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The paper examines a new acoustic construction which differs from the classical Helmholtz
resonator. The proposed acoustic resonator consists of massive plates with a rectangular-shaped
slit of varied width. Sound-absorbing materials are not used in such a resonator, and the effect
of absorption is achieved due to the resonance qualities of such a construction.

In a theoretical model of such construction, both the main resonance and the overtones, i.e.
the odd harmonics, the impedance of the slit itself, the impedances of added air masses outside
and inside the slit, the impedance of the resonator air volume, and the radiation impedance are
taken into account.

On the basis of the formulas obtained, the change in the sound absorption depending on the slit
width and the distance between the slit and the rigid surface is computed. It has been established
that the absorption has a resonant nature and it is enhanced with the increase in the slit width.
When the slit width is 65 cm, the absorption area reaches almost 4m? at 60 Hz. The volume of
the resonator is significant. When the resonator’s height is increased to 150 cm and the slit width
is 30cm, the area of absorption is as large as 3.5m? at 35 Hz.

The dependence of the real and imaginary parts of the slit impedance and the radiation
impedance on the slit width is computed, as well as the dependence of the real and imagi-
nary parts of the resonator volume impedance on the slit width under constant distance to the
rigid surface of the ceiling.

1. Introduction

Certain quantities of sound-absorbing materials must be placed in music halls for the
optimization of their acoustics. These materials must have different acoustic characteris-
tics, i.e. sound must be absorbed differently at various frequencies. This is necessary in
order to obtain an optimum frequency characteristics of the hall reverberation time which
is one of the most important objective criteria of the hall acoustics. The reverberation
time depends on the intended purpose of the hall, its volume, the musical work being
performed, the listener’s location in relation to the sound source, and the quantity and
acoustic properties of the sound-absorbing materials.

The halls’ reverberation time usually requires reduction at low and medium fre-
quencies, whereas at high frequencies the reduction is practically unnecessary because
high-frequency are well-absorbed by the air itself. There are almost no materials show-
ing both considerable absorption of low frequency energy and poor absorption of high
frequency energy. Therefore special perforated acoustic structures are made employing
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an air gap which is usually filled with a sound-absorbing material. Such a structure is
represented by the classic Helmholtz resonator. A thin plate with varied perforation per-
centage is used in such a resonator with an air gap left behind it. The air gap is filled
with a sound-absorbing material.

The aim of this work is to design a resonant structure that would be characterized by
high absorption of low-frequency sound energy and poor absorption of the high-frequency
one. The essence of the structure is that, in contrast to the Helmholtz resonator, a thick
rigid plate without perforation is used, while the sound absorption effect is obtained
by employing variously-shaped slits several tens centimetres wide and made of planes
instead of small holes. These planes form the structure of the sound reflections which
is very important for obtaining good acoustics. It is impossible to create an adequate
sound reflection structure solely by using the classical Helmholtz resonant structure for
the ceiling. In order to apply the proposed acoustic structure for practical purposes one
must know how it absorbs sound at different frequencies and how does the absorption
depend on the geometric parameters of the resonator.

2. Theory

The sound absorption properties of Helmholtz-type resonators have been investigated
by many scientists in various countries. U. INGARD [1], F.P. MEcHEL [2], P. GuiG-
NOUARD [3], B. BRouaRrD [4], J.F. ALLARD [5] and others have examined the changes
in the sound absorption properties and impedances of thin, small-diameter, differently-
shaped perforated plates made of various materials depending on the plate thickness and
other parameters,

In the slit-shaped acoustic resonator, we will determine both the main resonance and
the overtones, i.e. the odd harmonics, the added air masses outside and inside the slit,
the energy losses in the case of a closed slit, and the effect of the resonator volume on
the sound absorption.

The air gaps between the planes may be examined as holes. The calculated diagram
for these gaps is shown in Figure 1.

The sound absorption of such a resonator may be calculated by the formula (1).

A= g oS, (1)
where pg is the air density; ¢ is the speed of sound in the air; 5, is the area of the
resonator; Z is the impedance of the hole; Z, is the radiation impedance.

It is seen from the formula that in order to obtain the resonator’s sound absorption,
the impedance of the hole itself Z and the radiation impedance Z, must be found.
The radiation impedance of the resonator can be computed from the formula:

2r 7/2+jo00

k& .
Z, = 90604—73253/dcp f |D(7, @)|*siny dy, (2)
0 0

where kg is the wave number; D(7, ) is the radiation directivity pattern.
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Fig. 1. The calculated diagram for the suspended ceiling with a slit-shaped hole. a) bottom view; b) front view.

The angles of the radiation directivity pattern 7y and ¢ can be determined from the

diagram shown in Figure 2.
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Fig. 2. The diagram for determining the angles ~ and ¢ of the radiation directivity pattern.

In the rectangular hole with the sides a and B, the axis X will be directed along the
side @ and the axis Y along the side B. Then the radiation directivity pattern will be

computed by the formula:

D sin[k! cos(r, z)] sin[kd cos(r, y)]

kl cos(r,z)

kdcos(r,y) ’ @)

where r is the line connecting the origin of the coordinates with the observation point P.
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Now we will make the substitutions cos(r, ) = sin+y cos ¢ and cos(r, y) = sin 7 sin p.
Then the radiation impedance of the resonator may be written as follows:

w/24+j00
7. = QOCO_SZ/ /‘ sin’[k sin y cos ¢] sin [kdsm~ys1n ] o
k22siny cos? ¢ k2d?sin’ y sin® ¢

inydy. (4)

Let us separate out the real part Re Z, and the imaginary part Im Z, of the impedance.
The real part of the impedance can be calculated then from the formula:

Re 7, = roo—-SZf / sin[kl sin 7y cos ] sin’[kd siny sm go] iy 5)
k212sin®y cos? ¢ k2d?sin®y sin® ¢

and the imaginary part from the formula:

2r m/2+jo0

_ 0oco Kk} sin’[kl su:l’ycos ] sin’[kd sm7 sin ]
Ier = —4—0252/(1

k212sin*y cos? @ k2d?sin® y sin® SO 40)
0 ®/2+j0
In order to evaluate the form of the hole, we make the following substitution: u =
m/2— j¥; du = —j dv. Then the lower integration limit will be equal to zero and the
upper one equals —oo. Thus cos jz = coshz. Upon integrating from 0 to —oo, the
imaginary radiation impedance will be equal to:

Im Z, QO.CO ko SZ/dcp

/ sinz[kl cos ¢ cosh u] sin®[kd sin ¢ cosh u]
k212 cos? p cosh® u  k2d?sin’ ¢ cosh? u

cosh u(—J du). @)

When integrated from 0 to oo, the imaginary radiation impedance is:

2r o0
2 - 2 5 5
il = s kOZSEfdcpjsm [kloosgaooslzlu] sin [kds;ut,ooosl;u] . ®)
4m ) k212 cos? pcosh®u  k2d2sin® ¢ cosh® u

This is a numerical integration procedure.
In order to calculate the sound absorption area of the resonator, one must find the
impedance of the hole itself. It consists of four parts and is expressed as:

L =lpo+ Lma+ Zmi + 72, , (9)

where Z,, is the impedance of the hole itself; Z,,, is the impedance of the added air
mass outside the hole; Z,,; is the impedance of the added air mass inside the hole; Z,
is the impedance of the resonator volume,
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Fig. 3. The lay-out diagram for the hole impedances.

The location of the impedances of the air masses added to the hole are shown in
Figure 3.

The fluctuation of the air in the hole may be considered to be of plunger-type provided
the velocities of the air particles are uniform over the whole area of the hole. Then the
impedance of the hole itself will be equal to:

pot [87 . 1 8n
Dot S f— g — 1
'm0 2rg Qow + jwoot (1 + e S (10)

The real part of this impedance determines the friction losses that arise when the air
moves through the hole. Similar losses must occur on both sides of the hole. Then the
impedance of the added air mass outside the hole will be equal to:

_ 00At, ’ }
Zma S ZR + = 27'0 (11)

The impedance of the added air mass inside the hole will be equal to:

004t } /
= + jwoos— 2,,0 (12)

The added radiation mass that is determined during the calculation of the radiation
impedance Zr must also be included. The radiation impedance Zg is expressed in the
following way:

ZR = Rr +jwmr -~ Rr +jw907'0, (13)

where R, is the resistivity of the radiation losses.
Upon inserting the formulas (10), (11) and (12) into (9), we obtain the hole impedance:

uw+(t+u/r
——%—3:—-—/——2 ;gw + ooco(koaes) + Bru

: u/t+u/m [ 8y
eS 0l i v 8 4
+ jwoo lt+2At+ as. guw] + Z,, (14)

I =
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where koa.; = %kod for the long slit of width 2d. Then the final impedance of the long
slit of width a is equal to:

u+(t+u/T) 8n T
TQO aw + 20¢o (Ekod) + fru

. u/t+u/m | 8n
+ TN LTS M R G L
Jwé’n[ 45, Py

where 7 is the air viscosity; u is the slit perimeter; w is the angular frequency; /3, is the
coefficient measuring the friction losses and ry is radius of the hole.

The impedance of the air volume of the resonator must also be determined. It can
be obtained from the formula:

Zy =

+2Z,, (15)

ZycothkoH + £0Co Siaff
QoCoCOthk[)H+Z1 L

Zy = poco (16)
where Z is the impedance of the rigid surface of the ceiling; ko is the wave number; H
is the height of the resonator; V' is the volume of the resonator.

The last factor of this formula represents the relationship between the air column
formed along the length of the hole and the volume of the resonator, It arises because
the pressure in the air column is a variable and depends on the impedance of the added
air mass inside the hole. This member characterizes the transfer of pressure to the whole
volume of the resonator since the pressure undergoes changes over the whole resonator.

If the rigid surface of the ceiling is characterized by the absorption factor a, then

1+vV1l-a
= ly———. 17
P ey al

The final impedance of the rectangular slit is obtained for the case when the angle of
the sound wave incidence is normal. If this angle 6 is not equal to 0°, the sound reflection
coefficient must be computed from the formula:

Z()— Z[)COSG

Rren = Zo + Zycost

(18)
and from the sound absorption factor & = 1 — |Rpa|* which depends on the angle of
the sound wave incidence 6. In the case of a diffusional sound field, this angle must be
averaged over all angles of incidence, i.e. integrated for all angles of incidence from 0°
to 90°.

The slit may be covered with various materials with different density and air resistance.
Then the loss impedance will be expressed by the formula:

Z, =R, +3Y,, (19)

where R, is the real part of the loss resistivity; Y,, is the imaginary part of the loss
resistivity. '
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The real part of the resistivity of losses is equal to:

o0f —0.754
R, = opco [1 * (—) '0.0571] ‘ (20)
Tdin
The imaginary part of the resistivity of losses is equal to:
—0.0732
Y, = ooco-0.087 (M> 1)
Tdin

where 7g4;, is the air resistivity.
The air resistivity is characterized by the lowest frequency starting from which the
loss resistivity increases as \/_T :

3. Results of computations

It was established by computation how do the sound absorption area of the resonator,
the imaginary parts of the slit impedance and the radiation impedance, and the real and
imaginary parts of the resonator volume impedance change with changes in the slit width
and the distance to the rigid surface. The thickness of the plate was chosen as 2cm. The
minimal sound absorption factors of the ceiling surface were assumed, i.e. 0.02 — 0.04
through the whole frequency range. 100 points are taken for the calculation of each curve.
It is assumed in all the computations presented that the angle of incidence of the sound
wave is normal.
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Fig. 4. Dependence of the sound absorption of the slit-shaped isolated acoustic resonator on the width
of the slit. The distance to the rigid surface 50cm. 1, 2, 3, 4, 5 - slit width 5, 20, 35, 50, 65 cm, respectively.
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Figure 4 shows the changes taking place in the sound absorption of the resonator
with changing slit width. The length and the width of the resonator were assumed to be
200cm each, while the slit width was increased every 15cm. The height of the resonator,
i.e. the distance to the rigid surface was taken as 50 cm. A computer program has been
developed that allows free variation of the geometric parameters of the resonator.

The computations show that the sound absorption is strongly dependent on the width
of the slit. When the width is as small as 5cm, the absorption value is very low too.
The absorption increases rapidly with the increase in the slit width and reaches almost
4m? at the slit width of 65cm. The absorption has a distinct resonant character, It
reaches a maximum at 40 — 50 Hz, i.e. at very low frequencies. When the width of the slit
increases, the absorption and the width of the resonant curve increases too. At medium
and high frequencies — starting from 350 Hz, — the absorption is lowered and repeated
resonances are pronounced in this range. They are influenced by the interaction between
the impedances of the slit, of the added air masses and of the resonator volume as well
as by the overtones determined in the computations.

A quite different character of absorption is obtained when the height of the resonator
H is changed, at a remaining constant slit width. When the slit width is only 5cm and
the height changes from 5cm to 105cm at 25cm intervals, the sound absorption area is
as small as 0.3 m? and does not depend on the slit width. The absorption has a maximum
at 30Hz and decreases uniformly with the increase in frequency.

It is also important to know how the resonator sound absorption changes w1th changes
in the resonator’s height and volume if the slit width is kept constant. The results of
computations are shown in Figure 5.
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Fig. 5. Dependence of the sound absorption of a slit-shaped isolated acoustic resonator on the distance to the
rigid surface. Slit width 100cm. 1, 2, 3, 4, 5 — distance to the rigid surface 50, 75, 100, 125, 150 cm, respectively.

Sound absorption has a quite different character when the volume of the resonator
is changed. At low frequencies, the absorption is practically independent of the height
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of the resonator. It has a maximum at 37Hz and achieves as much as 3.5m?. As the
frequency increases, the absorption value decreases sharply and in the remaining part of
the frequency range it is determined by the repetitive air volume resonances.

The results of the computations show that an isolated acoustic resonator, whose
dimensions are 200 x 200cm and the slit width is only 30cm, absorbs as much as
3.5m? of sound energy. The resonator is made of a rigid material whose sound ab-
sorption coefficients are very small. Consequently, sound energy is only absorbed by the
rectangular-shaped slit which is only 30 cm wide and 0.6 m? in area. Thus, a slit of 0.6 m?
in area absorbs as much as 3.5 m? of the sound energy.

The sound absorption coefficient of acoustic materials used in practice is always
smaller than one. In our case the coefficient is very large — 5.8. Such coefficient is obtained
under resonance only, when, in the frequency range of one to two octaves, the absorbing
surface grows in area considerably and the sound absorption is therefore increased. This
happens because the air velocity decreases due to friction when the air moves close to
the rigid surface. The air flows around the entire plate, but the velocity of fluctuations
and sound absorption are the largest in the slit; they are much larger than on the plane.
When the wavelength is substantial, then the velocity of fluctuation of air particles is very
low far from the slit and no sound absorption takes place on the plane. Sound is only
absorbed by the environment close to the slit.

Up to the present, the sound absorption was examined in the case when the angle
of incidence of the sound wave is a right one. Figures 6 and 7 show the changes in the
sound absorption under other angles of incidence.
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Fig. 6. Diagramm of the angle of incidence of the sound wave to the resonator.

When the angle of incidence of the sound wave is small, i.e. 20°, 23° and 50°, the
increase in absorption is insignificant — from 2m? to 2.5m?. The resonance frequency
gradually moves towards higher frequencies. When the angle of incidence is large, i.e.
65° and 80°, the absorption rises to 3 — 3.5 m?, while the resonance frequency moves to
70 and 150 Hz.

In the formulas, a distinction between the imaginary and the real parts of the imped-
ance was made. The imaginary part of the impedance shows the reradiation energy which
is equal to zero during resonance. The impedance dynamics is shown in Figure 8.

The imaginary parts of the slit increase with growing slit width and decrease along
with the increase in frequency. At high frequencies, repetitive resonances are pronounced.
The imaginary parts of the radiation impedance decrease as the slit width increases; they
also grow along with the increase in frequency, but only at low frequencies.
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Fig. 7. The relationship between the sound absorption of a slit-shaped resonator and the angle of incidence
of the sound wave. Distance to the rigid surface. Slit width 30cm. 1, 2, 3, 4, 5 - sound wave incidence
angles 20°, 35°, 50°, 65°, 80°, respectively.
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Fig. 8. Dependence of the imaginary part of the slit impedance and the imaginary part of the radiation
impedance on the slit width in a slit-shaped isolated acoustic resonator. The distance from the slit to the rigid
surface 50cm. 1, 3, 5, 7, 9 - the imaginary parts of the slit impedance when the slit width is 5, 20, 35, 50,
65 cm, respectively. 2, 4, 6, 8, 10 — the imaginary parts of the radiation impedance when the slit width is 5, 20,
35, 50, 65 cm, respectively.

~ Figure 9 shows the changes in the real and imaginary parts of the resonator’s volume
impedances.
Energy losses are shown by the real parts of the impedance. Their dynamics is shown

in Fig. 9.
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Fig. 9. Dependence of the real part of the slit impedance and the real part of the radiation impedance on the
slit width in a slit-shaped isolated acoustic resonator. The distance from the slit to the rigid surface 50 cm.
1,3, 5,7, 9 - the real parts of the slit impedance when the slit width is 10, 30, 50, 70, 90cm, respectively.
2,4, 6, 8, 10 — the real parts of the radiation impedance when the slit width is 10, 30, 50 70, 90 cm,
respectively.

The real part of the slit impedance is independent of the slit width and frequency,
while the real part of the radiation impedance increases with the increase in frequency
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Fig. 10. Dependence of the real and imaginary parts of the volume impedance on the slit width in a
slit-shaped isolated acoustic resonator. The distance to the rigid surface 50cm. 1, 3, 5, 7, 9 - the real parts of
the volume impedance when the slit width is 5, 20, 35, 50, 65 cm, respectively. 2, 4, 6, 8, 10 — the imaginary
parts of the volume impedance when the slit width is 5, 20, 35, 50, 65 cm, respectively.
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but only up to medium frequencies. As the slit width increases, the real part of the
impedance increases too.

The resonator’s sound absorption is greatly influenced by its volume. The changes in
the imaginary and the real parts of the volume impedance are shown in Figure 10.

The increases in the imaginary and the real parts of the volume impedance produced
by the increase in frequency and slit width are almost the same. The impedances are
influenced by the elasticity of the resonator’s air which is determined by the volume and
height of the closed air mass. The fluctuating air mass is determined by the air in the slit
and the added air mass, which is given by the imaginary part of the radiation impedance.
When the air elasticity is equal to the fluctuating air mass, the resonance takes place.

4. Conclusions

1. A large isolated resonator with a rectangularly-shaped slit absorbs sound energy
well at low frequencies. The sound absorption increases rapidly with the increase in the
slit width, while the frequency at which the maximum absorption is reached changes a
little. Greater sound absorption is obtained when the height of the resonator, but not
the slit width is increased.

2. The real parts of the slit impedance depend on the slit width and frequency, whereas
the imaginary parts are little frequency-dependent. The imaginary and the real parts of
the resonator’s volume impedance depend only on the frequency and the slit width up to

medium frequencies. As frequency increases the impedances are determined by repetitive
resonances.
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