A NEW HIGH EFFICIENCY THEATRE LOUDSPEAKER
OF THE DIRECTIONAL BAFFLE TYPE

By Harry F. Orson
Research Division, Engineering Dept. RCA Photophone, Inc.

InTRODUCTION

The transformation of electrical into acoustical energy may be ac-
complished in a multitude of ways. At the present time while practically
all loudspeakers may be classed as of the diaphragm type, the essential
distinguishing characteristic lies in the method of coupling between the
diaphragm and the medium into which sound is to be radiated and in
the method of driving the diaphragm. In general, loss of coupling be-
tween the diaphragm and the medium occurs at the lower frequencies.
Among the common methods employed to increase low frequency radia-
tion from diaphragms are, namely, the use of large diaphragms, groups
of diaphragms and various shapes of bafiles and horns.

GENERAL CONSIDERATIONS

A brief discussion of the function of the essential parts of a directional
baffie! type of loudspeaker will now be made. A diaphragm vibrating
with constant velocity coupled to an infinite tube generates the same
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acoustic power for all frequencies. Assume that the diaphragm is a
dynamic cone of mass m coupled to a tube of acoustic impedance R,
Fig. 1. If the mass m of the cone is chosen so that the acoustic reactance
of the cone is negligible compared to R for the range in which we are
interested we will obtain a system that dissipates the same power in the
acoustic resistance for any frequency within the range.

1 The term “directional baffle” loudspeaker has been used to designate a large throat horn
coupled to a cone driving unit.
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For the infinite tube of constant cross section we will substitute an
infinite tube of exponentially increasing cross section. It has been shown
by Webster? that the acoustic resistance at the small end of this tube
will be a constant for all frequencies above the cut-off frequency. The
cut-off frequency?® is determined by the rate of flare and may be located
below the lowest frequency to be produced. If we now cut this tube at
some point along the length and terminate the open end in air, the action
will be altered depending upon the cross section of the resulting mouth.
If this cross section is sufficiently large very slight reflection will occur
at the transition from the mouth to the medium (air), and the imped-
ance presented to the cone by the tube will be practically constant above
the cut-off frequency. The system as before will dissipate the same
power into the tube for the frequency range we have chosen; and con-
sequently, neglecting slight reflection at the mouth, will dissipate con-
stant power into the medium for this range. This system consisting of
a finite flaring tube of exponentially increasing cross section coupled to a
dynamic cone essentially constitutes the directional baffle type of loud-
speaker.

In the d’Alembertiant wave equation for the axial motion in an ex-
ponential horn it is assumed that the phase is the same over a plane
normal to the axis of the horn. This condition is practically satisfied
provided the cross section is not greater than a wave length. It has been
found experimentally that, for any particular frequency within the
transmission band, additional length of horn beyond a certain point
(the radius of ultimate impedance) does not affect the performance of
the horn. That is, the working portion of the horn decreases with in-
crease of frequency. Therefore, in a horn in which the axis is a straight
line, the condition of the same phase over a plane normal to the axis is
automatically satisfied.

To maintain the same phase over a plane normal to the axis in a folded
or curled-up horn is exceedingly difficult. The condition is practically
satisfied provided the diameter at any bend is less than the wavelength
of the highest frequency reproduced. This places a limitation upon the
amount of folding or curling that may be accomplished without im-
pairing the horn action. If these conditions are not satisfied, destructive
interference will result, and in addition certain portions of the horn will

2 Webster, Journal of the National Academy of Sciences, 1919, pp. 275-282.
3 C. R. Hanna and J. Slepian, A.LLE.E., 1924,
4 Webster, loc. cit.
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act as a reflector for the higher frequencies. These conditions ultimately
result in a non-uniform response characteristic.

To obviate any possibility of a non-uniform frequency characteristic
due to folding, we have employed exclusively a horn with a straight
line axis. By the use of a large throat horn this objective may be ac-
complished without resorting to excessive length.

The low frequency cut-off of a finite exponential horn is determined by
the rate of flare and the mouth opening. When the cut-off frequency has
been set the mouth opening and rate of flare are fixed. There is now one
remaining factor that determines the length of the horn, namely, the
throat area.

At this point we will digress to point out the limitations imposed upon
the size of the theater loudspeaker. In motion picture theaters in many
instances the space behind the screen is limited; and in theaters having
a stage presentation in addition to the motion picture, portability is a
great factor. In view of the fact that the space occupied by the loud-
speaker is an important factor it is essential that the loudspeaker be as
short as possible. To accomplish this objective it is necessary that the
throat be made as large as possible. The question then arises as to the
proper driving unit that will properly match the acoustic impedance at
the small end of a large throat horn. In the analysis which follows it
will be shown theoretically and substantiated experimentally that a cone
type of unit can be designed for a large throat exponential type of horn
to yield high efficiency and good fidelity of reproduction over a wide fre-
quency range. The type of loudspeaker® now being supplied with RCA
Photophone equipments has been designed in accordance with the
principles discussed in this analysis.

THEORETICAL CONSIDERATIONS

The loudspeaker discussed in the following theory comprises a num-
ber of essential elements each of which has certain acoustical constants.
These are indicated in Fig. 2 and are as follows:

(1) A large throat horn, Z;.

(2) A paper cone and voice coil, M..

(3) A box, Cg, having a felt back, R.

(4) An air chamber between the cone and horn, C\.

1. The Horn:
The horn used in this loudspeaker is of the exponential type. The

5 Photophone Loudspeaker P. L, 30.
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equation expressing the area at any distance X along the axis is given
by
S=Sp em
where S, =throat area
S =area at a distance X along the axis
m =flaring constant.

The impedance characteristic and the directional characteristics of a
horn are of paramount importance in predicting the usefulness of the
horn. The theoretical prediction of the directional characteristics will
be relegated to another paper. The impedance characteristic of this
horn will now be derived.

By a suitable modification the d’Alembertian wave equation® for the
axial motion in an exponential horn is

PE 3
LA ST )
dx? 0x

The solution of equation may be written in the form
¢ = €*<[A4 cos bx + B sin bxet (2)
where a=—m/2,
b=3V4K>~m?,
K =2x/\, N\=wavelength,
w=2xf, f =frequency.
The pressure at any point in the horn is given by
b = pp = iwpes=[A cos bx + B sin bx]e™t, 3)

The volume velocity”-8 at any point in the horn is given by

0
V=- Sa—(-b = — S[ae*=(4 cos bx + A4 sin bx)
x
+ bess(— A sin bx + B cos bx) Jett 4)

where p =density of air.
We have now derived the expression for the pressure and volume

6 Webster, loc. cit.

7 In the acoustic analysis of this sytem pressure and volume velocity will be employed. In
dealing with the mechanical system, force and linear velocity will be used. In the first system
the total impedance is Z (per sq. cm.) divided by .S whereas in the latter system it is Z S.

8 Stewart and Lindsey, “Acoustics,” 22 and 23.
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velocity for any point in the horn. We now desire the pressure and vol-
ume velocity at the throat in terms of the pressure and volume velocity
at the mouth.

The impedance at the throat is given by Z;=p,/V,. At the mouth
the impedance is given by Z,=ps/ V..

We now have four equations containing 4, B, p1, V1, p2, and V, from
which we may eliminate 4 and B and obtain the ratio of p, to Vi, the
impedance Z, at the throat of the horn. This impedance in terms of Z,
is given by the expression

7, = p¢ g Zs cos (b8 — ¢) + i sin (b)) )
"\ iz, sin (0) + -g—f- cos (b + ¢)

where /=length of the horn
¢ =tan~'a/b
S1=throat area
S:=mouth area.

It has been shown by Crandall® that the resistive component of the
impedance at the mouth of the horn may be expressed by*°
c J1(2KR
Ry = = (1 - L—i) Sy = wR? )
mR? KR
The reactive component may be expressed by
X2 = pc (K:1(2KR
2 _’3_(_1(_._)_> S. = wR2. )
TR*\ 2K°R?

The impedance Z, for the mouth of the horn is
Zz = Rg‘l—’LXg (8)

We are now prepared to calculate the impedance at the small end of
the horn by substituting the values of Z; above in equation (5).

2. The Cone Unit:

The unit of this system consists of a paper cone fitted with an alum-
inum wire voice coil. An air chamber couples the area of the cone to the

9 Crandall, “Theory of Vibrating Systems and Sound,” p. 170.

10 These expressions are the same as those of a piston in an infinite plane. Strictly speaking
this is not a rigorous representation of the impedance at the mouth of the horn. However for
practical purposes in this problem these expressions are sufficient to indicate the action.
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throat of the horn. (See Fig. 2). The back of the cone is enclosed by a
box with a felt back. The various components of this system will now
be discussed.

The inertance! of the cone and voice coil is given by

m

where m = the mass of the cone and voice coil

A =the area of the cone.

We have assumed that all parts of the cone move in phase. Obviously
at the higher frequencies this is not the case. However due to the heavy
load imposed upon the cone and the use of a corrugated cone this con-
dition is practically satisfied to 2500 cycles. The acoustic reactance of
the cone and voice coil is

wm

b (10)

Xe
3. Cone Box:

The impedance presented behind the cone must now be considered.
Crandall? has derived an expression for the impedance presented to a
piston in an infinite plane. Experiments® conducted upon cones in flat
baffles indicate that the size of cone employed in this unit behaves as a
piston to approximately 3000 cycles. The further stipulation that the
side of the box containing the cone shall be an infinite plane is fulfilled
for the range in which the impedance referred to is of appreciable magni-
tude. '

With the above justifications we are prepared to express the imped-

ance presented to the back of the cone. This consists of two parts: the
resistive and reactive components. The resistive component is given by

J1(2KR'
Rp = pe (1 _L )), R’ = Radius of cone. (11)
wR'? KR
The reactive component is given by
oc (K.(2KR")
Xp = < - ) (12)
7R\ 2K?2R"?

1t Stewart and Lindsey, “Acoustics,” 23.
12 Crandall, loc. cit.
3 Wolff and Malter, Journal Acoustical Society, vol. II, 1930.
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The air chamber behind the cone is enclosed by a box which has a felt
back. The purpose of the felt is to absorb any sound striking it and thus
prevent standing wave systems which would cause abrupt changes with
frequency in the impedance presented behind the cone. At the higher
frequencies the absorption of the felt is practically unity and the sound
wave flows from the cone into the felt. At low frequencies however the
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absorption is very small and as a consequence a capacitive reactance is
presented to the cone. We will assume the most unfavorable condition,
in which the absorption is zero. The capacitance of the box is then given

by -
Cp=— (13)
pc?
where V =volume of the box
¢ =velocity of sound

p=density of air.
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The acoustic capacitive reactance presented to the cone in series with
the horn load is

Xpo= — — = — — - (14)

This equation holds until the dimensions of the box are comparable to a
quarter wavelength. Above this frequency the absorption due to the
felt is practically unity and also the impedance due to the box may be
neglected.

4. The Air Chamber:

The purpose of the air chamber is to act as a transformer between the
area of the cone and the smaller area of the throat of the horn. In ac-
complishing this a capacitance results which is indicated by C; in Fig. 2.

The capacitance of the air chamber is given by
14
pe?
The acoustic capacitive reactance of the air chamber is
pc? :
Xie=——" (16)

(5}

We have now obtained expressions for all the important impedances in
the acoustic system.

Equivalent Electrical Circuit of the Loud Speaker and Efficiency:

The equivalent electrical circuit of the entire acoustic system is shown
in Fig. 2. The acoustic impedance at the point F will be indicated by the
expression

Zr = Rp + iXr. (17)
The mechanical impedance of the acoustic system at the point F is
g =r+ ix = A>(Rr + 1Xr) (18)
where A =the area of the cone.

In the case of moving coil loudspeaker the motional impedance" is
given by the expression

14 Kennelly and Pierce, Proc. A.A.A.S., vol. 48, 1912,
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7y — ix

4

Zn=Ru+iXn= ( >(Bl)2 (19)

where B =flux density
and /=length of wire in the voice coil.

The principal object in obtaining the motional impedance is to predict
the efficiency’*® which in turn indicates the performance of the loud-
speaker. The efficiency is given by the expression

m

" Re+ Ry (20)

Ef.

where R,,=motional resistance
R;=damped resistance of the voice coil.

REsurts

In the preceding section we have derived expressions for all the im-
portant impedances in the acoustic system. The problem in this type of
loudspeaker is to apportion these various impedances so that a uniform
output of acoustic energy over a wide frequency band will be obtained.

The response and dynamic characteristics of a six-inch cone!” were
found best adapted to this type of loudspeaker. As will be seen from the
equivalent circuit Fig. 2, to maintain a uniform dissipation in Z; it is
important that the mass of the cone be small. This was accomplished by
employing an aluminum wire voice coil and an extremely light rigid
paper cone. The non-uniform frequency response at the higher fre-
quencies commonly encountered when light paper of high stiffness is
employed was obviated by suitable corrugation of the cone.

The size of throat that will present a tolerable acoustic impedance to
the cone, and at the same time not impair the high frequency response
due to absorption along the walls or cause destructive interference in the
air chamber, is 4” X4”. The mouth of the baffle (43" X58") was chosen
so that good radiation characteristics will be obtained at low frequencies.
This is evidenced by the curve R,, Fig. 3, the acoustic resistance of the
mouth of the loudspeaker. It was decided to limit the length of the
baffle to 50 in. which places the cut-off due to flare in the neighborhood
of 100 cycles. The impedance characteristic (R;, X;) at the throat is

1 E. C. Wente and A. L. Thuras, Bell System Technical Journal, January, 1928.
15 C.R.Hanna, ALE.E., 1928.
17 C. W.Riceand E. W. Kellogg, A.LE.E., 1925.
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shown in Fig. 3. Due to the finite length of the baffle the acoustic resist-
ance falls off in a series of decreasing maxima. This reduction in re-
sistance is compensated for by the reduction in reactance in other parts
of the system and as a consequence the dissipation in R, is not materially
decreased at the lower frequencies. The primary objective is to main-
tain the dissipation in this resistance as uniform with frequency as
possible.

The capacitive reactance X zc due to the cone box is shown in Fig. 3.
The size of this box was chosen so that the reduction in current in the
equivalent circuit in Fig. 2 is not appreciable above 100 cycles.
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The reactance X,¢ due to the air chamber is shown in Fig. 3. The
dimensions of the air chamber were chosen so that destructive inter-
ference was eliminated up to the highest frequency reproduced. The
separation between the air chamber and diaphragm is 1/8 in. which al-
lows the diaphragm to perform the large excursion necessary for full
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power output at the lower frequencies. The resulting capacitance re-
sulting from this volume increases the dissipation in Z; due to the im-
proved power factor.

The reactance Zp presented to the back of the cone is shown in Fig. 3.
This reactance reduces the dissipation in the impedance Z; but this re-
duction is not extremely large when cognizance is taken of the mass
reactance of the cone.

The theoretical efficiency as determined by equation (20) is shown by
the curve in Fig. 4. The theoretical efficiency cannot be predicted by
analysis as outlined here above 2500 cycles because the mode of vibra-
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tion of the cone above 2500 cycles is not that of a simple piston. Above
2500 cycles the inherent stiffiness of the cone reduces the effective mass
of the cone. For this reason the output of the cone is greater than that
of a simple piston. This is a desirable characteristic in view of the fact
that the acoustic output is increased.

The motional resistance was determined experimentally and the
efficiency computed from equation (20). The results are shown in Fig. 4.

The efficiency of the reproducer was also determined by measuring
the total acoustic output by means of a calibrated condenser microphone
and comparing this to the electrical input. Pressure measurements were
made on the surface of a sphere with the loudspeaker at the center. The
surface of the sphere was divided into elements and the energy travers-
ing each element determined. The summation of the increments of
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energy gives the total energy emitted by the loudspeaker. The meas-
uring microphone was calibrated by means of a Rayleigh disc. The
energy emitted by the back of the cone is also included.

It will be seen from Fig. 4 that the results from the three methods are
in close agreement.

As shown by the results in Fig. 4 high efficiency is obtained with this
type of reproducer. Certain modifications were made in the manu-
factured reproducers to facilitate construction in a large quantity which
results in a slight reduction in efficiency from that indicated here.

The decrease of efficiency with frequency Fig. 4 is not serious when
cognizance is taken of the fact that efficiency is proportional to the
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square of the delivered pressure. For this reason efficiency expressed in
per cent is an extremely sensitive measure of the performance of a loud-
speaker. Expressed in terms that are more descriptive from the stand-
point of sound reproduction the maximum variation is approximately
three decibels. As will be seen from the response and directionai char-
acteristics the slight difference in the directional characteristics between
high and low frequencies together with the above efficiency character-
istic leads to a fairly uniform response characteristic.

RESPONSE MEASUREMENTS

At the present time response and directional characteristics are the
best criterion of the performance of a loudspeaker. The response char-
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acteristic'® of this loudspeaker was taken on the axis at a distance of
20 ft. from the mouth in an unobstructed medium (air)."® It is perhaps
needless to say that response curves made on loudspeakers in rooms
have an extremely limited significance unless a large number of curves
are taken and the data carefully analyzed to determine the influence of
the room.

The response characteristics (Fig. 6) and associated directional char-
acteristics (Fig. 7) indicate that the acoustic power delivered by this
loudspeaker does not show any abrupt change with frequency. This is
partially accomplished by presenting to the cone an acoustic impedance
that does not exhibit any abrupt changes with frequency. The uneven

A\WZX 2

Long Axis Short Axis

DIRECTIONAL CHARACTERISTICS
F16. 6.

response some times encountered in cone type loudspeakers at the
higher frequencies has been reduced in this loudspeaker to a negligible
extent by the reduction in mass of the cone and moving coil system, by
suitable processing of the paper cone and by the load imposed by the
horn.

18 The response measurements shown in this paper were made with a microphone calibrated
by a Rayleigh disc. This gives the sound pressure in the undisturbed sound field. For the
common condenser microphone the pressure at the microphone is twice that in the free space
for the higher frequencies. In general in sound motion picture recording the practice is to ig-
nore this and equalize the system to give uniform electrical output for constant sound pressure
at the diaphragm. Under ideal conditions this will accentuate the high frequency output at
the loudspeaker. The argument in favor of this procedure is that it overcomes transfer and
other losses which occur at the higher frequencies.

19 T, Malter, Journal Soc. Motion Picture Engineers, xtv (1930), 611.
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This loudspeaker due to its high efficiency and rugged construction is
capable of delivering large acoustic outputs (from one to two watts of
sound energy) without distortion. This factor combined with the direc-
tional characteristics exhibited by this loudspeaker makes it possible to
supply a large theater with sounds of good quality with a single loud-
speaker.

For theaters that exhibit high reverberation characteristics and other
acoustic difficulties it is necessary to attenuate the low frequency re-
sponse of the loudspeaker to obtain the most satisfactory results. For
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this purpose another loudspeaker employing the same unit as described
above but with a baffle having a higher low frequency cut-off is used.
The response characteristic of this loudspeaker is shown in Fig. 8. The
efficiency and power capabilities of this loudspeaker is the same within
its response limits as the loudspeaker described in detail above.

In conclusion the author wishes to express his appreciation to Mr. J.
Weinberger under whose direction this work was done, to Mr. S. Gold-
man for valuable aid in computing and assembling the data and to Mr.
L. Malter who was associated with the author during the early part of
this investigation.
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