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Abstract. The noise in the industrial companies is caused by operation of the mechanisms and
equipment and during various technological operations. The effect of these excitation sources on
the acoustic field is very different and the control of these processes with a purpose to reduce the
noise is usually very complicated and sometimes impossible. The main objective of this work was
to analyze how the FE and analytical models synergy uses such type of tasks. Using the described
methodology, which is based on consistent application of numerical and analytical models, and
the limited experimental research data can significantly reduce the costs of investigation for the
study and evaluation of acoustic fields generated by a variety of sources in closed technical space.

Keywords: acoustic field, finite element model, model adequately, several noise sources, sound
pressure level reduction.

1. Introduction

For many years, noise has been identified as one of the main issues of environmental pollution
and it has been compared to air, water or soil pollution. The noise in the industrial companies is
caused by operation of machinery and equipment during various technological operations. The
effect of these excitation sources on the acoustic field can by very different, and the control of
these processes to reduce noise is usually very complicated and sometimes impossible. That's why
this problem is usually solved by using passive noise dampening systems which are based on
sound wave absorption, diffraction and transmission losses, including the reduction of vibration.
Therefore, in order to reduce the noise effectively in various technical environments using the
passive method [1-4], the modeling of the interaction of real object with the acoustic medium is
necessary.

One of the most widely used methods to create the acoustic models is the finite elements
method (FEM). When this method is used, the wave equation is being solved (with regard to the
boundary conditions) by dividing the space (in certain cases the time, too) into the elements. Then
the wave equation is expressed by the discrete set of the linear equations for these elements. The
FE method can be used to model the transfer of energy between separate surfaces, or energy
exchange. The advantage of this method [5, 6] is that it can provide a direct relation between the
structural and acoustic mediums, and under changing modeled environmental conditions, evaluate
their interaction, which is very important for formation of acoustic partition systems. It may be
noted that one of the disadvantages of this method is that when the modeled environment is large
and the amount of excitation changes, the model has to be recreated again, and this usually requires
a lot of time [7], while the tasks solved for closed spaces are formed covering a wide range of
frequencies. When analytical acoustic models are considered, it is possible to state that they are
more universal. However, they describe the interaction of the acoustic medium and structure
approximately, approaching it more empirically [8]. The acoustic field modeled by them is
diffusive, while the excitation source is a point source.

Thus, when exploring noise reduction possibilities in large, closed technical areas, where
several noise sources may exist covering a wide range of frequencies, if a diffusive [9] and direct
acoustic field [10] is present, analytical and FE methods cannot achieve the desired result if used
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separately. Therefore, the main purpose of this work was the use of the synergy between FE and
analytical models to solve these types of challenges. Thus with regard to the aforementioned, the
tasks of this work were:

* By using analytical and FE methods, to create a model which allows an evaluation of the
acoustic parameters within any large closed technical area under variable operating conditions;

* To analyze the adequacy of this theoretical model for real fields and its application
possibilities for designing mobile and controlled systems of noise reduction.

2. Modelling of the acoustic field of a noise source

In order to adequately reproduce the acoustic field in a technical environment, modeling of the
acoustic excitation is very important. The variety of equipment operated in technical environments
requires a separate study of the acoustic parameters of each source because of the differences in
their frequency range and radiated power [11]. This work modelled the noise emitted by a
turbocharger (see Fig. 1(a)). For this purpose, when measuring its sound intensity, the loudest
(most extreme) zones of the turbocharger were measured. Sound intensity measurements were
performed on a virtual measured surface (of cuboid shape) divided into segments surrounding the
noise source as shown in Fig. 1(b). The identification of the extreme zones of the noise source was
performed by using a PULSE 3560 microphone system, type 3599 and software 7752. The noise
intensity was measured in five longitudinal sections, and the intensity at each measurement point
(see Fig. 1(b)) was determined by using the following expression:

I'=p(t)-u), D

where [ — intensity of sound, p(t) — air pressure in a certain point in space, u(t) — velocity of an
air particle.
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Fig. 1. a) Overall view of the turbocharger and b) intensity measurement surface divided into segments and
zones indicated by arrows as having the highest levels of noise emission (1, 2, 3, 4, 5)

When analysing the measurement results, the zones with the highest levels of noise emission
(extreme zones) were identified, which are designated in Fig. 1(b) by arrows: the end of the axial
compressor by the oil pump in the central part (position 1), in the axial compressor and gas turbine
connection surface area (position 2), by the reducer (position 3) and by the air press
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(positions 4, 5).

Identical noise measurements were performed on all eight turbochargers in the machinery
room of the compression department. The limit values of the measured noise intensity and pressure
levels in the highest noise emission zones of the turbochargers are provided in Table 1.

Table 1. Noise levels of the turbochargers zones

. Noise level, dB
Noise measurement place -
Intensity | Pressure
End of the axial compressor, position 1 89-112 | 101-119
Connection point of the compressor and gas turbine, position 2 | 93-102 | 100-106
By the reducer, position 3 89-102 99-105
By the air press, positions 4, 5 98-112 | 105-113

The data of the turbocharger noise emission analysis was used to create a theoretical 2D source
model by using the finite elements method. The excitation source was modelled by marking out
five circular zones in the acoustic medium, whose measurements corresponded to the extreme
zones of the turbochargers: axial compressor, gas turbine, reducer and air press. Certain acoustic
pressure values were set in these zones. As established [12], the intensity describing the direction
of the acoustic power and sound pressure are related:

_w_p?

[ - ’
S pc

(@)

were I — sound power intensity, W — acoustic power, S — surface area through which the acoustic
power passes during a certain period of time, p — sound pressure at a certain point, p — air density,
¢ — speed of sound wave.

The sound pressure values had to be chosen so that the acoustic power of each turbocharger as
well as its direction corresponded to the experimentally determined values. For this purpose, an
optimisation analysis was performed, whose objective function was defined as the acoustic power
emitted by the turbocharger; the condition variables — acoustic intensity in the directions of front,
back, left and right planes; the design variables — sound pressure values in the extreme zones. To
perform the optimisation analysis, the subproblem approximation method [13] was used, whereby
the minimisation of the approximated, penalty functions is performed during each iteration. By
using the penalty functions in this manner, the following are minimised:

FGx,pi) =f + fopx Zn:X(xi) +§R(fi) +§2:B(Bi) +§L(Zi) +§}:G(§i) , 3
i=1 i=1 i=1 i=1 i=1

where X — penalty function of design variable, r;, b;, l;, g; — condition variables: acoustic
intensity in the directions of the front, back, left and right planes, respectively (Fig. 1(b)), R, B, L
ir G — the penalty functions of condition variables in the directions of front, back, left and right
planes, respectively, f, — the value of objective function, f — the approximated value of objective
function, F(x, p;) — the objective function, p; — the response surface parameter.

The optimisation analysis allowed the determination of the design variables — the sound
pressure levels in the extreme zones of each turbine.

An experiment was performed to verify the adequacy of the modelled excitation source.
During the experiment, the acoustic field of the turbocharger was measured during its operation
without the sound-absorbing panels, and again when the highest sound emission zone of the
turbocharger by the axial compressor was surrounded with panels. The sound levels were
calculated in four directions. The division of the measured surface into segments is shown in
Fig. 1(b), while the layout of the sound-absorbing panels is shown in Fig. 2.
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The sound intensity level values, experimentally measured and theoretically calculated by the
modelled excitation sources, are shown in four directions in Fig. 3 with the help of the FEM model.

Fig. 2. The layout of the sound-absorbing panels surrounding the turbocharger
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Fig. 3. a) Sound pressure level calculated on the grounds of the FEM in the area of the open turbocharger,
and b) sound pressure level when it is partially surrounded by sound-absorbing panels, and the sound
intensity (dB) in different directions determined with the help of the experiment and the model

The results of the study on the acoustic field of the modelled noise source show that the
compiled FE model adequately represents the restoration of the acoustic field’s intensity change
of the of the turbocharger during operation, and allows the measurement of its acoustic power
when sound-absorbing materials are used. When measuring the sound intensity level between the
turbocharger with and without the sound-absorbing panels, it is clear that in the first case, the
intensity decreases by 14 % in the direction of the front and back planes.
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3. A feasibility study for the application of the synergy of the FEM and analytical models

In order to determine the acoustic parameters at any point within the large closed technical
area during the operation of the line equipment, and to also evaluate the efficiency of the
sound-absorbing panels used, a finite elements and analytical model was compiled, its adequacy
was verified experimentally and a numerical experiment was performed.

The first stage of the theoretical study involved the modelling of the acoustic field of each
excitation source in its environment, including its acoustic power and intensity according to the
experimental measurement results by using the FEM. The acoustic excitation of each source was
calibrated by using the method described in the first section. Then, the acoustic power change in
the acoustic field of each excitation source (turbocharger) was calculated by using the model while
it was surrounded by sound-absorbing panels according to the scheme in Fig. 2. The data received
from the numerical modelling was used to calculate the cumulative sound pressure level at a point
within the closed technical environment by the analytical method.

The analytical expression, according to which the sound pressure level at the point in question
was calculated, given the acoustic power of the source, is [14]:

Q

4
Lp =L, + 10logq, [R—b + m , “)

where, L, — sound pressure level; Ly, — sound source power during operation after being
surrounded by panels as per Fig. 2; Q — sound source direction factor, determined by the FE
method; R;, — room constant; and r — distance from the excitation source to the point in question,
at which the sound pressure level is calculated. The cumulative sound pressure level at the point
in question, after assessing all the acoustic excitation sources, was calculated by applying the
superposition principle.

The theoretical calculations were verified experimentally by performing sound pressure level
measurements at certain points within the turbocharger workshop. The principal scheme of the
measurement points, their numbering and how they were surrounded by sound-absorbing panels
is shown in Fig. 4. Here, index i of point i_j indicates the turbocharger number, while j — the
measuring location.

GTT-3 Nr.1 GTT-3Nr.2 GTT-3Nr.3 GTT-3 Nr.4 GTT-3Nr.5  GTT-3Nr.6 GTT-3Nr.7 GTT-3 Nr.8

Fig. 4. The principal scheme of the sound pressure level measurement points along the machinery hall,
and when surrounded (A) by sound-absorbing panels

Measurements were taken along the machinery hall next to all eight turbochargers at a height
of 1.5 m, by the axial compressor, and at the middle of the equipment along the front plane. During
the experiment, turbocharger GTT-3 No. 6 was inoperable and the ends and air presses of the axial
compressors of turbochargers GTT-3 No. 4, No.5, No.7 and No.8 were surrounded by
sound-absorbing panels. The comparison of the resulting experimental data with the data
calculated by the FEM and analytical model is provided below.

The results of the theoretical-experimental study indicate that the sound pressure levels
calculated by using the FEM and analytical model along the machinery hall correspond to the
measured levels within 3 %. The nature of the theoretically determined sound pressure changes
along the machinery hall corresponds to the experimental one. Fig. 5 shows that the largest
decrease in sound was by the axial compressors of turbocharger No. 5.
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The lowest sound pressure level in the turbocharger zone was that taken along the middle of
the front plane by the 6th turbocharger, Fig. 6.

The correspondence of the theoretical calculations to the experimental results is shown by the
sound pressure levels in the turbocharger environment, when the turbocharger was surrounded by
sound-absorbing panels during operation (Fig. 7).
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Fig. 5. Average sound pressure levels along the machinery hall next to the axial compressors
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Fig. 6. Average sound pressure levels along the machinery hall at the middle
of the turbochargers taken along the front plane
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Fig. 7. The values of sound pressure level in environment of turbocharger measured

and determined with help of FE-analytical model

4. Conclusions

An FEM and analytical model was designed, which allowed the adequate modelling of the
multi-source acoustic excitation arising during equipment operation in order to evaluate the
acoustic parameters at any point within a large closed technical area.

The results of the experimental study on the adequacy of the FEM and analytical model

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2015, VOL. 17, ISSUE 8. ISSN 1392-8716 4623



1864. ACOUSTIC FIELD RESTORATION AND CONTROL IN CLOSED TECHNICAL AREAS BY APPLYING THE SYNERGY OF NUMERICAL AND
ANALYTICAL MODELS. ROBERTAS MIKALAUSKAS, VITALIJUS VOLKOVAS

indicate that the model can be applied to design sound-absorbing systems in large closed technical
environments.

The results indicate that when using the described methodology, based on the consistent
application of the FEM and analytical models, as well as the data of the limited experimental study,
and thanks to the high adequacy of the compiled models, it is possible to significantly reduce
operating costs by using an analysis of the spatial acoustic fields generated by line sources and an
evaluation thereof by numerical methods. Therefore, it can be concluded that in consideration of
the limited data of the experiment, the FEM and the analytical models combined created a synergy,
characterised by high-efficiency in terms of the analysis time and resources used.
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