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Numerical models allow structural characteristics to be obtained by solving mathematical formulations. The
sound absorption capacity of a material can be acquired by numerically simulating an impedance tube and
using the method governed by ISO 10534-2. This study presents a procedure of obtaining sound pressure using
two microphones and as outline condition, at one end of the tube, the impedance of fiber samples extracted
from the pseudostem of banana plants. The numerical methodology was conducted in the ANSYS® Workbench
software. The sound absorption coefficient was obtained in the MATLAB® software using as input data the
sound pressure captured in the microphones and applying the mathematical formulations exposed in this study.
For the validation of the numerical model, the results were compared with the sound absorption coefficients of
the fiber sample collected from an experimental procedure and also with the results of a microperforated panel
developed by Maa (1998). According to the results, the methodology presented in this study showed effective
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results, since the largest absolute and relative errors were 0.001 and 3.162%, respectively.
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1. Introduction

The choice of acoustic materials that can fulfil the
required function in a project is made through the stu-
dy of the performance characteristics of such materials.
Of the fundamental characteristics to be considered
when deciding which material to use, one of the main
ones is its sound absorption capacity. There are seve-
ral methods capable of providing such a property ac-
curately, such as procedures: experimental, numerical
and analytical.

Sound absorption is the capacity a material has to
absorb sound energy. The parameter that denominates
such a characteristic is the sound absorption coeffi-
cient («), such a magnitude is indicated by an interval
of values from 0 to 1. This value corresponds to the
sound absorption at a given frequency, the closer to 1
the greater the absorption.

The sound absorption of a material varies accord-
ing to its acoustic impedance. RIENSTRA and HIRSCH-
BERG (2014) define impedance as a measure of the
quantity of sound energy that a surface is capable of

medium, provided that the article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

retaining. Furthermore, acoustic impedance is given
as the result of the division between sound pressure
and volume velocity (speed of sound multiplied by the
surface of the material) (KINSLER et a./, 2000). From
the impedance of a material it is possible to obtain
its sound absorption coeflicients, which vary with fre-
quency.

There are several methodologies that can be used
to calculate the sound absorption coefficient, such as
ISO 354:2003 which provides a procedure for obtaining
the sound absorption coefficient by operating a rever-
berant chamber and an omnidirectional microphone.
Among the methodologies using an impedance tube
at ISO 10534-1:1996 and ASTM (C354:2003 establish
the procedure for the calculation of the coefficient by
capturing the sound pressure with a microphone and
ASTM E1050:2019 and ISO 10534-2:1998 with two mi-
crophones.

Determining the sound absorption coefficient through
the impedance tube is a technique of easy implementa-
tion and efficacy. In addition to the microphones, the
impedance tube consists of a speaker that is responsi-
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ble for moving the sound pressure inside the tube, and
at the opposite end the sample to be tested is posi-
tioned. The procedure for capturing sound pressure in
microphones can be conducted using several methods,
one of which is simulation by a numerical method that
is capable of representing the material and equipment
studied.

Using numerical methods to characterize a system
allows a better analysis of its characteristics. One of
the examples of this application is the Finite Element
Method (FEM).This method consists of discretizing
a body, which enables a detailed, precise and effective
analysis of the characteristics of the material studied.
The FEM observes the behaviour of a structure by
solving the differential equations that govern it, this
method can be used for the study of several materials,
such as plates, tubes, beams and trusses (SORIANO,
2009).

Among the numerical methodologies applied for
the solution of acoustic problems where the focus is
on the determination of the sound absorption coeffi-
cient and applying the FEM, MING-HUI et al. (2010)
simulated a perforated panel using ANSYS® APDL
software. SILVA et al. (2013) analyzed a microperfo-
rated panel using the same software. What the studies
mentioned above have in common is the absence of
details of the insertion method or impedance calcula-
tion of the material in the respective operated soft-
ware.

This work presents a numerical procedure of in-
sertion, at one end of the tube, of the impedance
of a fiber sample from the pseudostem of banana
plants and a microperforated panel (MPP) developed
by Maa (1998). For this methodology a finite ele-
ment method mesh was applied and as a result, in the
ANSYS® Workbench software, sound pressure was ob-
tained at specific points along the tube, these points
represent the insertion location of the microphones.
Subsequently the sound pressure was imported into
the MATLAB® software, where the sound absorp-
tion coefficients were calculated. For the validation
of the numerical model, the results were compared
with the values obtained in the experimental proce-
dure using the fiber sample and also with the data
from MAA (1998).

2. Mathematical formulations

The sound absorption coefficients of materials can
be obtained from various methodologies, one of which
is ISO 10534-2, which quickly and clearly establishes
the mathematical concepts for the calculation of the
coefficients using the transfer function technique. For
this analysis the sound pressure values obtained by two
microphones inserted in the impedance tube are used.

The waves that propagate inside the impedance
tube must be exclusively plane, to ensure that this oc-

curs, the cut-off frequency (f.) or maximum frequency,
is calculated for the tube studied.

1.85¢
fC - dﬂ' )
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where ¢ is the speed of sound, adopted as 343 m/s and
d is the diameter of the tube [m)].

Figure 1 presents the nomenclatures considered in
the spacings in the impedance tube. The length of the
tube is indicated as L, the spacings between the sample
and microphones 2 and 1 are indicated per 1 and S,
respectively. In addition, the direction of the incident
and reflected waves is presented.
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Fig. 1. Impedance tube system (LARA et al., 2016).

The sound absorption coefficient («) is calculated
according to the equation:

a=1-|rf, (2)
where r is the reflection coefficient of sound.

H12 - HI ezjkxl, (3)
r—Hio

where Hi, is the transfer function calculated by the
signal obtained by the microphones at position 1 and 2,
H; and Hpg are the transfer function for the inci-
dent and reflected waves, respectively, K represents
the number of waves and x is the distance between the
sample and the microphone position 1

H; = eIk (@1-z2) _ e—jk57 (4)
HR _ ejk(:vlfsm) - ejks’ (5)

where s is the distance between the microphones [m)]
and x5 is the distance between the sample and the
microphone located at position 2;
2 f

c

k= (6)
in which f is the frequency [Hz].

The H;s transfer function is calculated from the re-
lation between the sound pressure captured in the two
microphones:

Hyp =212 7
12=g (7)
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S12 is the cross spectrum between microphones 1 and 2,
and S7; is the spectrum of microphone 1.

The acoustic impedance of a material is presented
by its real value (re), or acoustic resistance, and the
imaginary value (X), or acoustic reactance

Z=re+iX. (8)

3. Methodology

For the development of this study two commercial
BSWA impedance tubes (model SW 466 of 30 and
60 mm internal diameter) were used. The tube mea-
sures were used to carry out the numerical simulation.
In addition, for the determination of the impedance
to be used as a boundary condition and for the vali-
dation of the results, an experimental procedure was
employed where the tubes were handled.

Simulating tubes (Fig. 2) have holes through which
two microphones are inserted simultaneously to pick
up the sound pressure inside the tube. At one end of
the tube there is a sound source emitting white noise,
at the opposite end a sample is positioned.

[
Microphones |
i

— Source

~ Sample location q

Fig. 2. Commercial impedance tube BSWA model SW 466.

3.1. Calculation of the frequency range

To cover a wide frequency range, two tubes were
simulated, each having 30 and 60 mm of internal dia-
meter and 400 and 500 mm of length, respectively
(Fig. 3).

|
50 30

300 120
Fig. 3. Simulated tube dimensions [mm].

In a numerical simulation it is necessary to enter
some input parameters. In this one it was considered:
speed of sound ¢ = 343 m/s and reference pressure
p=2-10" N/m?.

To obtain results in a wide frequency range, 3 cases
were considered: 2 cases in the 60 mm diameter tube
with the distinction of the position of the microphones,
and 1 in the 30 mm diameter tube. To determine the
frequency range that will be adopted in each simu-
lation, it is necessary to calculate the minimum and
maximum acceptable frequency for each case studied.
The frequencies are calculated according to Egs (9)
and (10), developed by BODEN and ABON (1984)

0.1c

min — 5 9

fi 5% (9)
0.8c

fmax = 95 ' (10)
S

where c is the speed of sound and s the spacing between
the microphones [m].

The frequency range used in each case must be
within the frequency range obtained with the resolu-
tion of Egs (9) and (10). Table 1 presents the simu-
lated cases as well as the spacing between the micro-
phones considered in the analysis and the calculated
and adopted minimum and maximum frequencies.

3.2. Geometry development

Using ANSYS® Workbench software, the first step
in the numerical simulation of the impedance tube is
the creation of the geometry. To achieve this, one tube
with length of 400 mm and internal diameter of 30 mm

Table 1. Simulated cases, microphone spacing and frequency range.

Tube Case | Microphones Microphone spacing | Calculated frequency | Adopted frequency
[mm] Jmin [Hz| | fmax [Hz| | fmin [Hz] | finax [Hz]
1 1 1-3 170 100 807 100 800
(¢ 60 mm) 2 2-3 50 343 2744 400 2500
2 3 0-1 20 858 6860 1000 6300
(¢ 30 mm)
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(Fig. 4) and the second one with a length of 500 mm
and an internal diameter of 60 mm were created. The
tube diameter was built on the zy axes and the length
on the z axis.

v
z’)\‘ X

0.000 0150 0.300 [m]
_~—SEaaa——— SSSS—

Fig. 4. Tube geometry.

3.8. Application of the mesh

After the geometry development, the mesh is ap-
plied over the tube. The Eq. (11) of HOWARD and
Co0zzALATO (2014) was used to define the size of each
element that constitutes the mesh

c 1 (11)

€size = y
.fc Epw

epw is the number of nodes per wavelength, considered
equal to 20, and f. the cutting frequency calculated
according to Eq. (1) and obtaining as results 6696 for
the 30 mm diameter tube and 3348 for the 60 mm tube.

The resolution of Eq. (11) presented as results 2
and 5 mm for the tube of 30 and 60 mm of internal dia-
meter, respectively. This is the maximum acceptable
value for each mesh element. For the discretization of
both tubes the size of 1 mm was considered.

The mesh applied to the tube (Fig. 5) has hexahe-
dral elements of type FLUID30 (3D Acoustic Fluid),
such elements are used in 3D acoustic elements with
8 nodes, each node having 4 degrees of freedom (dis-
placement in z, y, z, and sound pressure p).

0.000 0.150
0.075 0225

0.300 ]

Fig. 5. Impedance tube discretized.

In order to ensure that the mesh applied guaran-
tees reliable results, at the end of the development
of the numerical model, the convergence of the mesh

was carried out. For the 60 mm diameter tube, simula-
tions were started with the elements having 100 mm,
new simulations were performed until the elements had
1 mm, with a 10 mm interval. For the 30 mm diame-
ter tube, the simulation was started with the elements
having 10 mm until it reached 1 mm, with the range
of 1 mm.

3.4. Boundary conditions

In the physical impedance tube there is a sound
source which is located at one end of the tube, for the
representation of it, in the numerical simulation, an
excitation called mass source was inserted. Such ex-
citation simulates the movement of the fluid at the
points where it was selected, the movement is trans-
ferred to the next nodes, similarly to what occurs in
a real sound source.

At the opposite end of the sound source is located
the sample which is to be checked for sound absorp-
tion coefficient. Among the possible methods capable
of representing a material, there is the insertion of its
impedance in the nodes where the material is posi-
tioned. The material impedance can be calculated from
an analytical, numerical or experimental methodology.
In this study the impedance obtained from an experi-
mental procedure was used. The acquisition was con-
ducted in the VA-Lab4 software and two samples of
fiber extracted from the pseudostem of banana plants,
were used. The same samples were used for the valida-
tion of this numerical simulation.

The boundary condition, on the ANSYS® Work-
bench, capable of inserting the impedance depending
on the frequency is called the Impedance Boundary
(Fig. 6). After selecting the boundary condition, you
define the faces where the boundary condition is ap-
plied (Fig. 7).

ic'_’EBuundary Conditions Floquet Periodi
ﬁ Impedance Boundary |§
| Absorption Surface
& Radiation Boundary
Iy Absorbing Elements (Exterior To Enclosure)
W, Equivalent Source Surface
£ Thermo-viscous BLI Boundary

G, Rigid Wall
(] Free Surface

B! Acceleratinn MAndan

Fig. 6. Impedance boundary condition.
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Freq.Dep. Resistance And Reactance | Tabular Data

Fig. 7. Selection of faces for impedance insertion.

The impedance of the samples is composed of the
real (resistance) and imaginary (reactance) part and is
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dependent on the frequency, which varies in intervals
of 2 Hz. For the impedance insertion a table is created
(Fig. 8a) where the frequencies with the respective re-
sistance and reactance are inserted (Fig. 8b).

Scoping Method
Geometry ‘4 Faces

‘ Geometry Selection

[=I| Definition
Frequency Dependency ‘\'es
Impedance Or Admittance Impedance

Freq.Dep. Resistance And Reactance QELIVIEIZsEe]

Freq.Dep. Resistance And Reactance ?
Frequency Resistance Reactance ~
100 [Hz] 167.55 [Pam~-1sec] |22361.63 [Pam”™-1sed]
102 [Hz] 167.69 [Pam~-1sec] |22141.01 [Pam~-1sec]
104 [Hz] 167.97 [Pam~-1sec] |21712.47 [Pam~-1sec]
106 [Hz] 168.24 [Pa m™-1sec] |21300.04 [Pa m™-1seq]
108 [Hz] 168,51 [Pa m™-1sec] |20902.84 [Pa m™-1seq]
110 [He] 168.79 [Pam~-1sec] |20520.03 [Pam”-1sed | 4

Fig. 8. Creation of the table to insert the impedance:
a) table selection location, b) data insertion.

After applying the contour conditions (Fig. 9), the
entire tube geometry was selected and an acoustic
body was applied using the Acoustic Body option.

Fig. 9. Boundary conditions applied in the impedance tube.

3.5. Sound pressure capture

The next step, after defining the boundary condi-
tions, is the insertion of the points through which the
sound pressure is captured inside the tube. The points
where the microphones are located are the nodes lo-
cated at a predetermined point on the z-axis. The
sound pressure is captured at two points (Fig. 10) si-
multaneously, according to the precepts of ISO 10534-2,
which uses two microphones to calculate the sound ab-

Fig. 10. Selection of nodes for sound pressure capture.

sorption coefficient. The points used in each case are
shown in Table 2.

Table 2. Sound pressure capture points.

CASE Microphone location [m]
1 2
0.30 0.47
0.42 0.47
0.32 0.34

In the ANSYS® Workbench software the results of
the acoustic pressures (real and imaginary) were ob-
tained by the frequency range indicated for each case.
The pressures were imported into the MATLAB® soft-
ware, where sound absorption coefficients were calcu-
lated using the mathematical equations indicated in
Sec. 2. Finally, graphs were created showing the coef-
ficients by the respective frequencies indicated in each
case, ranging from 100 to 6300 Hz.

3.6. Validation of results

The validation of the numerical methodology was
performed by comparing the results acquired in the nu-
merical procedure with those obtained with the experi-
mental methodology and also with the results obtained
by MaA (1998) from an analytical methodology.

The experimental procedure was conducted by op-
erating the 30 and 60 mm internal diameter impedance
tubes, presented in Fig. 2, and in the VA-Lab4 soft-
ware. The technique used was the transfer function
between two microphones, described in ISO 10534-2.

For the comparison we obtained the coefficients of
two samples of fiber extracted from the pseudostem
of banana plants (Fig. 11), each 30 and 60 mm in dia-
meter, 7 mm thick and 120 kg/m?. The experimen-
tal test with the 60 mm sample provided results in
the frequency range of 100 to 2500 Hz and, with the
30 mm sample, coefficients were obtained in the fre-
quency range of 1000 to 6300 Hz.

Fig. 11. Samples used in the experimental procedure.

Besides the validation by the experimental metho-
dology, the sound absorption coefficients of MPP de-
veloped by MaA (1998) were generated. In order to
obtain the results, the impedance of the material was
used, which was positioned at one end of the tube de-
veloped in the methodology of this study.
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For validation, results were generated for two differ-
ent cases with the 60 mm tube: covering the frequency
range from 100 to 800 Hz in case 1 and 400 to 2500 Hz
in case 2. With the 30 mm tube, case 3, results were
collected in the range from 1000 to 5000 Hz. As can be
seen in Subsec. 3.1, the maximum frequency range that
can be used in the 30 mm tube is 6860, however, the
results of MAA (1998) are limited to 5000 Hz, making
it impossible to compare with values higher than that
frequency.

After obtaining the results for the 3 cases studied,
the values of the numerical methodology were com-
pared with the results of MaA (1998), giving rise to 3
graphs with different frequency ranges.

4. Results

From the numerical methodology developed, where
an impedance boundary condition was inserted, the
sound absorption coeflicients of two pseudostem of ba-
nana plants samples and also of an MPP developed by
Maa (1998) in the frequency range of 100 to 6300 Hz
were calculated. For the development of the metho-
dology, the ANSYS® Workbench software was used,
where the sound pressure was captured in two points
that represent the insertion of the microphones. After
obtaining the sound pressures, the MATLAB® soft-
ware was used to calculate the coefficients.

In order to verify if the generated mesh presented
trustful results, the mesh convergence was performed.
Figures 12 and 13 show the convergence of the 60 and
30 mm diameter tubes, respectively. From the analy-
sis of the figures, it can be seen that with the tube of
60 mm discretized in 2000 elements, where each ele-
ment has 10 mm, and with the tube of 30 mm dis-
cretized in 40 thousand elements, where each element
has 2 mm, the sound pressures are similar, proving that
by discretizing the tube with quantities of elements
greater than those cited the results are safe.

25 ey

o
T
|

Sound pressure [Pa]

10" 102 10° 10* 10° 108
Number of elements

Fig. 12. 60 mm diameter tube mesh convergence analysis.
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T
|

| | |
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Number of elements

Fig. 13. 30 mm diameter tube mesh convergence analysis.

In order to validate the numerical methodology,
the obtained results were compared with the sound
absorption coefficients acquired from an experimental
methodology, and in both methodologies two samples
of the fiber extracted from the pseudostem of banana
plants were used.

Three cases were simulated, in which the distinc-
tion between the results of each one is by the frequency
range of work addressed. Figure 14 presents the results
of case 1, obtained with the 60 mm diameter tube and
the microphones with 170 mm spacing, and with re-
sults from 100 to 800 Hz. From the figure it can be
seen that the results obtained with the experimental
methodology (blue line) and numerical (red line) are
similar. The absolute and relative errors between the
methodologies were calculated, being equal to 0.002
and 1.600%, respectively.

1 T T T T T T T T

Experimental
Numerical N

09

Sound absorption coefficient
o o o o o o
w » (4,1 ()] ~ ©
: . T T : :
| | | | |

o
)
T
|

%

0
100 125 160 200 250 315 400 500 630 800
Frequency [Hz]

Fig. 14. Comparison between numerical (red line) and ex-
perimental (blue line) methodology for case 1.

Case 2 represents the simulation with the 60 mm
diameter tube and the microphones having a 50 mm
spacing. The results of this case, which covers the fre-
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Fig. 15. Comparison between numerical (red line) and ex-
perimental (blue line) methodology for case 2.

quency range from 400 to 2500 Hz, are shown in Fig. 15
(red line). In addition, in the same figure, there are the
results of the experimental methodology (blue line). By
comparing the results the absolute and relative maxi-
mum error is 0.001 and 1.818%, respectively.

Finally, there are the results of case 3, which is the
simulation in the 30 mm tube and the microphones
with the spacing of 20 mm, which allowed a working
frequency range of 1000 to 6300 Hz. With the results of
numerical simulation (red line) and experimental pro-
cedure (blue line), presented in Fig. 16, it is worth
noting that the results are similar, having as absolute
and relative maximum error 0.008 and 3.162%, respec-
tively.

1 T T T T T T T
Experimental
0.9 Numerical -

0.8 hl

0.7 [ 4

0.6 hl

Sound absorption coefficient
&
T
L

0 I I I I I I
1000 1250 1600 2000 2500 3150 4000 5000 6300
Frequency [Hz]

Fig. 16. Comparison between numerical (red line) and ex-
perimental (blue line) methodology for case 3.

Besides the validation from an experimental proce-
dure, the results of the sound absorption coefficients
of MPP developed by MAA (1998) were generated,
the values were compared with those calculated by the
author. Figures 17, 18, and 19 present the numerical

1 T T T T T T T T
= === Numerical
09+ Maa (1998) | |

08 3

0.7 4

0.6 - i

Sound absorption coefficient
S
T
L

04t 1
03f J
02h 1
01F 1
) 2 - . . T
100 125 160 200 250 315 400 500 630 800

Frequency [Hz]

Fig. 17. Comparison between numerical methodology (red
line) and MAA (1998) data (green line) for case 1.

1 T T T T T T T
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Maa (1998)
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o o o o o o o
N w > o o ~N (=]
T T T T T T T

o
T

0 | 1 1 1 1 1
400 500 630 800 1000 1250 1600 2000 2500
Frequency [Hz]

Fig. 18. Comparison between numerical methodology (red
line) and MAA (1998) data (green line) for case 2.
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0.1
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1000 1250 1600 2000 2500 3150 4000 5000
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Fig. 19. Comparison between numerical methodology (red
line) and Maa (1998) data (green line) for case 3.

simulation (red line) and the coefficients calculated by
MAA (1998) (green line) for the 3 cases studied.
From the comparison between the numerical simu-
lation results and those of MAA (1998), in the 60 mm
diameter tube, in case 1 (Fig. 17), the maximum ab-
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solute error of 0.000 and the relative error of 0.492%
were obtained, while in case 2 (Fig. 18), the absolute
and relative errors were 0.012 and 3.083%, respectively.
In case 3, simulation with the 30 mm diameter tube
(Fig. 19), the maximum absolute error was 0.001 and
the relative 1.088%.

5. Conclusion

This study presented a numerical methodology con-
ducted in the ANSYS® Workbench software to ob-
tain sound pressure at two specific points along a tube
that represents an impedance tube, for this purpose, an
impedance boundary condition was positioned at one
end of the tube. The simulation used the impedance
of a fiber sample extracted from the pseudostem of
banana plants collected from an experimental proce-
dure, and also used the MPP impedances developed
by Maa (1998). After obtaining the sound pressure,
the sound absorption coefficients of the fibre and MPP
samples were calculated in the MATLAB® software
using the formulations of ISO 10543-2. For the vali-
dation of the results, the coefficients were compared
with those obtained by an experimental procedure in
the impedance tube and also with the results of MAA
(1998), which generated its results by means of an an-
alytical methodology.

The size of the elements that form the mesh applied
in the tube by FEM was established by the resolution
of Eq. (11) and the convergence of mesh. The resolu-
tion of the equation indicated that the discretization
of the mesh should be made in elements with sizes
smaller than 2 and 5 mm in the tube of 30 and 60 mm,
respectively. This was confirmed by the results of the
mesh convergence, which indicated that by discretizing
tubes of 30 and 60 mm in elements less than or equal
to 2 and 10 mm, respectively, reliable results are ob-
tained.

From the validation of the numerical methodology
it was observed that, through comparison with the ex-
perimental methodology, the greatest absolute and re-
lative error was 0.008 and 3.162%, respectively, and oc-
curred in case 3. In the validation with the data from
Maa (1998), the largest absolute error was 0.012 and
the relative 3.083%. From the errors cited it can be seen
that the variations between the results are small, being
close to 0, proving the effectiveness of the methodology
developed in this study.
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