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The previous sections have outlined the
physical principles underlying the operation
of horns, and have shown how, provided
certain basic rules are followed, sound re-
production of startling clarity and realism
is possible from horns. However, it will also
be clear by now that, unless one is prepared
to accept extremely large and costly struc-
tures, it is all too easy to lose many of the
potential qualities of horns through at-
tempts to reduce the size to more acceptable
proportions. This section now considers
the procedures to be adopted in designing
a domestic horn enclosure.

It has already been stated that the horn
behaves as a transformer, converting acous-
tic enes gy at high pressure and low velocity
at the throat to energy at low pressure and
high velocity at the mouth. As with the
analogous electrical transformer in which
electrical voltage and current correspond to
acoustical pressure and velocity, the basic
requirements of the acoustical horn are that:
(a) the primary (throat) should be correctly
matched to the signal source (loudspeaker
motor); (b) the secondary (mouth) should
be correctly matched to the load (listening
room); (c) the horn should be designed to
handle the specified power level and fre-
quency range. There are four principal
parameters of the horn, namely mouth area,
throat area, flare contour, and axial length.
Any three of these will determine the fourth,
and hence the characteristics of the horn
itself. Once non-circular cross-section and
non-linear axes are adopted, the problem
becomes far more complex, and mathemati-
cal and physical concepts are no longer
sufficient to design a horn. Nevertheless, the
basic characteristics even of folded horns
are determined to a large extent by known
acoustic principles, and the most effective
method of design is to work from these
principles, ensuring that any deviation from
theory is made on scientific grounds where
possible.

Flare profile

Previous sections discussed the most com-
monly considered flare profiles, and it was
concluded that a contour which allowed an
exponential increase of the area of the wave-
front as it travelled from throat to mouth
provided the best compromise between the
extremely gradual expansion of the hyper-
bola (giving optimum loading of the motor,
but excessive throat distortion) and the

rapid expansion of parabolic and conical
horns (giving minimum throat distortion
but poor loading of the motor). However,
the exact shape of the wavefront within a
horn of curved profile is uncertain, and
therefore assumptions have to be made,
ranging from Wilson’s modified exponen-
tial (lying a little inside the true exponential)
to Voigt’s tractrix, (which commences in a
virtually identical manner to the true ex-
ponential, but departs substantially outside
it in the region of the mouth). Which con-
tour one adopts must be largely a matter of
personal preference based preferably on
careful listening experience.

Mouth geometry:

The mouth of the horn couples the horn
itself to the listening room. One of the com-
monly raised disadvantages of horns is that
they require a very large mouth area if bass
notes are to be properly reproduced. To
some extent this is true; one cannot get a
double bass out of a piccolo. However, there
are a number of ways in which the mouth
area may be reduced to manageable pro-
portions without significantly sacrificing
bass response. i

As a sound wavefront travels up the
steadily increasing bore of the horn, it should
not meet any major discontinuity. However,
it is clear that, unless the length and mouth
diameter of the horn are infinite, there must
be some discontinuity as the wavefront
emerges and is no longer constrained by the
walls of the horn. Although the cut-off fre-
quency of the exponential horn is deter-
mined by the flare constant, the linearity
with frequency of the acoustical resistance
and reactance are determined by the mouth
area, which, for a given throat area and flare
constant will also determine the overall
length of the horn. Strictly speaking, for no
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discontinuity, the mouth should have in-
finite area. However, Olson? has shown that
provided the perimeter of the mouth of an
exponential horn is greater than four times
the cut-off wavelength,

1e. Pm > 44,

there will be no significant deviation of
mouth resistance from that of the infinite
horn.

A more important result is that for only
6dB variation in acoustic resistance, the
mouth perimeter may be made equal to the
cut-off wavelength, i.e. mouth area =
A2/4n where A is the cut-off wavelength.
As the mouth area is reduced below this
value, the non-linearity of the acoustical
resistance and reactance will increase.

Now these figures refer to the situation
where the horn is suspended in free space,
i.e. it radiates into an angle of 4n solid
radians. In practice, this situation never
occurs: even if the horn were placed on the
ground at the centre of an infinite field, the
mouth would only radiate into half a solid
angle, or 2n solid radians; against the centre
of a wall the mouth would be loaded by =
solid radians, and in a corner formed by
two walls and the floor the mouth will be
loaded by only =/2 solid radians. The signi-
ficance of this is that, whereas the minimum
mouth area for a circular horn has been
shown to be 4,2/4n when loaded by 4 solid
radians, this value may be divided by a factor
of two each time the solid angle is halved.
Thus the mouth area may be reduced to a
size more in keeping with domestic con-
ditions, e.g. a horn with a cut-off frequency
of 56Hz (wavelength 20ft) would require a
mouth area of 32 sq ft in space, but only
8 sq ft against a wall and 4 sq ft in a corner
position, to give variations in loading of
less than 6dB.
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Fig. 8. Solid angles presented to a horn in different positions.
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This situation which is illustrated in Fig.
8 may be compared with the mouth of a
single horn placed at the intersection of
eight rooms: four on the ground floor and
four on the first floor. The bass response of
the original horn will not be impaired, even
though a listener in each room will see only
one eighth of the total mouth area. One sel-
dom gets anything for nothing in this world,
and those who adopt corner speaker posi-
tioning in order to obtain a purer extended
bass response from as small an enclosure as
possible, may have to live with the eigen-
tones such a position produces.

A plan view of a corner horn shows that
the room itself provides a natural extension
of the horn mouth. Many listeners have
observed that corner horns can provide bass
notes from fore-shortened horns, well below
the limit dictated by the mouth area?’. It is
tempting to reduce the mouth area still fur-
ther below the 3dB limit established earlier
and rely instead on the corner placement
itself to supply the additional mouth area
and horn length. In the author’s experience,
this technique cannot be justified because
although the bass response is undoubtedly
there, careful listening reveals an uneven
response over the first two octaves above
the cut-off frequency which will often de-
tract from the realism offered by the horn.
It is therefore recommended that in cases
where overall enclosure size is a limitation,
a correctly-designed horn with a cut-off fre-
quency of (say) 80Hz will give a more satis-
fying and linear response than a fore-
shortened horn whose expansion constant
has been set to 40Hz but whose length has
been limited to give a mouth area corres-
ponding to 80Hz.

Most domestic horns will be of rectangu-
lar cross-section for ease and cheapness of
manufacture. The foregoing comments re-
garding horns of circular section apply also
to rectangular sections, although it is clear
that the wavefront must behave in a most
complex way at the corners, thereby re-
ducing slightly the effective cross-sectional
area. Provided that the ratio between the
major and minor axes at the mouth does
not exceed 4:3, rectangular horns may be
employed to good effect.

Tabular design data is given for horns of
both round and square section, with mouth
areas computed for both corner positioning
(n/2 solid radians) and wall positioning (r
solid radians).

Throat geometry

The throat of the horn couples the wave-
fronts from the loudspeaker, which should
ideally be plane at this point, to the horn
itself. It has previously been shown that the
horn is an acoustic transformer, converting
acoustic radiation of high pressure/low
velocity at the throat to low pressure/high
velocity at the mouth. It is clearly of advan-
tage to have a high pressure (and hence a
low velocity) at the throat, because the low
velocity will result in smaller movement of
the loudspeaker cone, thus reducing the
distortion produced by non-linearities in
the magnetic field and the suspension. One
way of increasing the pressure, and also of
ensuring a higher degree of “‘plane-ness” of
the wavefronts is to employ a throat area

substantially smaller than that of the loud-
speaker itself. Tests carried out on a number
of loudspeakers have shown that the
‘“equivalent piston area’ is approximately
709; of the speech cone area, i.e. the loud-
speaker diaphragm in the shape of a trun-
cated cone gives the same acoustic output
as a plane piston with 709, of its area.

There are a number of practical reasons
why modern loudspeakers are not manu-
factured as plane pistons; one of the un-
fortunate results of employing conical dia-
phragms is that the resulting wavefronts are
in general not planar. However it has been
found empirically that a throat area of be-
tween one quarter and one half the “‘equiva-
lent pistonarea’ of the loudspeaker provides
satisfactory coupling between the loud-
speaker and the horn, and also gives an
approximation to plane wavefronts at wave-
lengths well in excess of the throat dimen-
sions. It must be emphasized that for higher
frequencies, where the wavelengths are of
the same order as the physical dimensions
of the loudspeaker diaphragm, the throat
area should be made the same as that of the
loudspeaker, and the horn should be of
circular section, at least at the throat, so as
to minimize standing waves across the horn
itself.

The phenomenon of air overload distor-
tion is caused by the non-linear relationship
between pressure and volume of the air in
the throat of the horn as it undergoes adia-
batic compression and expansion. Beranek*
has derived the relationship for 2nd har-
monic distortion at the throat of an infinite
exponential horn as:

% 2nd harmonic distortion
= L.73(f/f)1, x 102

where f = driving frequency f = cut-off
frequency /, = intensity (watts/sq in) at the
throat.

This expression is also closely correct for
finite horns because most of the distortion
occurs near the throat. This expression has
been plotted in Fig. 9 from which the throat
area for given power and distortion may be
obtained.

It is important to appreciate that the
acoustic power radiated by musical instru-
ments is extremely small?®, and that the
higher the frequency the lower is the acous-
tic power to give the same subjective effect
at the human ear. With the exception of full
orchestra and pipe organ, which in the
author’s view it is futile to attempt to repro-
duce in domestic surroundings at anything
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Fig. 9. Distortion caused by air overload at
the throat.

approaching normal volume level, the
acoustic power levels are extremely small,
and an aim-point of (say) 3 watts and 1%
distortion at the cut-off frequency, reducing
to 0.05 watts and 0.5% distortion at four
times the cut-off frequency, is likely to prove
entirely satisfactory for domestic listening?’

The above proposals for power and dis-
tortion give a throat area of around 10 sq
cm, from Fig. 9, which compares not un-
favourably with the effective piston area of
43sqcm for a 3iin loudspeaker, one
quarter of which is a little over 10 sq cm. Of
course, if the throat area is increased, as
would be the case with larger loudspeakers,
the available power for a given level of dis-
tortion will also increase.

Having established the throat and mouth
areas and the flare profile, the length of the
horn and hence its area at any point may be
obtained mathematically or graphically.

The horn as a filter

The foregoing sections have indicated how
the horn can act as a bandpass filter— the
lower pass frequency of which is determined
by the expansion coefficient and the upper
by the volume of the cavity between the
loudspeaker and the throat of the horn. It is
important that the response should be as
linear and free from distortion as possible
over this passband, and as far as the lower
frequencies are concerned, careful choice of
mouth area, in conjunction with a know-
ledge of the solid angle into which the horn
will radiate and the flare constant, can en-
sure that non-linearities in the frequency re-
sponse are kept to a satisfactorily low level.

However, with regard to higher frequen-
cies, non-linearities of increasing amplitude
become apparent at frequencies exceeding
about four times the cut-off frequency, due
to internal cross-reflections and standing
waves set up within the horn itself. These
non-linearities will be more serious if the
material of which the horn is constructed
can resonate, and they are also accentuated
if the horn is folded, when wavefronts at the
higher frequencies will be distorted at bends.
In fact, there is also a practical limit beyond
which folding becomes undesirable : folding
should not occur beyond the point at which
the lowest wavelength (highest frequency)
to be transmitted exceeds 0.6 of the diameter
of the horn. More will be said of this limit-
ation during the discussion on folding, but
it clearly points to a practical limit on the
highest frequency a horn may accurately
transmit.

Yeta further limitation becomes apparent
from the graph of throat distortion versus
frequency (Fig. 9). As the frequency in-
creases, the percentage distortion for a given
power density at the throat will also in-
crease, and although it is generally true that
in the majority of complex musical sounds
the energy level reduces with increasing fre-
quency there will still be a frequency above
which throat distortion becomes unaccept-
able.

A commonly used and quite adequate
rule of thumb is that a horn should not
handle frequencies higher than four octaves
above its cut-off frequency, although purists
may prefer to limit at only three octaves in
order to ensure lower distortion levels.



The complete multi-horn system

The maximum frequency range to be
handled by a wide-range high-quality loud-
speaker is about 9 octaves, i.e. 40Hz to
20kHz. This is clearly too wide a range to be
handled by a single horn, for the reasons
already noted, but it can conveniently be
divided into three ranges, i.e. 40Hz to
320Hz, 320Hz to 2.5kHz and 2.5kHz to
20kHz. In practice, a 109, overlap should
be allowed to ensure that there are no
troughs in the response at the crossover
points, and a case could be made for a four-
horn system to cover a wider range.

It is worth considering a more modest
instrument. If the cut-off frequency is limited
from 80Hz to 18kHz and a two-horn system
is considered with each horn handling a
little under four octaves, the frequency
ranges become 80Hz to 1.2kHz and 1.2kHz
to 18kHz. Again, about 109, frequency
overlap should be allowed.

The great attraction of a two-horn system
is that only a single loudspeaker is required:
the bass horn will be loaded from the rear
of the loudspeaker; while the middle and
treble horns will be loaded from the front of
the loudspeaker, to eliminate interference
and diffraction effects caused by the frame
and magnet assembly at lower wavelengths.
It has already been emphasized that the
throat of the horn should match exactly the
loudspeaker dimensions at these higher fre-
quencies, and this arrangement is particu-
larly attractive if a twin-cone speaker is
employed. Treble wavefronts may be pre-
vented from going down the bass horn by
the cavity. To show the ease and utility of
this approach, this article wiil include the
design of a “‘mini-horn’’ utilising both sides
of a single loudspeaker in a cabinet of
reasonable size and cost for small domestic
living rooms. . -

Purists may claim that the curtailed fre-
quency range -of :80Hz :to 18kHz is in-
adequate. It is however the author’s experi-
ence that the flat relatively distortionless
response between these limits, together with

.

the sense of presence afforded by the horn’s
transformer action, make the mini-horn
sound more attractive than many commer-
cial loudspeaker systems of similar size but
two or three times its price.

Once one adopts a multi-horn approach,
there will be a number of frequencies which
fall within the compass of two horns, i.e.
320Hz and 2.5kHz in the case of the three-
horn system, and 1.2kHz for the two-horn
system. It is essential that the radiation from
the relevant pair of horns should be reason-
ably in phase at the crossover frequency, to
avoid the presence of troughs in the fre-
quency response, because the bass horn will
be folded to bring its mouth adjacent to the
other horns (it is not normally necessary or
desirable to fold the middle and treble
horns). This requirement places a restriction
on the length of the horn, which has until
now been regarded as a parameter tg be
determined solely by the throat and mouth
diameters and the flare constant, and it is
now apparent that the length of the lower
horn of each pair should be either an odd or
even number of half wavelengths of the
crossover frequency, depending on whether
the radiation wavefronts at the throats of
the two horns are respectively in or out of
phase.

Thus, if separate loudspeakers are used
and the voice coils are connected in phase,
the combined length of the horns from the
loudspeakers to the plane of the mouths
should be an even number of half wave-
lengths. Conversely, if a single loudspeaker
is used to feed two horns, the radiation from
the front and rear of the cone will be out of
phase and the combined length of the two
horns should be an odd number of half
wavelengths. In practice, the lower horn
will be considerably longer than the upper,
and will effectively determine the design.

Folding, cabinets and room placing

Hitherto, discussion has been confined to
ideal horns, of circular cross-section and
straight axis, constructed of very stiff ma-
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terial. Although typical dimensions for
practical horns have not been calculated
formally, it will be clear from many of the
tables and diagrams that the dimensions of
bass horns are almost certainly too large for
comfortable accommodation in an average
living room. Two further points must there-
fore be added to the design procedure,
adoption of rectangular sections and folding
the horn into a compact size.

Rayleigh showed that bends in tubes of
constant cross-section will have no effect on
transmitted sounds if the wavelength is large
compared with the diameter, but that any
cross vibrations set up will have a funda-
mental wavelength of: 1.7 times the tube
diameter. Wilson'! has summarized the
three principal rules of folding horns as
follows: the wavefronts must not be twisted
across the horn: the horn diameter {or
width if rectangular) must be less than 0.6
times the lowest wavelength to be trans-
mitted by that horn; the wavetront shouid
be accelerated round bends to preserve its
form.

As soon as one departs from the straight
horn of circular cross-section, the scientific
design principles described cease to be so
relevant and become of more approximate
value, although the threc basic rules quoted
above, together with the choice of a suitably
stiff material for construction, provide very
acceptable results.

A folding technique which twists the
wavefront across the horn is ditheult to
achieve in practice, and may be eliminated
by folding always in one plane. The require-
ment to “accelerate the wavetront around
bends to preserve its form™ is difhcult to
achieve when more thun one fold isinvolved,
since it requires a rectangular cross-section
betore the bend to become trapezoidal
around the bend itself' !, and then revert to
a different rectangular section after the
bend. If one considers a multi-fold horn,
concertina-fashion within an overall rec-
tangular enclosure, this is not really a prac-
tical proposition, and is unnecessary because
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Fig. 10. Methods of folding horns (a) Olson, (b) Olson and Massa, (c) Lowther, (d) Newcombe, (¢) Klipsch.



subsequent bends correct the waveform.

But for single bends it can be adopted, and

the mini-horn design described later could
_utilize this feature.

Examination of the Patent Office records
for folded horn designs registered during
the 1920s and 30s provides a fascinating
monument to the ingenuity of acoustical
designers, and Fig. 10 illustrates a number
of the more well-known methods of folding.
The restriction of horn width at a bend to
0.6 times the highest wavelength to be trans-
mitted suggests initially that folding can
only be attempted over the first few feet of
the length of a horn; after that point the
width will have reached the limiting value.
However, this limitation may be overcome
by bifurcating the horn (splitting into two
equal channels) at each point when the
width limits. Thus the mouth of a horn may
comprise four equal mouths (brought to-
gether for convenience and to ensure audio
realism) and the four “*quarter-horns” may
be folded far closer to the mouth than
would otherwise be possible. Rayleigh has
shown” in Art.'264 that bifurcating a con-
duit will have no effect on the transmission
of sound provided the lengths of the two
portions are equal and the sum of their areas
at corresponding points is equal to that of
the original conduit.

In many cases, the front side of a loud-
speaker, whose reverse side is horn loaded,
will be physically close to the mouth of the
horn itself, and it is commonly feared that
there will be concellation at certain fre-
quencies caused by interference between the
two radiations in anti-phase. However, the
direct radiation from the unloaded front of
theconeis only a few percent of that through
the horn, and so the amount of cancellation
is negligible.

Frequency handling

Although it has been shown that each horn
acts as an acoustic bandpass filter, the lower
cut-off frequency being determined by the
expansion coefficient and the upper cut-off
frequency by the throat cavity, there are
important reasons why the full audio signal
should not be applied directly to all horns
regardless of their frequency handling capa-
bility. At the low frequency end of the
spectrum, examination of Fig. 3 (Part 1)
shows that the horn provides the loud-
speaker with no resistive acoustic loading
below its cut-off frequency. Thus any ap-
plied signals below this frequency will cause
excessive movement of the loudspeaker dia-
phragm, which will be constrained only by
the mechanical and electro-magnetic fac-
tors. This excessive movement can cause
unpleasantly high intermodulation distor-
tion, and can also lead to further non-linear
distortion when the loudspeaker moves
outside its linear range. At the upper fre-
quency end, signals of excessive power can
also give rise to distortion products due to
deficiencies in the cavity/throat relationship.
It is therefore beneficial to restrict the band-
width of the electrical signal reaching each
loudspeaker to match the acoustic band-
with of its corresponding horn.

Although most commercial multi-unit
loudspeaker systems use passive LC cross-
over networks between power amplifier and
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Fig. 11. Circuit for an active filter network . See appendix for component details.

loudspeaker to route signals of the appro-
priate bandwidth to each loudspeaker,
careful comparative listening tests show that
these units undoubtedly introduce a “‘dull-
ness”’ or loss of “brilliance” into the audio
output. Many explanations have been
offered for this situation; in the author’s
opinion, the most likely reason being the
loss of “direct drive” from the output of the
amplifier, allied with a significant reduction
in the degree of electro-magnetic damping
afforded by the low output impedance of
the amplifier.

Recent correspondence in  Wireless
World?® and elsewhere has extolled the vir-
tues of splitting the frequency range at low
signal level, and employing a separate power
amplifier directly coupled to each loud-
speaker. The author has devised such a
circuit, which consists of three (or four)
parallel frequency-selective channels com-
prising Sallen & Key active filters giving
preset low and high-pass characteristics in
series in each channel, together with some
gain adjustment to allow for the inevitable
differences in sensitivity of each loud-
speaker/horn combination. The active filters
provide 2nd order Butterworth characteris-
tics, a response which appears to give the
least displeasing effects at the cross-over fre-
quencies. (There will inevitably be phase-
shifts associated with any filter circuit, and
the effects of these on transients can produce
a marked difference in their character.) This
circuit is in Fig. 11 and the Appendix.

Thus, some form of electrical cross-over
is generally necessary in addition to the
acoustic cross-over provided by the horn
itself. An exception is of course the case
where a single loudspeaker drives two horns:
one loading the front and one loading the
rear of the diaphragm. In this situation,
some compromise will be necessary in the
acceptable distortion level and bandwidth
of the loudspeaker system.

Directional horns

This article has extolled the ability of the
horn to propagate wavefronts that are
nearly plane at its mouth. However, there
are situations where it is desirable to propa-
gate wavefronts with different character-
istics in the vertical and horizontal planes,
particularly when middle and treble horns
are used in stereophonic systems; it is often
desirable to spread the wavefronts in the
vertical plane while preserving more of a
“point-source’” in the horizontal plane.
There are a number of different techniques

for achieving this, based on diffraction and
refraction effects at the horn mouth with
the comparatively short wavelengths (a few
inches or less) with which these high fre-
quency horns are concerned.

The design and manufacture of multi-
cellular horns, distributed-source horns,
diffraction horns and reciprocal-flare horns
is beyond the scope of this article, and with
the exception of the first two mentioned is
probably outside the capability of most
amateur constructors. Those interested
should refer to the papers by Smith?®,
Winslow?° and to the relevant chapters by
Olson* and Cohen®.

Klipsch!® !7 has described the design of
his high frequency horn, in which the
length/breadth ratio of the (rectangular)
mouth assumes a value in excess of 4:1 c.f.
the ratio of near unity advocated for bass
horns). The optimum dimensions, length/
breadth ratio, and apportionment of flare
to the long and short axes depend on a
number of complex factors, however, an
aspect ratio between 2:1 and 4:1 with the
flare apportioned in similar ratio has been
found to give good practical results, and
these parameters have been adopted for the
“no-compromise horn” to be described.
Although the high frequency horn of the
“mini-horn” system is specified as circular
(in view of its handling the relatively large
wavelengths at 1kHz) an aliernative rec-
tangular mouth with aspect ratio of 2.5:1
has also been described.

Detailed design procedure

The previous sections have dealt in some
detail with the basic theory of the horn, and
the essential design procedures have been
outlined for a series of horns which can
cover the complete audio range. The final
sections will consider the detail design of
two horns: a ‘“‘mini-horn” and a ‘no-
compromise horn™.

Because all horns are designed to slightly
different requirements, and inevitably many
readers will wish to *‘bend”’ the specification
to a greater or lesser extent in order to
satisfy their own needs, the designs are pre-
sented here by means of tables so that they
represent a comprehensive design code for
a wide range of horns.

Bass horn design

The bass horn should be examined initially,
commencing with the mouth. Tables I, 2
and 3 indicate the relationship between

continued over page



Table 1

Freq. Y::;teh Diameter | Area
(Hz) (ft) (ft) (sq. ft)
30 375 11.94 111.98
40 28.13 8.95 62.92
50 225 716 40.27
60 18.75 597 28.0
70 16.07 512 20.59
80 14.06 4.48 16.77
90 125 3.98 12.44
100 11.25 3.58 10.07
110 10.23 3.25 8.30
120 9.38 2.98 6.98
Table 1. Minimum mouth dimensions

for bass horn (free loading).

Table 2
Freq. | Area | Dia. sslge gi%ceté
30 28 597 {529 | 469 597
40 16.73 | 447 |3.96 | 352 447
50 10.07 | 358 |317 281 358
60 7.0 298 |264 234 298
70 515 | 256 (227|201 256
80 394 | 224 (198176 224
90 311 199 11.76 | 1.56 1.99
100 252 |1.79 {158 |1.41 179
110 207 [{1.62 144127 162
120 1.74 [ 149 |132|117 1.49

Table 2. Minimum mouth dimensions

for bass horn (wall position).

Table 3
. Sq. Rect
Freq.| Area |Dia. id id
(Hz) | (sa. f1) | (F) | {6y | ey
30 140 422375332 422
40 787 |316(281({249 3.16
50 503 ]253(224|199 253
60 35 211 1187|166 211
70 257 |180(160|1.42 180
80 197 |1.58(1.40(1.24 158
90 155 (141 1125/110 1.4
100 1.26 |{1.27 11.12/0995 1.27
110 1.04 [{1.15]1.02/0.904 1.15
120 0.87 [1.05|0.93|0.829 1.05
Table 3. Minimum mouth dimensions

for bass horn (corner position).

Table 4
Wave-| .. |Area|Sq Rect.
F;fq- length|Pia. | (sq. |side| sides
(Hz) | "Gy 1 () Sn) [(in)|  (in)
200 | 675 |32.2|815.4|28.6/25.3 32.2
250 | 54.0 |25.8|522.9(22.3120.3 25.8
300 | 45.0 |21.5/365.1(19.11169 215
350 | 3857 |18.4/265.9]|16.3/145 18.4
400 | 33.75 [16.1|203.614.3|12.6 16.1
450 | 30 14.3{160.612.7/11.3 14.3
500|270 (129(130.7(11.4/10.1 129
550 | 24.55 {11.7(107.5({10.4| 9.2 11.7
600|225 |10.7] 89.9| 95| 84 10.7
700 19.28 | 9.2| 665 82| 7.2 9.2
800(16.88| 81| 51.6| 7.2 6.3 81
900 | 15 72| 40.7| 64| 56 72
1000 { 13.5 64| 322| 57| 51 64
1100 12.27 | 59| 27.3| 52| 46 59
1200 | 11.25 | 54| 229| 48| 42 54
1300 10.38 | 49| 188| 43| 39 49
1400 | 964 | 46| 166| 41| 36 46
1500 9 43| 145| 38| 34 43
2000 6.75| 3.2] 80| 28] 25 32
2500| 540 | 26| 53| 23| 20 26
Table 4. Minimum mouth dimensions

for mid/top horn (free loading).

Table 5 Table 7
Cut- Doub- Effec-

rrog. | oft | Hate |, Area | Ting”  Nom| ares | e | Throat) Throet

(Hz) i[_‘,’f)' (ft) | (% ft1) ‘f'f?)' (in) |(59-in) (ore2 )| (sa.in)| (sq. ft)
30 25 278 32 249 33 9.62 6.74 2.02 014
40 33 .366 44 1.89 5 19.64 | 13.75 412 .029
50 42 466 59 1.49 6% | 3319 | 23.23 6.97 .048
60 50 .555 74 1.25 8 50.27 | 35.19 | 10.56 .073
70 58 .644 90 1.08 10 78.55 | 54.99 | 16.50 114
88 ?g ggg 1&8) §‘§2 Table 7. Throat dimensions.

100 84 .932 154 744
110 92 | 1.02 178 679
120 100 | 1.11 205 .624

Table 5. Exponential constants for bass
horn.
Table 6
Cut- Doub- Tabl

o | off | [ae | s, | g o010
H freq. | & Y A dist. F .

(H2) el Gn) | inn) | Tob foa| a3 | 5 | ex | 8
200 166 .155 17 448 200 30.9 26.3 229 20.3
250 | 208 193 21 3.59 250 225 188 16.1 14.0
300 250 .233 26 297 300 171 14.0 11.8 10.0
350 292 271 31 2.56 350 136 10.9 8.98 7.46
400 330 .307 36 2.26 400 111 8.78 7.07 5.73
450 375 .349 42 1.98 450 9.09 7.05 555
500 420 391 48 1.77 500 7.58 5.77 442
550 458 426 53 1.63 550 6.51 484
600 500 465 59 1.49 600 5.56
700 580 639 7 1.29 700 424
800 660 614 85 1.13 800 3.3
900 750 .698 101 .993 900 2.58

1000 840 781 118 .887 . .

1100 | 920 | .855 135 810 Table 10. Length of mid/top horn (in),

1200 [ 1000 | .930 153 745  free loading. Since the mouth perimeter

1300 | 1083 | 1.01 175 686  equals 1.5 times the highest working

1400 | 1166 | 1.08 196 642 wavelength, the tractrix cannot be used.”

1500 11250 1 1.163 | 218 996 Tractrix contours can however be in-

2000 | 1660 | 1.54 368 450 corporated if the mouth perimeter is

2500 | 2080 | 1.93 590 .359 P P

reduced to one wavelength.

Table 6. Exponential constants for mid/

top horn.
Table 8
Freq. 31 5 6% 8 10
(Hz2) Ex Tr Ex Tr Ex Tr Ex Tr Ex Tr
30 273 251 247 225 229 20.7 21.4 19.2 19.8 176
40 19.2 17.6 17.2 15.6 15.8 142 147 131 135 1.9
50 141 128 126 11.3 115 10.2 106 9.3 9.62 8.30
60 11.2 101 9.88 8.78 8.98 7.88 8.22 712 7.42 6.32
70 9.17 8.23 8.05 711 7.25 6.31 6.60 5.66 5.92 4.98
80 7.69 6.83 6.70 5.84 6.01 515 5.44 458 4.83 3.97
90 6.48 5.75 5.61 4.88 5.00 427 4.50 3.77 3.97 3.24
100 557 491 479 413 4.25 3.59 3.80 314 3.32 2.66
110 4.90 4.30 418 3.68 3.69 3.09 3.28 2.68 2.84 2.24
120 4.34 3.79 3.68 3.13 3.23 2.68 2.85 2.30 2.46 1.91

Table 8. Length of bass horn (ft) for different flare constants, wall position. Ex-
exponential, Tr-tractrix. N.B. The tractrix lengths are approximate.

Table 9
Freq. 33 5 631 8 10
(Hz) | g, Tr Ex Tr Ex Tr Ex Tr Ex Tr
30 | 248 | 226 | 222 |200 |204 | 182 [189 |167 [173 | 151
40 | 173 157 153 | 137 139 [123 [128 [112 |116 | 100
50 | 126 | 113 | 111 98 | 998| 866 | 908 | 776 | 812 | 680
60 | 995 | 885 | 864 | 754 | 773| 663| 697 | 587 | 617 | 507
70 | 810 | 716 | 696 | 602 | 618 | 524 | 553 | 459 | 483! 3.89
80 | 675 | 589 | 575 | 489 | 507 | 421 | 450 | 364 | 389 | 303
90 | 565 | 492 | 478 | 405 | 417 | 344 | 367 | 294
100 | 483 | 417 | 405| 339 | 351 | 285
110 | 422 | 362 | 351 | 291
120 | 372 | 317

Table 9. Length of brass horn (ft) for different flare constants, corner position.
Ex-exponential, Tr-tractrix. N.B. The tractrix lengths are approximate.




minimum frequency and mouth dimensions
for horns positioned in free air (4n solid
radians) at a wall (w solid radians), and in a
corner (7/2 solid radians). In table 1, the
speed of sound has been taken as 1125 ft/
sec, and the mouth perimeter as the wave-
length. The mouth areas in tables 2 and 3
are equal to % and § respectively of the
mouth area in free air, and the dimensions
for the circular, square and rectangular
mouths are derived from these areas. It is
tempting to reduce the areas of the square
and rectangular horns so as to give a peri-
meter equivalent to the wavelength (suit-
ably scaled for wall or corner positioning)
but this is not recommended. However, the
shorter side of the rectangular horn has
been derived in this way (i.e. a square horn
with this side would have the appropriate
perimeter).

After settling the mouth dimensions, the
throat may be determined from the chosen
loudspeaker unit. Table 7 gives suggested
throat areas for five typical mean loud-
speaker sizes. In some designs, the choice of
loudspeaker will be influenced by consider-
ations of overall size (the length of the horn
is greatest for the smallest loudspeaker) and
whether the loudspeaker is to perform as
both bass and mid/top driver, using two
separate horns on either side. Many loud-
speakers will possess different dimensions,
and in these cases table 7 will be of little
value. The effective area (piston area) has
been taken as 0.7 of the area derived from
the mean (quoted) diameter, and the throat
area as 0.3 of the effective area. Although
there is obviously scope for experiment here,
the quoted dimensions should give very
acceptable results.

Having decided the throat and mouth
areas, tables 8 and 9 give the overall lengths
of horns with true exponential and tractrix
contours for both wall and corner placing
for horns with the five derived throat areas
at each of the cut-off frequencies specified
in table 1. The factor of 1.2 applied to the
cut-off frequency in table 5 when calculating
the flare coefficient is to ensure a fairly
linear frequency relationship throughout
the working range of the horn. The flare
coefficient m is thus given by

m = (4n/c)(f]1.2)

where ¢ is the speed of sound (1125ft/sec)
and f is the lowest frequency to be repro-
duced.

The area increase is given by (e™—1)%
and the doubling distance by (log,2)/m for
each frequency. The length of the exponen-
tial horn is given by (1/m) log, S,,/St for
each specified set of areas, and the length of
the tractrix horn will be r,,(1 — log. ) shorter
than the true exponential, where S, =
mouth area, S; = throat area, r,, = mouth
radius.

N.B. The tractrix lengths given in tables
8 and 9 are approximations, being based on
the fully developed tractrix referred to the
flare cut-off frequency, whereas the mouth
radius is referred to the lowest bass fre-
quency to be reproduced.

Middle top horn design

Attention should now be directed to the
middle and high frequency horns. The

mouth perimeter should not be less than the
wavelength of the lowest working frequency,
and in practice a perimeter of 1.5 times the
lowest working frequency has been found to
give good results. Table 4 is based on this
factor of 1.5, and gives the recommended
minimum mouth dimensions for free air
loading. It is safest to assume free air load-
ing to apply at these higher frequencies, be-
cause diffraction and reflection effects at
short wavelengths prevent true wall or
corner loading from being achieved, and it
is for this same reason that the perimeter has
been specified at 1.5 times the wavelength
of the lowest working frequency. The di-
mensions of square and rectangular horns
have been derived in the same way as those
in tables 2 and 3. The throat dimensions of
middle and high frequency horns should
match the drive unit directly, and may be
taken as the mean diameter and area of the
chosen loudspeaker, shown in table 7.
Tables 6 and 10 give the flare constants and
lengths of exponential horns assuming the
throat and mouth dimensions of tables 7
and 4 respectively.

Integration of multiple horns

It has been emphasized that the radiation
from the mouths of each pair of horns at
their common crossover frequency should
be in-phase. Assuming that the mouths of
all the horns will lie in the same plane, the
total length of each pair of horns should be
compared with the multiples of half wave-
lengths of the crossover frequency set out in
table 11. If the drive signals at both throats
are in-phase (separate loudspeakers), the
total length should be an even number of
half-wavelengths; if the drive signals are
out-of-phase (single speaker horn-loaded at
both front and rear) the total length should
be an odd number of half wavelengths. If
necessary, small changes may be made to
the crossover frequency (with subsequent
re-design of the higher frequency horn) to
ensure optimum conditions at crossover.

The complete design

The bass horn will generally be folded.
Originally it was intended to provide a table
giving the maximum permitted length of
horn before folding should cease because
the horn diameter has become equal to 0.6
times the lowest wavelength to be trans-
mitted. However, examination has shown
that at frequencies up to five times the bass
cut-off frequency (i.e. 4 octaves bandwidth)
this restriction does not apply to the corner-
positioned horn (due to the small mouth
dimensions) and with the wall-positioned
horn the limitation lies between 929, and
959% of the full exponential length. It may
therefore be assumed that provided the
wall-positioned horn is not folded within
the final 109 of its length, the problem of
cross reflections will not arise.

Finally, the cavities at the throats of the
lower frequency horns should be designed
in accordance with the formula already
given, remembering to allow for the loss of
cavity volume due to the frame, magnet and
cone assembly of the loudspeaker itself.

The design procedure laid down in this
part has been applied to two different de-
signsof horn to follow, and further examples

of overall horn design are given in refs 34
to 37, and also in ref. S.

Appendix

A variable bandpass active filter for feeding
a 3 horn loudspeaker system (see Fig. 11):

Low-pass filter

Frequency | R, R, C, C,
(Hz) kQ) | kQ) | (pPF) | (PF)
200 59 59 20,000 | 10,000
1k 12 12 20,000 | 10,000
2k 59 59 2,000 | 1,000
10k 12 12 2,000 | 1,000
6k 59 59 680 330
30k 12 12 680 330

N.B. R, & R, to be realized as 12k in series
with 47k log pots.

High-pass filter

Frequency | R; | R C, C,

4

(Hz) Q) | (kQ) | (pF) | (PF)

25 28 |57 |160,000 | 160,000
100 7 |14 1160,000 | 160,000
250 28 |57 16,000 | 16,000
1k 7 |14 16,000 | 16,000
4k 28 |57 1,000 | 1,000
16k 7 |14 1,000 | 1,000

N.B. R; to be realized as 6.8k in series with
22k log pot. R, to be realized as 12k in
series with 47k log pot.

All i.cs to be Signetics N5741V, etc. Ry
10k log, R¢ 22k, R, 100k.
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