional area if the length of the port is increased by the required
amount. When this is done, the port becomes very long; and, as a result,
the losses due to viscosity are very large. Thus, it will be seen that simple
port in the phase inverter or bass reflex cabinet is not a satisfactory system
from the standpoint of maximum performance. These objectionable
features can be overcome by the use of an undriven cone, termed a drone
cone, instead of the port, as shown in Fig. 6.35. In this system the port

19 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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area of the drone cone can be made the same as the active cone. The phase
and amplitude of the particle velocity are the same over the entire area of
the drone cone. Furthermore, the particle velocity is relatively low because
the area of the drone cone is large compared to a port. As a result, the losses
are low in the drone cone phase inverter.

A typical response-frequency characteristic of the drone cone phase
inverter is shown in Fig. 6.36. Two response-frequency characteristics of
the same loudspeaker in the same cabinet but with two different ports are
also shown in Fig. 6.36. In one case the frequency range of the port is the
same as the drone cone, but the output which is obtained with the port is
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Fic. 6.36. Response frequency characteristics of a
15-inch duocone loudspeaker housed in a cabinet of
seven cubic feet comparing a drone cone-type phase
inverter with a port-type phase inverter.

lower. In the other case the output of the port is the same as the drone
cone, but the frequency range which is obtained is less. To summarize,
these characteristics show that a wider frequency range with greater output
can be obtained with the drone cone type of phase inverter, as compared
to the port type, the reason being that the losses in the drone cone are less
than in the port.

6.14. Acoustical Labyrinth Loudspeaker.20—The acoustical labyrinth
loudspeaker consists of an absorbent walled conduit with one end tightly
coupled to the back of the cone of a direct loudspeaker mechanism and the
other end opening in front or at the bottom of the cabinet within which it
is folded (Fig. 6.37). The labyrinth is a piston driven tube with absorbing
walls. At the first half wavelength resonance, the velocity at the open
end is in phase with that of the front of the cone. The radiation, then,

20 Olney, Benj., Jour. Acous. Soc. Amer., Vol. 8, No. 2, p. 104, 1936.
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from both sources is additive and the response is increased. An increase
in response can be obtained over about an octave. The rising absorption
of the tube lining with increase in frequency damps out the higher reso-
nances. The transmission through the tube is very low above 150 cycles.
An anti-resonance occurs when the tube is one-quarter wavelength long.
The deleterious effect of the fundamental resonance of the cone with its
suspension system upon the response may be eliminated by choosing the
constants so that fundamental resonance of the loudspeaker coincides
with the quarter wavelength anti-resonance of the tube. The pressure
response characteristic of a direct radiator loudspeaker with and without a
labyrinth is shown in Fig. 6.37. These characteristics show that the
accentuated response due to cabinet resonance has been eliminated and that
the low-frequency range has been extended.

I
e
20
3 l‘ ‘\;v‘ vl "~ .L
15 A T
9 H"W Av4
3 /
e 10
;:‘:::=::::=::'-' a ‘ %
S ] « |
! Al 5
:r -I |: / ]
Spomcro—=—3ds !
3 % 100 1000
SECTION THROUGH A-A" ' FRONT VIEW FREQUENCY

F1c. 6.37. Acoustical labyrinth loudspeaker. The pressure response frequency
characteristic of an acoustical labyrinth loudspeaker is labeled B on the graph. The
pressure response frequency characteristic of the corresponding open-back cabinet
loudspeaker is labeled A on the graph. (After Olney.)

6.15. Combination Horn and Direct Radiator Loudspeaker.2l—One
form of the combination horn and direct radiator loudspeaker consists of a
horn coupled to the back side of a direct radiator loudspeaker mechanism
and an acoustical capacitance for changing the output from the horn to
the open side of the cone for reproduction of the mid- and high-frequency
ranges (Fig. 6.38).

At low frequencies the mechanical reactance of the compliance, Can,
is large compared to the mechanical impedance, 2y, at the throat of the
horn. Therefore, the cone is coupled directly to the horn in this frequency
range. In the system shown in Fig. 6.38 the mechanical reactance of the
compliance, Can1, becomes equal to the throat mechanical impedance, 2z,
at 150 cycles. Therefore, above 150 cycles, the response from the horn is
attenuated and the major portion of the output issues from the front of
the cone and the system behaves as a direct radiator loudspeaker. The
use of a horn as a coupling means makes it possible to obtain large power

21 Olson and Hackley, Proc. Inst. Rad. Eng., Vol. 24, No. 12, p. 1557, 1936.
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outputs from a small diameter cone. In addition, the combination of a
horn and a direct radiator loudspeaker mechanism yields high efficiency
and smooth response at the low frequencies. A cone with a single coil may
be used for reproduction to 7000 cycles. For reproduction to 12,000 cycles
a double voice coil is used. The pressure response frequency characteristic
of the combination horn and direct radiator loudspeaker with double voice
coil driving system is shown in Fig. 6.38.
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F1c. 6.38. Sectional views of the combination horn and double-voice coil, direct
radiator loudspeaker. In the voice coil circuit, ¢ = the internal voltage of the generator.
rz¢ = the internal electrical resistance of the generator. 7z, and L; = the electrical
resistance and inductance of the large coil. 7gy and La = the electrical resistance and
inductance of the small coil. Cg = electrical capacitance. In the mechanical network,
m1 = the mass of the large coil. mg = the mass of the small coil. Cyg and 3 = the
compliance and mechanical resistance of the corrugation separating the large and small
coils. mg3 = the mass of the cone. #7ygand Cyg = the mechanical resistance and com-
pliance of the suspension system. m4 and 7y = the mass and mechanical resistance of
the air load on the front of the cone. Cy; = the compliance of the chamber behind the
cone. zy31 = the mechanical impedance at the throat of the horn. fy; and fys = the
mechanomotive forces generated in the large and small voice coil sections. The graph
shows the pressure response frequency characteristic of the combination horn and direct
radiator loudspeaker. The overlap between the horn and direct radiator action is shown
by the dotted and dashed characteristics. (After Olson and Hackley.)

A combination horn and direct radiator loudspeaker for operation in the
corner of a room is shown in Fig. 6.39. A sectional view depicting the horn
of the combination horn and direct radiator loudspeaker is shown in Fig.
6.40. The theory and action is the same as the system shown in Fig. 6.38.
There is some advantage in the operation of a relatively small horn loud-
speaker in the corner of the room in that the radiation resistance presented
to the mouth is increased. See Secs. 2.2D and 5.24. There is one unique
feature of the horn system?2 shown in Figs. 6.39 and 6.40, namely, that it
provides true corner operation in that the horn mouth feeds into the
boundaries of the loudspeaker and the two walls and the floor as well. If

22 Olson, H. F., Unpublished Report.
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the floor is not employed as the case of most corner systems, full advantage
of corner operation cannot be realized.

In a modification of the systems of Figs. 6.38, 6.39, and 6.40 direct radiator
operation is not used, that is, one side of the cone is coupled to the horn
and the other side is coupled to an enclosed cavity. See Sec. 7.4B.

A phase inverter loudspeaker may also be operated in the corner of
the room to obtain increased output in the very low audio-frequency
range.

Another form of the combination horn and direct radiator loudspeaker23
consists of a direct radiator loudspeaker with a large cone for the repro-
duction of the low-frequency range and a small horn loudspeaker for the

J L

F1G. 6.39. A perspective view of a corner-type com-
bination horn and direct radiator loudspeaker.

reproduction of the high-frequency range. Two different designs of this
type of loudspeaker are shown in Fig. 6.41. In Fig. 6.41A the center pole
for the low-frequency loudspeaker constitutes the small portion of the horn
and a flared type cone in the direct radiator loudspeaker provides a con-
tinuation of the horn. In Fig. 6.41B the center pole also constitutes the
small portion of the horn. A small cellular horn, coupled to the small
portion in the pole, completes the horn. An electrical dividing network is
used to allocate the input to the low- and high-frequency units in the
appropriate frequency ranges.

23 Lansing, J. B., Jour. Soc. Mot. Pic. Eng., Vol. 46, No. 3, p. 212, 1946.
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LOUDSPEAKER

LOUDSPEAKER
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F1G. 6.40. Cross-sectional views of a corner-type
combination horn and direct radiator loud-
speaker.
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F16. 6.41. Combination horn and direct radiator loudspeakers. A. A direct radiator
loudspeaker is used for the reproduction of the low-frequency range; and a horn loud-
speaker, in which the pole and low-frequency cone form the horn, is used for the repro-
duction of the high-frequency range. B. A direct radiator loudspeaker is used for the
reproduction of the low-frequency range and a cellular horn loudspeaker is used for the
reproduction of the high-frequency range.
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A modification of the system of Fig.

6.41A, shown in Fig. 6.42, includes

a diverging acoustic lens24:25 at the mouth of the high-frequency horn unit.

Referring to Sec. 2.19, it will be seen
that the high-frequency radiation from
a simple horn is emitted in a relatively
narrow beam. It has been shown in
Sec. 1.11 that a diverging acoustic lens
will spread out the impinging wave-
front. An acoustic lens placed in the
mouth of the high-frequency horn will
increase the spread of the high-frequency
radiation and thus provide improved
directivity.

6.16. Loudspeaker Mechanisms
for Small Space Requirements.26—
There are many applications in the field
of sound reproduction where space is
limited and the volume occupied by
the loudspeaker must be kept to a
minimum. This is particularly the
case in pocket type personal radio
receivers where the loudspeaker is the
largest single component. For these
applications, an inverted magnetic-
field structure has developed as shown
in Fig. 6.43. The field structure con-
sists of three parts, namely,the top and

OUTSIDE
SUSPENSION

CENTER :
SUSPENSION colL colL

MAGNET

Fic. 6.42. Combination horn and
direct radiator loudspeaker equipped
with a lens in the mouth of the high-
frequency horn.

bottom plates and the magnet. The cone is located between the top and

bottom plates. The top and bottom

plates are perforated for efficient

transmission of sound. The performance of the loudspeaker is the same

OPENINGS,

(= ]
NS

AN\

N \\\\\\\\\\~ =~——1

OPENINGS
CENTER

OUTSIDE
SUSPENSION

BACK VIEW SECTIONAL VIEW FRONT VIEW

Fic. 6.43. Loudspeaker mechanism with an inverted field structure.

(After Bleazey and Preston.)

24 Koch and Harvey, Jour. Acous. Soc. Amer., Vol. 21, No. 5, p. 471, 1949.
25 Frayne and Locanthi, Jour. Soc. Mot. Pic. Tel. Eng., Vol. 63, No. 3, p. 82, 1954.
26 Bleazey and Preston, RCA Review, Vol. 17, No. 2, p. 211, 1956.
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as that of the conventional design with a cone of the same diameter and
weight and a magnet of the same weight. An examination of Fig. 6.43
reveals that the space occupied by the inverted-magnet field structure is
considerably less than in the case of the conventional design of Fig. 6.1.
6.17. Feedback Applied to a Loudspeaker.—Feedback in a transmis-
sion system or a section thereof is the returning of a fraction of the output
to the input. Negative feedback is feedback which results in decreasing the
amplification. Among the sources of nonlinear distortion and nonuniform
response in a reproducing system may be the power amplifier and loud-
speaker. It is possible to reduce distortion and improve the response as a
function of the frequency of an amplifier by making the amplification
deliberately higher than necessary and then feeding the output back in
such a way as to throw away excess gain. In the same way this system
may be made to include the loudspeaker. It is not an easy proposition
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FiG. 6.44. Loudspeaker and amplifier feedback systems. A. The output of the pickup
coil is fed into the input side of the amplifier. B. The output of the microphone is fed
into the input side of the amplifier. The graph shows the pressure response frequency
characteristic of System A: 1. Without feedback. 2. With feedback. 3. With feed-
back and compensation.

to employ feedback in this way because of the very special control required
of phase shifts in the amplifier and loudspeaker system. Unless certain
phase relations27,28 are maintained, oscillation will occur. Fig. 6.44 shows
feedback systems applied to an amplifier and loudspeaker. In Fig. 6.44A
a pickup coil is attached to the cone. The output from the pickup coil is
fed into the input of the amplifier out of phase with the signal input. The
response characteristic of the amplifier loudspeaker without feedback is
shown in Fig. 6.44. The same loudspeaker and amplifier with 15 db nega-
tive feedback from the pickup coil are also shown in Fig. 6.44. It will be
seen that the response at the high frequencies is improved. This system
tends to drive the cone at constant velocity for constant signal voltage

27 Nyquist, H., Bell Syst. Tech. Jour., Vol. 11, No. 1, p. 126, 1932.
28 Black, H. C., Bell Syst. Tech. Jour., Vol. 13, No. 1, p. 1, 1934.



DIRECT RADIATOR LOUDSPEAKERS 169

input. Therefore, the response will fall off below the point of ultimate
resistance, because the radiation resistance falls off 6 db per octave in this
range (see Fig. 6.2). The response may be made uniform with respect to
frequency by compensation of the input to the system.

A feedback system employing an amplifier, loudspeaker and microphone
is shown in Fig. 6.44B. If a pressure operated microphone having uniform
sensitivity with respect to frequency is used the response characteristic of
the loudspeaker will become more uniform as the amount of feedback is
increased.

6.18. Cabinet Configuration.29.30,31__The outside configuration of the
cabinet influences the response due to diffraction effects introduced by the
edges of the cabinet. The effects of
diffraction for various shapes are given
in Sec. 1.11. The response frequency
characteristics of Fig. 1.7 shows that
cabinet diffraction effects may introduce
variations of several decibels in the res-
ponse of a loudspeaker mechanism with
an otherwise smooth response frequency
characteristic. As a result of a study of
cabinet shapes, a cabinet has been -
developed in which the deleterious effects /
of diffraction have been reduced to practi-
cal limits. The cabinet which has been
evolved is shown in Fig. 6.45. It will be ///
seen that the sharp front edges of a
standard rectangular parallelopiped type
cabinet, which shqulc} set up diffracted Fic. 6.45. A cabinet designed to
waves, have been eliminated. ~As a result, eliminate the deleterious effects of
the variations in the response due to difiraction in the response of the
diffraction effects have been reduced to a loudspeaker.
negligible amount.

6.19. Loudspeaker Mounting Arrangement in the Cabinet Wall,32.33
—The mounting arrangement of the loudspeaker mechanism in the front
wall of the cabinet influences the response due to the resonances of the
cavity in front of the mechanism. In addition, variations in the response
are produced by reflections and diffractions from the circular boundary of
this cavity. The standard mounting arrangement for loudspeaker mechan-
isms which has been used for years is shown in Fig. 6.46A. Referring to
Fig. 6.46A, it will be seen that the cabinet wall forms a cavity in front of the
loudspeaker. The resonances and anti-resonances of this cavity, as well

e

29 Olson, H. F., Radio and Television News, Vol. 45, No. 5, p. 53, 1951.

30 Olson, H. F., Audio Engineering, Vol. 35, No. 11, p. 34, 1951.

31 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
32 Olson, H. F., Radio and Television News, Vol. 45, No. 5, p. 53, 1951.

33 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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Fic. 6.46. A. Direct radiator loud-

speaker mechanism mounted on the
back of the cabinet wall. B. Direct
radiator  loudspeaker = mechanism
mounted flush with the front of the
cabinet wall.

as reflections and diffractions of this
wall edge, introduce variations in the
response frequency characteristic as
shown by curve A in Fig. 6.47. These
variations in response can be reduced
by the improved loudspeaker mechan-
ism mounting arrangement, as shown
in Fig. 6.46B. It will be seen that the
cavity in front of the loudspeaker
mechanism has been materially re-
duced. The reflecting edge of the cut-
out in the cabinet wall has been
completely eliminated. The sharpness
of the edge has also been reduced
which mitigates the diffraction effects
due to this edge. The response fre-
quency characteristic of a loudspeaker
mechanism mounted as shown in
Fig. 6.41B is shown by curve B in
Fig. 6.47. Comparing the response fre-
quency characteristics of curves A and

B of Fig. 6.47, it will be seen that a considerable improvement in response
can be obtained with the mounting arrangement shown in Fig. 6.46B.
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Fic. 6.47. A. Response frequency characteristic of a direct
radiator loudspeaker mechanism mounted as shown in Fig. 6.46A.
B. Response frequency characteristic of a direct radiator loud-
speaker mechanism mounted as shown in Fig. 6.46B.
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6.20. Loudspeaker Locations in Television Receivers.—The proper
placement of the loudspeaker mechanism in television receivers is difficult
to achieve because of the large area of the surface of the kinescope on the
front of the receiver. This is a particularly difficult problem in table model
television receivers where there is no space on the front of the receiver for
the loudspeaker mechanism. As a consequence the loudspeaker mecha-
nism must be placed in one or more of the four locations LS1, LS2, LS3,
and LS4, shown in Fig. 6.48. In all of these locations the listener-viewer
is located at approximately 90° from the axis of the loudspeaker. The
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Fic. 6.48. Loudspeaker mechanism locations in a table model
television receiver.

loudspeaker mechanisms employed are usually small ones with 4- or 5-inch
diameter cones. Referring to the directional patterns of a four-inch cone
of Fig. 6.11, it will be seen that it is practically nondirectional in the low-
frequency range. However, in the high-frequency range it becomes quite
directional. Under these conditions with the mounting arrangements of
Fig. 6.48 there will be considerable frequency discrimination in the high-
frequency range. Some compensation in high-frequency areas is provided
by accentuating the high-frequency response.

The placement of the loudspeaker mechanism in consoles is a somewhat
simpler problem, as shown in Fig. 6.49, in that the loudspeaker mechanism
may be located on the front of the cabinet. The most common arrange-
ment is a single loudspeaker LS1. Other arrangements are as follows:
Two loudspeaker mechanisms LS2 and LS3 are placed in the corner and
angled to increase the coverage. Three loudspeaker mechanisms LS1, LS2,
and LS3 placed in the front and corners of the cabinet. Three loudspeakers
with the loudspeaker mechanism LS1 in the front of the cabinet and loud-
speaker mechanisms LS4 and LS5 in the sides of the cabinet. If separate
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loudspeaker mechanisms are used to cover the low- and high-frequency
ranges, the low-frequency loudspeaker mechanisms may be placed in one
or more of the locations LS1, LS2, LS3, LS4, and LS5 and the high-frequency
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FiG. 6.49. Loudspeaker mechanism locations in a console model
television receiver.
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F1G. 6.50. Loudspeaker mechanism locations in a console model
television receiver.
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loudspeaker mechanisms may be placed in either or both locations LS6 and
LS7.

Telecasts are usually viewed within an angle of 445° with respect to the
axis of the kinescope. For that reason there appears to be no object in the
use of loudspeaker locations LS2, 1S3, LS4, and LS5 because a single
loudspeaker mechanism will give adequate coverage over a total angle of
90°. Furthermore, multiple loudspeaker mechanisms decrease the intel-
ligibility of speech reproduction. There is one objectionable feature in the
cabinet of Fig. 6.49, namely, that the television chassis and kinescope are so
large that the loudspeaker mechanism must be located very close to the
floor. It has been established that the most natural sound reproduction is
obtained when the loudspeaker mechanism is located at ear level of the
listener.

A cabinet design in which the loudspeaker may be located at a greater
distance from the floor is shown in Fig. 6.50. In the most common arrange-
ment, a simple loudspeaker LS1 is used to cover the entire frequency range
and placed near the top of the cabinet. In another arrangement an addi-
tional loudspeaker mechanism LS2 may be added. In a further modifica-
tion one loudspeaker mechanism may be used to cover the high-frequency
range and another loudspeaker mechanism may be used to cover the low-
frequency range. Another loudspeaker location is LS3. This loudspeaker
may be used in various combinations with LS1 and LS2. For example, in
one arrangement, each of the three loudspeakers covers a section of the
frequency range. In another combination LS2 may be omitted and LS1
and 1S3 may be operated in parallel.

In another arrangement of Fig. 6.50, loudspeakers may be symmetrically
located on both sides of the kinescope.

6.21. Loudspeaker Locations in Phonographs.—There are two general
types of phonograph cabinets, namely, table and console models. There
are many possible locations for loudspeaker mechanisms in phonograph
cabinets as depicted in Figs. 6.51, 6.52, and 6.53.

The seven most common loudspeaker mechanism locations in table
model phonographs are shown in Fig. 6.51. Obviously, not all of these
loudspeaker locations are employed in a single instrument. For example,
the most common arrangement is that of a single loudspeaker mechanism
in location LS1 of Fig. 6.51. In a multiple arrangement, two loudspeaker
mechanisms LS2 and LS3 of Fig. 6.51 are placed in the corners of the cabinet
and angled to increase the coverage. In another multiple arrangement, two
loudspeaker mechanisms LS4 and LS5 are placed in the two sides of the
cabinet. In a multiple arrangement of three loudspeaker mechanisms,
LS1, LS4, and LSS5 are placed in the front and the two sides of the cabinet,
respectively, to obtain wide angle coverage. In another multiple arrange-
ment the three loudspeakers LS1, LS2, and LS3 are placed in the front of
the cabinet. If separate loudspeaker mechanisms are used to cover the
low- and high-frequency ranges, the low-frequency loudspeaker mechan-
isms may be placed in one or more of the locations LS1, LS2, LS3, LS4,



174 ACOUSTICAL ENGINEERING

and LS5 and the high frequency loudspeaker mechanisms may be placed
in either one or both of the locations LS6 and LS7.

The two most common console type phonograph cabinets and the loud-
speaker locations in these cabinets are shown in Figs. 6.52 and 6.53. Seven
loudspeaker locations are shown in Fig. 6.52. The locations LS1, LS2,
LS3, LS4, and LS5 are employed for mechanisms with full frequency range.
A single loudspeaker at location LS1 is the most common arrangement.
Other arrangements are as follows: Two loudspeaker mechanisms LS2 and
1S3 are placed in the corner and angled to increase the coverage. The two
loudspeaker mechanisms LS4 and LS5 are placed in the two sides of the
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F1G. 6.51. Loudspeaker mechanism locations in a table model
phonograph.

cabinet. The latter arrangement is seldom used. Three loudspeaker
mechanisms LS1, LS4, and LS5 are placed in the front and the two sides
of the cabinet, respectively, to obtain wide angle coverage. Three loud-
speaker mechanisms LS1, 1S2, and LS3 are placed in the front of the
cabinet. If separate loudspeaker mechanisms are used to cover the low-
and high-frequency ranges, the low-frequency loudspeakers may be placed
in one or more of the locations LS1, LS2, LS3, LS4, and LS5 and the high-
frequency loudspeakers placed in locations LS6 and LS7. In the simplest
arrangement a single high-frequency loudspeaker LS6 and a single low-
frequency loudspeaker LS1 are used. Other arrangements include various
arrangements of LS1 to LS7. In all arrangements the loudspeakers should
be located at as large a distance from the floor as possible. The advantage
of the console phonograph shown in Fig. 6.53 is that the loudspeaker
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mechanism can be placed at a greater distance from the floor. It has been
established that the most natural sound reproduction is obtained when the
loudspeaker is located at a distance from the floor corresponding to the ear
level of the listener. In the cabinet of Fig. 6.53 the most common
arrangement is that of a single loudspeaker mechanism covering the entire
frequency range and placed near the top of the cabinet. In another
arrangement a high-frequency loudspeaker mechanism LS1 is used to cover
the low-frequency range. Another loudspeaker location is LS3. This loud-
speaker may be used in various combinations with LS1 and LS2. For
example, in one arrangement, each of the three loudspeakers covers a section
of the frequency range. In another combination LS2 may be omitted and
LS1 and LS3 may be operated in parallel.

6.22. Loudspeaker Locations in Radio Receivers.—Radio receivers
may be classed as follows: console, table, portable, personal, and automobile.
Each of these types requires a different arrangement and location for the
loudspeaker mechanism.

In general, the loudspeaker mechanism locations in the console type
radio receiver are the same as the console type phonograph. See Sec. 6.21
and Figs. 6.52 and 6.53.

The six most common locations for loudspeaker mechanisms in table
model radio receivers are shown in Fig. 6.54. The most common arrange-
ment of the loudspeaker mechanism in a table model radio receiver is the
use of a single loudspeaker in any of the locations LS1, L.S2, 1L.S3, 1L.S4, LS5,
or LS6. In a multiple arrangement, two loudspeaker mechanisms L.S2 and
LS3 are placed and angled to increase the coverage. In another multiple
arrangement two loudspeaker mechanisms LS4 and LS5 are placed in the
two sides of the cabinet. In a multiple arrangement of three loudspeaker
mechanisms, the loudspeaker mechanisms LS1, LS4, and LS5 are placed
in the front and the two sides of the cabinet, respectively, to obtain wide
angle coverage. In another multiple arrangement of three loudspeakers,
the loudspeaker mechanisms LS1, LS2, and LS3 are used.

Since the cabinet size of a table model receiver is relatively small, the
response falls off rapidly in the low-frequency region. See Sec. 6.9. Suit-
able compensation may be employed in the audio amplifier to maintain the
low-frequency response. Employing this expedient, the limitation is the
maximum allowable excursion of the loudspeaker cone. The amplitude
of the cone for a certain sound power output is inversely proportional to the
area of the cone. Thus, it will be seen that the low-frequency response that
can be obtained is a function of the total radiating surface.

Personal radio receivers employ very small enclosures in the form of a
rectangular parallelopiped. The cubical content of the smallest receivers
is of the order of 25 cubic inches. The loudspeaker mechanism is usually
placed in the front panel of the radio receiver. The order of power available
for feeding the loudspeaker is of the order of 5 to 50 milliwatts. Since the
power is limited to a very low value and the loudspeaker mechanism and
cabinet are both small, it is impossible to obtain adequate low-frequency
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response for natural sound reproduction. In the personal radio the principal
use is for the reproduction of speech. Therefore, the acoustical problem is
to obtain good intelligibility on speech together with adequate sound level
output. This can be accomplished in the personal radio receiver by proper
and suitable design of the loudspeaker and case. See Sec. 6.9.

The acoustic problem in the larger portable radio receiver is similar to
the personal radio receiver. Of course, the larger the case and loudspeaker
the greater the low-frequency response.

Automobile radio receivers are housed in an enclosure of about 1000
cubic inches or less. In general, a loudspeaker mechanism is also placed in
the same housing. In some cases the radio chassis and loudspeaker are

FRONT VIEW SIDE VIEW

F1c. 6.54. A. Loudspeaker mechanism locations in a
table model radio receiver. B. Loudspeaker mechanism
location in a personal radio receiver.

mounted in separate enclosures. An additional loudspeaker is sometimes
placed in the deck behind the rear seat. See Sec. 11.25. Since the loud-
speaker in the rear deck operates in the trunk compartment, there is no
enclosure problem. However, the space allocated in the loudspeaker
mechanism is limited when it is mounted with the chassis or separately for
reproduction in the forward portion of the motor car. Employing a low
resonant eight-inch loudspeaker or the equivalent in an elliptical loudspeaker,
very good reproduction of low frequencies can be obtained in an enclosure
of 1000 cubic inches.

6.23. Loudspeaker Locations in Combination Instruments.—The
location of the loudspeaker mechanism in combination radiophonograph
cabinets is similar to that of the phonograph of Sec. 6.21. In both the
table model and console phonographs it is customary to add a radio tuner
so that both radio and phonograph reproduction can be obtained.



178 ACOUSTICAL ENGINEERING

6.24. Concentrated Source Loudspeaker.3*—There are applications
where it is necessary to produce a high sound signal level over a limited zone
without producing a high sound signal level surrounding the zone. These
conditions may be obtained by means of the system shown in Fig. 6.55.
In the particular example of Fig. 6.55, 67 small direct radiator loudspeaker
mechanisms are mounted on a section of a spherical surface. The output
of the loudspeakers are all in phase at the center of the spherical surface or

the focus of the system. By means of this system a gain of more than 20
LOUDSPEAKERS
LOUDSPEAKERS

FRONT VIEW SECTIONAL VIEW

F1G. 6.55. Front and sectional views of a concentrated source loudspeaker.

db in signal level at focus compared to other locations removed from the
focus may be obtained.

6.25. Transient Response.3>—The subject of transient response em-
braces a wide variety of physical phenomena. Electrical transients concern
electrical circuits and the components of electrical systems. Acoustical
transients concern acoustical and mechanical systems. In view of the fact
that the sound reproducing and collecting systems are mechanical, the
general tendency is to assume that these systems exhibit very poor transient
response characteristics. In properly designed acoustical elements the
performance is very often far superior to the other components used in
sound reproducing systems.

The behavior of a loudspeaker may be analyzed by solving the differen-
tial equations of the dynamical system. In other words, find the velocities
of the elements of the system which, when substituted in the differential
equations, will satisfy the initial and final conditions. The solution of a
differential equation may be divided into the steady state term and the

34 Olson, H. F., Unpublished Report.
35 Olson, ‘ Dynamical Analogies,”” D. Van Nostrand Company, Princeton, N.J.,
1943.
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transient term. The operational calculus is of great value in obtaining
the transient response of a mechanical or acoustical system to a suddenly
impressed force or pressure.

The general analysis used by Heaviside is applicable to any type of
vibrating system whether electrical, mechanical, or acoustical. It is the
purpose of this section to show the response of the conventional direct
radiator loudspeaker to a suddenly applied unit force.

The mechanical circuit of the dynamic loudspeaker at the low frequencies
is shown in Fig. 6.1. The differential equation for the system of 6.1 is

mx + ryrx + Cx_lw :fMO 6.17

where x = displacement,
fmo = mechanical driving force, in dynes,
m = total mass, in grams,
Cym = compliance of the suspension system, in centimeters per
dyne, and
rur = total mechanical resistance, in mechanical ohms.
The total mechanical resistance is
*™MT = 7MS + YMR + TME 6.18
where 75 = mechanical resistance due to losses in the suspension system,
etc., in mechanical ohms,
rmr = mechanical radiation resistance, in mechanical ohms, and

rme = mechanical resistance due to the electrical system, in mechan-
ical ohms.

The mechanical resistance, 7, is the sum of all the losses in the suspension,
the viscosity of the grill and cloth coverings and the viscosity loss due to the
air forced through the slit formed by the air gap and voice coil.
From equation 6.10 the mechanical impedance, zyg, due to the electrical
circuit is
ZME = "Mz — @—2 6.19
TET

where B = flux density, in gausses,
! = length of the voice coil conductor, in centimeters,
YET = YEC + YEG,
rgc = damped electrical resistance of the voice coil, in abohms, and

rge = internal electrical resistance of the generator (the vacuum
tube), in abohms.

The inductance of the voice coil is negligible. The mechanical radiation
resistance, 7pg, is given by the equation 5.10. It may be obtained directly
from the graph of Fig. 5.2.
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The mass, m, is the sum of the cone mass and the mass of the air load
upon the cone. The mechanical mass reactance of the air load upon a
cone may be obtained from equation 5.10. It may be obtained directly
from the graph of Fig. 5.2.

Heaviside’s unextended problem36.37,38 jis as follows: Given a linear
network of # meshes in a state of equilibrium, find its response when a
unit force is applied to any mesh. The unit function is defined to be a
force which is zero for ¢ < 0 and unity for £ > 0.

The indicial mechanical admittance of the mechanical circuit of Fig. 6.1 is

A@R) = ! 6.20
rmMT + mp + }'?

where  is employed as a symbol for the differentiation with respect to the
independent variable, time.
Let

7MT

—_— a2
"/mCM “

The indicial mechanical admittance may be written

1 w
Af) = — m 6.21

From tables of operational formulas, the solution is
A(t) = L e sin wt 6.22
mw

Fig. 6.56 shows the effect of the electrical impedance of the vacuum tube
upon the transient response of a loudspeaker. In this case the loudspeaker
is connected to the following generators: a very high electrical impedance
corresponding to pentode or Class “B’’ operation; a generator of one-half
the electrical resistance of the loudspeaker corresponding to class “A”
operation; and to a generator of very low electrical impedance corresponding
to inverse feedback operation. The electrical impedance characteristic of
the loudspeaker is shown by the uppermost left-hand graph of Fig. 6.57.
This example shows that the damping exerted by the electrical system is
of consequence. However, there is very little difference between Class
“A” and feedback operation. When a loudspeaker operates from a high

36 Carson, ‘‘ Electric Circuit Theory and Operational Calculus,” McGraw-Hill Book
Company, New York, N.Y., 1926.

37 Bush, “ Operational Circuit Analysis,”” John Wiley and Sons, New York, N.Y.,
1937.

38 Berg, ‘ Heaviside’s Operational Calculus,” McGraw-Hill Book Company, New
York, N.Y., 1936.
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electrical impedance vacuum tube amplifier, the internal mechanical resist-
ance of the loudspeaker is the major factor influencing the transient response.
Fig. 6.57 shows response of a 12-inch (10-inch diameter cone) loudspeaker
to a unit force for various values of mechanical resistance. In order to
correlate the response with actual systems, the electrical impedance frequency
characteristic for each system is also shown. These characteristics are for
a loudspeaker coupled to a generator with very high internal electrical
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F1c. 6.56. The transient response of a direct radiator, dynamic
loudspeaker, with a 12-inch diameter cone, to a unit force for various
types of electrical generators. A. Generator of very high electrical
resistance. B. Generator having an electrical resistance of one half
of the loudspeaker electrical impedance. C. Generator of zero electri-
cal impedance.

impedance. For this type of operation it is customary to provide a large
mechanical resistance, 7ps, the second and third conditions of Fig. 6.57.

Figs. 6.56 and 6.57 show that the “hangover’’ in properly designed and
operated loudspeakers is very small. Of course, the systems are improved
as the fundamental resonant frequency is lowered. In some of the small
receivers employing relatively high electrical impedance power amplifiers
driving loudspeakers having the fundamental resonance above 100 cycles,
the response to transients is usually very poor because the internal mechanical
resistance is not sufficiently large. Of course, the steady state response
with respect to frequency is usually not very smooth and the nonlinear
distortion is quite large in these receivers. As a consequence, the poor
transient response is masked by these distortions.
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Another means for depicting the transient response of a loudspeaker is
the application of a tone burst signal.39:40,41 A tone burst signal consists of
a sine wave with a rectangular envelope containing ten or more cycles. The
deviation in the sound output from the rapid growth and decay charac-
teristics and steady state characteristic of an applied tone burst signal
depicts the transient response of a loudspeaker. Referring to the response
frequency characteristic of a loudspeaker with an undamped suspension
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Fi16. 6.57. The transient response of a direct radiator, dynamic loud-
speaker, with a 12-inch diameter cone, for different values of the suspension
mechanical resistance. The electrical impedance frequency characteristic
indicates the degree of internal damping.

system shown in Fig. 6.744, it will be seen that there is a peak in the response
at 800 cycles and a dip at 1100 cycles. The sound outputs from this loud-
speaker with applied tone burst signals of 800 cycles and 1100 cycles are
shown in Fig. 6.58. In the case of the peak in the response frequency
characteristic there is a slow growth and a slow decay in the response of
the loudspeaker to an applied tone burst signal. In the case of a dip in the
response frequency characteristic there is a rapid growth followed by a
decrease in output then followed again by an increase in output in the
response to an applied tone burst signal. It has been suggested that a
39 Olson, H. F., Audio Engineering, Vol. 34, No. 10, p. 5, 1940.

40 QOlson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
41 Corrington, M. S., Jour. Aud. Eng. Soc., Vol. 3, No. 1, p. 35, 1955.
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measure of the transient distortion be designated as the remaining response
after the applied tone burst signal has been cut off, as shown in Fig. 6.58.
Apparatus for measuring the transient response by means of a tone burst
signal is described in Sec. 10.3G.

800 CYCLES 1100 CYCLES

ELECTRICAL INPUT ELECTRICAL INPUT

LOUDSPEAKER OUTPUT LOUDSPEAKER OUTPUT
TRANSIENT DISTORTION TRANSIENT DISTORTION

Fi1G. 6.58. The transient response of a loudspeaker having the
response frequency characteristic of Fig. 6.74A at 800 cycles
and 1100 cycles. The waves show the tone burst input to the
loudspeaker, the sound output from the loudspeaker, and the
output from the loudspeaker after the input to the loud-
speaker has been stopped.

6.26. Distortion.—The general trend in all types of radio receivers and
phonographs is more output without a corresponding increase in the size
of the loudspeaker. As a result, the maximum amplitude of the loud-
speaker is also increased. Many apparently peculiar activities are mani-
fested by the loudspeaker when the amplitude or excursion of the cone is
large. Under these conditions, the operation exceeds the linear portion
of the stress-strain characteristic of the cone material.

Most of the unusual phenomena are due to the nonlinear characteristics
of the cone suspension system. One of the effects of a nonlinear cone
, suspension system is a jump phenomena in the response characteristic.
i Another effect is the production of harmonics and subharmonics due to the
nonlinear cone suspension system. Frequency modulation of a high-
frequency signal by a large low-frequency amplitude of the cone is another
form of distortion. The nonlinear characteristics of the air also introduce
distortion. It is the purpose of this section to consider the various types
of distortion produced in a direct radiator type loudspeaker system.

A. Distortion Due to Nonlinear Cone System.42:43—Nonlinear distortion is

42 Olson, H. F., Audio Engineering, Vol. 34, No. 10, p. 5, 1950.
43 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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generated in the cone when the operation exceeds the linear portion of the

stress-strain characteristic of the cone.
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F1c. 6.59. The sound output of a typical
direct radiator loudspeaker, for a certain fixed
value of nonlinear distortion, as a function of

the mass of the cone.
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The strength of the cone depends
upon the thickness of the paper.
The weight in turn is proportional
to the thickness of the cone. The
sound output of a typical direct
radiator loudspeaker for a certain
value of nonlinear distortion as a
function of the weight of the cone
is shown in Fig. 6.59. The rela-
tive output of a direct radiatorasa
function of the weight of the cone
is shown in Fig. 6.4. A review of
Figs. 6.4 and 6.59 shows that high
sensitivity by the use of a light
cone is not compatible with low
nonlinear distortion. In order to
obtain low nonlinear distortion, a
relatively heavy cone must be used.

B. Nonlinear Suspension System.49—The force displacement charac-
teristic of a typical, direct radiator loudspeaker cone suspension system

FORCE
fu

X
DISPLACEMENT

Fi1G. 6.60. Force displacement characteristic of the
suspension system of a direct radiator loudspeaker.

is shown in Fig. 6.60. It will be seen that for small amplitudes the suspen-
sion system is linear. However, for large amplitudes the suspension system

is nonlinear.

44 Olson, H. F., Jour. Acous. Soc. Amer., Vol. 16, No. 1, p. 1, 1944.
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The force deflection characteristic of the loudspeaker cone suspension
system of Fig. 6.60 may be approximately represented by the expression

Su = f(x) = ax + Bx3, 6.23
where « = constant > 0, 8 = constant > 0, and fj = applied force which

produces the displacement x.

The compliance of the suspension system of Fig. 6.60 may be obtained
from equation 6.23 as follows:
x 1

Cyy= = = ——0 6.24
M fu T e+ pa?
The differential equation of the vibrating system in Fig. 6.1 is
mx + ryx + X _ Fcos wt, 6.25
Cum

where x = displacement,
% = velocity,
% = acceleration,
m = mass of the cone, coil, and air load,

rm = mechanical resistance due to dissipation in the air load and
suspension system,

Cym = compliance of the suspension system,
F = B,
B = magnetic flux density in the air gap,
! = length of the voice coil conductor,
¢ = amplitude of the current in the voice coil,

w = 2uf,
f = frequency, and
¢ = time.

Substituting the expression for Cp of equation 6.24 in equation 6.25,
the differential equation becomes

mi + ryx + ox + Bx3 = F cos wt 6.26
Since the mechanical resistance, 7ps, is quite small compared to the

mechanical reactance, save over a very narrow frequency range near the
resonant frequency, equation 6.26 can be written as follows:

mi + ax + Bx3 = F cos wt. 6.27

A number of investigators have obtained an approximate solution of this
differential equation.
If B is considered to be small, the relation

3842 F
a_ @ 2PA%
w m—|—

" T 6.28

between the arbitrary amplitude 4 and » may be obtained,
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An approximate solution of the differential equation, for unit mass, is

1 BA3
32 o« 3pAZ — (F/A)

The sections which follow will show that these equations predict the
performance of a loudspeaker with a nonlinear cone suspension system.

C. Distortion Characteristics of Nonlinear Suspension System.—The well-
known experimental result of a nonlinear cone suspension system is the
production of odd order harmonics when a sinusoidal input is applied to the
loudspeaker. The wave shape under these conditions is shown in Fig. 6.61.

x = A cos wt + cos 3wt. 6.29

u &
=
g I/\ /\ : m
-
ELECTRICAL INPUT ACOUSTICAL OUTPUT

FI1G. 6.61. The wave shapes of the electrical input and the sound pressure
output of a loudspeaker with a nonlinear suspension system.

The third harmonic is the preponderant distortion component. Equation
6.29 shows that a third harmonic term is introduced due to the suspension
system. In the case of a direct radiator loudspeaker, the amplitude is
inversely proportional to the square of the frequency for constant sound
power output in the frequency region below the frequency of ultimate
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Fic. 6.62. Distortion frequency characteristics of a direct
radiator, dynamic loudspeaker mechanism with a 10-inch
diameter cone and a nonlinear suspension system for electrical
inputs of 2, 5, and 10 watts.

resistance. Consequently, the greatest distortion will occur at the low-
frequency end of the frequency range as shown by typical, experimental,
nonlinear distortion frequency characteristics of Fig. 6.62.  The manifesta-
tion and effect of this type of distortion upon the reproduction of sound are
well known. Distortion occurs in all amplifiers as well as loudspeakers.
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As a matter of fact, it is more troublesome in amplifiers because the distortion
occurs over the entire audio frequency range, whereas the distortion is
confined to the low-frequency range in loudspeakers.

In the above considerations, the distortion produced by the nonlinear
element comprises harmonics of the fundamental. Distortion components
with frequencies of 4, %, 1 ... 1/n of the frequency of the applied force
also occur in nonlinear systems. Those familiar with the performance of
loudspeakers have noticed the production of subharmonics. In general,
these are very pronounced in the mid-frequency range. In the mid-fre-
quency range the subharmonics are due to the nonlinear properties of the
cone. Particular solutions of equation 6.26 have been obtained which
show that subharmonics are possible in a loudspeaker due to a nonlinear
cone suspension system. As pointed out above, the amplitude of the cone
of a direct radiator loudspeaker is inversely proportional to the square of
the frequency for constant sound output. The large amplitudes are con-
fined to the low-frequency range. Therefore, these subharmonics will be
of a very low frequency and difficult to detect. Careful experimental
investigations have shown the existence of subharmonics due to a nonlinear
cone suspension system as predicted from theoretical considerations.
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F1G. 6.63. A system consisting of a mass m; driven by a crank at a
frequency f and a second mass mg supported by a spring coupled to
my vibrating with a frequency 4f. The cross-sectional view of the
cone shows a similar system and illustrates how subharmonics may be
produced by a loudspeaker.

Fig. 6.63 illustrates the mechanism of one type of subharmonic. The
' driven mass m; at the end of the bar vibrates at a frequency f while the mass
my vibrates at a frequency %f. In the same way a cone, Fig. 6.63, will
vibrate at a subharmonic frequency. The existence of subharmonics in
direct radiator loudspeakers is well known. However, in horn loudspeakers
the diaphragms are relatively small and quite rigid. Consequently the
conditions for the production of subharmonics are not particularly favourable.
Circular corrugations in the diaphragm or cone may be used to increase
the stiffness and thereby reduce the tendency to break into subharmonic
vibrations.
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D. Response Frequency Characteristics of a Divect Radiator Loudspeaker
With a Nonlinear Suspension System.—The velocity frequency charac-
teristic of a loudspeaker with a nonlinear suspension system may be obtained
from the equation 6.29. A theoretical response frequency characteristic
is shown in Fig. 6.64.

Suppose that a constant current is applied to the voice coil of the loud-
speaker and at a low-frequency point A4 of Fig. 6.64. Then as the frequency
is increased, the velocity increases steadily to the point C. At this point
the velocity drops suddenly, in a jump, to point E. From point E on, the
velocity steadily decreases. Now start at
F and decrease the frequency. The
7 velocity steadily increases to the point D.
At point D the velocity suddenly jumps
to the point B. From point B on, the
velocity steadily decreases.

Typical experimental velocity frequency
Il characteristics are shown in Fig. 6.65.
The velocity frequency characteristic for
an increase in frequency is shown in
Fig. 6.65. The velocity frequency charac-
/ teristic for a decrease in frequency, is also

shown in Fig. 6.65. These characteristics

a
8

6
6

VELOCITY
>
Y =

w
N

n
N

1 A

L

A~ £ are quite similar to the theoretical charac-

% 60 100 200 teristic of Fig. 6.64.
FREQUENCY E. Distortion Due to Inhomogeneity of
F1c. 6.64. Theoretical response the Air-Gap Flux.—Inhomogeneity of the

frequency characteristic of a direct
radiator loudspeaker mechanism
with a nonlinear suspension system.
The unstable portion of the response
frequency characteristic is indicated
by a dashed line.

trical impedance is a function of the amplitude.

flux density through which the voice coil
moves is another source of distortion.
The result is that the driving force does
not correspond to the voltage developed
by the generator in the electrical driving
system. Furthermore, the motional elec-
This type of distortion is

similar to that due to a nonlinear suspension system. The wave-shape dis-
tortion is similar to that of Fig. 6.61.

The force, in dynes, developed by the interaction of the current in the
voice coil and the magnetic field is

f=Bli 6.30

where B = flux density, in gausses,

! = length of the voice coil conductor, in centimeters, and

1 = current, in abamperes.

Equation 6.30 shows that the force is directly proportional to the current

if Bl is a constant.

If the Bl product varies with the position of the voice
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Fi1Gc. 6.65. Experimental response frequency characteristic of a direct radiator
loudspeaker mechanism with a nonlinear suspension system for an increasing and
a decreasing applied frequency.

coil, the force will not be proportional to the current and distortion will
be produced.

A typical flux distribution in an air gap is shown in Fig. 6.66. A con-
sideration of the flux distribution shows that the Bl product will be practi-
cally a constant if the voice coil is made longer than the gap, as shown in
Fig. 6.66B, because, as the coil moves into the weaker tufting field on one
end, it moves into a stronger field on the other end. From the standpoint of
efficiency at the higher frequencies, this method is not particularly desirable
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F1G. 6.66. Graph of the flux distribution in an air gap. A. Typical field map
of the flux lines in an air gap. B. A voice coil longer than the air gap. C. A
voice coil shorter than the air gap.
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because part of the voice coil is in a weak field. This type of distortion
can also be eliminated by making the air gap of sufficient axial length so that
the voice coil remains at all times in a uniform field as shown in Fig. 6.66C.
The latter method is used for high-frequency loudspeakers of high efficiency.

F. Frequency-Modulation Distortion.45—The amplitude of the cone in a
direct radiator loudspeaker for constant sound output, in the frequency
range below the ultimate radiation resistance, is inversely proportional to
the square of the frequency. If the cone is radiating both at high- and low-
frequency, the source of high-frequency energy may be considered to be
moving back and forth at the low frequency. The high-frequency energy
will be modulated. The resulting frequency-modulated wave may be
represented by a carrier and a double infinity of sidebands.

The square root of the ratio of the power in the sidebands to the total
power in the sound wave, in per cent, is

[Vh
Fi2d?
where fo = modulated frequency, in cycles,

J1 = modulating frequency, in cycles,

p1 = acoustical output at fi, in watts, and

d = cone diameter, in inches.
A I1S"CONE 100 CYCLES B 4"coNe 1000 CYCLES
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FiGc. 6.67. A. Frequency modulation distortion characteristics of a 15-inch
diameter cone with outputs of 1, 0.1, and 0.01 acoustical watts at 100 cycles for
a second applied frequency over the range 100 to 10,000 cycles. B. Fre-
quency modulation distortion characteristics of a 4-inch diameter cone with
outputs of 1, 0.1, and 0.01 acoustical watts at 1000 cycles for a second applied
frequency over the range of 1000 to 10,000 cycles.

Frequency modulation distortion characteristics for a cone 15 inches
in diameter and a cone 4 inches in diameter for acoustical outputs of 1,
0.1, and 0.01 watts are shown in Fig. 6.67.

G. Adr Nonlinear Distortion.—In general, the distortion generated in
the air between the cone of a direct radiator loudspeaker and the listener
is considered to be negligible. It is very much less than this type of dis-
tortion in a horn type loudspeaker. However, if small distortions are of

45 Beers and Belar, Proc. IRE, Vol. 31, No. 4, p. 132, 1943.
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consequence, then some consideration must be given to the distortion
generated in the air between the cone and the air of the listener.

The ratio of the second harmonic pressure to the fundamental pressure,
at a distance 7 centimeters from a spherical radiator of radius 7; centimeters,
is

b _ (yt Depury, 7 6.32

e

prr 2V 2ypoc 7
where y = ratio of specific beats (1.4 for air),
p1r = fundamental sound pressure at a distance 7, in dynes per
square centimeter.
por = second harmonic sound pressure at a distance 7, in dynes per
square centimeter.

po = atmospheric pressure, in dynes per square centimeter,
w = 2af,

f = frequency, in cycles per second,

¢ = velocity of sound, in centimeters per second.

Equation 6.32 applies to any diverging wave system in which the sound
pressure varies inversely as the distance. It may be mentioned in passing
that the pressure in a sound wave in free space varies inversely as the
distance.

The second harmonic pressure,?6 in dynes per square centimeter, gen-
erated in a distance x, in centimeters, in a plane wave is

(r + Do ,
= — X 6.33
P = S Vaype
where p; = fundamental pressure, in dynes per square centimeter, and
the other quantities are the same as equation 6.32.

Equation 6.33 applies to“a plane wave, as, for example, a sound wave in
a pipe.

In the case of a direct radiator loudspeaker the wave is diverging. At
a distance equal to the radius of the cone the system can, from the stand-
point of distortion, be replaced by a spherical radiator equal to the radius
of the cone. The distortion generated in the volume between the cone
and the spherical surface may be determined by approximations by em-
ploying equation 6.33. The complete expression for the second harmonic
distortion, in per cent, generated between a cone of radius 7;, in centimeters,
and an observation point at a distance 7, in centimeters, from the front of
the baffle is

D — P2 g0 — (J_Jf_l)—“’?l[.sw + 7 log, ’_] 100 6.34
Pir 2V 2ypoc 8!
where p1, = pressure at the observation point, in dynes per square centi-
meter.

46 Thuras, Jenkins, and O’Neil, Jour. Acous. Soc., Amer. Vol. 6, No. 3, p. 173, 1935.
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The distortion frequency characteristics, for a distance of 3 meters (about
10 feet) and various pressures at the observation point, for direct radiator
loudspeakers with cones having diameters of 2 inches and 8 inches, are
shown in Fig. 6.68.
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Fic. 6.68. Distortion frequency characteristics depicting the distortion
generated in the air between the cone and the observer in a direct radiator
loudspeaker. A. Loudspeaker with a cone 8 inches in diameter. B.
Loudspeaker with a cone 2 inches in diameter. Labels on characteristics
indicate sound levels at observation point. 0 db = .0002 dyne per square
centimeter. Distance 3 meters.

6.27. Diaphragms, Suspensions, and Voice Coils.—The diaphragm or
cone of practically all direct radiator loudspeakers is made of paper. Typical
cones shown in Fig. 6.69, are made by a felting process employing a master
screen having the shape of the diaphragm. The mixture of pulp and water
is drawn through the screen leaving a thin deposit of compressed pulp.
When this deposit is dried it can be removed from the screen and the result
is the finished diaphragm. The outside suspension system can also be
felted as part of the cone.

There are two types of felted diaphragms in general use—namely, the
circular and the elliptical cone shown in Fig. 6.69. In certain cabinets it
is possible to obtain a larger diaphragm area by employing the elliptical
cone. The directional pattern of the elliptical cone is sharper in the plane
containing the major axis of the ellipse and axis of the cone and is broader
in the plane containing the minor axis of the ellipse and axis of the cone
than the circular cone with the same area.

There are three types of cross sections in general use in felted cones—
namely: the conical shape, Fig. 6.70A; the flared shape, Fig. 6.70B; the
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corrugated conical shape, Fig. 6.70C. The shapes of Fig. 6.70 may be
employed in either circular or elliptical cones.

The flared shape is somewhat more rigid than the conical shape. For
this reason, the directional pattern in the high-frequency range is very much
sharper. The use of corrugations increases the radial rigidity and slows

FRONT VIEW FRONT VIEW
SECTIONAL VIEW SECTION A-A SECTION B-B’

Fi1G. 6.69. Felted cones for direct radiator, dynamic loudspeakers. A. Circular cone.
B. Elliptical cone.

CORRUGATIONS
B C

Fic. 6.70. Sectional views of felted cones for direct radiator, dynamic loud-
speakers. A. Conical shape. B. Flared Shape. C. Conical shape with corruga-
tions.

propagation of the wave in the cone and thereby broadens the directional
pattern.

The three types of suspension systems, shown in Fig. 6.71, are in general
use. The leather or kidskin suspension system shown in Fig. 6.71A has
gradually gone out of use. It has been displaced by the one-piece felted
cone and suspension system shown in Fig. 6.71B. The latter system is
much simpler and less costly in manufacture. One of the principal dis-
advantages of the felted suspension system is the nonlinear characteristics
which introduce distortion (see Sec. 6.16). The stiffness of the suspension
system may be decreased and the distortion reduced by means of a folded
or double suspension system as shown in Fig. 7.61C. The reduction in
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F1G. 6.71. Sectional views of cone suspension systems for direct radiator loudspeakers.
A. Leather suspension. B. Felted corrugated suspension. C. Folded or double-felted
corrugated suspension system.
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FiG. 6.72. A. Outer suspension system for a cone of a
direct radiator loudspeaker. B. Normal vibration of the
suspension. C. Resorant vibration of the suspension in
phase with the cone. D. Resonant vibration of the sus-
pension out of phase with the cone.

stiffness makes it possible to obtain a low fundamental resonant frequency
in small light cones and thereby extend the low-frequency range (see Sec.
6.2).

An enlarged view of the corrugated outside suspension system of the type
of Fig. 6.71B is shown in Fig. 6.72A.

The normal mode of vibration of the cone and suspension is shown in
Fig. 6.72B. The maximum excursions of each part of the suspension and
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cone are shown by the dotted lines. It will be seen that the amplitude falls
off gradually in the suspension from the edge of the cone to the fixed outside
edge. Unfortunately, a limp suspension employed to obtain a low resonant
frequency does not behave in this manner throughout the frequency range,
but breaks into resonance in the mid-frequency range. The amplitude of the
suspension may be greater than that of the cone, as shown in Fig. 6.72C.
The vibration of the suspension is in phase with the cone, as shown in
Fig. 6.72C, and out-of-phase, as shown in Fig. 6.72D.

In the past, the procedure has been to coat the suspension with some
highly viscous material, thereby providing damping which reduces the
amplitude at resonance. In this way, the response is smooth and free from
the peak and dip. The objection to the use of viscous materials is that
these materials tend to dry out, with the result that the damping efficiency
is reduced. The vibration4?:48 can be controlled and the effects of any
resonance reduced to a negligible amount by means of a special rubber
damping ring, as shown in Fig. 6.73. The curve of Fig. 6.74A taken without

FOAM RUBBER

rd

::o oo.:...

30

CONE SUSPENSION SUPPORT

Fi1G. 6.73. The output suspension system of the cone of a
direct radiator loudspeaker equipped with a foam rubber
damper. (After Olson, Preston, and May.)

the damping ring can be compared with that of Fig. 6.74B taken with the
damping ring. It will be seen that the response frequency characteristic
without the damping ring exhibits a peak and a dip at 800 and 1100 cycles,
respectively.

In the direct radiator loudspeaker the sound vibrations start at the voice
coil, flow out in the cone, and then into the suspension system. In the low-
frequency range the phase shift, in degrees, along the cone is relatively small
and the cone behaves essentially as a piston. However, in the high-fre-
quency range the phase difference between the voice and suspension may
be several radians. In this frequency range it is important that the wave
that travels into the suspension system is absorbed and not reflected back.
The latter condition would lead to standing waves which would produce a
ragged response frequency characteristic. The sponge-rubber damping ring
serves as a suitable acoustical termination, thereby absorbing the vibrations
which flow into the suspension system. The response frequency charac-
teristics without and with the damping ring are shown in Figs. 6.75A and
6.75B, respectively. It will be seen that response is smoother with the
damping ring.

47 Olson, H. F., Radio and Television News, Vol. 51, No. 2, p. 69, 1954.

48 Olson, Preston, and May, Jour. Aud. Eng. Soc., Vol. 2, No. 4, p. 219, 1954.
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Fic. 6.74. Mid-frequency response frequency
characteristics of direct radiator loudspeakers.
A. A conventional suspension system. B. A
suspension equipped with a foam rubber damper.
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Fic. 6.75. High-frequency response frequency
characteristics of direct radiator loudspeakers.
A. A conventional suspension system. B. A
suspension equipped with a foam rubber damper.

Centering suspensions for keeping the voice coil aligned in the air gap
are shown in Fig. 6.76. An inside slotted centering suspension, usually
made of fiber, is shown in Fig. 6.76A. An inside felted paper centering
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suspension with corrugations is shown in Fig. 6.76B. This type of suspen-
sion is usually employed where the amplitude is small. An outside felted
paper suspension with corrugations is shown in Fig. 6.76C. The outside

INSIDE
SLLOTTED INSIDE OUTSIDE
CENTERING CORRUGATED CORRUGATED

DISK CENTERING CENTERING DUST
DISK

Fic. 6.76. Sectional views of voice coil centering systems for direct radiator dynamic
loudspeakers. A. Inside slotted fiber disk. B. Inside felted corrugated centering disk.
C. Outside felted corrugated centering disk.

centering suspension can be made large in diameter and thereby obtain a
very low value of stiffness.

Voice coil construction used in direct radiator loudspeakers are shown
in Fig. 6.77. A voice coil wound on a cylindrical paper form with round wire
is shown in Fig. 6.77A. Cement is used to bind the voice coil to the form.
The cement also serves to bind the adjacent turns of wire together. Three
types of self-supporting voice coils are shown in Fig. 6.77A, C, and D.

| PAPER CEMENT CEMENT CEMENT CEMENT
! cyLINDER/ CONE

FLEXIBLE | 5 FLEXIBLE

LEAD LEAD LEAD
SOLDER SOLDER SOLDER
R\(I)leJgED SQUARE

WIRE RIBBON

Fic. 6.77. Sectional views of voice coil constructions. A. Round enameled wire
wound on a paper form. B, C, and D. Self-supporting voice coils held together with
thermosetting cement. B. Round wire. C. Square wire. D. Edgewise wound ribbon.

Thermosetting cement is used to bind the entire assembly. The use of a
self-supporting coil eliminates the cylindrical paper form and thereby re-
duces the space required in the air gap. The use of square wire or ribbon
effects a further reduction in the space required in the air gap.

6.28. High-Frequency Sound Distributor.—The diameter of the
vibrating surface of multiple cones decreases with increase in frequency and
as a result the directional pattern is essentially independent of the frequency.
When a single uncorrugated cone is used to cover the high-frequency range
the directional pattern becomes quite narrow at the higher frequencies.
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By means of a distributor consisting of vanes it is possible to spread the
high-frequency radiation and thereby maintain uniform directional charac-
teristics with respect to the frequency. The high-frequency contours of
equal phase for a cone with and without a distributor are shown in Figs.
6.78A and 6.78B. The radius of curvature of the wavefront with the dis-
tributor being considerably less than that of the plane cone shows that the

PHASE

/_\QNTOURS VANES

CONE

SECTIONAL VIEW HORIZONTAL SECTION

A B C

VERTICAL SECTION

Fi1G. 6.78. High-frequency sound distributors for direct radiator loudspeakers.
A. The contour of equal phase for a plain cone. B. The horizontal cross-
sectional view of a cone with a vane distributor and the contour of equal phase.
C. The vertical cross-sectional view of a cone with a vane distributor.

distributor broadens the radiation pattern. The vertical section, Fig.
6.78C, shows that the distributor will not broaden the pattern in this direc-
tion. In general, in radio or phonograph reproduction, the required vertical
plane of spread is quite small. If a broader pattern is required in this plane
crossed vanes may be used.

6.29. Field Structures.—Six typical electromagnetic and permanent
magnet field structures used in direct radiator dynamic loudspeakers are
shown in Fig. 6.79. For many years the loudspeakers employing the
field structures shown in A and B of Fig. 6.79 were universally used in a-c
powered radio receivers and phonographs. The field coil was used as a
choke in the filter system of the high voltage power supply. The advent
of the new permanent magnet alloys consisting of combinations of aluminum,
nickel, cobalt, and iron and termed ““Alnico’’ made it possible to design
efficient magnetic structures of reasonable size. The air-gap flux densities
obtained with field coil excitation could be duplicated with permanent
magnets. Another important factor is the lower cost of the permanent
magnet loudspeaker as compared to the field coil excitation even when the
power supply is considered as part of the problem. As a consequence,
the magnetic structures shown in C, D, E, and F of Fig. 6.79 are universally
used in dynamic direct radiator loudspeakers today.

The design of field structures involves both empirical and theoretical
considerations because the leakage flux cannot be predicted without some
experimental data. It is beyond the scope of this book to give a compre-
hensive discussion on the design of field structures. However, since field
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Fi1c. 6.79. Field structures. A and B, electromagnetic types.
C, D, E, and F, permanent magnet types.

structures are used in loudspeakers, microphones, and other transducers it
seems worthwhile to outline the fundamentals of magnetic circuits.

A few of the terms used in magnet systems will be defined.

Magnetic Flux—Magnetic flux is the physical manifestation of a condi-
tion existing in a medium or material subjected to a magnetizing influence.
The quantity is characterized by the fact that an electromotive force is
induced in a conductor surrounding the flux during any time that the flux
changes in magnitude. In the cgs system the unit of magnetic flux is the
maxwell.

Magnetomotive Force—Magnetomotive force in a magnetic circuit is
the work required to carry a unit magnetic pole around the circuit against
the magnetic field. In the cgs system, the unit of magnetomotive force
is the gilbert.

Reluctance—Reluctance is the property of the magnetic circuit to resist
magnetization. Thus the amount of magnetic flux resulting from a given
magnetomotive force acting on a magnetic circuit is determined by the
magnetic reluctance of the circuit.

Maxwell—The maxwell is the cgs unit of magnetic flux. It is the flux
produced by a magnetomotive force of 1 gilbert in a magnetic circuit of
unit reluctance.
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Line—Line is a term commonly used interchangeably for a maxwell.

Gilbert—The gilbert is the cgs unit of magnetomotive force. It is the
magnetomotive force required to produce 1 maxwell of magnetic flux in a
magnetic circuit of unit reluctance.

Oersted—The oersted is the unit of field strength in the cgs system. It
is the magnetomotive force equivalent to 1 gilbert per centimeter of length.

Gauss—The gauss is the unit of flux density. One gauss equals 1 maxwell
per square centimeter.

Flux—Flux is the term applied to the physical manifestation of the
presence of magnetic induction.

Flux Density—Flux density is the number of lines or maxwells per
unit area in a section normal to the direction of the flux. In the cgs system
the unit is the gauss.

Ampere-Turn—Ampere-turn is the unit of magnetomotive force. It is
a product of the number of turns on a coil and the amperes passing through
the turns.

Magnetizing Force—Magnetizing force is the magnetomotive force per
unit length at any given point in a magnetic circuit. In the cgs system
the unit of magnetizing force is the oersted.

Leakage—Leakage is that portion of the magnetic field that is not useful.

Leakage Coefficient—Leakage coefficient is the ratio of the total flux
produced to the useful flux.

Induction, Intrinsic—Also known as ferric induction. Intrinsic induc-
tion is that portion of the induction in excess of the induction in a vacuum
for the same magnetizing force.

Induction, Magnetic—Magnetic induction is the magnetic flux per unit
area of a section normal to the direction of flux, resulting when a substance
is subjected to a magnetic field. This is also known as magnetic flux density.
In the cgs system the unit of magnetic flux density is the gauss.

Coercive Force—Coercive force is the magnetomotive force which must
be applied to a magnetic material in a direction opposite to the residual
induction to reduce the latter to zero.

Demagnetization—Demagnetization is the reduction of magnetization.
It may be either partial or complete.

Demagnetization Curve—The demagnetization curve is that portion of
the normal hysteresis loop in the second quadrant showing the induction
in a magnetic material as related to the magnetizing force applied in a
direction opposite to the residual induction.

Permeability—Permeability is the ratio of the magnetic induction in
a given medium to the induction which would be produced in a vacuum by
the action of the same magnetizing force.

The subject of analogies and the importance in the solution of problems
in vibrating systems have been discussed in Chapter IV. Analogies between
electrical and magnetic quantities may be used to solve problems in magnetic
systems by reducing the system to an electrical network. The performance
of the network may be determined by electrical circuit theory.
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The fundamental equation of magnetic circuits is given by
é== 6.35

where ¢ = total lines of flux, in maxwells,
M = magnetomotive force, in gilberts, and
R = reluctance, no unit.

Equation 6.35 is analogous to Ohm’s Law in electrical circuits expressed
as follows:

i =— 6.36

where ¢ = current, in abamperes,
¢ = electromotive force, in abvolts, and
rg = electrical resistance, in abohms.

The quantities, units, and symbols in electrical and magnetic systems are
shown in Table 6.2.

TABLE 6.2
Electrical ‘ Magnetic

Quantity Unit Symbol Quantity Unit Symbol
Electromotive Volts x 108 e Magnetomotive| Gilberts M

Force Force
Electrical Ohms x 109 7E Reluctance No Unit R

Resistance
Current Amperes x 10-1 i Flux Maxwells ¢

Resistance

The analogies between electrical and magnetic systems will be used to
solve problems in magnetic systems in this book. The first illustration will
be the solution of two simple magnetic systems, shown in Fig. 6.80.

The magnetomotive force, in gilberts, in an electromagnetic system, as
shown in Fig. 6.80A is given by

My = 4mni 6.37
where # = number turns, and
i = current, in abamperes.

The magnetizing force, in oersteds, developed by the permanent magnet
in the permanent magnet system of Fig. 6.80B may be obtained from the
demagnetization curves of Fig. 6.81. 1In order to use the minimum amount
of material it is necessary to operate at the maximum value of B X H.
For Alnico V this is 470 oersteds per centimeter of length.
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The total lines in the system at the coil or magnet, in maxwells, is

¢r =1+ ¢2 6.38
where ¢; = lines in the air gap, in maxwells, and
¢2 = lines in the leakage field, in maxwells.

The total magnetomotive force, in gilberts, developed by the energized
coil or permanent magnet is

Mp= M, + M, 6.39
Ry Ry
¢, ¢,
Ry Ry
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FiG. 6.80. Schematic views and magnetic networks of electromagnetic and
permanent field structures. M; = magnetomotive force drop in the air gap.
My = magnetomotive force drop in the air gap. M, = magnetomotive force
developed by the current i in the coil or by the permanent magnet. ¢; =
total flux lines in the air gap. ¢g = total leakage flux lines. ¢, = total lines
delivered by the coil or permanent magnet. R; = reluctance of the air gap.
R; = reluctance of the leakage paths. Ry = reluctance of the iron path.

The number of lines in the air gap, in maxwells, is

p— Ml
?51 = Fl 6.40

where R = reluctance of the air gap, and

M, = magnetomotive force across the air gap in gilberts.
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The reluctance of the air gap is
l

R, = e 6.41
where / = length of the air gap in the direction of the flux in centimeters,
and
A; = cross-sectional area of the air gap, in square centimeters.
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F1G. 6.81. Demagnetization and energy characteristics of permanent magnet materials.
I. Alnico I; II. Alnico II; III. Alnico III; IV. Alnico IV; V. Alnico V; V. Alnico Vg;
VI. 36 per cent cobalt.

The reluctance in the iron structure
1
=7,
where / = length of the path in the iron, in centimeters,
Ag = cross-sectional area, in square centimeters, and
= permeability.

R, 6.42

The curves?® of Fig. 6.82 show the relation between the. intrinsic flux
density and the magnetizing force for different magnetic materials. The
permeability may be obtained from the curves of Fig. 6.82 and the following
relation

p=g 6.43
where B = flux density, in gausses, and
H = magnetizing force in oersteds.

49 Kentner, A. E., Gen. Elec. Rev. XLV, No. 11, p. 633, 1942.
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The magnetomotive force drop in the iron is given by
M2 = R2 452 6.44
where Ry = reluctance in the iron structure, and
¢2 = lines in the iron, in maxwells.

The magnetomotive force drop in the iron should be made small com-
pared to the magnetomotive force drop in the air gap.
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Fic. 6.82. D-c magnetization characteristics for various magnetic materials.
1. Permandur, 50 per cent cobalt and 50 per cent iron. 2. Electrolytic iron.
3. Armco iron. 4. Annealed cold drawn steel. 5. Medium hard silicon steel.
6. Nickel iron alloy, 47 per cent nickel. 7. Permalloy, 79 per cent nickel.
8. Allegheny, mumetal. 9. Pure nickel. 10. Castiron. 11. Cobalt perman-
ent magnet steel. 12. Alnico permanent magnet alloy. (After Kentner.)

The air-gap flux density, in gausses, is given by

M

By means of the above equations and the leakage flux it is possible to
design the field structure. The starting point is usually the desired air-
gap flux density. The air-gap flux, ¢;, and the magnetomotive force, M,
required to produce this flux may be obtained from equation 6.45 and the
flux density, B. If the leakage lines, ¢2, are known then the total lines,
¢, are given by equation 6.38. The magnetomotive drop, M3, in the iron
can be obtained from the number of lines, ¢g, in the iron and the reluctance,
Ry, as shown in equation 6.44. Then the total magnetomotive, Mz, can
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be determined from equation 6.39. The number of ampere turns required
to produce this magnetomotive is obtained from equation 6.36. In the
case of a permanent magnet, the length of magnet which delivers the re-
quired magnetomotive force is

‘=&

6.46

where [ = length, in centimeters,
M = total magnetomotive force required, in gilberts, and
H = demagnetizing force, in oersteds (see Fig. 6.81).

For Alnico V, the demagnetizing force is 470 oersteds per centimeter of
length, when the flux density magnet is 9500 gausses. The required cross-
sectional area of the permanent magnet is the total flux ¢, divided by 9500.
For relatively long magnets or large air gaps, the leakage flux of the magnet
must also be considered in obtaining the cross-sectional area. This con-
sideration results in a larger cross section at the center of the magnet.

Measurements of the air-gap flux density, the leakage flux and the flux
density in various parts of the magnetic circuit can be made by means of
a calibrated flux meter and a loop or coil. The air-gap flux density can be
obtained by means of a calibrated search coil and fluxmeter. The flux
in any part of the magnetic circuit can be obtained by placing a loop of
one or more turns around the section to be tested. The loop is connected
to the fluxmeter. This coil is then pulled out to a point where there is no
flux. The flux can be obtained from the deflection and calibration of the
fluxmeter and the number of turns in the coil. From these measurements,
data can be obtained which will give the total flux, the leakage flux, the
air-gap flux, and the flux density in the iron and permanent magnet struc-
ture. This data together with the equations and data in the preceding
considerations will indicate the direction of improvement from the stand-
point of air-gap flux density, leakage flux, and optimum cross section of the
iron and permanent magnet.

6.30. Electrostatic Loudspeaker.50,51,52__A]ll of the considerations in
this chapter have been concerned with the dynamic direct radiator loud-
speaker. During the early stages of sound reproduction, magnetic and
electrostatic loudspeaker mechanisms were also employed. However,
during the past 25 years the dynamic direct radiator loudspeaker has been
universally employed for the reproduction of sound. Recently, some atten-
tion has again been given to electrostatic loudspeakers. The advent of
thin plastic sheets with excellent electrical properties has revived interest
in electrostatic loudspeakers. In view of these developments it seems
logical to analyze the action and describe some of the new developments in

50 Olson, “ Dynamical Analogies,”
1943.

51 Hanna, C. R., Jour. Acous. Soc. Amer., Vol. 2, No. 2, p. 143, 1930.

52 Hunt, ‘“ Electroacoustics,”” John Wiley and Sons, New York, N.Y., 1954.

D. Van Nostrand Company, Princeton, N.J.,
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electrostatic loudspeakers. Consider the system of Fig. 6.83, consisting of
a vibrating surface moving normal to its plane and separated from a fixed
conductor. The force, in dynes, between the plates is

e24
fM = 8_17'a—2 6.47
where ¢ = electromotive force between plates, in statvolts,

a = normal distance between the plates, in centimeters, and
A = area of the plate, in square centimeters.
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Fic. 6.83. Schematic view, electrical network, and
mechanical circuit of an electrostatic loudspeaker. In the
electrical network, zgy = the normal electrical capacitance
of the loudspeaker. zzy = the motional electrical im-
pedance of the loudspeaker. zz; = the damped electrical
impedance of the loudspeaker. zgz; = 1/jwCg1. Cp1 =
the damped electrical capacitance of the loudspeaker. In
the mechanical circuit, fy = driving force. zy; = the
mechanical impedance of the movable plate. zyx3 = the
mechanical impedance of the load. (After Olson, ‘“Dyna-
mical Analogies”’, D. Van Nostrand Company, Princeton,
N.J., 1942.)

Assume that the polarizing voltage is ¢p and that the alternating voltage
is ¢ = emaxsin w?. The force, in dynes, between the plates is
(0% + emax Sin wt)? 4

fm = - 6.48

_ €02 + 2¢epemax Sin wt + 1/2 e2pax — 1/2 €2pax cos 2wt

fu —— 4 649

The first and third terms in the numerator of equation 6.49 represent
steady forces. The fourth term is an alternating force of twice the frequency
of the impressed voltage. The second term is an alternating force of the
frequency of the impressed voltage. If the polarizing electromotive eg is
large compared to the alternating electromotive force emaxsin wt, the fourth
term will be negligible. The useful force, in dynes, then is the second term
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which causes the moving surface to vibrate with a velocity which cor-
responds to the impressed electromotive force.

__ eofmaxSin wf ,  eoe
= A= 4a 6:30

The electrical motion impedance of this system will now be considered. The
charge, in statcoulombs, on the condenser is

g = Cgeo 6.51

where ¢g = potential difference between the plates, in statvolts, and
Cg = capacity per unit area, in statfarads.

The current, in statamperes, generated due to motion is

. dg
i= 6.52
From equations 6.51 and 6.52 the generated current is
ac E dx
1 = eoW d—t' 653
The electrical capacitance of the condenser, in stratfarads, is
A N
CE] = Eﬂ 654

Let the movable plate be deflected a distance Ax away from the fixed plate.
The electrical capacitance is

Cpp — ACp1 = o 4 6.55

a + Ax)
Now let the movable plate be deflected a distance Ax toward the fixed plate.
The electrical capacitance is
A

; The difference between the two conditions is
AAx AAx
An = (B~ dmat 6.57
The change in electrical capacitance with respect to x is
ACp1 A
72l 6.58

‘ Substituting equation 6.58 in 6.53, the generated current, in statamperes, is

. eod
1 = mzx 6.59
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From the mechanical circuit of Fig. 6.83, the mechanical rectilineal im-
pedance of the vibrating system is
M = 2y + Zm2 6.60

where z)yr = total mechanical rectilineal impedance of the vibrating system,
in mechanical ohms,

Zzm1 = mechanical rectilineal impedance of the vibrating plate, in
mechanical ohms, and

zpm2 = mechanical rectilineal impedance of the load, in mechanical
ohms.

The mechanical rectilineal impedance at the plate is

ZM =f—M 6.61
x

From equations 6.50 and 6.59
e 16m%a* fy

From equations 6.60, 6.61, and 6.62
167204
2EM = 3027 M 6.63

where zgy = motional electrical impedance, in statohms, and

2y = total mechanical rectilineal impedance presented to the
vibrating surface including the vibrating surface.

The normal electrical impedance zgy, in statohms, of the condenser is

ZE1Z
2py = — P 6.64
2E1 + 2EM

where zg1 = damped electrical impedance of the condenser, in statohms, and
2gm = motional electrical impedance of the condenser, in statohms.

The motional electrical impedance as given by equation 6.64 may be
represented as in parallel with the blocked or damped electrical impedance
of the condenser as depicted by the electrical network in Fig. 6.83.

The preceding considerations show that the efficiency is proportional to
the sqnuare of the area of the plates, proportional to the square of the polariz-
ing voltagc, inversely proportional to the fourth power of the spacing between
the plates, and inversely proportional to the mechanical impedance of the
vibrating system. Thus, it will be seen that in order to obtain high effi-
ciency the spacing must be small because the relationship between spacing
and efficiency is a fourth-power function. This, of course, limits the ampli-
tude. For example, the maximum amplitude of a 15-inch dynamic loud-
speaker is about 4- inch. To provide for this amplitude in a bilateral
electrostatic loudspeaker would require a spacing between the plates of at
least one inch, which is, of course, impractical. About 25 years ago a large



DIRECT RADIATOR LOUDSPEAKERS 209

bilateral condenser loudspeaker was built in which the diaphragm area was
100 square feet. The spacing between the fixed plates was } inch. The
vibrating membrane was .010 rubber with gold leaf as the conductor. The
polarizing voltage was 4000 volts. In the low-frequency range below 100
cycles the performance of the electrostatic loudspeaker was not comparable
to a 12-inch dynamic loudspeaker from the standpoints of efficiency and
power handling capacity. Employing a thinner membrane would not have

CONDENSER
LOUDSPEAKER

DIAPHRAGM '—_j:cx PLATE

ELECTRICAL CIRCUIT

DIAGRAM PERFORATED
BACK PLATE

METALLIC COATED
PLASTIC DIAPHRAGM

DIAPHRAGM

@ ~ BACK PLATE

SECTION A-A'

Fi1G. 6.84. Perspective and sectional views and electrical circuit
diagram of a high-frequency unilateral electrostatic loudspeaker.

increased the efficiency because the mass of the air load was the major
factor in the mechanical impedance below 100 cycles. Using more than
4000 volts polarizing voltage leads to corona and other leakage effects.
These tests substantiate the theoretical consideration, namely, that the
operation of a practical electrostatic loudspeaker must be confined to the
upper portion of the audio frequency range, say above 1000 cycles.

A commercial electrostatic loudspeaker3? for the frequency range above
7500 cycles is shown in Fig. 6.84. The diaphragm is a .001-inch plastic
with a thin metallic coating. The diaphragm rests directly upon the
perforated metal back plate. The electrostatic loudspeaker is coupled

53 Bobb, Goldman, and Roop, Jour. -Acous. Soc. Amer., Vol. 27, No. 6, p. 1128, 1955.



210 ACOUSTICAL ENGINEERING

directly to the vacuum tube; the plate supplies the polarizing voltage.
Since the effective spacing is about .001 inch, the sensitivity is comparable
to conventional dynamic loudspeakers. This small spacing limits the
maximum amplitude and confines the operation to the frequency range above
7500 cycles.

Front and sectional views and the electrical circuit diagram of a bilateral
or push-pull electrostatic loudspeaker54 is shown in Fig. 6.85. In commer-
cial versions of this loudspeaker the area of the diaphragm is one square
foot. The spacing between the movable and fixed plates is about 7% inch.
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F1G. 6.85. Front and sectional views and electrical diagram of a
bilateral electrostatic loudspeaker.

A polarizing voltage of about 3000 volts is used. Under these conditions
the sensitivity must be confined to the frequency range above 1000 cycles
because the power handling capacity is inadequate below 1000 cycles due
to the limited amplitude. Since the directivity pattern of a diaphragm
of these dimensions is quite sharp in the high-frequency region, two or more
units are used and directed so as to obtain the required coverage.

6.31. Sourrd Power Emitted by a Loudspeaker.—The sound power,
P,y, in ergs per second, emitted by a point source or by a nondirectional
loudspeaker is given by
_ dmr2p?
=
where p = sound pressure, in dynes per square centimeter at the distance

7, in centimeters.

Pyn 6.65

If the sound source or loudspeaker is directional, that is, if the sound
emitted varies with the direction with respect to some axis of the system,
then the total sound power from the geometry of Fig. 6.86, is given by

2 (27 (m
Pyp= — 20, 4, 7) sin 0 d6 d 6.66
= [ [pe ) v
54 Janszen, A. A., Jour. Aud. Eng. Soc., Vol. 3, No. 2, p. 87, 1955.
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where (0, ¢, ) = sound pressure, in dynes per square centimeter, at a
distance 7, in centimeters, and the angle § and angle ¢,
and

0 and = angular polar coordinates of the system. The loud-
speaker axis coincides with the x axis.

z

LOUDSPEAKER

v
X

F1c. 6.86. The geometry for obtaining the total sound
output of a loudspeaker.

6.32. Loudspeaker Directivity Index.—The directivity factor of a
loudspeaker is the ratio of the sound power which would be radiated if the
free space axial sound pressure were constant over 4w solid angles to the
actual sound power radiated. The directivity factor, Q, is given by

_ Pax
Pyp

. where P4 and P 4p are given by equations 6.65 and 6.66.

6.67

The directivity index can be computed from the directional characteristics

of the loudspeaker.
The directivity index of a loudspeaker can be obtained from the directivity
| factor as follows:

DIDB = 10g10 Q 6.68
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HORN LOUDSPEAKERS

7.1. Introduction.—Large-scale reproduction of sound, involving several
acoustical watts, is quite commonplace. Since high power audio-frequency
amplifiers are costly, it is logical to reduce the amplifier output to a mini-
mum by the use of high-efficiency loudspeakers. At the present time,
horn loudspeakers seem to be the only satisfactory high-efficiency system
for large-scale sound reproduction. A horn loudspeaker!:2:3:4,5 consists of
an electrically or mechanically driven diaphragm coupled to a horn. The
principal virtue of a horn resides in the possibility of presenting practically
any value of acoustical resistance to the generator. This feature is extremely
valuable for obtaining maximum over-all efficiency in the design of the
acoustical system. Employing a suitable combination of horns, directional
characteristics which are independent of the frequency, as well as practically
any type of directional pattern, may be obtained. The combination of
high efficiency and the possibility of any directional pattern makes the horn
loudspeaker particularly suitable for large-scale reproduction. For applica-
tions requiring high quality reproduction of intense sound, some considera-
tion should be given to the introduction of frequencies not present in the
output due to nonlinearity of the operating characteristics of the elements
which constitute the vibrating system of the loudspeaker. It is the purpose
of this chapter to consider the principal factors which influence and govern
the efficiency, distortion, and power handling characteristics of a horn
loudspeaker and to describe several horn loudspeaker systems.

7.2. Efficiency.b,%.8—The efficiency of a loudspeaker is the ratio of the
useful acoustical power output to the electrical power input. For all large-
scale reproduction of sound, efficiency is an important consideration.
Specifically, the efficiency depends primarily upon the flux density, the

1 Hanna and Slepian, Jour. A.I.E.E., Vol. 43, No. 3, p. 251, 1924.
2 Wente and Thuras, Bell Syst. Tech. Jour., Vol. 7, No. 1, p. 1940, 1928.
3 Olson, H. F., Jour. Acous. Soc. Amer., Vol. 2, No. 4, p. 242, 1931.
4 Wente and Thuras, Jour. A.I.E.E., Vol. 53, No. 1, p. 17, 1934.
5 QOlson, H. F., RCA Review, Vol. 2, No. 2, p. 265, 1937.
6 Wente and Thuras, Jour. A.I.E.E., Vol. 43, No. 3, p. 251, 1924.
7 Olson, H. F., RCA Review, Vol. 2, No. 2, p. 265, 1937.
8 Massa, F., Electronics, Vol. 10, No. 4, p. 30, 1937.
212
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mass and the density-resistivity product of the voice coil, the mass of the
diaphragm, the ratio of the diaphragm to the throat area, the dimensions of
the air chamber, the area of the diaphragm, and the voice coil temperature.
Some of the factors are interrelated and others are independent; as a con-
sequence, it is impossible to depict in one set of characteristics the effect of
the various parameters. Therefore, the design of a horn loudspeaker is
usually a long and tedious task. The labor is further increased when
economic considerations are involved. It is believed that a general con-
sideration of the problem, together with a series of characteristics, is valuable
for initiating the design of a loudspeaker and for facilitating the determina-
tion of the ultimate constants. The throat acoustical impedance and direc-
tional characteristics of a large number of representative horns were given
in Secs. 5.28 and 2.19. From these characteristics it is possible to inter-
polate the characteristic of practically any horn and thus eliminate con-
siderable initial work in the design of a horn loudspeaker. It is the purpose
of this section to consider the effect of the various parameters, referred to
above, upon the efficiency of a ho