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Automated Separation of Basalt Fiber and Other Earth Resources
by the Means of Acoustic Vibrations

Anri Elbakian®, Boris Sentyakov', Pavol Bozek’, Ivan Kuric® and Kirill Sentyakov

The production of a composite nanostructured polymer reinforced with basalt fiber requires precise and fine separation of non-fibrous
inclusions. The unique properties of such material predetermine it for use in various sectors, but especially in mining (safer for mining
purposes, for example, drilling without sparkle occurrence, lower production price than metal mining tools, etc.) (Kemal Ozfirat, 2015).
Basalt fiber is a material from which products with excellent thermal conductivity, hygroscopicity, and chemical resistance are obtained, in
addition, they do not burn. Used in many industries, including mechanical engineering, as well as heat insulation material in the
construction and other human activities. However, in the production of basalt fiber cloths, non-fibrous inclusions are formed. These
inclusions reduce the quality of the products and, due to their barbs, can lead to injuries, especially of the mucous membrane. It was found in
research (Timoshenko et al., 1985) that when affecting basalt fiber canvases by sound waves of the acoustic field, non-fibrous inclusions are
falls from them. The task of modeling this phenomenon and process is worthwhile.
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Introduction

Recently, continuous filaments extruded from naturally flame-retardant basalt beads were examined as
substitutes for asbestos fibers in almost all their applications. It is claimed that basalt fiber products offer similar
properties to S-2 glass fibers at a price between glass S-2 and E glass and can offer manufacturers a cheaper
alternative to carbon fiber products.

Basalt is an igneous volcanic rock. It is used as a raw material for the production of basalt fiber (for the
production of heat and sound insulating materials, composite basalt reinforcement, for example). Mats of basalt
fiber have an excellent thermal conductivity, hygroscopicity, and chemical resistance; in addition, it does not
burn. Used in many industries, including mechanical engineering, as well as heat insulation material in the
construction and other human activities (Kim and Lee, 2010; Asdrubali et al., 2014; Wand and Torng, 2001;
Pompoli, 2004; Papadopoulos, 2005; Timoshenko et al., 1985). Materials reinforced with basalt fiber are highly
resistant to weathering (including ultraviolet light), crashes (in crushed form, basalt fiber is also a part of mixture
in concrete), corrosion with prolonged lifespan compared to steel, creating more durable structures with lower
transportation costs due to lighter materials (lighter than reinforced concrete or metal poles) and easier handling
which is suitable for mining industry, for example, for creating reinforcements for mining shafts (Lopresto et al.,
2011). These features open up access to new technologies, results of scientific studies with these materials are
applicable at world level.

The competitive advantages of materials reinforced with basalt fiber include:

three times more durable than steel;

no corrosion of the material;

one-quarter of steel weigh;

lower shipping costs;

more economical to build high constructions;

material lifespan is over 100 years;

heat resistance 700 ° C and short-term, up to 1000 ° C (Buratti et al., 2013; Moretti et al., 2014; Buratti et
al., 2014; Fabian et al., 2015; ASTM C518-10, 2003; EN 1SO 12667, 2001; ISO 10534-2, 1998)

Avreas of the usage of the basalt fiber are mainly the construction industry and especially mining. However,
in the production of basalt fiber cloths, so-called non-fibrous inclusions are formed, which are bunches of molten
original basalt filament. Their quantitative content depends on the perfection of the technological process of
obtaining basalt fiber. In any case, these inclusions reduce the quality of the products and, due to their barbs, can
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lead to injuries, especially of the mucous membrane. It was found in research (Biderman, 1980) that affecting
basalt fiber canvases by sound waves of the acoustic field, non-fibrous inclusions are falls from them. The task
of modeling this phenomenon and process is worthwhile.

Figure 1 shows the scheme of basalt fiber in the form of an oscillatory system. The elementary fiber can be
mistaken for an elastic beam located on adjacent curved fibers. Let us assume that on such fibers the non-fibrous
excess inclusions having different geometric shapes and different masses are held by the forces of natural
adhesion. Moreover, elementary fibers with non-fibrous inclusions attached to them are affected by the acoustic
field. This research is done on the basis of the considered general theoretical principles of the investigation of the
oscillatory system (Biderman, 1980; Bolotin, 1978; Makarov, 1982; Mensky, 1982; Uysal, 2013; Cavus, 2013).

Further below we will build a mathematical model of the process of sound impact on the considered system
of interacting bodies connected by an elastic coupling (Figure 1).

pe————

¢ Fs Fo Sound ¢ Fi
m

m 3

/4
I Yz Y D/

—
T
]

S
=

I I —

T T

[

Fig. 1. The calculation scheme.

In Figure 1: m is the mass of non-fibrous inclusion, kg; ¢ is the adhesion stiffness, N.m™; a is the damping
coefficient (for energy losses due to viscous friction), kg. s™; y is the displacement of non-fibrous inclusions
from the static equilibrium position, m; x is the displacement of the elastic base under the action of the driving
force of the sound wave, m.

Consider the balance of power, acting on each of the four masses. We take Newton's second law as a basis.
In this model, two forces are defined:

o the force of elastic resistance proportional to the movement,
e  proportional to the speed of movement the force of elastic resistance.

According to the scheme for calculating the equilibrium equation of four forces (figure 1), we obtain
a system of four differential equations in Eq. 1.

myy; =c(y; —y2) +c(ys —y.) +aly; —y3) +alyz —yz)
mzys =c(y, —y3) + c(ya —y3) + a(y; —y3) + a(ys — y3)
Uyl = clx = 3) + (s — ya) + a(x’ — y) + a(y} — )

{ myy; =clx —y) +c(y, —y1) +alx’ —y)) +aly; —y1)
(1)

The following second-order differential equations Eq. 2 can describe the free movement of each mass
separately.

m;y;' +ay; +cy; =0 @)
Or in the form of a typical oscillatory link (Makarov, 1982) of the dynamic system (Eq. 3).
TPy + 2Tyl +y; =0 3)

Where T; is the period of free oscillations (or time constant), s;
& - the damping coefficient (0 < & <1).

These parameters in the joint consideration of Eq. 2 and Eq. 3 are the following (Eq. 4, Eq. 5):

T, = |= 4)

[

a = ZTifiC (5)
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Then the fundamental frequency of each of the four elements is determined from the known formula
(Makarov, 1982):

1—51'2 ——a2
w; = E =T (6)

Using an analytical method for solving the system of Eq. 1, we get one linear differential equation. It has
constant coefficients of the eighth order. The further task causes certain difficulties, since it involves the
consideration of various solutions for real and complex roots, finding the roots of the characteristic equation of
the eighth degree.

It is necessary to investigate the object in the frequency domain, as well as to consider alternative ways to
solve the system (Eq. 1). It is proposed to use the methods of Makarov (Makarov, 1982) Automatic Control
Theory (TAU). Applying the Laplace transforms, and going over to the images (Eq. 7), the system (Eq. 1) can be
represented in the form (Eg. 8):

{y{’ - p%Y @)
yi = pYi
I( myp?Y, + 2apY; +2cY; = (c +ap)(X + Y5)
myp?Y, + 2apY, + 2¢Y, = (c + ap)(Y; + Y3) ®)
msp?Ys + 2ap¥; + 2¢Y; = (c + ap) (Y, + ¥y)

| m4p?Y, + 2apY, + 2¢Y, = (c + ap)(Y; + X)
Or as a system of operator equations with transfer functions (Eq. 9):

Y1 = Wl(X + Yz)
Y, =W,(Y; +Y3) ©)
3 =W5(Y, +Y,)
Y4 = W4(Y3 + X)

The following equation (Eg. 10) expresses a mathematical model of the structural elements of a dynamic
system by defining the transfer function of the operator.

_ c+ap
(Wl ~ myp?
1p“+2ap+2c
_ c+ap
W, = myp2+2
2D ap+2c 10
W = c+ap ( )
i 3 map2+2ap+2c
_ c+ap
LW4 T mup2+2
4D ap+2c

Then, solving the system (Eq. 9) about Y; for a given X, we obtain a system solution (Eq. 1) for all masses in
the following operator form (Eq. 11).

Y, = Wi(p)X (11

We can obtain an analytical solution to the problem through the inverse Laplace transform.

Applying a complex transfer function (Eq. 12), according to the known formulas (Makarov, 1982;
Sentyakov, 2004; Timofeev, 2004; Jasenek et al., 2012) we have the amplitude-frequency A(w) and the phase-
frequency ¢ (w) characteristics (Eq. 12):

Wp(wi) = Re(w) + Im(w) - i
A(w) = |[Wp(wi)| = \/Re(a))z + Im(w)? (12)
¢(w) = arg (Wp(wi)) = arctg(Im(w)/Re(w))

As the square roots of the eigenvalues of the matrix (Eq. 13) coefficients of the original (Eq. 1) undamped
(& = 0, a5 = 0) differential equations system, the critical frequencies can be calculated without amplitude
response.
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Material and Methods

Calculate the eigenvalues of the matrix of the fourth order. This will again require the solution of high order
algebraic equations. We will use one of the many application software solutions for such tasks (Shaiks, 2018;
Haque, 2018; Kuzmin et al., 2015).

The dynamic characteristic of the system is obtained in accordance with the proposed model. The following
physical quantities are used:

e elementary fiber diameter d = 0.003 mm;

elementary fiber length L = 35 mm;

size (the ball diameter) of inclusions v; = 0.3, v, = 0.1, v3 = 0.5, v4 = 0.2 mm;
Basalt densityp = 2300 kg . m®=2.3mg. mm?,

Basalt elasticity modulus E = 100 GPa.

Then the fiber rigidity coefficient is the following (Eq. 14):

c=E-

[ )

= 2020~ = 2020 mg .mm™? (14)

Where S - the elementary fiber cross-sectional area for the known d.

The inclusion masses for known v and parerespectively equal to m; = 0.01035, m, = 0.00038,
ms = 0.04792, m, = 0.00307 mg.

The damping coefficient affects the amplitude of the mass oscillation and is assumed to be a= 1 mg . s™. It
does not affect the critical frequency.

The following critical frequencies of the system have been obtained with respect to the matrix (13) were
thus wK; =517, wK, = 86, wK3 =29, wK, = 183 Hz.

The natural frequencies of the individual masses according to the formula (6) are respectively equal to
w1 =70, w, = 301, ws =33, wy = 127 Hz.

Figure 2 shows the system solution (Eg. 1) with frequency impact at the lower critical frequency
X = sin (29t).

Amplitude (mm)

Time (sec)

Fig. 2. Amplitude mode for x = sin(29t).
Figure 3 shows the system solution (Eq. 1) with frequency impact at the second critical frequency
X = sin (86t).
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Fig. 3. Amplitude mode for x = sin (86t).

Figure 4 shows the system solution (Eq. 1) with frequency impact at the next critical frequency
X = sin (183t).
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Fig. 4. Amplitude mode x = sin(183t).

The

amplitude-frequency characteristics for all masses, calculated from formulas (Eq. 12) is shown in
Figure 5.
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Fig. 5. Frequency dependence of the amplitude.
The largest resonance amplitude is observed at the very first (lowest) critical frequency of the system as
shown in Figures 2 and 5.
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The inertia force that detaches the inclusion from the fiber depends not only on the amplitude but also on
the oscillation frequency (Bury et al., 2017; Akhmatova, 1980):

Fi = miAL-a)Z (15)

The dependence of the detachment force of all masses on the frequency, calculated by the formula (Eq. 15)
is shown in Figure 6.

7

183 Hz

Breakout force (UN)

29 Hz

32 64 a6 128 160 192
Frequency (Hz)
Fig. 6. Dependence of separation force on the frequency.

So, for example, for the first mass (the blue line in the graphs), the amplitudes at first (ascending) three
critical frequencies will be 5, 2.3 and 0.2 mm (Fig. 2, 3, 4 and 5). The corresponding detachment forces (Fig. 6)
will be 2.5, 7 and 3 pN. The greatest detachment force corresponds to the highest value of the product of mass,
amplitude, and the square of cyclic frequency (Eq. 15). Therefore, it appears not at the largest amplitude and not
the highest frequency.

Experimental study for the acoustical treatment process of the superthin basalt fiber canvas (Boczar,
2003; Ribero, 2003; Kriven, 2016).This research aims to confirm the benefits and find rational parameters of the
acoustical treatment process of the formed primary canvases. The reasons for the formation of non-fibrous
inclusions in canvases made from superthin basalt fiber obtained by duplex technology are known from (Jasenek
et al. 2012). Below in Figure 7 is the experimental installation scheme for studying the acoustic field effect on
superthin basalt fiber samples. The sound source is a loudspeaker 1 type BD 93, with a diffuser 120 mm in
diameter, power 40 W and a working frequency range of generated sound vibrations from 38 to 18000 Hz. The
loudspeaker is connected to a sound generator of type G3-33, providing a frequency change in the audio range
from 20 to 20,000 Hz with an output voltage of up to 14 V.
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\. £ & s Fig. 7. Installation for acoustic treatment of basalt fiber canvas samples:
J;‘.j:f{ = T:i~:~K S 1 - sound source, 2 - sound wave, 3 - basalt canvas, 4 - grid, 5 - non-fibrous inclusions,
— ; :
S (e e ST h - the thickness of canvas, z-distance from the sound source.

276



Acta Montanistica Slovaca Volume 23 (2018), number 3, 271-281

To measure the weight of samples of superthin basalt fiber canvases and the mass of non-fibrous inclusions
falling out of them under the sound influence, electronic laboratory scales GH-252 with a division value of
0.1 mg were used. The test samples had the same thickness h and were located at a distance z from the
loudspeaker on a wire grid with a diameter of 2 mm in increments of 20 mm in one direction and 40 mm in the
other 4 (Fiore et al., 2015).

In Figure 7, the tests were carried out as follows. Under the influence of sound vibrations 2 from the lower
surface of the basalt fiber canvas sample 3, non-fibrous inclusions 5 did actually begin to separate.

The first preliminary experiments showed that non-fibrous inclusions do not fall out of the canvas under the
sound influence in the frequency range from 260 Hz to 20 kHz, and an essential reaction is observed only in the
sound frequency range from 40 to 160 Hz. The sound level was 118 =2 dB.

Sixty-five samples of superthin basalt fiber canvases with sizes 150 x 150 x 8 to 10 mm and density 13.2 to
15.1 kg.m™ were prepared for further experiments. All experiments were carried out in five series - when every
five samples were exposed to sound of different frequencies - from 40 Hz every 10 Hz to 160 Hz. The sound
level was 118 + 2 dB. In these experiments, the total mass of all non-fibrous inclusions fallen out under the
influence of sound from each sample was measured without differentiating them by mass and shape (Fig. 8).

== Set1

= Set2

wu [=)]
o o
o [s=)

total weight of dropped inclusions m, mg

sound frequency f, Hz
Fig. 8. The total mass dependence of all non-fibrous inclusions, fallen out under the sound field influence, on the sound frequency.

Results and Discussion

The results of the experiments are shown in Figure 8, from which it follows that the largest number of non-
fibrous inclusions, according to their total mass, are separated from the canvas samples under the sound
influence at a frequency of 90 Hz.

It should be noted that the total mass of the fallen non-fibrous inclusions determined in these experiments
does not allow us to judge with confidence the optimal parameters of acoustic processing-the frequency and the
sound level at which the greatest number of inclusions from the canvas falls out since the inclusions proportion
in different samples vary. It was not possible to prepare canvas samples with the same number of non-fibrous
inclusions contained in them due to the fact that the processes of inclusions formation have a random character.

Strictly speaking, the acoustic treatment efficiency of the considered articles can be judged if the mass
fractions of the non-fibrous inclusions contained in the samples before and after the acoustic treatment are
determined (Timoshenko et al., 1985). For this purpose, the efficiency index of the basalt fiber canvases acoustic
treatment is introduced - the reduction coefficient of the non-fibrous inclusions content in the canvas sample KNI
determined by the ratio:

Knr = =0 (16)

)
w1
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Tab. 1. Mass fraction of non-fibrous inclusions (NI) in superthin basalt fiber canvases before and after acoustic treatment.

hy S o\o s
g £5 2 = £ go £e 3 9 &
2 FEE FE FE FE > 88 > 8 = =
Sound frequency 70 Hz level 100 dB, generator voltage U =12 V,
exposure timet=40s
1 998.7 5.8 992.9 76.3 8.22 7.68 1070
2 897.9 45 893.4 64.3 7.66 7.20 1064
3 639.5 8.0 631.5 64.6 11.35 10.23 1109 1087
4 1501.6 22.9 1478.7 187.1 14.02 12.69 1105
Sound frequency 90 Hz level 100 dB, generator voltage U = 12 V,
exposure timet=40s
5 1126.2 14.6 1111.6 88.8 9.18 7.99 1149
6 773.3 7.1 766.2 40.8 6.19 5.32 1164
7 771.2 3.7 767.5 29.5 4.30 3.84 1120 L
8 682.0 13.1 668.7 78.18 13.41 11.69 1147
Sound frequency 110 Hz, level 100 dB, generator voltage U = 12 V,
exposure time t=40s
9 425.1 4.0 4211 39.7 10.28 9.43 1090
10 960.6 41 956.5 70.2 7.73 7.34 1053
11 825.2 45 820.7 54.3 7.13 6.62 1077 1070
12 1037.2 4.3 1032.9 84.2 8.63 8.15 1059
Sound frequency 70 Hz, level 118 dB, generator voltage U =12V,
exposure timet=40s
13 606.0 41.7 564.3 42.7 13.93 7.57 1840
14 1045.8 734 972.4 86.4 15.28 8.89 1719
15 434.7 24.3 410.4 37.8 14.29 9.21 1552 L7
16 4485 34.6 4139 37.2 16.00 8.99 1780
Sound frequency 90 Hz level 118 dB, generator voltage U =12 V,
exposure timet=40s
17 582.9 42.4 540.5 29.8 12.39 55 2253
18 996.9 443 952.3 53.6 9.82 5.63 1744
19 704.9 377 667.2 322 9.92 4.83 2054 2368
20 482.7 85.1 397.6 27.0 23.22 6.79 3.42
Sound frequency 110 Hz, level 118 dB, generator voltage U = 12 V,
exposure timet=40s
21 805.1 40.3 764.8 29.8 8.71 3.90 2.233
22 545.2 16.4 528.8 223 7.10 4.22 1682
23 648.3 26.8 621.5 333 9.27 5.36 1729 1850
24 697.1 40.6 656.5 47.0 12.57 7.16 1756
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where @y and w;- the mass fraction of non-fibrous inclusions in the sample before and after treatment (%),
respectively, which are in turn determined by the expressions:

wo = 100 %2, wy =100 %2, (17)

0 1

Where m, and m; are respectively the mass of non-fibrous inclusions in the sample before and after
treatment, My and M; are, respectively, the mass of the sample before and after treatment. The values of mg, my,
Mo, M; were obtained using the electronic laboratory scale GH-252 with a division value of 0.1 mg.

For the next series of experiments twenty-four samples with dimensions of 150x150x8 to 10 mm and
a density of 13.2 ... 15.1 kg / m® were prepared in order to determine the reduction coefficient of the non-fibrous
inclusion content in the canvas sample KNI (Eq. 16, Eq. 17) at the frequencies of the applied sound field f
= 70 Hz, f = 90 Hz and f = 100 Hz and the sound level is L = 100 dB and L = 118 dB, respectively. The
measurements results of mg, my, My, My, and calculations of w,, w; and m, (the mass of non-fibrous inclusions
fallen out from the superthin basalt fiber canvas in the process of acoustic treatment) are presented in Table 1.

As can be seen from the Table 1, the mass of non-fibrous inclusions fallen out of the samples under the
sound influence is proportional to the sound level L, since the KNI index at a sound level of L = 118 dB is much
higher in comparison with the analogous index at a sound level of L = 110 dB. Just as in the previous
experiments, the maximum decrease in the non-fibrous inclusions content in the samples after acoustic treatment
with a frequency of 90 Hz is observed, while the mass fraction of non-fibrous inclusions in basaltic fiber
canvases at an L = 118 dB sound level decreases by an average of 2.4 times.

For a better understanding of the acoustic treatment practical benefits, we introduce one more efficiency
indicator - the mass fraction percentage of non-fibrous inclusions fallen out during processing, from the mass of
all inclusions in the sample before treatment with Nl

Nly, = 100 * —=2 (18)

my+my’

where my is the mass of non-fibrous inclusions in the sample remaining after processing, m, is the mass of non-
fibrous inclusions fallen out during processing.

Using the known formulas (Eq. 19, Eq. 20, Eq. 21, Eq. 22, Eg. 23) for processing the results and
determining the error (Sentyakov, 2004; Timofeev, 2004) and formula 3, we can calculate the limits of the Nl,
value for each of the six combinations (f=70 Hzand L=110dB ,f=79Hzand L =110dB,f=110Hzand L =
110dB, f=70 Hzand L =118 dB, f =90 Hz and L = 118 dB, f = 110 Hz and L = 118 dB) of the sound field
output parameters, presented in Table 1.

ENIy;
J

< Nly, >= (19)

where <Nlq> is the arithmetic average of the mass fraction percentage of non-fibrous inclusions fallen out
during processing, on the mass of all inclusions in the sample before processing, 2 Nly; is the sum of the values
of all the experiments, n is the number of experiments,

ANI%i =< NI% > —Nl%i, (20)

where ANly; — the deviation of each experiment value from the average,

Z(ANIo,)?
Senty> = /T—/;)’ (21)

where S.yje-— confidence interval,

ANI% = S<N1%> X t, (22)
where ANIy, is the deviation, t is the coefficient of the student (3.2 for reliability p = 0.95), that is, how many
times it is necessary to increase the standard confidence interval, so that for a certain number of tests n get the
reliability of p,

NI% =<< NI% > iANI%, (23)

The results of the calculations are listed in Table 2.
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Tab. 2. The mass fraction percentage of non-fibrous inclusions Nl,, fallen out during acoustic processing of basalt fiber canvases.

No_. of Sound level L, Soundwave Nlos, %
experiments dB frequency f, Hz
1,2,3,4 100 70 5-12
56,7,8 100 90 11-16
9,10, 11, 12, 110 110 3,5-10
13,14,15,16 118 70 38-53
17,18,19,20 118 90 38-79
21,22,23,24 118 110 37-58
Conclusions

The widespread of the Nly, is explained by the different samples heterogeneity; it is impossible to select two
samples even with an approximate identical content of the amount or mass fraction of non-fibrous inclusions.
However, a certain regularity is observed (Biderman, 1980). As can be seen from Table 2, the mass fraction of
the fallen non-fibrous inclusions Nlg, in the acoustic treatment process from the total mass of non-fibrous
inclusions, that were contained in the sample before processing, is proportional to the sound level L. In the
concluded experiments, the maximum number of Nly, heavily depended on the exposed sound frequency, at
f =90 Hz which was achieved at a sound level of L = 118 dB the fraction of inclusions can reach up to 80 %.

Thus, as a result of an experimental study of the acoustic treatment process, the application of this treatment
process for reduction of the non-fibrous inclusions content in primary superthin basalt fiber canvases has been
confirmed, which also improves the working conditions for people working with basalt fiber canvases.
Following recommendations for further study of non-fibrous inclusions separation by means of acoustic
vibrations and determination of rational parameters for the application of the acoustic treatment process into the
mining industry are suggested:

e investigation of the sound field distribution based on its distance from the acoustic vibrations source;

e investigation of the necessary processing time depending on the created sound level at the interaction point
of the sound field with the primary canvas;

o further study of the vibrational properties of individual particles in non-fibrous inclusion separation from
the basalt fiber canvas using acoustic vibrations, in order to accurately estimate the reason for the mass of
the individual inclusions to differ greatly among themselves at a certain frequency level, even though the
sound effect frequency coincides with the natural frequency of oscillation of non-fibrous inclusions by the
appearance of a physical resonance;

e the most effective acoustic processing in this study has been found to be at a frequency of 90 Hz;

e the design of acoustic processing equipment has to provide the possibility to adjust the distance from the
sound source to the sample surface within a distance that will provide a sound level at the interaction point
at a level not lower than 118 dB;

e the conveyor speed and the number of loudspeakers must allow for the sample surface to be exposed to the
sound for 20 to 40s.
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