Design and Construction of
Horn-type Loudspeakers

WAYNE B. DENNY*

Part | In the never ending search for good clean bass, builders are turning more and
more to the exponential horn—not admirably suited to furniture designs, The two
presented by the author should be pleasing, both acoustically and aesthetically.

about a speaker described by the

writer in a previous article! have
indicated that there are many audio en-
thusiasts who would like to construct
horn speakers for their own use but who
hesitate to Jdo so without a better under-
standing of the theoretical and practical
considerations which nust be taken into
account if results are to be satisfactory.
Actually, there ts nothing mysterious or
esoteric about the design and construc-
tion of horn-type loudspeakers. The de-
sign of a satisfactory unit requires ne
great mathemarical abibty. The eon-
struction reguires no more than a mini-
mum of woodworking ahility as far as
acoustical performance is concerned. Of
course, if appearance is a factor, the
sicills of a cabinetmaker may be em-
ploved for the visible part of the struc-
ture,

N UMEROUS REQUESTS for information

Theoretical Considerations

The acoustic horn can hest be thought
of as a transformer which accepts sound
energy at s throat and delivers that
samie encrgy in somewhat different form
at the mouth of the horn, The motion of
the air in the constricted portion of the
horn near the thiroat is characterizel by

* Physics Degpartment, Grinaell Cellege,
Grinnell, fowa.

. ' Wayne B. Denny, “For the discriminat-
ing listener: an audio input system,” Auvme
Encixeerizg, January, 950,

relatively high velocity and displacement
amplituzles. However, the amount, or
mass, of air which moves in this manner
13 small hecause the cross-sectional area
of the horn is simall near the throat. In
contrast to the motion of the air in the
throat, the motion of the air at the
mouth of the horn is characterized by
relatively low velocity and displacemnent
amplitudes but the mass of air moving
in this region is much larger. An anal-
ogy is often made hetween the aconstic
horn and the impedance changing prop-
erties of an clectrical transformer, Thus.
for example, a step-up transformer ac-
cepts electrical energy ot Ligh current
and low voltage and delivers that same
energy (minns losses. of courrse) at low
current and Ligh voltage, The funda-
mental purpose of the acoustic horn is
to match the impedance of the cone or
diaphragm of the driving wvnit to lhe
impedance of the space into which the
souitd is to he propagated.

This anatogy may be carried a bit
further. A good audie frequency trans-
former st be designed so that its
frequency characteristic is essentially
flat over the entire audible range. An
wleal horn would have a similar fre-
quetcy characteristic. Eleetvical trans-
tormers are now available wlich are
nearly perfect in this respect but il is
found that it is difficult to cover the en-
tire awdible spectrum with a single horn
il total space oceupied by the horn is
to be kept within acceptahle limits, The
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Fig. 1. The rate of espansion of an exponential horn, related to its mathematical expression.
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physical shape is another factor which
must be considered in the design of a
practical horn. For these and other rea-
sON1S It is convenient to use two Or more
separate horns, each one designed to
cover but a portion of the audible spec-
trum.

The two design factors to be con-
sidered are shape and size. The shape
will be considered firat. Theory and ex-
perience? indicate that the most satis-
factory shape is the so-called exponential
lorn. An exponential horn 15 best de-
finedd ns one which chevs the following

equation ;
4y =4, (1

where 4, = cross-sectional area at any
point in the horn
i, = eross-sectional area at a
distance » from the
point where 4, is meas-
ured. (A, > 4,)
k = farc constant
£e=2718 the base of natural
logarithms

The application of this equation is
shown in Fig. 1.
For design purposes it is convenient

2

to let - =2 From a table of ex-
y

ponentials
kvy=07 (2)

In Eq. (2), #; represents the particular
increment of horn length in which the
area doubles. For a true exponential
horn the area doubles for this increment
of length no matter what particular
value is chosen for A; (or 4,).

The value chosen for +, depends on
the lowest frequency for which the horn
is to be used, This is called the cut-off
irequency, f,, where

daf. = ke (3
where ¢=velocity of propagation of
souryd in air (about 13,200
mches /second )
After f_ is chosen, # may e determined
from Eq. (3) and then x, may be found
from Hyg. (2).

Exomple: Let fo=H#cps
i i 12T

13,200

2 Lawrence E. Kinsler and Austin R,
Frey, Fundamentals of Acoustics. New
York: Jolm Wiley and Sons, Inc., 1950,
Ch. 1L
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tions with consequent resonances and
standing waves. The prolilem, then, is ta
reduce the magnitude of these reson-
ances to a sntall value They cannot be
entirely elimingled Lecause no horn of
practical size can effect a perfect im
pedance match with the interior of the
usual room.

Fortunately, this problem is not quite
s0 serious as it seems. Most horns are
used (n rooms whicl themselves exhibit
several resonant modes of vibration. The
standing waves which result from room
resonance are not ordinarily considered
vhjectionahbie. Actually, horn resonances
can be reduced to the point where they
are masked by room resonzoces. When
this is done the results are superior to
those obtiined from loudspeakers with-
out horn loading.

There are three practical ways in
which the effects of horn resonances
can be reduced in loudspeaker systems.
First, the horn structure can be made
as large as practicable. Second, two or
more rates of flare can be used in dif-
ferent sections ot the horn. Third, the
hotin can be placed in the corner of the
room so that the floor and walls will
form a virtual horn which extends inte
the room itsetf. The last cxpedient is
very cffective in increasing the virtual
mouth aren. Tn most cases i1t provides
the best possible impedance match be-
tween the generator (driver) and load
(reom),

Practical Considerations

The foregoing paragraphs have shown
the most inportant theoretical consider-
ations which govern the performance of
horn-type loudspeakers ence the several
design  constants hate been chosen.
However. it 15 usually impossible to as-
sign numerical values to the design con-
stants on the basis of theory alone. A
lowdspeaker is, among other things, an
article of furniture and practical con-
siderations of size and appearance must
be taken into account as well as acousti-
cal performance. Sometimes compro-
mises mitst be made in order to fit equip-
ment into available space. It is the
purpose of this section to discuss the
practical construction of horn speakers.
This can best be done by describing the
constructional features of two horn
speakers built by the swriter for which
data are available. The two examples
chosen for description are quite different
in conception and will serve to illus-
trate the major requirements which must
be miet i any system. One of these horns
is described in the following paragraphs,
and the other follows next month.

Several years ago Olson and Massa®

% Harry (Hson and Frank Massa, /.
Acons. Soc. Am. Vol. 8, No. 1, p. 48, 1936,

Harry Olson, “Elemenis of Aconstical
Engineering,” 2nd ed, Van Nostrand, New
York, 1947,
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deseribed in the hterature a loudspeaker
employing two horns and one motor.
The low-frequency horn was coupled 10
the rear of the cone and the middle- ani
upper-irequency horn was coupled to rhe
front of the cone. Later there appeared
tn the literature a description of the now
familiar Klipseh horn which employerd
the corner of the room in order to ex-
tend the dimensions of the virtual horn.
The speaker 10 be described 1s a modi
fication of the Olson-Massa design and
incorparates the room-corner featunre.
Although the speaker was built several
vears ago its performance s still con
sidered excellent. It compares favorably
with more recent designs which are
vastly more expensive. Using the writ-
er’s speaker as a prototype, other con-
structors have built sinmlar uanits and
have reported excellent results.

Figure 2 shows the wmain constric-
tional features. The eight-inch cone is
wounted near the top, secured to a ver-
tical mounting board zbout half way
hack from the front of the structure. A
short lorg extends forward from the
cone. Behind the speaker mounting hoard
is the speaker chamber. The low-fre-
quency horn connects to the lower por-
tion of the speaker chamber and the
mouth of the horn is at the fronl of the
structure near the bottom.

For the sake of clarity some of the
details are omitted from Fig. 2 and are
shown in Mg, 3, (A) in Fig. 3 shows

N

Fig. 3. Details of top {A), center (B!, and bot-
tom |C) sections of the duplex-horn speaker.

the plan of the top section of the struc-
ture. This section includes the cone, the
high-frequency horn, and the upper part
of the chamber. (B) shows the plan
view of the center section which com-
prises the lower part of the chamber, the
throat and part of the low-frequency
hor. (C) shows the lower section of
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the structure, comprising the remainder
of the low-frequency horn.

The fonctions of the various parti-
tions can best be explained by tracing
the path of the low-frequency horn. As
shown in (B) of Fig. 3, the throat is in
two parts: one half is at a, the other at ¢,
The first portion of the horn consists of
two parallel paths, from a to & and from
¢ 1o b. The paths converge at # and im-
mediately pass down into the hottom sec-
tion through the hole at &, The horn
then splits into two parallel paths, each
of which opens separately at the front
of the hottom section, as at (C) of
Fig. 3.

The effective length of the low-fre-
quency horn is ahout 45 inches. The
total mouth area is about 360 square
inches and the total throat area is ahout
38 square inches. Considerable liberty
was taken mn the rate of flare in the

| interest of situpler construction. How-

ever, the average rate of flare provides
for a theotetical low frequency cut-off
at about 52 cps. Eqs. (1) and (2). This
should not be taken too serigusiy, how-
ever, simce fimte horns radiate appreci-
able energy at frequencies less than cut-
off. This particular speaker, for ex-
ample. produced fundamentals of 16 cps
with considerahle intensity. This was the
lowest frequency available from the test
oscillator. (No claim is made for “fHat”
frequency response at these low fre-

| quencies.

Interference Effects

It was mentioned earlier that a fulded
lhoru does not radiate efficiently at higher
frequencies where interference effects
exist becanse of differences in path
length. Tor this reason, the upper limit
of the low-frequency horn shoull be
determined hefore the other horn is
designed and buitt. There is no simple
way to compute what this upper Lt
is: 1t nmst he measured aiter the hoen
is in operation. A convenient method is
to block off the radistion from the front
of the cone with absorbing material
(pillows, blankets, etc.) and check the
operation of the low-irequency horn
with an oscillator connected to the
driver. Once the approximate upper fre-
quency is deternined. the high-frequency
horn ean be designed to complement the
characteristics of the larger horn,

The two vertical boards which com-
prise the outside “vee)" Fig. 3 are cut
from 34-in.  plvwoond. The speaker
mounting hoard is made of Y4-in. ply-
wood. All other partitions are I4-in
plywood. All joints are mailed, glued,
aml reinforced with cleats, A partion
of the top is secured hy screws to per-
mit access to the cone. The resulting
structure 1s very sturdy. The inside horn
surfaces were given several coats of
tiin shellac and sanded between coats.
The resnlting suriace is very hard, The
mternal (lamping of the wood partitions

| 18 sufficient to eliminate all hut a trace
| of vibration.

Experiments on this and other units
have demonstrated conclusively that the
use of thicker wood is 1o guaraniee of
reduced lorn vibration, One speaker
similar to the one described here was
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buitt of 34-in. wood throughout. The
vibrations of the horn walls were much
more intense [or the same electrical in-
put signal, [t was necessary to iustall
heavy hraces Dbetween partitions, amd
still the braces vibrated. Oniy by lirac-
ing the braces was the problem solved.
A clue to the reason came when it was
ohservect that the resonant frequencies
of thick partitions were higher than
those for the thinner vibrations, other
factors being the same. Mow, the rigor-
ous theory of vibrating plates is highly
complicated but a simpler explanation
appears plansible. Consider the follow-
ing equation for the naturval frequency
of a simple oscillator :

5

=N 52)

where m = mass of the vibrating body
& = stifiness factor

In this case the "stifiness” is the reac-
tion of the wond to bending. If we double
the thickness of the wood the mass of the
body is doubled. However the stiffness
of the wood tncreases much more rapidly
than the mass. Consequently, the natural
frequency increases: it does not decrease
as might be expected. The only advan-
tage gained by mcreasing the thickness
of the wod is the ¢consequent increase in
mechanical resistance. Appavently, this
acdvantage is sometines outweighed by
the in¢rease in the resonant frequency 1f
this shift means that the resonant fre-
quency is raised from a sub-audible to
a value which ¢auses poor transient re-
sponse in the audible range. Tt appears

e

Fig. 4. The completed duplex-horn speaker
Barely visible is the protecting screen which
hides the mechanism under normal ilumination,

that the most elfective way to damp out
horn vibrations is to use relatively thin
wood and to coat the outside of the horn
with viscous damping materiat to lower
the “0O" of the vibrating element

The only difficulty experienced with
this speaker when first constructed along
the lines indicated by Figs. 2 and 3 was
undesired cavity resonance of the Helm-
heltz type in the speaker chamber. This
trouble was effectively elinnnated by de-
creasing the volume of the chamber be-
low that shown in the diagrams. One

simple way of doing this is te fill part
of this space with sound absorbing ma-
terial. Another 15 to block off part of

Fig. 5. Speaker chamber in the top section. The

plywood pactition below the speaker magnet in-

dicates the reduction in chamber volume which
was required to reduce <avity resonance.

the chamber by the use of additional
partitions. The writer employed the sec-
ond alternative, as shown in frg. 5.
The front of the completed unit can bhe
covered by a pgrill to improve the ap-
pearance, Fignre 4 shows a wood frame
with bronze screeming attached. Thick
fabric should not be used, particularly
in front of the high-frequency horn be-
cause it offers appreciable resistance at
the higher frequencies, but Lumite
plastic grill ¢loth may be considered
satisfactory. The high-frequency horn
shown in Frg. 4 is somewhat different
from that shown in the dhagrams of Figs.
2 and 3. The model shown in the photo-
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graph employs a three-section horn. The
two additional partitions were found
desirable to increase the dispersion at
mitkle and higher fregquencies.

One variation of this design which
was brought to the writer's attention
deserves mention, 1t uses n conventional
two way spraker with concentric twecter
in place of the single cone specified.
Thus, no high irequency horn need be
constructedt. Reports indicate that excel-
lent pertormunce s obtained in this
manner. Simmece most Lvo-way speakers
uyse large low-frequency cones the total
length of the tow-frequency horn s
Iowered for the same mouth xrex. For

MODEL 1810
dual speakers with relatively high cross-

o HIGH-FIDELITY B it

; ! : . : fn.ver 1‘|I-e<|}:encics,l t:1e midd]e rang'(’e ]
ror tess: ) \ PHONOGRAPH AMPLIFIER BEHEEE R
tweeter.

FICATIONS ) The second type of horn for low-fre-
:":‘L"ﬁj 1ONS ~ TBRTHE IDEAL LOW-COST HI-FU UNIT | oeoc. iugiation s o vertical corner-
5000 £ha- 10 wolls at 37 harmonic i FOR CUSTOM INSTALLATIONS cabinet model which can be accomma-
digturtioin. Percontage intermndula- 2 dated m the average home without too
tion distottion at 60 and 7000 q:ycleg 4 Heres & WiSheROAINY: adesuarel msmered vak great a domestic -.ng‘ne:_wal—-providec_i the
stha }ﬂ:“‘ig—il‘:“""l-f‘sfc Uhrire: ol : : b cabinet-making abilities of the builder
level), 5 watts 3%, 10 walls 55. capable ot 1he finest high-fidelity reproduction, and will satisfv the distaff department. This
ﬁ?)i&o;\::r‘:‘:tigr;‘:::miérrm nll"')f)?:_ available at "‘"_"1" ""I“" ‘:’“"' The RAuIrAN.D model will e descrihed next month in
;:ullﬂl] e .\_53-0-.000 DhmE',. mp'"‘) ot ‘IS‘IIJI 'IO-wu_?_I H|gh-F|_dleI|I\r Phone Amplifier is ffart IT of 1lis paper.

P i tquipped with 3- position input selector switch

Frequency Response: + 1 db 40 ta 20,000 S, for mognetic or crystal pickup and high lavel

cycles per accond, ouxiliary [nput. Feolures Include: built-in

Tene Contrely: Separate boust type controls. praomp for magnetis pichup, teporate TE(H NI(ANA

Bass + 13 db to —7 db a1 40 cycles; irehle : heost type bots and treble tane conirals,

+ 10.db to —20 db at 15,000 cycles. 1 ond cempansated velume conlrol which ”’"m”' fage 81

Qutput Inpedances: 4, 8 and 16 ohms. - incraosel lows whan yolume is reduced. uism which turns the equipment on and pro-

Hum ond N?im Lovel: -ﬁrdb belaw roted putput " There's nething on the market compo- vides for a warm-up period needed for the

lﬂ?:::'"h:ﬁ; % Bl 16 S RAl e B rable for tealures, gerformanse and | anplifiers. I addition tn the clock are' a
: . ! valis. Availakls for immediate set of tubular chimes, striking mechanism,

Tubes: 1-68C7, 1-88Q7, 1-68L.7, 2-6V6CT. 1-5YIGT. motor drive tming unit, contact discs, tim-

delivery from stock. Get the full ing discs, and cani dises. The three sets nf

::c‘lve:' %nh::ir:’::o;rii,::dwi‘;.“:n;lrﬁo Ii‘;r‘i:r;m‘?n * detalls todoy! dises ||ri:vi¢|e for the appropriate sequence

hammerloid. Size: 1004 x 6147 % 6" high averall, i: ::-:r:i-lgl-ct';:;E:;\ra;‘]]wa;L?:‘is(?c:s rz?;lohn;c:?zr
to hand ringing.

Electronesring is our business ) The wmit may he installed remote from

the hell tower with several remote switclh
posivions for sounding bell sequences

SOUND INTER- clock contrel of the Angelus sequen
FQUIPMENT COMMUNICATION accuracy of the unit is plus or minus two
ninutes which was adequate for the ap-
: plication. Greater accuracy may he ob-
RAULAND-BORG CORPORATION » 3523-L Addisan 5¢., Chicago 18, {LL. fained, however, using other types of clocks
The one in this unit is a spring driven
clock with a rundown time of thirty-six
hours, the wotor heing electrically re-
wonngd every eight hours. The size of the
dial is three inches. A synchronots clock
with standhy power would be the next step
in improving the performance.

Deniagnetizes magnetic tape und film
te erase recording and residuals.
Accommuodates 5400 foot reels of 14"
1ape; 1000 fool, 35mm. Write for
Catalogue. Net Price ... ... 269.50

Music-Speech Level Ratios

Hesults of the BBC tests on switching
hetween speeclt and music were published
m Wirefess World, Decembwr 1950, The
tests included engineers, musicians, and the
mithlic. Also the tests were used to deter-
ming the preferied maximum sound level

t which the various groups liked to
CIHEMA EHGIHEER'“G COMPA“Y Esie:. "'T}llis ]\:as“{‘iz:ny i cm;er to L-csl.:-lb-
1510 WEST YERDUGO AVENUE, BURBANK, CALEFORNIA lish the change in equalization need be-

tween the monitor speaker ehannel and the
program channel. Table I shows the pre-
ferred levels and Table II the preferred
change in level between program material
of various types,

Expart Agean: frazer & Hontam, lid. » 301 Cioy Strewd ~ Sem bronclico, Cabif, Ul 5 A
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Finally, xa ﬂ‘0~?3—18 inches,

approximately.

Therefore the <¢ross sectional
area of an exponential horn
should double every 18 inches in
orter to reproduce frequencies
as dow as ) cps.

Other Considerations

There are three other considerations
about horn shapes that should e men-
tioned. The first has to do with slight
deviations from the exact rate of flare
chosen. Expecience indicates that for
high-frequency lhorns (tweeters) the
sImpe of the horn shouldl conform as
nearly as possible to tle design criteria.
Since high-frenuency horns ave small,
this reyuirement presents no great prob-
lem. For low-irequency horns (wooiers)
considerable latilde seems permissible
provided ihat the deviations are swmall
compared with the shortest wavelengths
to he used. Actually, there is some ad-
vantage in making a low-frequency horn
with different rates of flare in different
portions of its length. Elowever, such
devintions should be gradual and not
abrupt.

Another factor i the shape of the
horn 18 the eifect of folds or hemls. At
the lower frequencies there is Hutle dif-
{erence hetween a straight horn and a
folded horn becanse ddifferences in path
length in different paris of the horn are
snatll compared 10 the wavelength. At
higher frequencies, however, this 1s not
true. [Miferent portions of the wave
travel different distances from the throat
to the wouth of the horn and trouble
occurs when this (lifference in path
length approaches or exceeds one half
wavelength. Under this condition it may
be expected that there will he nurked
irregularities in the frequency response
and in the directional characleristics of
1he horn, Tt is convenient, thereiore, to
use long, folided horns for the reproduc-
tion of low Erequencies and to use short
straight horus for the reproduction of
the middle and higher frequencies. The
situation ¢an be summarized by saying
that u folded horn has an upper linnt
to its frequency response as well as a
low-irequency cut-off.

There are certain things that should
Lic avaoided iu the design of folded horns
even when they are wo be used exclu-
sively at Jow frequencies. In no case
should the shape of the horn he favor-
able to the generation of standing waves,
which are likelv to occur whenever there
is opportunity {or soand  waves to
bounce hack and forth between two
parallel surinces. This 1y¥pe of resonance
can be avoided by taking into account
the laws of retlection,

The last factor which shonld be con-
sidered about the shape of the horn is
the shape of the cross-section. Horns
need niot be civeular. They can be square,
rectangular. or triangntar. Different sec-
tions of the liorn can have quite different
cross-sections. However, the design
should avoid abrupt changes: changes
should he gradual throughont the length
of the horn.

The guestion of horn size will be con-
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Fig. 2, Elevation of the corner speaker with duplex horn, with basic dimensians,

sidered next. The thvoat area, A, is
deterinined prunarily by the design of
the mator which drives the horn. How-
cyer, mo atiempt should be made to de-
liver very lurge amounts of acousuc
power into o small throat area, Under
such conditions the variations . air
presstire may  approach the amhbient
pressure of the air and serious distortion
can result. This 1s hecause the elastic
properties of air are non-linear except
for small amplitudes. Forumately, for
most applications this is not a design
limitation. It 15 convenient. thereiore, to
give the throat an area whose value 1s
somewhat less that the area of the cone
for horns driven by conventional dy-
nanic repraducers. In the case ol lweet-
ers the throat area is etermined by the
size of the coupler attached to (he high
Ileq'llLTlC)« (1ll\lel

Next, the mouth aren. A, rmust be
determined on the hasis of the lowest
frequency which it is desired to repro-
duee. It is erroneous to conclicle from
Eq. (3) that the lowest frequency de-
pends solely on the rate of flare. This is
because, strictly speaking, Lq. (3) ap-
plies only to horns which are infinuely
long and which have, as a (ivect conse-
quence, inhnitely large mouth apertures.
A short review of some elementary
aconstical theory will show the impor-
tance of the size of the mouth area.

Rate &f Flare

Aecording to Eq. (3) the less the rate
of flare. the lower is & To tuke an ex-
treme case, & night be made zero in the
hope that the horn will respond to ex-
tremely low frequencies. Then, accord-
ing to Liq. (1), the horn degenerates
into a wmbe of uniform cross section.
But, as every physics student knows, a
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long open tube does pof respond equally
to all frequencies. Rather, it exhibits
strong resonances at 1hose frejuencies
for which the length of the wbe is

P ("
=H 2
where =12 3 4, etc.

amd k= e wavelength=c¢/f

FEq. (4) represeuts the coudition for
stardling waves which are the resultant
of two similar waves moving in oppeside
directions in the tube. The lorward wave
i5 the desired mode of propagation while
the backwiard wave is produced by re-
flections which oceur at the open emd
of the tube, In general, reflections occur
wherever there exists a discontinuity
inn the air colunm unless the wavelength
is verv small compared with the diame-
ter oi the tube. For a uniform tube, re-
flections occur at the open end where
the cross-sectional area changes abruptly
from a small finite value to a large
(quasi-infinite} valne

% long acoustic tule may be thought
of as an acoustic transmission line with
its owu characteristic impedance. It is
an elementary facr about fAnite trans-
mission lines—be they acaustic or elec-
tric—that retlections will occur at the
end of the line wiless the fine iy termi-
nated in fts own characteristic {mped-
ance. The ditference hetween the tube
and the horn is this: the impedance of
the tube is constant throughout its
length \\lnlc the impedance of Ihe horn
(sdue to its “transformer action” which
has already heen mentioned) varies
throughout its length. At certain fre-
quencies where the wavelength is not
small compared with the Jdimensions of
the mouth, the horn will exhibit reflee-

[Continued on page 5G]
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