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The paper presents the verification of a solution to the narrow sound frequency range problem of flat
reflective panels. The analytical, numerical and experimental studies concerned flat panels, panels with
curved edges and also semicircular elements. There were compared the characteristics of sound reflected
from the studied elements in order to verify which panel will provide effective sound reflection and also
scattering in the required band of higher frequencies, i.e. above the upper limit frequency. Based on the
conducted analyzes, it was found that among some presented solutions to narrow sound frequency range
problem, the array composed of panels with curved edges is the most preferred one. Nevertheless, its
reflection characteristic does not meet all of the requirements, therefore, it is necessary to search for
another solution of canopy which is effective over a wide frequency range.
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1. Introduction

In the face of increasing requirements for spaces
with acoustic qualities, the research on some reflective
structures seems to be indispensable. In the interiors
such as concert halls and auditoria the issue of ap-
propriate transferring the first reflection of a sound
wave is important (SCHROEDER, 1979; CREMER, 1989;
ANDO, 1985) as well as balancing the acoustic en-
ergy distribution in the whole space (BERANEK, 1996;
KAMISINSKI et al., 2009). These demands may be ful-
filled through the application of reflective panels sus-
pended above the stage (Fig. 1). Properly designed
reflective structures should provide the sound reflec-
tion in the wide frequency range from about 250 Hz
to 4 kHz, flat character of obtained frequency charac-
teristic (+3 dB) and spatially uniform reflected sound
propagation (SKALEVIK, 2006). The most commonly
used are flat panels, which due to their shape, size
and the configuration of elements evoke the problem
of narrow frequency range of reflected sound (SZELAG
et al., 2013). One of the solution to this issue might be
the usage of panels with convex edges or semicircular
ones (RATHSAM, WANG, 2010). The curved surfaces

improve the dispersion at high frequencies and conse-
quently smooth the frequency response in the useful
passband. In the paper there was presented the analy-
sis of these approaches.

Fig. 1. The reflective panels which provide appropriate

transferring of sound waves’ reflection, Feliks Nowowiejski

Warmia and Mazury Philharmonic, Olsztyn (photo by
Piotr Pekala).
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2. Theory

There are several kinds of models describing the
phenomenon of reflection. A large number of them
is based on the inhomogeneous Helmholtz-Kirchhoff
equation:

Ap(r) + k?p(r) = —q(r), (1)

where p(r) is the acoustic pressure dependent only on
the spatial variable, ¢(r) is the function characterizing
the sound source dependent only on the spatial vari-
able, k is the wave number and A is the Laplace opera-
tor. Naturally, working with the most general models is
usually difficult. That is why, there appeared some sim-
plifications and attempts to approximate the formulas.
The most commonly used are the Fresnel-Kirchhoff ap-
proximation and above all its simplification proposed
by RINDEL (1986, 1990).

The main assumption connected with these mod-
els is that the distances from the reflective panel to
the sound source (rg) and to the receiver (r) are large
in comparison with the wavelength and the size of
the panel. Using the Fresnel-Kirchhoff approximation
the reflection from each point of the reflective surface
is considered. It means that such an approach is very
thorough but at the same time complicated in appli-
cation. That is why, there were created some further
simplifications like the one proposed by Rindel. In this
model the focus on the two particular points is as-
sumed: the center and the edge of the panel. The whole
analysis which is much simplified leads to an observa-
tion that the value of the attenuation of sound level
after reflection depends mainly on a relative density of
the reflective array u and takes the following formula:

ALgis = 201log p. (2)

Moreover, as a result of mentioned approximations
there are obtained the values of two limiting frequen-
cies: the lower fg and the upper one f,, which define
the range of effective sound reflections and may be cal-
culated respectively according to the equations:
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where c is the speed of sound in the air, Spaner is the
area of the panel, 0 is the angle of acoustic wave’s in-
cidence, Syray is the area of the array and 7 is a char-
acteristic distance:

2ror

(5)
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The Fresnel-Kirchhoff approximation is not the
only one. Due to revaluation of the reflection rate and
some inaccuracies while analysing the phenomena at
the edge, the approach proposed by SKALEVIK (2007)

was considered. The aim is to identify the border when
the scattered acoustic pressure is close to the pressure
taken from Fresnel-Kirchhoff theory. The result of the
analysis is a low limiting frequency f. defined for a cir-
cle shape (BETHE, 1944; RAYLEIGH, 1897) which may
be generalized for other shapes owing to the edge den-
sity of a panel €, defined by Skalevik.

All in all, the frequency response of flat reflective
structures described as a bandpass filter has two inde-
pendent low limit frequencies f. and fg and also the
upper limiting frequency f,. The first low frequency re-
lates to sound waves of a length substantially greater
than the dimensions of a single reflective element. It
has been specifically derived from the theory of scat-
tering by Skalevik. The second, determined by Rindel,
results from the diffraction at the edge of the panel. Fi-
nally, the frequency response might be described as two
series set filters, named respectively reflective filter and
Fresnel-Kirchhoff filter. The first describes the ability
of the panel to reflect the acoustic wave, the second
determines how much sound reflected from the panels
array and reached to the receiver (so-called sensitiv-
ity of reflection). Furthermore, basing on the Fresnel-
Kirchhoff theory it is possible to determine the attenu-
ation of sound level in the passband. In the case of the
ideal reflective filter the sound level in passband is not
reduced. However, below the cut-off frequency f. the
sound level decreases 6 dB per octave. It is a direct con-
sequence of the insufficient size of the panel in compar-
ison with the wavelength. A practical solution would
therefore be a combination of the Fresnel-Kirchhoff fil-
ter with the high-pass reflective filter (Fig. 2).

Up to this point there were discussed only flat re-
flective structures. In the case of such elements the in-
cident sound wave is scattered due to the diffraction re-
sulting from the finite-sized panels. Consequently, the
reflected sound level decreases. However, it is known
that the sound might be also scattered if elements are
curved. The curvature induces diffusion of the reflected
energy when the surface is convex or focusing when it is
concave. If the wavelength is assumed to be small com-
pared to surface size the attenuation associated with
the curvature could be accounted for by a simple beam
tracing method. To illustrate this case, a rigid cylinder
having a radius R, is considered (Fig. 3). The reduction
in sound level is proportional to the ratio of incident to
reflected beam areas (RINDEL, 1986). The width of the
reflected beam tube at the receiver is (rj+r) d 3. At the
image receiver point the beam width might be equal
to (ro +r)dp; if the surface curvature is not included.

Finally, the attenuation due to the surface curva-
ture is:

(ro +r)dB
(ro +7)dp

(ro +7)(dB/dp1)
(ro +7)

ALcyy = —101log

= —10log

. (6)



A. Szelgg et al. — The Characteristic of Sound Refilections from Curved Reflective Panels 551

IDEAL REFLECTIVE FILTER

AL

| frequency
f

FRESNEL-KIRCHHOFF FILTER

| frequency

FREQUENCY RESPONSE
OF A FLAT REFLECTIVE STRUCTURE

| |

frequency

fs  f.

|
|
e

9

Fig. 2. The frequency response of a flat reflective structure described as two series set filters,
named reflective filter and Fresnel-Kirchhoff filter, respectively.
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Fig. 3. The simplified scheme of sound reflection from a rigid cylinder having a radius R.
using a simple beam tracing method.

Moreover, using Fig. 3 one may write that r{dg =
rodf; = R.dycosf and df = df; + 2dy, and con-
sequently:

dﬂ 2T0

dpg, R.cosf’ (M

Accordingly, for plane waves the loss of reflected
sound intensity might be obtained from the equation:
T
R.cosf " (8)
where the characteristic distance 7 is defined in
Eq. (5), R. is the radius of panel’s curvature and 6
is the angle of incidence. Using a negative value for R,
the same equation could be applied for concave sur-
faces.

Summing up, if the sound wave is reflected from
finite curved panel, the combined effects of size and
curvature should be included:

AL = ALdif + ALcurvu (9)

ALcyy = —101og (1 +

where AL is the difference between reflected and di-
rect sound levels, ALg;s is the attenuation of sound
level due to diffraction and AL, is the attenuation
of sound level due to the surface curvature.

3. Methodology

The paper aims at defining the influence of the cur-
vature of a reflective structure on the characteristic of
reflected sound. For this purpose experimental research
and numerical calculations were carried out.

The experimental study was held in an anechoic
chamber where a specially designed measurement
setup was installed (Fig. 4). The sound source was lo-
cated 4 m above a sample and the position of a micro-
phone changed from an angle 0 to 90 degrees (FELIS
et al., 2012; BATKO et al., 2008). The tested samples
were rectangular in plan and had two or four edges
curved with varied radii (Figs. 5 and 6). The basic
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Fig. 4. The measurement setup to measure
the directionality of sound reflections.

assumption for the research was that the value of a to-
tal reflecting area was constant for all compared ele-
ments in order to ensure the equal level of reflected
energy. Therefore, the reference flat panel as well as
the total reflecting area of the samples had dimensions
120 x 80 cm. An exception was the sample with four
curved edges, its whole surface had a size of 90 x 90 cm.
The relative level of sound reflection L, from the
reflective structure was determined as a function of the
incident acoustic wave frequency on the basis of the
following formula (KAMISINSKI et al., 2010; 2012a):

}—(h(t)structure - h(t)empty)

Lw =2 1 )
018 | ™ 0t) ot — (D emmpty)

(10)

where F is the Fourier transform, h(t)structure 18 the
impulse response of a reflective structure, h(t);cf is the
impulse response of reference (flat panel) and h(t)empty
is the impulse response of a measurement setup with-
out tested structures.

Apart from frequency responses, there were also de-
termined the directionalities of sound reflections and
diffusion coefficients dy for the angle of sound wave’s

Fig. 5. Tested samples with two curved edges of radius
10 cm, 20 cm, 30 cm, 40 cm, respectively.

incidence equal to 0 degree. Both characteristics were
defined and normalized analogously to frequency re-
sponses (i.e. relative to the flat panel), however, a par-
ticular diffusion coefficient was calculated based on the
autocorrelation function of directionality characteristic
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Fig. 6. The tested sample with four curved edges of radius
12 cm and total surface of dimensions 90 x 90 cm.

of the sound wave reflected from the structure (Cox,
D’ANTONIO, 2004; KAMISINSKI et al., 2012b):

(i 10@-/10) : _ i (10Li/10>2
i=1

=1 (11)

n b

(n—1) Z (10Li/10>2

i=1

do =

where n is the number of measurements and L; is the
sound pressure level in the i-th point.

The experiment was also supported by numerical
calculations which were conducted in two ways: us-
ing the Fresnel-Kirchhoff approximation extended by
beam tracing method for curved panels as well as ap-
plying finite elements method. Both models were car-
ried out as two-dimensional ones which means that re-
flection characteristics were verified in accordance with
a longitudinal section. The first one concerns math-
ematical calculations based on Fraunhofer solution
of Helmholtz-Kirchhoff approximation. Assuming that
the surface admittance variation is only in the x direc-
tion, the scattered pressure for the normal incidence
of sound wave was described as (Cox, D’ANTONIO,
2004):

ps(r) = —ﬁe_jk(”m)sinc (@>

82 r
X /R(rs)ej]”s sinf [cos0+1] dus

+ /R(rs)ejk””s sinf [cos§—1] dxg p, (12)

—a

where r is the vector for receiver location, rq is the
vector for source location, rg is the vector for a point
of the surface, R(rg) is a reflection coefficient at the
point rg on the front surface, k is the wave number,

0 is the angle of reflection and 2a x 2b are the di-
mensions of a reflective structure. For the purpose of
carrying out this analysis, there was created an im-
plementation of above mathematical formula in the
MATLAB environment. The second model based on
the finite elements method was prepared using software
ABAQUS (SZELAG, 2014). The studied structures were
meshed using a minimum density of six mesh elements
per wavelength to ensure a minimal variation of sound
pressure across a single element.

4. Experiments and results

In this section, there are discussed some differently
shaped reflective panels (flat, with curved edges, semi-
circular) in the context of obtained frequency charac-
teristic of sound wave reflected from the studied el-
ements. It is known that for the acoustic wave of a
frequency exceeding the upper limit f, its frequency
response becomes highly uneven, since the reflection
level depends on the geometrical point of sound wave’s
incidence. The fluctuations above a reflective panel’s
geometric limit frequency might be avoided if the par-
tial dispersion of sound reflected from appropriately
shaped panel’s edges occurs. This solution also reduces
the amount of acoustic energy that reaches from one
particular direction, which would introduce the some
coloration into the reflected signal.

The first point of the analysis is to compare the
results obtained from measurements, numerical calcu-
lations (Finite Element Method) and analytical calcu-
lations (Fraunhofer solution). Figure 7 presents the ex-
emplary characteristics of the panel with curved edges
of radius 20 cm. Exceptionally in this case, the charac-
teristics were not normalized to a flat panel, but to the
maximum level of reflection obtained for this curved
panel. As shown in graphs, all obtained characteristics
clearly illustrate the basic properties of sound reflec-
tion from the sample, i.e. the level of reflection and
main directions of propagation of the reflected sound
wave. Obviously there are some noticeable differences
in the characteristics. For example, the results which
based on the Fraunhofer solution differ from the other
two in the case of reflection angles close to 90 de-
grees. On the other hand, the finite element method
slightly underestimates reflections in the specular re-
flection area for low and medium frequencies. Never-
theless, for the purpose of the performed analysis it
can be stated that all methods reliably predict the re-
sponse of reflective structures for the frequency and
angle range of interest. However, one should keep in
mind all limitations of each method.

The next step of the study was to compare the
characteristics of sound reflection from the flat, curved
and semicircular panels shown in Fig. 5. The direc-
tional characteristics of sound reflection from exam-
ined panels for selected frequencies are presented in
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Fig. 7. Exemplary directional characteristics of sound reflection from the panel with curved edges of radius 20 cm
shown in Fig. 5.

Figs. 8 and 9 for the case of laboratory measure-
ments and calculations using finite element method,
respectively. Moreover, Fig. 10 shows the amplitude —
frequency characteristics of sound reflection from the
studied panels for some selected reflection angles (mea-
sured values).

First of all, comparing measured and calculated di-
rectional characteristics (Figs. 8 and 9), it is confirmed
once again that the finite element method underesti-
mates reflections in the specular reflection area. How-
ever, both methods give results that illustrate the cha-

racteristic properties of the tested structures’ fre-
quency responses.

Analysing the all obtained graphs one may notice
that with increasing frequency of incident wave the re-
flection from the flat panel becomes highly specular.
On the other hand, the more curved panel’s edges are,
the more diffuse sound reflection is. As a consequence,
the semicircular panel is characterized by a similar re-
flection effectiveness in each direction. It is also con-
firmed by appropriate diffusion coefficients shown in
Fig. 11. Nevertheless, a major disadvantage of semicir-
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Fig. 8. Directional characteristics of sound reflection from panels shown in Fig. 5 for selected frequencies (the results
obtained from laboratory measurements.

cular element is the low level of the reflected sound.
The compromise solution seems to be the panel with
a flat surface in the middle and curved edges. Then,
the level of specularly reflected sound slightly decreases
while the non-specular reflection improves relative to
the reflection from a flat panel.

The reflective panel with curved edges was sub-
jected to further verification. This time the study was

performed on a sample with four curved edges as
shown in Fig. 6. On the basis of laboratory measure-
ments, there was obtained the amplitude-frequency
characteristic of the sound reflected specularly for
incidence and reflection angles of 0 degree and
18 degrees, respectively (Fig. 12). The first angle is
a default position of the speaker and microphone,
while the second one was chosen due to some practical
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Fig. 9. Directional characteristics of sound reflection from panels shown in Fig. 5 for selected frequencies (the results
obtained using finite element method).

reasons as an available slight deflection of the speaker
and microphone. The results were normalized to
the reflection from the flat panel with the same
dimensions as curved sample. Once again it is no-
ticeable the essential disadvantage of such reflective
panel’s solution. The specular reflection for an angle

of 0 degree is similar for both, flat and curved sam-
ples. However, in the case of an angle equal to 18
degrees and considered high frequencies, the level
of sound reflected from the sample is substantially
reduced in relation to the reflection from the flat
plate.
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Fig. 10. Amplitude-frequency characteristics of the sound reflection from the panels shown in Fig. 5 for the selected
reflection angles (the results obtained from laboratory measurements).
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Fig. 12. Amplitude-frequency characteristics of the specu-
lar sound reflection from the panel shown in Fig. 6 for two
incidence and reflection angles (the results obtained from
laboratory measurements).

5. Conclusions

The paper presents the research results concerning
the influence of the curvature of a reflective structure
on the characteristic of reflected sound. The analysis
was based on some experimental studies as well as an-
alytical and numerical calculations. First of all, it was
found that all used methods clearly define the basic
features of reflective structures’ responses. Next, there
were compared the characteristics of sound reflections
from flat, curved and semicircular elements in order to
verify which panel will provide effective sound reflec-
tion and also scattering in the required band of higher
frequencies, i.e. above the upper limit frequency f,.
The reflection from the flat panel becomes highly spec-
ular with increasing frequency of incident wave. On the
other hand, the level of sound reflected from semicircu-
lar element is very low, especially in the area of specu-
lar reflections. Moreover, it is known that semicylinders
might produce comb filtering that give rise to the rough
sound. Thus, although they appear to be a near per-
fect diffuser from dispersion graphs, they do not sound
like a perfect diffuser (Cox, D’ ANTONIO, 2004). These
interference influences are even more apparent if an ar-
ray of such elements is applied. The better solution is
to use the panel with curved edges which behaves like
a flat panel in the specular reflection zone and like
a semicircular panel outside this zone. Nevertheless,
the decreasing effectiveness of the sound reflection at
high frequencies induces to search for another solution
of the flat panels’ narrow sound frequency range prob-
lem.
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