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A.P. Sarode"", O.H. Mahajan’

IPhysics Department, Dr.A.G.D. Bendale Girls College, Jalgaon 425001, India;
’Physics Department, M.J. College, Jalgaon 425001, India
("E-mail: abhijitsarode@yahoo.com)

Displacement fields of a Cuboid crystal in
a Photoacoustic Cell: Mathematical aspects

Photo acoustic effect is popular due to a minimal sample preparation during execution, the ability to examine
scattering and opaque sample along with the capability to access depth profile. These features enable
Photoacoustic spectroscopy to be used in depth-resolved characterization of solids. Thermal interaction is a
basic perspective in solid state physics research regarding industrial devices and components. It is a key fac-
tor of fabrication and performance of such devices and components. Today, crystalline solids are widely
studied due to their wide scientific and industrial applications. Displacement field resulting in thermal stresses
is one of the important aspects of premature failure of industrial components and devices. In this paper, dis-
placement fields in photoacoustic effect with solid cuboid crystal are mathematically presented. According to
our opinion, displacement fields in photoacoustic effect in three dimensional analysis are not reported earlier.
Hence that will be a major contribution of this paper. For a simple cuboid homogeneous crystal kept in a
photoacoustic cell, an airy stress function is determined based on laser interaction with surface of the crystal.
By applying the finite Marchi-Fasulo integral transform method within the crystal size limitations, displace-
ment field is exactly determined.

Keywords: airy stress function, cuboid crystal, displacement field, energy transfer, light — matter interaction,
Marchi- Fasulo transform, non-radiative de-excitation, photoacoustic cell, photoacoustic effect.

Introduction

A displacement field is a scalar function which enables us to determine different stresses in an elastic
body by simple differentiation method. In this paper, an attempt has been made to calculate displacement
fields of a homogeneous isotropic cubic crystal kept in a modified photoacoustic cell. Determination of dis-
placement field will be helpful in the development of a methodology of application of displacement field to
stress determination in photoacoustic problems.

When incident radiation is absorbed by molecules of the target material, photoacoustic effect is generat-
ed [1-2]. Photoacoustic effect can be used in depth-resolved thermal characterization of materials [3].
The interaction of incident radiation with the atoms of the material in the crystal results in the generation of
heat [4]. This heat generation is applied to calculate displacement fields in the crystal. The Marchi-Fasulo
integral transform method is used here to calculate displacement fields in an isotropic cuboid crystal in
photoacoustic effect.

Initial theoretical explanation of temperature of solids during photoacoustic interaction was presented
by Rosencwaig [5]. A one dimensional model regarding heat flow and temperature was formulated by
Rosencwaig and Gersho [6]. McDonald and Wetsel published temperature calculations of photoacoustic
interaction in three dimensional model with restrictions on thermal waves in transverse direction [7]. Quimby

6 BecTHuk KaparaHavHckoro yHuBepcuteTa
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and Yen primarily calculated the surface heat conductance in temperature estimation [8]. Chow developed a
three dimensional model in a general way without any restrictions on sample size in photoacoustic cell [9].
In the recent years, Merzadinova et. al calculated ambient temperature of a solid in thermal diffusivity de-
termination of structurally inhomogeneous, multilayer and composite solids in photoacoustic interac-
tion [10].

Situation of the crystal

Consider a cuboid crystal placed in a photoacoustic cell. The crystal is isotropic and traction free in na-
ture. This crystal is placed in a cylindrical cavity of a photoacoustic cell which produces a photoacoustic sig-
nal. The cell is air tight. Hence the cell has a constant volume of gas surrounding the crystal. The crystal is
irradiated by a proper modulated laser source. The crystal absorbs heat and generates photoacoustic signal.

The Photoacoustic effect is directly related with on heating of the sample due to the phenomenon of op-
tical absorption [11-12]. Periodic processes of heating and cooling of the solid sample are necessary because
it will develop pressure fluctuations should be generated in the cell [13]. These fluctuations can be detected
by a sensitive sensor.

In the process of modulated excitation, sources of radiation are used in which intensity fluctuates peri-
odically [14-17]. These fluctuations in the intensity of radiation are in the form of a sine wave or a square
wave. This is similar to mechanical chopping of a radiation source. To modulate the phase of the optical sig-
nal instead of its amplitude is the best way to overcome this method [18-20]. In Photoacostic analysis, the
most common sources are the use of modulated continuous wave lasers.

Mathematical formulation

Assume that the cubic crystal placed in the cell is occupying the space. This space is defined mathemat-
ically, as
D:—a<x<a, -b<y<b.0<z<Z<-h

Consider a Cartesian co-ordinate system, in which the displacement components are u,, u,, u, in the
X, , z direction respectively. These displacement components can be expressed in the integral form as

g = [ [%(‘(ZZTZ+%—V%)+AT]CZDC (1)
uy = J [[(5 + 52 —v3z) + 7] dy @
u, = [ [%(‘:TZ+‘:TZ—VZZTZ)+/1T]612 3)

where Y, v and A are the Young modulus, the poisson ratio and the coefficient of linear thermal expansion of
the material of the crystal respectively. Consider that U(x, y ,z ,¢) is the airy stress function which satisfies
the differential equation,

az az 62 2 62 62 62 2
(ﬁ a_yz-}_ﬁ) U(x,y,z,t) = _Ay(ﬁ+ﬁ+ﬁ) T(x,y,Z,t) (4)

Here T (x,y, z, t) denotes the translational temperature of the crystal satisfying the following differential
equation,

0%T | 9°T  9%T , O(xyzt 10T
AT A Oxyzt) _ 10T (5)
0x%2  9yZ = 0z2 k a dt

where k is thermal conductivity and a is the thermal diffusivity of the material of the crystal.

Let 6(x,y,zt) is heat generated within the crystal for # > 0 subject to initial conditions (5).
T(x,y,2,0) =F(x,y,2) (6)

Boundary Conditions

Let us define boundary conditions on the crystal. These boundary conditions are

dT(x,y,zt

[T(x, y,z,t) + kg %]9@61 =F, (y,zt) (7)
T (x,y,z,t

[Tey2) +k 55220 =R 0,20 ®)
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-T(x, y,Z,t) +Kkj RACHZD) =F;(x,2t) 9)
L ay E y:b
-T(X, y,Z,t) +Kky (’)T(z’—z’z't)_ =F,(xzt) (10)
| Iy=_
_T(x, y,Z,t) +Kks W- =f; (x,y,t) (11)
L dz=0
[Tyt +ke™5220 =y (12)
z=—h
The components in term U (x, y, z, t) are given by
a%u | a%u
o = (552 + 52) (13)
a%u | a%u
oy = (52 +5) (14)
a%U | 0%U
o2 = (52 + 532) (15)

The “Eq. (1)” to “(15)” constitute the mathematical formulation of the conditions of the crystal under
consideration.

Mathematical Solution

The finite Marchi - Fasulo integral transform of f'(z), within limitations -4 <z < & is defined to be

F=["f@ P2 dz (16)

Then at each point of (-4, h) , the function f (z) is continuous. Again, the inverse finite Marchi - Fasulo
transform for previous conditions is defined as

f(2) = T 52 P2 a7
Here,
P,(z) = Q, cos(a,z) — Wysin (a,z)

Qn = an(a; + ay) cos(ayh) + (B1-B2)sin (ayh)
W, = (B1482) cos(ayh) + (a; — az)aysin (ayh)
h

Ap = JPnZ (z)dz

in (2a,h
An = h[an + an] +M

2a,
The Eigen values a,, are the solutions of the equation

[, acos(ah) + B, sin(ah)] X [B, cos(ah) + a, asin(ah)] =
= [a, acos(ah) — B, sin(ah)] X [B; cos(ah) — a, asin(ah)] (18)

Here a; ay,p;, B, are constants.
By applying the finite Marchi - Fasulo transform three times to “Eq. (5)” and their inverses, we obtain

[an - an]

T o T = (0 4+ 20) (19)
where
@ = Pp(@)F; — Pp(—a)Fy + Py (b)F, — By(—b)F5 + Pi(W)f, — PI(-h)f;
and
q? = a? + a2 +a? (20)
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is Eigen value.

“Eq. (10)” is first order differential equation and has solution

= oM Il =
T*(m,n ,t) = e Xa’t [fot o (@ +BT)] e~xa*t'dt’ L o ¢ = F*(m,n, 1) (1)

'T"”(m,n, Lt) =f oc((b+ )eoc(am+an+alz)(t—t’)dt’ +e—o<(a,2n+arzl+alz)tﬁ>(m,n, D (22)

If we apply inverse finite Marchi - Fasulo Transform three times with boundary conditions to this equa-
tion, we get

T(69,2,8) = % Zinnet [22] [222] (01 ()1 () — 92202 (O)] +

e Limne [ [P || [r3m] a @ws (O = =ma (@2 )] (23)

coslm

Substituting the value of T( X, y, z ,t) from “Eq. (23)” in the “Eq. (4)”, the airy stress function can be
obtained as

k e} Py Py t t
U(x,y,zt) = Ayc_zzm’nzl [ A(x)] (3/)] [<.01(z)1l)21( )- <p2(zgzp2( ) +
m aZ,+a%+ }
Wk” Pm (O] [PaO [ ] |m2G0%3®)-12@)a(t)
Zlmn 1[ Am ][ Un ][coslrr][ a12n+a121+{%}2 ] (24)
Results

The displacement field along x direction is calculated as

w, = a an ) (k1+k2115m Zama] [Pn(J/)] 1+ V) a2, <P1(Z)¢1(t)—<ﬂ2522)¢2(t) n
m a$n+a,21+{z}
20KT (ky+ky)sin2apa Pn(J/) 7]1(2)1!’3(t) 7]2(2)1/’4(t)
Zlmn 1 [ Am ] [ Un cos ln] [ ] (24)

In the similar way, displacement fields in other directions could be determined.

Conclusion

The exact expression for displacement field of a cuboid crystal in a photoacoustic cell is determined.
The expression allows the calculation of various parameters of cuboid crystals properties such as stress,
strain, etc related with elasticity in photoacoustic cell. This mathematical approach constitutes an important
step towards determination of various aspects of premature failure of industrial components and devices This
work will be useful in research for scientific and industrial applications in future.
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A.IL. Capopge, O.X. Maxamxan

D0oT0aAKYCTHKAJBIK YAIIBIKTAFbI TEKIIE TIP3l KPUCTAIABIH
BIFBICY OPICTEPi: MATEMATHKAJIBIK aCNeKTiIep

dotoakycTuKanblk 3(GGEeKT YAriHI HaiibIHAAyIBIH €H a3 yaKbIThIHA, IIANIGIPAHKBI )KOHE MOJIAIP eMec YITiHi
3epTTeyre JKOHEe TEpeHIIK NpoQmIiHIH KoDKeTIMIUIrine OalfmaHblcTl TaHBIMaN. bByn epekmenikrep
TepeH aKbIPaThIMABUIBIKTAFbl KATThl 3aTTap/blH CHIATTAMalapblH aHBIKTAY YLIIH (DOTOAKYCTHKAIIBIK CIICK-
TPOCKOIMSIHBI KOJITaHyFa MYMKIHIIK Oeperni. TepMHUsIIbIK acepiiecy — ©HEpKACINTIK KYPhUIFBUIAp MEH KOM-
HOHEHTTEPre KaThICThI KATThI JIeHe (QU3UKAChIH 3epTTey/eri 6acThl NepcneKTuBa. by ocbiHaal KypblIFbLIap
MEH KOMIIOHEHTTEp/i LIbIFapyAbIH JKOHE JaibIHAaY/IbIH Heri3ri (akTopbl. ByriHri TaHma KpUCTa gl KaTThI
3aTTap KCH FBUIBIMH JKOHE OHEPKACINTIK KONJAHYIbIH apKachlHIa KeHiHeH 3eprreinyne. JKblly KepHeyiHe
OKEJIeTIH BIFBICY ©OpiCi OHEpPKACINTIK KOHABIPFBUIAP MEH KYPBUIFBLUIAPIBIH Mep3iMiHeH OYpbIH ICTEH
IIBIFYBIHBIH MaHBI3IbI acTeKTiepiniy Oipi Oonbim TaObUIambl. JKyMBICTa KaTThl KYyOOHMATHI KPHUCTAIMEH
(hOTOAKYCTHKAIBIK 9CEPJIETi BIFBICY OPICTEPi MATEMATHKAIIBIK TYP/JC YCHIHBUIFAH. ABTOPJIAP/IbIH OMbIHIIA YIII
enmeMal aHanu3/e (HOTOAKYCTHUKAJIBIK dcep Ke3iHJe OpBIH aybICTHIPY epicTepi OyphIH Oaiikanmaran. [lemex
OyJ1 HaKTHI Ky)XKaTKa Herisri yiec Gonanpl. POTOAKYCTHKAIIBIK YAIIBIKTa OPHAIACKAH KaparaibiM KyOOHIThI
OipTeKTi KpuCTaul YIIiH ODWpH KepHey (QYHKUHSCH Jla3epliH KpHUCTAUT OeTiMeH opeKeTTecyi HeriiHue
aHbIKTaNagbl. Mapuu-DacynoHbIH TYNKUIIKTI MHTErpaJIABIK TYPJCHIIPY OIICIH KpUCTALT 6JLIEeMiHiH
HIEKTeYJIepi MIeTiH/e KOJIIaHa OTBIPBII, BIFBICY Opici 1o allKbIHIaFaH.

Kinm ce30ep: Diipu kepHEYiHIH (YHKUIHUSICHI, TEKILE TIPi3Ai KPUCTAILI, BIFBICY ©pici, SHEPTUIHBI Oepy, KapPBIK
TIeH 3aTTHIH e3apa opekerrecyi, Mapuu-dacyno TypieHHipyi, coyieneHOSHTIH K03y, (POTOAKYCTHUKAJBIK
YALIBIK, POTOAKYCTUKAJIBIK dCep.

A.IL. Capope, O.X. Maxamxan
IHons cMeleHUs1 Ky0OBHIHOIO KPUCTAJLIA
B ()OTOAKYCTHYECKOM siYeiKe: MATEeMATHYECKHUE ACTIEKThI

(DOToaKyCTI/I‘{eCKI/Iﬁ 3(1)(1)6KT TIOITYJISIPEH 6J1ar0;[ap51 MUHUMaJTBHON HpO60HOIII‘OTOBKe BO BpEMs BBIIIOJITHCHUSA
BO3MOXHOCTHU HCCIIEJOBATh paCCCHBaIOIIIHﬁCSI u Her03pa‘{HbIﬁ 06pa3eu Hapsagy € JOCTYIIOM K HpO(i)I/IJIIO
FJIy6I/IHI)I. DTH 0COOEHHOCTH MO3BOJISIOT MPpUMCHSATDb (1)0T03KyCTI/I‘IeCKy}O CIICKTPOCKOITUIO TSI OIPEACIICHUSA
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XapaKTEPHCTHUK TBEPJBIX TeN C IIyOMHHBIM pa3perieHneM. TemnaoBoe B3auMOJAEHCTBUE SBIAETCS OCHOBHOM
MEePCHEKTUBOM B MCCIEN0BaHUAX (M3UKU TBEPAOTO TeNa, KaCAIOMIMXCS MPOMBIIITIEHHBIX YCTPOUCTB M KOM-
HOHEHTOB. JTO KIIIOYEBOI (aKTOp M3rOTOBJICHHS U NPOU3BOAUTEIBHOCTH TaKMX YCTPOHCTB M KOMIOHEHTOB.
CerofHsi KpUCTaJUIMYECKUE TBEp/bIe Tela MIMPOKO M3YYEeHBI Onarojapsi MX IIMPOKOMY HAydHOMY M IIPO-
MBIIUIEHHOMY TIpuMeHeHnIo. [Tosre cMemennit, npuBoasiee K TEPMHIESCKIM HATPSDKCHUSIM, SBIISETCS OJXHIM
W3 BXHBIX ACTEKTOB MPEXIEBPEMEHHOTO BBIXOA U3 CTPOs MIPOMBIIIIEHHEIX y3JI0B U yCTpOHCTB. B pabote
MaTeMaTHYECKH MPECTABICHEI MOJISI CMENeHHH B (OTOAKYCTHUECKOM 3((PeKTe ¢ TBEPABIM KyOOBHIHBIM
kpuctaiioM. ITo MHEHHIO aBTOPOB, MOJI CMELIEHUS IPH (POTOAKYCTHYECKOM 3 deKTe B TPEXMEPHOM aHAJIHU-
3e paHee He HaOmoaanuck. Cie0BaTeNlbHO, 3TO OyIET TIaBHBIM BKJIAJ0M B HACTOAIIMH NOKyMeHT. s mpo-
CTOro KyOOBHIHOTO OJHOPOJHOrO KpHCTaiIa, Haxopasuerocs B (oroakycTHueckol sueike, QyHKUUS Ha-
npsbkeHnst DfpH ompesieneHa Ha OCHOBE B3aMMOJIEHCTBUSI Jla3epa ¢ MOBEPXHOCTBIO Kpucrtaimna. IIpumenenue
MeToJla KOHEYHOT0 HHTETPAILHOTO INpeobpazoBanus Mapun—@acyno B mpepenax OrpaHMYeHHI pasmepa
KPHCTAJIIA TTO3BOJIMJIO TOYHO BEIYHCIIUTH 110JI€ CMEIICHYS.

Kniouesvie crosa: GyHKIMS HanpspKeHUsT DHpH, KyOOBUIHBIM KPHUCTAILL, TOJIe CMEILCHUS, IEPEeHOC YHEPTHH,
B3aUMOJICHCTBUE CBETa U BeIIeCcTBa, IpeoOpazoBanne Mapun—®dacyno, Ge3b3IydaresbHOe BO30YyXKICHNE,
(oroakycTiuueckas sdeiika, poToaKyCcTHIeCKHH P EKT.
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Changes in the Parameters of the Electromagnetic Response of Model Dielectric
Samples with Air Cavity Defects under External Deterministic Acoustic Impact

The paper discusses the possibility of testing the air inclusions saturation in cement-sand samples using the
acoustic-electrical transformations phenomenon in heterogeneous dielectric materials. An experiment tech-
nique is presented including contact external acoustic excitation and contactless registration of the electro-
magnetic response to such an impact. Methods of samples deterministic acoustic excitation by a ball impact
and the experimental determination of the impact energy are described. The model samples size and composi-
tion are described, including air cavities in a polyethylene sheath. The experimental studies geometry is
shown, indicating the direction of the samples acoustic excitation and the location of the electromagnetic re-
ceiving plates. It is shown that the defect-free samples and with air cavities, have different amplitude and fre-
quency of the electromagnetic signals spectral components. The samples with air cavities have the average
weight of the EMS spectrum changes towards lower frequencies. This frequency shift effectively reflects the
concentration of air cavities defects in a cement-sand samples and this effect can be used when testing con-
crete products for the presence of air inclusions, and, accordingly, will allow determining the frost resistance
of products.

Keywords: acoustic-elecrical transformations, acoustic excitation, electromagnetic signal, amplitude-
frequency characteristics, dielectric structures, cement-sand mixture, defect, electrical double layer.

Introduction

The reliability and durability of concrete products is always of great importance for the people safety,
therefore, the determination of defects in such materials is an important task. Samples made from cement-
sand mixture were used to simulate the impact of defects in the form of air cavities on the parameters of the
electromagnetic response under external deterministic impact. It is known that preparation of such mixtures
is followed by air entrainment, and air bubbles up to 10—’ meters have a beneficial effect on frost resistance
and strength of concrete. However, this is not the most important characteristic for assessing its frost re-
sistance. An important characteristic is the distance between air bubbles and their size. The larger the size of
the air inclusions, the lower the strength of concrete or mortar under external loads. This is due to the fact
that voids with the size exceeding (5-7)x10~ meters serve as stress concentrators, which ultimately leads to
concrete destruction [1]. The critical capillary length should not exceed 2x10~* meters. A reduced length en-
sures concrete with high impermeability up to 16x10™* m>. This can be attained by entraining air into the
concrete to form a system of numerous small bubbles where water can be squeezed out when frozen. Since
the distance between the bubbles in the cement stone does not exceed the critical one, the destructive pres-
sure will be higher, and the concrete will be frost-resistant.

However, non-destructive methods for testing air entrainment into concrete or cement stone are re-
quired. Non-destructive direct methods are used to measure the tensile strength of the glued steel disc separa-
tion, or partial separation of the product edges. The most interesting non-destructive indirect methods are
ultrasound examination, impact excitation, and rebound and plastic deformation. In practice, these testing
methods lack accuracy and mobility [2—5].

The phenomenon of mechanoelectric transformations in heterogeneous dielectric materials, including
acoustic-electrical transformations, can be used to test the saturation of concrete or cement stone with air
inclusions [6—14]. The principle of the proposed method lies in the fact that the research object is subjected
to mechanical impact, and acoustic waves appear in the sample, which propagate along the sample. As a re-
sult of the deformation of the piezo-inclusions and double electrical layers in the concrete sample by acoustic
waves, an electromagnetic response arises. Previous performed studies analyzed the main mechanisms of
mechanoelectric transformations in heterogeneous dielectric structures. As a result, relationships were re-
vealed between the parameters of the electromagnetic signal arising during quasi-elastic impact excitation of
materials and their porosity, strength of the contact between components in composite materials, stress-strain
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state, imperfection and strength, which indicates the potential of mechanoelectric transformations used to test
the defectiveness and strength of engineering structures.

Methods and materials

The studies were conducted using a laboratory complex for recording the electromagnetic response of
heterogeneous materials under acoustic deterministic impact. The block diagram of the complex is shown in
Figure 1.

LED
6 of |

o

3 Iﬂoto Dicde |

8 9 10

1 — sample, 2 — clamps, 3 — measuring electrode, 4 — compensation electrode,5 — ball, 6 — substrate,
7 — spring, 8 — differential amplifier,9 — data input-output board, 10- computer, 11 — power supply

Figure 1. Block diagram of the laboratory complex for recording the electromagnetic
response of heterogeneous materials under deterministic acoustic impact

Samplel was fixed between clamps 2; metal substrate 6 was placed on the sample surface at the impact
point, which was in acoustic contact with the sample through a thin layer of mineral oil. Pulsed mechanical
excitation of the samples was initiated with metal ball 5 using spring-loaded device 7. The impact energy
was measured with respect to the speed of the ball’s flight between two optical pairs of LEDs and PDs in-
stalled at a certain distance in clamp 2 with a flying hole. The substrate and the ball were made of steel of
similar hardness. Battery 11 was used for power supply of the light and photodiodes. This excitation system
enabled a point deterministic single impact. A differential transducer was used to record the EMC signal aris-
ing from pulsed acoustic excitation of the samples.

The input of electromagnetic sensor 8 consisted of two flat metal plates 3 and 4. Plate 3 (measuring)
was placed at a distance of 10— meters from the sample surface, and plate4 (compensation) was installed at a
distance of 2 x 10— meters from the sample. The measuring plate received both a useful signal and the sig-
nal of remote electromagnetic interference. Since the compensation plate is placed at the distance from the
source of the useful signal and received only distant electromagnetic interference, the level of distant inter-
ference at the differential sensor output significantly decreased, and the signal-to-noise ratio increased. The
signals from the differential electromagnetic sensor were fed to the inputs of the preamplifiers and were rec-
orded using multifunctional input-output board 9 to digitize the time realization of the electrical signal and
perform fast Fourier transform. Computer 10 was used to record the results of EMC measurements and the
spectrum.

The dimensions of the samples made from cement-sand mixture were (50x50x100)x10—" m’. An exter-
nal deterministic acoustic pulse was excited by the ball impact towards the greater plane in the center. Dur-
ing the tests, smaller faces of the samples were placed in the clamps, and the impact device was fixed in the
cell using special clamps. In this experimental geometry, attenuation of acoustic waves formed in the sample
upon its impact excitation was determined by the characteristics of the sample only.
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Results and discussion

In order to search for possible criteria to assess the dynamics of changes in imperfection, the nature of
changes in patterns of mechanoelectric transformations was analyzed on physical models with artificial de-
fects. Testing was performed on models with internal air cavities. To create internal air cavities, air-filled
polyethylene balls with a diameter of 10~ meters were used. The model samples were made from cement-
sand mixture containing 1, 5, 20 and 50 air inclusions. Defects of this type simulate internal air cavities that
can arise when preparing cement-sand mixture. In the experiment, they act as scattering centers for acoustic
waves formed in the sample upon excitation by the ball impact. However, in contrast to real cavities, these
models exhibit a polyethylene layer at the interface of the cement-sand matrix, which should form double
electric layers during cement structure formation [9]. These samples were used to measure electromagnetic
signals and their amplitude-frequency parameters at equal pulsed acoustic excitation. Figure 2 shows previ-
ously measured and re-obtained spectral characteristics of electromagnetic signals for model samples with a
different number of air cavities. As can be seen, a slight increase in the number of air cavities leads to an in-
significantly increased value of the main spectral maximum at a frequency of about 11 kHz, followed by its
decreased amplitude and increased number of air inclusions.

In addition, the EMC spectrum is found to change as well. Due to the fact that air inclusions are located
at different distances from the acoustic excitation source during model sample fabrication, additional spectral
bands appear in the exciting acoustic pulse as a result of reflection from the surfaces of air inclusions in ac-
cordance with the laws of linear acoustics [15]. Acoustic-electrical transformations cause additional EMC
spectrum ranges at the interface of inclusions. The initial increase in the amplitude of maximum is due in-
creased non-overlapped electrical double layers, which does not compensate for their charge state. Further
increase in the number of air inclusions causes strong attenuation of the acoustic pulse, compensation of
charges on the walls of neighboring inclusions and, consequently, decrease in the EMS amplitude due to
acoustic-electrical transformations. In addition, there is a steady shift of the EMS spectrum to the low-
frequency region.

Amplitude
1
3
Lh

Number of inclusions

—

Y
A s -
e
0 10

20 30 40 50 60
Frequency, kHz

Figure 2. Changes in spectral characteristics of the electromagnetic
signal caused by the concentration of internal air cavities

Conclusion

The purpose of the research presented in this paper is to study the possibility of testing the air inclusions
saturation in cement-sand products using the phenomenon of acoustic-electrical transformations in heteroge-
neous dielectric materials. Acoustic-electric transformation is a consequence of the interaction of an acoustic
wave caused by mechanical impact on the test object with piezoelectric inclusions and double electric layers
in the heterogeneous dielectric material. For the purpose of the research, cement-sand samples with different
concentrations of air inclusions were made and electro-magnetic responses were measured.
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The study of the parameters of electromagnetic signals during deterministic acoustic excitation
of model samples made from cement-sand mixture with a varying number of air inclusions showed
that an increased number of air inclusions change both the amplitude of the spectral components
and the EMS spectrum compared with defect-free samples. In this case, the average weight of the
EMS spectrum changes towards lower frequencies. This frequency shift indicates the concentration
of defects in the form of air inclusions in samples made from cement-sand mixture and can be used
to test concrete products for air inclusions and determine the frost resistance of products.
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ChbIPTKBI IeTEPMUHUPJIEHT€H AKYCTHKAJIBIK dCep €Ty Ke3iH/e
aya KybICTapbIHAH aKayJapbl 0ap MOAebAIK AUIICKTPJIIK YIrijiepail
3JIeKTPOMATHUTTIK peakuus napaMeTpJepiHin e3repyi

Makanaza reTeporeHzi IUAIEKTPIIK MaTepHaJIAapAaFbl aKyCTHUKAJIBIK-IEKTPIIK KalTa Kypy KyObUIBICBHIH
KOJIJIaHa OTBIPBII, LIEMEHT-KYM KOCIIACBIHAH JKACAJIFaH YITUIEpAiH aya KOCBUIBICTAPHIMEH KaHBIKTBUIBIFBIH
ChIHAY MYMKIHJIITi KapacThIpbUIAbl. DKCHEPUMEHT o[ici, OHBIH ILIHAE CHIPTKBI aKyCTHKAJBIK KO3y JKOHE
OCBIHIAH ocepre ICKTPOMArHUTTIK PEAKIMSIHBI KOHTAKTiCI3 TipKey YCHIHBUIFaH. IIapuKTiH COKKBICHIMEH
YJITUIEpIiH AEeTePMHHUPIICHI€H aKyCTHKAIBIK KO3YBI JKOHE JHEPrHSHBI SKCIIEPUMEHTTIK aHBIKTAy oicTepi
JKOHE TIOJIMDTHIIEH KaOBIFBIHIAFBI aya KyBICTAPBIHBIH Op TYPJIi CaHBIH KAaMTUTHIH MOJEINBIIK YITLIEpIiH
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eJIIeM/Iepi MEH KypaMbl CHIIATTaJFaH. YJIrIepaiH aKyCTHKAIBIK KO3y OarbIThIH JKOHE Na0bLI MEH CHIPTKBI
JNIEKTPOMATHUTTIK IIY/bIH apaKaThIHACHIHBIH MaKCHMAJIAbl MOHIH KaMTaMachl3 €TETiH JJIEKTPOMArHUTTIK
na0bUIIapAbIH KaObUlay TaKTaJdapblHBIH OPHAACYBIH KOPCETE OTBIPHIN, AKCIEPHUMEHTTIK 3epTTeYNepAiH
JKYPri3y T€OMETPHSCH KOPCETIIreH. AKayChI3 YITIMEH CalbICTBIPFAH/IA, OJIApJAFbl aya KybICTApbIHBIH CaHBI
apTKaH Ke3Je CIEKTPIiK KOMIIOHEHTTEPIIH aMIUTUTYAAChl Ja, DJICKTPOMArHUTTIK Ha0buIIap CIEKTpi e
e3repetiHi kepcerinred. Ochbl xarmaiiia DM/l cHekTpiHiH opTalia cajJMmarbl TOMEHTI JKHLTIK aiMarblHa
e3repeni. By KMUTIKTIH JKBUDKYBI LEMEHT-KYM KOCHACBIHBIH YJTLIEpiHIEri aya KybICTaphl TYpiHIETi
aKayJIapJIblH KOHIICHTPALHUSICHIH THIMAI KOpceTel kKoHe OSTOH OHIMIEpiH aya KOCBUIBICTAPBIHBIH OOJyBbIHA
CBIHAY Ke3iHJIe KOJIJIaHyFa OOJajIbl JKOHE COUKECIHIIE OHIMACPIIIH as3fa TO3IMIUIITIH aHbIKTayFa MYMKIHJIIK
Oepemi. Makanaga KeNTIpUIreH 3epTTey HOTWKENepi aya KybICTapbl TYPIHAET  aKayJIap/bIH
KOHLCHTPALMSACHIHBIH ©3repyi 9JJIEKTPOMArHUTTIK PEAKUUSHBIH CBIHAK CHEKTPIIK KOMIIOHEHTTEPiHIH
BIFBICYBIMEH JKaKChl OaKbIITAHATBIHBIH KOPCETTI.

Kinm ce30ep: aKyCTHKANBIK-IEKTPIIK TYPICHIIPYJIEp, aKyCTHKAIbIK KO3y, 3JIEKTPOMAarHUTTIK peakius,
AMIUTUTY JATBIK-KULTIKTIK CUMaTTama, AUICKTPIIIK KYPhUIbIMIApP, IIEMEHT-KYM epiTiHic, akay, KOC JIeKTp
KabaThl.

J.J. Hann, M.B. Iletpos, I[1.1. ®enoros, E.A. llleBenena

HN3meHenus mapamMeTpoB JICKTPOMATrHUTHOI'0 OTKJIUKA MOACJIbHBIX
AUIJIEKTPUICCKUX 06pa311013 C I[eq)eKTaMI/l U3 BO3AYIIHBIX noJiocTen
NNPpU BHEIIHEM J€TEPMUHUPOBAHHOM aKYCTHYCCKOM BO3)1€ﬁCTBHI/I

B crartbe 00Cysk/ieHa BO3MOXHOCTh TECTHPOBAHMS HACBHIIICHHOCTH BO3JYIIHBIMU BKJIIOUCHHAMH 00pa3LOB
U3 IEMEHTHO-TIECUaHOH ~ CMECH, MCHOJb3ysd  SBICHME  AKyCTHUKO-JJICKTPHYECKHX  IPeoOpa3oBaHUi
B TETEPOTCHHBIX IMAJICKTPUYECKHX MaTepHanax. lIpeicraBieHa MeTOAWKA IIPOBEICHUS OJKCIEPHMEHTA,
BKJIIOYAIOIIAsi KOHTAKTHOE BHEIIHEE aKyCTHYECKOe BO30yXICHHE M OECKOHTaKTHYIO PETHCTPALUIO dJIEKTPO-
MarHUTHOTO OTKJIMKA Ha Takoe BozzeicTBre. ONMHCaHbl CIOCOOB! IeTePMUHIPOBAHHOTO aKyCTHYECKOTO BO3-
OykzmeHnst 00pa3loB ynapoM IapHKa W IKCIICPHMCHTAIBHOIO OINPEACNICHUS SHEPTUH, a TakXKe pa3Mephl
M COCTaB MOJIETBHBIX 00pa3IoB, BKIIOYAIONINX PA3INIHOE KOJIMYECTBO BO3MYLIHBIX ITOJIOCTEH B MONUITHIE-
HOBO# oOosouke. ITokazaHa reoMeTpys NPOBEIECHUS SKCICPUMEHTANIbHBIX MCCIENOBAHUH C yKa3aHHEM Ha-
HPABJICHUS aKyCTHYECKOTO BO30YXIECHHS 00pa3LOB U PACHOJIOKCHUS IPUHUMAIOIIUX [UIACTUH 3JIEKTpOMar-
HHMTHBIX CHTHAJIOB, 00ECICYMBAIOIINX MAaKCHUMAIbHOE 3HAYEHHE COOTHOLICHMS CHUTHANA M BHEIIHEro 3JIeK-
TPOMarHUTHOroO Iryma. ITokasaHo, 4To, 10 CpaBHEHHUIO ¢ Ge31e()eKTHBIM 00pa3LoM, NIPH YBEIUYCHHN KOJIHU-
YecTBa BO3JAYIIHBIX II0JOCTEH B HHMX M3MEHACTCS KaK aMIUINTY[a CIEKTPAIbHBIX COCTABIISAIOIINX,
TaK M CHEKTP JIEKTPOMArHUTHBIX cUrHajoB. Ilpu 3Tom cpennmii Bec cnekrpa OMC cmemaercs B 00gacTh
OoJiee HU3KHUX 9acTOT, KOTopast 3G QekTHBHO 0ToOparkaeT KOHIEHTPAMIO Ne(eKTOB B BUJIE BO3AYIIHBIX IO-
JocTel B 00pa3nax [EeMEHTHO-IIECYaHOIl CMECH M MOXKET OBITh IPHMEHEHA IPU TECTUPOBAHUH OSTOHHBIX H3-
JeTUH Ha TPHUCYTCTBHE BO3AYLIHBIX BKJIIOUEHHH, M, COOTBETCTBEHHO, ITO3BOJIUT OINPEIEIUTh MOPO30CTO-
KOCTb M3JIeNii. Pe3ynbTaThl IpOBEEHHBIX UCCIICIOBAHHH TOKa3ajM, YTO H3MEHEHHE KOHICHTPAUHU Aedek-
TOB B BUJI€ BO3IYIIHBIX ITOJIOCTEH HAMIYUIINM 00pa3oM OTCIIEKHMBAETCS CMEIICHHEM TECTOBBIX CIIEKTpallb-
HBIX COCTaBIIIONIHNX AJIEKTPOMArHUTHOTO OTKJIMKA.

Knioueswie crosa: akyCTUKO-3IEKTPUUECKUE MTPE0OPa30BaHUs, aKyCTUIECKOE BO30YXK/EHHUE, SIIEKTPOMAarHHT-
HBIH OTKJIMK, aMITUTYAHO-YaCTOTHAS XapaKTePUCTUKA, AUIIEKTPUUECKUE CTPYKTYPBI, IEMEHTHO-TIECUaHHBIH
pactBop, nedeKT, TBOWHOMN 3JIEKTPUIECKUI CIIOM.
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Gas content of the D¢ coal seam

The article deals with the issues of gas content of the most thick and stable D4 coal seam in the Tentek region.
This complex structure seam is dangerous in underground mining for gas and dust outbursts, it consists of
coal packs separated by interlayers of mudstones, while the lower layer 0.5-1.5 m thick is very soft, has a
strong shear disturbance and is most saturated with methane. Extraction of coalbed methane is a necessary
process to ensure the safety of mining operations, to reduce its emissions into the atmosphere, and to utilize it
as a fuel and a product for obtaining synthetic materials. The regularity of changes in the particle size
distribution of the upper thick pack and the lower thin pack indicates the difference in small coal particles in
them, while there are much more of them in the lower layer therefore, the specific surface is larger, which is
an important factor of the adsorption processes intensity in the accumulation of methane, and during the gas
drainage from the seam. The activation energy of methane from carbohydrate has been determined. A
quadratic relationship between methane gas evolution and its initial concentration has been shown. In
carbohydrate, it depends on the energy of external forces. A complex relationship has been established
between the gas pressure in the coal seam and its concentration and characteristics of the «coal-methane-
natural moisture» system. Regularities of changing the methane content of the coal seam depending on its
fracturing formed due to the effect of the energy of destruction and the energy appearing with increasing the
area of a crack in the coal, have been obtained. The effect of the coal mineral composition on the gas content
has been shown.

Keywords: methane, particle size distribution, fracturing, drainage, well, energy of destruction.

Introduction

In the mixture of greenhouse gases, methane can remain in the atmosphere within 9 to 15 years. It re-
tains 20 times more heat than carbon dioxide. Understanding the problem of the presence and interaction of
methane with the environment increases the need to develop projects for its extraction from coal seams. Me-
thane processing and utilization has advantages over direct emission into the atmosphere. Possible options of
utilizing coalbed methane include power generation, production of compressed or liquefied gas, use in blast
furnaces and for calcining lime at the metallurgical plant of the ArcelorMittal Temirtau JSC.

Extraction of methane from coal seams will provide the following benefits: improving the safety in coal
mines and the health of miners, selling natural gas and its products, using carbon GNG credits for sale, and
increasing coal production [1].

The gas concentration and pressure, the permeability coefficient, particle size distribution of coals are
the main factors, which studying makes it possible to estimate the drainage parameters, as well as to calcu-
late the gas balance during coal mining.

The Dg seam consists of two seams. The upper layer 4.82 - 6.48 m thick is represented by brilliant coal
with strong cleavage. The lower one varies in thickness from 0.5 to 1.5 m, has a strong strike-slip fault, and
is very soft. The gas pressure in coal is at least 4.5 MPa with its content from 18 to 19 m’/t. Based on this,
the lower layer is highly hazardous in terms of emissions without the use of drainage. Its initial permeability
is less than 0.1 md, and it can increase depending on the natural variability or the man-made impact.

Results and discussion

Studying the particle size distribution of coals shows that in samples from the upper and lower layers of
the seam, 66% of particles are smaller than 0.6 mm, the sample from the lower layer consists of 48% of par-
ticles that are smaller than 0.1 mm, while coal from the upper layer consists of only 14% of particles smaller
than 0.1 mm (Figure 1) [1].
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The larger particles of the upper layer of the Dy seam are mainly disk-shaped, while the smaller parti-
cles are like cubes. The ratio of the shortest to the longest side is on average 3:1 for all sieve hole diameters.
The breeze is approximately disk-shaped and 43% of the sample mass consists of “small” particles [1].

The particles of the lower layer of the Dg seam are mainly rounded. The ratio between the shortest and
the longest sides is in the range from 2:1 to 3:1. The particles are similar in shape to cubes and 66% of the

sample mass consists of «small» particles.
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Figure 1. Particle size distribution: the upper and the lower layers of the D¢ seam [1]

To estimate the effect of permeability on drainage, a number of model studies have been carried out for
a homogeneous coal seam with the thickness of 6 m and the initial pressure of 4.5 MPa, draining to a gauge
pressure of 0.5 MPa. The results are shown in Figure 2, where the abscissa represents the distance between
the wells, and the ordinate represents the time required to drain the gas to the pressure of 0.5 MPa [1].
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Figure 2. Methane drainage time in the coal seam before reaching pressure of 0.5 MPa
depending on the seam permeability and the distance between the wells [1]

Gas permeability of coals is mainly determined by the permeability of endogenous and exogenous
cracks, porosity. It inversely depends on the value of the external load and the degree of coal metamorphism,
as well as on its gas content and on the degree of filling the filtering volume of pores and microcracks with
natural moisture (phase permeability of coal). The amount of methane per unit of dry ash-free coal mass is
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determined by the sorption isotherm, and regularly changes with the degree of metamorphism reaching max-
imum values for natural coals at the semi-anthrocyte stage of 43-45 m’/t. Metamorphism processes lead to
the transformation of coals, they affect inter-atomic interactions, the essence of which is to simplify their
chemical composition and structure carbon in the organic mass of coal [2].

Methane in coal. Changing the geomechanical state of coal seams and coal-bearing rocks leads to
deformation of interatomic bonds, initiation of chains of relaxation processes in the form of
mechanochemical transformation of the organic mass of coal with the formation of gaseous products, mainly
methane. The natural methane content of the Dq coal seam (m’/t) at various depths varies too. In the interval
of the depth of the upper boundary of methane gases from 180-250 m to the depth of 300 m, the methane
content varies within 3-18 m’/t; in the depth intervals 301-600 m within 18-28 m’/t, and 601-900 m within
30-32 m’/t. The forecasted values of natural methane content at the depths from 900 to 1500 m range from
23 to 36 m’/t. In works [3, 4] one of the options of the methane state in coals (as a percentage of the total
amount) is considered as:

— free: inside macropores, microcracks and other defects of continuity in coals in natural conditions
— 2-12%;

—adsorbed: on the carbon surfaces of natural pores and defects of continuity, interblock spaces
(including the volumetric filling of transition pores and macroscopic defects-cracks) — 8-16%;

— solid coal-methane solution in the intermolecular space of the substance — 70-80%;

— chemical sorbed methane — 1-2% in defects in aromatic layers of crystallites;

— solid interstitial solution inside gas hydrates solid crystalline substances with the size of 0.38-0.92 nm,
that form all hydrophobic gases including methane.

Methane adsorbed by coal is distributed between the solid solution (absorption) and the surface of
cracks and pores (adsorption), and since coal has a large specific surface, about 20 m*/cm’, the amount of
adsorbed methane can be comparable to the amount absorbed [2]. This is possible if the binding energy of
the methane molecule with the coal surface Eg is much lower than the energy of the methane molecule
entering the solid solution (Eg >200 kJ/mol) [4]. If the energy supplied is greater than the energy of the entry
of the methane molecule into the solid solution, then the methane molecules begin to leave the coal particle.
In this case, the mass of the coal methane particle begins to decrease, similar to the dissolution (melting) of
the particle, and this process proceeds according to the law of phase transitions of the first kind. The bond of
the methane molecule with the coal substance is mainly provided by the van der Waals forces.

Let’s suppose that near the surface of a coal particle, the concentration of methane is Cy; by supplying
external energy (changing the stress state of the coal mass), methane begins to be released from it, the con-
centration of which near the boundary is C1, and at a considerable distance from it is C,.

Using these characteristics, we have obtained the parameter A equal to [3]:

The dependence of the pairwise decomposition of a coal-methane particle (t0) is determined by the
expression = . It should be noted that the «apparent» changing of the radius of the coal-methane particle
corresponds to changing its mass similar to the dissolution or melting of the coal-methane particle, in
proportion to the methane emission from the solid solution. Since the parameter (1) is proportional to the
pressure Ap at the phase interface, the comparison of the obtained regularities of the coal methane
decomposition with the isobar of methane sorption at 1 atm. given for the coals of the Donetsk, Karaganda
and Kuznetsk basins [4, 5], indicates their coincidence, since the process sorption and desorption are
reversible.

When considering the changing of the coal-methane particle radius, it should be borne in mind that
small-sized particles are characterized by the decreased surface tension, which leads to decreasing the «melt-
ing» temperature of coal-methane particles Ty, , i.€. to reducing its decay energy [6]:

d %
Tmp(r) = To(1 =) for d=2222 @)

where d is the critical radius starting from which the size effect takes place; T, is the melting point of the
bulk sample; R is the universal constant, ;) is the molar volume of methane, r is the particle radius, d is the
specific gravity of methane.

Expression (2) determines the decomposition rate of a coal-methane particle, i.e. methane release,
which is caused by decreasing the surface tension, which is most typical for small particles of coal in the
lower layer of the Dy seam.
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The process of the methane coal decomposition occurs under the effect of some external energy (ther-
mal, mechanical, etc.) that occurs during the development of the seam and is an irreversible process.
The probability of dissipative processes is determined by the expression [7]:

T 3
=k XP kT | G)

where AS is entropy changing in the dissipative process; E,, is the mean value of the molecule basic state
energy; T is the relaxation time; G® is the Gibbs energy, k is the Boltzmann constant (1.380649*10% J/k), N
is the Avogadro number.

The energy of decomposition (destruction) activation of the coal matter for the i-th gas is determined by
the expression:

=Eme )

where E,.; is the energy of the gas molecule activation, G® is the Gibbs energy, T is the absolute
temperature, C; is the i-th gas molecules concentration.
Taking into account the Gibbs energy additivity for non-mutually acting particles:

G =XL,CiG; C=XEL,Ci; By =X E, ®)

From (5) it is obvious that the pure destruction of the coal matter is selective, an d the function of gas
emission is stepwise depending on E,,;,; the more gas or volatile molecules, the lower the activation energy.
Let’s consider the part of gas emission that is associated with methane. In this case the activation ener-
gy of coal methane will have the form:
_200-Gy/C

E, =2 (6)

Here, E,, = 200 kJ/mol is taken as the average binding energy of methane in coal matter. The activation
energy for the decomposition of methane coal depends on the temperature, while the graph of gas evolution
is also stepwise in accordance with E ;.

Expression (6) based on the smallness of the ratio G”/C for methane equal to 536*10™, where G?,O is
the Gibbs energy of the hydrocarbon, can be written by denoting the binding energy (or decay energy) of
methane in the form Gg’, /C = E,,. From the ratio it follows that the lower the Gibbs energy of the
hydrocarbon (Gg’,), the lower the activation energy of coal-methane, so the temperature of the beginning of
gas evolution, fusenite is 390°C, vitronite 335°C, enertite 250°C.

The average activation value for coals of varying degrees of metamorphism is determined - about 0.65
kJ/mol [7].

In work [4], a relationship was established between the gas evolution of methane (C) and its initial
concentration (C,) in the hydrocarbon (methane content) of the coal seam.

C=iaMs, )

where A is the work (energy of external forces), K; is a constant. The last equation characterizes the quadrat-
ic dependence of gas emission on the seam methane content (M).

Gas pressure in the seam. In the natural state, in the coal matter there is a dynamic equilibrium be-
tween the adsorbed, absorbed and free phase methane, which is characterized by the fact that at any moment
in the absence of extreme external impacts, the number of methane molecules passing from the free phase to
the sorbed state is practically equal to the number of molecules of the desorbed methane. Free methane in the
coal bed under natural conditions occupies a volume within which its and the molecules interaction with the
coal surface is relatively low therefore, the volume of methane in the free phase in voids and cracks of coal is
usually insignificant. Under such conditions, it plays the role of a “back-up” for sorbed methane preventing
its desorption. Disruption of the dynamic equilibrium between methane in the free and sorbed phases in the
natural system “coal — methane — natural moisture” during redistribution of rock pressure (under the impact
of tectonic processes or mining operations) is manifested in increasing the number of desorbed methane mol-
ecules over the number os molecules that are sorbed by coal.
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It has been established [8] that the volume of methane in the free phase at the depth of 700-1200 m in
coals of medium metamorphism ((Vdaf = 18-19%) is from 5 to 10% of the total methane contained in coal,
in coals of a high degree of metamorphism ((Vdaf = 18-14%) it is from 4 to 6%, and in slightly metamor-
phosed coals ((Vdaf = 30-38%) it is up to 10-12%. When the established dynamic equilibrium in the natural
system «coal-methane-natural moisture» is violated, the movement of methane molecules from natural coal
pores occurs both by moving along their walls, and by passing from an absorbed state to an adsorbed one and
then to a free state, that is , the decomposition of methane coal occurs, accompanied by a decrease in the
pressure of methane in coal [9, 10]. Since GO=H-TS+PV1 then at C-C0,, where CO is the initial concentra-
tion of methane in the hydrocarbon (coal seam), and C is the current value of the methane concentration, we
obtain the methane pressure in the seam equal to:

P = [Co — Ky (H — TS)]/(K,V), ®)
where H is enthalpy, S is entropy, K2 is a constant, V is the volume, T is the environment absolute tempera-
ture. The equation shows a complex dependence of gas pressure in the coal seam on its concentration and
properties of the coal matter. It is seen that increasing the pressure increases the methane content of
coal [10].

Formation of cracks in coals. Since characteristics of the methane content of the coal seam are associ-
ated with the surfaces and cracks of the massif, let us consider formation of cracks in coals as one of the rea-
sons for its destruction including the instantaneous one, and formation of surfaces.

One of the important results of A. Griffiths [11] is the criterion he formulated for the destruction of a
body with a crack, according to which the growth of a crack should be an energetically favorable process
with energy conversion [12]. Let us express the condition of crack growth in the form of the energy balance:

SW-1) =0, ©

where W is the potential energy of the plate deformation; I' is the crack surface energy for a plate of a unit
thickness, ['=41y; [ is the half length of the crack, y is specific surface energy of destruction [3].
The condition of destruction can be written down as follows:

AL (10)

From condition (10) it follows that a crack in a solid (coal mass) will develop during its deformation,
that is, the action of rock pressure exerted on the coal seam, provided that the rate of the potential
deformation energy release is greater than increasing the surface energy of the body, which is formed as a
result of the formation of new surfaces.

Let’s suppose that the crack element is determined by the product of a linear surface element by some
function ®(u,v), which depends on the stress state in the vicinity of this linear element [4]. For brittle
fracture, this function should be proportional to the normal, highest stress (F) or the highest linear
deformation determined by Young modulus (E) and the Gibbs potential (G).

Thus, the trajectory of a crack is a geodesic line in the non-Euclidean space, the metric of which
depends on the stress-strain state of the rock massif [4].

Then the Euler—Lagrange equation that can be used to obtain the equation of crack growth, takes the
form:

————=0, 1D

where M=®(u, V)JE + 2Fv' + G(v)2.

The behavior of stationary cracks can be described using the variation condition dE=0, and non—
stationary using the equation @ (u,v)

ftto dEdt = 0, (12)
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where E= flt(t) 1ds is the functional reflecting the difference between the energy of absorption fol(e) vds con-

sumed for the destruction and supply process [ Ol © @ds that is emitted with the crack growth, L=y — ¢. This

functional can be considered as free energy or as the value proportional to the inner entropy increment.

The intensity of energy consumption for fracture (y) represents the energy required to form a unit area
of the emerging new crack surface. The value of y depends on the local resistance to separation of particles
(petrographic composition of coals), plasticity, viscosity of the material and their change with the growth of
the crack.

The intensity of the release of the supply energy arising in connection with increasing a unit area of the
crack ¢ is spent on its formation, and only after the crack element formation the excess supply energy can be
dissipated or transformed into kinetic energy.

The majority of natural mechanical systems in free motion dissipate the ordered kinetic energy of their
motion and convert it into the chaotic thermal motion of molecules. Generally speaking, the total mechanical
(potential+kinetic) energy in them decreases, passing into other forms (seismo-acoustic and electromagnetic,
arising during the crack formation), they, ultimately, are converted into into thermal energy. Such systems
are called dissipative, and the process is called dissipation.

In case when the intensity of the supplied energy flow is such that the existing dissipation mechanism
cannot cope with it, then such a system is destroyed due to the formation inside its elements, for a more
intense energy dissipation. Such internal rearrangement leads to the internal dissipated structures formation
with the aim of more intense dissipation of the energy supplied to the system. Their existence is possible
only with a constant flow of energy from outside (rock pressure).

These processes form the conditions for the instant destruction of the coal massif.

The coal mineral part effect on coal methane decomposition. Coal seams contain heterogeneous
minerals, such as: kaolin, albite, orthoclase, calcite, quartz, siderite, aragonite, magnesite and other various
mineral inclusions.

For ideal solid solutions, the Gibbs energy is additive, then the activation energy of methane (E,) with
the concentration of this gas (G) molecules will have the form:

E, = ZXL, X G, (13)

where X; is the mole concentration of the coal mineral part component; C is the methane molecules concen-
tration in coal; G is the Gibbs energy of the i-th component.

From formula (13) it follows that increasing the proportion of the mineral part of coal, especially
oxides, leads to increasing the activation energy and, consequently, to inhibiting the decomposition of coal
methane.

Conclusion

The initial gas content of the Dy seamr at the Kazakhstanskaya and Lenin mines is 18 m’/ton, and the D,
seam is gas-bearing, despite the high ash content. Natural seam pressure at the depth of 683 m is about 4.5
MPa. This is the reason for the high associated gas content, which is 67% of the hydrostatic pressure for the
depth of 683 m.

The lower layer of the seam consists of highly outburst-prone coal. In general, the D¢ seam is
considered to be sufficiently connected to the lower layer so that the initial gas pressure remains the same
throughout the entire seam thickness. Variations in the petrophysical characteristics of the seam and the seam
gas are associated with geological conditions, such as tectonic faults, folding, the presence of a crushing
zone, etc. Possible increasing the in discharge during drainage of the seam is a sign of the effect of drainage
or increasing permeability caused by coal shrinkage.

Drilling in the D¢ seam can be complicated by the soft coal of the lower layer, which has shear
disturbances, and it is possible that the wells that cross this soft coal will be complicated during drilling with
flushing, since sticking is possible in this interval, and there is also a high probability of the drilling tools
loss, inclinometers for directional drilling.

A hyperbolic dependence of the complete disintegration of a coal particle on the ratio of the difference
in the concentration of methane in the particle at its boundary and in the distribution has been established.
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The energy of decomposition of the coal substance has been determined depending on the activation
energy and the concentration of methane, the temperature and the Gibbs energy of the carbohydrate.

The regularity of changing the gas pressure in coal depending on the initial concentration of methane
and the thermodynamic parameters of the system has been obtained.

The regularities of the crack formation in coals have been, which are determined by the destruction en-
ergy spent on the formation of a unit surface area of a new crack and the supply energy arising from increas-
ing a unit area of the crack, while excess energy can dissipate or transform into kinetic energy.

The total mechanical energy, when exposed to loads decreases when passing into seismo-acoustic and
electromagnetic energy, and ultimately into thermal energy.

It has been found that the ash content of coals leads to increasing the activation energy for methane
emission from them, i.e., to inhibiting the decomposition of coal methane.
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¢ kemip Ka0ATBHIHBIH I'a3AbLIbIFbI

Maxkanana TeHTek aymaHBIHIarbl €H KyaTThl JKoHE TYPakTHl [lg Kemip KaGaTBIHBIH Ta3[bUIbIFBI Mocelelepi
KapacThIpbUTFaH. byt Kypreri KypbUIbIM KaOaThl XKepacThl Kaz0aapblHia ra3 OeH IIaH YIIiH KayilTi, o ca3rac
KabarTapbeiMeH OeliHreH KeMmip KabaTTapbiHaH Typajsl, ain TeMeHri kabartsl 0,5-1,5 M eTe jKyMcak, BIFbICYAbIH
KaTThbl OY3bUIBICBIHA M€ )KOHE METaHMEH KaHbIKKaH. KeMip kabaTTapblHaH MeTaHZbl OHAIPY — LIaxTalap/arbl
Tay-KeH JKYMBICTapBIHBIH KayillCI3/UriH KaMTaMachl3 €Ty, OHbIH arMocdepara LIbIFapbUIybIH TOMEHIETY JKOHE
CHHTETHKAIIBIK MaTepUaIIapAbl ajly YIIiH OHBI OTBIH )KSHE ©HIM peTiHAe MaifanaHy YIiH KaXeTTi mporecc.
JKoraprbl, KyaTThl KaOaTTBIH J>KOHE TOMEHIT JXKYKa KaOaTTBIH TI'PaHyJIOMETPHSIIBIK KYPaMBIHBIH ©3repy
3aHIBUIBIFEI OHIAFBl KOMIPIIH KillKeHe OeNIeKTepiHiH albIpMAIIBUIBIFBIH KOPCETEel, ajl OJapblH TOMEHTI
KabaTeIHIA OJApIbIH KON MeJmiepi 0ap, JeMeK, MEHIIIKTi OeTi yiIKeH, OyJ METaHHBIH >KUHATYBIHIAFEI )KOHE
Ta3fbl KYpraTy KesiHJe aIcOopOLISUIBIK IIPOLECTEpAiH KapKbIHABUIBFBIHBIH MaHBB3ABL (akropsl. Kemip
3aTTapblHaH METaHIbl OCNICEHIIPYy JDHEPrHsAChl aHBIKTANAbl. MeraH rasplHbIH OeiiHyi MEH OHBIH OacTarKpl
KOHIICHTPALMSCHI apachIHIaFbl KBaAPATTHIK OaitaHbic kepceTiireH. Kemip 3atbiHaa OyJ1 CHIPTKBI KYIITEPHiH
SHeprusichlHa OaiaHbicThl. KeMip KaOGaThIHIArbl ra3 KbICBIMbI OHBIH KOHIIGHTPALMACHIMEH JKOHE «KOMIp-
MEeTaH-TaOUFH BUTFAJIIBUIBIKY XKYHECIHIH CHIIaTTaMallapbl apachlHAaFbl Kypaesi Oaiinansic anpikTanran. Kemip
KabaThIHBIH METaH/ABUIBIFBIHBIH JKapBIKIIAK OYpPHIIIbIHIA OaifKanaTelH ay1aH eciMiMeH maiiga 001aThlH SHEeprust
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MEH SHEPrUsHbIH bIAbIpaybl 9CEpPIHEH KaJbINTACaThlH, OHbIH JKApbIKIIAKTHUIBIFBIHAH ©3Tepy 3aH/BUIBIKTaphl
anbiHAblL. KeMipiH MuHepanabl KypaMbIHBIH Ta3 KYpaMbIHA dCepi KOpPCETLIreH.

Kinm ce30ep: MeTaH, TpaHyIOMETPUSIIBIK KYPaM, )KapbIKIIAKThIK, IPEHAX, YHFbIMA, SHEPTHAHBIH bIABIPAYHIL.

C.b. Umanb6aeBa, A.Jl. MayceimbaeBa, B.M. FOpog, B.C. [TloptHoB, H.B. PeBa, A.J[. Cyniran

I'a3oHOoCHOCTBH YroJbHOTO MIJj1acra Il6

B cratbe paccMOTpeHBI BOIMPOCHI TA30HOCHOCTH CaMOTO MOIIHOTO M YCTOWYHMBOTO yromabHoro mmacra g
B TenTekckoM paifone. J{aHHBIN MJIAaCT MO TUITY CIOXKHOTO CTPOEHHS, OMACeH MPHU MOA3EMHON 100bIUe M0 Ta3y ’
nbUTH. COCTOUT M3 YTONBHBIX TMadekK, pa3AeieHHbIX MPOCIOSMHU apriJUIMTOB, IPU 3TOM HIKHHI CIIOH MOITHO-
ctbio 0,5-1,5 M 0YeHb MATKUIL, UMEET CHIIbHOE CABUIOBOE HapyLIeHHe U HanOoJjee HaChIeH MeTaHoM. M3Bie-
YeHHEe METaHa YTOJIBHBIX IDIACTOB SIBIISIETCS HEOOXOMMMBIM IIPOLECCOM JUIsl o0ecrieueH st 6e30MacHOCTH Bejie-
HUS TOPHBIX pa0oT B IIaxTax, CHIDKEHUS €ro BBIOpoca B aTMocdepy, YTIIM3AlUK B Ka4eCTBE TOIUIMBA U IIPO-
JYKTa JUIi [OJIyYEHUS CUHTETHYECKUX MaTepUaoB. 3aKOHOMEPHOCTb M3MEHEHHS IPaHyJOMETPUYECKOrO CO-
CTaBa BEPXHEH MOIIHOH MayKy U HIKHEH TOHKOM CBHJICTEIBCTBYET O Pa3jIMYUM B HUX MEIKHMX YaCTHI] YIJL,
TIpH 3TOM B HIKHEM CIIO€ X 3HAUUTEIBHO OOJBIIE, U, CIEI0BATENBHO, YeIbHas MOBEPXHOCTh OOJBILE, YTO
SABIIICTCS BaKHBIM (DAKTOPOM MHTEHCHBHOCTH aCOPOLIMOHHBIX MPOLIECCOB HAKOILUICHUS METaHa M NPH JIPECHHU-
poBaHuM ra3a u3 miacta. OnpesienieHa SHeprus aKTUBALMM MeTaHa U3 yriesenlecTBa. [lokazana kBagpaTtudHas
CBS3b MEXIy Ta30BbIIECICHUEM METaHAa M €ro HayalnbHOW KOHIeHTpauueill. B yrnesemecTBe oHa 3aBHCHT OT
SHEPrUU BHEIIHUX CUJL. Y CTaHOBJICHA CJIOXKHAS CBA3b MEXK[Y JaBICHUEM Ia3a B IUIACTE YIUIA OT €ro KOHLEHTpa-
UM U XapaKTEPUCTUK CUCTEMBbl «YroJIb—MeTaH-IIPUpOJHAs Biara». IlomydeHbl 3aKOHOMEPHOCTU HU3MEHEHUS
METaHOHOCHOCTH YT'OJILHOTO IDIACTa OT €ro TPEeIIMHOBATOCTH, (JOPMHUPYEMOii 3a CUeT BIIMSHHUS SHEPIHHU pa3py-
LIECHMA, U SHEPIUY, NOABJIIOIICHCS ¢ IPUPOCTOM IO TPELUIMHBI, Bo3HUKatomel B yrie. [Tokaszano Bius-
HHME MUHEPAJILHOTO COCTaBa YIJIsl HA €70 Fa30HOCHOCTb.

Kniouesvie cnosa: MeTaH, rpaHyJIOMETPHUUECKUI COCTAB, TPELUMHOBATOCTh, JPEHAXK, CKBAXKUHA, SHEPTUS pas-
PYILIECHUS.
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The technology of thermal cyclic electrolytic plasma hardening of steels

This work describes the technology of thermal cyclic electrolytic plasma hardening, as well as describes
the design features of the electrolytic plasma heater. There are presented the results of the research of me-
dium-carbon steel hardness treated by thermal cyclic electrolytic plasma hardening under different condi-
tions. An industrial installation for thermal cyclic electrolytic plasma hardening of materials was devel-
oped to carry out thermal cyclic electrolytic plasma hardening of steels in an automated mode. Tempered
layers were obtained on the surface of the samples with average thickness values from 0.5 to 10 mm and
hardness up to 750 HV. Experimentally that the alternation of switching on the electric potential at a volt-
age of Ul =320 V and U2 =200 V provides heating of the product surface to a depth of 10 mm. In this
case, the maximum hardness of the surface layer (750 HV) practically does not depend on the thickness of
the hardened layer. The hardness of the hardened layer of the product gradually decreases from the maxi-
mum (750 HV) to the hardness of the base (280-300 HV). The developed installation allows to vary the
electrophysical parameters within a wide range: to set the voltage, the duration of processing, the time of
switching on and off the voltage.

Keywords: plasma, electrolyte, technology, structure, hardening, thermocyclic quenching.

Introduction

One of the most important problems of modern mechanical engineering is to ensure maximum wear
resistance of machine parts and tools. Machine parts and tools during operation are exposed to large con-
tact loads, abrasive wear, and various types of friction. Therefore, an effective increase in the service char-
acteristics of parts and tools is largely associated with the need to increase their wear resistance. In addi-
tion, the durability of parts depends not only on the properties of the material determined by the manufac-
turing technology and volumetric hardening, but largely, on the surface properties. Its role in ensuring the
operational properties of products is constantly increasing, which has contributed to the emergence and
development of a new direction - surface engineering by methods of energy and physicochemical effects
along with the widespread use of traditional methods of chemical and thermal treatment. The implementa-
tion of this concept under choosing a material will improve the performance properties of parts, and
in some cases reduce the consumption of expensive materials. Therefore, recently, low-alloy structural
and tool steels are increasingly used and produced due to the use of protective coatings and surface hard-
ening, which made it possible to reduce the cost of expensive high-alloy steels and alloys. At the
same time, an important role in the use of protective coatings and surface hardening is played us-
ing resource-saving technologies that help to reduce the cost of resources and energy, increase labor
productivity [1].

Surface treatment of steel parts with the use of heating by concentrated energy flows (electron beam,
laser radiation, plasma arc) is a significant reserve for saving material, labor and energy costs [2]. Experi-
ence shows that a plasma source of surface heating in many cases can be used along with sources such as
laser and electron beam, providing high technical and economic indicators of the process [3]. There are
two directions of using plasma heating. The first area should include the technology of ion-plasma [4] and
electrolyte-plasma processing [5]. Moreover, the second direction of plasma heating application is based
on the use of a compressed arc of direct or indirect action generated by a special plasmatron [6]. The first
direction has particular interest among them, specifically the technology of electrolytic plasma treatment,
due to which it is possible to achieve sufficiently high operational properties. Electrolytic plasma treat-
ment is one of the methods of high-speed heating, in which the workpiece is the cathode or anode relative
to the aqueous electrolyte [5, 7]. The electrical circuit between the electrodes is closed through an electro-
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lyte (aqueous salt solution). Conversion of electrical energy into heat occurs mainly in the layer adjacent
to the product. As a result of heating, this layer turns into a vapor-gas state, in which micro-arcs are excit-
ed under the influence of the applied voltage. The power density reaches up to 3-10° W/cm? [1]. The tech-
nology allows varying the rate of heating and cooling and the thickness of the hardened layer within a
wide range. By regulating the temperature and speed modes of plasma surface heating and cooling, as well
as the use of various electrolytes, it is possible to carry out the processes of nitriding, carburizing,
nitrocarburizing, boriding, sulfating and surface hardening [8-10].

In connection with the above, the purpose of this work is to develop a technology for thermal cy-
clic electrolytic plasma hardening of machine parts and tools, which will increase the wear re-
sistance and hardness of their surface layer, as well as to establish the main regularities of structural-phase
transformations in structural and tool steels during electrolytic plasma hardening by the way of surface
hardening.

Material and methods of research

0.34CrNilMn medium-carbon steel was chosen as the object of research in accordance with the tasks
set. The choice of research material is justified by the fact that 0.34CrNilMn structural alloy steel is used
for the manufacture of highly loaded critical parts with high requirements for mechanical properties oper-
ating at temperatures not exceeding 500 °C - shafts, disks, rotors of compressor machines and turbines,
excavator shafts, gear wheels, couplings, gear shafts, half couplings, power pins, bolts, other products. The
chemical composition of 0.34CrNilMn steel is presented in Table 1.

Table 1
The chemical composition of 0.34CrNilMn steel
Steel C Si Mn Ni S P Cr Mo
. 0.17 - up to up to
0.34CrNilMn 0.3-04 0.37 05-0.8 | 1.3-1.7 0.035 0.03 1.3-1.7 | 02-03

Electrolytic plasma hardening of steel samples was carried out in a laboratory setup at the Scientific
Research Center «Surface Engineering and Tribology». General view and diagram of the installation for
electrolytic plasma treatment is shown in Figure 1. The installation structurally consists of a power source,
a chamber for electrolytic plasma processing of materials.

1- treated sample (cathode), 2- stainless steel anode with holes, 3- cone-shaped partition,
4- working chamber of bath with electrolyte, 5- pallet, 6- pump, 7- heat exchanger

Figure 1. General view and scheme of the electrolyte-plasma treatment
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Electrolytic plasma hardening of steel samples is carried out as follows. The working bath is filled
with electrolyte before starting work. Then the electrolyte is supplied to the electrolytic cell by means of
a pump installed at the bottom of the working bath. In this case, the electrolyte flows out through the
opening of the cone-shaped partition in the form of a jet and fills the electrolytic cell. Then the electro-
lyte is drained over the edge of the electrolytic cell into the sump and then back into the working bath.
Thus, the electrolyte is in circulation mode. The feed rate of electrolyte 2 (flow rate) is 4-7 1/min. The
flow rate of cooling running water into the heat exchanger is 3-6 1/min. The adopted parameters of elec-
trolyte cooling make it possible to maintain the temperature within 40-70 °C when heating the samples
to 800-900 °C. With the help of a device for fixing the workpieces, the workpiece is immersed in the
electrolyte so that the workpiece area to be treated is at a distance of 2-3 mm from the opening of the
tapered partition. In this case, through the opening of the cone-shaped partition, which is 10-15 mm
lower than the height of the electrolytic cell, an electrolyte stream is fed to the treated area. Then the
anode is connected to the positive pole of the power supply, and the work piece is connected to the
cathode to its negative pole. For heating to the hardening temperature, a voltage of 320 V is applied be-
tween the electrodes and the current density is 25-30 A/cm®. At such voltages, an intensely glowing
plasma layer is formed in the near-cathode region, and the product is heated at a rate of 300-400 ° C/sec.
In this case, an abnormal arc discharge is formed between the electrodes, due to which the workpiece is
rapidly heated [11].

An optical microscope NEOPHOT-21 of the National Scientific Laboratory for Collective Use of
Sarsen Amanzholov EKU to study the general nature of the structure. The preparation of metallographic
sections of steel samples was carried out according to the methods described in [12]. It should be noted
that for metallographic microanalysis, thin sections after polishing, using a paste of chromium dioxide,
were etched with a 4 % alcohol solution of nitric acid. The microhardness of steel samples was meas-
ured at the National Scientific Laboratory for Collective Use of Sarsen Amanzholov EKU on the device
PMT-3 in accordance with GOST 9450-76, with loads on the indenter P=1 N and holding time at this
load 10 sec [13, 14].

Results and discussions

Currently, heating by radiation from a technological laser, electron guns or high-frequency currents
is used for hardening heat treatment of the surface of tools and machine parts. The electrolytic plasma
technology of product surface heating and quenching has been known for 50 years [15]. This technology
is unique in its ability to change the surface properties of products. In electrolytic plasma technology,
the transfer of electrical energy to the product-cathode is carried out from the metal anode through the
electrolyte and plasma layer. The plasma layer is formed from the electrolyte material in the gap be-
tween the liquid electrode and the electrically conductive surface of the products [15-20].

A water-based clectrolyte is used as a liquid electrode. An appropriate choice of the electrolyte
composition and electrical modes provides a wide variety of processing technologies [19]. The main
reason for the limitation when used in technology is the low reliability and stability of the heating tech-
nology. This is primarily due to the instability of the formation of an electrically conductive (plasma)
layer between the liquid electrode and the surface of the product. The development of special heaters
made it possible to stabilize the technology and increase the conductivity of the electrolyte jet, which, in
turn, ensured the efficiency of heating and obtaining an energy density on the heated surface comparable
in power density with the energy of a laser plasma.

Special heaters for electrolytic plasma treatment provided control of the power density on the
heated surface in the range of 10%...10* W/cm?, which expands the scope of the technology. The elec-
trical discharges in the plasma layer create local zones of high pressure and temperature on the metal
surface underperforming electrolyte-plasma treatment, in which the processes of brittle destruction of
non-metallic and organic films and exfoliation of loose contaminants take place. This makes it possi-
ble to combine the processes of cleaning the surface of the product and heating it to the required tem-
perature. Experimental work shows that up to 80 % of the consumed electrical energy is introduced
into the product in the form of heat when the electrolyte-plasma treatment is heated, and the cost of
equipment for the electrolyte-plasma treatment is lower than, for example, at the same processing ca-
pacity for HFC in 5 ... 10. In addition, electrolyte-plasma treatment provides a wide range of control
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over the heating rate, which allows heating and hardening thick layers of the product surface (up to 10
mm). The principal features of the heater for electrolyte-plasma treatment are presented in the dia-
gram, Figure 2. The heater contains a metal anode with a characteristic size D, and through holes for
electrolyte flow. The electrolyte in the heater is compressed by dielectric walls at a distance H to the
diameter of the outlet nozzle Dy. The electrolyte speed increases in proportion to the ratio of the area
of the holes in the anode and the area of the nozzle. In the volume of the electrolyte, between the elec-
trodes, cross effects take place. On the one hand, an electric field acts on the medium. On the other
hand, the hydrodynamic flows of a medium charged with electricity with a density j carry electric cur-
rents of convection.

<— Di —>

Cathode % Qx
2.

T
Anode

Figure 2. Electrolyte-plasma heater scheme

Heating of the electrolyte is a consequence of the action of the current, as well as radiation. The
main energy costs are spent on the evaporation and heating of the electrolyte (formation of a plasma
layer) and heating the surface of the product with electric discharges. The discharges are in the form of
micro-arc discharges evenly distributed over the processing area.

A periodic increase and decrease in the heating rate is observed with periodic switching on of high
voltage electric potential (320V) and low (180V), which makes it possible to increase the time and ob-
tain a thicker heated layer. Connecting an electric potential at the time of cooling the surface of the
product allows to reduce the cooling rate and creates the ability to harden products that are made of an
alloy with a high carbon content.

Hardened layers can be obtained with a thickness of 0.5 mm, 2 mm, 4 mm, 7 mm, 8 mm and 10
mm by periodically changing the heating power density. As can be seen from Figure 3, heating at a high
voltage of 320V without switching the low voltage makes it possible to obtain a hardened layer with a
thickness of 0.5-0.6 pm. In order to obtain a hardened layer with a thickness of 4 mm, it is necessary to
heat for 25 seconds with periodic switching on of high voltage Ul = 320V for 1 second and low voltage
U2 = 180V for 4 seconds. Total heating for 50 seconds provides a hardened layer thickness of 10 mm.
The experiment was carried out on a flat sample of 0.34CrNilMn steel, which had a thickness of 50
mm. Heating and cooling was carried out with a heater having an outlet nozzle diameter of 20 mm. The
electrolyte used was an electrolyte from an aqueous solution containing 20 % sodium carbonate and
10 % carbamide. The microhardness of the hardened layer was measured with a PMT-3 microhardness
tester.
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Figure 3. Microhardness of the tempered layer on the surface of steel 0.34CrNilMn
depending on the heating time t and the voltage of the electric potential

Analysis of the experiment results (Figure 3) shows that the alternation of switching on the electric po-
tential at a voltage of U; = 320 V and U, = 200 V provides heating of the product surface to a depth of 10
mm. In this case, the maximum hardness of the surface layer (750 HV) practically does not depend on the
thickness of the hardened layer. The hardness of the hardened layer of the product gradually decreases from
the maximum (750 HV) to the hardness of the base (280-300 HV) and, as a rule, does not depend on the
heating time. A periodic change in the electric field strength between the surfaces of the liquid electrode and
the product changes the power density of the surface heating, which ensures the control of the electrolyte-
plasma heating and the creation of the necessary thermal conditions for the formation of quenching struc-
tures.

The heating power density was calculated from the experimentally measured values of current, voltage,
and heating area. The heater had an outlet nozzle diameter of 30 mm. The current value varied in the range
of 30 - 45A when the voltage of the electric current was changed from 200 to 300V. Accordingly, the heating
power density varied from 1x10° to 3x10° W/cm®. In addition, the ability to control the power density of
electrical discharges will ensure the use of electrolytic plasma treatment in cleaning, melting and soldering
technologies.

Experimental work has shown that it is possible to obtain hardened layers on the surface of the product
depending on the technological conditions, which have a thickness of 0.5 to 10 mm and a hardness of up to
750 HV. The placement of thermally treated layers on the surface of the product depends on the speed, the
trajectory of movement of the electrolyte heaters relative to the surface to be hardened and the design fea-
tures of the heaters themselves.

The research results carried out show the wide possibilities of using the electrolytic plasma hardening
technology to improve the service characteristics of alloy steels. In addition, this technology makes it possi-
ble to bend the product in the hardened state, weld the product and save energy by hardening only the weara-
ble areas of the surface.

The regulation of the structural-phase state and thickness of the modified layer by varying the heating
time and temperature makes it possible to implement optimal technological modes for obtaining various op-
tions for the physical-mechanical properties of steel.

The task was set to develop an installation for thermal cyclic electrolytic plasma hardening to carry out
the thermal cyclic electrolytic plasma hardening of steels in an automated mode. For this, there were devel-
oped an electrolytic plasma treatment chamber and a direct current of power supply. An installation for
thermal cyclic electrolytic plasma hardening of materials was created, which allows the processing of sam-
ples and steel products in an automated mode. The general view of the installation is shown in Figure 4.
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Figure 4. The general view of the installation thermal cyclic electrolytic plasma hardening

The developed direct current of power supply allows varying electric-physical parameters within a wide
range: setting voltages, processing duration, voltage on and off times. The power supply provides periodic
high and low voltage switching. The power supply is equipped with software to control the operation of the
power supply using a personal computer. The power supply specifications are shown in Table 2.

Table 2
The main power supply specifications
Name Signification
Input voltage 380V
Regulation limit of the constant voltage output 0to320V
Discreet output voltage, not more than 10V
Maximum output current, not less than 100 A
maximum power supply capacity, not less than 32 kW
Conclusions

Analyzing the experimental results obtained in this work, the following conclusions can be done:

1. Experimental work has shown that, it is possible to obtain hardened layers on the surface of the prod-
uct depending on the technological conditions, which have a thickness of 0.5 to 10 mm and a hardness of up
to 750 HV. The placement of thermally treated layers on the surface of the product depends on the speed, the
trajectory of movement of the electrolyte heaters relative to the surface to be hardened and the design fea-
tures of the heaters themselves.

2. The regulation of the structural-phase state and thickness of the modified layer by varying the heating
time and temperature makes it possible to implement optimal technological modes for obtaining various op-
tions for the physic-mechanical properties of steel.

3. An installation for thermal cyclic electrolyte-plasma hardening of materials was developed in order to
carry out the thermal cyclic electrolytic plasma hardening of steels in an automated mode, which allows pro-
cessing samples and steel products in an automated mode. The developed installation allows varying the
electric-physical parameters within a wide range: to set the voltage, the duration of processing, the time of
switching on and off the voltage. The unit is equipped with software for controlling the operation of the
power supply using a personal computer.
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b.K. Paxagunos, P.C. Koxanosa, FO.H. Tropun, JI.I'. XKypepona, XKX.b. Cargonanna

Boaarrapabl TepMONMKIIIK 3JEKTPOJUTTI MJIA3MAJBIK
OepiKTeHAipy TeXHOJI0TusIChI

Makanaza TEPMOLMKIAIK ODJICKTPOIMTTI IUIa3MajblK OCEpiKTeHAIpY TEXHOJIOTHs, COHBIMEH KaTap
UEKTPONUTTI IUIA3MAJIBIK  KbI3JBIPFBILITHIH ~ KYpbUIMAa epeKIIenikTepi cunarrainraH. TepMOLMKITIK
JNEKTPONIUTTI IUIa3MajbIK OJICIICH TYpii pexuMIepae OepiKTeHreH opramia KeMIpTeKTi OoJaTThIH
KATTBUIBIFBIH 3€PTTEY HOTHKEJIEpl KenTipiireH. bomarTapabl TEPMOLMKIJIIK 3JICKTPOJMTTI IUIa3MaJIbIK
OepiKTeHipy YICpIiCiH aBTOMATTaHIBIPHUIFAH PEXHUMIC JKY3ere achlpy MakcaTbhlHIa MaTepHaiiapabl
TEPMOLMKIIIK JJIEKTPOIUTTI IUIA3MANBIK  OCPIKTEHIIPYMIiH OHEPKACINTIK KOHABIPFBICH SKETIIIIpLIAL.
Yrinepain OeTiHae IIBIHBIKKAH KabaTTap aiblHIbI, OJNap/blH KaJIbHABIFEL opta ecenmeH 0,5-teH 10 mM-re
JeiiiH, an KarThulblFbIHBIH maMackl 750 HV. U; = 320 B xone U, = 200 B kepueynepiHge 3meKTpiiik
MNOTEHIMANIBl AIMAaCThIPbIn Kocy Oerri 10 MM TepeHaikke HeliH KbI3AbIpyFa MYMKIHAIK OepeTiHmiri
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ToKipube xKy3inae anbikTanasl. COHBIMEH KaTap, OSTTiK KabaTThlH KaTTHUIBIFBIHBIH eH yikeH MoHi (750 HV)
OepikTeHreH KabaTThIH KaJbIHABIFbIHA OaiJIaHBICTBI eMec. 3aTThiH OCpIKTEeHIeH KaOaThIHBIH KaTTHUIBIFBI CH
yiken mamanan (750 HV) Oacranker kyiineri mamara (280-300 HV) 6GipkasibinTel e3repicke ue 00ajbl.
XKerinmipinreH KOHABIPFBI SJEKTPIIK (U3MKANBIK ITapaMeTpiiepii, SFHU KepHEyJIepHiH MIaMachlH, OHICY
YZIepiCiHIH JKaJIIbl YaKbITHIH, KEPHEYAI KOCY MEH OIIipy YaKbITBIH KCH ayKbIMAa TYPJICHAIpyre MYMKIHIIK
Oepeni.

Kinm c93c)ep.' mjia3sMa, 3JIEKTPOJIUT, TEXHOJIOI' s, KYPBUIbIM, KaTTBUIBIK, TepMOL[I/IKIIZ[iK IIBIHBIKTBIPY.

b.K. Paxagunos, P.C. Koxanosa, FO.H. Tropun, JI.I'. XKypepona, XK.b. Cargonanna

TexHO/10rUsl TEPMOUMKINYECKOT0 JIEKTPOJUTHO-TIIA3MEHHOI0 YIIPOYHEHH S cTaJIei

B crarse onmcaHbl TEXHOJIOTHS TEPMOIHUKINIECKOTO 3JIEKTPOJIUTHO-IUIA3MEHHOTO YIPOYHEHHSI U OCOOCHHO-
CTH KOHCTPYKIIUH 3JICKTPOJIMTHO-INIA3MEHHOTO HarpeBarels. [IpuBeneHs! pe3ysbTaTsl HCCIeJOBaHUS TBEp-
JOCTU CpPeIHEYTIIePOAUCTON CTann, 00paboTaHHbIE TEPMOIUKIMIESCKAM JJIEKTPOIUTHO-TIA3MEHHBIM YIIPOU-
HEHUEM TIPH Pa3HBIX peXUMax. [ MpoBeNeHUsT TePMOIUKINYECKOTO 3JIEKTPOIUTHO-IUIA3MEHHOTO YIIPOU-
HEeHHUs cTajell B aBTOMATH3HPOBAHHOM peXHMe Oblia pa3paboTaHa MPOMBIIUIEHHAs YCTaHOBKA. bbum
MOJIy4€Hbl Ha TIOBEPXHOCTU 00pa3IOB 3aKaJeHHbIE CJIOU CO CPeIHHMHU 3HadeHUSAMH ToimuHbl oT 0,5 mo 10
MM " TBepAocTtd 10 750 HV. DkcnepuMeHTanbHO yCTaHOBICHO, YTO YePeIOBaHHUE BKIIOYCHHUS DIICKTpUYeE-
ckoro notenuuana npu Hamnpsokenud Uy = 320 B u U, = 200 B oGecnieunBaet nporpeB MOBEPXHOCTH U3EIIHA
Ha riayoune 1o 10 mm. IIpu 3TOM MakcuManbHast TBEpAOCTh oBepXxHOCTHOTO cinost (750 HV) npakruueckn He
3aBUCHUT OT TOJIIMHBI YIPOYHCHHOTO CJI0sl. TBEPIOCTH YHPOYHEHHOTO CJIOS U3/EIHS IUIABHO ITOHIDKAETCS OT
makcumansHo# (750 HV) x tBeproctr ocHoBEI (280-300 HV). PaspaboranHast ycraHOBKa IO3BOJISIET B IIIH-
POKHX IIpefeNnax BapbupOBaTh MEKTPOPH3NIECKHE TapaMeTPhl: 3a11aBaTh HAIPSDKEHNUS, IPOJIO0IDKUTEIFHOCTh
00paboTKH, BpeMs BKJIIOYECHUS U OTKITIOUCHUS HAPSIKCHUSL.

Knioueswie cnosa: nnaszma, 3neKTPOIUT, TEXHONOTHSA, CTPYKTYpa, TBEPJOCTb, TEPMOIMKINUECKAs 3aKalKa.
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Plotting the adhesion utilization curves for multi-axle vehicles

The paper presents a method for calculating normal reactions of the road bearing surface along the axles of a
multi-axle wheeled vehicle, upon which it is possible to construct the adhesion utilization curves for all vehi-
cle axles, considering that both independent axles and axles combined in balancing trolleys are present in the
vehicle suspension. The main idea of this method is developing a universal mathematical model for determin-
ing the horizontal coordinate of the center of elasticity (center of rotation) of a multi-axle vehicle body with
reference to which the normal reactions along the axles of the vehicle during its braking are determined.
In addition, with a known distribution of braking forces, the adhesion utilization curves are plotted.
In the overview part, an analysis is given that showed that there is no single methodology or recommenda-
tions today regarding determination of normal road reactions on the axles of a multi-axle wheeled vehicle.
The developed methodology can be applied in engineering calculations when checking multi-axle wheeled
vehicles for compliance with international requirements for brake systems (Appendix 10 to UN / ECE Regu-
lation No. 13). The universality of the proposed methodology allows recommendation for its implementa-
tion in the given Rules No. 13. The calculations of the adhesion utilization curves made on the example of a
4-axle vehicle showed that consideration of the design features of a multi-axle wheeled vehicle suspension
significantly affects the nature of the geometry of the adhesion utilization curves within the permissible limits
specified by UN / ECE Regulation No. 13 (Appendix 10).

Keywords: multi-axle vehicle, distribution of braking forces, braking force, braking performance, adhesion
utilization curves, off-road vehicle, multi-axle.

Introduction

From the theory of car, we know that during the designing process and serial tuning all wheeled vehi-
cles (WV) must be provided with the necessary braking performance in various conditions of their operation.
To control the assessment of this performance, the standards and regulations have been developed in interna-
tional practice [1, 2]. They provide for checking the geometry of the adhesion utilization curves of the WV
axles [3—10] in predetermined so-called «corridorsy, that ensure road safety due to the rational choice of the
brake system characteristics and implementation of the proper process of vehicle braking [11-17].

In regulatory documents [1, 2] evaluating the braking performance of a WV, the adhesion utilization

curve of the i-th axle (f;) of the wheeled vehicle can be determined based on the equation:

T.
=t 1
fi N, M
where T is the braking force on the corresponding i-th axle of a WV, N; N, is the road reaction to the i-th
axle of the WV, N.
The exact solution for (1) in the regulatory documents [1, 2] is proposed only for two-axle vehicles:
T
fi=—, @)
P+z—G
L

where P, is the normal road reaction to the corresponding i-th axle of the WV in static conditions, N; /4 is

the height of the WV center of gravity, m; L is the distance between the axles of the WV, m; z is the braking
coefficient of the WV; G is the WV weight, N.

An expression similar to formula (2) can also be obtained for a three-axle WV in which the rear two ax-
les are combined by the suspension in one so-called «balancing trolley» [18-20].

For multi-axle WVs [21], with three or more independent axles, it is necessary to develop original
methods for each individual case of layout of their axles when determining the reaction of the road.
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This approach is not always convenient when plotting adhesion utilization curves and determining the
braking performance of a vehicle, consequently the aim of this work is creating a methodology for calculat-
ing the reaction of road on the i-th axle of a multi-axle WV when constructing its adhesion utilization curves.

The object of this study is the process of determining the reaction of road on the i-th axle of a multi-axle
WV. The relevance lies in the rational determination of the nature of the distribution of the adhesion utiliza-
tion curves of the multi-axle vehicles in order to ensure road safety and increase the braking efficiency of
such vehicles.

Methodology for determining the road reaction on the i-th axle of a multi-axle WV

Work [22] offers to determine the reactions of road N, in the following form:
N, =P +AN,, 3)
where AN, is a dynamic component of the normal reaction of the road to the corresponding i-th axle of the

WV, caused by the appearance of the total braking force, which is equal to the inertia of the car, N;
The main advantage of this representation of quantity N, is the possibility of applying the so-called

principle of superposition of forces acting on the WV. Therewith, value P. in equation (3) is a reference and
depends on the distribution of the car weight relative to its center of gravity. Thus, when determining AN, ,
the mathematical and physical model of the WV is greatly simplified due to the lack of P and G quantities.

Structurally, such a physical model of a multi-axle vehicle can be represented in the form of a circuit
depicted in Fig. 1.

|

|

:

|

- Jé‘>—
A

///TT[

(T, Ty, T3, Tj 1> Tj, Tj+1, Tt Ty are braking forces on the corresponding axles of the n-axle WV;

1;, L, L1, 1, 1,1 are the distances between the corresponding axles of the n-axle WV; h is the height
of the center of gravity (c.g.) of the WV; P; is the inertia force of the braking n-axle WV).

Figure 1. Diagram of the structural physical model of the n-axle braking WV
Based on the studies [18], it is obviously possible to accept:
. G <
P =j—=2G=XT, @
g i=1
It is well known from mathematics and theoretical mechanics that in order to find # of unknown quanti-
ties (3), it is necessary to obtain a system of # equations.

Since the weight of a WV does not change during braking, we can write the first equation in the follow-
ing form:
SAN, =0. (5)
From the sum of the moments relative to poinlt: 14 (Fig 1), we obtain the second equation in the form:
Z(AN ZI Jz—z-G-h. (6)
k=2

From the scientific and technical literature [2, 18] we know that if, for example, some two axles j and
j + 1 are combined into a balancing trolley, then we can assume the equality for them:
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AN; AN, =0. ™)
Equation (7) may also have a different form, depending on the design of the balancer suspension. There
are as many such equations in the system as there are balancing trolleys in the design of the WV.
The practice of calculations [2, 18] shows that under the accepted assumption (7) the axles combined
into the balancing trolley can often be conditionally replaced by a reduced axle with loads:
N =N, +N;

]+1;

7(i+1)
Py =B+ B> ' ®)
AN, () =AN; +AN 3
Ty =T+ T

which is located at distance 0,5-/; from the corresponding axle (Fig. 1).

In this case, the displacement (rotation) of the WV body during braking can be schematically represent-
ed in the form of a diagram, which is shown in Fig. 2.

IR =~ b 2

§ c.c. =
3

C] (’2 C3 C}-[ q Cp Cn-l Cn ?
/77 777 777
a is the distance from the center of elasticity (c.e.) to the first axle; C;... C, are stiffness of the suspensions

of the corresponding WV axles; AX, ... AX, are deformation of the suspensions of the corresponding ax-
les; o is the angle of the body inclination relative to its initial position before the WV starts braking

Figure 2. Diagram of the rotation of the WV body during braking

From the diagram in Fig. 2 it is obvious that expression (5) can be rewritten in the form

n

Y (AX,-C,)=0. ©

i=l1
From Fig. 2 it is also obvious that:

AXl.zia—Zl:Zklj-sinoc, (10)
k=1

where if i = 1, the distance is /[, =0.
After substituting expression (10) in (9) and performing simple algebraic transformations, we obtain:

n

a'iCiZZ(Ci'ilk—lj' (11)
i-1 k=1

i=1
Dividing the numerator and denominator of expression (11) by the stiffness of the front axle suspension
and considering that at i = 1 the distance is /, =0, we obtain:
n Ci i
Z [C ) Z L j
a=" 2 (12)
1+ Zn: G
i=2 Cl
Assuming that during the transition of a vehicle from a running order to a loaded state its body moves
parallel to itself [23], we can assume that there is an equality:

AX] =const, (13)
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where AX;' is deformation in the i-th suspension when moving the body from the running order to the load-

ed state of the WV.
In that case, it is fair to accept:

S =const, (14)
AP
where AP is the difference between the loads on the i-th axle in the loaded state and running order of the
WV.
Thus, we can assume that:
C. AP
et Al (15)
¢ AR
after substituting expression (15) into (12), we finally obtain:
n( AP i
Z( A Pl 'Zlk_lj
g=2 1 k=1 ‘ (16)

n

1+ZAE

i AR

In equation (16), all components are the well-known reference data [24], which fact subsequently sim-
plifies the calculation of the distance from the center of elasticity to the first axle by dependence (16).

In this regard, the missing equations for the target system of equations can be determined by the follow-
ing procedure:

— after finding the distance from the center of elasticity to the first axle by dependence (16), we deter-
mine the position of the center of elasticity relative to the axles of the WV with index j and n. Moreover,
from Fig. 1 and Fig. 2 we know that if:

j-1
a=)1 ,thenforit AN, =0; (17)
i=l '

— for the axles to the left of the center of elasticity, from geometric relations and equation (10) for any
m-th axle the following relation is right:

m—1
a-Asz(a—Zlij-AXl,me m>1. (18)
i=1

Considering expressions (5) and (9), after the corresponding transformations for the m-th axle, we ob-
tain the equation:

1-£=— -—AP’”-ANl—ANmzo; (19)
a | AR

— for the axles located to the right of the center of elasticity, from geometric relationships for any p-th
axle the following is valid:

n—1 p-1
AXP(ZI:I"_CIJ:AX”(Z;Z"_G) (20)

After the transformations, which are similar to the transformations made earlier for expression (18), we
obtain the equation:

AN mad B = AN, =0 21
p_E' ,,21 : n Y ( )

n

Thus, from expressions (19), (21) we can obtain their missing number for the target system of equations.
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Plotting the adhesion utilization curves for multi-axle WV

After solving the statically indeterminable system by the method described above and determining the
increments of vertical loads on each WV axle during its braking, we find all values of vertical loads N; from

expression (3), and using expression (1) we plot the adhesion utilization curves.
As an example, we address the plotting of adhesion utilization curves for a four-axle truck, schematical-
ly shown in Fig. 3, with the parameters [22]:

— the distances between the axles are /, =2,03m, [, =2,62m, /; =1,4m;

— two rear axles are combined by a balancing trolley;
— axle loads in running order P, =25000N, P, =25000N, P, =49000 N, P, =49000 N (axle loads

in loaded state F,; =73500N, £, =73500N, F,; =131320N, £, =131320N);

— position of the coordinate of the center of gravity from the road surface when WV is in loaded state
h, =1,05m (position of the center of gravity coordinate from the road surface when WV is in loaded state

hg =1,55m);
Thus: AR, =P,, - P, =23500N, AP, =F,, - F,, =23500 N, AP, = AP, =51320N.

D
D
)

R
AS

-
<IN
-
=N

=
Z

N,

o~

Figure 3. The scheme of the forces acting on the four-axle truck when braking

We assume that the braking forces are realized the same on all axles, i e.:

4

T,=T,=T,=T,=0,25->T, . In this case, the system of equations, for example, for the WV in running or-
i=1

der, will have the following form:

i( >
AN" Zi Z_Z'hn' Pm’
’ a3 ia (22)

The results of calculations of the utilized adhesion made on the basis of the system of equations (22) us-
ing equations (1) and (3) are presented in Fig. 4 (a).

If we consider the same multi-axle vehicle, but without a balancing trolley, then the system of equations
(22) will take the form (23). The results of calculations of the utilized adhesion performed according to the
system of equations (23) using equations (1) and (3) are presented in Fig. 4 (b).

A comparative analysis of the results of calculations performed according to the systems of equations
(22) and (23) shows their significant discrepancy. This allows us to conclude that neglecting the type of sus-
pension when calculating the adhesion of a multi-axle vehicle is unacceptable, since this leads to significant
errors in calculating distribution of braking forces between the axles of such WVs.

The calculations of the utilized adhesion for a loaded vehicle according to equations (22) and (23) using
equations (1) and (3) also showed a significant discrepancy between the results. For convenience of analysis,
the results of calculations of a loaded WV utilized adhesion are depicted in the form of graphs in Fig. 5.
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=2 P =1

2
AP dl—a (23)
ANy =% | S |- AN, =0;
n4 le —a

P

(1—1—1)%-AN1 _AN, =0

a nl

As the analysis of the curves of the utilized adhesion of an n-axle WV showed, its distribution of brak-
ing forces depends significantly on the chosen calculation method.
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a) two rear axles are combined into a balancing trolley; b) two rear axles are not combined into a balancing trolley

Figure 4. The curves of the utilized adhesion of a four-axle WV in running order

The design of the axle suspensions of the n-axle WVs also affects the nature of the change in its utilized
adhesion; therefore, the methodology for calculating the curves of the utilized adhesion of a multi-axle WVs
must consider this when fulfilling the requirements of the UN / ECE Rules [1].

The analysis of the deviation in the average value of the utilized adhesion on the front axles for a four-
axle vehicle with a balancing trolley and with independent axles is determined from the expression:

max(ﬂu;ﬂi)—min(ﬂu;fa‘b)
A=
max(ﬁl“;fab)

where f,' is an average adhesion utilized on the front or rear axles of a multi-axle wheeled vehicle with in-

100% , 24)

dependent axles; fab is the average value of the adhesion utilized on the front or rear axles of a multi-axle
wheeled vehicle with a balancing trolley in its design.
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Figure 5. The curves of the utilized adhesion of a loaded four-axle WV

The results of the calculated deviation in the average value of the utilized adhesion on the front axles
and rear axles of a four-axle WV, when z equals 0.5, are summarized for convenience in Table 1.

Table 1
The average deviation of the utilized adhesion of a four-axle WV
Parameter A £ A, % A £ A, %
Mode WYV in running order WYV in loaded state
Front 0,39 0,395 1,27 0,48 0,495 3,03
Rear 0,7 0,69 1,43 0,53 0,54 1,85

The table shows that, with an average deviation in the calculation results not exceeding 1.5 %, the
curves of utilized adhesion shown in Fig. 4 significantly differ from each other by the nature of their geome-

try within the established limits [1].

A similar trend is also observed for a loaded multi-axle wheeled vehicle (Fig. 5). Moreover, the per-
centage deviation of the average utilized adhesion is almost doubled in comparison with the average value of
the utilized adhesion of the WV in running order.

Table 2
Deviation of the WYV utilized adhesion from its average value
Parameter A e A, , % A, % A 1 A, , % A, ,%
Mode WYV in running order WYV in loaded state
A 0,36 0,37 7,69 6,33 0,42 0,45 12,5 9,09
fs 0,42 0,42 7,14 5,95 0,54 0,54 11,11 8,33
JA 0,58 15,94 0,43 20,37
0,7 0 0,53 0
fa 0,8 13,75 0,64 15,63

The deviation of the utilized adhesion from its average value (Table 2) showed that in calculation of the
utilized adhesion for the WV with a balancing trolley in suspension the error A, will be bigger when calculat-
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ing the utilized adhesion of the front axles; and without such a trolley in the suspension the deviation A, will
be bigger when calculating the utilized rear axle adhesion.

It should be noted that the error in determining the utilized adhesion above 15 % is not permissible for
engineering calculations, since under actual operating conditions of a multi-axle wheeled vehicle this can
lead to a violation of road safety and, as a result, to injury of the road users.

Conclusions

The proposed method for calculating the distribution of normal reactions between the axles of an n-axle
wheeled vehicle allows taking into account the design features of the car suspension when determining the
adhesion utilization curves on its respective axles.

The universality of the proposed methodology for calculating the distribution of normal reactions be-
tween axles of an n-axle wheeled vehicle makes it possible to optimize the process of assessing the distribu-
tion of brake forces of a vehicle, both with a balancing trolley and with vehicle axles independent of each
other.

The developed methodology for calculating the distribution of normal reactions between the axles of an
n-axle wheeled vehicle can be used in engineering calculations when testing multi-axle vehicles for compli-
ance with the international requirements of brake systems, Appendix 10 to Regulation No. 13 UN / ECE.

The performed calculations of the adhesion utilization curves, using the example of a 4-axle WV,
showed that consideration of the design features of the multi-axle wheeled vehicle suspension significantly
affects the nature of the geometry of the adhesion utilization curves within the permissible limits established
by UN / ECE Regulation No. 13 (Appendix 10).

Analysis of the average deviation in the results of calculating the adhesion utilization curves with an er-
ror not exceeding 1.5 % for the WV in running order and 3 % for the WV in loaded state showed that the
nature of the geometry of the adhesion utilization curves within the zone established by international rules
UN / ECE No. 13 depends significantly on the type of a multi-axle wheeled vehicle suspensions.
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KemnochbTi K6JIik Kypajaapsl YiliH LIiHiCyai
JKy3ere achbIpaTblH KHCBIKTAPAbI KYPY TYpPAaJibl

JKymbicTa KOMOCHTI JOHFANAaKThl KONIK KYPAIbIHBIH OChTepi OOMBIMEH JKONIBIH TipeK OCTiHIH KaJbIIThI
peaKkIMsUIapblH  €CenTey oici YCHIHBULABL, OHBIH HETi3iHAe aBTOMOOWIBAIH CYCHCH3WSCBIHAA TIYeICi3
OCBTEpIiH ne, Teme-TeHIIK apbaiapbiHa OIpIKTIpUIreH ochbTepiaiH e OONybIH ecKepe OTBIPHIN, KOJiK
KYpaJIbIHBIH OapiblK OochTepi OOMbIHINA LTiHICY KHUCHIKTApBIH Kypyra Oonanbl. Byn smicTiH Herisri uiesce
KOIIOCHTI aBTOMOOWMJIb KOPITYCHIHBIH CEpIIMALTIK OPTAIBIFBIHBIH (alfHally OpTaJbIFBIHBIH) KeJICHEH
KOOPJMHATAChIH aHBIKTayIbIH oMOe0al MaTeMaTHKAJIbIK MOJIEIIH xacay OO TaObUIaIbl, COHBIH HEri3iHae
KOJIIK KYpaJIbIHBIH OChTepi OOMBIMEH KAaIBINTHI PEaknusulap OHBIH TEXeTy HpOLEciHIe aHBIKTalajbl, ajl
TEXKETII KYIITepAiH OeNTini TapalybIMeH JKy3ere achIpbUIATHIH LTIHICY KUCHIKTaphl Aa TYpreI3putansl. [lomy
Gemiminze OYriHri KyHi Kem OUTIKTI TOHFalakThl KOJIIK KYPAaJbIHBIH OCHTEPIHAEri JKOJIBIH KaJbINThI
peaKLsIapbIH aHbIKTayFa KaThICThI GipbIHFall oficTeMe HeMece YChIHBICTAp XOK €KEHIH KOPCETETIH Taiiay
KeNTipiireH. O3ipJieHreH oficTeMe Kom OUTIKTI JOHFaJaKThl KoK KypajIapblHbIH TEXETill Kyienepre
KOMBUIATHIH XaJIbIKapaJblK TalalTapFa COMKECTIriH TeKcepy Ke3iH/e HHKEHEPIIK ecenTeyepae KOJIIaHbUTybl
mymkin (UN/ECE Ne 13 Epexecinig 10-mbl KOCHIMIIAchHl). ¥YCHIHBUIFAH OICTEMEHIH oMOeOanThIFbI
JKOFapbIna ataral Epesxenepi eHrisyzie YChIHBIC jkacayFa MYMKIHIIK Oepeni. TepT oChbTi KoK KypabIHEIH
MBICAJIBIH/IA JKY3€Te achIPbUIATHIH LTIHICY KHUCBHIKTApHIHBIH OpBIHIAJFAH €CeNTeyJepi KOIOCHTI NOHTEeNeKTI
KOJIIK KYpaJbIHBIH aclla KYpBUIBIMBIHBIH epekmienikrepin ecenke anry UN/ECE Ne 13 Epexenepinme
(10 KocbiMinia) OenriieHreH pykcaT eTireH I[IEKTeyJdep ULICriHAe JKY3ere achIpbUIaThIH  LIiHICY
KUCBIKTapBIHBIH OPHAJIACY CHIIATHIHA AiTapIIbIKTall 9Cep eTEeTiHIH KOPCeTTi.

Kinm ce30ep: KemochkTi KeJIK Kypasbl, TeXKETill KYIITepAiH Tapaiaybl, TEXETrill KyIli, TeXey THiMIITiri,
UTiHICY KUCBIKTapBI, dKOFaPhI KbUIAAM/IBIKTHI aBTOMOOHJIb, KOIIOCHTI.

B.A. boromonog, B.1. Knumenko, JI.H. JIeonThes,
C.B. Ilonukaposckas, A.A. Kamkanos, B.}O. Kyuepyk

O nocTpoeHuM KPUBBIX peajin3yeMoro cluenieHus
JJIs1 MHOTOOCHBIX TPAHCHOPTHBIX CPEACTB

TpeiokeH METO pacyeTa HOPMaJIbHBIX PEAKLMid OMIOPHOM MOBEPXHOCTH JIOPOTH 10 OCSIM MHOT'OOCHOTO KO-
JIECHOTO TPAHCHOPTHOTO CPEACTBA, HA OCHOBE KOTOPOTO MOXKHO HMOCTPOMTb KPUBBIC PEaM3yeMOro CLeIIe-
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HHS 110 BCEM OCSIM TPAHCIIOPTHOTO CPEJCTBA C y4€TOM HalIHW4Yus B MOJBECKE aBTOMOOMIISA KaK HE3aBHCHMBIX
oceil, Tak M ocel, 00bEIMHEHHBIX B OamaHCHpHBIE Tenexkd. OCHOBHAs MIEs 3TOro METOJa 3aKII0YaeTCs B
pa3paboTKe yHHUBEPCAIbHOM MaTeMaTHYeCKOH MOMAENU ONpeNeNIeHUs] TOPU30HTAIBHON KOOPAWHATHI IEHTpPa
yIpyroctu (IEHTpa IOBOPOTa) Ky30Ba MHOTOOCHOTO aBTOMOOWIIS, Ha OCHOBE 4YEr0 M ONPEIENSIOTCS HOp-
MaJIbHBIE PEAKIMH 110 OCSIM TPAHCIOPTHOTO CPEICTBA B IIPOIECCE €r0 TOPMOKEHUsS, a MPU W3BECTHOM pac-
TIPEEJICHU TOPMO3HBIX CHJI CTPOSITCSL M KPUBBIE peann3yeMoro clemuieHus. B 0030pHoH JacTh nmpuBeaeHs!
JTaHHbIC aHaJIM3a, KOTOPHII MOKa3ajl, YTO HA CETOJHSIIHUI JIEHb OTCYTCTBYIOT €IHHAs METOAMKA MU PEKO-
MEHJAIlMU B OTHOIIEHHM OIpPEAECNICHUs] HOPMANbHBIX PEaKIUi JOpPOTHM Ha OCSX MHOTOOCHOTO KOJIECHOTO
TpaHCHOPTHOTO cpeAcTBa. PaspaboTanHas MeTOAMKA MOXKET ObITh MPUMEHEHA B MHXKEHEPHBIX pacueTax Mmpu
MpPOBEPKE MHOTOOCHBIX KOJECHBIX TPAHCIIOPTHBIX CPEACTB HA COOTBETCTBUE MEXIYHAPOJHBIM TPEOOBaHUAM
k Topmo3HbiM cucteMam ([Ipunoxenue 10 k [IpaBunam Ne 13 UN/ECE). YHuBepcanbHOCTh MpPEIIOKESHHOI
METOJIVIKY TT03BOJISICT PEKOMEHIOBATH €€ K BHEIPEHUIO B YKa3aHHBIX BhIIe [IpaBunax. PacueTs! KpuBBIX pea-
JIM3YEeMOTO CIEIUICHUS Ha IPUMepe YETHIPEXOCHOT0 TPAHCIIOPTHOTO CPEACTBA ITOKA3aNIH, YTO yIeT 0COOCH-
HOCTe! KOHCTPYKIUH IOJBECKH MHOTOOCHOTO KOJIECHOTO TPAHCHOPTHOTO CPE/ICTBA CYIIECTBEHHO BIIMSIET HA
XapakKTep PacHoJIOKEHHUS KPHUBBIX PEAM3yeMOro CLEIUIEHHs B Ipejeax JOIYCTHMBIX OTpaHHYeHHH, ycTa-
HosieHHBIX [IpaBmmamu Ne 13 UN/ECE.

Knioueswie cnoéa: MHOroocHO€ TPaHCIOPTHOE CPEJCTBO, PACMpeeIeHHe TOPMO3HBIX CHII, TOPMO3HAs CHJIa,
3¢ (HEKTUBHOCTb TOPMOXKEHHUS, KPUBBIC PEATH3YEMOr0 CLEIUICHHS, aBTOMOOWIb IOBBIIICHHOH MPOXOIMMO-
CTH, MHOTOOCHHK.
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Quaternion Method of Calculating Angles while Measuring via
Goniometric Precision Instrument System

The article is devoted to the topical problem: increasing accuracy and performance of angle measurements
necessary in various branches of science and technology. One of the ways of increasing accuracy and perfor-
mance of angle measurements is using modern algorithmic methods and mathematic devices for processing
measurement information. Thus, in order to increase accuracy and speed of angle measurements on the ex-
ample of the well-known goniometric precision instrument system (GPIS), it was offered quaternion calcula-
tion of angle values while performing goniometric measurements in the work. The efficiency of quaternion
calculation is unquestioned as quaternions unlike other traditional methods (in particular matrix with the use
of Euler angles, direction cosines) are presented only with four parameters describing angle positions of the
objects and have only one connection equation unlike six equations for matrix methods, in particular for di-
rection cosines. The suggested quaternion calculation is used in GPDS as general theoretic and information
basis of contactless precision goniometric measurements in preliminary setting navigation sensitive elements
(NSE), plane angles, pyramid prisms etc. The usage of the developed quaternion calculation enabled to in-
crease accuracy by 0,25" (in 3 times) and measurement performance in 9 times (up to 6.5 sec.) in comparison
with the famous ones. Applying quaternion calculation of angle values implies using a smaller RAM capacity
of PC that increases performance of system work. Besides, a smaller amount of mathematic operations per-
formed in quaternion way of calculating angles, except increasing performance, enables to decrease a round-
ing error in calculation results that is accumulated in multiple measurements and may reach great values.
Thus, accuracy and performance of measurements increase.

Keywords: quaternion, goniometric system, accuracy, performance, measuring angles, precision.

Introduction

Setting the general problem. Precision angle (goniometric) measurements serve as an important met-
rological task aimed to provide quality of production. Precision angle measurements are conducted in var-
ious branches of machine-building and instrumentation (for example, in producing such precision joints
and parts as direction ones like «dovetail» joint, conical seats of precision axes, optical prisms etc.),
in preliminary setting navigation sensitive elements (NSE) [1] (accelerometers and gravity meters used in
modern systems of orientation and navigation in directing the motion of different moving objects — cars,
aircraft systems of various purposes, systems of artillery shells guiding), verification of dividing heads [2],
determining straightness tolerance of positioning work benches angles, rounding error of measuring auto-
mated-measuring systems [3] etc. At the same time the branches of applying angle measuring means
are constantly being expanded and their quality is also dramatically increasing, in particular, their quality;
besides, their functional abilities are expanded, the automation of measuring and processing measurement
information is provided.

One of the topical ways to increase accuracy and performance of goniometric systems, for example, a
famous goniometric precision instrument system (GPIS) [5] is using modern algorithmic methods and
mathematical apparatus for processing measurement information, in particular, mathematical apparatus of
quaternions.

Famous research and publications analysis. [1-9] showed that mathematical apparatus
of quaternions may be successfully applied in tasks of spatial measurement of angles and enables to in-
crease performance and accuracy. It relates to the fact that unlike other classic methods (in particular,
matrix ones), quaternions are introduced by four parameters only describing angle positions and have
only one constraint equation unlike six equations for classic matrix methods, in particular, for direction
cosines.
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Thus, in works [1, 2] it was introduced the research results of two algorithms of auto-collimation
measurements of object’s spatial turn based on the matrix and quaternion models. It was shown the ad-
vantage of a quaternion algorithm according to the criterion of reducing measurement rounding error.
However, the issue of applying quaternion calculation in angle measurements via modern goniometric sys-
tems are fragmentary shown. It was introduced a new quaternion filter for gyroscopes and accelerometers
in spatial measurement of angles in the work [3]. So called projected quaternion is calculated by the au-
thors on the basis of angle speed of a gyroscope. It was shown by the authors that application of quaterni-
ons increases efficiency of calculations and measurement accuracy. However, unfortunately, the practical
aspects of work are only partially shown.

The authors developed quaternion algorithm of determining angular rotation with high calculating ef-
ficiency in any positions of measurement objects in the article [4]. It was proved by the authors the oppor-
tunity of increasing accuracy and rate of angle measurements. However, the issues of applying quaternions
in modern goniometric measurement systems while measuring plane angles of polygonal prisms,
pyramidality of prisms and other production objects are not considered.

In the work [5] it was introduced the results of calculations concerning measured angles in spatial
turns of the objects. The issues of measuring plane angles of polygonal prisms, pyramidality of prisms and
other production objects are not considered by the authors. In the work [6] it was given the results of qua-
ternions application in the formalized description of objects angle motion; it was proved their advantage
over other mathematical methods. The issue of applying quaternions in goniometric measurements is not
considered by the authors. In the work [7] it was stated that quaternions application is of a special im-
portance in cases when quaternion is used not only for setting object’s orientation in three-dimensional
space, but also for determining some additional scalar value. Practical aspects of applying quaternions in
goniometric measuring plane angles of polygonal prisms, prisms pyramidality and other production ob-
jects, except NSE, are not highlighted.

In the work [8] it was introduced the results of modelling a quaternion algorithm of determining spa-
tial angles via accelerometer and gyroscope that demonstrate its advantage. However, the possibility of
using quaternions in other goniometric systems is not considered.

In the work [9] it was considered the application of quaternions in auto-collimation measurements of
the preliminary setting NSE and it was determined its efficiency compared to the matrix method. The giv-
en results of computer modelling prove the efficiency of quaternion models for increasing accuracy of an-
gle measurements.

Thus, the perspective of applying quaternions in precision goniometric measurements regarding to
the experience obtained, is unquestionable. At the same time the issue of applying quaternions in precision
goniometric systems, for example, a famous goniometric precision instrumental system (GPIS) [10], have
not been considered yet.

Highlighting the unsolved part of the problem set. Thus, it is possible to claim that despite essential
scientific and practical achievements the problem of measuring values of plane angles with high precision
and performance has not been solved completely. Rounding errors of the vast majority of modern gonio-
metric systems are unacceptably large and comprise from 1” till 0,12". Impossibility of applying such go-
niometric systems is caused by the fact that according to the international standards of quality, modern
production always sets tougher and tougher requirements concerning accuracy and performance of meas-
urements. One of the most effective ways of increasing accuracy and performance of angle measurements
is developing new and improving well-known devices and measurement apparatus for processing meas-
urement information including mathematical apparatus of quaternions.

The purpose of the article implies offering quaternion calculation of angle values to provide increas-
ing accuracy and performance in goniometric contactless measurements via famous IPAMS, with prelimi-
nary setting NSE, plane angles, prisms pyramidality etc.

Description of the suggested quaternion calculation of angles

Goniometric precision instrumental system (GPIS) [10] (Figure 1) developed on the basis of preci-
sion angle-measurement system GS1L [12] (ARSENAL SDP SE (Kyiv, Ukraine)). GPIS may be applied
for contactless precision goniometric measurements with preliminary setting NSE, plane angles, prisms
pyramidality and other production objects, optical glass index deflection.
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Figure 1. GPIS Scheme: 1 — side bar; 2 — printer; 3 — rectifier; 4 — power supply unit; 5 — voltage stabilizer;
6, 14 — box for implements; 7 — measuring bar; 8 — rotating device with angle converter and subject board;

9 — autocollimator; 10 — spectral (laser) emitter; 11 — panel of switches and control lever; 12 — side bar with the
unit of initial processing and managing information; 13 — personal computer (PC)

In order to increase accuracy and performance of GPIS it is offered to apply the previously developed
methodology of calculating necessary amount of measurement in multiple observations [13], algorithmic
correction of measurement results [14] and the suggested quaternion measurement of angles in goniometric
measurements based on the theorems and axioms of quaternions Algebra in a complex and serves as a gen-
eral theoretic and information basis of defining various angles in preliminary setting NSE, plane angles,
prisms pyramidality and other production objects. Applying the stated methodology of calculating the neces-
sary amount of measurements and algorithmic correction of measurement results [13, 14] as for processing
measurement results in complex with the suggested quaternion measurement of angles in goniometric meas-
urements will enable to conduct measurements of IPAMS with the increased accuracy and performance. De-
scription of methodology for calculating the necessary amount of measurements in multiple observation and
algorithmic correction of measurement results is introduced in sources [13, 14].

In general, quaternion ¢ itself is a structured four of real numbers s, a, b, ¢, connected in between via
four basic elements /, i, j, k (Figure 2), and have the following properties: i’ = j° =k’ = —1; ij = k; j-k = i;
kei = joi = —k; kj = —i; i-k= .

[ REALNUMBERS |
Basic elements
1
| COMPLEX NUMBERS | | [  VECTORS IN SPACE |
Basic elements Basic elements
Li i j, k
[ QUATERNIONS |
Basic elements
Lij k

Figure 2. Numeral systems and basic elements of quaternions

Quaternion ¢ is introduced in different ways:
_as a sum of two quaternions: scalar (s) 1 vector (a-it+bjtc-k), that is
q= S(q)+ v(q) = [Scalar ; (vector )]
— as a number and 3D-vector, that is as a hyper-complex number with three imaginative units i, j, k,
thatis g = [s,a,b,c]: [scalar,(vektor)]z [s,(a,b,c)]:s-1+a-i+b-j+c-k =s+V.
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— as a vector — a quaternion looks like a vector in case its scalar part is equal to zero:
g(vector)=a-i+b-j+c-k;scalar=0;

0] .o, . . . . ® N0
— as asum COSE and smE in solving goniometric tasks, that is g(v,®) = cosE+v-sm5, where v

— a unit vector, co-directed with pivot axis; ® — angular rotation.

An important peculiarity of quaternions lies in the fact that their subset comprises real numbers
(s, 0,0, 0); complex numbers (s, a, 0, 0); vectors in three-dimensional space (0, a, b, c¢), and the law of
commutativity is not obeyed in performing multiplication while multiplying quaternions, that is

9192 492 9.
Besides, three imaginative basic units i, j, k£ of quaternions may be interpreted as basic vectors of Carte-
sian coordinates system XYZ in three-dimensional space (Figure 3).

M(a,b,c,)

Figure 3.

While conducting GPIS goniometric measurements in three-dimensional space, for example, in prelim-
inary setting NSE angles, at the last stage it is necessary to fix the reflecting element, for instance, a mirror,
sensitive to its movements. NSE setting is conducted before navigation system functioning via the method of
angle coordination, enabling to reach higher accuracy and comprises comparison of angle position of coordi-
nate system of the local coordinate system xyz NSE regarding axes of absolute, in advance adopted Cartesian
coordinate system (Figure 1, a). In this case, NSE turns will be defined as altering position of coordinate sys-
tem xyz of reflecting element regarding Cartesian coordinate system XYZ, connected with GPIS autocolli-
mator (Figure 4, b).

Figure. 4. Example of setting NSE (pendulum accelerometer): a — rounding error of setting,
b — position of light-reflecting element coordinate system xyz regarding Cartesian coordinate system XYZ
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The position of NSE is described by turns of axes XYZ in coordinate system of autocollimator into an-
gles w, 6 v, accordingly. The result of some sequence in NSE movements while its setting is a turn in coordi-
nate system XYZ to a certain angle XYZ regarding the axis, collinear to the unit vector (Fig.4, b). Correcting
movements as for setting initial NSE coordinates and its levelling may be introduced via quaterni-

ong,(v;p) = (cos 2 —~ + vsin —) and sequence of movements — via corresponding turn parameters
— product of proper quaternions, introduced via expression (1):

o, .. O,

v;w) = (cos ——+ isin —
g, (v;o) = ( 5 5 )’
q,(v; 9)=(cose—k+ jsina—k)
2 2 1
, (1
g;(v; ) = (cos 5 +ks1nw").

Product Q of quaternions ¢,(v; ), ¢2(v; ), g3(v; v), is calculated by formulae (2) performing multipli-
cation operations according to the rules of quaternions multiplication:

OW; p) = (cos%+zsm—) (cos%+]sm—) (cos 5 £+ ksin l//") S+id+ jB+kC, 2)

where S = cos—"cosﬂcosﬂ—sin&sin&sinﬂ;
2 2 2 2 2

2
) ) o, . 0, .
A :smﬂcos—"cosﬂ+cosﬂsm—ksmﬂ;
2 2 2 2 2 2
B:cos&sinﬂcosﬁ—sin&cos&sinﬁ;
2 2 2
. . 0 o .
C = sin 2 sin 2= cos Z- + cos Lk cos - gin Lk
2 2 2 2 2

For example, while setting NSE it was performed turns @ = 10° d=27° w=40°. Hence the beam of
a circular laser [IPAMS will be reflected from the reflecting element, fixed on NSE to CMOS-matrix
of IPAMS autocollimator at an angle of 50°52" with coordinates (0.158, 0.189, 0.350) calculated in the fol-
lowing way:

q1(v;10)-g,(v;27)-q3(v;40) =

10 10 27 27 40 40
= (cos —+isin —)-(cos —+ jsin —)-(cos —+ ksin —) =
( > 2) ( S > )+ ( > > )

cos 24 .43 + (i0.158 + j0.189 + £0.350 )sin 25.43 =
= 50.86 + (i0.158 + j0.189 + k0.350 ) = q(v; 50°52").

While conducting goniometric measurement of plane angle values, for example, polygonal prisms with
n-number of facets, the lengths of which comprise /y, /;, ..., /, and proper angles ¢, where ke(0, 1, ..., n);
if each vertex is connected with right Cartesian coordinates system with unit basis i, j, £ (Figure 5), it is pos-
sible to use the normalized quaternion as:

q,(v; @) = (cos (02 +vsm¢2—k, (3)

where: v — unit vector, regarding which the value of angle ¢, v (i, j, k) is figured out
¢ — flat angle value;
k — ordinary number of angle (facet), k€(0, 1, ..., n).
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Figure 5.

Each n-vertex of polygonal prism is connected with Cartesian coordinates system with unit basis i, j, k
(Fig. 5). Resulting this, n of coordinates system is formed, each system is supplied quaternion in accord-
ance (3). Then, for each vertex (and angle accordingly ¢ | k€(0, 1, ..., n)) of polygonal prism, it is possible
to form a proper quaternion g{(v; @), ¢2(v; @), ..., g, (v; @,).

Quaternions of plane angles in polygonal prism ¢ in three-dimensional space of coordinates system
with basis i, j, k is convenient to introduce in the form of a vector in the following way:

Dy

D . . Dy
; jsin —; ksin —). 4
J 5 2) 4

q,(v; ¢) = (cos BN i sin 2k

At the same time, if proper quaternion (4) constituents equate zero, angle ¢; will be defined regarding
one or two coordinates axes of right Cartesian coordinates system with unit basis i, j, k. Thus, for example, if
angle ¢, is defined regarding axis X, then quaternion (4) will have the following simple expression:

g,(v; 9) = (cos (”7 i sin "’7 0;0).

Quaternions of so-called exponential angles £ (Fig. 5) in three-dimensional space of coordinates system
with basis i, j, k are convenient to introduce in vector form in the following way:
B oo Bi. .. P . S
v; = (cos —=;isin ——; jsin ——; k sin —), 5
q,(vi B) = ( 5 5+ 5 5 )
2
where S, = arccos(l+ ﬁ) , figured out via cosines theorem, where R — radius;

k — ordinary angle number, k€(0, 1, ..., n).

In a similar way, if angle £ is defined regarding certain coordinates axis of right Cartesian coordinates
system, collinear to one of the vectors of basic elements i, j, k, then corresponding constituents of quaternion
(5), connected with other basic elements, will equate zero. In this case quaternion (5) will have a simple
form.

For example, presenting quaternion (5) in the form ¢, (v; f) = (cos 475; 0; jsin 475; 0),

means that exponential angle /3, between 2nd and 3rd vertices of polygonal prisms (Fig.5) equals 45° and it
was determined regarding axis Y of right Cartesian coordinates system, collinear to unit vector j and basis
LJj, k.
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Taking into account properties of quaternions, their application for calculating angles in goniometric
measurements of GPIS in preliminary setting NSE, plane angles, prisms pyramidality etc., enables to figure
out directly angle values, and also axis of rotation and coordinates of laser radiation reflection onto CMOS-
matrix of GPIS auto-collimator.

Random examples of quaternion introduction of angles in absolute right Cartesian coordinates system
with basis i, j, k, are introduced in Table 1.

Table 1
Random examples of quaternion introduction of angle values in absolute right
Cartesian coordinates system with basis, i, j, k
Results of turns
Lfgﬁgi&ﬁ;ﬁ taeI;gsl;sstSn]? Arfeg; réhng Position of vector v regarding basis
T of absolute coordinates system X, ¥, Z

® ° y/o 1) i ] k

5 5 5 9 0.45 0.45 0.42
7 7 7 12°47' 0.64 0.64 0.57
10 27 40 5052’ 0.158 0.189 0.350
60 25 70 82°5' 0.5070 -0.1269 0.3967
60 25 70 101°52/ 0.5070 -0.1269 0.5736
60 25 70 101°52/ 0.2923 0.4333 0.5736
60 25 70 82°5' 0.2923 -0.1269 0.5736
60 25 70 101°52 0.5070 0.4333 0.3967
90 90 — 120 0.5 0.5 0.5
— 90 90 120 -0.5 0.5 0.5
50 40 — 63°17' 0.397 0.31 0.145
- 50 30 57°52' 0.11 0.409 0.236
53 53 — 74 0.399 0.399 0.199

In general, the algorithm of quaternion angle calculation in IPAMS may be introduced in the following
sequence of steps:

1. Angle description via product of proper quaternions in expressions (1), (2);

2. Resulting quaternion calculation in accordance with quaternions characteristics:

— commutativity and associativity in addition: 91 +42 =42 + 41, @+ @)+ =0 +(0+05),
— non-commutativity in multiplication: 41927924,
— associativity in multiplication: (4,-¢,)-¢,=¢,-(¢,-4,) »

— distributivity: 92 +4:)=41-9: +4, -4,

3. Definition of angle, direction and coordinates of light beam reflection to CMOS-matrix of [IPAMS.

Application of the quaternion method of calculating angles in goniometric measurements IPAMS im-
plies performing 29 mathematic operations, in particular 16 multiplication operations, 12 addition operations
and 1 operation to figure out angle arccosine. While applying classic matrix method engaging Euler’s angles,
described in sources [15], it is necessary to fulfil 45 mathematic operations, in particular 30 multiplication
operations, 15 addition operations and 3 operations to define arccosines of angles in the similar case.

It is obvious that applying quaternion calculation method enables to decrease the number of mathematic
operations in 1.55 times compared with classic matrix methods of angle calculation. At the same time, taking
into account the fact that multiple observations are applied in measurement, the number of results N may be
quite large, so it obviously leads to decreasing the time spent and RAM capacity of computer system of
IPAMS. Measurement performance increases due to this fact. In general, a complex approach to applying
quaternion methods of calculating angles and other methods and means of automated processing of meas-
urement information in GPIS, described in sources [6, 10, 13, 14] enabled to increase performance of goni-
ometric measurements in 9 times (up to 6.5 sec) in comparison with well-known goniometric means [12, 16].
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The developed algorithm of GPIS functioning and software allowing application of a quaternion meth-

od and measuring GPIS angles in the automatic mode with the
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Increasing accuracy of goniometric measurements GPIS in applying the suggested quaternion method
of angles calculation is reached due to a smaller number of mathematical operations. It allows reducing
rounding errors for both end and intermediate results of calculation that are accumulated in multiple meas-
urements and may reach rather large values. In general, application of a quaternion method of calculating
angles in IPAMS in complex with other methods and means of automated processing measurement infor-
mation, described in sources [5, 10, 13, 14], enabled to increase accuracy in 3 times (by 0.2"), compared to
famous goniometric means [12, 14].

Conclusion

1. It was introduced a quaternion method of calculation in goniometric measurements that serves as a
basic theoretical and information ground for contactless precision goniometric measurements GPIS, with
preliminary setting NSE, plane angles prisms pyramidality etc.

2. Application of a quaternion method of calculation in GPIS enables to expand its functional abilities,
providing measurements of angle values in three-dimensional space with preliminary setting NSE, and also
plane angles of polygonal prisms, and may be used in determining prisms pyramidality and other production
objects, index of optical glass deflection.

3. It was defined that quaternion models enable calculation of angle values with preliminary setting
NSE, plane angles of polygonal prisms and may be applied in determining prisms pyramidality and other
production objects, index of optical glass deflection. Applying quaternion models of calculating angle values
requires a smaller RAM capacity of PC and increases measurement performance.

4. A comparatively smaller amount of mathematical operations performed via quaternion method of
angles calculation enables to reduce rounding errors in calculation results accumulated in multiple measure-
ments and may reach larger values. Thus, measurement accuracy increases.

5. Application of quaternion method of angles calculation in GPIS enabled to increase accuracy by 0.2”
(3 times) and measurement performance from 6.5 s (9 times) compared to the well-known goniometric
means.
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N.IO. Yepenanckas, A.1O. Cazonos, H.W. Kpymnnckas, B.A. Ilpsako, H.B. JIykuntok

TI'oHMOMeTPHSIJIBIK 19J1 ACTANTHIK ’KyileMeH oJiIey Ke3inge
OyphBIIITAPABI ecenTeyliH KBaTePHUSIJIBIK dfici

Makasia FBUIBIM MEH TEXHHKaHBIH op TYpPJIi cajajapblHAa KaKETTi OYpBIITHIK OJIIeYIepAiH AJIIrT MeH
JKBUIIAMIBIFBIH  apTTHIPYABIH ©3€KTI MOCeNeCiHe apHajlFaH. DBYpPBINTHIK emeyiaepaiH Joiuiri MeH
JKBULIAMBIFBIH apTTHIPYABIH JKOJBI — OJIIISY aKMapaThlH OHJEY YIIIH COHFBI aJTOPUTMIIK 9AIiCTep MEH
MaTeMaTHKAaIBIK KYPbUIFbUIapAbl KoigaHy. COHABIKTaH, OYpBINTHIK OJIICYIepAiH QNI MEH acep eTyiH
apTTHIPY MaKCaTBIHIA XXyMbIcTa OGenrili TOHMOMETPHSUIBIK mon actanthlk sxyHeniH (ITAXK) mblcansina
TOHHOMETPHSUIBIK, OJIICYJIeperi OyphITap/AblH IIaMaJIapblH CAaHJBIK €CEeNTey YCHIHBUINBL. KBaTepHUOHIIBI
ecenTeymiH THUIMIUIr KYMOH TyIbIpMaiibel, OHTKeHI 6acka IocTYpill ofiCTepaeH ailbIpMaIlblIbIFEI, KBaTep-
HUOHZAp (atam aliTkaHza Oiinep OypbIUTApPBIH KOJAAHATBIH MaTpULaiap, KOCHHYC OaFbITTayIIbLIaphl)
o0beKTiNepiH OYpPBIITHIK TTO3ULMSIIAPEIH CUIIATTAHTBIH TOPT NapaMETPMEH FaHa YChIHBUIFAH JKOHE alThlIaH
afpIpMaIIbUIBIFBl Oip FaHa OaiimaHeic TeHAeyi Oap, MaTPUUANBIK SAICTEp YIIIH, aram aWTKaHAa, KOCHHYC
OarpITTaylIbUIAPbIHA apHAjJIFaH. ¥YCHIHbUIFAaH KBaTepHUOHABI ecentey ['JIAXK OarpiTTarbim cesimran
anementTepain (BCD), xa3blk OypbIITapABIH, NPU3MaIapAblH NUPAMHUIATBIFBIHBIH XKOHE T.0. aJiblH ana
KOpCeTy YIUIH >KaHACHAaNTBIH [0 TOHHOMETPHUSUIBIK OJIIEMIEPAIH JKajllbl TEOPHSIIBIK-aKIapaTThIK Herisi
perinne maiimamaHeUIABL.  O3IpICHTeH KBaTCPHHOHABI €CENTEeyAl KOJJaHy Oenrii — ecentepMeH
canbicThpranna gonaikti 0,25 (3 ece) skoHe emmey KbUIIaMabFeH 9 ece (6,5 C peifin) apTTEIpyFa
MYMKIHJIK Oepeni. ByprImTapisH nramanapblH KBaTEPHHUOHJBI €CENTEYAl KONIaHy AepOec KOMITBIOTEpHiH
JKeJlel JKaJIbIHBIH a3 KeJeMIiH IaiianaHynsl Ke3leHmi, Oyl sKyHeHiH »KYMBICHIH jkakcapTaasl. COHBIMEH
Katap, OYpBIITApABI E€CEeNTEyHiH KBaipaT oficiH KOJlaHa OTHIPHII OPBIHJATATHIH MAaTeMaTHKAJIBIK
ornepanusIapablH a3 caHbl, OHIMAUTIKTI apTTHIPyMEH Kartap, OipHelle ejieyaepae KUHATAThIH )KOHE YIIKEH
MOH/IEpre KETETiH eCcenTey HOTIKENEPIHIH KYBIKTay KaTeciH asaiTyra MyMKinaik Oepemi. Ocbuiaiima
©JILICYJICP/IIH IJIIrT MEH *KbUIAAM/bIFbI apTa/IbI.

Kinm ce30ep: KBaTepHUOH, TOHUOMETPUSIIBIK JKYiie, JOMAIK, XKbUIIAMIbIK, OYPBIITAPABI eJIILEY, JAJI XKYHe.

N.10. Yepenanckas, A.}O. Cazonos, H.U. Kpymnnckas, B.A. IIpsako, H.B. JIykuntok

KBaTepHHOHHBII MeTO pacyera yrji0B IIPH H3MEPEHHUsIX
TOHHOMETPHYECKOH NPelu3nOHHOM NPUOOPHOM cHcTeMOit

CraThs NOCBAIIEHA AKTYalIbHOW NMpo01eMe — TMOBBIIIEHHI0 TOYHOCTH M OBICTPOAEIHCTBHS yIIIOBBIX U3MEpe-
HHI, HEOOXOMMBIX B PA3IMYHBIX 00IACTSIX HAYKU U TeXHUKU. OHUM U3 ITyTel MOBBIIIEHHS TOUHOCTHU U ObI-
CTpPOAEHCTBHS YTTIOBBIX U3MEPEHMI SIBISIETCS NMPUMEHEHHE HOBEHIINX aJTOPUTMUYECKHX METOJOB U MaTe-
MaTHUYECKHX allapaToB 11 00paboTkyu n3MepuTenbHoi nHpopmanuu. [loaToMy B paboTe ¢ Ienbio MOBbIIIe-
HUSI TOYHOCTH U OBICTPOMICHCTBUS YIJIOBBIX H3MEPEHUIT Ha IIPHMEpe U3BECTHOH TOHHOMETPHYECKON IIpenu-
3uoHHOI npubopHoil cuctemsr (I'TITIC) npenyoxkeH KBaTepHUOHHBIA pacdyeT BEIWYUH YIIOB IPH TOHHOMET-
pHUYECKHX HU3MepeHHsIX. D(P(PEeKTUBHOCTh KBAaTEPHHOHHOTO pacueTa HE BBHI3BIBAET COMHEHHS, MOCKOJBKY,
B OTJIMYME OT APYTHX TPAAUIMOHHBIX METOIOB (B 4aCTHOCTH, MATPHYHBIX C MPHMEHEHHEM YIJIoB Oiinepa,
HAIPaBIISIONIMX KOCHHYCOB), TPEICTABISIETCA TOJIBKO YETHIPhMS MapaMeTpaMH, OMHCHIBAIOIMIMMU YTJIOBbIE
TIOJIOKEHUs 0OBEKTOB, U UMEET JIUIIb OJHO ypPaBHEHHE CBSA3HU, B OTIMYUE OT LIECTH, A MATPHUUHBIX METO-
JIOB, B YaCTHOCTH, ISl HANIPABISAIOIINX KOCUHYCOB. IIpenosxkeHHbIl KBaTepHHOHHBIH pacueT UCHONb3yeTcs B
T'TITIC kak o6miast TeOpeTHKO-NH(DOPMAIIMOHHASI OCHOBA OECKOHTAKTHBIX NPEH3HOHHBIX TOHHOMETPHUIECKIX
HM3MEpEeHUH P IPeBAPUTEILHON BHICTaBKE HABUIALOHHBIX YYBCTBUTEIILHBIX 3JIEMEHTOB, INIOCKHUX YIJIOB,
MUPaMUIAIIBHOCTH IPU3M U T.11. [IpuMeHeHne pa3paboTaHHOr0 KBaTepHHOHHHOTO pacyeTra MO3BOJIHMIIO ITOBEI-
cuth ToyHOCTh Ha 0,25" (B 3 paza) u ObicTpoaeiicTBue u3MepeHus B 9 pa3 (1o 6,5 ¢) mo cpaBHEHHIO C U3BECT-
HblMU. [IpyMeHEHrEe KBaTEpHUOHHOIO pacyeTa BEIMYKH YIJIOB IPElyCMaTPUBACT UCIIOIb30BAHUE MEHBILETO
00beMa ONepaTHBHON ITaMSITH NIEPCOHATEHOTO KOMITBIOTEpPA, YTO MOBBIMIAET OBICTPOJEHCTBHE PAOOTHI CHC-
TeMbl. Kpome Toro, MeHblnee KOJTHMYECTBO MATEMATHUECKHX OMNEPALi, BBITONHAEMBIX C HCIOIb30BAHUEM
KBaTEPHHOHHOT'O CIIOCO0a PacyeToB YII0B, KPOME MOBBIIIEHUS OBICTPOACHCTBHUS, TO3BOJISIET YMEHBIIUTD M0-
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TPENIHOCTh OKPYTJIEHHS PE3YNIbTATOB BHIUMCICHNH, KOTOPask HAKAIINBAaeTCs PH MHOTOKPATHBIX H3MEPEHUIX
U MOJKET JOCTUraTh OONBLINX 3HaueHnH. Takum 0O6pa3oM, MOBBIMIAIOTCS TOYHOCTh U OBICTPOJEHCTBHE U3Me-
peHuii.

Knouesvie cnosa: KBaTCpHUOH, TOHUOMETPUYCCKaAsA CUCTEMA, TOUYHOCTD, 6LICTpOZ[eI71CTBPIe, HU3MEPECHUC YIJIOB,
npeu3ruOHHasA CUCTEMA.
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Electro-pulse method for obtaining raw materials for
subsequent flotation enrichment of ore

The main method of enrichment of polymetallic ores is flotation. The peculiarity of solid mineral processing
is the preliminary preparation of raw materials. The essence of this stage is the grinding and sorting of raw
materials in order to fully reveal the useful substance from the waste rock. The article is devoted to the study
of the effect of electric pulse discharges on the grinding of ore containing non-ferrous metals. This article
proposes an electro-pulse method for obtaining raw materials for subsequent flotation enrichment of ore in
order to extract valuable components. This method of grinding ores is based on the use of the energy of a
pulsed shock wave that occurs as a result of a spark electric discharge in a liquid. An experimental electric
pulse unit with a crushing unit is described. When electrohydraulic action on solid particles in an aqueous
solution increases the intensity of the grinding process under the influence of additional pressure associated
with cavitation. The object of the study was the natural ore of the Akbastau mine. Ore grinding operations
were performed at various parameters of the electric pulse plant. The dependences of ore grinding on the
electrical and geometric parameters of the electric pulse installation, the value of the interelectrode gap on the
switching device, the pulse repetition frequency and discharge energies are determined. It is found that with
increasing discharge energies introduced into the discharge channel, the fraction of the crushed fraction
increases.

Keywords: ore, flotation, electric pulse installation, working electrode, degree of grinding, crushing, dis-
charge energy.

Introduction

The flotation method is used for the enrichment of most non-ferrous metal ores, in combination with
other methods for the enrichment of ferrous metal ores. The wide prevalence of flotation is explained by the
universality of the process for the mining industry, associated with the possibility of separating almost any
minerals, enriching poor ores with a very thin impregnation of useful minerals.

Flotation in the most general form can be defined as a method of separating relatively small particles of
different solid phases suspended in a liquid from each other (or separating solid particles from a liquid) by
their ability to adhere to gas bubbles introduced into the suspension, followed by their floating to the surface
of the liquid and the formation of foam [1, 2].

To extract valuable components from the waste rock by flotation, the ore is first crushed to the required
size. In most cases, the final size of the crushed ore is 0.074 mm. The main purpose of the grinding process is
to ensure the release of individual minerals contained in the pieces of the host rock.

Grinding of minerals is carried out in mills, metal rods, balls, and large pieces of the ore itself are used
as grinding bodies. In processing plants, cylindrical drum ball or rod mills are mainly used. When using
drum mills with steel crushing bodies, the cost of covering the wear of balls, rods and liners is one of the
main costs of grinding and reaches energy costs, and sometimes exceeds them. For example, when enriching
Kryvyi Rih magnetite quartzites, the cost of rods and balls is 30-35% of the total cost of crushing. During dry
grinding, the balls wear out mainly as a result of abrasive action. When wet grinding in aggressive (chemi-
cally active) aqueous media, abrasive wear is accompanied by corrosion, in which the metal is destroyed as a
result of chemical or electrochemical interaction with the environment. Thus, wear of the balls is a very
complex process due to many conditions: the properties of the metal (alloy) made of balls, their size, the
abrasive properties of the ground material, its size and the size of the product and the method of grinding
(dry or water), aggressive environment (acidic, alkaline), its temperature, the presence of surfactants, high-
speed mode of the mill (cascade waterfall), grinding circuit (open or closed cycle), etc. Corrosion wear dur-
ing wet grinding is the main component of the overall wear, so the loss coefficients are higher than during
dry grinding [3, 4].
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A radical solution to the problems of complex use of mineral raw materials, increasing the complete-
ness of obtaining minerals with a deterioration in their initial quality in conditions of increasing production
and processing volumes can be achieved on the basis of new methods of crushing and grinding, characterized
by a high degree of destruction, high selectivity of mineral detection. One of the best methods for grinding
solid materials is the electric pulse method. Since the working tool for electric pulse destruction is a spark,
there are no problems with contamination of the grinding product with metal, the material of grinding bodies,
which is typical for mechanical methods of grinding materials. Therefore, electropulse crushing of highly
abrasive materials, especially pure materials, is preferable to mechanical crushing [5-7].

Problem statement and method description

Based on the above problems, the influence of electric pulse discharges on the grinding of ore
containing non-ferrous metals is studied in the scientific work. As the conducted experiments show, this
method of grinding is economical, environmentally friendly, and easily integrated into any technological
chain. The essence and distinctive feature of the proposed technology is that the processing of ore and man-
made raw materials using pressure energy released during electrohydraulic action allows you to obtain a
product of a given dispersion that is quickly crushed and easily cleaned of undesirable impurities, which can
then be used directly for subsequent enrichment [8].

Electropulse crushing is an effective method of grinding various materials, which allows you to obtain a
product with a given degree of grinding with a certain granulometric composition and has a high selectivity
of crushing. The technological process of electric pulse grinding is easily automated. Maintenance of elec-
tric pulse installations does not require a large number of highly qualified workers. In electric pulse crush-
ers, almost any solid material can be crushed and crushed [9]. When working, these devices do not form
dust, occupy relatively small production areas and allow them to combine the processes of crushing, mixing
and flotation of materials [8].

An electric pulse unit with a crushing unit was developed and assembled to study ore grinding [10]. The
electric pulse unit is made in the form of functional blocks (Figure 1), which consist of a control panel, a
generator with a spark gap, a protection unit with a capacitor.

Figure 1. Electric pulse installation. 1-control panel, 2-generator with
a spark gap (switching device), 3-protection unit with a capacitor.

In the crushing unit there is a cylindrical chamber in which a linear system of electrodes is installed.
The positive electrode is located vertically, and the negative electrode is the bottom of the metal chamber of
a hemispherical shape. When a powerful pulse passes through a liquid medium, which is a moistened mass,
an electric breakdown is created, accompanied by a hydraulic shock of great destructive force.

The water medium in which the high-voltage electric discharge occurs is a transformer of the energy re-
leased in the discharge channel, and due to its low compressibility, it leads to a sharp increase in pressure.
Under the influence of electrohydroimpulse action, hydrodynamic fluid flows and an acoustic wave occur in
the treated medium, and cavitation occurs as a result of a local decrease in pressure in the liquid. In this case,
the cavitation bubble, moving with the flow of liquid to the area with a more significant pressure, closes and
emits a shock wave. After the collapse of the bubbles, micro-shocks of cumulative jets will form. The mix-
ture, having received acceleration from the discharge channel expanding at high speed, moves away from it
in all directions. At the beginning of the process, the discharge channel increases with the maximum speed,
at the end of the current flow, the cavity of the discharge channel continues to expand due to the inertia of
the medium, reaches the largest size and then begins to contract. The temperature and pressure in it fall dur-
ing the expansion of the cavity, and increase during compression, i.c., there are damped pulsations of the
cavity.
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When electrohydraulic action on solids in an aqueous solution increases the intensity of the grinding
process as a result of the additional pressure associated with cavitation. Indeed, a cavitation micro-cavity
appears on each solid particle, which, collapsing, increases the mechanical effect [7, 11, 12].

The versatility of electric pulse destruction is due to the possibility of large-scale regulation of the na-
ture of the dynamic impact of discharge factors on the material. The peculiarity of electro-pulse grinding is
that the area of impact on the material through the discharge channel is localized in a limited volume of the
interelectrode interval. This allows you to multi-dimensionally organize the process of destruction and re-
moval of the product in the chamber and, consequently, control the granulometric composition of the crushed
product. It is much easier to implement a multi-stage grinding process with electric pulse destruction, includ-
ing in a single device. In the multi-electronic design of the working chamber, it is possible to influence the
granulometric composition of the grinding product by an appropriate ratio of the pulse frequency to the clas-
sification ability of the device [13, 14].

Analysis of experimental results

The object of the study was the natural ore of the Akbastau mine with initial diameters (dy) from 10 mm
to 25 mm. Since the energy efficiency of crushing the material depends on the size of the ore particles and
the parameters of pulsed discharges, the work on crushing the ore was performed at different values of the
discharge energy. The discharge energy W varied depending on the capacity of the energy storage capacitor
and the discharge voltage. In addition, the efficiency of the electro-pulse method of grinding the material is
characterized by the corresponding frequency of pulse discharges.

Ore grinding operations were performed at various parameters of the electric pulse plant:

— interelectrode gap on the switching device, mm — §; 10; 12; 14; 16 (Figure 2);

— frequency of pulse repetition, Hz — 1,5; 2; 2,5; 3; 3,5; 4 (Figure 3);

— capacity of the storage capacitor, uF — 0,25; 0,4; 0,8;

— discharge voltage (breakdown voltage of the interelectrode gap on the switching device), kV—22; 26;

30; 34; 38.
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The influence of the interelectrode gap on the switching device was carried out with the constancy of
other parameters of the installation, which allows you to choose the optimal value necessary for reproducing
experiments. According to the results obtained, the optimal interelectrode gap 1=12 mm, at which the output
was the highest (Figure 2). A further increase in the interelectrode gap stabilizes the output of finished prod-
ucts, but the pulse repetition rate changes. With an increase in the pulse repetition frequency, a uniform
grinding is established (Figure 3, the results are obtained at /=12 mm). With an increase in the discharge en-
ergy (W=CU?/2) introduced into the discharge channel, the fraction of the crushed fraction increases (Fig-
ure 4).
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Figure 4. Dependence of the degree of ore grinding on the discharge energy

Given the obtained optimal values of the adjustable parameters (I=12 mm, C=0,4 uF, W=180 J) and du-
ration of treatment 5 minutes to obtained the desired product fraction <0.07 mm in the amount of about 37%,
28%, 21%, and 15% for ore initial fraction of 10 mm, 15 mm, 20 mm and 25 mm, respectively. During the
experiment, the most optimal value of the interelectrode gap on the switching device is 12 mm, and the di-
ameter of the fractions subjected to the most intense destruction is 10 mm. The degree of grinding increases
with an increase in the specific energy introduced into the discharge channel, which is explained by the fact
that a network of microcracks is first formed in the structure of the substance on the path of the shock wave,
which creates a continuous stress state.

Conclusion

According to experimental data, the prerequisites for regulating the granulometric composition of the
processed material during electric pulse grinding are shown. This is due to the possibility of creating
favorable conditions for obtaining the necessary product by changing the electrical and geometric parameters
of the pulse installation in different ranges. Using the electro-pulse method, raw materials for flotation
enrichment were obtained, intended for further extraction of valuable components from ore.
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Kenai gpuroranusibik 0aiibITyFa KasKeTTi IIMKI3aTThI
AJIYAbIH 3JIEKTPUMYJIbCTI daici

[MonumeTann keHaepin GalbITYABIH Heri3ri aici ¢uotauus 6obin TadbbuIaabl. KarTel maiinans! kazbamapast
OailbITyIbIH epEeKILIeNTiri — LIMKI3aTThl aliibIH-ana AaibiHaay. By ke3eH 60C KBIHBICTAFbI MaiJaibl 3aTThl
HEFYPJIbIM TOJIBIK allly YIIIH INMKI3aTThl YHTAKTay JKOHE CypbINTayFa apHairaH. Makaia KypambIHAQ TYCTI
MeTanzap Oap KEHHIH YHTaKTalyblHa O3JIEKTPOMMITYJIBCTI DaspsATapAblH OCEPIH 3epTTeyre apHajFaH.
ABTOpIAp KYHIBI KOMIOHEHTTEpAI aly YIIH KeHAI (rIoTarmsuiblk OaibITyFa KaXKeTTi IIMKI3aTThl aTyAbIH
QNIEKTPOUMYJIBCTI dAiCiH ychiHFaH. KeHaepai ycakTayablH o/ici CYMBIKTHIKTAFbl YIIKBIHIBI JICKTP pa3psibl
HOTIDKECIH/e Maiina OO0JaThlH HMITYJIBCTIK COKKBI TOJIKBIHBIHBIH OSHEPIUSCBHIH TafianaHyra HETi3/Ie]reH.
¥Ycakrarpm TYHiHI 6ap SKCIEPUMEHTTIK 3JIeKTPOHUMITYIBCTI KOHIBIPFEI cumartainasl. Cy epiTiHmiciHmeri
KaTThl 3aTTapFa JICKTPOTUAPABIMKAIbIK oCep €Ty Ke3iH/Ae KaBUTALMAMEH OalJIaHBICTBI KOCBHIMILIA KbICHIM
dCepiHeH YHTaKTay MpOLECiHIH KapKbIHIBUIBIFBI apTaabl. 3epTTey HBICAHBI peTiHae AKOacray KeHilIiHiH
Tabury KeHi anblHAbl. KeHai yHTakray IKYMBICTapbl OJIEKTPOMMITYJIBCTI KOHIBIPFBIHBIH 9p TYpIi
napamerpiepinae kyprizingi. Kenai ycakTayapiH 3JIEKTPOMMIYNBCTI KOHABIPFBICBHIHBIH JJICKTPIIK JKOHE
TEOMETPHSIBIK [apaMeTpiepiHe, KOMMYTAUMSUIBIK KYPBUIFBIIAFBI 3JIEKTPOJ AapalbIFbIHBIH —IlIaMachlHA,
HMITYJIbCTAp XKUUTITIHE XKOHE Pa3psill SHEPTUACHIHA TOYSNIUIrT aHBIKTAIIb. ApHara SHTi3UIeTiH pa3psIIThIH
SHEPTHUSCHIHBIH )KOFAPbUIAYBIMEH YCaKTaIFaH PaKIMSHBIH YIeCi apTaThIHbI JOJICIACHI.

Kinm co30ep: xeH, (uoTamms, SJIEKTPOMMITYJIBCTI KOHIBIPFBI, >KYMBIC JJICKTPOABI, YCaKTay Iopexeci,
OeJIIeKTey, pa3psi SHEPTHACHL.

A K. Xacenos, M. Croes, [[.)K. Kapabekona, I'.A. bynkaupona, JI.A. Hypb6anaesa

JIEKTPOMMILYJILCHBIH METO/ MOJIYy4YeHHs ChIPbS IS
nocjeaAywumero GpoTanuoHHOro 060rameHust pyabl

OCHOBHBIM METOJIOM 00OTaIIeHHs TTOJIMMETAININIECKHUX PyA sABisieTcs (roTarus. OcoOeHHOCTh 000TaIeHus
TBEP/BIX MOJIE3HBIX HCKOMAEMBIX COCTOUT B MPEIBAPUTEIBHON MTOATOTOBKE ChIPhsl. CYIIHOCTBIO 3TOM CTaguu
SBJIAIOTCSA M3MEIbYEHHE U COPTUPOBKA CBHIPBS C €TI0 HAaHOONEe MOIHOTO PACKPBITHS MOJIE3HOTO BEIIECTBA
u3 mycroi mopoxasl. CTaThs IOCBSILIEHA HCCIENOBAHHMIO BIMSHUS SIEKTPOMMITYJIBCHBIX pPa3psiioB Ha
U3MeNbUYeHHE PYyJIbl, COAEpXKAIEH LBETHbIE METANIbl. ABTOpaMU MHPEIUIOKEH SIEKTPOUMYIBCHBIA METO
TIOTYYCHUS CBIPBSI IS MOCIEAYIOMEro (hIOTaMOHHOTO O0OTrameHHs! PyAbl ¢ IENbI0 U3BJICUCHUS IEHHBIX
KOMITOHEHTOB. JIaHHBIHA C1I0cO0 M3MENbYEHHs! PyA OCHOBAaH Ha MCHOJIB30BaHUU YHEPTHH UMITYJIbCHOH yaap-
HOM BOJIHBI, BO3HUKAIOIIEH B PE3yJIbTaTe€ UCKPOBOIO MIEKTPUUECKOrO paspsa B skuakoctu. OnucaHa sKcIe-
pPHUMEHTaJbHAst JIEKTPOUMITYIbCHASI YCTAHOBKA C NPOOMIBHBIM y3i0M. [IpH 371eKTporuapaBIndeckoM BO3-
JEeUCTBUM Ha TBEPAbIE YACTHULIBI B BOJHOM PAacTBOPE MHTEHCHBHOCTD MPOLIECCA U3MEIBUEHHUS BO3PACTAET MO
JEeHCTBHEM IOMOIHUTEIBHOTO IABICHUS, CBA3aHHOrO ¢ KaBHTalued. OOBEKTOM HCCIEIOBAaHUS SIBISIIACH
npUpoHas pyna Akb6acTayCcKkoro pyaHuka. PaGoTel Mo M3MeNbYEHHIO PYIbI BHINOIHSIUCH MPH PA3IHIHBIX
MapaMeTpax 3MEKTPOUMITYJIbCHON ycTaHOBKH. OTNpeneneHbl 3aBUCHMOCTH U3MEJNIbUEHUS PYABbI OT 3NEKTpHIe-
CKUX U F€OMETPUYECKUX I1apaMeTPOB ICKTPOUMITYJIBCHOM YCTaHOBKH, BEIMYMHBI MEXIICKTPOIAHOrO IIPO-
MEXYTKa Ha KOMMYTAl[IOHHOM YCTPOWCTBE, YaCTOTHI CIICAOBAHUS UMILYJIbCOB U SHEPruil paspsnga. Y CTaHOB-
JICHO, YTO C yBEINYCHUEM DHEPTHH pa3psizia, BBOJUMOH B KaHAJ pas3psizia, JoJIsl H3MEIbUeHHOH (pakiym Bo3-
pacraer.
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U3MeNbUYeHHUs, IPOOIIeHHe, SHEPTHs pa3psia.
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The article describes physics projects created by students as future physics teachers to organize classes on
the educational platform of the Children's University. The study was aimed at examining the performance
of physics students through physics projects. The advantages of the Labster 3D virtual reality learning en-
vironment for motivating students to study physics are also considered. Generally, the results of the study
showed an increase in interest among primary school students in STEM education and science. The study
involved children from 10 to 12 years old in the amount of 250 schoolchildren in the city of Kokshetau
(Kazakhstan). The article used methods such as mixed methods, questionnaires, and semi-structured inter-
views for children. The Likert scale questions allowed the analysis using descriptive statistics. Open-ended
questions and data from the interviews were classified using content analysis and analytically interpreted
through the theory of the development of cognitive interest in children. Children were provided by links to
short 10-minute educational videos posted on Youtube video hosting called FIZMAT KSU While they
were working remotely. During distance learning, children used different forms of virtual laboratory work.
The results and conclusions of the study revealed the followings: visiting the Children's University in-
creases children's interest in STEM - education and science, as well as the participation of future physics
teachers in the activities of the Children's University forms the skills of organizing informal forms of work
with children.

Keywords: future physics teachers, additional education, children, Children's University, experiments, vir-
tual 3D Labster laboratory, project, STEM.

Introduction

Relevance

The purpose of creating a Children's University at the university is to identify and study indicators of
extracurricular activities in STEM education, as well as to demonstrate the successful activities of
university students and school students through the use of entertaining forms of education that are
developed by future teachers and teachers of the university. Discussion of learning outcomes is conducted
under the guidance of teachers based on the theory of the development of cognitive interests of younger
students [1].

The basis for conducting STEM education at the Children's University was the creation of an
informal learning environment that stimulates interest in science, research on the activities of the
Children's University was carried out in the work of Susanne Walan, Niklas Gericke, 2019 [2]. There are
many ways to stimulate interest in the exact sciences, in our study we offer several: first, voluntary
participation in these activities (Potvin and Hasni) [3]; second, non-evaluative activities; third,
interactivity of classes (Shabi, Assaraf) [4]; fourth, the use of 3D gaming virtual laboratory work.
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The format of the Children's University in the pedagogical environment is not new, so the European
Children's Universities Network has been created in Europe [5]. The activities of teachers and students
involved in the Children's University of Sh. Ualikhanov Kokshetau University is focused on creating new
learning platforms, expanding the educational space, and implementing joint pedagogical and didactic
research. The format of the Children's University captures not only the creativity of using teaching
approaches but also the active involvement of students - future teachers in the education of students, when
the boundaries of communication are blurred and there is interest in serious academic subjects, both on the
part of students and on the part of students. Such meetings became possible thanks to the Children's
University, which became the main one in the strategy of cooperation of university teachers, parents,
students, and teachers of the Akmola region [6].

Materials and methods

When forming a cognitive interest in the system of non-formal education, it is necessary to take into
account the psychological factors of its formation by L. S. Vygotsky [7-9].

It is generally accepted that not all academic subjects are of interest, and when the content of research
affects the daily life of a person, students are interested. So in our study, we conducted 4 classes and then
asked students to choose the most interesting topics.

The system of additional education, which has been conceptually introduced in Kazakhstan since
2019 [10], is considered the most important component of the educational space, and it is not just an ele-
ment of the existing system of general education, but an independent source of education that contributes
to the achievement of key competencies in various areas of the child's life self-determination. In the Re-
public of Kazakhstan, the system of additional education of students requires the availability of qualified
teachers who have basic training in the field of additional education and can implement interesting and
modern educational programs.

Ualikhanov Children's University makes a significant contribution to the system of additional educa-
tion in Kazakhstan. The purpose of the children's university is to stimulate the scientific interest of chil-
dren aged 8 years-12 to STEM. Since 2016, the Children's University has been working to expand the ho-
rizons of students, deepen scientific knowledge in several natural sciences, as well as form an active life
position for children.

Students of the city's schools are offered eight classes, which are held every month during the aca-
demic year at the university. Students of the 3rd year of pedagogical specialties of the Faculty of Natural
Sciences under the guidance of methodologists conduct practical classes and laboratory experiments in
physics, chemistry, biology, mathematics, computer science, geography and talk about their applied fea-
tures of the application in human life.

By the time, classes last about 2 hours, usually in the morning, for example, from 10.00 to 12.00 with
10-minute psychological training or musical warm-up activities every 20 minutes. In the context of the
pandemic in 2020, classes of the Children's University were held in a remote format.

Training under the program of the Children's University developed and successfully implemented by
the teaching staff of the departments of the Faculty of Natural Sciences and aimed at deepening knowledge
in biology, chemistry, physics, mathematics, computer science, geography. The summer camp of DU al-
lowed uniting children who show interest in research work, in order to organize their interaction with
peers, with university teachers in the conditions of joint creative, research activities.

The main strategy of the Children's University is for children to meet with researchers, visit the uni-
versity's laboratories, and be able to conduct simple physical experiments on their own. To date, about 250
children have visited the Children's University, not counting those students who signed up for our classes
again.

In the study, the following tasks were set (Q1): does attending a Children's University increase chil-
dren's interest in STEM? (Q2) How did physics students evaluate the experience of participating in the
organization and conduct of a Children's University? The use of a mixed-method, including both question-
naires and semi-structured interviews, was developed specifically for the Children's University in order to
determine the growth of interest in STEM, their general interest in science. Closed elements of the Likert
scale [11] were used in the questionnaire to check whether students report an increase in interest due to
participation in extracurricular activities of the Children's University (Q1). The ratings were: 1 = not inter-
esting at all, 2 =not very interesting, 3 = no opinion, 4 = interesting and 5 = very interesting.
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During the summer vacation period of 2019 and 2020, semi-structured interviews with 60 children
were conducted in the classes of the Children's University. The children volunteered to participate in the
interviews, and the parents ' consent was obtained. Interviews were conducted in focus groups of four to
six students to encourage discussion and allow children to be more talkative. These interviews were con-
ducted after the Children's University classes when the season was closed and was conducted in parallel by
all researchers (the authors of the article). Each of the interviews was recorded audio and lasted about 8-10
minutes.

The Likert style questions in the questionnaire were analyzed based on descriptive statistics to high-
light the characteristics of the change in interest (Q1). The open points of the questionnaire were analyzed
using content analysis. Audio recordings from the interview were transcribed verbatim and also analyzed
using content analysis, transcripts (from open questionnaire items and interview transcripts) were read re-
peatedly.

Children who participated in the study were encoded as I = interview, Q= questionnaire, B or G for a
boy or girl, the number of the respondent, for example, [G4 means an interview with a girl who was identi-
fied as the fourth among all respondents.

Results of the research

In the second half of the 2016-2017 academic year at the Children's University, all children who
attended classes in the second semester were offered a questionnaire. 100 percent of the children answered
(40 responses in total). The questionnaire was submitted on paper after classes, the adults who
accompanied the children were informed about the questionnaire and we asked them to help the children if
there were any questions that they did not understand. Most of the children who answered the
questionnaire were students from the same class.

The question «How does attending a Children's University affect children's interest in STEM?» was
answered as follows (Figure 1).

very interesting no opinion not so no answer
interesting interesting interesting at
all
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Figure 1. Children's interest in science before attending a Children's university

About 42 percent (105 children) rated science as interesting, and 28 percent (70 children) rated sci-
ence as very interesting before attending a Children's University. In this question, the answers can be
ranked from not at all interesting to very interesting; therefore, the answers can be considered as ranked on
the points of the Likert scale, with as the most positive answer. The average was 3.6 out of 5.0 for the total
number of responses.

Regarding the question of whether interest changed after attending a Children's University, children
found science as interesting as before attending (120 children, 48 %), or even more interesting (110 chil-
dren, 44%) (Figure 2). This can be thought of as a three-point Likert scale, giving an average of 2.4 out
of 3.0.
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Figure 2. Children's interest after attending a children's university

We compared how the children rated the topics of the Children's University most of the children from
the interview attended all classes.

In setting the topic, we sought to ensure that the activities of children at the Children's University were
a continuation and deepening of the school's physics curriculum. The emphasis in working with children is
not so much on improving their general education performance, preparing for exams, etc., as on educating
future researchers, inventors, and creative personalities.

Participants of the Children's University summer camp in June 2020 had the opportunity to work in
Labster virtual laboratories on the following topics: Newton's Law of Motion, Electrical Resistance, Funda-
mentals of Electricity, Electromagnetic Spectrum, Wave Model of light.

Activities in the 3D Labster laboratory are scientific and educational with a practical focus, during
which the student must learn new things and learn to act, feel, and make decisions. It is carried out by includ-
ing extra-curricular issues and problems of science in classes, as well as at the expense of a higher scientific
level and depth of disclosure of program material.

Labster.com - this is a web service built on the principle of cloud technologies, with the help of which
virtual laboratory work is performed and research activities are modeled.

In the educational sphere, this service is almost unknown even in neighboring Russia, a unique oppor-
tunity is provided by Sh. Ualikhanov KU. Performing 3D virtual laboratory work contributes to the devel-
opment of cognitive interest due to the dynamic, well-animated plot of laboratory work, as well as develops
visual-figurative and abstract-logical thinking through additional and virtual reality in a playful way.

Labster stimulates the imagination of the student, promotes the development of a creative approach, the
development of their creative abilities in the organization of scientific and technical work. As previous expe-
rience shows, it is very interesting and comfortable for children to work with this service, as well as an aes-
thetic function, the process gives students more pleasure and scope of creative thought, makes it possible to
go beyond the standard and limited vision.

Labster is an English-language service and the default language of the program interface is English.
You can use the online photo translator program. This contributes to the adaptation of children to a foreign
language and is an additional language practice for both teachers and students. This laboratory considers are-
as of natural sciences such as biology, physics, and chemistry. The virtual 3D lab includes more than 159
simulations. Of these, 39 in biology, 18 in physics, and 98 in chemistry are simulations.

The short 10-minute training videos posted on the Youtube channel of FIZMAT KSU [13], which the
children used while performing virtual laboratory work, helped the children a lot in remote work.

In the responses of children, it was noted that working in a learning environment with physical devices
stimulated their interest. This is the device of the nuclear magnetic resonance laboratory, which they saw at
the university, and the virtual research environment Labster [14].

In the course of classes, the basic knowledge about the subject of activity is assimilated and the tech-
niques of working with real objects and devices of educational laboratories of physics departments are de-
veloped. The classes not only covered science, but also included aspects from the entire STEM spectrum.
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Any lesson is interesting because there is a mandatory feedback, such as we see, this is the active partic-
ipation of students, future teachers, who came up with various reflexive and relaxation techniques for stu-
dents, so that children do not get tired.

Students of physics of the 3rd year of the Faculty of Natural Sciences at the Children's University con-
ducted: mass holidays with elements of intellectual activity, intellectual games and projects, practical classes
with elements of research activities, an excursion to the NMR laboratory, individual work with children to
perform research works of different levels.

A vivid example is the celebration of the New Year for children (photos and videos on the university's
website). During the holiday, a special information table was organized, where children received information
about the work of the Children's University, colorful advertisements, balloons were distributed, and enroll-
ment in study groups was conducted.

Survey of 3rd year physics students after completion of professional practice. The majority of physics
students rated their experience of participating in the organization of a Children's University as very interest-
ing (52%) or interesting (32%) (Figure 3). Using the same thing on the Likert score scale as in the previous
question, the average was 4.0 out of 5.0 for the total number of responses.
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Figure 3. Results of a survey of 3rd year physics students after completing their professional practice

In addition to students and teachers, adults, teachers, and parents also took part in the work of the Chil-
dren's University. Children attended these events with their teachers or relatives until 2020. The high degree
of interaction between children and adults at the Children's University can be explained by the fact that chil-
dren realize the importance of their families during the Covid-19 pandemic. The work is carried out in close
contact with parents who acted as consultants during the first virtual laboratory work and strongly supported
the children. Children, answering questions of the questionnaire, noted high activity and emotionality of
adults. Parents ' reviews are posted on the website of the Children's University of KU.

Discussion of the results

Many researchers Baram-Tsabari and Yarden [15] Jones, Howe, and Rua [16], Holbrook [17] Newton
[18] argue that the relevance of the topic is important to motivate students and interest them in physics. Since
most of the children in our study rated the proposed topics as interesting, it can be concluded that choosing
different topics at a children's university stimulates interest in STEM. Previous researchers Agranovich, S.,
and B. B. Z. Assaraf have indicated an interest in the experiments [19]. The results of our study suggest that
topics should be seriously considered when planning future extracurricular activities.

Early research by Susanne Walan, Niklas Gericke notes the importance of impressive, spectacular activ-
ities in extracurricular activities. We used virtual laboratory works of the company Labster in the remote
work of the children's University, which aroused great interest of children and parents, including those
whose experience was not previously investigated. It is important to note here that the complexity of master-
ing a new software interface is evident in the first lesson with virtual laboratories. But the 3D effect, anima-

Cepusa «dusmka». Ne 1(101)/2021 67



S.K. Damekova, N.N. Shuyushbayeva et al.

tion, and game form of presentation of scientific material motivate children to quickly get acquainted with
the Labster program.

In our study, children talked about the Labster STEM learning environment. The Labster online labora-
tory allows you to engage in science, opens access to complex experiments and scientific discoveries from
anywhere in the world. At the same time, students in Labster do not study haphazardly, but according to pre-
prepared lessons playfully. This means that in the laboratory they do not just experiment and have fun, but
learn to work with laboratory equipment and learn real physical, chemical, and biological laws. The kids
found Labster jobs impressive and most interesting, often calling them cool.

Creative physics students with high academic and research achievements were allowed to prepare and
conduct classes. The children talked a lot about the student researchers who conducted the classes. When the
children were asked questions about the researchers presented at the Children's University, they had positive
comments.

The children noted that there were a lot of students at the Children's University and unlike one teacher
for the whole class, this is very good. Participation of students in the activities of the Children's University
allows you to individualize the learning process, this is not enough for children at school. Parents spoke
about the need to accompany the research and creative activities of children, which can also be implemented
with the help of students. The activity of the Children's University belongs to the field of non-formal educa-
tion, related to the individual development of the child in culture, which he chooses himself by his desires
and needs. This is a key area for future research, as well as an area where there are opportunities to improve
the training of future teachers at the university.

We were interested in what happened after the visits, in the cultures where children spend time (at home
and school). The children were asked if they later discussed the lectures with their classmates, teachers, and
relatives. All the students claimed that there were discussions in their classrooms after the visit. Children told
their parents about their visit to the Children's University and we received feedback from parents via mes-
senger. Therefore, it is also an important area for improvement that the children's university should develop,
that is, cooperation with schools, teachers, with relatives to improve training and integration into school ac-
tivities, to create a common culture of science education.

Conclusions and suggestions

Extracurricular activities are an important factor in helping students make future choices when it comes
to studying and pursuing a career in STEM. However, along with other activities and hopefully good school
teaching, attending extracurricular STEM events such as a Children's University can serve as a trigger for
developing interests.

3D Labster laboratory, integrating different areas of knowledge and providing flexibility, multilingual-
ism the variable nature of additional education allows you to introduce new 3D technologies of additional
and virtual reality in the system of additional education of schools in Kokshetau.

Students of physics of Sh. Ualikhanov KU during the period of professional practice mastered the skills
of working in the 3D Labster laboratory and developed video sessions for remote work in virtual STEM la-
boratories.

As shown in this study in the organization of extracurricular activities, students must experience some
of their regular exercises. First of all, the place is important, that is, the learning environment, the extracur-
ricular environment.

Topics should be chosen with the potential to surprise children, entertainment should be created, and ul-
timately, the program should be aimed at a cognitive level of activity, as children expect to learn something,.

The results of our study highlight indicators that may also be of interest to various STEM activities to
generate interest in the study of physics. Having the opportunity to learn something new in a learning-
friendly environment, under the guidance of energetic student lecturers, in an eco-friendly environment, or a
virtual 3D lab is essential for children.
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Bananap ynusepcurerinae ¢pusnka noHi 60MpIHIIA
OKYHIIbLJIAPFAa KOChIMINIA Oij1iM Oepy

Makamaga bamanmap yHuBepcuTeTiHiH OKy InIaTdopMmachiHIa —cabakTapAbl  YHBIMIACTEIPY — YIIIiH
CTYICHTTEpAIH, COHBIH imiHAge Oomamak ¢u3nka MyramiMaepi kacaraH (HU3HKa >kobajapbl CHIATTAIFaH.
3eprTey XKYMbICH (U3HMKa xKoOamapsl apKpUIbl (DU3MKA CTYACHTTEpl KBI3METIHIH THIMIUITIH 3epTreyre
OarbiTranraH. CoHpjaii-ak OKyIIbuIapibl (U3MKAaHbl OKyFa bIHTANAHABIPY yuiiH Labster 3D-Buptyanusl
OOJIMBICBIHBIH OKY OPTAChIHBIH apTHIKIIBUIBIKTAPB! KapPaCTHIPBUIFaH. 3epPTTEy HOTIKENEPl HETi3ri MeKTen
okymbuiapbiHblH, STEM apkpuibl 6i1iM Gepy jkoHE KaJIlbl FhUIBIMFA JICTEH KbI3bIFYIIBUIBIFBIHBIH apTKaHbIH
kepcerTi. 3eprreyre Kekueray kanaceinsiy (Kasakcran) mexrentepinen 250 okyiusl, sirau 10-HaH 12 jxacka
Jeiinri Gananap KaTbICThl. ABTOpJIAp apajac dJic, cayajHaMa XKoHe OaanapibIH jKapThulail KypbUIbIMAAIIFaH
cyx0aTTaphl CUSKTHI dAicTepi KomaanraH. JIaikepT MIKalachIHBIH CypaKTaphl CUIIATTAMAIIBIK CTaTHCTHKAHBI
KOJIIaHa OTBIPBIT TaJiay JKYprisyre MyMkiHmik Oepai. CyxOaTrarbl amibIK CypakTap MeH MAJiMeTTep
Ma3MyYHJIbI Tajjay apKbLIbl JKIKTEIJ[i *kKoHe OayanapAblH TaHBIMABIK KbI3BIFYIIBUIBIFBIHBIH JaMy TEOPHUSCHI
apKBUIBl QHAIUTHKAIBIK TYpAe TyciHAaipinmi. bamamapMmeH KalIBIKTBIKTaH JXyMbIc ictey kesinme KMV
OUBMAT pen aranatein You Tube BHICOXOCTHUHTIHAE OpPHATIACTHIPHUIFAH KbICKA 10 MHUHYTTBIK OKBITY
Oeitnenepine cintemenep Oepinai. KalbIKTBIKTaH OKBITY Ke3iHAe Oanamap BHPTYalIbl 3epTXaHAJbIK
JKYMBICTap/Ibl OPBIHAAY/ABIH P TYpIi (opMaapblH KOJIAHABL. 3epTTey HOTHXKENIEPi MEH KOPBITHIHIbUIAPEI
MbIHaAait 6onapl: Oananapaeiy bananap yHusepcurerine 6apybl, STEM apkbuibl GisliM aybl MEH FhUIBIMFA
JeTeH KbI3BIFYIMIBUIBIFBIH  apTThipagsl. CoHbIMEH Katap Oosamak ¢u3uka MyraimiMaepiniy bamamap
YHUBEPCUTETIHIH KbI3METiHEe KaTBICYHl OanalapMeH XXYMBIC jkacaynblH OelipecMu TYpiiepiH YHBIMIACTHIPY
JIaF{bUIAPBIH KAIBIITaCTHIPaIbL.

Kinm ce3dep: OGomamak ¢u3mka Mmyranimiepi, KockiMma Oimim Oepy, Oamamap, bamamap yHuBepcuteri,
taxipubenep, Labster Buptyanzast 3D 3eprxanacsl, xoba, STEM.
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JonmosiHUTEIbHOE 00pa3oBaHMe NIKOJbLHUKOB 10 (pusuke B J[eTCKOM yHHBepCcHUTETE

B crarbe omucaHbl IpoeKTHI 10 (GU3HKE, CO3MaHHBIE CTYISHTaMH — OyIYIIUMHU YIUTEIIMH (GU3UKH, U Op-
TaHW3alUX 3aHATHI Ha yaeOHo# miardopme JleTckoro yHuBepcutera. VcenenoBanue ObUIO HAalpaBiIeHO HA
n3ydeHne 3pHEeKTHBHOCTU ASSATEIFHOCTH CTYACHTOB-(H3UKOB IOCPEICTBOM IIPOEKTOB 10 (usuke. PaccmoT-
peHBI IpenMyInecTBa y4eOHOW cpenbl 3D-BupTyanbHON peansHOCTH Labster juisi MOTHBAIMM ydamiuxcs
K U3y4eHUI0 GH3UKU. Pe3ynbTaThl HccleJOBaHUS MOKa3add POCT MHTEPECa Y yJaIuXCsl OCHOBHOM LIKOJBI K
STEM-o0pa3zoBanuio u, B LeJIOM, K Hayke. B skcmepumeHnTte npuHsii ydactue 250 ydamumxcs MIKON
r. Kokmeray (Ka3axcran) B Bozpacte ot 10 1o 12 ner. ABTopaMu ObIIIM UCTIOJIB30BAHBI CIEAYIOIIHE METOIbL:
CMEIIAaHHBIA METOJI, aHKETA U NOJIyCTPYKTYPUPOBAHHBIE MHTEPBbIO AeTell. Bonpocs! mxkainel Jlaiikepra mo-
3BOJIMJIM IIPOBECTH aHAJIN3 C UCIIOJIB30BAHUEM OIMCATENILHON CTaTHCTHKU. OTKPHITEIE BOIPOCH! U JaHHEBIE U3
HMHTEPBBIO OBUIH KJIACCU(HIMPOBAHBI C IMOMOIILI0O KOHTEHT-aHAIIN3a M aQHAIUTHYECKH HHTEPIPETHPOBAHBI
Yyepe3 TEOPHIO Pa3BUTHS IO3HABATENILHOrO MHTepeca nereid. Ilpu mucraHmuoHHO# pabore ¢ meTbMH OBUTH
TIPeOCTaBIeHb! CCHUIKM Ha KpaTkue 10-MHHYTHBIE 0Oyd4aloIiue BHJCO, Pa3MENICHHBIE Ha BHICOXOCTHHTE
YouTube non nazsannem ®U3MAT KI'Y. Bo Bpemst qucTaHIMOHHOTO O0y4eHMs AETH HCIOJIb30BAU pas-
HbIe (POPMBI BBHITIOTHEHHSI BUPTYalIbHBIX JJAOOPATOPHBIX paboT. Pe3toMupys, MOXKHO OTMETUTD, YTO MOCEIIe-
Hue JleTckoro yHuBepcHTeTa MoBblmaeT uHTepec aereil k STEM-o6pa3oBanuio U Hayke, a TaKKe ydacTue
Oyayumx y4utesed GU3MKK B esTeabHOCTH J[eTCKoro yHuBepcuTeTa popMUpYeT HAaBbIKU OpraHU3aliu He-
(opMaIBHEIX (OpM pabOTHI C IETBMU.

Kniouesvie crosa: 6ynymue yaurens Gpu3NKy, TONOIHUTEIbHOE 00pa3oBaHue, neTH, JIeTCKuil yHUBEPCUTET,
SKCIIepUMEHTHI, BUpTyanbHas 3D-mabopatopust Labster, mpoext, STEM.
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