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Abstract. The acoustic diffuser is the device that distributes the acoustic energy of intense reflections through their 
spatial and temporal dispersion. The device for reduction of unvented acoustic effects and improves indoor sound 
quality. Triangle diffusers are made of wood plates and covered with charcoal elements. The high sound reflection 
co-efficient of charcoal is in the production of diffusers. Charcoal is an ecologically friendly and natural material. The 
result of studies of the triangle diffusers made of charcoal showed high values of the sound scattering coefficient, with 
a maximum value (of 87) at the frequencies of 2000 with 80% of charcoal. Increasing the percent of charcoal increasing 
in sound scattering. The device installs in the audiences of concert halls, recording rooms, and museums.

Keywords: acoustic diffuser, reverberation chamber, reverberation time, sound diffusion, sound scattering coefficient 
wood charcoal. 

Introduction

Due to urbanization, it is important aims to use renew-
able energy sources. RES significant for the energy sector 
to reach economic, environmental, social aims of sus-
tainable development. Recycled wood materials are used 
for the production of fibreboard and chipboard (Daian 
& Ozarska, 2009). Wood waste species could be recycled 
and used for acoustic purposes (El-Hadad, 2018).

Nowadays the acoustic comfort important issues in 
environmental engineering. Constriction what allow to 
reduce sound propagation between rooms, adjust rever-
beration, improve speech intelligibility, remove echo, in-
crease interest (Navarro & Escolano, 2015). Propagation 
of sound depends on the size of the room, the properties 
of the materials covering the walls, ceiling and floor as 
well as more various objects filling the room. For exam-
ple, smooth oil-painted walls, glazed windows, parquet, 
and polished furniture are good sound reflectors. The en-
ergy of sound waves reflected from such surfaces is lost 
in small amounts. Conversely, the carpets, upholstered 
furniture, and heavy fabric draperies absorb well; their 
presence in the room drastically reduces the reverberation 
time (Beranek & Hidaka, 1998; Wahlberg & Larsen, 2017).

The quantity for describing rough surfaces is the 
scattering coefficient δ. The sound scattering coefficient 
is measured of the amount of sound scattered from a 
particular direction or distribution (Cox et  al., 2006; 

De Beelde, 2022; Zhu, 2020). In room acoustics, the 
scattering coefficient of a scattering surface is defined 
as the ratio of the non-secularly reflected power to the 
total power reflected by the surface. The value of this 
coefficient (and its dependence on frequency) is of great 
importance to users of any modern room acoustics cal-
culation tool. Several methods have been proposed to 
measure this value under well-defined sound field condi-
tions (Embrechts, 2001). In 2004, ISO standardized the 
measurement method for the scatter random drop fac-
tor. In this method, the dissipation factor is measured in 
a reverberation chamber. The method based on an idea 
proposed by Vorländer and Mommertz. It uses the dis-
persion of the sound field as the test surface moves (Vor-
länder & Mommertz, 2000; Vorländer, 2006). AFMG 
Reflex software used to model and calculate scattering 
properties of the surface based on the Boundary Element 
Method (BEM) (Azad & Siebein, 2018; Devitasari et al., 
2014). When applying the method, the dissipation factor 
is defined as one minus the ratio between the secularly 
reflected acoustic energy and the total reflected acoustic 
energy. When measured in an approximate diffuse sound 
field, the scattering coefficient is called the random in-
cidence scattering coefficient (Vorländer & Mommertz, 
2000). Values for this coefficient can vary from 0 to 1. 
The scattering coefficient, measured with the previously 
described method, is intended to characterize the degree 
of diffuse sound from a rough or uneven surface.
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The method for improve quality of room is the use of 
renewable absorbing materials or diffusers (Lee & Smith, 
2004). Materials can not only absorb but also reflect and 
disperse sound. This section describes materials that 
have these properties. Reflection, that is, the reflection of 
sound a phenomenon is occurs when a sound wave falls 
on the interface between two elastic media and consists 
of the formation of waves propagating from the interface 
into the same medium from which the incident wave 
came. Devices are used for sound diffusion, allowing you 
to control the sound level in the room (Lock, 2016; Jimé-
nez et al., 2017). There are different architectural forms 
of diffusers: curved, curvilinear, asymmetric honeycomb, 
curved surfaces, and Schroeder diffusers, which are 
computed according to the Quadratic Residual Diffuser 
(QRD) sequence. All diffusers are made of rigid mate-
rial. Acoustic diffusers are installed in rooms to improve 
acoustics. Diffusers are placed inside the room at the up-
per corners in the room where the wall surface meets the 
ceiling surface, opposite the sound source. A diffuser is 
a device that scatters sound over a wide frequency range 
and is used to correct the acoustic characteristics of a 
room. Triangular diffusers shapes used for architectural 
acoustics purposes. Wedges and pyramids allow for the 
modification of sound reflections in concert halls and 
other performance spaces (Cox & D’Antonio, 2009, 2017).

A large amount of wood waste accumulates on the 
planet what could be recycled and used for acoustic pur-
poses. In connection with the decrease in the number of 
forests and the increase in the population, wood-based 
composites and low-quality wood materials necessary to 
study. Recycled wood materials: wood-plastic and wood-
cement composite products, charcoal, industrial oil ab-
sorbents, insulation, speciality concrete, and wooden 
base materials derived from biorefinery processes with 
potential use in pharmaceutical, textile and food indus-
tries (Samsudin et al., 2016; Wang et al., 2017).

Charcoal is a natural, rigid, porous and homogeneous 
material by which most a sound wave can be reflected 

(Suh et al., 2013). The current literature has not explored 
the scattering properties of wood constructions covered 
by charcoal elements. The reflective materials ought to 
have a reflection coefficient of 1, which is high value use-
ful for the creating diffuser. The studies showed that the 
charcoal samples had high sound reflection coefficients, 
the highest value of which was 1. Due to its reflective 
properties charcoal material can be used to covered of 
acoustic diffusers (Khrystoslavenko & Grubliauskas, 
2022). Wood charcoal used in construction applications 
for example as an interior material (windows, doors, par-
tition walls). Charcoal-based construction elements ef-
fectively isolate noise and improve sound insulation and 
the quality of internal reverberation (Lee, 2022).

Existing acoustic diffusers are wedge-shaped, rectan-
gular planes that dissipate sound less efficiently than oth-
er forms. In the thesis, the designed and manufactured 
diffuser of wooden triangular perforated planes covered 
with charcoal cylinder elements. The article aims to eval-
uate of sound scattering properties of triangle diffusers 
modified with different sequences made of wood plates 
by increasing covered area of charcoal elements.

1. Methods and materials

A triangle acoustic diffuser was manufactured of wooden 
triangular plates with covered area (surface densities) by 
charcoal elements on 30, 60 and 80%. In the measured 
triangle wood diffuser, wood oak charcoal has a diam-
eter of 25 mm. The mass of wood oak charcoal coverage 
was 60% of (0.57 kg) coverage area, 30% of (0.28 kg) 
coverage area, and 80% of (0.68 kg). The mass of each 
charcoal element was (0,003–0.007 kg) pieces. The char-
coal elements inserted in the wooden acoustic diffuser. 
A triangle acoustic diffuser consists of a series of wells 
of the same width and different depths (Figure 1). The 
wells divided by thin fins. During one period, the depth 
of the wells determined by a mathematical sequence, 
such as a quadratic residue or a primitive root sequence. 

a) b) c)
Figure 1. View of the covered area of triangle diffusers for the experiment:  

a) 30% covered by charcoal elements; b) 60% covered by charcoal elements; c) 80% covered by charcoal elements
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The triangular diffuser has a dimensions (width 1×1 m). 
The manufactured acoustic diffuser made of boards with 
quadrat charcoal elements has a wedge-like shape. Cal-
culations of well depth, lower frequency limit, higher fre-
quency limit of diffusors based on Eq. (1–3), are demon-
strated in the Figure 2.

Figure 2. Triangle diffusers sequence depth scheme. 
Depth sequence: cm 1 = 0 cm; 2 = 5.9 cm; 3 = 23. 8 cm; 

4 = 11.9 cm; 5 = 11.9; 6 = 23.8 cm; 7 = 5.9 cm

The calculation of quadratic residue diffuser. 
Schroeder diffuser consists of a series of cells of different 
depths. The construction of the diffuser is based on the 
mathematical sequence of quadratic residues from the 
theory of numbers, which is determined by the relation:

( )2   ,ns n modulo N=  (1)

where: sn – the sequence of value s of the relative depth 
of the wells of the diffuser; n – nonnegative integer {0, 1, 
2, 3 ...}, determining the number of the corresponding 
well; N – simple number {2, 3, 5, 7, 11, 13, 17...}. A prime 
number, this is different from 0 and 1, which is divided 
by the remainder only by 1 and by itself. For one period 
of an N = 7, quadratic residue diffuser has sn = {0, 1, 4, 
2, 2, 4, 1}. Quadratic residue sequences are symmetrical 
between n ≡ 0 and n ≡ (N − 1)/2. (D’Antonio & Konnert, 
1992; Schroeder, 1975, 1979). 

Well depth dn in the design of the diffuser depends 
on the value of its design frequency f0:

dn = sn × c / (f0 × 2 × N), (2) 

where: dn – well depth n, cm; f0 – design frequency of the 
diffuser, cm; с – sound velocity in the air, m/s; N – prime 
number (the order of the diffuser) corresponding to the 
number of wells.

max
0  

S
f

N
=

max
,

2
c

d
. (3)

2. Method of Determination of sound scattering 
coefficient

The ISO 17497-1:2004 standard has been used for ex-
periment, which defines the scattering coefficient s and 
the method of its determination in the reverberation 
chamber. Measurements of the scattering coefficient of 
the diffuser of quadratic residuals follow the ISO of a 
one-meter diffuser number 7 in the reverberation cham-
ber. “Measurement of the random scattering coefficient 
in a reverberation chamber”. The measurements system 
consists of a turntable on this table mounted with the test 
sample, a measuring microphone, an omnidirectional 

sound source, a measuring signal generator and a signal 
analyser (International Organization for Standardiza-
tion [ISO] 17497-1:2004, 2004). The impulse response 
found during the scattering coefficient measurements 
of reverberation times measurements: for a rotating and 
stationary turntable with and without a sample. Sche-
matic representation of the VILNIUS TECH reverbera-
tion chamber shown in Figure 3. 

Figure 3. Physical model of a scaled-down reverberation 
chamber with a source and a microphone

The volume of the reverberation room is 11 m3 the 
distance between the sound source (SS) and the micro-
phone (M) is 1.5 m, and the distance from the sound 
source to the sample (S) is 1 m.  Diffuser reverberation 
times value by integrating the impulse responses were 
received experimentally in the reverberation room. The 
received data of reverberation times of diffusers has let to 
calculate the absorption coefficient αs and the specular 
absorption coefficient αspect . Reflected sound measure-
ments made of the three microphone locations relative 
to the sample and corner. The surface area should be as 
large as possible to ensure the required measurement ac-
curacy.  The reverberation sound absorption coefficient 
is calculated by the formula: 

( )2 1
2 2 1 1

1 1 4   55.3   ,S
V V m m
S c T C T S
 

α = − − −  
 

 (4)

where: V – reverberation chamber volume, m3, (11 m3); 
S  – is the area of the test surface sample, m2 (11 m3); 
T1 – reverberation time, determined in the absence of 
a test surface sample, but with a turntable, s; T2 – is the 
reverberation time determined in the presence of a test 
surface sample, s; c1

 – speed of sound in air when meas-
uring, T1, m/s2; c2 – speed of sound in air when measur-
ing T2, m/s2; m1 – attenuation constant of sound energy 
in air, calculated in accordance with ISO 9613-1, at tem-
perature and relative humidity when measured, (20.8 °C 
and 50 H m–1); m2 – damping constant of sound energy 
in air, calculated during measurements, m–1. The rever-
beration times T1 and T2 are measured with the turntable 
stationary.
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273.15 342.2 ,
293.15

tÑ +
=    (5)

where t – is the air temperature °С.
The same standard gives the sound pressure attenu-

ation factor α, dB/m. The attenuation constant of sound 
energy in air, m, is calculated by the formula:

( )
  .

4.34310 lg
m

e
α α

= ≈  (6)

Calculation of the reverberation coefficient of specu-
lar sound absorption. The reverberation coefficient of 
specular sound absorption calculated using the formula:

    
( )4 3

4 4 3 3

1 1 4   55.3   ,spect
V V m m
S c T C T S
 

α = − − −  
 

 (7)

where: T3 is the reverberation time determined with a 
rotating turntable without a test surface sample, s; T4 
is the reverberation time determined for a test surface 
sample on a rotating turntable, s; c3 – speed of sound in 
air when measuring T3, m/s; c4 – speed of sound in air 
when measuring T4, m/s; m3 is the attenuation constant 
of sound energy in air during the measurement T3, m–1; 
m4 is the attenuation constant of sound energy in air 
during the measurement T4, m–1.

Calculation of the reverberation scattering coeffi-
cient. The reverberation scattering coefficient calculated 
by using the formula:

1    
1   .

1  1  
spec spec s

s s
s

−α α −α
= − =

−α −α
 (8)

3. Results and discussion

Figure 4 shows the result of the reverberation time of 
triangle diffusers comparing 30%, 60%, and 80% cov-
ered wood charcoal present in the frequency range of 

315 to 5000 the measurement of reverberation time at 
20° the rotating angle. The reverberation time meas-
ured by 1/3 octave bands plotted as a function of fre-
quency.

According to the research, the reverberation time 
increase with the coverage area decrease. The diffuser 
with the higher charcoal coverage area 80% has a lover 
reverberation time. The results of the experimental study 
show the maximum reverberation time is (0.64) at a fre-
quency of 800 Hz. The minimal reverberation time at a 
frequency of 315 Hz was (0.27). Figure 4 shows the re-
sults of studies on the scattering coefficient of an acoustic 
diffuser. The triangular planes filled with charcoal cylin-
drical elements reduce the reverberation time. The sound 
scattering coefficient of triangle diffusers is calculated ac-
cording to Eqs (6–10).

Figure 5 shows the results of scattering coefficients 
of the acoustic diffuser with charcoal what is vary in the 
range from (0.33) to (0.87). The curve of sound scattet-
ing grows exponential increase within the frequency in-
crease to a frequency of 3150 Hz. The peak of sound 
scattering was (0.87) at the frequencies of 2000 with 80% 
of perforation. The diffuser with the higher charcoal per 
cent has a higher scattering coefficient. The triangle dif-
fuser without charcoal showed lower results of scatter-
ing coefficient compare to other diffusers in the same 
frequencies. The increasing scattering coefficient up to 
(0.87) with charcoal could be related to the increasing 
ratio of coverage area from 30 to 80%. In their study, 
Jeon et al. (2004) investigated how the sound scattering 
coefficient of wooden hemispheres and cube surfaces 
with varying sizes and densities increased in relation to 
the coverage area ratio.

The sound scattering coefficient increase to 1000 Hz 
from (0.33) to (0.85) depending on the coverage area, 
of the diffuser the 80% charcoal diffuser shows a peak 
of scattering at 500 Hz (0.63). The diffusers with 60% 

Figure 4. Reverberation time of triangle acoustic diffuser
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and diffusers without covering show results at (0.57) at a 
frequency of 500 Hz. At the higher frequency of 1000 Hz 
scattering coefficient, maximum scattering was (0.85) 
for the diffuser with 80% coverage, minimum scattering 
(0.58) diffuser without charcoal, (0.71) for the diffuser 
with 30 % charcoal, and (0.81) of 60% charcoal. At the 
frequency, 2000 Hz scattering value of (0.82) of the dif-
fuser 30 and 60% diffuser charcoal coverage with 80% 
show the same result of scattering (0.87) at the same fre-
quency, the minimum scattering (0.76) shows the trian-
gle diffuser without charcoal. The effectiveness of the dif-
fuser depends on scattering frequency. At the frequency 
2500 Hz sound scattering coefficient (0.78) for triangle 
diffuser and diffusers 30% and 60% covered. The most 
effective sound scattering at the frequency from 1000 to 
4000 Hz triangle diffuser covered with 80% charcoal was 
(0.85 to 0.87). 

Suh et  al. studied charcoal’s high sound reflection 
properties than other sound absorption materials this 
means that it has high reflective properties (Suh et al., 
2013). Due to high reflection properties of charcoal ele-
ments and triangle shapes of diffuser the sound energy 
reflects better by add at different positions concerning 
the source, increasing the diffusion of the sound field 
in the room from the diffuser. The scattering coefficient 
grows when the diffuser density increase about 30% for 
60% and 80% covered by charcoal elements.

Conclusions

The acoustic diffuser-made renewable energy source ma-
terial has investigated. The triangle diffuser covered with 
wood charcoal elements. The investigated wood charcoal 
materials had high sound reflection coefficients, which 
are effective for diffuser production. 

The acoustic properties of triangle diffusers covered 
with charcoal researched experimentally. The diffuser 
with the higher charcoal coverage area of 80% has a 
lover reverberation time. The charcoal diffuser has high 
efficiency, with a maximum scattering coefficient of 0.87, 
at the frequencies of 2000 with 80% of charcoal. The dif-
fuser with the higher charcoal-covered area has a higher 
scattering coefficient. Research has shown the scattering 
coefficient increase with charcoal covered area. The effec-
tiveness of the diffuser depends on scattering frequency. 
The sound scattering is most effective at the frequency 
from 1000 to 2000 Hz of a triangle diffuser covered with 
80% charcoal elements.

The acoustic diffuser made renewable energy sources 
material has been investigating. The triangle diffuser was 
covered with wood charcoal elements. The investigated 
wood charcoal materials had high sound reflection coef-
ficients, which are effective of sound diffuser production. 

The acoustic properties of triangle diffusers were re-
search experimentally. The diffuser with the higher char-
coal surface densities of 80% has a lover reverberation 
time. The charcoal diffuser has high efficiency, with a 
maximum scattering coefficient of 0.87, at the frequen-
cies of 2000 with 80% of charcoal. The diffuser with 
the higher charcoal-covered area has a higher scatter-
ing coefficient. Research has shown the scattering coef-
ficient increase with charcoal covered area and densities 
of triangular diffusers. The effectiveness of the diffuser 
depends on scattering frequency. The sound scattering 
is most effective the frequency from 1000 to 2000 Hz of 
a triangle diffuser covered with 80% charcoal elements.

 A triangular-shaped diffuser covered with charcoal 
elements allows the distribute of the reflected sound 
well at different positions concerning the source, in-
creasing the diffusion of the sound field in the room. 

Figure 5. Sound scattering coefficient of triangle acoustic diffuser  
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The triangular-shaped sound diffuser with charcoal is an 
effective acoustic treatment. 
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