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Abstract

Laser sensing methods have been used since the 60s, and since the 90s this method has reached a
new level along with the reduction in the cost of the element base, and the development of computer
technology and software. Currently, the laser sensing method has been recognized as one of the most
modern active methods of remote sensing of environment. KA-14 LIDAR (Light Detection and Ranging)
developed at the National Academy of Aviation was successfully tested for the detection of oil pollution,
and based on the analysis of fluorescence spectra of detected oil spills, distinctive features were observed
between the spectra of oil samples extracted in the zones of the Absheron Peninsula. To create a database
based on the spectra of various oil samples belonging to various Oil-Gas-Production Companies (OGPC),
the KA-14 LIDAR calibration process was carried out, and the fluorescence spectra of the mentioned
samples were measured using the calibrated KA-14 LIDAR. Author would like to note that the database
based on these results can be used to determine the ownership of an identified oil leakage in the Absheron
Peninsula.

Keywords: laser sensing, LIDAR, fluorescence, oil pollution.
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Miixtalif zonalarda cixarilan neftlorin fliioressensiya spektrlorinin
olciilmasi magsadi ilo KA-14 LIDAR-1mmn kalibrovka edilmasi

I.Z. Sadixov
Azorbaycan Milli Aviasiya Akademiyast (Mardakan pr. 30, Baki, AZ1045, Azarbaycan)

Yazisma iiciin:
Sadixov ITham / e-mail: mrsadikhov90@gmail.com

Xiilasa

Lazer zondlama tisullar1 60-c1 illordon baglayaraq istifado olunmaga baslamis vo 90-c1 illordan etibaran bu
iisul element bazasimin ucuzlasmasi, hesablama texnikasinin va program tominatinin inkisafi ilo birlikda yeni bir
Saviyyoys yiiksoldi. Hazirda lazer zondlama iisulu atraf miihitin on miasir aktiv moasafadon zondlanma iisullarindan
biridir. Milli Aviasiya Akademiyasinda iglonib hazirlanmig KA-14 LIDAR-1 (Light Detection and Ranging) neft
girklonmolorinin agkarlanmasinda ugurla smaqdan Kkegirilmis vo agkarlanan neft sizintilarmin fliioressensiya
spektrlorinin analizi osasinda Abseron yarimadasinin miixtalif zonalarinda ¢ixarilan neft niimunslorinin spektrlori
arasinda forglondirici xiisusiyyatlor miisahide olunmusdur. Miixtolif NQCI-na moxsus neft niimunolorinin spektrlori
osasinda verilonlor bazasinin yaradilmast moqsadi ilo KA-14 LIDAR-nin kalibrovka prosesi hoyata kegirilmis vo
kalibrovka edilmis KA-14 LIDAR-1 vasitosi ilo s6zii gedon niimunolorin fliioressensiya spektrlori 6l¢iilmiisdiir. Qeyd
etmok istordik ki, bu spektrlor osasinda yaradilacaq verilonlor bazasi askarlanan neft sizintilarinin Abseron
yarimadasinin hansi zonasina aid olmasinin miiayyanlagdirilmasinds istifads edils bilar.

Acar sozlar: lazer zondlama, LIDAR, fliioressensiya, neft ¢irklonmalori.

DOI: 10.52171/2076-0515_2022_14 03 07_11

VJIK: 535.372

Kanuoposka LIDAR KA-14 ¢ nesb10 n3MmepeHusi ClieKTPOB
dpayopecuenuun HedTH, 100bIBAEMOM B PA3JIHYHBIX 30HAX

N.3. Cagbixos

Asepbatioocanckan Hayuonanenas akademus aguayuu (Mapoaxanckuii np. 30, baxy, AZ1045, Azepbaiioscan)

2!.]'[5[ NEPENUCKHU:

Canpixos Mixam / e-mail: mrsadikhov90@gmail.com

AHHOTaLUA

B crarse paccmaTpuBaeTcs METOJ JIA3€pPHOTO 30HIUPOBAHUS — OAWH M3 CAMBIX COBPEMEHHBIX AKTHBHBIX Me-
TOJIOB JIMCTAHIIIOHHOTO 30HMPOBAHMs OKpYXatomiel cpenbl. Pazpaborannsiii B HannonansHo# akajieMun aBHaliiu
KA-14 LIDAR (Light Detection and Ranging) Obu1 ycriemHo HCTIBITaH IpH OOHAPY)KEHUN HETSHBIX 3arps3HEHUH.
Ha ocHoBe anannza criekTpoB (hIyopecleHIIMN OOHapyXEHHBIX yTeueK He(pTH HaOII0Jamich OTIIMYUTEIbHBIE 0CO-
OEHHOCTH MEXIy CIEKTpaMH 00pa3loB He(TH, NOOBIBAEMON B PAa3IMYHBIX 30HaX AIIIEPOHCKOrO IOJIYyOCTPOBA.
C nenbio co3nanus 0a3bl JaHHBIX HA OCHOBE CIIEKTPOB 00pas3loB HE(TH, MPUHAUISKAINX Pa3IndYHBIM HedTera3o-
JOOBIBAIOIIMM KOMITaHHsIM, ObUT npoBezieH npornecc kanubpoBku KA-14 LIDAR, u ¢ momoisio yctpoiictBa Obuin
M3MEPEHBI CHEKTPHI (IIyOpeceHIINN OTACTBHBIX 00pa3noB. basa maHHBIX, KOTOpas OyAeT co3JaHa Ha OCHOBE THX
JOKYMEHTOB, MOKET OBITh HCIIOJIB30BaHA JUIA ONPENCICHUS TOT0, K KAKOH KOMIIaHWM ATIIIEPOHCKOTO MOIyOCTPOBa
OTHOCHTCS BBISIBIICHHAsI yTe€4Ka HEPTH.

KuioueBble ciioBa:  ja3epHoe 3oHaupoBanue, LIDAR, dnyopecuennus, HeQTIHBIC 3arpsi3HEHS.
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Introduction

Rapid and reliable detection of oil
leaks on the water surface is one of the most
important issues in terms of Environmental
Protection in the coastal zones of the seas.
KA-14 LIDAR, developed at the National
Aviation Academy with the financial support
of the State Oil Company of Azerbaijan Re-
public, has been successfully applied in the
detection of oil spills occurring on the surface
of the Caspian Sea and Absheron Peninsula.
The working principle of KA-14 LIDAR is
based on laser-induced fluorescence (LIF) of
oil spots [1-5]. Crude oil is a very broad and
diverse class of substances and complex com-
pounds of hydrocarbons, salts, amines, sulfur
compounds, and metals. It is known that the
main components of crude oil include carbon
(83-87%), hydrogen (11-14%), oxygen (up to
3%), nitrogen (0,1-2%), sulfur (0,05-6%) and
microelements - metals (<0,1%; more com-
mon metals: iron, nickel, copper and vanadi-
um) [6-7]. The basis of fluorescence spectros-
copy applied for oil measurement and identifi-
cation its aromatic compounds and their deriv-
atives, which are the source of fluorescence of
oil. 25 — 75% of the total carbohydrate content
of the oil is made up of aromatic carbohy-
drates, the main of which consists of dual
compounds. These compounds consist of ben-
zene, naphthalene, anthracene, phenanthrene,
fluoranthene, benzpirole, and other polycyclic
aromatic carbohydrates and their derivatives,
as well as porphyrins, which form heavy met-
als. Fluorescence irradiation of crude oils de-
pends on its chemical composition, the con-
centration of fluorophore, and physicochemi-
cal properties of the oil. The fluorescence
spectrum has wavelengths greater than 260
nm, encompassing the ultraviolet and visible

range of light, and is more noticeable in the
spectral range of 270-500 nm [8-10].
Currently, there are 8 OGPC and 4 Joint
ventures located in different zones of Ab-
sheron peninsula in the Republic of Azerbai-
jan. The calibration process of KA-14 LIDAR
and spectra of some samples were presented in
the presented work to measure the fluores-
cence spectra of the oil samples obtained at
the different Oil-Gas Production Companies.

Methodology

The calibration process of KA-14
LIDAR was carried out in the following se-
quence: Laser cooling system checked; The
wavelength of the laser radiation (obtained
from the Collimator and perceived by the tele-
scope) was measured; Energy of laser pulses
IS measured;

Fluorescence spectra have been excited
by the third harmonic’s of the Nd: YAG laser
(A =355nm). Parameters of excitation: the di-
ameter of the laser beam is d=5mm (after col-
limation); pulse frequency f = 20Hz; pulse du-
ration is t = 7ns.

As a reference in the measurements, oil
stain artificially spilled on asphalt was taken
and fluorescence spectra of oil stain were
drawn by KA-14 LIDAR from different dis-
tances. In Figure 1, the results obtained from a
distance of 50m and 120m are presented.

Spectra presented in Fig.1 were used
from an average of 6 files, with 630 pulses in
each.

Figure 2 presents separate integral spec-
tra of oil, oil on asphalt, and asphalt. The spec-
trum of oil was obtained by the method of
separation of the spectrum of oil on asphalt
from the spectrum of oil on asphalt.
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Figure 1 — Fluorescence spectra of oil stain sprinkled
on asphalt from (spectra were detected by KA-14
LIDAR): a) 50m and b) 120m via KA-14 LIDAR
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Figure 2 — Integral spectra of oil stain, oil and asphalt
on asphalt a) 50m and b) 120m distance drawn

The experiment was carried out in the
bright hours of the day on the territory of the
National Aviation Academy. The energy of
the laser was selected as E=10J and E=12],
respectively.

The results of the measurements made
on the basis of calibration correspond to the
results published in modern literature.
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Results

At the next stage, the fluorescence spec-
tra of 7 different samples of oil belonging to
Absheron Peninsula were measured.

Measurements were carried out in labor-
atory conditions, using KA-14 LIDAR in the
following sequence:

- Firstly, background measurements were
made in the closed state of the laser output;

- Secondly, the fluorescence spectrum of
crude oil was measured;

- Finally, the background spectrum was rec-
orded with the removal of the given object
from the fluorescence spectrum.

The signal input time was 120 sec for all
measurements. In Figure 3, fluorescence spec-
tra of oil samples belonging to 7 OGPCs lo-
cated on the Absheron peninsula were investi-
gated.

10000 4
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Figure 3 — Spectra of 7 different samples of crude oil
belonging to SOCAR OQil-Gas Producing Companies by
KA-14 LIDAR

The main differences between the fluo-
rescence spectra of crude oil samples extracted
from different zones are as follows:

- State of spectrum maximums of radia-
tion;

- Presence of “shoulder” shaped bends
on the sides of short and long waves;

- Width and shape of the irradiation
strip.
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Conclusion

The results of measuerements carried
out by means of calibrated KA-14 LIDAR
confirm that the LIF spectra of crude oil ob-
tained in different zones of the Azerbaijan
Republic are different.

The creation of the database based on
this feature will allow determinaton of which
one of OGPCs belongs this lekage. It should
be noted that currently, work is underway to

measure Raman spectra of crude oil samples
and to include these spectra in the database.
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Abstract

An investigation of non-equilibrium thermodynamics with linear regimes in tribocouplings of brake
devices is carried out using Fourier's laws of thermal conductivity and Fick's effect, as well as the Sora
and Dufour effects in relation to the flow of non-equilibrium processes of diffusion and thermal diffusion
in the surface layers of friction linings. It is shown that there is an increase in the surface-volume tempera-
ture, which contributes to an increase in the volume of exit of endothermic reaction products from the up-
per layer of the polymer lining, as well as an increase in the equilibrium constant, which is accompanied
by the release of heat. In this case, in accordance with the principle of van't Hoff's mobile equilibrium,
elastic-plastic deformation of the microprotrusions of the working surface of the metal friction element
occurs. A change in the degree of dispersity and compactness of the phases that appear in the upper layer
of the polymer lining containing amorphous and vitreous substances significantly affects their chemical
activity. The application of the Onsager reciprocity relation made it possible to determine the quantitative
dependences between the diffusion and thermal diffusion parameters and their coefficients by calculation
and experiment.
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Xiilasa

Moagalads, oyloc qurgularinin triboqovsaqlarinda xotti rejimli geyri-miivazinat termodinamikasinin todqiqi
Furye istilikkegiricilik ganunundan va Fik effektindon, eloco do friksion kiindonin iist tobagolorinds diffuziya vo
termodiffuziya geyri-tarazliq proseslorinin axini ilo olagodar olan Sor vo Dyufur effektlorindon istifado etmoklo
aparilmigdir. Gostarilmisdir ki, polimer kiindonin iist tobagasindon endotermik reaksiya mohsullarinin ¢ixig hacminin
artmasina komok edon sothi-hacmi temperaturun, homginin istilik ayrilmasi ilo misaiyst olunan tarazliq sabitinin
artmast miisahida olunur. Eyni zamanda, Vant Hoffun harokotli tarazliq prinsipine uygun olaraq, metal siirtiinmo
elementinin is¢i sothinin mikrogiximtilarinin struktur-plastik deformasiyasi bas verir.
Acar sozlar:  oyloc qurgular, siirtiinmo ciitii, friksion kiinds, diffuziya vo termodiffuziya, Onsager qarsiliqh nisbati.
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AHHOTALUA

ITpoBoanTCs MccneoBaHNe HEPABHOBECHOW TEPMOJMHAMMKH C JIMHEHHBIMU PeXHMMaMH B TPHOOCOIIPSIKEH H-
SIX TOPMO3HBIX YCTPOMCTB C NMPHUBJICYEHHEM 3aKOHa TerutonpoBogHocTn Dypre u sddekra Puka, a Taxke 3hhexToB
Copa n [Jrodypa NpuMEHHUTEIFHO K NPOTEKAHUIO HEPAaBHOBECHBIX IpoueccoB 1uddysun n repmoauddysun B mo-
BEPXHOCTHBIX CIIOSIX (PPUKIMOHHBIX HakJanok. [TokasaHo, yTo HabyIOAAaETCs yBEINYEHHE TOBEPXHOCTHO-00bEMHON
TEMIIEpaTyphl, CIOcOOCTBYIOLIEH pOocTy 00beMa BBIXO/A MPOAYKTOB SHIOTEPMHUYECKUX PEaKIMi U3 BEPXHETO CIIOs
HOHHMepHOﬁ HaKJIaJIKH, a TAKXKEC KOHCTAHTbI paBHOBECHA, UYTO COIMPOBOXKIAACTCA BBIACIICHUEM TEIIIOTEHI. HpI/I 9TOM B
COOTBETCTBUH C MPUHITUIIOM ITOABIKHOTO paBHOBecus Baut-I'odda nponcxoaut ynpyromiactudeckas aedopmarus
MHUKPOBBICTYTIOB paboueii MOBEPXHOCTH METAJUTHYECKOTO AIEMEHTA TPEHHS.
KiroueBble cjioBa: TOPMO3HOE YCTPOHCTBO, Mapa TPeHUs, GPUKINOHHAS HaKIaaka, nuddysus u repmoguddysus,

cooTHomeHust B3auMHOCTH OHcarepa.
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Introduction

In tribology, three consecutive and inter-
connected friction process: frictional interaction
of microprotrusions of rubbing surfaces,
change in the properties of surface and near-
surface layers as a result of interaction and
destruction of surfaces due to the two previous
stages. These stages of friction occur in the
following fields: mechanical, electrical and
electromagnetic. The driving force is the re-
dox potential with its gradients. Its value is
estimated for a polymer friction element in the
longitudinal and transverse directions. For
flows of the washing medium, the transverse
temperature gradient is taken into account (de-
termined by the ratio C,/Cy; heat capacity at
constant pressure to heat capacity at constant
volume).

Any stable structural-phase state exists
for a short period of time, passing to a new
level of instability due to processes, phenome-
na and effects that increase the total entropy
and, accordingly, reduce the free energy of
materials. As a result, the next transition to a
new quasi-stable state is provoked. In this
case, the process continues for some time,
which is determined by the physicochemical
characteristics of the corresponding transfor-
mations, as well as the ability to create condi-
tions under which these transitions will occur
with the least possible frequency.

Analysis of literary sources and the state of
the problem

Irreversible processes, phenomena and
effects accompany the electrothermo-
mechanical frictional interaction of brake fric-
tion pairs. The distinction between reversible
and irreversible processes first entered ther-
modynamics through the concept of "entropy".
The relationship between the irreversible pro-
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cesses occurring in tribocouples of friction
pairs, between diffusion, thermal diffusion and
thermal conductivity, on the one hand, and the
rate of entropy increase, on the other.

Strongly non-equilibrium situations lead
to new space-time structures. For this reason,
the limitation of equilibrium situations, some
essential features of the behavior of matter and
energy. An example is the role of fluctuations.
The atomic structure of matter leads to fluctu-
ations. But at or near equilibrium, these fluc-
tuations do not have any important conse-
quences [1].

Indeed, a characteristic feature of equi-
librium thermodynamics is the existence of
principles of extrema. For isolated systems,
entropy increases and therefore reaches a max-
imum at equilibrium. In other situations (for
example, at a constant temperature) there are
functions called thermodynamic potentials,
which also have extrema (maxima and mini-
ma) in equilibrium [1]. The paper [2] gives an
analysis and synthesis of thermoelectric pro-
cesses characterizing electrothermomechanical
frictional interacttions of friction pairs of
brake devices. The upper layer of the polymer
lining is isolated at temperatures above the
allowable for its material, when the cracking
process begins.

Thermokinetic models of the interaction
of a metallic friction element during its opera-
tion in various media are considered. The in-
fluence of surface and bulk temperatures, spe-
cific loads, coefficient of mutual overlap of
friction pairs, the ratio between the amount of
reagents, the presence of inert gases and the
type of reactions on the rate of chemical reac-
tions during the cracking process in the upper
layer of polymer linings of friction units of
brake devices has been established. It is shown
that when estimating the equilibrium of a
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chemical reaction, it is necessary to take into
account the change in the Gibbs energy.

Non-equilibrium tribology in friction
friction pairs of brake devices is expressed in a
continuous change in internal and external op-
erational parameters in their surface and near-
surface layers during electrothermomechanical
friction [3].

The materials of work [4] refer to the
testing technique used to study the processes
of tribocracking of friction pairs. These pro-
cesses are accompanied by the release of gas-
vapor mixtures and water, which, at high tem-
peratures exceeding the allowable for polymer
lining materials, intensify the hydrogen wear
of the working elements of friction pairs.

According to the results of studies of tri-
bocracking of contact spots of microprotru-
sions of metal-polymer friction pairs, their en-
ergy load was estimated taking into account
the redox processes occurring on the working
surfaces. Regularities have been established
for changing the dynamic coefficient of fric-
tion depending on the energy load of metal-
polymer friction pairs exposed to -electric,
thermal and chemical fields. It is shown that
tribocracking has a complex tribochemical
nature with burnout of formaldehyde resin
from the surface layer of the polymer lining.
This process is accompanied by the release of
water, hydrogen, oxygen and other gas mix-
tures.

In studies [1], it is noted that the ad-
sorption effect, which is characterized by the
number of grooves N, made in one of the fric-
tion elements of a direct or reverse friction
pair, has a predominant role in the delivery of
an active gas mixture. However, in the area
between the grooves, the gas introduced from
the outside due to the adsorbing effect is con-
sumed when interacting with the friction sur-
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faces, and a point (zone) may appear in which
the active component of the gaseous medium
is almost completely consumed, as a result of
which the so-called gas starvation may occur
[5]. A similar phenomenon can occur with the
slit effect.

However, in the considered works [1-5],
no attention was paid to diffusion and thermal
diffusion processes, as well as the Onsager
reciprocity relations as applied to triboconju-
gations of friction pairs of brake devices.

Formulation of the problem

The main issues of the article: general
principles of energy processes in the fields of
frictional interaction of friction pairs of brake
devices; diffusion and thermal diffusion in tri-
bocouplings; the discussion of the results.

Objective — substantiation of the possi-
bility of using non-equilibrium thermodynam-
ics with linear regimes in tribo-couplings of
friction pairs of brakes.

General principles of energy processes in
the fields of frictional interaction of friction
pairs of braking devices

To clarify the meaning of the totality of
concepts, we consider each type of energy as a
product of two quantities: intensity (factor of
intensive property) and capacity (factor of ex-
tensive property). So, mechanical energy is
determined by the value of Fdl, i.e., the prod-
uct of the force and the increment of the path;
electric - Edq, i.e., the product of emf. on the
amount of electric charge carried; magnetic -
Bdl, i.e., the product of magnetic induction
and magnetization; volumetric - PdV; surface
energy - odw, i.e., the product of surface ten-
sion and the change in surface area; potential -
mgdh; kinetic — (v%/2)dm; chemical - udn, it
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determines the change in the chemical poten-
tial over the thickness of the substance. Inten-
sity factors are often combined under the gen-
eral name of generalized forces, and the ca-
pacity factor is called the generalized path. So,
in the case of mechanical energy, the magni-
tude of the force is a stress factor (just like p,
o, u, etc. in the corresponding types of ener-
gy), and the magnitude of the distance traveled
(i.e. changes in v, w, n, etc.) shows the extent
to which the action of force is manifested. En-
ergy in general can be written as follows:
dU =TdS — (Xdx + Ydy + ...), 1)
where X, Y .... — intensity factors; x, y ... -
their respective capacitance factors. If we as-
sume that dx=dy=...=0, those. the system is
not subject to the action of any external forces,
then equation (1) takes the form: dU = TdS. In
this case, the friction pairs in the brake are
open. The intensity factors are potentials (T is
the potential of thermal energy; u is the poten-
tial of chemical energy, etc.), i.e. voltages of
the acting type of energy.

Every time two systems with different
potentials interact, potential equalization oc-
curs by changing the corresponding capaci-
tance factors. So, pressure is equalized due to
a change in volume, temperature - due to a
change in entropy, etc.

Value (eu/eén;), s, is the chemical po-

tential (ui). This is true for the case when the
internal energy of the liquid phase of the tri-
bosystem increases with a decrease in the
mass of the surface and near-surface layer of
the polymer lining during the cracking process
by unity at constant entropy, and the volume
and masses of the lining components are vari-
able. The heat flow is the driving force in heat
transfer, and the chemical potential is the driv-
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ing force in the phase transition of the mass of
the upper layer of the polymer lining. The
phase transition leads to the establishment of
chemical equilibrium (and phase transition, if
the mass decrease occurs in a heterogeneous
system, i.e. between phases). Like other inten-
sity factors in the cracking process, the chemi-
cal potential of the substances levels off as the
process proceeds. At the moment of equilibri-
um, it becomes the same in all existing phases
in which the components of the upper layer of
the polymer lining are located. Thus, the
chemical variable is the amount of lining
components interacting with the material of
the metallic friction element. Unlike other in-
tensity factors, it is impossible to directly
measure the chemical potential, which makes
this concept not as clear as, for example, spe-
cific load, surface and bulk temperatures, etc.
Below are equations describing an infinitesi-
mal change U, H, F and G for a phase whose
mass and concentration may change as a result
of exchange with other phases.

If we assume that during frictional inter-
action only specific loads act on the tribosys-
tem, then with independent variables S, V and
N1, N2, N3 ... We obtain the equation:
dU = TdS - PdV + 2 xdn;. (2)

With independent variables S, P and ng,
Ny, N3 ... We have:

dH =TdS — VdP + X zdn;. (3)
Applying T, V and ny, ny, ns ... as varia-

bles, we have:

dF = - SAT — PdV + 3 z4dn;. (4)
Finally, with independent variables P, T

and ny, ny, N3 ... we have:
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dG = - ST — VdP + 3 z4dni. (5)

Taking partial derivatives from equa-
tions (2)-(5), we obtain analytical expressions
for various thermodynamic parameters. In ad-
dition, these expressions imply:

I

V,Spnj P,S,nj

= (aF/ani)V,T,nj = (aG/ani)P,T,njl

those, the chemical potential of the upper layer
of the working surface of the polymer lining
during frictional interaction with a metal fric-
tion element is equal to the partial derivative
of any thermodynamic potential of a given
phase with respect to the number of moles of
this component, provided that the correspond-
ing thermodynamic parameters and the num-

ber of moles of the remaining components of
the lining remain constant. In other words, the
chemical potential is a partial molar value of
the thermodynamic potential, provided that the
corresponding parameters of the state of the
tribosystem remain unchanged.

Diffusion and thermal diffusion in tri-
bocouplings

Diffusion and thermal diffusion flows of
liquid, vapor and gas play a significant role in
the equilibrium state of tribocouples of friction
pairs of braking devices.

On fig. 1 shows the algorithm of non-
equilibrium  thermodynamics in  tribo-
arrangements of friction pairs of brakes.

In table 1 shows the laws and effects as
applied to diffusion and thermal diffusion in
tribocouplings. As for chemical reactions, the
material on them will be placed in the third
part of the article.

Linear modes

PR e
Reciprocity ratio Symmetry principle
4/’\'}
Diffusion Thermal diffusion

Chemical reactions

/\

Unilateral

Complex

v

v

Linearity in Sequential Reactions

Figure 1 — Algorithm of nonequilibrium thermodynamics with linear regimes in tribocouplings
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Table 1 — Laws and effects accompanying diffusion and thermal diffusion in tribocouplings

Laws and effects

Name Content

Fourier's law of heat conduction Establishes a relationship between the temperature gradient of the
medium and the heat flux density.

Fick's Laws:

first Sets the proportionality of the diffusion flow of liquids and gases
to their concentration gradient.

second It is characterized by the diffusion equation at its constant value.

Effects:

Soret The flow of heat generates a flow of liquid and gases.

Dufour The mixing of liquid and gases contributes to the release of heat

When solving this problem, we apply
the theory of linear nonequilibrium thermo-
dynamics to the diffusion process. Depending
on the energy load of the working layer of the
polymer lining, a weak and strong electrolyte
forms on its surface when the formaldehyde
resin burns out [4].

In the region of low concentrations, the
concentration increases with increasing con-
centration (since the number of ions in 1 cm3
of solution increases with increasing concen-
tration), reaches a maximum value, and then
decreases. In solutions of strong electrolytes,
this decrease is explained by a slowdown in
the movement of ions due to the relaxation
effect and the effect of electrophoretic brak-
ing, and in solutions of weak electrolytes, it is
explained by a decrease in the degree of disso-
ciation.

Consideration of the influence of the
concentration of the solution on the value of 1
is more convenient to start with an analysis of
the dependence of the equivalent electrical
conductivity on the dilution of the solution
(Fig. 2). Dilution (dilution) of a solution
V=1/C is the reciprocal of concentration C. As
experiments show, with increasing dilution

18

(decreasing concentration), the equivalent
electrical conductivity increases and reaches a
certain limit value, as shown in fig. 2. This
limit value / is called the electrical conductivi-
ty at infinite dilution and is denoted /...

A,
Om'em’

1

2

v i/ ‘gequi

Figure 2 — Dependence of equivalent electrical conduc-
tivity A on dilution (curve 1) and on solution concentra-
tion (curve 2)

When several components diffuse simul-
taneously from the surface layers of the FK-
24A lining and the flow of one component af-
fects the flow of another. The entropy produc-
tion per volume unit due to multicomponent
diffusion is:

s=-%), .v[*;kj, @)




Azarbaycan Miihandislik Akademiyasinin Xabarlori
2022, cild 14, Ne 3, s. 12-23
Canshmadov ©.X. va basq.

Herald of the Azerbaijan Engineering Academy
2022, vol. 14, no. 3, pp. 12-23
Janahmadov A.Kh. et al.

where Ji — flow of matter; x — component

chemical potential k and his temperature 7.
Under isothermal conditions, the corre-

sponding linear relations have the form:

L.
Je = _Z %Vﬂk ' 8
k

The first task is to find a relationship
between the linear coefficients Li and the ex-
perimentally measured diffusion coefficients
Dix. For multicomponent diffusion (under iso-
thermal conditions), the "generalized Fick's
law" can be represented as

Ji= _z Dy VN, (x).

where ni(x) — component concentration k at
the point x; D, — diffusion coefficients.

Having written down the dependences
for a two-component and multi-component
mixture, after performing a series of substitu-
tions and transformations, we obtained the re-
lationship between the coefficient L;; and the
diffusion coefficient

D,T

)
on,

For the diffusion of a substance in a so-
lution, n; and n, are the number of moles of
the solvent and dissolved substance per unit
volume, and for a dilute solution
1, = 1(p,T)+RTInx,, where R — gas con-

stant;, p — pressure; x =n/(n,+n,)~n/n,, and

9)

Ly, = (10)

Vi

vy,

n, << n,. These conditions simplify the rela-

tionship between L;; and D:
D;n,
Lll - T
This formula establishes the relationship
between the usual diffusion coefficient and the
corresponding coefficient p. To test the On-
sager reciprocity relation, it is necessary to

have at least three components in the system.

(11)

19

For three-component isothermal diffusion, the
entropy production per unit volume is
_%.Vﬂl _\?Tz'vluz _%'Vﬂa :
Let us write for the three-component
system the Gibbs-Duhem equations and the
condition of the absence of a volumetric flow
(13)
Jyv, +3,v, +J3v, =0. (14)
Let's pretend that J; and ps3 are solvent
variables, and Ji, u1; Jo, o are variables of two
solutes whose cross-diffusion is of interest.
Using (13) and (14), J; and w3 can be eliminat-
ed from the entropy production expression.
The entropy production is then written only in
terms of the two solute variables Ji, w1 and Js,

H2:

5= (12)

MV +N0,V, +ngV =0,

S=F-J,+F,-J,. (15)
where the thermodynamic forces F; and F;
have the form

Fo-tlvy+ Wiy, My, | @6)
T i n,v, n,v,

Fz = _1 V:uz + nzvz Vluz + anl V:ul , (17)
T L 3”3 3”3

So let's write the ratios:
J=LyFR + LR, (18)
J, =LyF +LyF;. (19)
To check the reciprocity relations, it is
necessary to relate Ly and the experimentally
measured diffusion coefficients Dj of the
generalized Fick law:
J; =-DpVn, — D, VN, (20)
J, =—D,Vn, —D,,Vn,. (21)
It should be noted that for J, =0 these
equations lead to the fact that the constant
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flow  Ji=const  associated  with  the
concentration  gradient n; causes the
concentration gradient n,. Let us continue that
fluxes and concentration gradients are directed
along the same direction, say x, so that all
gradients correspond to derivatives with
respect to x. Since the chemical potentials s
are functions of ny, one can represent the
forces Fx in terms of the concentration
gradients of the two diffusing components.
Thus, we get
Ot _ Oy O | Opy Oy
OX oOn OX 0On, OX
We write a similar relation for the gradi-
ent up. Using these relations in (16) and (17)
and substituting them into (18) and (19), we
write the fluxes Ji in terms of the gradients ny.
After calculations, the following relations be-
tween the diffusion coefficients and linear On-
sager coefficients are obtained:
L, dDy, -bD,, _ab, -chy

- ad —bc 27 ad-bc

(22)

(23)

dD,, —bD,,
ad—bc

_ab,, -¢cDy,,

24
ad —bc ( )

Ly = 22
where a, b, ¢, d are coefficients.
Obviously, the meaning of the reciproci-

ty relations L, = Ly; is reduced to the follow-
ing:

abD,, +bD,, =cD;; +dD,, . (25)

The results of experimental studies of
changes in the amount and composition of the
gas-vapor mixture formed in the intercontact
space of friction pairs indicate that the friction
process is of a complex tribochemical nature
(Table 2) [4].

The amount of water that ended up in
the measuring tube of the vacuum pump was
35.4 ml.

Experimental and calculated data of the
multicomponent system are given in Table 3.

Table 2 — The percentage ratio of the components of the gas mixture formed in the intercontact space of

the friction pair steel 30KhGSA - FK-24A

. Gas content, wt. share, %
Sample | Composite | Temperature, oth
number brand °C H, 0, N, | CO, | CO | ZCHp gas:sr***
1 OK-24A 150 * 19,8 | 78,8 | 0,28 * *
2 - 215 * 19,8 | 78,8 | 0,23 * *
37 - 420 0,123 | 19.1 [ 795 | 013 | * * Rest
4" - 500 0,171 | 16,3 | 81,6 | 0,24 | 0,24 | 0,24
- 750 0,308 98 |812 |0,08 | 0,08 1,06
Note: Presence of traces of specified gases; ~ Sampling was carried out from four zones (points) simultaneously;

““Others mean Ar, Ne, He, Kr, N,O, Xe, O,, Rn.

Table 3 — Experimental and calculated values of diffusion coefficients for a multicomponent friction lin-
ing in the temperature range and verification of relationships

Sample | Friction | Temperature,

D11X10, D12X10, D21X10, D22X10,

number | material °C X | X mlc m%/c mlc m/c Liallas
1 DOK-24A 150 0,25 | 0,50 1,848 -0,063 -0,052 1,797 1,052
2 " 215 0,26 | 0,03 1,570 -0,077 -0,012 1,606 0,980
3 " 420 0,70 | 0,15 2,132 0,051 -0,071 2,062 0,942
4 " 500 0,15 | 0,70 1,853 0,049 -0,068 1,841 0,915
5 " 730 0,25 | 0,75 1,79 0,043 -0,07 1,80 1,1

20
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“Note: before the line, the exponent near the number ten is equal to two, and after it, it is equal to minus

three.

The relationship between chemical po-
tentials and concentrations is not always
known exactly, and reliable measurements of
diffusion coefficients are quite difficult.

Nevertheless, it can be seen that, within
the limits of experimental errors, the reciproci-
ty relations hold very well. In thermal diffu-
sion, the interaction between heat flows and
liquid and gas causes two separate Soret and
Dufour effects (see Table 1).

In this case, reciprocity relations can be
obtained using the expression for the produc-
tion of entropy during diffusion and heat con-
duction:

S:(Ju_i‘]kﬂk)'v(lj_i‘]k'1V1uk (26)
P} T) & T

After complete separation of the temper-
ature and concentration gradient, determina-
tion of the molar entropy under the condition
of equalizing the specific loads in the tri-
bocoupling and, using a series of transfor-
mations, an expression was obtained that de-
termines the heat flux, taking into account the
flow of liquid and gas

S = <]u - Z/k(#k + TSk)) :
k=1

7 (3) = Bt 3 (Taidpr (27)

Now, using G = H-TS, it is easy to see
that u + TSk = Hy, where is the partial molar
enthalpy H, =(6H /on, )p,T'

Using this definition, the heat flux, tak-
ing into account the flow of matter, can be de-
fined as

‘JqE‘Ju_ZW:Hk'Jk' (28)
k=1

In a closed system at constant volume,
the change in enthalpy due to a change in

21

composition is equal to the exchange of heat
interacting with the external environment. In
an open system with a fixed amount of heat,
the difference between the changes in energy
and enthalpy due to the flow of liquid and gas
is determined. In what follows, the resulting
expressions are associated with Fourier's heat
conduction laws and Fick's diffusion laws, but
in this case we write the gradients as

Vi, =(Op 1 on )V, ;

VAIT)=—/T2 T,

so the two streams take the form:

L .

Jo=— BT -1, 21y M Oy (29)
T T v,n, ) on

3, = —Li—EVT RIS T (30)
T T v,N, ) o

Now we determine the coefficients of
diffusion and thermal conductivity

1 v,n, \ou, - _ Ly,
D=L —|1+222 %, k =2,
' LHT( vnz)anl T
and get reciprocity relations
Ly = Lyg- (31)

Cross flow — (L, /T?)vT usually pre-
sented as —n D VT, wherein Dy — thermal

diffusion coefficient, so that the flow of matter
is proportional to n;. The ratio of the thermal
diffusion coefficient to the ordinary diffusion
coefficient is called the Soret coefficient.

ST = & ] Liq .
D, DTn

In a closed system with a temperature
gradient (Fig. 3), concentration gradients are
established due to heat flows. Assuming J;=0,
one can obtain the stationary value of the con-
centration gradient

(32)

L
le—%VT—Dan:O. (33)
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Insofar as L, /T* =n,D,, we write the

gradient ratio as follows:
vn,  nD;
)
The Soret coefficient has units of T™. In
the general case, it is small and ranges from
10 to 10 for electrolytes and gases [6-12],
but in polymer solutions it can take larger val-
ues. The heat flux caused by the flow of mat-
ter is determined by the Dufour coefficient Dy.
Since heat accompanies the flow of matter and
is proportional to the concentration nj, the
Dufour coefficient is defined as

- jaﬂ

—| 1+
( on,

(34)

=-—N;S; -

viny

(35)

N Dy =Ly T

Vo,

Figure 3 — Thermal diffusion. The temperature gradient
and the resulting heat flux causes a concentration gradi-
ent in the incoming (T,) and escaping (T;) surfaces of
the lining

Since, L,/T?=nD, the Onsager reci-

procity relation Liq = Lq1 determines the ratio
of the Dufour coefficient and to the thermal
diffusion coefficient:

Dd:'r(1+ Vil ja'“i

D; v,n, ) on,

This ratio has been confirmed experi-
mentally. Thus, nonequilibrium thermody-
namics is a generalized theory of irreversible
processes. Onsager's reciprocity relations are
general and valid for all systems in which lin-
ear relations hold.

(36)

Conclusion
The study of non-equilibrium thermody-
namics with linear regimes in tribocouplers of

22

brake devices using the laws of thermal con-
ductivity of Fourier and Fick, as well as the
Sor and Dufour effects in relation to the flow
of equilibrium processes of diffusion and
thermal diffusion in the surface layers of fric-
tion linings, made it possible to establish the
following: the factors in the tribosystem are
the potentials (T - the potential of thermal en-
ergy; p - the potential of the specific load; p -
the potential of chemical energy, etc.), i.e. the
voltages of the acting type of energy, each
time when two tribosystems with different po-
tentials enter into interaction, there is an
equalization of potentials due to a change in
the corresponding capacitance factors. So, the
pressure of gases is leveled off due to a
change in volume, temperature - due to a
change in entropy, etc.; an increase in the sur-
face-volume temperature contributes to an in-
crease in the volume of the output of endo-
thermic reaction products from the upper layer
of the polymer lining, as well as the equilibri-
um constant, which is accompanied by the re-
lease of heat. In this case, in accordance with
the principle of van't Hoff's mobile equilibri-
um, elastic-plastic deformation of the micro-
protrusions of the working surface of the met-
al friction element occurs. A decrease in the
surface temperature of friction pairs contrib-
utes to the intensification of the exothermic
reaction with the dissociation of ions of the
surface layer of the polymer lining; the elec-
trons formed in the electrolyte are strongly
oriented and their effective dipole moment is
large, which leads to the inversion of many
currents according to the "polymer-metal”
scheme; triboadsorbed gas is adsorbed by the
working surface of the metal, after which its
chemical transformations occur; at the rate of
tribosorption and triboreaction of the same
order, the chemical reaction is shifted towards
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the working surface of the metal friction ele-
ment; a change in the degree of dispersity and
compactness of the phases that appear in the
upper layer of the polymer lining, containing
amorphous and vitreous substances, signifi-
cantly affects their chemical activity; in this
case, it is necessary to take into account the
change in the Gibbs energy; the change in the
Gibbs energy of the surface layer of the poly-

mer lining is associated with its temperature
and heat content, which affect the direction of
shifting the equilibrium of the chemical reac-
tion; application of the Onsager reciprocity
relation allowed to determine the quantitative
dependences between the parameters of diffu-
sion and thermal diffusion and their coeffi-
cients by calculation and experiment.

REFERENCES

1. Prigozhin I., Kondepudi D. Modern thermodynamics. From heat engines to dissipative structures
(translation from English: Yu.A. Danilov and V.V. Bely). M.: Mir, 2002. - 461 p. (in Russian)

2. Janahmadov A.Kh., Volchenko A.l., Volchenko D.A. [and others] Electrothermomechanical fric-
tional interaction in friction pairs during the cracking process (part I). Herald of the Azerbaijan Engi-
neering Academy, Baku, No. 3, 2020. S. 12-31 (in English)

3. Zhuravlev D.Yu. Thermodynamic limit of surface layers of polymer linings in frictional interaction.
Kharkov: Eastern European Journal of Advanced Technologies, 2014, No. 2 / 11 (68). S. 20-26 (in
English)

4. Janahmadov A.Kh., Volchenko A.l., Skrypnyk V.S. [and others]. Electrothermomechanical fric-
tional interaction in friction pairs during the cracking process (part I1). Herald of the Azerbaijan En-
gineering Academy, Baku, No. 4, 2020. S. 19-26 (in English)

5. Belousov V.Ya., Chichinadze A.V., Bogatchuk I.M. Wear resistance of friction polymer materials.
Lvov: Izd-vo pri Lvov. un-te, 1989. - 144 p (in English)

6. Zhuravlev D.Yu. Non-equilibrium tribology in the frictional interaction of friction pairs of brake
devices (part 1). Problems of friction and wear, No. 4, 2015. - Pp. 43-50 (in English)

7. Zhuravlev D.Yu. Non-equilibrium tribology in the frictional interaction of friction pairs of brake
devices (part 2). Problems of friction and wear, No. 1, 2016. - Pp. 33-45 (in English)

8. Janahmadov A.Kh., Volchenko D.A., Zhuravlev D.Yu. [i dr.] Proektnyj i proverochnyj raschet
frikcionnyh uzlov lentochno-kolodochnyh tormozov burovyh lebedok. Baku: Apostroff, 2016. — 312
s. (in English)

9. Eremin E.N. Osnovy himicheskoj termodinamiki. M.: Vysshaya shkola, 1978. — 340 s. (in Russian)

10. Pekhovich A.l., Zhidkikh V.M. Calculations of the thermal regime of solids. L.: Energy, 1976. -
352 p. (in English)

11. Kindrachuk M.V., Volchenko D.A., Volchenko N.A., Stebeletskaya N.M., Voznyi A.V. Influence
of hydrogen on the wear resistance of materials in the friction couples of braking units. mater. sci.
2017, 53, pp. 282-288. (in English)

12.

Janahmadov A.Kh., Volchenko D.A., Volchenko N.A. [and others]. Tribology: friction, wear, lu-

brication. Baku: "Apostrophe - A", 2019. - 640 p. (in English)

23



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2022, cild 14, Ne 3, s. 24-40 2022, vol. 14, no. 3, pp.24-40
Volgenko D.A. va basq. Volchenko D.A. et al.

Flow of Electric Currents in Ohmic Contacts of Friction
Couples of Braking Devices

D.A. Volchenko®, M.Y. Javadov?, V.S. Skrypnyk?,
N.A. Volchenko®, D.Yu. Zhuravlev'

'lvano-Frankivsk National Technical University of Oil and Gas (Karpatska st. 15, Ivano-Frankivsk,
76019, Ukraine)

2 Azerbaijan Engineering Academy (Mardakan ave. 30, Baku, AZ1045, Azerbaijan)

*Kuban State University of Technology (Moskovskaya st. 2, bld. A, Krasnodar, 350072, Russia)

For correspondence:
Skrypnyk Vasily / e-mail: skripnik-vs07 @ukr.net

Abstract

The paper exams the energy levels of contacts in the frictional interaction of metal-polymer and
semiconductor materials; ohmic contact in the system: "metal-polymer” and "metal-semiconductor”; the
analysis of results. In this case, the height of the potential barrier between their materials in the near-
contact zone and in the "metal-semiconductor" interface with "n" and "p" types of conductivity was taken
into account. The different degree of regulation of their surfaces that contribute to the concentration of
charge carriers and dislocations of imperfections in the crystal lattice of materials. In this case, thermionic,
field and thermal field emissions were formed, accompanied by emerging metal shunts. As for the Fermi
energy level, it affects the surfaces in the middle and in the depth of the band gap, near the edge of the
valence band, as well as the resulting shift at the edge of the conduction band. All of these factors were
under the influence of impulse specific loads and energy load, which contributed to the generation of
electric currents of various magnitudes and directions along with alternating thermal currents.
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9ylaoc qurgularmnin siirtiinma ciititndaki omik kontaktlarda

elektrik carayan axini
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Xiilasa

Mogalada metalpolimer vo yarimkecirici materiallarin friksion qarsiligl tesiri zamam kontaktlarinin enerji
saviyyalari; sistemda omik slago: "metal-polimer” va "metal-yarimkegirici" kimi maSalalor nozardon kegirilib. Bu
zaman kontakt zonasinda vo “metal-yarimkegirici” ilo “n” vo “p” kegiricilik ndvlorinin kegid sarhoddinds onlarin
materiallar1 arasindaki potensial maneanin hiindiirlityii nozors alinib. Onlarin sathlorinin tonzimlonmasinin miixtalif
doracali olmasi yiik dagtyicilarinin konsentrasiyasina vo materiallarin kristal qofosindoki qiisurlarin dislokasiyasina
komok edir. Bu zaman yaranan metal suntlari ilo miisayiot olunan termelektron, saho vo termo-sahs emissiyalar
meydana golir. Fermi enerji soviyyssino goaldikdo, o, qadagan olunmus zonanin sathinin ortasina vo dorinliyino,
valentlik zonasmin konarina yaxin sathlors, homginin kegiricilik zonasimin yerdoyismosino tosir edib. Biitiin
sadalanan amillor xiisusi impuls yiiklorinin va enerji yiiklonmasinin tesiri altinda idi ki, bu da doyison istilik
carayanimin va miixtalif komiyyat vo istigamotlordo elektrik corayaninin yaradilmasina kémok edir.
Acar sozlar: stirtiinma ciitii, kontaktlarin mikro-¢ixintilar, elektrik va istilik corayanlari.
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AHHOTaNUA

PaccMmarpuBaroTcsi  SHEpPreTHYECKHE  YPOBHM  KOHTAKTOB MpH  (DPUKIMOHHOM  B3aUMOJCHCTBHH
METAJJIOTIOIUMEPHBIX M MOJYNPOBOAHUKOBBIX MaTE€pHAIOB; OMMUYECKHI KOHTAKT B CUCTEME «METaJUI-TIOJIUMEP» U
«METaJUI-TIOTYPOBOIHUKY. [Ipy pacueTe yIUTHIBaIach BHICOTA MOTEHIIMAIHLHOTO 0apbhepa MEXy UX MaTeprUaaMy B
MPUKOHTAKTHOM 30HE M B MEPEXOJIHOM TpaHULE «METAJUI-TIOIYNPOBOAHUK» C «N» U «p» THUIAMU IPOBOJUMOCTH.
PasHas cTereHb perynupoBaHus HX IOBEPXHOCTEH CIIOCOOCTBYET KOHIICHTPAIIUN HOCUTEIICH 3apsiia U JUCIOKAIISIM
HECOBEPIICHCTB KPUCTAITMYCCKON pEeIIeTKH MaTepuaiioB. [Ipu 3ToM 00pa30BEIBasIach TEPMOIJICKTPOHHAS, TOJICBAs
U TEPMOIOJIEBAs AMUCCHH, CONPOBOKIAIOIIMECS BO3HUKAIOMIMMHU METAUNIMYECKUMH IIYHTaMU. DHEPreTHYECKUM
ypoBerb Depmu BO3IEHCTBOBAN Ha MOBEPXHOCTH IMOCEPECIUHE U B TIyOMHE 3ampelleHHON 30HBI, BONHM3HM Kpas
BaJICHTHOW 30HBI, a TaK)K€ Ha CIBUIC 30HBI MPOBOAMMOCTH. Bce (akTOphl HAXOMWIUCH IO BO3ACHCTBHEM
UMIYJIBCHBIX YJIICIBHBIX HATPYy30K M 3HEPrOHATPYKCHHOCTH, YTO CIIOCOOCTBOBAJIO TCHEPUPOBAHHIO MEPEMEHHBIX
TETUIOBBIX TOKOB M 3JIEKTPUYECKUX TOKOB PA3TMYHON BEJIMUUHBI U HATIPaBJICHUH.
KiroueBble cjioBa: rnapa TPEHHUS, MUKPOBBICTYIbI KOHTAKTOB, 3JICKTPUUECKHE WU TEIUIOBBIE TOKH,

SHEPreTHUECKUE YPOBHHU, MTOJMMEPHBIE U MOJIYITPOBOIHUKOBBIE MaTePHUAIIbI.
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Introduction

Kragelsky  I.V.  formulated and
introduced into consideration tribotechnology
with sequential and interrelated friction
processes, namely: frictional interaction of
surface microprotrusions, changes in surface
and near-surface layers as a result of
interaction and destruction of surfaces due to
the two previous stages [1]. All three stages
friction occurs in the following fields:
mechanical, electrical, thermal, chemical and
electromagnetic. The driving force in the
specified fields is local potential with its
gradients, evaluated in a particular process,
phenomenon and effect in the longitudinal and
transverse directions in a metal friction
element. As for the currents of the washing
medium, they take into account the transverse
temperature gradient (determined by the ratio
C,/C,, i.e., the ratio of the heat capacity at
constant pressure to the heat capacity at
constant volume). In all processes, phenomena
and effects, the main role is played by ohmic
contact.

Analysis of literary sources and the state of
the problem

The paper [2] provides a review of
literature data on the properties of ohmic
metal-semiconductor ~ contacts and  the
mechanism of current flow in them
(thermionic emission, field emission, thermal
field emission, as well as current flow through
metal shunts). The theoretical dependences of
the resistance of an ohmic contact on
temperature and the concentration of charge
carriers in a semiconductor were compared
with experimental data for ohmic contacts to
semiconductors of the A"BY' (ZnSe, ZnO),
A"BY (GaN, AIN, InN, GaAs, GaP, InP), A"
(SiC, diamond) and a solid solution of these
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In ohmic contacts based on
semiconductors, the main
current flow mechanism is thermionic
emission, and the height of the «metal-
semiconductor» potential barrier is most often
0,1-0,2 eV. In ohmic contacts based on lightly
doped semiconductors, the current flows due
to field emission, and the height of the «metal-
semiconductor» potential barrier is
approximately 0,3-0,5 eV. In alloyed In
contacts to GaP and GaN, a current flow
mechanism is manifested, which is not typical
for Schottky diodes - current flow through
metal shunts formed due to the deposition of
metal atoms on dislocations or other
imperfections in the semiconductor.

It is known that the resistance of ohmic
contacts was determined from the dependence
of the potential difference between several
contacts on the distance between them [2];
from the dependence of the resistance of the
“metal-semiconductor-metal” structure with
two ohmic contacts on the thickness of the
structure [3]; from the analysis of the
characteristics of contacts of different
diameters [4], as well as by the heat transfer
line method [5].

Currently, research is being carried out
on the dependence of the resistance of ohmic
contacts on temperature, charge carrier
concentration, band gap of a semiconductor,
and so on, in order to establish the mechanism
of current flow through an ohmic contact.
Theoretically, both current flow mechanisms
traditional for Schottky barriers (thermionic

semiconductors.
lightly doped

emission, thermal field emission, field
emission) and other mechanisms
(recombination, metal shunts)  were

considered. The current flow mechanism was
determined from a  comparison  of
experimental results with these theories. These
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studies were carried out both for
semiconductors A"BY'!, A"'BY, AVB", and for
solid solutions based on them.

The resulting structures with zero ohmic
resistance for direct and sinusoidal electric
current [6].

As in the case of superconductivity, this
fact is due to the exchange-correlation
interaction of electrons, but its cause is
different and consists in the polarization of the
structure by the electric field, and not in the
polarization of the lattice by Cooper pairs.

In [7], the electrophysical processes of
real “metal-semiconductor” contacts are
considered, in the near-contact semiconductor
region in which an additional electric field of
the contact potential difference (spot field)
arises both between microsections with
different heights of potential barriers on the
contact surface, and between contact surface
and adjacent to it, and free surfaces of the
metal and semiconductor. Energy models of
real metal-semiconductor contacts and current
flow mechanisms based on the theory of
thermionic emission have been developed.

The features of determining the
electrophysical parameters of the peripheral
region of the contact surface and measuring
the existing electrophysical parameters of real
"metal-semiconductor™ contacts are presented.

In [8], the phenomenon of electronic
switching of polymer film currents as a result
of changing the boundary conditions at the
metal-polymer interface was studied. It is
shown that the transition of the polymer to a
highly conductive state can be realized by
spatial separation of the metal, in which the
position of the electrochemical potential
changes, from the region of the polymer film,
in which the electrical switching occurs.
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An explanation of the effect is proposed
on the basis of an injection model for the
appearance of conductivity in a metal-
polymer-metal structure.

In the materials of the article, the types
of contacts of microprotrusions of metal-
polymer and semiconductor materials are
given [9]. The latter are modified in the form
of tablets into the working surface of polymer
linings.

The energy levels of microcontacts of
friction pairs are illustrated.

A critical review of the
indicated what needs to be done:

- to evaluate the energy load of metal-
polymer and metal-semiconductor contact
spots of microprotrusions of friction pairs of
brakes;

- generalize the dependence for
calculating the main operational parameters of
metal-semiconductor contacts;

- to show the role of metal shunts in the
contact  frictional interaction on the
distribution of pulsed electric currents
between the spots of microprotrusions of
friction pairs.

literature

Formulation of the problem

The main questions of the article: energy
levels of contacts in the frictional interaction
of  metal-polymer and  semiconductor
materials; ohmic contact in the system:
"metal-polymer” and "metal-semiconductor";
the discussion of the results.

The purpose of the work is to establish
the patterns of change in pulsed electric
currents in  ohmic contacts “"metal -
semiconductor” during their contact-pulse
frictional interaction in friction pairs of brake
devices.
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Energy levels of contacts in the frictional

interaction of  metal-polymer  and
semiconductor materials
In polymer overlays, composed of

heterogeneous materials, there are amorphous
and crystalline phases, a capture of a different
kind occurs - at interphase boundaries. The
accumulation of charges at the boundaries is
due to the difference in the conductivities of
the considered phases (the Maxwell-Wagner
effect) [9, 10].

When such a material is electrified, the
carriers will collect near a given interface or,
vice versa, leave it, depending on which of the
two conduction currents is greater: flowing to
the charge boundary or leaving it. Differences
in local conduction currents also lead to
charge dissipation during the subsequent
thermally stimulated discharge, since in this
case the currents already flow in the opposite
direction. For charge neutralization processes,
the properties of the working surface of the
metal friction element also play an important
role. The relationship between the energy
levels is determined by the frictional contact
interaction of microprotrusions of friction
pairs [4].

In table 1, in fig. 1 &, b, ¢ conditionally
shows the difference between neutral, ohmic
and blocking contacts.

Let us consider the cases of the
appearance  of  neutral  contacts on
microprotrusions of metal-polymer friction
pairs according to fig. 1 a and table 1.

The first case refers to the surface
temperatures of the polymer lining, which are
below the allowable values for its materials.
According to the table 1 and fig. 1 and the
work function of electrons and ions from the
metallic and non-metallic friction elements is
equal to each other.
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Fig. 1 a, b, c. — Dependence of the electrokinetic
potential ¢ (a), field strength E = dg/dx (b) and charge
density p=d’p/dx?® (c) on the X coordinate: A —
boundary of the fixed part of the electrical double layer;
L - liquid; S is a solid body; curves 2 and 1 -
respectively, up to the permissible temperature of the
materials of the surface layer of the lining and above

Neutral contact

A large increase in the work function of
ions from the surface layer of the overlay is
given by electron affinity. The latter is the
ability of some atoms and molecules to attach
an additional electron and turn into positive
ions. The measure of electron affinity is the
energy released in this case. Purposeful
reorientation of electrons into ions makes it
possible, due to this effect, to achieve equality
of the work functions of particles.

Second case

When the working surface of the
polymer lining reaches a temperature above
the allowable for its materials, burnout occurs
from the surface and near-surface layers of the
binder components, which leads to the
formation of liquid islands on the surface of
the lining.
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Table 1 — Energy diagrams during frictional interaction of microprotrusions of friction pairs "metal-polymer"
(a, b, ¢) and "metal-semiconductor” (i) with n-type conductivity
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Legend: y — electron affinity; Fn, F,, F'y — Fermi levels: metal, polymer, semiconductor; E. is the energy of the
formed capacitance of the capacitor (C); dy is the distance between microprotrusions; Uy is the contact potential
difference; q is the electron charge; W is the work function of electrons and ions from the rectifying contact; V is the
field voltage

When the working surface of a metal liquid, the transition of ions from the metal to
friction element comes into contact with a  the liquid is observed (Fig. 1a, curve 1).
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In addition to the chemical mechanism
of electrical phenomena in the contact of
metal and liquid, another mechanism is also
possible - electrification of the surfaces of
metal and liquid during the movement of the
latter, because the liquid layer, moving, carries
away with itself an ionic charge. Calculations
show that a significant accumulation of
charges during the movement of a liquid
occurs when its specific resistance is above
109 Ohmecm. It is believed that in this case a
double electric layer is formed on the surface
of the metal in contact with the liquid.

The surface of the metal, as a result of
the loss or capture of ions, acquires a certain
chemical potential, and a certain charge is
distributed over it. The opposite charge is in
the liquid. The distribution of charges in a
liquid can be characterized by a potential ¢
that varies with distance from the surface in
accordance with the electrostatic forces and
the Boltzmann distribution (Fig. 1a).

An analytical expression for calculating
the value of the potential ¢ is obtained by
solving the Poisson equation under the
assumption of the existence of a screening
double electric layer.

The metal enters the solution in the form
of either positive ions or complex negative
ions if it interacts with a liquid solution. In this
case, the surface of the metal acquires a
certain specific potential, which establishes a
balance between the process of isolation and
deposition of ions. This potential depends both
on the nature of the metal and on the
concentration of ions in the liquid. At a certain
value of acidity (pH), the metal does not send
ions into the solution, but, on the contrary,
takes them from the solution, acquiring a
charge before the onset of electrical
equilibrium.
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Metals are  arranged in an
electrochemical series with respect to the
positive hydrogen ion H*. When two different
metals are immersed in a liquid, each of them
has a certain potential with respect to the
liquid.

When metals come into contact, an
electric current arises until all metal ions or all
ions of the solution are exhausted in the
solution. Electric currents can also flow
between different points of the same metal
surface if it is charged and inhomogeneous.

Blocking contact

The behavior of the microprotrusions of
the polymer lining is highly dependent on the
material of the microprotrusions of the
metallic friction element. Usually, the contact
spots of microprotrusions covered with films
are blocking contacts at low and intermediate
field strengths (table 1, c).

Such a contact prevents the transfer of
charge carriers from the electrode into the
surface and near-surface layers of the polymer
lining, while at the same time, it itself can
receive carriers from these layers.

In a dielectric with blocking contacts,
containing no charge carriers at all, the flow of
a stationary current is obviously impossible. If
in the dielectric there are carriers of both
signs, and with very different values of their
mobility, then near the contact spots of
microprotrusions of a metal friction element,
the sign of which coincides with the sign of
more mobile carriers, a Schottky barrier is
formed. The polarization of the contact
patches of the microprotrusions of the lining
arising under these conditions is due precisely
to the presence of electrons. This situation is
quite easily explained in the limiting case
when there is no mobility of carriers of one
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polarity (for example, electrons) and no
further generation of free carriers occurs. The
applied field in this case removes positive
carriers from the contact spots of the
microprotrusions of the lining (anodes),
(located, say, at x = 0).

Since this electrode is not able to
transfer positive charges to materials, a cloud
of negative space charge with a density p is
formed near it in a layer of thickness ss
between the planes x = 0 and x = s;. After the
space charge layer has been fully formed, the
voltage V, which initially fell across the entire
thickness of the metal microprotrusion, will
now become applied to layers of thickness ss.

As a result, the current will go to zero.
The length of the layer is determined by the

formula s, =./2¢V / p and does not depend

on the applied electric field.

For example, at a density of immobile
(captured) carriers p = 1-10™ C/cm, ¢ = 2-107
F/cm u V = 1,0 TommumHa cios Ss COCTaBIISIET
1,25-10° cm. So, the use of blocking contacts
prevents the complete removal of mobile
carriers from the dielectric, and regardless of

The presence of a non-conductive
interlayer of finite thickness between the
dielectric and the electrode can cause the
formation of barrier polarization.

True, the molecular dimensions of the
resulting double layer of positive and negative
carriers do not allow it to be detected in
ordinary external measurements, for example,
compensation charges on the electrode. In
addition, the formation of a double electric
layer does not give a blocking effect.

Thus, if the contacts are blocked,
neutralization must take place inside the
metallic friction element, regardless of the
type of contact (whether it is injecting
electrons or blocking). It depends only on
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which of the work functions of electrons or
ions is greater: a metal or polymer friction
element. If the work function of the first
element is greater than that of the second
element, a blocking barrier is formed. The
presence of the latter makes it possible to
study the method of thermally stimulated
discharge of semi-insulators and
semiconductors, which are characterized by
large conduction currents. Blocking contacts
act in the opposite way: they prevent both
injection and neutralization of charges.

Ohmic contact in the system '"Metal -
polymer**

Most often, in metal-polymer friction
pairs in relation to two-layer ("metal-
polymer") structures of braking devices, an
ohmic (injecting) contact is encountered
(Table 1, c).

On fig. 2 shows the band diagram of the
contact “metal - electrically conductive
polymer”. A feature of this diagram is the
presence of a narrow electrically conductive
zone in the middle of the polymer gap.
According to one of the hypotheses, just such
a narrow band can be responsible for the
transport properties of thin dielectric films.

Figure 2 — Energy diagram of the friction pair "metal -
polymer": Eg, Fy - energy levels: metal (Fermi);
polymer; Wy;; Wp - work function: electrons of their
metal; ions and electrons from polymer; y - electron
affinity
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Figure 3 a, b — Qualitative picture of the energy bands
in the "metal-polymer" system with pulsed normal
forces acting on the polymer film: a— N <NC; b — N >
NC; EC, EV are the energies of the zones: the
conduction bottom and the valence top of the polymer;
FM and FP are the Fermi and polymer levels; WM is
the work function of an electron from a metal; dashed
curve G(x) is the distribution of injected electrons in the
polymer film

The change in the position of the Fermi
level of a metal in the region of its phase
transition relative to a narrow band in the
polymer dictates the conditions for the
injection of electrons and ions from the metal
into the polymer and thus characterizes the
change in the conductivity of the system as a
whole.

On fig. 3 a, b shows the model of energy
bands in the “metal-polymer” system
stimulated by pulsed normal forces injection
of current carriers from the metal into the
conduction band of the polymer. According to
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this model, the compression of a polymer
causes the decay of surface states that play the
role of electron acceptors. It is also possible
that, due to the increase in polarizability, the
bottom of the conduction band of the polymer
simultaneously decreases.

As a result, at a certain value of N=NC,
the structure of the energy bands near the
metal-polymer interface is favorable for
carrier injection, although at N<NC this
process either does not occur at all or has an
extremely low efficiency.

With a decrease in the thickness of the
polymer film, a situation may arise when the
charges concentrated near the opposite
boundaries of the considered contact begin to
interact with each other, leading to a distortion
of the shape of the potential barrier. The
maximum film thickness at which the
interaction of boundary charges begins can be
considered to be twice the value of such a
contact parameter as the penetration depth of
the surface charge. The interaction of surface
charges can lead to the formation of a local
minimum in the middle of the barrier, which,
in principle, can lead to the intersection of the
curve describing the envelope of the potential
barrier with the Fermi level (Table 2).

With such a hypothetical variant, new
electronic states can arise in the middle of the
barrier at the Fermi level, which increase its
permeability for electrons. If we learn to
control such states, then in fact it will mean
the creation of a fundamentally new electronic
hybrid nanostructured metal-polymer material.

If the contacts are blocked,
neutralization must take place inside the
metallic friction element, regardless of the
type of contact (whether it is electron-injecting
or blocking). It depends only on which of the
work functions of electrons or ions is greater:
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a metal or polymer friction element. If the
work function of the first element is greater
than that of the second, a blocking barrier is
formed. The presence of the latter makes it
possible to study the method of thermally
stimulated discharge of semiconductors,
which are characterized by large conduction
currents.

Blocking contacts act in the opposite
way: they prevent both injection and
neutralization of charges.

In the case when the work function of
the electrons and ions of the semiconductor
Wp is greater than the work function of the
metal Wy, (Table 1, d, ), then when the metal
and the n-type semiconductor are connected
by a wire, the electrons pass from the metal to
the semiconductor (Table 1, f). As a result,
after the establishment of thermodynamic
equilibrium, an electrostatic field Ex is formed
between them directed to the surface of the
semiconductor, and a contact potential
difference Uk appears as shown in the energy
diagram (Table 1, g).

The electric field between the metal and
the semiconductor is created by the missing
electrons on the surface of the metal and the
excess electrons on the surface of the
semiconductor. With a decrease in the
thickness o of the charge layer, naturally, the
surface density of excess charges on the
surfaces increases, as well as the electric field
strength in the gap.

When the gap thickness decreases to the
order of interatomic distances, i.e. in direct
contact between a metal and a semiconductor,
the surface atomic layer of the metal and the
semiconductor forms a single quantum
mechanical system (Table 1, h) and there is
practically no potential barrier at the interface
for free electrons (Table 1, 1).
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Thus, the contact of a metal with an n-
type semiconductor has a potential barrier, i.e.
has rectifying properties if Wy > W's and -
ohmic if Wy < W' (Fig.4).

p. MPa

Figure 4 — Patterns of the work function of electrons
from the working surfaces of friction pairs of the brake
(W) on specific loads (p) at various values of the
contact potential difference (AV) during frictional
interaction

In the case when the metal is in contact
with p-type zinc, the "metal-semiconductor”
contact has rectifying properties if Wy < W's,
and ohmic if Wy > W' (Fig. 1 a, b, ¢). It
should be noted that if the contact of a metal
with an n-type and p-type semiconductor has
the corresponding barrier heights Fy, and Fyy,
then their sum becomes equal to the band gap
of this semiconductor Fp.

The initial data for calculating the
mechanical and electrical parameters of the
contact spot of microprotrusions for
determining the current are the characteristics
of the surface microgeometry - the maximum
height of the protrusions above the middle line
of the profile Rp and the maximum radius of
the protrusions rmax; physical and mechanical
characteristics of the material - the modulus of
elasticity (Young's modulus) E, Poisson's ratio
u, electrical resistivity of the material r;
operational characteristics, impulsive normal
force compressing the contact.
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Table 2 — Dependence of the potential difference in the contact on the difference between the Fermi levels

of friction pair materials

Fg\llzz’ 015 | 020 | 0,25 | 0,30 | 0,35 | 040 | 045 | 050 | 055 | 0,60 | 0,65 | 0,70 | 0,75 | 0,80
ﬁ\\//’ 009 | 013 | 016 | 019 | 022 | 025 | 0,28 | 0,31 | 0,34 | 0,38 | 041 | 044 | 047 | 0,50
Table 3 — Mechanical and electrical characteristics of the contact patch of two spherical
microprotrusions of metal-polymer friction pairs
Parameter name Estimated dependency
Radius of a single contact patch a= (0 75Nr/ E)Z/B' (1)
Deformation of contacting micro-protrusions a’ 0.5
5=2"=|0s6N2/(rE?)*; @
r
Specific load on the contact 6NE?
patch of microprotrusions maximum P= (“j =15N /(728.2); 3)
7 a
average P, =0,66P, = N/(za?); @)
Reduced Young's modulus 1/E = (1_#12)/ E, + (1_ ﬂzz )/ E,. (5)
t o -l
Current strength | = o T Kk, (6)
Rk P

In table 3 shows the main dependences
for calculating the characteristics of a single
contact of two spherical microprotrusions of
the contact patch. In table 3, depending on 6,
the following conventions are used: tmax —
maximum temperature at the contact patch of
microprotrusions, °C; oT - external heat
transfer coefficient, W/(m2 «°C); Rk — contact
thermal resistance, ‘C/W; p — electrical
resistivity, (Ohmemm?2)/m; Ik — contact length,
mm.

The computer model is practically
implemented as a Windows application,
written in C++ using the Borland class library.
Programmatically, the model is included in the
main calculation module, which includes an
assessment of the external and internal
parameters of metal-polymer friction pairs at
the macro-, micro- and nanolevels. In addition
to the main one, there is an additional module

responsible for the convenience of data
presentation and user interface.

For greater clarity, on the basis of the
proposed formulas, it is possible to build
graphs of the dependences of the contact
characteristics on external factors, which are
the currents of the washing air and mixture
components. Within the framework of the
computer model, the contact characteristics
are calculated as follows. A pair of random
numbers is generated, distributed according to
a given law, corresponding to the height and
radius of the protrusion of a rough surface.
The logic of the program is illustrated by a
block diagram of the main calculation module
for the parameters of mechanical, electrical
and thermal fields (Fig. 5).

The program is connected to the MS
Access database, which consists of two tables,
each of which includes 33 fields. The first
table contains the values of the initial and

34




Azarbaycan Miihandislik Akademiyasinin Xoborlori
2022, cild 14, Ne 3, s. 24-40
Volgenko D.A. va basq.

Herald of the Azerbaijan Engineering Academy
2022, vol. 14, no. 3, pp.24-40
Volchenko D.A. et al.

intermediate data, and the second table
contains the values of the results. Tables are
used to build graphs.

Setting initial
parameters

<
«
y

A

Random value
generation

Do the protrusions
make contact?

No

Yes
\ 4

Result

Figure 5 — Block diagram of the main calculation
module

In this case, the first field of each table
is reserved for the verified initial combination
of initial parameters and is used only at the
beginning of work and only for reading. First
of all, the program reads the initial
combination of initial parameters from the
database and supplements the initial data
fields with these values.

The user then edits them, executes
calculation, after which the table of values is
filled in and a graph is built on it. The
adequacy of the model was checked by
comparing the simulation results with the data
of other authors, obtained on the basis of
analytical models for some special cases [11,
12].
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"Metal is a semiconductor"*

The "metal-semiconductor”  contact,
which has both ohmic and rectifying
properties, is the main multifunctional

physical element of the contact patches of
microprotrusions of friction pairs of brake
devices.

In metallic and non-metallic friction
elements of brake devices, semiconductor
components are contained in the material
structures. On fig. 6 shows the components of
the resistance of the ohmic contact "metal -
semiconductor”.

The resistance of the near-contact region
is the resistance of the heavily doped region
and the resistance of the n — n" and p — p*
transitions. The resistance of a heavily doped
near-contact region is usually low in
semiconductors with high carrier mobility. For
example, the resistance of the near-contact
layer n* - GaAs with a thickness of~1 pm at
an electron density of n*=10" cm™® and a
mobility of ~ 10® cm?/(V-s) is about 6-10®
Ohmem®. At the same time, in
semiconductors such as SiC and A"BY, it is
often impossible to achieve a strong doping of
the near-contact region, and, moreover, the
charge carrier mobility is low 10 — 100
sz/(V-s)). In this case, the resistance of the
near-contact region can reach ~ 10 - 10°
Ohm-em®  Consider the resistance of
transitions n - n+, p - p + using the example of
n+ - n -transition. It is inversely proportional
to the electron concentration [13, 14].

Calculated dependence of the resistance
of an ohmic contact on the concentration of
charge carriers and the height of the metal-
semiconductor potential barrier when field
emission is the main mechanism of current
flow. To reduce the resistance of the ohmic
contact in such contacts, the height of the
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metal-semiconductor

barrie

r is

reduced due to changes in the chemical  surface region.

Ohmic contact resistance:

/\

contact area

when crossing the border "metal -
semiconductor"

y

Formation of an ohmic contact with a potential barrier which:

-— 7 T

missing present small in size

A
Emissions affecting the properties of semiconductors:

thermionic field thermal field

A 4
Ohmic contacts to semiconductor materials
A 4
Groups A" B and IV
nitrides arsenides, phosphides and antimonides

Figure 6 — Methods of current flow in ochmic contacts in the "metal-semiconductor™ system
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composition of the semiconductor in its near-
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Figure 7 — Methods of current flow in an ohmic metal-semiconductor contact: a — thermionic emission of electrons
over the barrier; b — thermal field emission of electrons through the top of the barrier; ¢ - tunneling (field emission)

of electrons through the barrier

For the case of a p-type semiconductor,
Nd is replaced by Na, the concentration of
ionized acceptors in the semiconductor; Is —
saturation current, n — coefficient of ideality of
current-voltage characteristic, b — potential
barrier height, Apb — reduction of potential
barrier height by mirror image forces and
other reasons; S is the contact area; T(E) is the
probability of passing a carrier having energy
E through a barrier less than qeb by AE; E00
is the Padovani-Stratton parameter [15], Vd is
the diffusion (contact) potential difference.
The transition of the metal-semiconductor
interface by electrons can occur:

- above the barrier (thermionic emission,
Fig. 7 a);

- through the top of the barrier (thermal
field emission, Fig. 7b);

- through the barrier at the Fermi
energy level (tunneling, field emission,
Fig. 7¢).

To determine the conditions under
which one or another mechanism of current
flow manifests itself.

Padovani and Straton [15] introduced
the parameter EOO, which depends on the
nature of the semiconductor and the degree of
its doping.

For we the

clarity, systematize
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calculated dependences (7)-(17) borrowed
from [1], where Lp is the Debye length in the
n-region, N is the density of state in the
semiconductor conduction band, upn is the
electron mobility in the n-region, N and N* -
electron concentration in n and n* - regions, K
- coefficient showing how many times the
concentration of electrons at the Fermi level in
n* - region exceeds N, ¢ - electron charge.

For an ohmic contact to GaAs, it makes
the main contribution to the contact resistance
at N < 5-10%” cm™; y is the Fermi level energy,
A* = 4zgm’k*h>=120m, A/(cm’K?) is the
effective Richardson constant, m, = m’/mg, mg
is the free electron mass, k is the Boltzmann
constant, & is the permittivity of the
semiconductor; & is the vacuum permittivity;
Ng is the concentration of ionized donors in
the semiconductor. For the case of a p-type
semiconductor, Ny is replaced by N,, the
concentration of ionized acceptors in the
semiconductor; I; — saturation current, n —
coefficient of ideality of current-voltage
characteristic, ¢, — potential barrier height,
Ay — reduction of potential barrier height by
mirror image forces and other reasons; S is the
contact area; T(E) is the probability of passing
a carrier having energy E through a barrier
less than qgp by 4E; Eq is the Padovani-
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Stratton parameter [15], Vg4 is the diffusion
(contact) potential difference.

Let's analyze dependences according to
tabl. 4 concerning different types of emissions.
If the current flow through an ohmic contact is
determined by thermionic emission, then:

to the barrier height ¢p, and the cutoff at
1/T—0 is proportional to A*;

- contact resistance depends on the type
of semiconductor and decreases slightly with
increasing doping level (Ag oc Né”). If the
current flow through an ohmic contact is

- the contact resistance increases . . .
. . . . determined by field emission, then: the contact
exponentially with the height of the potential . e . .
. ) resistance will increase exponentially with the
barrier g, i . .
. . height of the potential barrier; contact
- the contact resistance decreases with ] . . )
. . resistance is practically independent of
increasing temperature, and the dependence
. o temperature.
R.T = f(1/T) on a semi-logarithmic scale
should be linear, and its slope is proportional
Table 4 — Calculation dependences for determining the operational parameters of ochmic contacts
"metal - semiconductor”
LoN, )
(5] n-n* " +
§ Gty KNN
2 _[ k 1 (8)
% Contact area R . _[qA*TJIn[lJrexp k]
g [ ©)
5 Roon _[qA*TNJ
[&]
‘2 | Associated with the h [N,
< | transition of the border Ego = ) X (10)
o, . . £4&oM
metal - semi-conductor
J J=1J, exp(:lz/—lj, (11)
Thermionic ( )
[ K e 920, (12)
R R [qA.TJexp[ T }
—2(AE 3/ 2
T T(E) oc exp 3E(00le)/2:| (13)
n Field ) S ( )
o Q 1 m-q T(E
E R — = dE, (14)
> = ¢ R, 2’ !exp[(E—;()/kT]—l
- 5 P e e
- _ AT rElap, —aV+x)  (x N (15)
Js T T etEy, /kT) Xp[kT (pTJ]
. Po 16
R
Thermofield Re o eX'“[Eoocth(Eoo /kT)] (16)
—qV -(E -
00
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For thermal field emission it is
established that: - the dependence of direct
current on voltage is exponential,

- at each temperature value, the slope of
this dependence on a semi-logarithmic scale is
equal to 1/EO, and this value at a given
temperature  depends on the intrinsic
parameters of the semiconductor, and not on
the properties of the barrier;

- cutoff along the y-axis of the
dependence of current on voltage on a semi-
log scale gives the value of the saturation
current, and the dependence
I,oth(Ege /KT) from L

T E,
linear on a semi-logarithmic scale, its slope
corresponds to the height of the metal-
semiconductor potential barrier.

Thus, if the current flow through an
ohmic contact is determined by thermal field
emission, then: the contact resistance increases
exponentially with the height of the potential
barrier ¢p; contact resistance decreases with
increasing temperature, but much weaker than
in the case of thermionic emission.

Processes, phenomena, and effects in
friction units take place differently under
pulsed and long-term loading of contact spots
of microprotrusions, since here it is necessary
to take into account the current residual
surface-volume temperatures. The latter grow
all the time, reaching the steady and thermal
stabilization state of metal friction elements.

A significant part of the equivalent
stresses arising in the process of braking is
concentrated in the surface and near-surface
layers of metal friction elements. These
voltages become proportional to pulsed
electric currents and flash temperatures on the
contact spots of microprotrusions of friction
pairs "metal-semiconductor”. Here, another

39

way of current flow is manifested - through
metal shunts.

What is a shunt - a branch, an electrical
conductor connected in parallel to a section of
an electrical circuit to divert part of the
electric current around this section. Shunts are
metal atoms deposited along the lines of
imperfections, such as dislocations, and short-
circuit the space charge layer. At the same
time, an electric field is concentrated at the
edges of such "needles™ and the current flow is
carried out due to field emission.

Thus, metal shunts act as distributors of
electrical currents in an extensive network.
They unload some contact spots, others
overload the contact spots of
microprotrusions. The effect of "needles"
causes strong local heating in thin layers of the
friction surface, leading to the formation of
burns of thermal spots and satellite foci of
microcracks.

During cooling after braking of the
metal friction element, a changeable surface
and deep temperature gradient is formed,
causing large thermal stresses.

Conclusion

The results of the study of the energy
levels of contacts in the frictional interaction
of metal-polymer and semiconductor materials
in friction pairs of brake devices made it
possible to formulate the following discovery.

Previously unknown patterns of changes
in pulsed electric currents in ohmic contacts
"metal-semiconductor" during their contact-
pulse frictional interaction are established,
which consist in the fact that under the action
of pulsed specific loads and energy load due to
the height of the potential barrier between
their materials in the contact zone and in the
transition zone "metal-semiconductor”
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boundary with "n" and "p" types of
conductivity at different degrees of their
regulated surfaces, which contribute to the
concentration of charge carriers and
dislocations of imperfections of the crystal
lattice, and at the same time, thermionic, field
and thermal field emissions are formed,
accompanied by emerging metal shunts, and

the energy surface Fermi level changes the
effect on the surface, in the middle and in the
depth of the band gap, near the edge of the
valence band, as well as the resulting shift at
the edge of the conduction band, which
contributes to the generation of electric
currents along with alternating thermal
currents of various sizes and directions.
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Abstract

The article examines the existing problems of passenger transportation in urban and suburban
transport. A comparative analysis of trains with a magnetic cushion with various modes of transport is
given. The history of the development of magnetic trains is given, the principle of operation of the EMC
electromagnetic suspension system, the EMF electrodynamic suspension system and the permanent
magnet system are considered. The advantages and disadvantages of magnetic trains are studied, the
investment costs for this type of transport are analyzed. In addition to the noted obstacles that may arise
when using magnetic trains, taking into account the growing problems in the operation of ground vehicles
in the country, they will allow timely and high-quality satisfaction of the population's need for passenger
transportation. In terms of a significant reduction in the intensity of traffic in the land transport sector in
the country and the harmful compounds that they disperse into the environment, it is proposed to use these
trains in the future in Azerbaijan.
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Azarbaycanda Maglev tipli gatarlarin tatbiqi perspektiviari
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Xiilasa

Mogaloda sohardaxili va soharatrafi sarnisin dasimalarindaki mévcud problemlor arasdirilmigdir.
Magnit yastiqlt gatarlar miixtalif nagliyyat novleri ilo miigayisali tohlil edilmisdir. Magnitli gatarlarin
inkigaf tarixi verilmis, elektromaqnit asqilt EMS, elektrodinamik asqili EDS va sabit magnitli sistemlorin
is prinsiplori aragdirilmisdir. Maqnitli qatarlarin Ustiinliiklori va ¢atismazliglart tadqig olunmagla, bu
nagliyyat néviina yatirilan sarmaya Xarclari tahlil edilmisdir. Magnitli gatarlarin istifadesi zaman1 yarana
bilocok manealori geyd edilmoklo yanasi, respublika orazisinds yeriistii nogliyyat vasitolorinin istismari
prosesinda getdikca artan problemlari nozors alaraq, onlarin shalinin sarnisin dagimalarina olan tolabatini
vaxtinda vo yiiksok keyfiyyotlo yerino yetirilmosino imkan veracoyi, respublika orazisinds yertistii
naqliyyat sektorundaki harokat gorginliyini va otraf miihito sopaladiyi zararli birlogsmalori xeyli azaldacagi
baximindan perspektivdo bu qatarlarin Azorbaycanda totbiq edilmasinin mogsadouygunlugu toklif
gorilmisdiir.
Acar sozlor:  maqnitli gatar, sornisin dasimalari, elektromagnit sistem, elektrodinamik sistem, sabit

magqnitli sistem, sarmaya Xarclori.
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AHHOTaNUA

B crathe paccMOTpEHBI CYIIECTBYIONINE MPOOIEMBI MACCAKHUPCKUX IMEPEBO30K HAa TOPOJCKOM H
NpUTOpoIHOM TpaHcnopTe. [lpu3BeneH cpaBHUTENBHBIA aHANW3 MOE3J0B C MArHUTHOM MOIYIIKOW C
pa3MYHBIMM BUJaMu TpaHcrnopTa. IIpuBeaeHa UCTOpHUS pa3BUTHUSI MAarHUTHBIX MOE3A0B, PACCMOTPEHBI
MPUHIUI PabOThl CHUCTEMbI 3JICKTPOMArHuTHOW moaBeckd OMC, CHCTEMbI 3JCKTPOAMHAMUYECKON
noasecku DJIC U cucTeMbl MOCTOSHHOI'O MarHuTa. M3ydeHsl NpeuMyIecTBa U HEIOCTATKU MAarHUTHBIX
MOE3/I0B, MPOaHATU3UPOBAHBI MHBECTULIMOHHBIE 3aTpaThl Ha 3TOT BUJ TpaHcmopta. C TOYKH 3PEHHUS
3HAYUTEIBHOTO CHW)XEHUSI MHTEHCHUBHOCTH JIBUKEHHUS B HAa3€MHOM TPAHCIIOPTHOM CEKTOPE CTpaHbl
MIPEIIOKEHO MCIIOIB30BaTh TH Toe3aa B OyaymieM B AzepOalikaHe, C y9eTOM BPEIHBIX COSAMHECHHH,
KOTOPBIC OHHM PACCEUBAIOT B OKPY>KAIOIIEH cpeay.

KiroueBble ¢jioBa: MarHUTHBIN Imoe3a, IMMaCCaXXUPCKHUE TICPEBO3KH, OJICKTPOMAarHuTHasA CHUCTEMA,

QJICKTpOAMHaAMHU4YECKasd CHCTEMA, CUCTEMA C IIOCTOAHHBIMHW MarHuTaMH, HWHBECC-
TUIUOHHBIC 3aTPAThI.
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Giris

Ilk buxar lokomotivlorinin yaradilma-
sidan togriban 200 il kegmasino baxmayaraq
elektrik enerjisi vo yanacaq (dizel, gaz va s.)
hesabina Sornisin vo yiikk dasimalari ilo mosgul
olan domir yol nagliyyatinin dart1 harokat vasi-
tolori miiasir texnologiyalar sayasindo miikom-
mal soviyyayadok inkisaf etmisdir. Qeyd et-
moak lazimdir ki, biitiin bu illor arzinds ixtiraci
miihandislar alternativ harokat vasitalarinin ya-
radilmasi tizorinds aktiv islor gormiislor. Onla-
rin amayinin naticalorindan an parlaq niimuns
magnit yastiglar tizarindaki gatarlardir (MYQ).

Diinyada, homg¢inin 6lkomizin sahar vo
sohorotrafi rayonlarinda ohalinin sayr durma-
dan artdigindan sarnisin dasimalarinin hacmi
do artir. Belo dasimalar {igiin soxsi avtomobil-
lordon istifado edilon goharlords “pik” saatla-
rinda horokat siirati minimal hoddodok azalir.
Hazirda avtomobil nagliyyatinin boyiik sahor-
lords istismari ¢ox ciddi problems ¢evrilmisdir.
Onlarin dayanmasi vo gozlomasi tigiin nainki
yollarin vo kiigalorin konarlari, hotta sokilor vo
usaq meydangalar1 da zobt olunmusdur. Boyiik
sohorlordo ononavi Sarnisin nagliyyat novlori
daima artmagda olan sarnisin dasimalarinin ye-
rina yetirilmasini tomin edo bilmir. Bazi gohor-
lorda isa sohordaxili sarnisin dasimalar: tigiin
fordi avtomomobillara nishoton boyiik vo orta
tutumlu avtomobillorin istifadosi 6ziinii daha
cox dogruldur. Sohardaxili vo gohoratrafi dasi-
malar agagidaki soraitlords yerino yetirilir:

» dasima keyfiyyati vo miintozomliyi ya-
ritmaz voaziyystdo olur, xiisusen ”pik” saatla-
rinda yollarm harokat vasitolori ilo yiiklonmo
saviyyasi normadan 2-3 dofodon ¢ox olan hal-
larda buna daha ¢ox tesadiif edilir;

* yeriistli sohor naqgliyyat novlerinda ho-
rokat siirati azalmis (16-20 km/s) va bu da sor-
niginlorin is yerino ¢atma vaxtini (hofto arzinds
8-10 saata godor) artirmisdir. Is yerina catma

vaxti oksar hallarda giindalik olaraq 1 saata go-
dor yiiksalir. Miitoxassislor miiayyan etmislor
Ki, sarnisinlorin is yerlorino ¢atana godor har 10
doagige arzindo komfortsuz vaziyystds olmala-
r1, onlarin is gabiliyyatini vo mohsuldarligini 3-
4 % azaldir;

* havanin ¢irklonma doaracasi son illor 3-
4 dofo artmis, SoS Saviyyasi iso xeyli yiiksal-
misdir;

* avtomobil sornisin dagimalarinda maye
yanacaq sarfi bir neg¢o dofo artmisdir;

« avtomobillorin sayinin artmasi ilo ya-
nas1 bas veran yol-nagliyyat hadisslorinin say1
da yiiksalmigdir. Hor il diinyada bas veran yol-
nogliyyat hadisalorinds 6lanlorin say1 hazirda 8
min. nofardon goxdur.

Avtomobil yollarinda vo hava mokaninda
intensiv harakatin olmasi vo mévcud nagliyyat
sobokalarinin bu six harakot soraitindo yetorli
olmamasi demir yolu nagliyyatina ehtiyaci da-
ha da aktuallasdirir. Damir yolu nagliyyatinda
rahatliq, tohliikasizlik, slgatanliq vo qisa miid-
doto soyahot etmok arzusu siiratli gatarlardan
istifado zoruriyyati yaratdi. Yiiksok siirotli do-
mir yolu digar nogliyyat vasitalori ilo miigayi-
sado bir ¢ox istlinliiklora malikdir [1, 2].

Masalanin qoyulusu

Miitoxassislor geyd edirlor ki, uzag me-
safalora harokst zamani sarnisinin yolda olma
vaxti (“gapidan-gapiya” horokotds) 3-4 saatdan
artiq olmamalidir. Miixtalif nogliyyat novlori-
nin horokotds olma middati 2,5 saat olmagla,
onlarin istifads edilma xiisusiyyatlori miitoxas-
sislar torafindon arasdirilmisdir (sok. 1). Miioy-
yan edilmisdir ki, geyd edilon miiddat arzinds
sornigin avtomobillo 150 km, gatarla 250 km,
toyyars ilo 900 km, MYQ ila tagriban 1000 km
mosafo ot edir. Miiasir nagliyyat novlorilo
miigayisado MYQ 50-1100 km masafalorda
vaxta gonast etmoays imkan yaradir.
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Sokil 1 — Sornisin dasimalarinda 2, 5 saat orzinds
miixtolif nogliyyat novlari ilo gat edilon mosafalar:
1 - soxsi avtomobillor (tixaclar1 nazors almagla);
2 - domiryol noqgliyyati; 3 - MYQ; 4 - hava nogliyyati
Figure 1 — Distances covered by different modes of
transport for 2, 5 hours in passenger transportation:
1 - private cars (including traffic jams); 2 - railway
transport; 3 - MLT; 4 - air transport

Vaxt baximidan hava nagliyyat: ilo mii-
gayisado magnitli nagliyyat daha somaralidir.
Ciinki, tayyars ilo ugmag tiglin an az1 2 saat av-
val hava limaninda olmagq, toyyaradon diisdiik-
doan sonra isa bagaji gotiirmak tigiin bir miiddat
gozlomok lazim oldugu halda, bu gatardan isti-
fado etmok ti¢iin bagajla birgs 5-10 dagige av-
val stansiyada olmag kifayat edir vo monzil
basinda gatardan diisdiikdon sonra bagaji goz-
lomays ehtiyac duyulmur. Bundan olavs, hava
limaninin gohardon xeyli konarda yerlosmasi
soboabindon hava limanina getmok {igiin olave
vaxt vo noagliyyat lazim goldiyi halda, sassiz va
nishatan ekoloji tomiz MYQ soharin markazin-
doan kega bilir.

Homginin, MYQ-da enerji vo ya yanacaq
sorfi hava nogliyyatina nishaton 2 dofodon do
azdir. Toyyaralorin uga bilmadiyi yararsiz hava
soraitindo sornisinlorin  longimalarini vao 6z
planlarin1 dayisorok hayacanlanmalarini da xii-
susi geyd etmoak lazimdir. Yaddan gixarmag ol-
maz Ki, hava nagliyyat: ilo straf miihito sas vo
zororli qazlarla gostorilon moanfi tosirlor sor-
niginlora vo otraf orazilords yasayan shaliys zi-
yan yetirir, kond tosorriifatina yararli xeyli ha-

mar miinbit torpaq sahassi hava liman: arazisi
tigtin istifads edilir [3].

Qeyd etmok lazimdir ki, 400-500
km/saat MYQ {igiin son siirat haddi sayilmur.
Nisbaton boyiik horokot siiratlorinds aerodina-
mik migavimati dof etmok {igiin gox yiiksok
enerji sorf etmok lazim golir. ©nanavi domir
yollarinin yataglarinda harokat eds bilmomalori
Maglev (magnit levitasiyali) gatarlarinin istoni-
lan yerdas totbiq olunmasina manes yaradir.

Belo gatarlarin horakati tiglin xiisusi ma-
gistrallarin tikintisino ehtiyac duyulur. Bu iss,
6z novbasinds boyiik sarmays goyulusunu te-
lab edir. Bundan slavs, Maglev gatarlar: tiglin
yaradilan giiclii maqnit sahalari insan organiz-
mina monfi tosir gostorir. Ona gore do bu mo-
solo trassanin yaxinlhigindaki sahods yasayan
ohalinin saglamliginda miioyyan godor 6ziinii
biiruzo verir. Gostarilon amil sababindan gatari
idaro edon masinistin vo sarnisinlorin gorun-
mas1 tigiin Maglevin salonu daxildon xiisusi
materiallar vasitosi ilo ekranlasdirilir.

Magnitli gatarlarin xeyrins an giiclii fak-
tor siiratli domiryol nogliyyatina nisbaton onla-
rin 2-3 dofo daha boyiik harokat siiratine malik
olmalaridir. Magnit asqili nogliyyat sisteminin
yaratdigi magnit sahasindon basga onun otraf
miihito gostordiyi ekoloji ziyan hiss olunmur,
estakadalar iizorindo quruldugundan kond te-
sorriifatina yararl torpaqlart zobt etmir, gatar-
larin horokati zamani yerin sathinds sas vo tit-
romoalar yaratmir [4, 5].

Miiasir domir-beton estakadalarin tikinti-
sinin orta dayari metro Xottinin doyarindon 3-8
dofo az, inga tempi iso 5-10 dofa yiiksokdir. La-
kin, estakadalar yeriistii avtomobil vo domir
yollarinin insasindan baha basa golir. Qeyd
edilonlardan basga estakadalar 6z ustiinliklori
ilo diqgati daha ¢ox colb edir: az torpaq islori
goriiliir, dayaglarin sahasine uygun kigik tor-
paq saholori zabt edilir, tikinti elementlarinin
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zavodlarda hazirlanmasi miimkiin olur, tomas
xatlarinin va kabellorin estakadaya barkidilmo-
si nisboton asanlasir, istismar vo texniki Xidmaot
mosalolori rahat yerino vyetirilir. Estakadalart
moveud avtomobil vo domir yollarinin st his-
sasindan, hotta onlar1 2 martabali vo ya miixto-
lif istigamatli harokatlor {igiin do insa etmoak
miimkiindiir. Yiiksok siirati tomin edacok esta-
kadal1 qisa kasma yollar sohordon konarda yer-
lason yasayis massivlorini shalinin is yerlori
ilo, istirahat zonalar ilo vo sohorin otraf gose-
balori ilo oslagalondirmok iigiin asas vasitolor-
don biridir. Maneslori aradan galdirmaq figiin
estakadalar1 evlorin, ¢aylarin, yollarin vo meso
massivlorinin tizarindon kegmoklo diizxatli insa
etmok miimkiindiir. Ekoloji coahotdan nisbaton
tomiz nagliyyat novii kimi magnitoplanlar esta-
kadal1 yollarla kurort zonalarinda da genis isti-
fads oluna bilor. Bazi gadim saharlords binala-
rin arxitektur moanzarasini pozmamagq igiin la-
zim goldikdo magnitoplanlar1 “yerin altina” da
(tunellars) istigamatlondirmak miimkiindiir [6].

Kiitlovi sornisin dasimalar1 zamani biitiin
geyd edilon cahatlori nozara almagla sananovi
nagliyyat névlarina nishaton “magnitli” nogliy-
yat novii daha olverisli sayilir va bu nagliyyat
novil ilo dasima uzagligindan asili olaraq miix-
tolif horokoat siiratlorini tomin etmok miimkiin
olur. Masalan, soharloraras1 dasimalarda mak-
simal stirat 400-500 km/s, saharatrafi dasima-
larda 200-250 km/s, soharls hava limanin ola-
galondirmok ii¢iin 250-300 km/s, sohordaxili
dasimalarda iso 100-130 km/s daha oslverisli sa-
yilir. Qeyd edilon harokat siiratlori anonovi ye-
riistii nagliyyat névlarinin siiratlorindon 2-5 do-
fo yiiksokdir.

Qeyd etmok lazimdir ki, sohoratrafi vo
sohorlorarasi sornisin dagimalarinda yiiksok ha-
rokat siiratini tamin edan domir yollar1 “maqg-
nitli” yollarla rogabst yarada bilor. Bels ki,
magnitoplanin 6ziiniin doyari va “maqgnitli” yo-
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lun ¢akiligina sarf olunan xarc domiryol nagliy-
yatina nisbaton timumilikds 1,5-3 dofo artiqdir.
Lakin, ingilis miitaxassislarinin todgigatlar: ilo
miayyan edilmisdir Ki, stirtinma proseslori ilo
olagodar domir yolunun tomir va texniki xid-
mot Xarclori “magnitli” yollara nisbaton 15-
20% yiiksakdir. Biitiin bu geyd edilonlar yertis-
til nogliyyat novii kimi galocokda magnitoplan-
larin sarnisin dasimalarinda genis istifado edi-
locayini bir daha siibuta yetirir. Cinin ingxon
aeroportundan ¢okilon maglev xattinin boyiik
dayarina baxmayarag, onun yaradicilar: da tos-
dig edirlor ki, bu giymat adi domir yollarindan
2/3 dofo azdir. Onlarin arasdirmalarina gora
maglevin isi t¢iin elektrik enerji sorfiyyati adi
domiryol gatarlar1 ilo miigayisads 30 % ¢ox ol-
masina baxmayaraq, Maglev gatarlarinin istis-
mar1 60-70 % ucuz basa golir. Tatbiq perspek-
tivlorino baxmag i¢iin Maglev gatarlarinin
novlarini va is prinsiplarini, bu tip gatarlarin
isttinliiklori vo ¢atismazliglarini, hamginin on-
larin sormays Xorclorini arasdirmaq lazimdir

[7].

Masalanin halli

Yiiksok stiratli gatarlarin istifadssinin ar-
tirllmasmda osas amillor avtomobil vo hava
nogliyyatinin yiiksok harokat intensivliyino
malik olmalari, belo gatarlarin iss timumilikda
otraf miihito ekoloji cahotdon nisbaton az monfi
tosir gdstormokla istismariin miimkiin olmasi-
dir. Tk Shinkansen siirot gatarlarr 1964-cii ildo
Yaponiyada, TGV tipli gatarlar1 1981-ci ildo
Fransada, ICE tipli yiiksok siiratli qatarlar1 isa
1991-ci ildo Almaniyada istifado edilmisdir
(sok. 2).

Magqnitli yastiq tizorinds harokat edon ga-
tar, magnitoplan va yaxud maglev — elektro-
maqnit sahasinin tasiri ila yol yataginin tizarin-
do saxlanmagla harokat edon gatardir. Belos ho-
rokat vasitasi anonavi gatarlardan forgli olaraq
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harakat prosesinds relslarin sathino toxunmur.
Qatar ilo yol yataginin sathi arasinda miisyyan
hava masamasi mévcud oldugundan onlar ara-
sinda siirtlinmo prosesi bas vermir. Belo halda
horakoats garsi yaranan yegans miigavimot qiiv-
vasi aerodinamik miigavimatdir. Belo sistemlor
monorels nagliyyat néviinoe aid edilir. Magnit
yastiqglar1 tizarinds gatarlarin horokatinin miim-
kiinliiyti ideyasini halo XX asrin avvallorindan
aktiv sokildo hoyata kegirmoyi arzulayirdilar.
Lakin bir sira saboblordon homin dévrds bu la-
yihoni hoyata kegirmok miimkiin olmamuisdir.
Sonradan 1969-cu ilds ilk dofo Almaniyada
maglev adlandirilan yeni harokat vasitosinin
harakat edacayi magnit xattinin quragdiriimasi-
na baslanildi. Belo gatarm ilk istismar1 1971-ci
ildo hoyata kegirilmisdir.

Magnit xotti tizorindo “Transrapid-02”
(sok. 3) adlandirilan ilk maglev gatar horokato
gotirilmisdir. “Transrapid-02” qatarini siirotli
horokot vasitosi adlandirmaq diizgiin olmazdi,
ciinki onun homin dovrdo maksimal horokot
stiroti 90 km/saat, sornisin tutumu iss comi 4
nafoar idi.

1979-cu ildo Maglev tipli gatarin quru-
lusu miiayyan godor tokmillosdirilorak “Trans-
rapid-05 adlandirildi (sokil 3). Belo gatar artiq
68 nofor sornisin dasima gabiliyystino malik
idi. Bu gatar tigtin Hamburq soharinds 908 m
uzunlugunda Xott insa edilmis vo onun tizarin-
do gatar 75 km/saat siiratlo horokat eds bilmis-
di. Homin il Yaponiyada Maglevin “ML-500"
adlanan digor bir modeli niimayis etdirildi. Ya-
poniyada magnit yastigi tizorinds horokat etma
prinsipino malik belo gatar artiq 517 km/saat
stirat oldo eds bilmisdi [8].

Ik kommersiya magsadlori iigiin layihe-
londirilmis maqnit yastigi tizorinds harokat et-
mo imkanina malik olan magnitoplan (M-
Bahn) 1984-cii ildo Ingiltoronin Birmenhem
soharinds foaliyysto baslamisdi. Belo magnit
yastigl xatt Birmenhem beynslxalq hava lima-
n1 terminalini yaxinligdaki domiryol stansiyasi
ilo olagolondirmisdi. Bu xatt 1984-1995-ci illor
orzindo miivafoqiyyatlo foaliyyat gostordi.
Magnit yolunun uzunlugu 600 m, Xatti

asinxron miiharrikli harakat vasitasinin yol ya-
tagindan aralanaraq qgaldirilma hiindiirliiyi iso
15 mm toskil etmisdi.

Sakil 2 — Shinkansen, TGV va ICE tipli yiiksok stiratli qatarlarinin ilk niimunalori
Figure 2 — The first examples of high-speed trains Shinkansen, TGV and ICE

Sakil 3 — Transrapid-02 vo Transrapid-05 qatarlar
Figure 3 — Transrapid-02 and Transrapid-05 trains
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Artiq 2003-cii ildo onun yerindo Cable
Liner texnologiyasina osaslanaraq AirRail Link
Sornigin dasima sistemi yaradilmigdir. 1980-c1
ildon magnit yastigi tizorindo harokat edon
yiiksoksiiratli gatarlarin yaradilmasi va istisma-
11 {izro layihalore Ingiltors, Almaniya vo Yapo-
niya ilo birgoe Conubi Koreya, Cin vo ABS da
qosuldu.

Magnit yastiglar1 tizorindo harokat edan
gatarlar xtisusi nagliyyat noviine aid edilir. Ho-
rokst zamani1 Maglev tipli gatarlar yol yatagina
toxunmadan sanki onun tizorinds ugur. Bu pro-
ses gatarin siini yaradilmis maqnit sahasinin to-
siri ilo idaro olunmasi hesabina bas verir.

Molumdur ki, iki magnitin eyni qiitblori-
ni bir-birina yaxinlasdirsaqg, onlar bir-birini ito-
layacok vo onlar arasinda hava mosamasi, yani
magnit yastigi yaranacagqdir. Maglev gatarinin
harakatinin asasin1 mohz bu sads prinsips asas-
lanaraq relslordon miisyyan hiindiirliikdo sax-
lanmagla yerdoyismo imkanina malik olmasi
toskil edir.

Hazirda maqgnit yastigi vo yaxud asqisi-
nin yaradilmasi tgilin iki texnologiya islonib
hazirlanmis, tgilincii isa sinagq marhalasindadir
Vo yalniz kagiz tizarindo moveuddur [9].

Qatarimn iraliys dogru harokati xatti mii-
horrik vasitasilo (sok. 4) hoyata kecirilir. Adi
elektrik miiharriklorinds halga formasinda ol-
masina baxmayaraq, belo miiharriklorin stator
Va rotoru ac¢ilmis sokilds — uzununa 16vha for-
masindadir. Stator dolaglar1 névbs ilo qosula-
raq “qacan” magnit sahasi yaradir.

Qatarmn alt hissasina barkidilmis rotor bu
saho ilo qarsilight tosirdo olarag gatari harokot
etdirir. Sistemin etibarl: isini tamin etmoak tigiin
stator vo rotor arasindaki masamo sabit saxla-
nilmalidir. Bu masals, monorels yollarinin bii-
tiin tiplorinin 6ziinamaxsus xiisusiyyatlori (yan
asqili yollardan basqga) vo harokst zamani va-
gonlarin yellonmasi (asason do ayrixatli saho-
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larda enina yerdayismasi) sobobindon ¢atin al-
doa olunur. Ona gora do, bunun {igiin ideal yol
infrastrukturu qurulmalidir.

e
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Sakil 4 — Xatti mitharrikin qurulusu
Figure 4 — Structure of a linear motor

Elektromaqnit asqili sistem “EMS”. Za-
mana goro doyison elektromagnit sahasinin to-
sirino asasan maglevin levitasiyasi, yani hava-
da asil1 qalmasi hayata kegirilir. Bu halda gata-
rin harokati tiglin kegirici materialdan (adstan
metaldan) hazirlanmis T-sokilli relslor lazim
golir. Belo konstruksiya domiryol xattini xatir-
ladir. Lakin burada gatardak: tokarlarin avazine
dayaqg va istigamatlondirici magnitlor qurasdi-
rilir (sok. 5).

Bu magnitlor T-sokilli yol yataginin ko-
narlarinda olan ferromaqnit statorlara paralel
yerlosdirilir.

Rels magnitlorindaki elektrik corayani
saniyada tagribon 100 000 dofs qosulub agilir
Vo siirtiinma qiivvasinin tasirine moruz galma-
dan xatti horokat tomin olunur. Hoar bir vaqo-
nun metaldan hazirlanmis asagi ¢ixintilarina
elektron idaroetmo sistemina malik elektro-
maqgnitlor qurasdirilir.
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Sakil 5 — EMS texnologiyasi
Figure 5 — EMS technology

Onlar xiisusi T-gokilli relsin alt torafinda
yerlosdirilmis magnitlorlo qarsiligh tosirds olur
Vo noticads qatar yol tizorinds asili galir. Yan
magnitlor hamin prinsiplo yan toroflorin taraz-
ligin1 tomin edir. Yol boyu gatar: harokoto gati-
racok maqnit sahasini yaradan xotti miiharrikin
dolaglar1 qurasdirilir.

Belo gatarin altinda polad yol yataginin
bir nego santimetrliyinds yerlosdirilmis giiclii
magqnitlor quragdirilir. Qatarin harokoti zamani
yol yataginin konturundan kegon magnit seli
daim doyisir vo yatagda gatarin maqgnit asqisini
itoloyan giiclii magnit sahasini yaradan boyiik
induksiya coroyanlari amals galir. Bu halda ya-
ranan qiivvo 0 gador boyiik olur Ki, miioyyan
stirat oldo edon gatar, yatagdan bir nego santi-
metr mosafoys godor aralanir vo faktiki olaraq
havada ugaraq harokat edir. Qatar eyni qiitbli
magnitlorin italonmo va oksino miixtalif qiitblii
magnitlorin cozb olunmasi hesabina levitasiya
edir.

“Transrapid” gatarinin yaradicilar1 mag-
nit asqis1 ti¢iin gozlonilmaz sxem totbiq etmis-
lor. Onlar eyni qiitblarin italonmosindan deyil,
miixtolif qiitblorin cozb olunmasmdan istifado
etmiglor. Maqgnit tizorinds yiikii asmaq ¢atin
mosalo deyil, belo sistem dayanighdir. Lakin
magnitin alt hissasinds bunu etmak praktik ola-
raq miimkiin deyil. ©gar bu zaman idaraolunan
elektromaqnit gotiiriilorse, onda bu proses do-
yisacakdir. Nozarot sistemi magnitlor arasinda-

48

k1 masamoanin 10 millimetra gadar sabit saxlan-
masini tamin eds bilacokdir [10].

Moasamonin ¢oxalmasi zamani bu sistem-
do aparict magnitlor corayanin giictini artirir
Vo bu yolla gatar1 asagi dartir. Masamonin
azalmas: zamani iSo Coroyanin giicii azaldilir
Vo masama artirilir. Belo sxemin 2 boylik iis-
tiinlilyii méveuddur: yol yataginin magqnitli ele-
mentlori iglim soraitinin tosirlorindon miihafizo
olunur; bu elementlorin sahasi isa yol vo gatar
arasindaki kigik masamo hesabina shomiyyatli
doracado zoifdir. Ona gors do 0, daha kigik gii-
co malik caroyanlar talob edir. Miivafiq olaraq,
belo konstruksiyaya malik olan gatar iqtisadi
cohatdan daha samarali say1lir.

Sistemin dayaniqligi maqnitlonmo dolag-
larmdaki coroyanin avtomatik tonzimlonmasi
ilo tomin edilir: xtisusi vericilor gatarla yol ya-
tag1 arasindaki masamoni daim olgiir vo avto-
matik sistem elektromagnitloro masamaya
uygun gorginlik otiirtir. Siiratlo isloma gabiliy-
yatina malik olan idaraetma sistemi yol vo ga-
tar arasindaki moesamays daim nozarat edir.
EMS texnologiyasi bazasinda yaradilmig qatar-
larin ayloclomasi asag tocilli sinxron Xatti mii-
horriklo hoyata kegirilir. O, dayaq magnitlori
va yol yatagi elementlorindon ibarot olur. Qata-
rin siratini vo darti qiivvasini yaradilan do-
yison carayanin tezliyinin vo giiciiniin doyisdi-
rilmasi ilo tonzimlomok miimkiin olur. Siirati
azaltmaq tiglin magnit dalgalarinin istigamotini
doyismok Kkifayat edir.

Elektrodinamik asqili sistem “EDS”.
Yiksokkegirici magnitlor osasinda yaradilmis
elektrodinamik asqi — EDS yol yatagindaki
magnit sahasi ilo gatarda qurasdirilmis yiiksok-
kegirici magnitlorin yaratdigi sahonin qarsiliglt
tasirindan alinan levitasiya hesabina alds olu-
nur. Yiiksokkecirici maqgnit — yiiksokkegirici
materiall1 dolaglardan ibarat olan elektromag-
nitdir. Yiiksokkegirmo voaziyyatinds olan dolaq
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demok olar ki, miigavimoto malik olmur. Ogor
belo dolaq qisa gapanmissa, onda orada yara-
dilmis coroyani praktik olarag uzun miiddot
saxlamaq miimkiindiir. Yiksokkegirici magni-
tin dolaglarinda dévr edon sénmayan carayanin
maqgnit sahasi stabildir vo doéyiinon deyildir.
Yiiksokkecirici materialin kritik temperaturdan
yuxar1 giymatlorindo magnitin dolag: yiiksok-
keciricilik gabiliyyatini itirir. Belo temperatur
dolagda kritik carayan vo yaxud kritik magnit
sahasinin oldo olunmasi moaqgsadiylo yaradilir.
Bunlar1 nazars alaraq, yiiksokkegirici magnitlo-
rin dolaglar1 tigiin temperatur, corayan vo mag-
nit selinin yiiksok giymatlarine malik olan ma-
teriallar totbiq edilir.
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Sakil 6 — EDS texnologiyast
Figure 6 — EDS technology

EDS sisteminin giic elementlori gatarda
qurasdirilmis  yiiksokkegiricili  solenoidlordon
va yol strukturunda yerlosdirilmis kegirici 16v-
halordon vo yaxud qisagapanmis konturlardan
ibaratdir. Carayanli solenoidlarin kegirici ele-
mentlor tizorindon harokati zamani sonuncuda
burulganli coroyanlar yaranir. Bu caroyanlarla
solenoidlarin magnit sahasi arasindaki qarsilig-
I1 tasir italoma qiivvalarinin yaranmasina sabab
olur. Yapon miitoxassislori tarafindon bu prin-
sipa asaslanan magnit asqis1 tizoarinds horokot
edon gatar (JR-Maglev) yaradilmisdir (sakil 6).
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JR-Maglev — Yaponiya Damiryol Texni-
kasimin Todgiqat institutu (Japan Railway
Technical Research Institute) vo Japan
Railways domiryol operatoru tarafindon layihs-
londirilib arsaya gatirilon magnit asqili yiiksok-
stiratli yapon gatarlar1 sistemidir. 2015-ci ilds
Yamanasi ayalatinds qurulmus sinag sahasinda
LO modifikasiyali Sinkansen sinaq gatar tokor-
siz domiryol nogliyyati ticlin 603 km/saata sii-
rat rekordu olds etmisdir. Bu sistemin adi ay-
lacloms rejimi tigtin elektrodinamik oaylaclomo-
don istifads olunur. Févgelads hallarda iss ga-
tardaki agilan aerodinamik sylaclordon vo ara-
baciq tokarlorindaki diskli syloclordan istifads
olunur. JR-Maglev qatarinda qurasdirilmis
yiiksokkegirici magnitlordon ibarst elektrodina-
mik asqidan (EDS) vs yolda qurasdirilmis 8 ro-
gomi formasindaki xiisusi elektrik kegiricilo-
rindan istifads edilir.

Hazirda Cindo Sanxaydan Pudun hava li-
maninadok foaliyyat gostoron xattdoki Transra-
pid Alman sistemindon forgli olaraq JR-Mag-
lev sistemindo monorels sxemindan istifados
edilmir. Burada gatarlar magnitlor arasindaki
kanalda horokat edir (sokil 7).

Sakll 7 - Qatarm harokot etdiyi kanal Vo on miasir
gatarin 6n formasi

Figure 7 — The channel through which the train moves
and the front form of the most modern train

Belo sxem yiiksok horokat siirati oldo et-
moys imkan yaratmagla yanasi istismar sadsli-
yi ila do forglonir va sarniginlorin toxliyyasi za-
mani1 onlarin tahliikasizliyini tomin etmoak im-
kanina da malik olur.

Cindoki Yamanisi xattinds 6n torafdon 14
m uzunluglu adi ucusis formadan praktik ola-
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rag yasti (miistovi) formalara malik bir nego
gatarin sinagi kegirilmisdir (sokil 7). Sinaglarla
miioyyan edilmisdir Ki, uc hissasi yasti forma-
da olan qatarin yiiksok siiratlo tunelo daxil ol-
mas1 zamani gurultulu sssin qgarsisi aliir. Qa-
tarin idars olunmasi kompiiterlo hayata kegiri-
lir. Baxis ti¢lin maginist kabinasinin 6n pances-
rasi olmadigindan masinist yalniz videokamera
vasitasilo yolun tasvirini kompiiterdo miisayiot
etmoklo harokato nozarat edir.

EMS elektromgnit asqisinin qatarlarin-
dan forgli olarag EDS texnologiyasi asasinda
yaradilmis gatarlarda kigik harokat siiratlorinds
(150 km/saat-dok) harakat {igiin gatarda olave
tokarlor nazords tutulur. Siratlonma zamani to-
lab olunan siirato ¢atdiqdan sonra tokarlor yer-
don aralanir vo qgatar yer sothindon bir nego
santimetr hiindiirlikdo «ug¢maga» baslayir.
Homginin goza hallart zamani tokarlor gatarin
daha yumsaq sokilds harokotina imkan yaradir.
Lakin JR-Maglev ilo hayata kegirilon EDS sis-
teminin tikintisi vo istismari Transrapidin EMS
sistemindon daha ¢ox xarc talob edir [11].

EDS sisteminin asas tstiinliiyii onun da-
ha yiiksok stabilliys malik olmasindadir. Yol
yatagi vo magnitlor arasinda mosafonin azal-
mas1 zamani italoma qiivvesi yaranaraq mag-
nitlori ilkin vaziyyatina qaytarir. Eyni zamanda
mosafonin artmasi itolomo qiivvasini azaldaraq
cozbetma qiivvasini artirir Ki, bu da sistemin
stabilliyina gatirib ¢ixarir. Bu halda gatarla yol
yatagi arasinda mosamays nazarot vo diizolis
olunmasi tgiin elektronikanin imkanlarindan
istifadoya ehtiyac duyulmur. EDS sisteminin
catismayan coahati iso 150 km/saat-dok harokat
stiratlorindo gatarlarin tokorlorlo tochiz olun-
masina ehtiyacin duyulmasidadir. Tokarlorin
horakati ticlin qurulmus relslor yol yataginin
biitiin uzunlugu boyunca insa edilmalidir ki, bu
da bas vera bilacok hor hansi texniki nasazliq
sababindon gatarin istonilon yerds dayandiril-
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mas1 tigtindir. EDS sisteminin daha bir manfi
cohoti asagi siiratlords yol yataginda italayici
magnitlorin 6n va arxa hissalorinds onlarin ok-
sina tasir gostaran siirtiinma qiivvasinin yaran-
masidir. Bu, JR-Maglevin tam itoloyici sistem-
don imtina etmo vo yan levitasiya sistemina
miiraciot etmo sabablorindon biridir. Onu da
geyd etmok lazimdir ki, Sarnigin salonunda
giiclii magnit sahasindon miihafizo magsadila
xtisusi qurgularin totbigino ehtiyac vardir.
Urok-damar problemlori olan sornisinlor {iciin
ekranlasdirilmamis gatarda soyahot etmok toh-
likali saylir.

Sabit maqgnitli EDS sistemi. Sabit mag-
nitli asqi sistemi yeni vo iqtisadi cohoatdon on
somorali sistemdir (sokil 8). Sistemin gatarla-
rinda istifado edilon diamagnetik materiallar,
onlara tasir edon xarici magnit sahasinin istiga-
matini dayismakls oksino magnitlonan maddo-
lordir.

Sakil 8 — Sabit maqnitli asq1 sistemi
Figure 8 — Fixed magnetic suspension system

Xarici magnit sahasi movcud deyilso,
diamagnetiklor magnit momentino malik ol-
mur. Belo texnologiyanim istiinlilyli asagi sii-
ratlordo vo hotta dayanacaglarda dayanan za-
man gatarin yol yatag: iizorinds havada galma
imkanin1 yaradir. Bu texnologiyada sabit mag-
nitlordon istifado edilir. Agir ¢okili gatarin ha-
vada saxlanilmasi ii¢iin giiclii magnit sahosi to-
lab olundugundan, magnitlorin ¢okisi Kifayat
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godar yiiksok olmalidir. Qeyd edilon bu texno-
logiya halo ki, praktik olarag totbig olunma-
migdir. Buna asas sobob Kimi boyiik kiitlo va
olgiilora malik olan sabit magnitlorin ¢ox baha
basa goalmasi ils izah olunur. Bu texnologiyaya
yaxm olan, lakin halo do kagiz tizorindo mov-
cud olan texnologiya “Inductrack™ sabit mag-
nitlorinin tatbiq edildiyi EDS sistemidir.

Molumdur ki, Inductrack sabit magnitlo-
rinin aktivlegdirilmasi tgtin enerji lazim goal-
mir. Yaxin dovradok todgiqatgilar hesab edirdi-
lor ki, sabit magnitlor gatarin levitasiyas: tigiin
kifayat gador giico malik deyil. Lakin, bu prob-
lemi magnitlorin “Halbax massivi’nds yerlos-
dirilmasi yolu ilo holl etmok miimkiin olmus-
dur. Bu variantda magnitlor elo formada yerlos-
dirilir ki, magnit sahasi massivin altinda deyil,
istiindo yaranir vo eyni zamanda gatar1 5
km/saat-dok ¢ox kigik siiratlordo belo havada
saxlamaq miimkiin olur. Sabit magnitlordon
ibarot belo massivlarin doyari ¢ox bdyiik ol-
dugundan, hals bu texnologiya tizro kommersi-
ya layihasina baxilmamisdir.

Cox yiiksok ilkin investisiya xorclori,
mosafa, relyef vo ekoloji sorait xiisusiyyatlori,
homginin bazi xarclordon asili olaraq doyiskan-
lik mosolosi Maglev gatarlarinin genis totbiq
dairasino malik olmasina ciddi tesir gostorir.
Digor torofdon, diinyanin hor yerinds nohang
hava yollar1 sirkatlorinin Maglev investisiyala-
rina qarst miigqavimat gostarmolori do 6ziini
biiruzs verir [12].

Molumdur ki, gatarlarla bagl gozalarin
bas vermasinin an bdyiik sababi, onlarin hars-
kotindo eyni saviyyali ke¢idlorin mévcudlugu-
dur. Maglev gatarlarmin forgli dstiinliiyli on-
dan ibaratdir ki, onlarin 6z fordi yollart mov-
cuddur va diger harokat vasitalori ilo eyni so-
viyyali kegidlori yoxdur, homginin maglev ga-
tarlarina pis hava soraiti do ciddi tesir gostor-
mir. Bunlardan basga Maglev gatarlarinin eti-

barliliq saviyyalori vo diger istiinliiklori do bii-
tiin hava soraitlorinds toyyaralordon daha yiik-
sokdir. Maglev qatarlarii tohliikasizlik baxi-
mindan adi gatarlarla miigayiss etdikds do on-
larin istiinlityli aydin gériiniir. Bu gatarlar one-
novi nagliyyat vasitalorine nazaron etibarli va
sossizdir. Bu qatarlar atmosferi zororli gazlarla
cirklondirmadiyina goro sohorlor {igiin ideal
nagliyyat novidiir.

Nogliyyat strukturuna yatirilan xarclorn
hocmi ilo istismar xarclari bir-biri ilo six bagh
olur. Magnitli gatarlarin ilkin istismarina gador
sorf olunan xarclora orazinin dagliq vo ya diiz
olmasi, sohar va ya sahardonkonar orazilor Kimi
amillor shomiyyatli dorocodo tosir gostorirlar.
Codvolds miixtalif arazi soraitlorine uygun ola-
rag magnitli qatar va yiiksak siiratli gatar tigiin
hor bir kilometro uygun sormays xarclori gos-
torilmisdir.

Cadval — Magpnitli va yiiksak siiratli qatarlarin Sormays
xarclarinin miiqayisosi

Table — Comparison of investment costs of magnetic
and high-speed trains

Miixtalif orazi Yiiksok Maglev qatari
soraitlarina stiratli gatar Vo Xott
uygun sarmays Vo Xott (min dollar)

xarclori (min dollar)
Az 1nk1_saf etmis 38 17
orazilords
$ohoratrafi 30.6 37.4
orazilords
Dagliq arazilords 34 40.8
Stx gohor 54.4 61.2
arazilorinda
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Xarclor arasindaki belo shamiyyatli dors-
cado forglorin yaranmasina miixtalif amillorin
tasiri olsa da, torpaq soraitinin tasiri an mithiim
amil sayilir. Bundan slava, maya dayarins tosir
edon digar amil, xottin kecdiyi yerin yasayis
montagalarine yaxim olub-olmamasi ilo bagli-
dir.
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Bundan olavs, siiratli gatar Xsttinin inga-
sina daha az xorc g¢okilmasinin diger miithiim
amili oksor yerlordo moévcud Xatlorin barpasi
Vo siiratli gatarlarin horakati ti¢lin miinasib so-
raitin yaradilmasidir. Umumilikda, har bir kilo-
metra gora tikinti xarclori 17-65 milyon dollar
arasmda doyisir. Siibhosiz ki, bu farglorin ya-
ranmasida on bdyik amil orazi soraitidir.
Maglev gatarlarinin genis istifads oluna bilmo-
mosi, giymot baximindan otrafli aragsdirmaya
imkan vermir. Digoar torofdon, Maglev qatarla-
rinin agagi istismar xarclori bu mévzuda todqi-
gatlarin aparilmasini aktuallasdirir.

Maglev gatarlari ilo bagl 6lkemizds on-
larin tatbigi baximindan heg bir aragdirma apa-
rilmadig Giglin onlarin har bir kilometr vahidi-
nin doyarini tohlil etmak miimkiin deyil. Ame-
rika Birlosmis Statlar1 Damiryol Idarasinin
(USFRA) 2005-ci il hesabatina goro 1 kilo-
metrlik maglev xottinin tikinti doyari 31,25-
62,50 milyon dollar arasinda doyisir. Maglev
gatarlar: ilo ideal sayahat uzunlugu 240 kilo-
metrdan ¢ox oldugda daha aydin goriiniir. Q1sa
mosafolordo maksimum siiroto ¢atmamaq Vo
sayahot vaxtini samarali sokildo azaltmamaq
problemlarinag tosadiif olunur. Masafs 800 Kilo-
metrdon ¢ox olan hallarda sarniginlorin hava
nogliyyat: ilo dasinmasi daha mogsodouygun-
dur.

Nogliyyat novlaring goéro sornisinlorin
dagimma mosafasinin ideal uzunlugu asagidaki
sxemda gostarilmisdir (sakil 9).

Muglev guinrs Ha ideal sayahat

Faloarti nagliyymt
wrunlugu

i il aala
vasitasi il Fayvaral

savahat

sayihat

Magghey gutnrs Ha sayahat

240 N0 ke

Sakil 9 — Nagliyyat novlarine gora Sorniginlorin daginma
mosafasinin ideal uzunlugu

Figure 9 — Ideal length of passenger transportation by
type of transport

Natico

Respublikamizin boyiik saharlarinda, xii-
suson paytaxt Bakida avtomobil nagliyyatinin
horakatinds yaranan ciddi problemlar, galocok-
do estakadalar tizorindo qurulmasi miimkiin
olan “magnitli” yollarmm kémayilo aradan gal-
dirtla bilor. Respublikanin cografi soraitini va
relyefini nozars alarag, conub zonasimi Lanko-
ran Beynolxalq Hava Limani, Lankoran vo Ba-
k1 gaharlorinin domiryol vo avtomobil vagzal-
lar1 vo Heydor ©liyev Beynolxalg hava lima-
nindan ke¢moklo Simal zonasi ilo, homginin
H.Oliyev Beynolxalq hava limanin1 bir sira ra-
yon markazlorindon, Gancs sohorindon vo
Ganca Beynoalxalg hava limanindan kegmokla
Respublikanin garb zonasi ilo “magnitli” yollar
vasitosilo alagoalondirmok olar. Bu, shalinin so-
harlorarasi vo sohardaxili sarnisin dasimalarina
olan tolobatinin vaxtinda va yiiksok keyfiyyatlo
yerina yetirilmasino imkan yaradar, Respublika
arazisinds va geyd edilon saharlorin rayonlarin-
da yertstii nagliyyat vasitoalorindaki garginliyi
va onlarin otraf miihito sopaladiyi zararli bir-
lasmolori xeyli azaltmis olardi.

Magnitoplanlarin hoarokati tigin hotta 2
mortoboli estakadalar da nozords tutula bilar:
birinci martabads kigik siiratli vo bazi rayon
morkozlarinin yaxmhigindan kegdikdo dayan-
maq ticiin yaxin dayanacaglari nozords tutula-
caqg gatarlar ii¢iin; ikinci mortabodos iso yiiksok
stiratli magnitoplanlarin horakati {igiin. Bu yeni
nagliyyat novii ilo Beynalxalq hava limanlarini
alagalondirmaklo H.Oliyev Beynalxalq hava li-
manimi “diiytin” hava limanina (HUB) c¢evir-
mok olar va uzagq mosafalars sornisin dagimala-
rinin miintozomliyini tomin etmoak moqgsadilo
sornisinlori bir yero yigaraq, onlar: istodiklori
istigamatlara yola salmagq ticiin sorait yaratmag
olar.
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Abstract

In article considers the issues of increasing the longevity and durability of special products using
diffusion metallization method. By applying a coating to the working surface of parts of special products
with modern methods, their longevity and reliability are ensured, and at the same time, quality indicators
are increased. It is known that special-purpose products are operated under extreme conditions, and
therefore their details are exposed to various types of food, corrosion and impressing factors. For this
reason, during the production of special products, it is advisable to apply coating resistant to wear and
corrosion to their parts by diffusion metallization. As the object of study, steel samples of 50PA,
30XH2M®A, 38XH3MA, 30XHM®A, 38XH3MFA were selected, which were used in the manufacture
of parts of special purpose products.
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Xiisusi tayinath mahsullarin hissalorinin diffuziya metallasdirilma

usulu ilo mohkamlandirilmasi
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Xiilasa

Mogalods diffuziya metallasdirma tisulundan istifado etmoklo xiisusi toyinatli mohsullarin
uzundémiirliiliiyliniin vo méhkomliyinin artirilmasi masalalarine baxilmigdir. Xiisusi toyinatli mohsullarin
hissalarinin isgi sothino miiasir tisullarla 6rtiik ¢gokmakla onlarin uzunémiirliliiyii v etibarligi tomin edilir,
eyni zamanda keyfiyyat gostoricilori artir. Malumdur ki, xiisusi toyinatli mohsullar ekstremal soraito
istismar olunur va buna goro do onlarin detallar1 miixtalif név yeyilmoalara, korroziyaya va tasir edici
faktorlara maruz qalirlar. Bu sobobdon, xiisusi toyinatli mohsullarin istehsali zamani onlarin hissalarine
yeyilmaya Vo korroziyaya davamli Ortiklorin  diffuziya metallagdirma dsulu ilo  gokilmasi
moqgsadouygundur. Todgigat obyekti kimi xiisusi toyinatli mohsullarin hissolorinin hazirlanmasinda
istifado edilon 50PA, 30XH2M®A, 38XH3MA, 30XHM®A, 30XPA, 38XH3MFA polad niimunalori
se¢ilmisdir.

Acar sozlar: eroziya, diffuziya, borklik, ortiik, uzunomiirliilik, yeyilma.
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AHHOTaNUA

B crathe paccMarpuBaroTCs BONPOCH! MOBBIIIEHUS TOJTOBEYHOCTH CIEHUAIBHBIX H3AEIUN C UC-
MOJIb30BaHUEM MeTona AU(PPY3HOHHOW METauTM3alni. 32 CUeT HAHECEHHS MOKPBITHS Ha pabodyro ITo-
BEPXHOCThH JI€TaJliell CIEeUAIbHBIX U3/eINii COBPEMEHHBIMHI METOJIaMH TOBBIMAIOTCSA WX MOKa3aTeNnn Ka-
yecTBa. M3BECTHO, YTO M3JENUs CHEIHA3HAUEHUS 3KCILTyaTUPYIOTCSA B DKCTPEMAIbHBIX YCIOBUSX, U IO-
3TOMY MX JIeTajlil MOABEPraloTcs Pa3lIWYHbIM BHIAM HM3HOCA, KOPPO3UU M BO3JEHCTBYIOUINM (PakTopam.
[lo sTO¥ MpHYMHE TPHU MPOU3BOJACTBE CHENHAIBHBIX M3AENHUN I1e1ecO00pa3HO HAHOCHUTH HAa WX JEeTalu
MOKPBITHE, CTOWKOE K M3HOCY M KOPPO3HHU, METOJIOM Ju(Qy3noHHON MeTaimu3anuu. B xkauectse oObekTa
uccienoBanus ObutH  BhIOpaHbl o0Opasubl ctanm  SO0PA, 30XH2M®A, 38XH3MA, 30XHM®DA,
38XH3MFA, koTopbIe NCTIOIL30BATUCEH IIPH U3TOTOBIICHNH JCTAICH U3IETUH CIIeIMaTbHOTO Ha3HAUCHUSI.

KiroueBble ciioBa: opo3u-, ,I[I/I(l)(i)YBI/Iﬂ, TBEPAOCTD, MMOKPBITUC, JOJITOBECYHOCTDL, ITOTTIOMICHHUC.
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Giris

Masimgayirma Sonayesinin siiratlo in-
kisafi bir moanali olaraq, yeni nov ortiiklorin
alinmasi vo onun istehsalatda totbiqi ilo slages-
dardir. Xisusi toyinatli mohsullarin hissalori-
nin is¢i sothino miiasir tisullarla ortiik ¢okmok-
lo onlarin uzundmiirliiliiyti vo etibarligi toamin
edilir vo eyni zamanda keyfiyyot gostaricilori
artir. Molumdur ki, xisusi toyinatli moahsullar
ekstremal goraito istismar olunur va buna géra
do onlarin detallar1 miixtalif nov yeyilmolors,
korroziyaya vo miixtalif tosir edici faktorlara
moruz qalirlar. Bu sobsbdon, xtisusi tayinath
mohsullarin istehsali zamani onlarin hissalori-
no yeyilmoys vo korroziyaya davamli ortiiklo-
rin ¢okilmasi magsadouygundur.

Xisusi tayinatli mohsullarin hissalarinin
gostorilon xiisusiyyatini tomin edon oOrtiiylin
diffuziya metallasdirilma tisulu ilo ¢okilmosi
moqgsada uygundur. Todgigat obyekti kimi xii-
susi toyinatli mahsullarin hissalarinin hazirlan-
masinda istifado edilon 50PA, 30XH2M®A,
38XH3MA, 30XHM®A, 30XPA, 38XH3M-
FA polad niimunaloari se¢ilmisdir.

Isin magsadi

Xisusi tayinatli moahsullarinin hissalori-
nin is¢i sathina diffuziya metallasdirma isulu
ilo ortiik gokmoklo keyfiyyat gostaricilorini ar-
tirmagla, etibarliliginin tomin edilmasidir.

Diffuziya metallasdirma tisulu ilo ortiik
¢okilmasi qurgulart vo avadanlhiglari hagqinda
[1] genis molumat verilmisdir. Detallarin dif-
fuziya metallasdiriimasi tsulu ilo legirlayici
elementlorlo doydurulmasi, ham do onlarin
hondasi 6lgiilarinin doyismasina do sobob olur
vo artirir. Bu da imkan verir ki, yeyilmis his-
salor barpa edilsin.

Xiisusi tayinatli mohsullarin hissalarinin
soth gatimin diffuziya metallasdirilmasi, kar-
bid-xromlama ilo barpast vo méhkamlandiril-
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mosinin tatbiqi [2] verilmis, garisigin torkibi
Vo doydurma prosesinin rejimlori gostorilmis-
dir.

Miiasir dovrds atict silahlarin etibarligi-
nin analizlori gostorir ki, onlarin resursu presi-
zion hissalorin qizmasi va yeyilmoays davam-
liginin zoif olmasi ilo mahdudlanir. Presizion
birlosmalarin resursunun asagi olmasi ilk nov-
bodo onun istismarinin, texniki qullugunun
asag1 Saviyyado olmasi vo emal texnologiya-
sinda ortiik ¢okmo proseslarinin miitkommeal ol-
mamasidir.

Xisusi toyinath mohsullarin hissaloarinin
yeyilmoya davamligi, onun sathi barkliyindan
astlidir. Atict silahlarin presizion hissalarinin
siradan ¢ixmasinin asas Sobablarindan biri on-
larin qizmasi naticasinds deformasiya olunma-
st vo onlara eroziyon yeyilmo, barit qazinin
yiiksok tozyiqlo tosiri, oksidlogdirici miihit vo
hor n6v hava soraiti vo istismar soraitindo qiz-
mas1 naticasindo detallarin hondasi dlgtilorinin
doyismosi; galiq garginliyi, austinitin parcalan-
masi Vo bir sira digar amillordir.

Masalanin goyulusu

Xisusi tayinatl atict silahlarin hissalori-
nin  yeyilmasinin  ganunauygunluglart  [3]
miiollifi torafindon aragdirilmigdir. Tadgigatla-
rin naticalori gostarir ki, lilonin yeyilmasi dia-
metro goro maksimum 300+360 mkm-o cata
bilor vo bu da ssasen liilonin daxili ssthinds
miisahids olunur.

Atict silahlarin lilasinin yeyilma xiisu-
siyyatlorinin todgiqatlar: gostorir ki, [2], yeyil-
mo sahasinin oxboyu istigamatinds ara masa-
fosi 5+25 mkm va doarinliyi 50+60 mkm olan
kicik qiisurlar miisahido edilir. Bu aragsdirmala-
r1 tasdiglomak tigiin, atict silahlar va tomir fon-
duna daxil olan 25 odad detal segilmisdir. His-
salorin mikrometraji aparilmis, bundan olava
yeyilmanin giymatini analiz etmoak tigiin TLY-
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ROND cihazinda dairagramlar ¢okilmisdir.
Naticalor gostorir ki, yeyilmonin orta statistik
giymati liile ti¢iin dorinliys géra 120 mkm-dir.
Atict silahlarin presizion hissalorinin yeyilmis
sathlorindo  kigik qusurlarla yanasi, 80-60
mkm-a c¢atan ¢uxurlar vo ¢atlar misahido edi-
lir. Belo nov yeyilmoanin moévcudlugu baritin
torkibindaki hissaciklorin detalin materialina
tosirindon irali golir.

Todgigatlarin naticalori gostarir ki, liile-
nin daxili sathlori erroziya, fretting korroziya,
korroziya-mexaniki, mexaniki-kimyoavi yeyil-
molora do moruz qgalir.

Bu sobobdon, atici silahlarin presizion
hissalorinin aqgressiv miihitdo istismar zamani
is¢i sathlorinin istiliys va yeyilmaya garst mii-
gavimatini tomin edon materiallar vo ya ortiik-
lar seg¢ilmasi ¢ox vacibdir.

Movecud ortiikgokma texnologiyalarinin
analizi biza bu problemi hall etmok {igiin an ef-
fektiv yollardan biri olan diffuziya metallagdir-
ma Usulunu se¢moys imkan verir. Presizion
birlosmoalorin istehsali zamani resursunun arti-
rilmasi va hamin hissalarin vakuumla diffuziya
xromlama tisulu ilo barpasi vo méhkamliyinin
artirilmast  [3, 4] miolliflor torofindon todgiq
edilmisdir. Bu todqgiqatlarda gostorilir ki, yeni
hissalarlo miiqayisads atici silahlarin presizion
hissalarina diffuziya ilo ortiiklorinin ¢okilmasi,
onlarin resursunu 2-4 dofo artirir.

Ancaq, miiasir dovrds totbiq edilon dif-
fuziya xromlama vo titanlama tisullarinin yiik-
sok sortliya, lakin texnoloji prosesdon sonra
mexaniki emala ehtiyac vardir. Bu da istehsa-
lin maya doyarini artirir.

Cox boyiik olmayan diffuziyali qatin qa-
linlig1 va yiiksok barkliys malik olmasi mexa-
niki emalin amok tutumunun artmasina sabob
olur. Vakuumda diffuziya xromlama metodu
ilo ortiik ¢okilmis vo mohkamlandirilmis presi-
zion hissalorin mexaniki emalina [5] isi hosr
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olunmusdur. Burada homin ortiiklorin istehsa-
latda mexaniki emalinin optimal rejimlari ve-
rilmisdir.

Aticr silahlarin presizion hissalorin moéh-
komliyinin artirilmas1 zamani1 doydurulan ele-
mentlorin diffuziya dorinliyinin vo mohkom-
londirilon gatin qalinligininin artiriimast aktual
mosalalordon biridir. Bu problemin halli atict
silahlarin istismar gostaricilorinin artmasina vo
mohsullarin keyfiyyatinin yiiksolmasino gatirib
¢ixaracaqdir. Bu problemin halli yollarindan
biri, polad momulatlarin ssthins bir sira ele-
mentlorlo, hamginin xrom va titanlarla miiga-
yisodo daha ¢ox dorinliys diffuziya eds bilon
kicik ol¢iilii atomlarla diffuziya doydurulmasi
metodlarinin totbig olunmasidr.

Bor, xrom va nikel elementlarindan iba-
rot olan garisigla doydurulan momulatlarin sot-
hi kompleks sokildo yiiksok fiziki-mexaniki
xiisusiyyatlora malik ola bilar [6-10].

Bu giino kimi, atici silahlarin presizion
hissalorinin diffuziya metallasdiriimas: metodu
ilo mohkomliyinin artirilmasi {izra todgigatlar
aparilmayib. Diffuziya metallasdiriimasi pro-
sesi Azorbaycan Texniki Universitetinin “Xii-
susi toyinatli moahsullarin texnologiyasi” elmi-
todgigat  laboratoriyasinda  olan  CHB-
1.3.1/16.1.1 qurgusunda aparilmisdir.

Eksperimentlarin aparilmas ii¢iin asagi-
da geyd edilon polad niimunalar segilmisdir ki,
hal-hazirda atici silahlarin istehsalinda istifada
olunur. 50PA, 30XH2M®A, 38XH3MA,
30XHM®A, 30XPA, 38XH3MFA markali po-
ladlardan olan detallar vo niimunalor arasdiril-
migdir.

Polad markalarin secilmasi, onlarin le-
girloyici elementlorinin alinan diffuziyal qatin
galinligina vo detalin xatti dlgiilorinin artmasi-
na tosir Soviyyasini aragdirmag magsadi ilo
aparilmigdir (cadv. 1, 2).
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Masalanin halli

Mohkamliyi artirilmis detallart vo naza-
rot nimunoslorini poladdan hazirlanmis si-
lindrik konteyners yerlosdirirlor vo doydurulan
garisig1 elo sopirlar ki, konteyner divari ilo de-
talin arasindaki moasafa on az1 10 mm, detallar
arast mosafo iso 5+8 mm olsun.

Borxromlamada toz garisiglart tgiin il-
kin istifado edilmis materiallar asagidakilardir:
xrom tozu X97 (I'OCT 5905-79) 0,07+0,2 mm
fraksiyal; bor karbidli pardaq tozu B,CsH (TY
2-036-879-81); sink tozu ITI{-2 (I'OCT 12601-
76); aliminium oksidi AlI203 (I'OCT 3136-
76). Prosesdo aktivlogdirici olaraq, NaB;Oy
(TOCT 4199-76) va kalium florid KF (I'OCT
20348-75) istifads edilmisdir [10, 11]. Qarisdi-
rilmamisdan 6nca, Xrom va bor karbidi tozlart
300°C temperaturda 3 saat miiddatinds aliimi-
nium oksidi 700°C-do 3 saat miiddotinds, bor
vo kalium florid 200°C temperaturda 2 saat
miiddatinds qurudulurlar. Quruduldugdan son-
ra gostarilon nisbatdo migdarini nazors alaraq,
tozlar1 qarisdirirlar. Hazir qarisiq hermetik
konteynerdo saxlanilir.

Texnoloji prosesin yerino yetirilmasi
metodu ilo diffuziya metallasdirma prosesi
asagidaki gaydada hayata kegirilmisdir: metal-
lagsdirma tclin hissalorin hazirlanmas: va nii-
munolorin  6lgiilmasi; vakuum qurgusunun
konteynerlarinds hissalarin yerlosdirilmasi va
konteynerin hermetizasiyasi; qurgunun iso sa-
linmas1 va isci temperaturun catdirilmasi; So-
banin bosaldilmasi; agiq hava soraitindo kon-
teynerlorin qurudulmasi vo ayrilmasi; gatisig-
larin tomizlonmosi; detal vo nazarst niimunalo-
rinin tomizlonmasi va 6lgiilmasi [4].

Aticr silahlarin hissalorinin sathi borkli-
yi, ortiiylin gqalinlig1 tizro mikro-barkliyin pay-
lanmas1 rentgen vo mikrospektral analizlo va
orttiklorin yeyilmasi [4] metodikas1 ilo miiay-
yan edilmisdir.
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Atici silahlarin  yeyilmis presizion hisso-
lorinin barpast yeni hazirlanmig hissalorinin
sathi bokliyinin artirilmasi tigiin segilon diffu-
ziya metallasdirilmasi hissalorinin xatti ol¢iile-
rini barpa etmoklo yanasi, daxili diffuziya he-
sabina sothlorin mohkamliyini do artirmaga so-
rait yaradir.

Diffuziya metallasdiriimasinda miixtalif
kombinasiyali doydurucu elementlordon vo
xatti dlgiilorin doyisdirilmasi tigiin aktivlasdiri-
cilordan ibarat olan miixtalif torkibli doyduru-
Cu gatisig1 tothiq etmoys imkan verir [4].

Bu zaman xrom, nikel va bor ils ikikom-
ponentli vo ¢gox komponentli texnoloji proses-
lor todqiq edilmisdir. Osas parametrlor Kimi,
doydurulma temperaturu va is¢i temperaturun-
da saxlama miiddati gotiiriliir.

Atici silahlarmn presizion hissalorinin sot-
hi méhkamliyinin artirilmasi vo presizion his-
salorinin barpasi tigilin Xatti 6l¢iilordo miisahida
olunan artimimn temperatur vo saxlama miidde-
tindon asililig1 yronilmisdir.

Cokdirtlon elementlorin ssaslandiriima-
s1 Vo onun torkibindaki bu va ya digar kompo-
nentlorin totbig imkanlarint miioyyon etmok
ticlin bir sira doqgiglosdirici tocriibalor aparil-
misdir.

Nosrlorin analizi vo ilkin eksperimentlo-
rin naticalori osasinda atici silahlarin presizion
hissalarinin diffuziya metallagsdirilma metodu
ilo barpast vo méhkamliyinin artiriimast tigiin
asagidaki materiallar segilmisdir:

Bor karbid - 30 %, Cr - 45 %, bor - 4 %,
sink - 4%, aktivator - 3 %, galan1 - aliminium
oksid [4].

Diffuziya texnoloji prosesinds hissalorin
Xatti Slgilorinin doyismosinin vo diffuziyali
gatin qalimliginin temperaturdan vo prosesin
aparilma middstindon asililigi (sok. 1-4)-do
verilmisdir.
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Sokil 1 — 1-50PA(biitov xatlor), 2-30XH2M®A (qirig-qiriq
Xatlor) markali poladlardan hazirlanmis detallarin diffuziya
metallagdirilma prosesindo hissalorin  Xotti  Slgiilorinin
doyisilmesi (A) ve diffuziya qatmm qalinhiginin (A)
temperatur (T) vo prosesin aparilma miiddstindon (1)
asililiq grafiki gostorilmisdir.

Figure 1 — The graph shows the dependence of linear
dimensions of the parts in diffusion metallization of details
made of steel 1-50PA(whole lines), 2-30XH2M®A (cut-
off lines) and the temperature (T) of the diffusion layer
thickness (A) and the duration (t) of the process.

Todgiqgatlar gostorir ki, detallarin sothi-
nin 900°C-don asagi temperaturda doydurul-
mas1 xotti 6lgiilorin (2-6 mkm) bir az artmasi-
na gotirib ¢ixarir. Temperaturun 1050-1150°C-
o godor artirtlmasi todgiq olunan niimunalarin
xatti Ol¢iilorinin 160-180 mkm vo daha ¢ox
artmasina gotirib ¢ixarir. 1000°C-don asagi
olan temperaturlarda barpa olunan hissalarin
Xatti 6lgiilorinin artimu atict silahlarin presizion
hissalarinin yeyilmays davamliliginin tam bor-
past Vo Sathin moéhkomliyinin tomin edilmasi
tigiin kifayot deyil. 1200°C-don yuxar1 olan
temperaturda detallarin sathlarinin doydurul-
masi, gatisiq elementlorinin detala yapismasi-
na va birlosmasina gatirib ¢ixarir.

Buna goro do, atict silahlarin presizion
hissalorinin diffuziya metallagdirmasi metodu
ilo texnoloji prosesi 1200°C-dan yuxari tempe-
raturda artirmaq maslohat deyil [6].

Atict silahlarm  presizion hissalorinin
mohkomlandirilmoa prosesi 1100-1200°C tem-
peraturda aparilmasi zamani tolob olunan 6l¢ii
Vo diffuziya gatin gqalinligini alds etmok miim-
kiin olur.
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Sakil 2 — 1-38X3MA (biitov xotlor), 2-30XHM®A
(quriq-qiriq  xotlor) markali poladlardan hazirlanmig
detallarin  diffuziya  metallagdirilma  prosesindo
hissalorin Xotti dl¢iilorinin doyisilmasi (A) vo diffuziya
qatmin galinh@mnin (A) temperatur (T) vo prosesin
aparilma miiddatindan (7) asililiq grafiki gostorilmisdir.
Figure 2 — The graph shows the dependence of linear
dimensions of the parts in diffusion metallization of
details made of steel 1-38X3MA (whole lines), 2-
30XHM®A (cut-off lines) and the temperature (T) of
the diffusion layer thickness (A) and the duration (7) of
the process.

Sokil 3-do 30XPA (biitov xatlor) vo
38XH3MFA (strixlorlo ¢okilmis xatlor) polad
detallarin diffuziya metallagdirilma prosesinda
hissalorin Xatti 6lgiilorinin dayigilmoasi va dif-
fuziya gatmin qalinliginin (A) temperaturdan
Vo prosesin aparilma miiddotindon (z) asililiq
grafiki gostorilmisdir.

Diffuziya metallasdiriimasi ilo méhkom-
liyin artirilmasinda texnoloji prosesin miiddati-
nin xotti dlgtilorinin vo timumi diffuziya gatin
galinligina tasirini T= 1100°C temperaturda 2-
6 saat galma miiddstinds todgiq edilmisdir.

Todgigatlar naticasinds toyin olunmus-
dur ki, niimunalarin Xatti 6l¢iilori 2-5 saat doy-
durulma middstindo intensiv olaraq doyisir.
Doyma prosesinin miiddoti 4 saatdan artiq ol-
duqda, niimunalorin olgtlari artir, lakin prose-
sin avvalindaki kimi intensiv olmur. Bu da
doydurulan gatisigin aktivkiyinin asagi enmasi
ilo izah olunur. Bundan basga diffuziyali qatin
imumi darinliyinin koskin sokildo asagi diis-
masina sabab olur.
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Sokil 3 — 1-30XPA (biitov xotlar), 2-38XH3MDA
(qurig-qiriq  xotlor) markali poladlardan hazirlanmig
detallarn  diffuziya  metallagdirilma  prosesindo
hissalarin Xatti 6l¢iilarinin doyisilmasi (A) va diffuziya
qatinin qalinliginin (A) temperatur (T) vo prosesin
aparilma miiddstindan () asililiq qrafiki gostorilmisdir.
Figure 3 — The graph shows the dependence of linear
dimensions of the parts in diffusion metallization of
details made of steel 1-30XPA (whole lines), 2-
38XH3M®A (cut-off lines) and the temperature (T) of
the diffusion layer thickness (A) and the duration (t) of
the process.

Amkm
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Sakil 4 — Diffuziya metallagdirma prosesinda hissalarin
Xatti Olgiilorinin doyismasinin (A) va daxili diffuziya
qatinin (8) zamandan (7) asilili1 grafiki.

Figure 4 — Graph of the change in the linear dimensions
(A) of parts in the process of diffusion metallization and
the time (t) dependence of the internal diffusion
layer(d).

61

Belaliklo, atict silahlarin hissalorinin sat-
hinin borpast vo méhkomlondirilmasi zamani
texnoloji prosesin miiddstinin 3+4 saata godor
olmas1 magsads uygundur.

Daxili diffuziyanin darinliyinin todqiqi
sok.4-do gostorilmisdir. Sokil 4-do goriiniir Ki,
diffuziya prosesinds gatin qalinliginin 1/3-i
hissalorin handasi olgiilarinin, 2/3-si isa hisso-
lorin daxilina diffuziya etmisdir.

Ortiik ¢okilmis hissalorin torkibi vo dif-
fuziya prosesindon sonra metallografik todqi-
gatlarin naticalarinin tohlili cadv. 1 vo 2-do ve-
rilmigdir. 1 vo 2 molumat codvalindon goriiniir
ki, poladin torkibindaki karbon alinan gatin qa-
Iinligina ohomiyyatli  doracads tosir edir.
30XH2M®A, 38XH3MA, 30XHM®DA marka-
1 poladlardaki molibdenin mévcudlugu ortii-
yiin galinliginin azalmasina gotirib ¢ixarir.
38XH3MFA poladinda ortiiyiin qalinliginin
koskin azalmasi bu materialin torkibinds volf-
ramin yiiksok migdarda olmasi ilo alagodardir.

Bununla barabar, 30XH2M®A poladi
ti¢lin bu ¢atigmamazliq nikelin haddindon artiq
olmasi ilo kompensasiya edilir. Boyiik galin-
liga malik olan diffuziyali ortiiklor daha az le-
girlayici poladlarda, hamginin 38XH3MA po-
ladda olds edilmisdir. Atici silahlarin presizion
hissalorinin barpast vo moéhkamlondirilmasi
noqteyi-nozordon kompleks diffuziya metodu
ilo doydurulmas: zamani alds olunan 6lgii do-
yismoalarinin malumatlart xtisusi maraq dogu-
rur (bax. codval 2 vo sok. 1-4). Codval 2-do
goriindiiyd kimi, nimunalarin xatti 6l¢iilarinin
artmast ilo alds olunan diffuziya 6rtiiyiin qalin-
lig1 arasinda miioyyan bir alago var. Nimuno-
nin Ol¢ilisiiniin artmasi, diffuziyali tobagonin
biitiin qalinliginin 1/3-no baraboardir. Bu halda,
har hansi detalin barpas: ti¢ciin metallizasiya re-
jimlorini segorkon, verilon gatisigda olgiilorin
artim qiymatlori ilo diffuziyali gqatin qalinhig
arasinda optimal miinasibato tstiinliik vermok
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lazimdir. Ciinki, daha avval miiayyon edilmis-
dir ki, ortitylin gqalinliginin, hamginin doydu-
rulma  prosesinin istonilon temperaturunda
galma middotinin artmasi ilo yaranan kovrok-
liyi koskin sokildos artir.

Poladlardan diffuziya metallasdirmaya
moruz galmis diffuziyal gat aydin goériinon iy-
navari struktura malik deyil, ¢iinki iynalor tam
ortiiya daxil olur. 50PA vo 30XH2M®A po-
ladlarinda gat alt1 xirda karbid miisahido olu-
nur. 38XH3MA vo 30XHM®A poladlarindaki
ortiikklorin strukturu 30XPA vo 38XH3MFA
poladlarinin ortiiklorinin strukturuna analoji-
dir, homginin burada gat alt1 borid toru amals
galmir.

Polad 30XH2M®A iizorinds olan ortiik-
lor xirda donavari qurulusa malikdir. 50PA da-
ha az davamliliga malik bir ortiik olds edilmis-
dir. Diffuziyali gat olduqca aydin sokilda gorii-
niir Vo barabar uzunlugda olan iynoalordan iba-
rotdir. Qeyd etmok lazimdir ki, 38XH3MFA
poladinin azotlanmis hissalarinds karbid amalo
golir. Poladlarda diffuziyali karbid ortiiklor bo-
rabor 6l¢iilii gatla paylanilir.

Kompleks diffuziya metodu ilo moh-
komlandirilon presizion hissalorin sathi barkli-
yi ~ H100=1000+1800Mpa-dir. ~S0PA  vo
30XHM®A poladlarda ortiiklarin mikrobarkli-
yi bir gqodar asagidir (miivafiq olarag, 1200 vo
1500 MPa). ©n yiiksok sartliya malik ortiiklor
38XH3MA (20000MPa) poladinda alinir. Bu-
nu onunla izah etmok olar ki, bu poladlarin
diffuziya tobagosindoki miirokkab domir borid-
larindan olave, volfram karbidi, molibden va
digar legirlayici elementlar amalo galir.

Biitiin markali poladlarda diffuziyali qa-
tin doarinliyi tizre mikrobarkliyin doyismasi bo-
yiik ahomiyyat kosb edir. Temperaturun tasiri
vo diffuziya metallasdirma prosesi zamani
mohkomlandirma prosesi miiddstinin legirlayi-
ci poladlardan hazirlanmis detallarin = xatti
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Olgiilorinin dayisilmasina tosir gostorir Ki, xii-
susi tayinatli mohsullarin presizion hissalarinin
keyfiyyat gostaricilorini yiiksaltmoak tigiin talob
olunan olgiilorin artimin1 asagidaki sortlordo
oldo  etmok  mimkiindiir:  temperatur
1050+1150°C; saxlama miiddati 3 +4 saat.

Niimunalordo  ortiiklorin - mikrobarkliyi
istehsal zavodlarinda hazirlanmis texniki talab-
lorin giymotlorindan asagi deyil, bu da xiisusi
toyinatli mohsullarin presizion hissalorinin
kompleks diffuziya metallagsdirma tsulunun
totbigins sorait yaradir.

Natica

fikin analizlora osason deyo bilorik ki,
atict silahlarin presizion hissalorinin siradan
¢ixmasinin sabablori olaraq detallarin gqizmasi
noticasinds deformasiya olunmasi, hissalarin
eroziyon yeyilmaya maruz galmasi naticasinds
detallarin handasi odlgiilorinin dayismasi, galiq
gorginliyinin yaranmasi, austenitin pargalan-
mas1 Vo S. oldugu miioyyan olunmusdur. ©ds-
biyyat analizi naticasindo miioyyan olunub ki,
xususi toyinatli mohsullarda diametr izro ye-
yilma maksimum 300-360 mkm-a cata bilar.
Atici silahlarin presizion hissalorinin yeyilmis
sothlorindo  kigik qisurlarla yanasi, 80-60
mkm-a catan guxurlar va ¢atlar miisahidos edi-
lir. Belo nov yeyilmonin mévcudlugu baritin
torkibindaki hissaciklorin detalin materialina
tosirindon irali golir. Todgigatlarin naticalori
gostorir Ki, atict silahlarin presizion hissalori-
nin isci sothlori erroziya, fretting korroziya,
korroziya-mexaniki, mexaniki-kimyoavi yeyil-
molara do maruz galir.

50PA vo 30XH2M®A poladlarinda gat
altt xirda karbid miisahida olunur. 38XH3MA
vo 30XHM®A poladlarindak: ortiiklorin struk-
turu 30XPA vo 38XH3MFA poladlarinin 6r-
tiklorinin strukturuna analojidir, homginin bu-
rada gat alt1 borid toru amalo galmir. Polad
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30XH2M®A fiizorinds olan ortiiklor xirda do-  borabor uzunlugda olan iynalordon ibarstdir.
novari qurulusa malikdir. 50PA daha az da- 38XH3MFA poladinin azotlanmis hissalarinda
vamliliga malik bir ortiik olds edilmisdir. Dif-  karbid amolo golir. Poladlarda diffuziyali kar-
fuziyali gat oldugca aydin sokilds goriiniir vo  bid ortiiklor barabar 6l¢iilii qatla paylanilir.

10.

11.

REFERENCES

Guseinov A.G., Kyazimova H.A. Diffuzionnaya metallizaciya dlya povysheniya iznosostojkosti
detalej gusenichnyh dvizhitelej. Vestnik mashinostroeniya, 2019, Ne 01 (in Russian)

Belous V.A., Ermolenko I.G., Zadneprovskij Yu.A., Lomino N.S. Kombinirovannoe uprochnenie
detalej uzlov treniya vakuumno-dugovym metodom. Voprosy atomnoj nauki i tekhniki. Seriya
«Fizika radiacionnyh povrezhdenij i radiacionnoe materialovedenie». 2016, Ned, s. 93-99 (in
Russian)

Dubinin G.N. Diffuzionnoe hromirovanie splavov. M.: «Mashinostroenie», 1964, 451 s. (in Russian)

Guseinov A.G. Rabotosposobnost detalej mashin i apparatury, vosstanovlennyh diffuzionnoj
metallizaciej. Vestnik mashinostroeniya, 2001, Ne 02 (in Russian)

Guseinov A.G. Opredelenie tolshchiny diffuzionnogopokrytiya pri vosstanovlenii i uprochnenii
detalej mashin. Vestnik mashinostroeniya, 2003, Ne 12 (in Russian)

Castle A.R. and Gabe D.R. Chromium diffusion coatings // International Materials Reviews. 1999,
v. 44, N 2, p. 37-58. (in USA)

Bianco R., Rapp M.A. Codeposition of Elements in Diffusion Coatings by the Halide-Activated
Pack Cementation Method. Journal of Metals, Nov. 1991, p. 68-73 (in USA)

Rudenkij S.G. Vakuumno-aktivirovannoe hromirovanie stali 20 v nanokristallicheskom poroshke.
Fizicheskaya inzheneriya poverhnosti. 2012, t. 10, Nel, s. 29-35 (in Russian)

Guseinov A.G. Vosstanovlenie i uprochnenie precizionnyh detalej mashin i apparatury kompleksnoj
diffuzionnoj metallizaciej. Vestnik mashinostroeniya, 2000, Ne 05 (in Russian)

Guseinov A.G. Mekhanicheskaya obrabotka precizionnyh detalej s diffuzionnymi pokrytiyami.
Vestnik mashinostroeniya, 2002, Ne 11 (in Russian)

Hiiseynov 9.G., Kazimova X.A., 9sadov S.A. Diffuzion metallagdirma iisulu ilo barpa olunmus
presizion hissalarin ¢atdirma prosesinin nozari osaslari. Azorbaycan Miihandislik Akademiyasinin
Xaboarlari. C.10. Ne3, 2018, c. 51-62 (in Azerbaijani)

63



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2022, cild 14, Ne 3, 5.64-73 2022, vol. 14, no. 3, pp. 64-73
Vol¢enko D.A. va basq. Volchenko D.A. et al.

Energy Assessment of the State of Pipe Column
in the Deep Well Drilling

D.A. Volchenko!, H.F. Miralamov?, V.T. Bolonniy®, M.V. Savchin?®,
V.Ya. Malyk®, Ya.M. Savchin®

! Ivano-Frankivsk National Technical University of Oil and Gas (15 Karpatska st., Ivano-Frankivsk,
76019, Ukraine)

Z Azerbaijan Engineering Academy (Mardakan ave. 30, Baku, AZ1045, Azerbaijan)

® Drohobich College of Oil and Gas (Qrushevski str. 57, Drohobich, 82100, Ukraine)

For correspondence:
Skripnik Vasiliy / e-mail: skripnik-vsO7@ukr.net

Abstract

The paper studies the technological features of drilling and the compressed air expulsion, and a
generalized assessment of the heat balance of pipe column in drilling well. An algorithm of the non-
equilibrium thermodynamics with the linear regimes of energy loading of the pipe column during a well
drilling is considered. A computational analysis is performed with the following initial data: D=0.28 m;
d=0.155 m; t,=48°C; t;=23.6°C; t,=35.3°C; thermal conductivity coefficients: rocks A,=2.56 W/(m-°C);
and steel pipe of the column A, and A3 = 60 W/(m -°C); the heat transfer coefficient from the ascending
and outgoing flows of the washing liquid are 175 W/(m-°C) and 256 W/(m-°C). In this case, the average
linear heat transfer coefficient is 220 W/(m,-°C). An algorithm for estimating the heat balance of the drill
column and its annulus during their interaction with humidified compressed air is proposed. When the
well is purged with compressed air, the average linear heat transfer coefficient is 95 W/(m,-°C); the bulk
temperature gradient for mud at the bottom of a 100 m long drill string was 0.03 °C/m. From the above
parameters, the ratios are formed that are equal to the Onsager and Saxen ratios, which makes it possible
to determine the parameters by calculation.
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Dorin qazima quyusunda borunun vaziyyatinin enerji

qiymatlondirilmoasi
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V.Y. Malik®, Y.M. Sav¢in®
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Xiilasa

Mogqalads, quyunun sixilmis hava ilo qazilmasi vo ifiiriilmosinin texnoloji xisusiyyatlori vo qazima
quyusunda boru komorinin istilik balansinin {imumilosdirilmis qiymotlondirilmosi mosoalolori nazordon kegirilib.
Quyularin qazilmast zamani boru komarinin enerji yiiklonmasinin xatti rejimli gqeyri-miivazinat termodinamikasinin
alqoritmi islonilib. Verilmis ilkin molumatlarla hesablama tohlili aparilib: D=0,28 m; d=0,155 m; t,=48°S; t,=23,6°S;
1,=35,3°S; istilikkegiricilik omsallari: qayalar 4,=2,56Vt/(m-°S); vo polad boru komori 4, vo 43 = 60 Vt/(m-°S);
yuyucu mayenin yiiksalon va ¢ixan axinlarindan istilikotiirme amsali: 175 Vt/(m-°S) vo 256 Vt/(m-°S) toskil edib. Bu
halda, orta xotti istilikétiirmo emsal 220 Vt/(m?-°S)-dir. Nomlonmis sixilmis hava ilo qarsiliqh olage zamani borunun
istilik balansinin va borulararast hacmin qiymotlondirilmasi alqoritmi toklif edilib. Onsager vo Saksen nisbatlari
parametrlorin hesablama yolu ilo miioyyanlosdirilmasina imkan verir.

Acar sozlor: gazima quyusu, qazima borusu, gilli mahlul, sixilmis hava, borulararasi hacm.
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AHHOTaNUA

B pabote paccMOTpeHBI TEXHOJOTHYECKHE OCOOCHHOCTH OYpeHUs M MPOAYBKH CXKaTBIM BO3AYXOM
CKBOXHMHBI U OO0OOIIEHHAss OIICHKAa TEIIOBOro OajaHca KOJOHHBI TpyO B Oypsimeics ckBaxkuHe. PaccMoTpeH
ITOPUTM HEPaBHOBECHOW TEPMOJMHAMUKH C JMHEWHBIMH PEXKHMaMH SHEPrOHAIPYXEHHOCTH KOJIOHHBI TpYO HpH
OypeHNU CKBa)KMHBL. BBINOHEH pacuyeTHBIH aHAIM3 NP CIIEAYIONIMX UCXOAHBIX JaHHBIX: D = 0,28 mM; d = 0,155 Mm;
tnm = 48°C; t1 = 23,6°C; t2 = 35,3°C; k03(h(UIMEHTH TEIIONPOBOAHOCTH: TOpHBIX mopos A1=2,56 Bt/(M-°C); u
cTaigbHOW TpyOB! KOJMOHHBI A2 1 A3 = 60 B1/(M-°C); k03 (PUIMEHT TEMI00TAaYN OT BOCXOSIIEr0 M MCXOASIIEro
ITOTOKOB MPOMBIBOYHOH xwuiakoctu coctaBwin 175 Bt/(M-°C) m 256 Bt/(m:-°C). Ilpu 3TOM cpenHmii JTHHEHHBIH
koapdunment Termoornaun coctaBisger 220 Br1/(M2:°C). TlpemiokeH anropuTM OIEHKH TEIUIOBOTO OallaHca
OypHIIbHOI KOJIOHHBI U €€ MEXTpYyOHOro oObeMa IpH MX B3aUMOACHCTBUH C YBIIQ)KHEHHBIM C)KAaTBIM BO3ILyXOM.
CootHomrenust On3arepa n CakceHa O3BOJIIOT OMPEIEUTh MapaMeTPhbl PACUCTHBIM ITyTEM.
KnroueBble cioBa:  OypoBass CKBaKMHA; KOJOHHA OYpPWJIBHBIX TpYyO; TJIMHHCTBIM pPacTBOp; CXKaTbli BO3AYX;

MEXTPYOHBIN 00bEM.
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Introduction

The existing methods for designing drill
strings do not fully take into account the
specific conditions of their operation when
drilling deep wells, in particular, the
weakening of the material of drill pipes and
the  decrease in  their  performance
characteristics with an eccentric location of
the drill string in the well and elevated
volumetric operating temperatures, and a
number of other factors also affect factors. In
most geological regions of near and far
abroad, the volume temperature of mountain
rocks at a depth of 5-10 km reaches 200-
400°C, which requires the creation of heat-
resistant drilling fluids, supported by a
forecast of the energy assessment of the state
of the pipe string in a deep well being drilled.

Analysis of literary sources and the state of
the problem

A well-known classical scheme for
determining the heat transfer coefficient
through a cylindrical wall [1]. This coefficient
characterizes the intensity of heat transfer
from one liquid to another through the wall
separating them.

The work [2] outlines the scientific
foundations and practical methods for
calculating the temperature inside a drilling
well for various technological processes and
stages of drilling, highlights the role of the
temperature factor in the occurrence of
complications during drilling, summarizes and
analyzes the results of domestic and foreign
experimental and theoretical studies on the
study of the temperature regime of drilling
wells. wells, the methodology and results of
studying the temperature fields of the near-
wellbore and bottom-hole zones and the
working part of the drilling tool and pipes in
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turbine and rotary drilling are given. However,
this material did not propose a multilayer
structure in relation to the drill string to
determine the heat transfer coefficient through
its wall.

In [3], it is noted that the temperature

field of the well is formed under the influence
of the heat exchange process between the
circulating flushing fluid and the rocks that
make up the well. The temperature of the rock
mass can be tentatively estimated using a
geometric gradient that determines the
temperature increments per 1 m of the well
depth:
T5 = ttn°L, 1)
where T; is the temperature of rocks; to is the
temperature of the neutral layer; n°- geometric
gradient; L - the current well depth.

The neutral layer is understood as the
layer of constant annual temperature. The
depth of its occurrence is determined by the
temperature conditions on the earth's surface,
the thermophysical properties of rocks, and
the rheological and geomorphological features
of the given region. For most areas, the depth
of the neutral layer is 20-40 m, and its
temperature is considered to be usually equal
to the average annual air or soil temperature
(in the range from 0 to 15°C). It is obvious
that the neutral temperature layer is heat-
insulating, which does not allow heat flow to
penetrate deep into the well.

To determine the heat transfer
coefficients from the outer and inner surface
of the drill pipe, which are constituent
dependencies for determining the heat transfer
coefficient. The complex apparatus of the
theory of similarity is applied. In the latter,
from the base pipe with certain geometric
parameters, from which they switch to other
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pipe sizes, which leads to inaccuracies in the
calculated results [1].

Let us dwell briefly on the basic
principles that take place in thermal problems.
Reciprocity is used in solving some problems
of heat conduction; this means that if the heat
source Is located at point 1 causes a
temperature change At = f(t) at point 2, then if
the source is moved to point 2, the same
temperature change will occur at point 1 [4].

It should be emphasized that at mutual
points the rates of temperature change are the
same, but the temperature gradients are
different, so it must be remembered that the
transition to an equivalent problem - the
temperature fields turn out to be different. The

importance of applying the reciprocity
principle in problems of heat conduction is
known [4].

These include under the action of a heat
source: in a semi-limited body or in an
unlimited plate; a plate covered with a layer of
turbulent fluid, as well as in a plate in the
presence of a fluid layer and an adiabatic level
on one boundary, and a type Il boundary
condition on the other. Symmetry -
proportionality, proportionality of the parts of
the product located on both sides of the middle
of the center.

The problem is to generalize the energy
assessment of the state of a pipe string in a
deep well being drilled by applying non-
equilibrium  thermodynamics with  linear
thermal loading.

In this publication, the following issues
are considered: technological features of
drilling and blowing a well with compressed
air; a generalized assessment of the heat
balance of the pipe string in the drilling well;
the discussion of the results.

67

The purpose of the work is to
substantiate the possibility of using non-
equilibrium  thermodynamics with linear
thermal regimes as applied to a pipe string in a
drilling well.

Technological features of drilling and
blowing compressed air wells

Let us consider the technological features
of drilling when a clay solution is used as a
medium.

Drilling period. When the fluid moves in
the drill string, the work of the flow is in the
field of gravitational forces, the polytropic
expansion of the liquid passes without the
return of external work and with the release of
heat through the walls of the drill string. In the
bottomhole volume, an adiabatic outflow from
the bit channels occurs with friction and
heating due to heat generation that occurs
when the drilling tool crown rubs against the
rock being destroyed when the mud moves in
the annulus. In this case, schemes of direct and
reverse flushing with a solution of a drilling
well are used (Fig. 1 a, b).

The heat exchange processes of the drill
pipe string depend on its location in relation to
the borehole walls (Fig. 1 c, d). With one
amount of fluid flow rate, with a symmetrical
arrangement of the drill string, we have a
quasi-stable temperature field, and with an
eccentric arrangement, it is non-stationary.

From the point of view of the thermal
regime, the period of blowing the well before
drilling differs from the period of drilling the
well by the absence of heat release on the
contact surface between the bit and the array,
since the destruction of the array does not
occur during this period. The air jet at the
bottom of the well is heated as a result of heat
exchange with the rock mass.
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a)

8

1) S i

#

Figure 1 a, b, ¢, d — Schemes of direct (a) and reverse (b) flushing with a solution of a drilling well and its cross
sections with a symmetrical (c) and eccentric (d) arrangement of the drill string: 1 — drill string; 2 - annulus volume;

3 - solution with rock being carried out; 4 — rock

On fig. 2 shows the algorithm for
estimating the heat balance of the drill string
and its annulus during their interaction with
humidified compressed air.

During the downtime of the well due to
tripping  operations, the non-stationary
temperature field in the rock mass around the
well is restored and the air filling the well is
heated, which is accompanied by free
convective heat transfer inside the well and
moistening the air as a result of evaporation of
moisture from the uncased part of the well
walls.

In this case, a scheme of direct and
reverse blowing of the well with compressed
air is implemented (Fig. 3 a, b) to remove the
clay solution with the products of destruction
of rocks.
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Generalized energy estimation of the
heat balance of a pipe string in a drilling well

The importance of applying the
reciprocity principle in problems of heat
conduction is known [4]. These include under
the action of a heat source: in a semi-limited
body or in an unlimited cylindrical tube; a
pipe covered with a layer of turbulent fluid, as
well as in a pipe in the presence of a fluid
layer and an adiabatic condition on one
boundary, and a type Il boundary condition
on the other.

Symmetry - proportionality, proportion-
nality of the parts of the product located on
both sides of the middle of the center. On fig.
4 shows the algorithm of non-equilibrium
thermodynamics with linear regimes of energy
loading of the pipe string during well drilling.
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Compressed air flows with variable thermodynamic parameters

!

Gradients: speeds; bulk temperature; pressure

!

Moisturizing
air flow
Moisture content
\4
Relative Humidity
air flow
Heat content
\4
Outflow of compressed air
A\ 4
Heat balance for:
— |,
drill string annulus volume
A 4

Purging with compressed air after the tool is lowered into the well

v

The amount of leakage of compressed air from the drill string

Figure 2 — Algorithm for estimating the heat balance of the drill string and its annular volume during their
interaction with humidification by compressed air

(l) b) Figu!’e 3a b- Schem_es of direct (a) a_nd reverse (b)

blowing of the well with compressed air, taking into
account its leakage: tm is the temperature of the air
mixture in the annulus, resulting from the displacement
of air coming from the bottom of the well in the amount
of G,, with air entering into annular volume directly
1 | from the drill string due to leakage through threaded
! ! connections in the amount of G; - Gy t; 4 - air
. temperature, respectively, at the inlet to the drill string,
/m /7 I fj in front of the drilling tool, at the exit from the
r | |« bottomhole and at the exit from the well; d, - moisture-
/ containing jets at the exit of their well; t,. - average
] temperature of rocks along the depth of the well

o

P,

-“
‘_\
-
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Linear modes

Reciprocity ratio

Symmetry principle

Interaction of drill pipe surfaces with various media surrounding them

!

Thermal conductivity and heat exchange processes

Figure 4 — Algorithm of non-equilibrium thermodynamics with linear regimes of energy loading of the pipe string

during well drilling

Table 1 — Linear heat transfer coefficients in a multilayer structure of a drilling well

Heat exchange processes: Estimated dependencies
Kot 1)
«rock - annulus with mud»: é A
A ad,
. t 2
«annulus with mud — the outer surface of the column K, = 1 5
wall»: i 3
Ad, 4
. . 1 3)
«the inner surface of the column wall - clay solution K=
with rock»: 9
1’2
. @
Total heat transfer coefficient 1 1 d, 1
Ad, 24 d, Ad,

Symbols: di, i, a;

— thicknesses, thermal conductivity and heat transfer coefficients of the corresponding

layers of the multihierarchical structure of the drilling well.

Let us dwell on the determination of the
linear heat transfer coefficients in the multi-
layer structure of a drilling well (Table 1).

Dependence (1) is not completely
included in expression (4), since it almost does
not affect the numerical value of K [5].

The components included in dependence
(4) are the thermal resistances of thermal
conductivity (d; / Z;) and heat transfer (1/ Aid;).
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The value of K; is called the linear heat
transfer coefficient; it characterizes the
intensity of heat transfer from the fluid
solution in the annulus to another fluid with
rock through the drill string wall separating
them.

The reciprocal of the linear heat transfer
coefficient is called the linear thermal
resistance to heat transfer:
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Ri=1/k = ]/a1d1+(1/2/1)ln do/dy+1/apd, =
R)K1+RC+R)K2;
R| = measured in (m-K)/W.

The computational analysis [6] was
performed with the following initial data: D =
0.28 m; d = 0.155 m; t, =48°C; t; = 23.6°C; t,
= 35,3°C; thermal conductivity coefficients:
rocks 1:=2.56 W/(m -°C); and steel pipe of the
column A, and A3 = 60 W/(m - °C); the heat
transfer coefficient from the ascending and
outgoing flows of the washing liquid was 175
W/(m-°C) and 256 W/(m:°C). In this case, the
average linear heat transfer coefficient is 220
W/(m? -°C).

In metal cylindrical pipes, the heat flux
may differ in direction from the temperature
gradient; a temperature gradient in one
direction can cause heat flow in the other
direction. Entropy production is determined by
the expression [7]:

k o (1
=>J. —|=|
c ;q'axi(T)

where Jgi—heat flow; x; — cartesian coordinates;
T — ambient volumetric temperature.

The heat flux for a discrete system of
tribocoupling is determined from the

expression
1) _y(=L )T,
SR

0
J.=>L —
! ; “ OX, T?
where Lix — Onsager's reciprocity.
For anisotropic solids, the thermal
conductivity is a second rank tensor.
Fourier's law in this case is written as

oT
‘]qi :_Zkik P

k an

(5)

(6)

(7)

(8)

Based on comparison (7) with (8), we
obtain the equality

L, :Tzkik . 9)
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The reciprocity relation k, =Kk, then

means that

Kic =Ky (10)
i.e., thermal conductivity is a symmetrical
tensor. For many metal cylindrical pipes, their
symmetry and their crystal structure imply that
kik = kki'

However, this does not at all mean
confirmation of the reciprocity relations, since
it follows from the trigonal, tetragonal, and
hexagonal symmetry of crystals that [8]

Ky, = =K. (11)
If the reciprocity relations are valid, then
klz = k21 =0. (12)

Equation (12) implies that a temperature
gradient in the x direction causes a heat flow
in the positive y direction, but a gradient in the
y direction causes a heat flow in the negative x
direction. It follows from Onsager's
reciprocity relation that the validity of the
reciprocity relation is confirmed [10-12].

In table 2 and 3 show the quantitative
ratios of velocity gradients, volumetric
temperature and pressure during forward and
reverse flushing of a drilled well with mud, as
well as purging the annulus with compressed
air after the tool is lowered into the well. The
minimum ratio in both cases was observed for
the pressure gradient, and the maximum for
the velocity gradient.

The discussion of the results

Studies of non-equilibrium
thermodynamics with linear regimes of
parameter changes during the interaction of
the surfaces of a drilling string of pipes based
on the reciprocity relation and symmetry
principles made it possible to establish the
following [9]:
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Table 2 — Parameters and their ratios during forward and reverse flushing of a drilling well

Gradients and ratios Estimated dependencies
Flow potential (%j = _i =095; (13)
2 Gradients: AP )1 Ly
© speed [VlJ _Le 0,97; (14)
FeT) Vz Lu
g T L, (15)
2 L |=-—2=0,9;
5 bulk temperature (Tz J L)
pressure (&j = % =089; (16)
2 22
Saxene ratios A J
AP | —09: (A7)
\p 1=0 ‘]2 Ap=0
(ﬂ] _ _(Lj —098. (18)
A¢ J=0 ‘Jl Ag=0
Table 3 - Parameters and their ratios when blowing with compressed air after the tool is lowered
Parameters and ratios Estimated dependencies
Flow potential (Ad’j _ L _ 09; (19)
(7] . Ap 1=0 Lll
5 Gradients:
%5 speed Vl] L 0,95; (20)
= Vz L11
>
] T L, .
3 21 l=— 2 2092 (21)
5 bulk temperature Tz] L
P)_L _qo: 22
pressure pz] L 0.9: (22)
Saxene ratios
[Aqu = _(‘]lj =09; (23)
Ap 1=0 “]2 Ap=0
(Ap) _ _[J] 092 (24)
A¢ J=0 ‘Jl Ag=0

An algorithm for estimating the heat
balance of the drill string and its annulus
during their interaction with humidified
compressed air is proposed. An algorithm of
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non-equilibrium thermodynamics with linear
regimes of energy loading of a pipe string
during well drilling is considered. Carried out
computational analysis with the following
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initial data: D = 0.28 m; d = 0.155 m; t,=48°C;
t; = 23.6°C; t; = 35.3°C; thermal conductivity
coefficients: rocks 1,=2.56 W/(m-°C); and
steel pipe of the column 1, and
13=60 W/(m-°C); the heat transfer coefficient
from the ascending and outgoing flows of the
washing liquid was 175 W/(m:°C) and 256
W/(m-°C). In this case, the average linear heat
transfer coefficient is 220 W/(m?-°C); when

the well is purged with compressed air, the
average linear heat transfer coefficient is
95 W/(m?°C); the bulk temperature gradient
for mud at the bottom of a 100 m long drill
string was 0,03 °C/m. From the above
parameters, ratios are formed that are equal to
the Onsager and Saxen ratios, which makes it
possible to determine the parameters by
calculation.

Kushnyrov V.l., Lebedev V.I., Pavlenko V.A. Technical thermodynamics and heat transfer. M.:

Shcherban A.N., Chernyak V.P. Forecast and regulation of the thermal regime when drilling deep
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Xiilaso

Mogalads qaz resurslarinin dinamikasi (qazin sarfi va baslangic nogl tozyiqi nazors alinmagqla), tez
kondenslogo bilon somt qazlarmin yigilmasi va nagli masalalori aragdirilmisdir. Somt qazlarinin samarali
istifadosi (utilizasiyasi) mosalosinin asason onlarin multifazali sokildo noglinin problemi ilo bagliligt
gostorilmisdir. Moqalods, homginin bu ciir qazlarin yigilmasi vo naglinin somaraliliyinin artirilmasinin
yollart gostarilmisdir.

Acar sozlar: multifaza, somt qazlari, kondensloson qazlar, qazin sarfi, nogl mesafasi, nagl tozyiqi.
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AHHOTAUA

B crartbe npoaHaaIu3upoBaHbl BOIIPOCK! COOpa M TPAHCHIOPTA KOHACHCUPYIOIIMX MOMYTHBIX T'a30B C
Y4eTOM pacxojia U JIAaBJCHUs Mepekadyku ra3a. [lokazaHo, yTo BOMPOCH 3PPEKTUBHOTO HCIIOIB30BAHUS
(yTunuzanuys) momyTHBIX Ta30B CBSA3aHBI B OCHOBHOM C IIPOOJIEMON MX TPAaHCIOPTa B MYJIbTH()A3ZHOM CO-
CTOsIHUHU. B crarhe Tarkke Mmokas3aHbl IMyTH MOBBIICHUS 3((EKTUBHOCTH COOpa U TPAHCIOPTA MOIYTHBIX
ra3os.

KnioueBble ciioBa:  MynbTudasa, MOMYTHBIE TI'a3bl, KOHICHCHUPYIOIINE Ta3bl, PacXoi ras3a, JajJbHOCTb
TPaHCIOPTA, JaBJICHUE IIEPEKAUKU.
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Giris

Somt neft gazlarinin istifadesi zamani
yaranan miihiim problemlordon biri qaz re-
surslarinin dinamikasi ilo baghdir. Yataglarin
islonilmasinin  gobul edilon dinamikasina
uygun olaraq ¢ixarilan maksimal qaz hacmi is-
lonmonin avvalki illarina uygun galir va sonra
gaz hasilat1 todricon azalmaga baslayir vo bir
ne¢a on ildan sonra sifra qadar diisiir. Odur ki,
yataglarin abadlasdirilmasi, neftin vo gazin
yigilmast vo nagli sistemlorinin layihslondiril-
mosi zamani texnoloji neft vo qaz kemorlori-
nin diametrinin diizgiin secilmasinin ohomiy-
yati ¢ox boylikdiir [1-5]. Madan texnoloji gaz
komorlorinin diizgiin layihalondirilmasi, somt
neft gazlarinin yigilmasi va naglinin somorali-
liyinin artirllmast onlarin multifazali olmasin-
dan ¢ox asilidir.

Tobii gazin, gaz-kondensatin va neftin
cixarilmasi va nagli obyektlorinin somarali is-
tismar1 sistemin osas parametrlorinin, keyfiy-
yat vo komiyyat xarakteristikalarinin hesablan-
mas1 vo onda bas veran fiziki proseslorin tohli-
lini tolob edir.

Qaz-maye garisiglarinin harakatino ¢ox-
lu sayda noazori vo tocriibi todgigatlarin hosr
olunmasina baxmayaraq, multifazaliliqla bagh
bir ¢ox masalalor halalik 6z hallini gézlomok-
dodir.

Neftqaz isindo multifazali axinlara de-
mok olar ki, har zaman, hor yerda: moahsuldar
laydan baslayaragq quyu mohsulunun hazirlan-
masi qurgusunadak rast galinir. Bu ciir aximlar
0z torkibino géro miixtalif olmagla, neft, su,
gaz vo mexaniki hissaciklorin miixtalif ga-
risiqlarindan ibarat olur.

Multifazali sistemlarin naglinin asasinda
fazalarin qarsiligl tasiri durur. Bu tasirin haro-
kot verici qiivvasi iso Bernulli qiivvasi hesab
edilir [6]:

F = 0.167nd3pv dv/dr (1)

Burada d — dispersfazanin hissaciyinin
diametri; p-dispersion miihitin sixhigt; v-dis-
persion miihitin horoktinin mitloq (ani) siirati;
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dv/dr- en kasik boyu statik tozyiq gradiyenti-
dir.

Tohlillor gostorir ki, multifazali sistem-
lorin nogli bir sira geyri-mshsuldar enerji xarc-
lori ilo bagli olur. Bu xarclor an ¢ox fazalarin
ayri-ayri, tobogolosmis harokati zamani daha
¢ox olur va galxan hissadas sistemda tozyiq do-
yiintiilori bas verir. Bu ciir harokot rejimlori bir
gayda olaraq boru kemarindo maye fazanin
toplanmast ilo xarakterizo olunur. Bu hal o
vaxta kimi davam edir ki, Bernulli giivvasi ilo
gravitasiya qlivvesinin miivazinati yaransin
[6]. Qeyd olunanlari nozars alaraq, multifazali
somt gazlarinin tez kondenslason gaz olmasini
onlarin nagli vo boru komorlarinin hidravlik
hesablanmasi tigiin asas gotiirmok vacibdir.

Umumiyyatlo, somt neft gazlarinm
(SNQ) naglini hoyata kegiron gaz kamarlarinin
hidravlik hesablanmasini asagidaki iki metodi-
kaya uygun olaraq aparmaq olar:

1. Monofazali qazin nagli tigiin olan metodika
2. Multifazali axin ii¢iin olan metodika.

Kondenslasan gazin monofazali metodi-
kasina uygun aparilan hesablamalara goro qaz
komoarinin diametrini boyiitmokla neftin sepa-
rasiya tozyiqi altinda nogl masafasini istanilon
gadar artirmq miimkiindiir. Buna baxmayaraq,
tocriibbadan yaxsi molumdur ki, kondenslagan
somt gazlarinin boru kamoarlari ilo separasiya
tozyigi (0.6-0.8MPa) altinda 30-50 km-don
uzaga nagl etmok miimkiin olmur. Qeyd olu-
nan masafodon ¢ox oldugda gaz kemari kon-
densatla dolmaga baslayir va noticodo gazin
nagli, demak olar ki, miimkiinsiiz olur.

Moasalan, aparilan todgigat islorindo gés-
torilmisdir ki, monofaza voziyystindo gazin
nogl masafasinin komorin diametrinin goxal-
masi ilo artmasi miimkiin oldugu halda, gqazin
multifazali (qaz+kondensat) noglinin masafosi
maksimal giymato malik olmagla moahduddur
[7-9]. Doniz yataglarindan kondeslogon somt
gazlarin yigilmasi vo naglinin yatagin iglonmo
dinamikasindan xeyli asili oldugunu nazoro
alarag, 0.6; 1; 1.5; 2.5; vo 4.0 MPa tozyiq al-
tinda vo gazin sarfinin 0.024; 0.048; 0.12;
0.24; 0.48; 1.2 vo 2.4 mIn. m*giin giymotlo-
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rindo multifazali axinlar ii¢iin nagl mosafasi-
nin (L) gaz kamarinin diametrindon asiliglari-
n1 toyin etmok iciin hidravlik hesablamalar
aparimisdir.

Hidravlik hesablamalar multifazali axin-
larda fazalarin qarsiliglt tasiri nazars alinmag-
la tokmillosdirilmis metodikaya uygun olaraq
[7-9] aparilmis, miixtalif tozyiq vo qaz sarflori
tciin L=f(D) asililiglar1 qurulmusdur. Qurul-
mus bu asiliglara asason miioyyan edilmisdir
ki, baxilan biitiin hallarda kondenslason gazla-
rin nagl mosafosi mohduddur vo maksimal
nogl mosafasi ilo xarakterizo olunur. Masalon,
Pp=1 MPa va Ps=0.25 MPa tozyiglordo gazin
maksimal nogl masafosinin gazin sarfindon vo
komoarin diametrindon asili olaraq dayismasi
cadval 1 vo sokil 1-do gostorilmisdir.

g 8

3

& 5§ 8§ 8

Yigim-nagl mosafasi, km

-
e ©

o

[ 05 1 15 2 25
Kamarin diametri, m

1+=7 — uygun olaraq Q,=0.024; 0.048; 0.12; 0.24;
0.48; 1.2 vo 2.4 min. m*giin oldugqda

Sakil 1 - Multifazali kondenslogan gazin yigim-nagl
mosafosinin diametr vao qazin sorfindon asililigi (Py,=1
MPa va Ps=0.25 MPa)

Figure 1 - The dependence of the gathering and
transport distance of multiphase condensing gas on the
diameter and gas flow rate (P;=1 MPa and P.=0.25MPa)

Cadval 1 — Multifazali qazin P,=1 MPa va Ps=0.25 MPa tozyiglords yigim-nagl mosafosinin miixtalif

diametr va sarfin giymatlori tiglin doyismasi

Table 1 — Change of gathering and transportation distance of multiphase gas at pressures P; = 1 MPa and

P. = 0.25 MPa for different diameters and flow rates

Sorti diametr,

Qg, mIn m*/giin

D, m

0.024

0.048

0.12

0.24

0.48

1.2

24

0.1

22

0.15

39

32

0.20

44

42

0.25

45

42

0.30

44

50

50

0.35

43

49.5

55

0.40

49

57

54

45

0.45

57

60

52

0.50

56.5

62

57

0.60

55

64

65

0.70

54

63

70

60

0.80

70

65

0.90

69.5

70

1.0

69

73.5

11

75.5

70

1.2

78

74

1.3

79

77

1.4

80

78

15

79.5

79

1.8

76.5

82

2.0

85

2.2

85

2.4

84

77
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Cadval 1 va sokil 1-don goriindiiyt kimi,
baslangic nagl tozyiginds (Pp=1 MPa ) gazin
maksimal y1gim-nagl masafasi gazin sarfindan
asili olaraq Q4=0.024 mIn m*/giin olduqda 45
km-don 85 km-dok (Qq=2.4 mIn m*/giin olar-
sa) doyisir.

Baslangic nagl tozyigindon va gazin sor-
findan asili olarag maksimal nogl masafasinin
hesablanmig giymatlari cadval 2-do verilmis-
dir.

Goriindiyi kimi, 0.6, 1.0, 1.5, 2.5, 4.0
MPa tozyiq altinda kondensloson qazlarin
maksimal y1gim-nogl masafasi gazin sarfindan
asili olaraq artir vo uygun olaraq, 22.5-43; 45-
85; 75-150; 126-245 vo 200-400 km interva-
linda doyiso bilir.

Cadval 2 — Qazin sorfi vo baslangic nogl
tozyigindan (Py) asili olaraq kondenslogon gazlar
lisin maksimal nogl masafasinin giymotlori (km
ilo)

Table 2 — Maximum transport distance values for
condensing gases depending on gas flow rate and
initial transport pressure (P;) (in km)

Qazin sorfi, Nagl tazyiqi, MPa

min.

m®/giin 0.6 1.0 15 2.5 4.0
0.024 225 45 75 126 | 200
0.048 25.0 50 80 140 | 225
0.12 29.0 57 92 160 | 260
0.24 33.0 64 110 180 | 285
0.48 35.6 70 123 198 | 320
1.2 40.0 80 139 225 | 365
24 43.0 85 150 245 | 400

Hidravlik hesablamalarin naticalaring
gora gazin maksimal yigim-nogl mosafasinin
nogl tozyiqgi vo gazin sorfindon asililigini oks
etdiron qrafiklor sokil 2-do gostorilmisdir.
Goriindiyti kimi, bu masafo nogl tozyigi vo
gazin sarfi goxaldigca artir.
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Vatsmal pdmnagf martes |\

Can sars min mP/g0n

1+5 uygun olaraq P,=0.6; 1; 1.5; 2.5; 4 MPa olduqda

Sakil 2 — Multifazali qazin maksimal yi1gim-nagl
mosafosinin - komorin  diametrindon  asililigi
(Ps=0.25MPa)

Figure 2 — Dependence of the maximum gathering
and transport distance of multiphase gas on the
diameter of the pipeline (P = 0.25MPa)

Neftin modon hazirlanmasinin parametr-
lorino goro qaz emali zavodunun neftgixarma
moadanindan olan masafasinin real giymati 20-
40 km-dan ¢ox olmamalidir. Onu da geyd et-
mak lazimdir ki, geyd olunan asililigqlar somt
neft qazlarmin yigim-nogl mosafasinin kon-
densat ¢ixarilmadan, multifazali nogl texno-
logiyalarini oks etdiron asililiglardir. Sokil 2-
don goriindiiyti kimi, an bdyiik nogl mosafasi
qazin sarfinin Qg=2.4 min m%giin qiymetinda
reallasir vo bu moasafalor 0.6; 1; 1.5; 2.5 vo 4.0
MPa baslangic nogl tozyiglorindo uygun
olaraq, 43, 85, 150, 245 vs 400 km togkil edir.
Qazin sorfi azaldiqda iso y1gim-nogl masafasi
kigilir. Bu naticoni qaz emali zavodunun
(QEZ) madanlardan olan masafasinin  mak-
simal giymatlorinin nogl tozyigindon asililigimn
oks etdiron qrafiklor ¢ox yaxs1 ifado edir.
Qeyd etmok vo nozoro almaqg vacibdir Ki,
gostarilon molumatlar nagl sistemlarinin mah-
suldarliginin maksimal giymatlarins uygun ol-
dugu iiclin homin giymatlorin artmasi yol
verilmazdir.
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Modon qgaz komorlorinin faktiki yiik-

- : lonmoasinin adaton hamin limit giymotlordon
s ki¢ik olmasi isa 6z novasinds, qazin yigim

» 4 nogl masafasinin xeyli azalmasina sobab olur
£ o 3 (sok.3).
- : Goriindilyii kimi, yataqlarin islonmosi
gm_ dinamikasina uygun olaraq, nogl tozyiqi vo
: qazin sarfi nazoro alinmaqgla, QEZ-in neft
a modonlorindon  maksimal mosafasini  tayin
” etmok miimkiindiir.

°0 os 1 1s l 3 3 35 l 45

Negl tazyiqi, MPs

Natica
Multifazali  somt  qazlarinin  naql
mosafosi mohduddur. Tez kondensloso bilon

Sakil 3 — Nogl tozyigi vo gazin sarfin_dan a§111 ol_araq bu ciir qazlarm yigilmast va neglinin
qaz emali zavoduna qadar olan mesafanin doyismosi e
Figure 3 — Variation of the distance to the gas ~ SoMoraliliyi qaz resurslarndan  vo  nogl
processing plant depending on the transport pressure texnologiyasinin diizgiin segilmasindan ¢ox
and gas flow rate

1=7-uygun olaraq Q,=0.024; 0.048; 0.12; 0.24; 0.48; 1.2 vo
2.4 min. m¥giin olduqda

asilidir.
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Abstract

The results of thermodynamic analysis of the conversion of isopropyl alcohol showed that, taking
into account the results of the change in the Gibbs energy with temperature, the reaction of the formation
of diisopropyl ether during the condensation of alcohol with propylene proceeds without thermodynamic
restrictions over the entire temperature range. The process of intermolecular dehydration to diisopropyl
ether is thermodynamically more probable at low temperatures (up to 350 K), while in the process of con-
verting isopropyl alcohol into acetone and propylene, the direction of the reaction shifts to the right at
temperatures above 350 and 475 K, respectively.
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Izopropil spirtinin ¢evrilmasinin nazari tahlili
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Xiilasa

Izopropil spirtinin gevrilmoasinin termodinamiki analizinin naticolori gostordi ki, Hibbs enerjisinin
giymatinin temperaturdan asili olaraq doyismosi nozoro alinmagqla, spirtin propilenlo kondensasiyasi
zamani diizopropil efirinin amalo golmosi reaksiyasi biitlin temperatur diapazonunda termodinamik
mohdudiyyatlor olmadan davam edir. Asagi temperaturlarda (350 K- o gqodar) molekulyararasi dehidrasiya
prosesi noaticasinda diizopropil efirin amalo golmosi ehtimali termodinamiki cohatdon daha boyiikdiir,
izopropil spirtinin aseton vo propilens ¢evrilmoasi prosesinds iss miivafiq olaraq, 350 vo 475 K-don yuxari
temperaturlarda reaksiyanin istigamoti saga dogru doyisir.

Acar sozlor:  termodinamiki hesablama, Hibbs enerjisi, tarazliq sabiti, izopropil spirti, diizopropil efiri,
aseton, propilen.
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Teopernyeckuil aHAJIU3 NpPeBpPalleHUS H30NPONMUIOBOIO CIIMPTA
J.A. I'yceitHoBa

Azepbatiodicanckuli 20Cy0apCcmeeHublil YHUgepcumem nedpmu u npomviuiiennocmu (np. Asaoavie, 16/21,
baxy, AZ1010, Azepbatioxncan)

Juis mepenucku:
I'yceitnoBa DnbBupa / e-mail: elvira_huseynova@mail.ru

Pe3ynbrarel TEpMOIMHAMHUYECKOr0 aHAJIN3a MPEBPALEHHS U30MPONUIIOBOTO CIIUPTA MOKA3aJH, YTO
C YYETOM PEe3yJIbTaTOB M3MEHEeHHs dHeprun [ mb0ca B 3aBUCIMOCTH OT TEMIIEPATYPhl peakius oopa3oBa-
HUS TUU30IIPONHMIIOBOr0 3(hHUpa B X0J1e KOHACHCAIMU CIIMPTa C MPOIMHIEHOM BO BCEM MHTEpBAJIE TEMIlepa-
Typ IpoTeKaeT 0e3 TepMOAWHAMHUYECKHX orpaHudeHuil. IIpouecc MeXMOIEKyIIpHON neruapaTanuu A0
JMH30TPONTMIIOBOTO dpHpa TepMOJANHAMHYECKH OOJiee BEPOSITEH MpPU MOHWKEHHBIX Temreparypax (J1o
350K), Toraa kak B IpoIecce MpeBpalieH s H30MPONMIOBOTO CIIMPTA B AllETOH M MPONWIICH HAallPaBICHUE
peakuuu cMenaeTcs BIpaBo Npu TemrepaTypax cBbiiie 350 u 475K cOOTBETCTBEHHO.

KualoueBble cioBa:  TepMOJUHAMHUYECKUI pacuer, sHeprusi | nbbca, KOHCTaHTa PaBHOBECHS, M30TPO-
MWIOBBIN CITUPT, TUM30MPONMIOBBIN 3(hHp, alleTOH, MPOIHIIEH.
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BBeaenue

Ha Bcex sramax IutaHMpOBaHUS, MMPOBE-
JICHUSI ¥ aHAJIM3a Pe3yJIbTaTOB MCCIICIOBAHMUSA,
XUMHYECKHUX TPOIECCOB IMEepepadbOTKU yTIie-
BOJIOPOJIOB U WX TPOHM3BOJHBIX HEOOXOIUMO
MPOBEJICHUE TEPMOAMHAMHYECKOTO aHaIH3a.
CBoii BKiIag B 00JIACTH TEPMOJAMHAMUYECKOTO
aHamM3a XUMHUYECKUX M HEeDTEXHUMHUYECKUX
MIPOLIECCOB BHEC/IM TaKWE BBITAIOIIHECS y4E-
Hble, KaKk A.B. @pocm, M.®. Hacues, FO.M.
Kopos, A.B. Kupees, A.U. I'epacumos, A.A.
Beeoenckuii, U.b. Pabunosuu, I'.A. Kpecmos,
U.M. Konecnuxoé u MHOTHE IPYTHE.

[IpumeHeHne MerTola TEPMOIUHAMHYEC-
CKOTO aHajm3a MO3BOJISIET MOA00paTh Hambo-
Jee 1enecooOpasHyro 00JacTh OCYIIECTBIIC-
HUSl KOHKPETHOHM peakiMy MOJIYYCHHUs, U IO-
3TOMY pabOThl, ITO3BOJISIOIIHE
MMEIOIIUECS] WM TOJIYYUTh HOBBIE JaHHBIE,
HUMEIOT BBICOKYIO 3HaUUMOCTh [1-3].

YTOYHUTH

enb padoTsl

PaGora mocesieHa aHaiuzy TEpMOIU-
HaMUYECKUX (PYHKLINN peakuil mpeBparieHus
n3onponuiosoro cnupra B JJUIID ¢ npume-
HeHueM Metona Temkuna-IIBapiimaHa.

IlocTanoBka 3aga4n

Tepmonunamuyeckue QPyHKIMU OMpee-
JISTUCH JUTSL CIICAYIOIINX PpeakIuil ra3o-das-
HOTO MIPEBpAIICHHs U30IPONUIIOBOTO CIIUPTA:
a) wm30-C3H;OH + C3Hg — C3H;0C3Hy
b) 2 wm30-C3H;OH — C3H;OC3H7 + H,O
¢) wu30-C3H;OH — C3Hg + H,O
d) n30-CsH7;0OH — C3HgO + Ho

Peakiuu ¢ u d paccmarpuBaroTcsi B Ka-
YECTBE CPABHUTENIBHBIX TPU OMNPEIACICHUHI
PAaBHOBECHOI'O COCTaBa PEAKIIMOHHON CMECH.

Pacuér TepmommHaMuuecKMX IMapamer-
poB mpoBoawics MeroaoM Temkuna-IlIBapu-
mana (1947 r.) [4-6], nns kaxmoit u3 4-X Xu-
MHYECKUX PEAKIHMN B TaKOW MOCIEAOBATEIb-
HOCTH: PacCUUTHIBAJIOCH WU3MEHEHUE SHEPTUU

82

I'u66ca B unrepBane 298-625 K ¢ marom 25°
no dopmyne Temkuua-llIBapumana; paccuu-
THIBAJUCh KOHCTAaHThl PABHOBECHUS XHUMHYE-
ckux peakuuii K. paccuuThIBajicsi paBHOBEC-
HBII COCTaB PEAaKIMOHHOW CMECH IO 3aKOHY
JIEUCTBYIOIIMX Macc.

Pemenue 3apaun

AOCONIOTHOE 3HAYCHHUE SHTAIBIIUU 00-
adupa
(JAUIID) mmeer HamOonbliiee 3HAYCHUE, YTO
YKa3bIBaeT Ha HAWOOJBIIYIO CIOXKHOCTH CO-
enuHeHus (Tabm.1).

OTtpunarenbHble 3HAYCHUS OSHTATBITHIA
obpazoBanus JIUIID u anerona, B ciydae 00-
pa3oBaHUs ITHX COCIMHEHUUN U3 MPOCTHIX Be-
IECTB,
HOCTH OTUX PEeaKIIHid,
JUIID. Kak BUIHO, M3MEHEHHE DHTAJBITHH
peakiuu  00pa3oBaHUs JUU3OMPOMUIOBOTO
a¢upa HMMEET HEBBICOKOE a0COIIOTHOE, HO
BCE-TaKU OTpPHUIIATEIbHOE 3HAUEHHUE, CJe/I0Ba-
TEIBHO, ITOT MPOIIECC IK30TEPMHUCCKU.

pasoBaHuA JAUU30IPOITUIIOBOTO

CBUJICTEILCTBYET 00 9SK30TepPMUY-
HAauOOJbIIEeH I

Takoil ke BbIBOJI OYEBHJIEH U I PEaK-
nuu  obpazosanus JUIID B xome mpuco-
eAVHEHUs oJieprHA K CITUPTY.

B oriamume ot 3THX 2-X peakiuii, 3H-
TaJbIINAU, TIOJYYCHHBIC JIJISI PEaKlMid MmpeBpa-
LIEHUSI U30MPONUIOBOTO CHUPTA B AlIETOH U
MPOMNWIEH, SBJISAIOTCA OONbIIMMU TO abco-
JIOTHOMY 3HAYEHHIO U MOJIOKUTEIbHBIMH, YTO
YKa3bIBaeT HAa X SHJOTEPMUYHOCTD.

['padmyeckoe n300paxkeHne M3MEHEHUS
sneprun ['mbOca ot Temmeparypsl (puc.l)
HaISITHO YKa3bIBa€T HA TO, UTO OOpa30BaHMS
JAUIID B xome MEXMOJIEKYJISIPHOW aerujpa-
TallUM TEPMOJUHAMUYECKH 0O0Jiee BEPOSTHO
IIpU MOHMKEHHBIX Temreparypax (zo 350°C)
(peaktust b), a B xo/1e KOHACHCAIIMH CIIUPTA C
MPOMUJIEHOM — BO BCEM HMHTEpBalie TeMmIepa-
Typ, T.€. IPOTEKAeT 0€3 TEPMOAMHAMHUYECKUX
OTpaHUYCHUH.
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TaﬁJmua 1 — YucaeHHBIE BEIUIUHEI TCPMOANHAMHNYCCKUX (byHKIlI/IfI BCUICCTB B CTAHAAPTHBIX YCJIOBUAX
Table 1 — Numerical values of thermodynamic functions of substances under standard conditions

Coenunenue AHjog, AS,08, Cp a b-10° c10°
kJI>x/MONB kJIx/Monb K
u30-C3H;OH -272.71 310.49 89.16 8.67 303.10 -115.80
C3Hs 20.33 267.36 64.18 12.44 188.38 -47.60
C3H;0C;H; -319.03 391.25 158.95 21.01 488.80 -162.50
C3HgO -217.65 295.43 75.19 22.47 201.80 -63.50
H,0 (1) -241.81 188.72 33.60 30.00 10.71 -
H, 0 130.52 28.85 27.28 3.26 —
OCTaeTCsl OUYEHb 3HAUUTENBHOM, YTO yKa3bIBa-
“ 50 .:I.t €T Ha TO, YTO B YKa3aHHBIX YCJIOBHSIX PaBHO-
a0 | = - BECHE PEaKIMU CWIHHO CIBUHYTO BIIPABO

=160

=180

1]

=240

- k. -ah
&0 “h IR0

-5 -300

Pucynok 1 — 3asucumocts ArGy = f(T) nns peakimii
mpeBpaineHust u3onpormmioBoro crmpra B UMD (a u
b), npomunen (C) u anero (d).

Figure 1 — Dependence ArG2 = f(T) for reactions of
isopropanol conversion into DIPE (a and b), propylene
(c) and acetone (d).

B mpouecce npespalleHus H30mpoInuio-
BOI'O CIIUPTA B allETOH U MPONUJIEH HaIlpaBJe-
HUE peaKklMy CMENIaeTcs BIPaBO MPHU TeMIle-
patypax cBbiie 350 n 475K cOOTBETCTBEHHO.

Benencrrue  BBIIEN3TI0KEHHOTO, OXKH-
JaeMO, 4TO HAauOOJIbIIME 3HAYEHUS KOHCTAHT
paBHOBECHs] XapaKTEpHbI JUIsl peakiuu obpa-
3oBanust JUIID koHjeHcauueir wu30mpo-
MIUJIOBOTO CIIUPTA C MPOIMIIEHOM.

HecmoTpst Ha TO, 4TO € MOBBIIEHUEM
TEMIIEpaTypbl  HAOJMIOJAeTCsl  HEKOTOpoe
YMEHBIIIEHNE 3HAYEHUN KOHCTAHTHI PaBHOBE-

CUsl JTaHHOW peaklW, TeM HE MEHee, OHa

(Tabn.2).
M30MPOINUIIOBOTO CIHUPTA B HANpaBJICHUU 00-

[IpeBpamenuss WHIUMBHIYAIBHOIO

pasoBaHus all€TOHA W IMPOIMJICHA XapaKTCpU-
3yeTCd BOSpaCTaHHHCﬁ OT TCMIICPATYPhI KOH-
CTaHTOM PaBHOBCCHA.

Tabauua 2 - Pe3ynpTaTel pacueTa KOHCTaHT pPaBHOBE-
Cusa s peaKI_II/Iﬁ HOpeBpalcHus  H30IPOITUIOBOTO
crupra

Table 2 - Results of Calculation of Equilibrium Con-
stants for Isopropyl Alcohol Transformation Reactions

PeaKLII/II/I MMpeBpalICHUA U30IIPOITUIIOBOTO

T, K crmpTa
a) b) c) d)

300 | 4,45-10% | 2,671 | 0,042 0,020
325 | 2,11-10% | 1,712 | 0,210 0,116
350 | 1,12 - 10% | 1,171 | 0,830 0,525
375 | 6,47 - 10° | 0,842 | 2,736 1,942
400 | 4,02- 10" | 0,631 | 7,768 6,117
425 [ 2,64 - 1021 | 0,488 | 19,489 | 16,850
450 [ 1,82 - 1021 | 0,388 | 44,089 | 41,497
475 [ 1,31 - 1021 | 0,316 | 91,360 | 92,932
500 | 9,68 - 1020 | 0,261 | 175,621 | 191,867
525 | 7,37 - 1020 | 0,220 | 316,392 | 369,252
550 | 5,75 - 1020 | 0,187 | 538,697 | 668,449
575 | 4,57 - 1020 | 0,161 | 872,842 |1146,799
600 | 3,7 - 1020 | 0,140 |1353,638|1876,234
625 | 3,04 - 1020 | 0,122 |2019,055 | 2942,675
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JlarHble TAOMUIBI 3 TAKXKE YKa3bIBAIOT
Ha TO, YTO C POCTOM TeMIIEpaTyphl Ipolecca
KOHCTaHTa paBHOBecHsi oOpazoBanus JJUIID B
X0JIe MEKMOJIEKYJISIPHOM JeruapaTaiuu cMme-
1aeTcs BJIEBO, B CTOPOHY MCXOJHBIX BEILIECTB.
Pacuyer coctaBa paBHOBECHO cMmecH is
KOHKPETHO pacCMaTpUBAaEMON pEaKIu Mex-
MoJsiekyisipHod aeruapatanuu g0 JUIID ot
TEMIIEpPATypbl IPOBOAMJIICS COTJIACHO 3aKOHY
JIEUCTBYIOLIMX MAaCC:
2 m30-C3H;OH «— CsH;OCsH; + H)O
2 (1-a) o o
O61ee uncino moneit paBHo 2. Marepu-
abHBIN OajaHC COeIMHEHUN B PEeaKIHMOHHOM

CMCCH OIIPCACIIAIOTCA 110 BEIPAKCHUAM:

a a
Nyso-mporr = 1-0t; N = > Nio = -

2

[TomcraBmsisi MOJIBHBIC JIONH, MOTyYdaeM

MIPOMEXKYTOYHOE BBIPAKEHUE JJIT KOHCTAHTHI
paBHOBecuHs (Tabm.4).

[Tonydennsle ans Bcex 4-X peakuuii BbI-

paskeHusl IpUBeIeHBI B Ta0J.5.

CreneHp npeBpalleHus OT TEMIIEPATyphbl
U COCTaB IIOJIy4aeMOW paBHOBECHOW peakilu-
OHHOI cMecH ITPEJICTABICHBI TAKXKE HA PUC.2.

i, %
| - O Dler 0
al ;“
x #
0t g /
‘x\_ I:'I
cl ¥
\
60 b \j¢ ‘\'\i\
I L“l—.{_ |
il -
L -y
wt H -
/ [ S d
/t
0 A
*
LK
i s i
275 175 475 575 675

Pucynok 2 — BimsHue TemIeparypsl Ha CTETICHb IIpe-
BpameHus (CyMMapHBIi paBHOBECHBIH BBIXOI HPOIYK-
TOB) B pCaKIUAX MPCBpaIlCHUA U30IPOINNIOBOIO CIIUP-
ta B JIUIID (a u b), nponuiex (C) u anerox (d).

Figure 2 — Effect of temperature on the degree of
conversion (total equilibrium yield of products) in the
reactions of isopropyl alcohol conversion to DIPE (a
and b), propylene (c), and acetone (d).

Tadauua 3 — Mi3sMeHeHne TepMOoJMHAMUYECKUX QYHKIMHA Juist peakiuii (a-d)
Table 3 — Changing thermodynamic functions for reactions (a-d)

AH3og, AS50g, KosdppuumenTs! ypaBHeHHs TMpumeuanue:
Peak- kJI>x/MOJIB kJIx/Monb K ArC, =1(T) OyKBEHHBIC
st Aa Ab-10P Ac-10° 0003Ha"CHHS
a) -25,99 348,12 25,08 0,0374 -94,3 B B
b) -15,42 -41,04 33,67 -106,69 69,43 COOTBETCTBHU C
c) 50,9 145,59 33,77 -104 68,2 HOKASAMHON B
METOIUKE
d) 55,06 115,46 41,08 -98 52,3 SKCTIEpHMEHTa
Taﬁ.ﬂnua 4 — PacueT KOHCTAHTEI PpaBHOBECHA U PABHOBECHOI'O COCTaBa CMECU
Table 4 — Calculation of the equilibrium constant and the equilibrium composition of the mixture
Peakuus KouncranTa PaBHoBecHoOe
paBHOBeCHSs npeBpauieHue
a) | uzo-C3H;OH + C3Hg — o= _* _ @K+ /(@K+1)
C3H,0C3H; (1-a)? * 2K
b) | 2uzo-C3H;OH — C3H;0C3H; + __a? _ —8K+./64K?+16K(1-4K)
H,O P a(1-)? o= 2(1-4K)
C) M30'C3H7OH - C3H6 + Hzo K.= a? _ im
P 1-a? T 2014K)
d) | uz0-C3H;OH — C3HgO + H, __a _ +/4K(1+K)
P 1-a? T 2(1+4K)
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B 3aBucHMMOCTM OT HampaBJ€HHUs pEak-
MU CTENEHb NPEBPALICHHS ChIPbS OT TEMIIE-
paTypbl MOKHO MPOWJUIIOCTPUPOBATH CIEAY-
FOIIUMHU MOCTIEA0BATEIbHOCTAMU:

npu 300Ka>b>c>d;

npu 400K a>c>d>b;

nipu 500K u BbImIE @, C, d > b.

Kak BumHO U3 Tabmn.5, peakuusi KOHICH-
Callu¥ HM3O0MPOIMIOBOTO CIHUPTA C IMPOMUie-
HOM JIa)K€ IIPU KOMHATHOW TEMIIEpaType co-
MIPOBOK/JIAETCS MOJIHBIM MPEBPALLECHUEM B 1i€-
neBoi nponykt - JIUIID. Ananus pe3ynbratoB
Bbixosa JAUIID B xoxe peaknum MeKMOJIEKY-
JSIPHOM JIETUApATAllUd B UCCIEAYEMOM TEM-
MEpaTypHOM HMHTEPBAJIE CBUAECTEIBCTBYET O
TOM, YTO JIJIs €ro MOJIy4eHHUs] HanboJsee mpe-
MOYTHUTEIILHONW  ABJISIETCST  00JacTh HUBKUX

temneparyp (300-400K). B astux ycnoBusx
MaKCHUMaJbHbIHA TeopeTnueckuil Boixon JAMUIID
cocrapisier 30-38%. Cnenyer oOpaTUTh BHU-
MaHUE, YTO B Cllydae NpEeBpaIleHUs WHIUBU-
yaJbHOTO  HM30MPONIIOBOTO CHHUpPTa IPHU
temriepatypax Bbeime 350K cCyIecTBeHHBIN
BKJIaJ] HAYMHAIOT BHOCHUTH PEAKLIUU, COIPO-
BOXKJaromuecs: o0pa3oBaHUEM MpPONHICHA U
arieToHa. B ycnoBusx napasieabHOro mpore-
KaHUs peaklii MpeBpalleHus: U30IpoInuIoBO-
ro cnupra (3a UCKIIOYCHHEM KOHACHCALUU C
npommwiienoM) 1pu 300K  Teopernuecku
Haubosiee BEPOATHBIM SIBIIsSIETCS 00Opa3oBaHUE
JUIID (38,28%) > mpomnunena (16,75%) >
anerona (12,32%), torma xak mpu 400K u
Bhilie — mnponwieHa (48,49%) > arerona
(48,1%) > IUIID (30,69%

Taouna 5 — PaBHOBECHBIN COCTaB NMPEBPAIEHIS H30IPOIHMIOBOTO CITUPTa
Table 5 — Equilibrium composition of the transformation of isopropy! alcohol

ConepxaHue KOMITIOHEHTOB B PABHOBECHON CMECH TIPOIYKTOB, % MOJIBH.
a) m30-C3H,OH + b) 2 30-CsH,OH — ¢) n30-C3H;OH — d) u30-C3H,OH —
+C3Hg — s CaH,OCH, + —C3Hg + H,0 — C3HO + Hy
— C3H;0C3Hy + H,0
T,K N spup N cimpr | Nogup | Nsora | Noempr | N mpormmen | Nsora | N cmpr | N averon | N sonopon
300 100 23,426 | 38,287 | 38,287 | 66,497 | 16,751 | 16,751 | 75,356 | 12,322 | 12,322
325 100 27,646 | 36,177 | 36,177 | 41,205 | 29,398 | 29,398 |51,195 | 24,403 | 24,403
350 100 31,606 | 34,197 | 34,198 | 19,511 | 40,244 | 40,244 | 26,051 | 36,975 | 36,975
375 100 35,269 | 32,366 | 32,366 | 7,772 | 46,114 | 46,114 | 10,345 |44,827 | 44,827
400 100 38,631 | 30,685 | 30,685 | 3,027 | 48,487 | 48,487 | 3,784 | 48,108 | 48,108
425 100 41,705 | 29,148 | 29,148 | 1,251 | 49,375 | 49,375 | 1,441 | 49,279 | 49,279
450 100 44514 | 27,743 | 27,743 | 0,561 | 49,720 | 49,720 | 0,595 |49,702 | 49,702
475 100 47,085 | 26,458 | 26,458 | 0,272 | 49,864 | 49,864 | 0,267 | 49,866 | 49,866
500 100 49,444 | 25,278 | 25,278 | 0,142 | 49,929 | 49,929 | 0,130 |49,935| 49,935
525 100 51,618 | 24,191 | 24,191 | 0,0789 | 49,961 | 49,961 | 0,068 | 49,966 | 49,966
550 100 53,630 | 23,185 | 23,185 | 0,046 | 49,977 | 49,977 | 0,037 | 49,981 | 49,981
575 100 55,502 | 22,249 | 22,249 | 0,029 | 49,986 | 49,986 | 0,022 | 49,989 | 49,989
600 100 57,252 | 21,374 | 21,374 | 0,018 | 49,991 | 49,991 | 0,013 | 49,993 | 49,993
625 100 58,897 | 20,552 | 20,552 | 0,012 | 49,994 | 49,994 | 0,008 | 49,996 | 49,996

Ipumeyanue: OyxkBeHHbIC 0003HAYCHUSI PEAKIINI PUBEICHBI B COOTBETCTBHH C ITOKa3aHHOI B METOHKE JKCIIe-

pUMEHTa
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Takum oOpa3om, pe3yabTaThl TEOPETH-
MIpeBpaICHUS
MUWJIOBOTO CHOUpPTa MOKa3ajiu, YTO, YUUTHIBAs

YECKOro  aHaJInu3a M30I1po-
pe3ynbTaThl U3MeHeHusi sHepruun ['mbb6ca ot
TeMIIepaTypsbl, peakius oopazoanus [JUIID B
X0JIe KOH/IEHCALlMU CIHUPTa C IPOINUJIEHOM BO
BCEM MHTEpBaje TEMIEpaTyp IpoTeKaeT Oe3
TEPMOJMHAMMYECKUX OrpaHuueHui. B xoxe
MEXMOJIeKyJIsspHOH neruaparanuu ao JAWUIID
IIPOLIECC TEPMOJMHAMUYECKU 00Jiee BEPOSITEH
P MOHMKCHHBIX Temreparypax (10 350K),

TOI/Ia KaK B MPOLEcce MPEBPAILCHHs W30IPO-

MUIOBOTO CHHpPTAa B aleTOH M MPOIUJICH
HAIpaBJIEHUE PEAKIMH CMEIIAeTCsl BIIPaBO
npu temneparypax cBbie 350 u 475K coot-
BeTcTBeHHO. [Ipu mapamiensHOM MpOTEKaHUU
peakiui  MpeBpalleHUs]  U30IMPOMUIOBOTO
cupra (3a HUCKIIOYEHHEM KOHIEHCAIUU C
300K
HanboJiee BEPOSATHBIM SIBJIETCS 0Opa3zoBaHue
JUIID (38,28%) > mpomnunena (16,75%) >
anerona (12,32%), Torma kak mpu 400K u
Bhilie — mnponwieHa (48,49%) > arerona
(48,1%) > IUIID (30,69%).

MPOMWICHOM)  TpHU TEOPETUYECKHU
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Xiilasa

Mogalods “Sonaye 4.0” platformasinin mahiyyati va torkib hissslori aragdirilir. Bu magsodlo kiber-
fiziki sistemin struktur layihalondirilmasi hoyata kegirilir. Bundan olave qurgular ve istifadagilor arasinda
“insan-masin” tipli qarsilgli oalaga sxemi sorh edilir. Homginin burada kiber-fiziki sistemlorin totbiq
sahalarina baxilir.

Acar sozlor:  “Sonaye 4.0, kiber-fiziki sistem, osyalarm Interneti, “insan-masin” interfeysi
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AHHOTaNUA

B cratbe paccmaTpuBaloTCs CYIIHOCTh M cOCTaBHBIE yacTu miaardopmsl «agyctpus 4.0». C 3toit
LEJIBIO OCYLIECTBIISIETCS] CTPYKTYpHOE NPOeKTUpoBaHue kubepdusndeckoil cucremsl. Mznaratores cxema
B3aMMOJCHCTBUSA THIA «YENOBEK-MAllMHA» MEXAy YCTPOWCTBAMH ¥ IOJB30BATEIsIMH. TaKxke
paccMaTpuBarOTCs 00J1aCTh NPUMEHEHUS] KHOEP(OU3NIECKUX CHCTEM.

KiroueBble cjioBa: «Huanyctpus 4.0», kubepdusnyueckas cucreMa, IHTEpHET BeIIeh, «IeII0BEKO-
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Giris

Informasiya-kommunikasiya texnologi-
yalarmm (IKT) siiratli inkisafi vo funksional
baximdan yeni olan informasiya sensorlarinin
meydana ¢ixmasi fiziki obyektlorin birbasa in-
ternet vasitosilo idaro edilmosi dovriin aktual
mosalalarindan biridir. Son zamanlar informa-
siya-6l¢ma Vo idaraetma saholorinds ragomsal
transformasiyanin inkisafi yeni nasil intellek-
tual hollorin — kiber-fiziki sistemlarin (cyber-
phisical system, CPS) yaranmasina sabab ol-
du. Kiber-fiziki sistemlor (KFS) diinyanin so-
naye sektorunu shamiyyatli doracads dayisdir-
mok potensialina malik olmusdur. Bu ciir sis-
temloro qurasdirilmis altsistemlorin, sensorla-
rin, Kommunikasiya sobakalorinin vo idaroet-
mo sistemlarinin inteqrasiyas: kimi baxmaqg
olar. Kiber infrastrukturdan istifadonin osas
mogsadi fiziki sistemi (zavod, fabrik vo s.) na-
zarotdo saxlamaq vo idaro etmokdir. KFS-lor
eyni vaxtda program torofindon idara olunan,
fiziki harokatlori gobul edon va yerino yetiron
qurgular sobokasini ohato edir. Umumiyyatls,
KFS genis anlayisdir vo har bir KFS basga bir
KFS-in torkib hissasi (altsistemi) rolunda ¢ixis
edo bilor. KFS-lor ham kigik migyasl (moss-
lon, pilotsuz ugus aparati, orazi tigiin “agilli”
qurgular sistemi), hom do boyiik miqyasl (za-
vodlar, fabriklor, “agilli” saharlar) obyektlords
genis tatbig olunur. Bu ciir sistemlor, alalxiisus
avtomatlasdirmanin dordiincii sonaye ingilab:
(Industry 4.0) adlanan “Sanaye 4.0 saviyyasi-
no kegmasino tokan vermisdir [1, 2].

“Industry 4.0” (Sanaye 4.0) terminindan
ilk dofs 2011-ci ildo Almaniyada istifads olun-
musdur. “Sanaye 4.0” - tamamilo avtomatlas-
dirilmis rogamsal istehsala kegidi tomin edir.
Burada internet vasitosilo real vaxt rejiminds
Vo “agilli sistemlor” (smart Ssystems) torofin-
don idara olunan “rogamsal sahoalor” (digital
fields) yaradilir. Noticods istehsal sisteminin

89

biitiin foaliyyat saholori rogomsal idars olu-
nan “intellektual soboko fabrikina” gevrilir.
Belaliklo, maliyys vo maddi resurslarin sama-
rali istifadasina nail olunur.

Sonaye ingilablarmin togribon 100 illik
fasilolorlo bas verdiyi nazars alinarsa, novbati,
yani dordiincii sonaye ingilabimin 2060-2070-
ci illordo bas veracayini prognozlasdirmaq
olar. ©vvalki ingilablarda osas xarakteristika-
larmn odadi silsilo formasinda artmas: bas ve-
rirdisa, dordiincii sonaye ingilabinda xarakte-
ristikalarin handosi silsila ilo artmasi noazardo
tutulur. Dordiincti sonaye ingilab1 bazon “So-
naye 4.0 platformasi da adlanir.

“Sanaye 4.0” platformasmin mahiyyati v
tarkib hissalari

“Sonaye 4.0” standartlarina cavab veran
istehsal miiosSisolorinin biitiin avadanliglari
(qurgulari, cihazlart) simsiz baglant: ilo tomin
olunmalidir. Bu isa biitiin istehsal prosesini so-
morali idars etmoays vo miivafiq optimal qorar-
lar1 gobul etmayo gotirib ¢ixarir. Dar monada,
“Sonaye 4.0” platformasi 2020-ci ilo qodor Al-
maniya hokiimotindo  kompiiterlasdirilmoni
hoyata kegiron “Hi-Tech” adli layihasindon
gotlriilmisdir. Bu layihads “agilli” istehsalin
(smart manufacturing) yaradilmasiin miiasir
konsepsiyalar1 gostorilmisdir [3]. “Agilli” is-
tehsalatda asas konsepsiya ondan ibaratdir ki,
burada avadanliglarin idarsolunmasi vo islon-
masi 10T (Internet of Things, asyalarin Inter-
neti) texnologiyasina asaslanir. Belo olan hal-
da miiassisonin avadanliglarinin idars olunma-
siin qlobal sonaye sobokosi (Global Industry
Network) formalasdirilir. Genis monada iso
“Sonaye 4.0” — kiber-fiziki sistemlori, osyala-
rm Internetini, bulud hesablamalarini, mobil
qurgular;, modellosdirma vasitalorini va s.
0ziinds birlosdirmaklo avtomatlagdirmani ope-
rativlesdirir vo verilonlorin miibadilasini siirat-
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londirir. KFS-lor istehsalat proseslorins tothiq
edilorok istehsal vo emaletmo sonayesinin ra-
gabat giiciinii artirir. Bu ciir sistemlar fiziki,
rogomsal va bioloji saholori 6ziinds birlasdirir.
Hal-hazirda osyalarm interneti texnologiyalar:
inkisaf etdikco Interneto qosulan qurgularin
gosulma xarclari azalir, canli-cansiz aloms aid
niimunalarin gobakadoki sayi artir. Ogyalarin
Interneti texnologiyasinin tam olaraq islomosi
irthocmli informasiyanin minimal gecikma ilo
stiratli sokilds Gtiiriilmasindon asilidir.

“Sonaye 4.0” platformasinin konsepsiya-
s1 dord prinsipa osaslanir. Bunlar agsagidakilar-
dur:

- insan vo qurgularin funksional uygun-
lugu. Yoni, Internet vasitosilo real vaxt reji-
minds olago yaratmaq imkant;

- informasiyanin soffafligi vo sistemin
fiziki alominin virtual suratinin yaradilmasi
imkant;

- boytik hacmli verilonlorin (big data)
olagolondirilmasi vo vahid formata gotirilmasi
imkanlari;

- miixtalif sistemlorin miistaqil gorar qo-
buletmo imkanlar.

Fiziki

sistemn

Sensorlar

i
i
i
i &laga sabakasi
i
1
1
i

Hal-hazirda bir ¢ox istehsalg1 sirkotlor
0z faaliyyatini “Sonaye 4.0” platformasi osa-
sinda hoyata kegirirlor [4,5]. Onlarin vahid
konsepsiya ¢ar¢ivasinds birlogsmasi istehsalin
dinamikasini doyismoays vo onun tarkib hisss-
lorini arasdirmaga imkan verir. Movcud ya-
nasmalarin sintezi, eloco do inkisaf strategiya-
larinin prioritetlori vo aparilmis elmi tohlillarin
naticalori osasinda dordiincii sonaye ingilabi-
nin torkib hissalorini sokil 1-do gostorildiyi Ki-
mi toklif etmak olar.
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Sokil 1 — “Sanaye 4.0” platformasinin torkib hissolori
Figure 1 — Composition of the platform “Industry 4.0”
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Sakil 2 — Kiber-fiziki sistemin iimumi strukturu
Figure 2 — General structure of cyber-physical system
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Informasiva tohliikasizliyi. Bir cox sona-
ye sirkatlori holo do global sobakoys bagh ol-
mayan gapali istehsal idarsetms sistemlorin-
don istifado edir. Sonaye sistemlarinin infor-
masiya tohliikasizliyini tomin etmok ii¢lin so-
boko protokollarindan istifads edilir. Noticada
kibertohliikasizlik meyarlar1 oasasinda sistema
etibarli giris, dayanigl rabits, eloco do istifa-
dagilora vo qurgulara diizgiin nozarat hoyata
kegirilir.

Bulud hesablamalar:. Bozi sonaye sir-
katlori artiq islorinds gismon bulud programla-
rindan istifado edirlor. Lakin “Sonaye 4.0”
platformasinin inkisafi ilo bu texnologiya daha
¢ox problemlari hall etmoak tigiin istifads edilo-
cok. Zaman kegdikca buludda verilanlarin sax-
lanmas1 texnologiyasinin keyfiyyot gostorici-
lori yaxsilagsacaq. Sorgulara verilon cavab
miiddoti azaldilacaq va golocakds istehsal pro-
sesino nozarat sistemlorinin islomasi biitovlik-
do bulud texnologiyalarina asaslanacag.

Mobil texnologiyalar. “Sanaye 4.0 plat-
formasinda mobil texnologiyalara osaslanan
komponentlor tstiinliik togkil edir. Bels ki, fi-
ziki obyektdoki sonaye 10T sistemlorindon ali-
nan real zaman verilonlori mobil texnologiya-
lar vasitosilo buluda otiirtiliir. Bu verilonlor
buludda Big data texnologiyalari vasitasilo
emal edilir vo saxlanr.

Sistem/arin integrasiyas:. Hal-hazirda is-
tifado olunan informasiya sistemlori tam integ-
rasiya edilmomisdir. “Sonaye 4.0 platformasi
bu sobokalora yenidon baxilmasini tolob edir.
Yoni, sistemin foaliyyat proseslorinin (kom-
mersiya vo sonaye) hortorafli integrasiyas: to-
lob olunur. Bunun ii¢iin yalniz miiassiso daxi-
lindoki miixtolif soviyyslordo (s6balordo) de-
yil, istehsal dovriindoki miixtalif torafdas
miiosSisolor arasinda da six omokdasliq qurul-
masi vacibdir.

Rogamsal model/asdirma. Miiasir dovrda
yeni bir mohsulun hazirlanmasi marhoalasinda
obyektlarin, materiallarin va istehsal proseslo-
rinin 3D modellasdirilmasi genis tatbig olunur.
Golacokds bu texnologiya istehsal prosesinds
genis istifado edilacokdir ki, bu da fiziki ob-
yektin miivafiq aktual verilonlorini real vaxt
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rejiminds virtual model saklinds tasvir etmasi-
no imkan veracok. Belsliklo, avadanligin qu-
ragdirilmasi vaxti shamiyyatli doracodos azala-
caq vo mohsullarin keyfiyyoti artacaqdir.

Additiv istehsalat vo robototexnika. So-
nayeds 3D ¢apinin totbiqi vo ayri-ayri detalla-
rin hazirlanmast kimi additiv texnologiyalar
vasitosilo hoyata kegirilir. “Sonaye 4.0” plat-
formasinda additiv metodlarin meydana gol-
masi ilo unikal mahsullarin seriyali istehsali
liclin genis imkanlar yaratmisdir. Moasalon,
aerokosmik miiassisalor artiq yeni hava gomi-
lori yaratmaq {igiin additiv texnologiyalardan
istifado etmoklo onun ¢okisini, 6l¢iisiinii azal-
dir vo bununla da xammal istehlakin1 minimu-
ma endirir.

Sonaye robotlar1 artiq uzun zaman mii-
rokkob mosalalarin icrasi tg¢iin miixtalif sona-
ye sahalarinin iri miiassisalorinds istifads olu-
nur. Ancaq bu giin robotlar salaflarinden forqli
olaraq getdikco daha ¢ox miistaqil, ¢evik vo
icra¢1 olurlar. Zaman kecdikca onlar bir-biri
ilo miinasibst qurmaga bagslayacaq. Onlar
nainki bir insanla yan-yana sakitca isloyacak,
hom do insana na isa dyradacak.

Osyalarin_Interneti. Osyalarmn Interneti
KFS ilo olagado vacib konsepsiyadir. Onlar
movcud texnologiyalar asasinda fiziki qurgu-
larin identifikasiyast vo virtuallagdiriimasini
hoyata kegirir. Bu giin istehsalatdaki avadan-
liglarin vo qurgularin yalmz bir hissosi Inter-
neta qosulmusdur. Istehsal prosesinin idaro
edilmoasi iyerarxik strukturu soklinda toskil
olunur. Strukturda asagi saviyyanin elementlo-
ri — sensorlar, periferiya qurgulari vo mikro-
kontrollerlor yuxar1 soviyyslora verilonlori
otiiriir. Osyalarin Internetinin kémayils qurgu-
lar miivafiq soboko protokollart ils tachiz olu-
nur va onlarin hesablama imkanlar: artir. Be-
laliklo, qurgular miistoqil olaraq verilonlori
emal edir, idaroetmonin miivafiq saviyyasindo
bir-biri ilo garsiliqlt alago qurur vs yalniz la-
zim oldugda moarkazlosdirilmis idarsetms sis-
temino kegid edir.

Boyiik verilonlor. Boyiik verilonlor 10T-
u tamamlayan miihiim texnologiyalardan biri-
dir vo boyiik, miixtalif tipli, miixtolif 6l¢iili vo
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strukturlasdirilmamis verilonlorin emali {igiin
alotlor vo texnika togdim edir. Sanaye sahasin-
do totbiq olunan boyiik hocmli verilonlor moh-
sulun keyfiyyatini optimallasdirmaga, enerjiys
genast etmoya vo avadanhigin is gabiliyyatini
yiiksaltmoyo icazo verir. Sonaye 4.0 platfor-
masi iizorinds miixtalif informasiya manbaloe-
rindon verilonlarin toplanmasi vo emali (ERP
vo CRM sistemlori) real vaxt rejiminds gorar
gabulunun dastoklonmasi {igiin standart bir va-
sito olacaqdir.

REID texnologiyalar

RFID texnologiyas: (Radio Frequen-
cy ldentification, radiotezlik identifikasiyasi)
radiosignallardan istifado edorok obyektlorin
(osyalarin, qurgularin) avtomatik identifikasi-
yas1 {iciin istifado olunur. Identifikasiyani ho-
yata kegirmok tigiin RFID ¢iplor totbiq olunur.
Bu ciplar xiisusi antenls tochiz olunaraq veri-
lonlorin  saxlanmasi, gobulu vo 6tiiriilmasi
emalr ti¢iin radiotezlik signallarinin modulya-
siyasini vo demodulyasiyasini icra edir.

Stini_intellekt. Stini intellekto asaslanan
KFS-lor boyiik hacmli verilonlori generasiya
edir, onlarin dogiq emalin1 va analizini yerino
yetirir. Stini intellekt prognozlasdirma model-
lori asasinda sonayenin faaliyyatinin golocok
dinamikasni oks etdirir.

Masinla 6yratmo (machin learning) me-
todundan istifado edorak, istehsalgilar alqorit-
mik hallari olan sistemlorin molumatlar: asa-
sinda prognozlagdirma modellori yarada, is-
tehsal sansimi artirmaq tgiin istehsal prosesi-
nin avvalinds hazir mohsullarin keyfiyyatini
prognozlagdiraraq istehsalgilara fayda vers bi-
lorlor. Hor zaman qurgularin neco igladiyini
miioyyon etmok {iglin onun Verilonlori tohlil
edilo bilar.

Kiber-fiziki sistemin strukturunun layiha-
landirilmasi

KFS miixtolif fiziki obyektlor, altsistem-
lardan (komponentlardan) ibarst olan vo miix-
tolif sensorlardan galon oks alagoalordan istifa-
do etmoklo idaroa edilon sistemlordir. KFS-in
islomasi hesablama vas fiziki proseslarin integ-
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rasiyasi prinsipino osaslanir, yani, fiziki ob-
yektlor sistemin bir hissasini togkil edir. Tex-
niki baximdan, KFS bir ¢ox informasiya-tex-
niki konsepsiyalarla yanas1 “Osyalarin inter-
neti” (Internet of Things, 10T), “Sonaye 4.0”
(Industry 4.0), “Senaye Osyalarmin interneti”
(Industrial Internet of Things, 110T), masinlar-
aras1 qarsiligh slage (Machine-to-Machine In-
teraction, M2M), “bulud”, “duman” vo “seh”
hesablamalar:1 (cloud computing, fog compu-
ting, dew computing ) vasitasi ilo reallasdiri-
lan soboaka (grid) tipli strukturdur [6, 7].

KFS-in Gmumi strukturuna sensorlar,
kontrollerlor, aktuatorlar va fiziki sistemlor da-
xildir (sokil 2). Burada sensorlar fiziki sistemo
nozarat edir va 6lgma noticalarini mikrokon-
trollera catdirir. Mikrokontroller isa fiziki ho-
rokatlori yerino yetiron aktuatorlara idarsetms
signallar1 gondoarir. KFS-in bu tarkib hissalari
miioyyan masalanin holli {igiin zaman va mo-
kan baximindan garsiliqht alageds olur vo va-
hid miihit formalasdirir. Fiziki sistemlar boyiik
granulyar miqyaslh sistemlorin tokamiiliiniin
novbati pillesidir. Basqa sozlo, belo sistem bir
¢ox basga miirokkab sistemlor ¢oxlugundan
ibarotdir.

Bu komponentlor agagidakilardir:

- (ida manbayi (batareya, akkumlyator);

- fiziki sistem — fiziki alomin real obyektlori
(zavod, fabrik vs s.);

- fiziki sistemlo qarsiligli olags interfeyslori —
sensorlar, aktuator adlanan idaroedici mexa-
nizmlar va's;

- analoq tipli komponentlor;

- rogamsal tipli komponentlor;

- program tominatinin iglonmasi {igtin — mik-
rokontroller;

- olages sobokasi — internet, telekommunikasi-
ya Vo ya rabito sobokasi.

KFS-lor hamginin insanlar, masinlar va
mohsullar arasinda verilonlorin miibadilosini
tomin edir vo dastokloyir. KFS-in hor bir ele-
menti verilonlari toplamaq vo emal etmak ga-
biliyyatino malik olub, hamginin avtonom so-
kildo miiayyan masalalora nazarat edir va in-
terfeys vasitosilo insanlarla qarsiligh alags qu-
rur. Burada asas magsad istehsal proseslorinin
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optimallagdirilmasini hayata kegirmokdan iba-
ratdir. Yoni burada, masmlar (qurgular) 6z
kontekstlorini toyin edir, istehsal sortloring
uygunlasaraq ozlorini yenidon konfiqurasiya
etmayi bacarir va bir-biri ilo miistoqil sokilda
simsiz slags saxlaya bilir.

Digoar maragl cohat isa “agilli” fabriklor
(smart factories) konsepsiyasidir ki, bu da bu-
lud texnologiyasindan istifado etmokls idaroet-
mo nozarstinin hayata kegirilmosidir. Buna
osaslanaraq qurgular, isci resurslar vo applika-
siya sistemlori arasinda real vaxt rejiminds
olago yaratmaga imkan veron “agilli” qurgular
Vo ya “agilli” obyektlor yaradilir. Belo olan
halda KFS-lords istehsal sistemlarinin intel-
lektual taskili, 0 ctimladon mohsulun xassaloari,
xarclori, logistika, tohliikasizlik va s. yiiksok
cevikliyini tomin edir. Sokil 3-ds insanlarla
garsiligh olago yaratmag tgiin “insan-masin”
interfeyslordon istifado edon KFS-in miixtalif
tobogoalori gostarilmisdir.

Sistemlar

)

Diigor sistemlarla

Insanlar

|

Insan-masin

interfeysi slaga

Program taminats
Aparat taminaty

Sensorlar va akiuatorlar
Qurasdinlmis sistem

Kiberfizild sistem

Sokil 3 — Kiber-fiziki sistemlorlo insanlar vo maginlar
arasindaki qarsihigh slago

Figure 3 — Interaction between humans and machines
via Cyber-Physical Systems

Sistemdo qurasdirilmig kompiiterlor vo
sobokalor otraf miihitdo bas veran fiziki pro-
seslori gapali oks-alage hesablamalarina ssas-
lanaraq izloyir vo idaro edir. KFS fiziki pro-
seslorin dinamikasini program vo sobaka ilo
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integrasiya edir. Integrasiya olunmus sistem
abstraksiya, modellagdirmo, layihalondirms va
analiz tsullarin1 tamin edir. Bu da “Sonaye
4.0” platformasmda hoyata kecirilon amaliy-
yatlardaki koklii dayisikliklorlo istehsal miihi-
tina do ohomiyyatli daracads tosir gostorir. Is-
tehsal planlasdiriimasindan fargli olaraq isteh-
sal planlarinin real vaxt rejiminds planlasdiril-
masina imkan yaradir. “Sonaye 4.0” amokdas-
larla biznes partnyorlar1 arasinda daha yaxsi
omokdasligin yaradilmasini tamin edir.

Kiber-fiziki sistemlarin tatbiqg sahalari

KFS-in tatbiglori har biri xidmatin effek-
tivliyinin va gobul edilon gorarlarin samaralili-
yinin artirilmas: moagsadi ilo saxlaniima, emal
Vo tohlil tigiin boyiik hacmli verilonlor yaradir
[8, 9, 10]. Bu baximdan KFS-lor asagidaki sa-
holards totbiq olunur:

Elm va tohsil. Elektron elm va tohsil mii-
hitindo KFS-in integrasiyasi kontekstino Big
Data analitikasi, kiber platformalar vo hesabla-
malar, totbiglor, fiziki obyektlor aiddir. EImi
verilonlor — fiziki eksperimentlor, kimyavi tac-
riibalordo miixtalif sensorlardan alinan verilon-
lor, bioloji verilonlor, spektral analizin natico-
lori, teleskoplardan ¢okilmis fotosokillor, tarixi
asarlar, sanadlar, alyazmalar va s. ola bilar. Bu
verilonlar alimlarin bir-birindon uzaqda olan
birliklorina, virtual kollektivlora va laboratori-
yalara da toqdim edilo bilor. Toplanmis veri-
lonlor emal olunaraq yeni biliklara gevrilir.
Elektron tohsil sisteminds Big Data vo Data
Mining texnologiyalarinin istifadssi iistiin go-
tirtiliir. Bu texnologiyalarla lazimli informasi-
yanin tohsil alanlara vaxtinda ¢atdirilmasi, tod-
ris prosesinin tokmillagdirilmasi, “agill” todri-
sin (smart education) hazirlanmasi, sosial so-
bokalordan tohsil alanlar hagqinda informasi-
yanin oldo olunmasi, maariflondirici prosesin
daimi monitoringinin aparilmasi vo s. imkan-
lar toklif edir.

Sahiyya. Son zamanlar bir ¢ox sohiyya
sistemlori 6z KFS-ni togdim edir. Masalon,
Xastoxanalarda pasiyentin ¢arpayisinda quras-
dirilmis monitorda pasiyentin cari voziyyatini
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toyin edon gostaricilar (tozyiq, tirayin ritmi va
s.), laborator analizlorin naticalori vo s. kimi
verilonlar oks etdirilir. Bu giin sahiyys siste-
minin bir ¢ox saholari izols edilmis vaziyyatds
idara olunur va bunun halli ti¢iin mahdud say-
da program totbiglori yaradilir. Kardiostimul-
yatorlar, kompiiter tomoqrafiya aparatlart vo
MRT-skanerlor kimi tibbi qurgulara masafo-
don kiberhiicumlar edils bilar, bu iss pasiyent-
lorin hoyatin1 birbasa tohliike altinda qoya bi-
lor. Golocokds tibbi proseslori, pasiyentlori va
onun fordi molumatlarinin tahliikasizliyini
yaxsilagdirmaq ti¢iin sahiyyanin bir ¢ox saho-
lori sobokalosmis qapali oks-alagali sistemlors
birlosdirilocok.

Sanayenin avtomat/asdiriimas: va robo-
totexnika. Hal-hazirda proseslorin idaroolun-
mas1 sistemlori (process control systems)
KFS-lorin tipik niimunasidir. Tokrar istehsal
texnologiyasinda son mohsul hazirlamaq tigiin
xammal doyisdirilma vo emal prosesino yonal-
dilir. Mohsulun istehsali zamani prosesin do-
yigonlarini idars etmok tigiin miivafiqg metodlar
istifado olunur. Tokrar istehsal 6ziindo kimya,
gida, su tomizloma, enerji vo s. kimi sonayelori
birlagdirir. Bunlardan olava sonayenin avto-
matlagdirilmasi prosesina fiziki infrastruktu-
run idaro edilmosi vo monitoringi, elektrik
enerjisinin istehsali vo paylasdirilmasi, tikinti,
ekoloji nazarat mexanizmlari KFS-o aid edilir.

Kommunikasiya. Ragoamsal idaraetma,
radio spektrlor vo fiber-optik kanallar baxi-
mindan kommunikasiya sistemlori (rabito va-
sitalori) KFS sayila bilor. Bunlardan slave mo-
bil rabito (cellular backhaul network), sensorlu
(sensor networks) vo simsiz soboka (wireless
networks) mexanizmlari aid edilir.

Enerji. Enerjinin istehsali, paylasdiril-
mas1 Vo optimallasdiriimasi KFS-in asas tatbiq
sahaloridir. Masalon, “agilli” soboko (smart
grid) adlanan sistem elektrik stansiyalarini bir-
biri ilo alagslondirir. Bu texnologiyaya asasen
istehsal olunan elektrik enerjisinin istehlakgi-
lara itkisiz gatdirilmasi vo yiikiin somarali so-
kildo paylanmasi tomin edilir. Bundan alava,
“agill’” binalarm (smart buildings) sensorlar
isiglandirmanin idara olunmasin (istilik, ven-

94

tilyasiya vo kondisioner) va tohliikasizlik (vi-
deo miisahids, yangina nozarst, evakuasiya)
mosalalorini miiayyan edir.

Infrastruktur. Insanlarm yasadigi ragom-
sal comiyystdo miiasir infrastrukturun (elekt-
rik, su, gaz, yollar va s.) smart tisullarla toskili
lazimdar. Iri miqyash sonaye idarsetmo sistem-
lori comiyyatin hayat foaliyyatinin tohliikasiz-
liyini tomin edon elektrik enerjisi sobokalori,
nogliyyat sistemlori, neft vo qaz kamorloari, su
tochizat1 sobokalari vo s. kimi kritik infrastruk-
turlarda vacib rol oynayirlar. Bu baximdan
KFS-lor asagidaki infrastrukturun idarsolun-
masina vo onlara xidmatlorin gdstorilmasine
komoak edir:

- Qgoza hallarinda borpa (disaster recovery)
mexanizminin togkili;

- strukturda saglamligin monitoringini, (st-
ructural health monitoring, SHL);

- su tachizatinin optimal idars olunmasi vo
tohliikesiz monitoringi (water distribution op-
timization and safety monitoring).

Istehsalat. KFS baximindan istehsalat
proseslorinin idara edilmasi dedikds, goxsayl
sensorlar, aktuatorlar, telemetriya bloklari,
programlasdirilan montiqi kontrollerlor (Prog-
rammable Logic Controller, PLC) va “insan-
masin” interfeyslori nozards tutulur. Bels ida-
roetmo sistemlorindon biri SCADA adla-
nir. Homginin buraya robotlagdirilmis avadan-
liglar, texniki gérmoa imkanlarii, kompiiterlo
idaroetma masalalorini tomin edon istehsalat
sistemlori do aid edilir.

Nagliyyat. KFS-in nagliyyatda totbiq sa-
halarino asagidakilar aiddir:

- avtonoagliyyat sistemlori;

- avionika vo aerokosmik sanaye;

- liftlor, eskalatorlar vo piyada sakilori;

- yol harakatinin idara olunmast.

Natica

Dordiincii sonaye ingilabi platformasinin
reallagdiriimasi ilo comiyyatdoki bir sira mii-
hiim problemlar 6z hollini tapmaqda davam
edir. Bu platforma kiber-fiziki sistemlari isteh-
salat proseslorino totbig edorok istehsal vo
emaletmo sonayesinin rogabot giiciinii artir-
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maq mogsadini giidiir. Kiber-fiziki sistemlor
“Sonaye 4.0” platformasinda idarsetmo, he-
sablama vo kommunikasiya vasitalorilo integ-
rasiya edilmis vo qarsilight foaliyyat gostoran
“kiber” vo “fiziki” saviyyalorlo qurulan yeni
bir yanagsmadir.

Mogaloda asas moqgsad “Sonaye 4.0”
platformas1 ilo bagh kiber-fiziki sistemlarin

komponentlorini vo strukturunu arasdirmaga
yonaldilmisdir. Buraya “Sonaye 4.0” platfor-
mas: osasinda qurulan kiber-fiziki sistemin
struktur sxeminin komponentlari todqiq edil-
mis Vo fiziki obyektls onlar arasindaki slagalor
gostorilmisdir. Homginin qurgular vo insanlar
arasinda “insan-masin” interfeysinin toskili
ticiin qarsiligh slags sxemi qurulmusdur.
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Abstract

The paper focuses on the control panel for checking the correct functioning of one of the specific
mass-produced electronic samples of special equipment of defense industry technology. The rationale for
the expediency of designing a control panel using the principles of modularity and the use of built-in con-
trol and measurement tools were given. A functional diagram, design features of a simple-to-manufacture,
small-sized and low-cost control panel, developed by the authors and implemented in production, with a
description of its operating modes were given. In addition to the control panel includes the hardware, spe-
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visualizing and archiving test results.
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Miidafia sanayesi texnikasinin seriyah istehsalh zamam
nasazhqlara avtomatlasdirilmis nazarat pultu

R.O. ibrahimov’, N.M. Svixnusin®, A.E. Zeynalova'
YAzorbaycan Milli Aviasiva Akademiyasi (Mardokan pr. 30, Baki, AZ1045, Azarbaycan)
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Xiilasa

Moagalods xiisusi miidafio sonayesi texnikasinin konkret ardicilliqla hazirlanan elektron niimunalorindan
birinin foaliyystinin diizglinlilyiiniin yoxlanmas: {igin nozarat pultu tosvir edilib. Modullug prinsiplarindon vo
quragdirilmis  nozarot vo Olgli  alotlorindon istifado  etmoklo idarsetms panelinin layihslondirilmasinin
mogsodouygunlugu montiqi verilmisdir. Idaroetmo panelino aparatdan olavs, test noticolorinin  monitoringi,
Ol¢iilmoasi, vizuallagdirilmasi va arxivlegdirilmasi {igiin biitiin proseduru avtomatik idaro edon (Vo ya addim-addim)
xiisusi program tominati daxildir. Miialliflor torafindon islonib hazirlanmis vo istehsalda tstbiq edilon sado, kigik
oleiilii vo iqdisadi cohatdan samarali idarsetmo pultu, onun i funksional diaqrami, torkibi, dizayn xiisusiyyatlori
verilmisdir.

Acar sozlor: nozarot pultu, stimullarin sikloqrami, kontrol parametrlorinin sikloqrami, radio elektron

aparaturasinin yoxlanmasi, interfeys, elektron blok, avtomatlagdirilmis noazarst sistemi, mezonin
texnologiyasi.

DOI: 10.52171/2076-0515_2022_14 03_96_103

YIK: 621.317.2

ABTOMATU3HPOBAHHBIN MYJbT KOHTPOJISI HEUCTIPABHOCTEH NMpH

CEepUITHOM MPOU3BOJACTBE TEXHNKH 000POHHOI MPOMBIIICHHOCTH
P.A. I/IﬁparnMOBl, H.M. CBI/IXHy]III/IHl, A.D. 3eitnanosa’

Y Asepbarioncancras Hayuonanvhas axademus asuayuu (Mapoaxanckuii np. 30, Baky, AZ1010, Azep6atioscan)

ﬂ.ﬂﬂ NEePENMUCKH:

3eitnanosa Alirron / e-mail: aygunzeynalova95@gmail.com

AHHOTALUA

B craThe OMUCHIBACTCS aBTOMATU3UPOBAHHBIN IMYJIBT KOHTPOJIS I MPOBEPKH MPABUIBHOCTU (DYHKITHOHHPO-
BaHUSA JIEKTPOHHBIX 00PA3I0B CHEIUAILHON TEXHUKH 0OOPOHHOU MPOMBIIIJIEHHOCTH MPU UX CEPUIHOM MPOU3BOJI-
ctBe. Jlano 060CHOBaHUE 11e1ec000pa3HOCTH IPOSKTUPOBAHKE MYJIBTA C UCIIOJIb30BAHUEM MPUHIIMIIOB MOAYJIBHOCTH
U IPUMEHEHMsI BCTPAUBAEMBIX CPEJICTB KOHTPOJIS U u3MepeHuid. [IpuBoasitcst GyHKIMOHAIBHAS CXeMa, COCTaB, KOH-
CTPYKTHUBHBIE OCOOCHHOCTH Pa3pabOTaHHOTO aBTOPaMU M BHEAPEHHOTO HA MPOU3BOJICTBE MPOCTOTO B U3TOTOBJICHUN
7 MaJIOTa0apHUTHOTO IMYJIbTa KOHTPOJIS C OTIMCAHUEM PEXUMOB €ro paboThl. [1ylIbT KOHTPOIS BKIIOYAET B ce0sl, 1Mo-
MHMO aIlapaTHON YacTH, CHEIHAIBHOE MPOrpaMMHOE OOECIICUCHUE, YIPABISAIOIICe B aBTOMATHYCCKOM PEKUME
(WM B MOIIArOBOM) BCIO MPOIEAYPY KOHTPOJIS, M3MEPCHUs, BU3YaU3aIMH U apXHBAIMU PE3yJIbTaTOB TECTHPOBa-
HUSL.

KaroueBble ciioBa: ITyJbT KOHTPOJIA, HUKIIOTpaMMa CTUMYJIOB, IIUKJIOTpaMMa MapaMeTpoB KOHTPOJIA, TCCTUPOBAHUE

PaIModIeKTPOHHON anmnapaTypbl, HHTEpQEnC, 3JIEKTPOHHBIN OJIOK, ME30HMHHAs TEXHOJIOTHS,
ABTOMATH3MPOBAHHAS CHCTEMAa KOHTPOJIS.
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Beenenune
Boopyxenue u TexHMKa OOOpPOHHOM
NPOMBIIIICHHOCTH  TNPEJICTAaBISAIOT  COOOM

CJIOKHBIE U3JI€Nusl, IPOU3BOJACTBO U JKCILTya-
Talus KOTOPBIX TPeOYIOT OONBIIMX 3aTpar U
CYLIECTBEHHBIM 00pa3oM 3aBUCST OT CPEICTB
KOHTpOJIsSI, HaXOISUIMXCS B 3KCIUIyaTHPYIO-
IUX  OpraHM3alusx Y  Ha  3aBojax-
m3roroButessix. llo oleHke wu3roroBurenen
TPYJOEMKOCTh KOHTPOJIBHBIX OIEpaluid Mpu
IIPOU3BOJICTBE CJIOKHOW TEXHUKH OOOpOHHOMN
MIPOMBIIIJIEHHOCTH cocTaBisier 6oiee 30%. B
LIEJIOM 3aTparThl, CBSI3aHHBIE C OOHAPYKEHHUEM,
IIOMCKOM M YCTPaHEHUEM HEUCIIPABHOCTH,
BO3pacTaloT B 10-KkpaTHOM pa3Mepe mpu Ipo-
XOXKJIGHUU HEUCIIPABHOCTU 4Yepe3 KaKJblil
TEXHOJIOTHYECKUU ATall U OT BXOAHOTO KOH-
TPOJIS 10 BBISIBJICHHUS OTKa3a Ha 3Tare dKCILTY-
ataruu [1]. I[Ipu atom 1o 50 % ot mpogoxKu-
TEIBHOCTU JUArHOCTUYECKUX OTEepaluil 3aHH-
MaeT BpeMs Ha MOJKIIOYEHHE KOHTPOJbHOMN
annapatypsl [2]. [I[puMeHeHne aBTOMaTU3UpPO-
BAHHBIX CHUCTEM KOHTPOJS IMO3BOJIAET 3HAYU-
TEJIbHO CHU3UTh CTOMMOCTh JKCIUTyaTalluu U B
HECKOJIbKO pa3 YMEHBIIUTh TPYAOEMKOCTh
KOHTPOJIbHO-U3MEPUTENBHBIX OIepanui Mpu
MIPOU3BO/ICTBE.

OnHuM U3 TyTe MHHOBAIMOHHOTO Pa3-
BUTHSI CUCTEM CTEHIOBBIX MPHUEMOCIATOYHBIX
WCIBITAHUN aBUALMOHHOW, KOCMHUYECKOH U
00OpOHHO-TIPOMBIIIIICHHON CIEHTEXHUKH SIB-
JI€TCA MOCTPOEHUE H3MEPUTEIBbHBIX CHUCTEM
Ha OCHOBE MOJYJIbHBIX MPUOOPOB MPOU3BOJI-
ctBa "MH}opmTecT", BHIIIOIHEHHBIX B OTKPBI-
TBIX MEXIyHapoaHbix cranmaptax VXI, LXL,
AXLe, koTopble MHUPOKO MPU3HAHBI U yCHEIll-
HO pa3BHBAIOTCI B TEXHUYECKH Pa3BUTHIX
ctpanax [3]. B mpoliecce M3roTOBIEHUSI TEX-
HUKHA OOOPOHHOU MPOMBIIIIEHHOCTH U3TOTOB-
JsieMasl amnmapaTrypa MoJIBEepraeTcsi MHOTOYHC-

JICHHBIM MPOMCIKYTOUYHBIM UCIBITAHUSIM. TaK,

98

K IIpUMEpPY, (PMHUIIHBIM 3TarioM COOPKH H37e-
JMHA SBIISIOTCS. IIEXOBBIE HCIBITAHUS, COCTOS-
M€ U3 IByX OCHOBHBIX OTEpAIIHii: TPO3BOHKA
Herne ¢ M3MEpeHHEeM H30JISIIUA M KOHTPOJIb
NPaBWIBHOCTH (YHKIIMOHHPOBaHUA. B sTOoM
cilydae HEoOXOJHMMO pelaTrh BOIPOC MPOBEp-
KM KaK TORJIEMEHTHO, TaK U B COCTaBE SYECK,
OTJENBHBIX MOJAYJEH WM MEYaTHBIX IUIaT Ha
COOTBETCTBUE BBIXOJIHBIX CUTHAJIOB TpeOoBa-
HUSM HOPMAaTHUBHO-TEXHUYECKOH JTOKyMEHTa-
un. Mcnons3oBanue Ui 3TUX LeJIei 10poro-
CTOSIIIIMX CHUCTEM, YKa3aHHBIX BBIIIIE, SBJISCTCS
U30BITOYHBIM BAPUAHTOM PEHICHHS MTPOOIECMBI
U HE Bcerja 3KOHOMHUYECKH IEIeco00pasHo.
[TosTOMy jansi pemieHusl JaHHOW 3aJa4yd, Kak
NpaBUIO, CHJIAMH 3aBOJIa-U3TOTOBUTEINS IS
NPO3BOHKH M TPOBEPKH Ha (HYHKIIMOHUPOBA-
HUE W YCTPAHEHHUs TMOBPESKICHUN COOpaHHBIX
OJIOKOB M yCTPOWCTB pa3pabaThIBaeTCs, U3IO-
TaBJIMBACTCSI U Pa3MEIIAETCS HEMOCPEIICTBEH-
HO Ha COOPOYHBIX Yy4acTKaxX Pa3IMYHOE TECTO-
Boe obopymoBanue [5]. Ho coBpemennoe co-
CTOSIHUE CPEJICTB KOHTPOJISI HAa OOJBIIUHCTBE
3aBOJI0B-U3TOTOBUTENCH XapaKTepu3yeTcs
MpUMEHEHUEeM OOJIBIIOro pa3HOOOpa3us 4acT-
HBIX Y3KOCIICIIUAU3UPOBAHHBIX IYJIBTOB U
CTCHJIOB, TPHBSI3aHHBIX NMPAKTHYECKH K Kax-
JIOMY KOHTPOJUTHPYEMOMY H3/ICIHIO, WCIOIb-
30BaHHEM MPUOOPOB 00IIero Ha3HaueHus. Ta-
KOI MOJAX0J] MPUBOJAUT K OOJNBIIUM 3aTpaTaM
Ha CO3J]aHHMEe, MX BBICOKOW CTOMMOCTH M HE
00€CTIeYeHHOCTH COBPEMEHHBIX TpeOyeMbIX
TEXHUYECKUX XapaKTEPUCTUK CPENICTB KOH-
tpous [6].

IocranoBKka 3a1a4u

Jns pemenust qaHHOM MpoOIeMbl HEO0O-
XOJIUMO peain30BaTh MOCTPOCHUE U MPOSKTH-
pOBaHHME aBTOMATHU3MPOBAHHOTO MYJbTa C HC-
MOJIb30BAaHWEM TMPHUHIIMIIOB MOAYJIBHOCTH U
MPUMEHEHUEM BCTPaWBaE€MbIX CpPEJCTB KOH-
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TPOJISi ¥ M3MEPEHHH, YTO NMPHUBEACT K IOBBI-
[IIEHUIO YPOBHS €r0 XapaKTEPHCTHK, a TaKKe
COKpAIl[CHHE CPOKOB M 3arpaT Ha Mpo-
CKTUPOBAaHWE M HW3rOTOBJEHHE. IlyabT KOH-
TPOJISI, C OJHOM CTOPOHBI, JOJDKEH OBITH J0-
CTATOYHO JICHIEBBIM, KOHCTPYKTHBHO MpeJ-
CTaBJIATH COOOW OIHY COOPOUYHYIO EAMHHMILY,
UMETh Majible rabapuThl M BEC, HO C JIPYroi
CTOPOHBI, BKJIIOYATh B ce€0sl, IOMUMO armapar-
HOH 4acTH, CIEIHAILHOE MpOorpaMMHOe obec-
[ICYCHHE, YIPABIAIONIEE B aBTOMATHYECKOM
pexume (WM B IOIIAroBOM) BCIO MPOLIEAYPY
KOHTPOJIsSI, U3MEPEHUSI U ApXUBALUK PE3YJlb-
TATOB TECTUPOBaHU [4].

i

Penrenue 3agauu

[IpoBepka Ha (YHKIHMOHUPOBAHUE 3a-
KIItoyaeTcss B (DOPMUPOBAHUU CICIIHATBHBIX
YOPABISIIONIUX BO3JACHCTBUIN (CTUMYJIOB), CO-
OTBETCTBYIOLIUX AJTOPUTMY PaOOTHI MPOBEPSI-
€MOTO H3JIeIHs, IOCJIEIOBAaTEILHO II0JaBae-
MbIX Ha HETO M CPABHEHUSI OTBETHBIX PEaKIUi
C JAHHBIMH 3KCIUTyaTallHOHHO-TEXHUYECKON
JOKYMEHTAallUd M TEXHUYECKUX ycioBui. Ko-
JIMYECTBO M COCTAB CTUMYJIOB M PEAKLHM 3a-
BUCUT OT KOHKPETHOI'O IPOBEPSEMOrO H3JIE-
JIUsS, YTO OIpPEACNIIeT HEOOXOIUMBIM COCTaB
YHU(PUIIUPOBAHHBIX MOJyJEH U COOTBETCTBY-
IOILIET0 TEXHOJOTMYECKOro JKIyTa I MOJ-
KJIIOUCHHS K M3JICIUIO.

Pucynox 1 — IlynsT koHTpOs. CxeMa syieKkTprdeckast GyHKIMOHATbHAS
Figure 1 — Control panel. Electrical functional diagram

99



Azarbaycan Miihandislik Akademiyasinin Xabarlori
2022, cild 14, M2 3, s. 96-103
Ibrahimov R.O., Svixnusin N.M., Zeynalova A.E.

Herald of the Azerbaijan Engineering Academy
2022, vol. 14, no. 3, pp. 96-103
Ibragimov R.A., Svikhnushin N.M., Zeynalova A.E.

OyHKIMOHANBHAS cXeMma pa3paboTaH-
HOTO W W3TOTOBJIEHHOTO HAaMH aBTOMATHU-
YeCKOro MyJjbTa JJisi KOHTPOJS OJHOTO U3 Cce-
PUIHO M3TOTaBIMBACMOTO H3/CIHUs IPUBEACHA
Ha puc. 1.

[TynpT KOHTpOJIA MO uHTEpheiicy USB2

MOJIKITIOYAETCSl K MEePCOHATLHOMY KOMIIBIOTE-
py (PC) m Brimowaer B ceds cienyromme
(byHKIMOHATIBHBIE OJIOKU:

1) A1 USB konIeHTparop;

2) A2 nipeobpazosarens T TL-USB;

3) A3 60K yrpaBieHUS;

4) A4 6510k HOPMHUPOBAHUSI CTUMYJIOB;

5) A5...A8 GII0KH MTUTaHHUS;

6) A9 moaymne ALITI/LIATL ZET 220;

7) KC1, KC2 xoMMyTaTop CTUMYJIOB;

8) KP1, KP2 xommyTatop peaxiuii.

Taémmua 1 — Tabnua nogaun CTEMYIIOB
Table 1 — Stimuli delivery table

KoMMmyTaTop CTUMYJIOB COCTOUT U3 OJ-
HOM WJIM JIBYX IEYaTHBIX IJIAT C MPOTPaMMHO
aJpeCyeMbIMU DJIEKTPOMArHUTHBIMU peJlie U
BOCHbMH CIBHUTOBBIX PErHCTPOB, CIYKUT JUJIsS
nojgayu 64 unu 128 cTuMy0B B MPOBEpPsSEMbIE
uenu uznenus. KonmuuecTBo miat uiu cTUMY-
JIOB OIpeAenseTcss UCXOAsl M3 IMPOBEPOUHBIX
Ta0IMI] Ha IPOBEPSiEMbIE U3/IEIHS.

KoMmmyraTrop peakumii Ciy:)KUT U1
KOMMyTanuu 64-x win 128 peakuuii uznenus
Y TIO/IaYU WX I U3MEPEHHUI Ha MHOTOKaHAaJb-
ueiii ALI/IJAIT monyns ZET 220.

Ha ZET 220 npou3BoasATCsS M3MEpEHUS
MapaMeTpoB peakluid KOHTPOJIUPYEMOTO U3Jie-
s u nepefada ux B PC s aHanusa u cpas-
HeHus ¢ TpedoBanusmu TVY.

HaunmenpBanue | Xapakrepuctuka | HaumenpBanue | Xapakrtepuctuka | HaumenpBanue | XapakTepHCTHKA

cTUMYJIa cTUMYJIa CTUMYyJa CTUMYJa CTUMYJIa CTUMYJa
Cl1 36B 1000T "1y C39 +1B C58 0...+10B
Cl16 +27B C40 +1B C59 0...-10B
C17 +27B C41 KOpILyC C60 +27B
C19 +27B C42 KOpIyc C69 +27B
C20 +27B C43 KOpILyC C71 +27B
C21 +27B C44 +0,5B C72 +27B
C22 +27B C45 -0,5B C73 +27B
C23 +27B C46 +0,5B C74 +27B
C24 +27B C47 -0,5B C75 +0,81B
C27 KOpIycC C48 +1,5B C76 0...+12B
C28 KOpIyC C49 -1,5B C77 0...-12B
C29 KOpIyC C50 0...+12B C83 +12B
C30 +27B Cs1 0...-12B C86 KOpIycC
C31 +27B C52 +0,75B C87 +27B
C34 +27B C53 -0,75B C89 KOpITyC
C35 +0,225B C54 +1,5B C90 +0,25B
C36 +0,225B C55 -1,5B C91 -0,25B
C37 +1B C56 0...+10B C92 +1B
C38 +1B C57 0...-10B C93 -1B
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Jis  KoOMMyTanuu HEOOXOIUMBIX IS
MPOBEPKH CTUMYIOB 1 peakiuii u3 PC mo USB
JUTSL KQXKJI0T0 HOMEpa omneparuii mpoBEepoK Co-
IJIACHO QJITOPUTMAaM IPOBEPOK (pHC.2) mepe-
natotcs 16 wnm 32 Gaiita KoJa CTUMYJIOB M
peakmuii, KOTOphIE MPUHUMAIOTCI MHKPO-
KOHTpOJUIEpOM OJIOKa yIpaBJICHUs] TYJIbTa
KOHTpOJISI M TPAHCIUPYIOTCS B CABUTAIOLIUE
perucTpsl OJIOKOB KOMMYTAIIMM CTUMYJIOB U
peaKkuui.

cmumyasw C1,C17

|

nayza 30s

|
I cmumyant C17,C19,C27,C29.C22,C23,C24,C41 I
1
naysa Is

wzmepume P28

naysa 2s

wzmepume P24

|C370._.+12)B | [C380..-12)B]

Durcuposams C37(38)
npu P24 menswe S0uB

C44

nayza (0,35
1
wzmepums P24

cpasrums ¢ znavenuem TV

PucyHoxk 2 — Anroputm npoBepku onepanun 1
Figure 2 — Cheking algorithm of operation 1

Ha BBIXOJbl PETHUCTPOB MOAKITHOYCHBI
MaJ'IOFa6apI/ITHBIe OJICKTPOMAariuTHBIC PEIIC,

KOTOPBIEC CBOMMHM KOHTAKTaMH ITOJKIIIOYAIOT

HEO0OXO0IUMBbIC HANIPSDKEHUST KOMaHA-CTUMYJIOB
Ha COOTBETCTBYIOIIME KOHTAKThl pPa3beMOB
npoBepsiemMoro wm3nenus (tabmn.l) m monmaroT
HamnpsDKEHUs peaknuid (Tab0i.2) Ha BXOMBI
ALII/LIAIT ZET 220. H3mepeHHble Hamps-
JKeHus peaknuil nepeceuiatorcs B PC  ms
CpaBHEHMsI MX C TpeOyeMbIMHU COTJIACHO TeX-
HUYECKON JOKYMEHTALIUU.

[TynbT KOHTpONSL mpeAcTaBisgeT co0oi
O/IHy COOpPOUYHYIO E€IUHUIlY YycedeHHOro 19
JIOMMOBOr0 KOHCTpPYKTHBA (puc.3) ¢ BCTPOEH-
HBIMU TI€YATHBIMH IJIaTaMH OJIOKOB KOMMYTa-
MU CTUMYJIOB M KOHTpons (puc.4), MOmyss
ALIT/IAIT ZET 220 u 0JI0KOB IIUTAHMUSL.

[lutanue cxeMm OTHENbHBIX OJIOKOB
MyJbTa KOHTPOJS OCYIIECTBISIETCS OT HUCTOY-
Huka 12B PS-65-12, pacnonoxeHHOTO BHYTpH
MyJIbTA.

ITocne 3amycka Ha PC mporpamMmbl
PultPK.exe B oTkpbIBIIeMCs1 OKHE HHTEpdeiica
nporpaMmsl (puc.5) HE0OXOIUMO YCTaHOBUTH
HoMep mocienoBarensHoro mopra "COM NY,
BbIOpaTh pexkum "ABTomar" unu "Pyunoit" u
Haxarb kHomky "Craprt". IlocnenoBarenbHO
JUIST KOKJOTO HOMEpPA Olepalid Ha HCIBITHI-
BaeMoO€ M3/ieJIue TOJAI0TCSl CTUMYJIbI COTJIACHO
anroputma mnpoepok. B cronbie "PE3VYJIb-
TAT" BbICBEUMBAIOTCS pe3yJIbTaThl KOHTPOJIS
"UCITPABHO" wmu "HEWCIIPABHO". B
cron6uax "TIPUMEUYAHUE" BricBeunBaroTcs
HEUCTPaBHBIE HA3BaHUS IIeMe U HOMepa UX
KOHTaKTOB Ha pa3zbeMax MPOBepsSeMOro OJI0Ka.
Knomnkoit "COpoc" mpoucxoguT O0OHYIEHHE
PE3yJIbTaTOB MPOBEPKH.

B pexume "PyuHoil" Bo3MOXHa akTHBa-
OUsl KaXJAOW OTAENIbHOW OmNepanud IyTeM
KIIHKa MBIIIKON 10 BBIOPAHHOMY HOMEPY B
cronbie "Ne OITEPALITUI".
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Pucynok 3 — I[IynpT koHTpOJNs. BHEmHMA BUg
Figure 3 — Control panel. Appearance
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Pucynok 4 — KoMmmyTaTop CTUMYIIOB H peakInit
Figure 4 — Stimuli and action switch
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Pucynok 5 — Uurepdeiic nporpaMmsl 1myJsibTa KOHTPOJIS
Figure 5 — Interface program of control panel
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Taémmua 2 — Tabnuia KOHTPOJIS peaKiui
Table 2 — Table of control reaction

HaumenoBanue | Xapaxrtepuctuka | HaumenoBanue | Xapakrepuctuka | HaumeHnoBanue | XapakrepucTuka
peakuuu CTUMYyJIa peakuuu CTUMYyJIa peakuuu CTUMYyJIa

P24 (-12...+12)B P33 (-12...+12)B P45 (-4...+4)B
P25 (-12...+12)B P34 +27B P46 (-12...+12)B
P26 (-12...+12)B P35 +27B P47 (-12...+12)B
P27 +27B P36 +27B P53 (-12...+12)B
P28 +27B P37 KOpITYyC P54 (-12...+12)B
P29 +12B P41 +27B P55 (-12...+12)B
P32 (-12...+12)B P44 (-4...+4)B P56 (-12...+12)B

3ak/ro4yeHue B Hacrosmiee BpeMs 1O IPeNIOKEHHOU

[Ipumenenne Ha QuHUIIHOM 3Tame 00-
e cOOpKH 3JIEKTPOHHBIX OJIOKOB aBTOMATH-
YEeCKOr0 MyJbTa KOHTPOJIS IO3BOJIIET PE3KO
COKpaTHTh BpPEeMsi Ha KOHTPOIIb MPaBUILHOCTH
uX (QYHKIMOHUPOBaHMs O€3 HCIOJIb30BAHUS
JOPOTHX aBTOMAaTH3UPOBAHHBIX MPOBEPOYHBIX
KOMILJICKCOB.

CXEME€ M3TOTOBJIEHBl U BHEJIPEHBI B IKCILIya-
TalUIO PAJ MYJIbTOB KOHTPOJS JUIsl IPOBEPKU
Ha (YHKIIMOHUPOBAHHE W IIEXOBBIX HCIBITA-
HUW COCTaBHBIX YAacTeH CHEUaIbHOU TEXHUKHU
Ha OJHOM W3 Hpeanpustuii MwuHucrepcrsa
000pOHHOI MpOMBIIITIEHHOCTH A3epOaimka-
Ha.
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Abstract

Taking into account the fact that the TDR (Time Domain Reflectometry) - method is based on the
technique of fault detection in cable lines, the article briefly describes the methodology of fault location in
them, specifies the composition of the equipment, considers classical variants of TDR probe designs, gives
the equations recommended for conducting the geometric coefficient analysis of probes, gives recommen-
dations for probe design and their application. The calibration equations obtained by G. Topp in co-
authorship and Maxwell De Loor for calculations for determination of soil moisture content are presented
and recommendations for application of these equations are given. We consider it necessary to note that
the recommendations stated in the article will serve as an informative guide to the technical aspects in
conducting measurements of soil dielectric permittivity and volumetric water content using TDR equip-
ment both for novice researchers and for experts.
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Torpaqlarin riitubatliliyinin 6l¢iilmasinin dielkometrik metodu
(TDR metod)
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Xiilasa

TDR metodunun, elektrik kabel xotlorindo zodslonmis yerlorin askar edilmoesi metodikasina asaslandigini
nozoro alarag, mogalods, onlarda zodslonmolorin axtarisi metodikasi sorh edilmis vo avadanhglarin torkibi
gostorilmisdir. TDR zondlarinin konstruksiyalarinin klassik variantlarina baxilmis, zondlarin handasi smsalinin ana-
lizini aparmaq tgiin tovsiya edilon tonliklor tosvir edilmis, zondlarin layihalondirilmasi vo onlarin totbigine aid
tovsiyalor verilmigdir. Torpagmn riitubatliliyinin toyinindo hasablamalarin aparilmasi iigiin G. Topp-un
hommiislliflorlo vo Maxwell De Loor-un toklif etdiklori kalibrloma tonliklori togdim edilmis vo bu tonliklorin totbiqi-
no aid tovsiyalor verilmisdir. Qeyd etmayi lazim bilirik ki, magalads sorh edilmis tovsiyslar, hom gonc tadqiqatcilara
vo hom do ekspertlora, TDR avadanligin kdmayilo torpagin dielektrik niifuzlugunun vo ondaki suyun hacmi mig-
darimin 6lgmolorinin aparilmasinin texniki aspektlorini oks etdiran informativ bir rohbarlik kimi xidmat gostara bilar.

Acar sozlar: reflektometr, hondasi amsal, dielektrik niifuzlugu, suyun hacmi miqdari, G. Topp-un hammislliflorla
va Maxwell De Loor-un tanliklori.

DOI: DOI: 10.52171/2076-0515_2022_14 03 104 122

V]IK 631.421

O AMIIBKOMETPUYCCKOM METOAEC U3MEPECHHUSA BJIAKHOCTHU IMOYBbI

(TDR meton)
K.A. AcmepOBl, A.B. Mapnaxaenl, AL Xmuapms2

Y Hayuno Heenedosamenvcxuii Mnemumym Aspoxocmuueckoii Mngpopmamuru HAHA (ya. C.C. Axynoosa 1, Baky,
AZ 1115, Azepbaiioscarn)

2A3ep6at70:»ca1—tcr<uﬁ 20cydapcemeennulil ynugepcumem neghpmu u npomvliiennocmu (np. Asaonwie 16121, 2. Baxy,
AZ 1010, Azepbaiioxcan)

2!.]'[5[ NEPENUCKH:

Mapnaxaes Aunaromnwuii / e-mail: mavica@yandex.ru

AHHOTAIHUSA

VYuuteiBas T0, uTo TDR MeTOox OCHOBaH Ha METOIUKE IO OOHAPYKEHHUIO TIOBPEKICHUH B KaOCIbHBIX JINHHSIX,
B CTaThe KPAaTKO M3JIOKCHA METOJUKA MPOBEACHUS Pa0dOT IO MOUCKY B HUX IOBPEKICHUH, YKa3aH COCTaB 000pyI0-
BaHUA, PaccMOTpeHbI KilacCHUeCKHe BapuaHTbl KOHCTpYKUUH 30H10B TDR, npuBeneHbl ypaBHEHUs, peKOMEHyeMble
JUIL TIPOBEIICHHS aHAN3a TeOMETPUIECKOTO KO3 (UIMEHTa 30HIOB, JaHBI PEKOMEHIANNU 10 KOHCTPYHPOBAaHUIO
30HIOB M WX TNpuMeHeHuio. [IpuBeneHb KanumOpOBOYHBIE ypaBHeHUS, ToiydeHHble G. Topp B coaBTOpCTBE U
Maxwell De Loor mis mpoBeneHus! pacu€ToB MO OMPEIEICHUIO BIAXKHOCTH MOYBHI U JIAHBI PEKOMEHJIAINH 110 TP H-
MEHEHUIO 3TUX ypaBHeHHH. CuuTaeM HEOOXOJUMBIM OTMETHTh, UTO PEKOMEHJIAIINH, N3JI0KEHHBIE B CTaThe, TIOCTY-
)KaT WH(GOPMATHBHBIM PYKOBOJCTBOM IO TEXHHYECKHUM acleKTaM TNpU MPOBEACHUHM MU3MEPEHHH JAMAJICKTPHUECKON
MIPOHUIIAEMOCTH TIOYBHI U 0OBEMHOTO COJEPIKaHUs BOJBI ¢ HcIoib3oBaHneM TDR obopymoBaHuUs Kak JJIs HAYWHA-
FOIIUX MCCIIEOBATENCH, TaK U JIJISl SKCTICPTOB.

KaioueBble ciioBa: peduieKToMeTp, TeOMETpHYECKHN KOOI (GULNCHT, AUAIEKTPHYECKasi MPOHUIIAEMOCTb, 00bEMHOE
cojeprkanue Boabl, ypaBHeHust G. Topp B coaBropcrBe 1 Maxwell De Loor.
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Beenenune

[locnennue nOCTHMKEHUST B OOJIACTH
CIIlyTHUKOBBIX H3MEPEHMH BJIa)KHOCTH ITOYBBI
UTPAIOT BAXKHYIO POJIb B DKOJIOIMYECKUX IIPH-
JIO)KEHUAX, TAKUX KaK METEOpPOJIOTHsl, TUAPO-
JIOTHS, CEIIbCKOE XO35MCTBO, YIIPABICHUE BOJ-
HBIMHM pecypcaMHM M KJIMMarosorus. Tem He
MeHee, Al o0ecreyeHHs IMPOBEACHUS Kaye-
CTBEHHBIX M3MEPEHUH MO-TIPEeKHEMY HE00XO-
JUMO TOJTBEP)KJaTh JIaHHBIE CIYTHUKOBOI'O
JUCTAHLIMOHHOTO 30HAMPOBAHMS JAHHBIMH,
MOJTyYEHHBIMH IN Situ.

Cpenu MeTONOB MONYYEHHS IAHHBIX O
BJII&)KHOCTH MOYBBI iN SitU, HpUBICKAOMINX
LIIMPOKOE BHMMAHHUE HCCIIEOBATEICH, MOKHO
Ha3BaTb pedUuIeKTOMETPHI0 BO BpPEMEHHOM
oomactu (Time-Domain Reflectometry -
TDR), craBuryto onHuM U3 HanboJiee UCIOJIb-
3yeMbIX MeToJ10B. COorjacHO Ha3BaHUIO, METO/
TDR ocHOBaH Ha ONpeneIeHUH BPEMEHU pac-
MIPOCTPAHEHHUs AJIEKTpOMarHuTHoro (OM) um-
nyJbca BJOJb JaT4UKa (30HAa), MPOJIOKEHHO-
ro B IIOYBE WJIN JPYrod H3MEPSAEMOHN cpele.
OM curHan B BHJI€ CTYNEHYATOTO HaIpsbKe-
HUs, cocrapsmonero okoio 0,6 B [1], moxa-
€Tcsl B JIMHUIO JJIEKTpoliepenayu (30HA) OT
TDR-Monyns, KOTOpBIN 3aTEM H3MEpSET Bpe-
Ms1 IIPOXOKJIEHUS CUTHAJIA 110 JIMHUU JIEKTPO-
nepenayd. OTO BpEMS IPOXOXKACHUS UMITYJIb-
ca HalpsIMyIO CBSI3aHO CO CKOPOCTBIO pacIpo-
CTpaHEHUs CUTHaJIa B [10YBE, KOTJa JUIMHA JIH-
HUU DIIEKTPOIEPEAAUN M3BECTHA (JJIMHA 30H-
714, pacIioI0KEHHOTO B ITOYBE).

Heabr padorsl — 0000IIUTH U H3YYUTh
pEeKOMeHIalliu, pa3paboTaHHbIE HUCCIIe0BaTe-
JSIMHU B IIpoOLIECCE NMPOBEAECHUS HCCIIECIOBAHUN
10 U3MEPEHUIO UAIEKTPUYECKON MPOHMIIAE-
MOCTH TIOYBBl & M OOBEMHOI'O COJCpKAHUS B
Heill Boabl 6.

Metoauka mnpoBeaeHusi pador no odHapy-
JKEHUI0 MOBPEXIeHUIl B Ka0eJbHbIX JHHH-
X

Peduiekromerpuss Bo BpeMeHHOH 00J1a-
CTH — 3TO ObICTpasi, TouHas U Oe30macHas Tex-
HOJIOTHS C MCHOJIb30BaHUEM KaOeIbHOro Te-
crepa. B 30-x rogax XX Beka ykazaHHBIA Me-
ToJl ObUT pa3paboTaH U MPUMEHEH AJIS TPOBE-
JIeHUs padoOT IO TOUCKY MOBPEXKICHUN B Ka-
OCNbHBIX JIMHUAX, B TOM YHCIIC U JJIs1 ONpee-
JICHUSI paccTOSIHUS /10 MecTa OOpbIBa Kadels.
O6opynoBaHue, UCHOIb3yeMOE NJsi TECTUPO-
BaHUs KaOels, U3MepsieT BpeMsi Mexay 3amyc-
koM OM BoJH U oOHapykeHueM Ha rpaduxe
TOYEK PACIOJIOKEHUS UX OTPAKECHHIA.

I'enepatop ummynbcoB remepupyer OM
BOJIHBI, KOTOPbIE PaclpOCTPAHSIOTCS MO KOAK-
cuampHOMY Kabemo. VX oTpaKeHHsl CHHXPO-
HU3HUPYIOTCS C TMOMOIIBIO COMILIEPA, CMEXHO-
ro C TeHepaTOPOM UMITYJIbCOB, a JAHHBIE B BU-
ne curHana TDR oToOpaxaroTcsi Ha OCIHILIO-
rpade. OOBIYHO TeHEPATOP, COIMIUIEP U OCIUII-
norpad pasmemiaroTcs B OJHOM MpubOpe,
«pedaexromerp,
OeabHbIi TecTepy». [locnenHuil TepMHH HcC-

Ha3bIBAEMOM WIH  «Ka-
MOJIB3YETCS AIEKTPOTEXHUKAMH, KaK MPaBHUIIO,
NpU TECTUPOBAHUM KOAKCHAIBHBIX KaOemnei.
HauOonee pacnpocTpaHeHHBIMU —pedIeKTo-
METpamMH, HCHOJb3yeMbIMU Ha CErOAHALIHUNA
neHn, sBagioTcss Mmomenu 1502B u 1502C
(uncpoBbie Mozenu) mpousBoacTBa Tektronix
u3 buseprona, wrat OperoH (puc.l). Ykazan-
HbIE TEHEPAaTOpPhl TEHEPUPYIOT HMITYIbCHI
HanpspkeHus oT 0 1o 0,225 B 3a BpeMs Hapac-

Tauus < 200 nc.

Pucynok 1 — KaGenpHblii Tectep (pediekromerp)
Figure 1 - Cable tester (reflectometer)
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Ha puc. 2 npuBenena cxema peduekro-
MeTpa Bo BpeMmeHHo# obnactu (TDR) u BHYT-
pPCHHHE COCTUHCHUS MEXIy KOMITOHCHTAMH:
TCHEpPaTop CTYNCHYAThIX HWMIYJIbCOB (step
pulse generator),
(coaxial cable), commep (sampler) u ocumi-
nmorpad (oscilloscope) wim nroboi aApyrou

KOaKCUAJIbHBIH  Ka0eJb

npuOop I OTOOPAKEHHUS U 3alUCH JUarpaM-
Mol [2].

= I 3

ITEP AULSS |

COANAL CAELE

GENERATCR

CSOLLOBCOPE

Pucynok 2 — Cxema pedeKkromMerpa BO BpPEMEHHOU
O6J'IaCTI/I U BHYTPEHHUC COCAMHCHUA MEKITY KOMIIOHCH-
Tamu [2]

Figure 2 - Time domain reflectometer diagram and in-
ternal connections between components [2]

Cnenyer oTMeTuTh, YT0o DM BOJIHA CO-
CTOUT M3 DJIEKTPUYECKOW W MAarHUTHOM dYa-
cTel. DneKkTpuyecKkas yactb M BOJIH COCTOUT
W3 CHUHYCOMJAIbHBIX BOJH, OXBAaThIBAIOIINUX
OOJBIION YACTOTHBIM JUamMa3oH, U TOITOMY
BaKHO KaKUE YaCTOTHI BhIpabaThIBaeT reHepa-
Top. Ecnu cuHyconaanbHy0 BOJHY HAJIOXKHUTh
Ha TapMOHUYECKHE CHUHYCOWJIAJIbHBIC BOJIHBI,
BbIpabaThIBa€Mble TEHEPATOPOM, B KOTOPOM
camasi BBICOKAsl 4acTOTa CTPEMHUTCA K OECKO-
HEYHOCTH, TO B pe3yjbTare OyAeT moyydeHa
ujeanbHas IepUOAMYEcKass MPSMOYroJibHas
BOJIHA. DTO TO, YTO MPOUCXOJUT B FEHEPATOPE
CTYNEHYAThIX UMITYJIbCOB, TO €CTh JIEKTpHUUE-
ckhe 4YactTu OM BOJH CO3Jal0T MEepUoauYe-
CKYI0O TPSIMOYTOJIbHYIO BOJIHY, Ha3bIBa€MYIO
IIAroM HamnpsikeHusi. B 1eiicTBUTENbHOCTH
e, CYLIECTBYET TEXHUYECKH 3aBUCUMBIN
BEPXHMI TpeAen Mg camMoOil BBICOKOW 4YacTo-
ThbI, KOTOPBIA MOXET OBITh MOJY4YEH IeHepaTo-

pPOM CTYNECHYATBIX HMITYJbCOB, M TIOITOMY
MPSIMOYTOJIBHBIE BOJHBI CTAHOBSATCS TPUOIIH-
3UTENbHO KBaapaTHbiME [2]. [l kaOenbHBIX
tecrepoB  Tektronix 1502B wm 1502C,
HauboJsiee 4acTo UCMOJIb3yeMbIX B IIOYBOBEJIE-
HUM, aMIUIMTyJla 3JEKTpUYecKod yactu OM
BOJIH (CTYIIEHU HANpPSDKEHUs) B 3aBUCHUMOCTH
OT BPEMEHHM BBITJISAUT Tak (puc. 3) [2]:

Pucynok 3 — AMImUTyma 3JeKTpuUuecKod dactu OM
BOJH (CTyIeHel HamnpshKeHus), co3naBaembie Tektronix
1502B nnu 1502C, B 3aBUCUMOCTH OT BpEMEHH

Figure 3 - Amplitude of electric part of EM waves
(voltage stages) created by Tektronix 1502V or 1502C,
depending on time

co31aBacMEIe
Tektronix 1502B umn 1502C, B 3aBUCUMOCTH

CryneHu HanpspKeHus,

OT BPEMEHH, TMPOU3BOAATCS MO CIEAYIONIEeH
cxeMme (puc. 3): OWH IIar HampspKEeHUs mepe-
naercsi B TedyeHue nepuoja 10 mxc, mocie yero
BO3HHMKAeT May3a B Iepejiaue, MpoIohKarola-
acs 50 mxc. Ilpu sTom TpeOyercs menee 200
nc, 4ToObl HampspKeHHe MmogHsIock ¢ 0 B 1o
0,225 B wmm ymano ¢ 0,225 B no 0B. D10

BpeMsi, Ha3bIBaEMOE BPEMEHEM HapacTaHHs
CTyINEHEH HampspKeHusl, sBJseTcs (yHKIuen
CaMOM BBICOKOM YacTOTHl CHHYCOMJAJIbHBIX
BOJIH, KOTOpBIE CO3JA0T CTYIIEH! HaPSKEHUS
[2].

I'eHepaTop CTyneHYaThIX HMITYJIbCOB M
COMILIEp, COETUHEHHbIE MEXIY COOOW KOaK-
CHAJIBbHBIM Kabenem (puc. 2), TakKe H3BECT-
HbIM KaK aHTeHHbIH mpoBojd. [lns copaBku:
pa3pabOTUNKOM KOAKCHAIBHOTO Kabemst Obul
C.A. IlenkynoB  (Sergey  Alexander
Schelkunoff, 1897-1992) — amepukaHckuii Ma-
TEMaTHK U TEOPETUK AIEKTPOMAarHeTu3Ma pyc-
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CKOT'O MPOUCXOXKIACHUS, BHECIIUN 3HAYUTEIb-
HBIW BKJIAJl B TEOPUIO aHTEHH.

CornacHo DM Tteopuu, «cmpykmypa,
npeoHasHauenHas OJisi HanpaeieHus GOJIHbL NO
3A0AHHOMY NYMU, HA3bI8AEMCS 80JIHOBO0OM )
[3]. [IpocTeiinium THITOM BOJHOBO/A SIBIIAETCS
KOaKcuajbHas JTUHUS, U300pakEHHAs Ha puUC.
4. IMpoBoauuku kabdens (puc. 4 (0)) cocrost u3
CepJIeYHHKA, PACIOJI0KEHHOIO MO OCH, U KO-
aKCUaJIbHO PpACIOJIOKEHHOW METAJUIMYECKON
MWIMHAPUYECKOW TpyOku (9kpaH). [mst Toro
yTOOBI Kabenb ObUT THOKUM, SKpaH OOBIYHO
W3rOTABIIMBAIOT M3 METANIMYECKUX TUIETEHBIX
nuteil. Kak mpaBuiio, 3KkpaH U CeplIeyHHK pas-
JIeNIeHbl MaTephalioM, B KayecTBE KOTOPOTO
OOBIYHO TMPUMEHSIOT IUAJIEKTPUK (TIOTUITH-
JIEH), SBJISIOLIUIICS Cpelod paclpoCTpaHEHUs
OM Bonn. KoakcuanbHasi JTUHUS, UCTIOIb3Ye-
Mas B pedraekromerpe Tektronix 1502B wunum
1502C, wumeer XapaKTEpUCTHYECKOE COIPO-
tusienre Z =500m [2].

LT
LR T

2 TR T

? ~ (masasrine)

' \Ean
4 Ve
[ ‘?
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[ N
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Pucynok 4 — KoakcuanpHast TuHUSA: (a) - Tpearoara-
€TCsl, YTO BOJIHA PAcIpOCTPAHSIETCS B MOJOXKUTEIHHOM

HanpasneHun 1o ocu L ; E - manpsxennocTs smexTpu-
yeckoro mosis; H - HanpsKeHHOCTh MATHMTHOTO MOJIS;
R, u R, - coorBerctBeHHO, paanycel cepaedHnka (LeH-

TpaJbHBI TPOBOJAHWK) W JKpaHa (BHEIIHHHA IMPOBOJ-
HUK); (0) — ceueHne KoakcuanbHOro kadess [3].

Figure 4 - Coaxial line: (a) - it is assumed that the wave
propagates in the positive direction along the axis; -
electric field strength; - magnetic field strength; and -
respectively, the radii of the core (price-minesweeper)
and the screen (external conductor); (b) - section of co-
axial cable [3].

Koakcunanbubie kaOelnn MOKHO HCITOIb-
30BaTh KakK € IMOCTOAHHBIM, TaK U C IIECPEMCH-

HBIM TOKOM. 3a IpenejaMH JIMHUU CYLIeCTBY-
€T HyJeBoe 3JeKTpuueckoe noie. [lo mpuunne

TOro, 4T0 1O BHCHIHEMY IIPOBOJHHUKY ITPOXO-
AUT TOT K€ TOK, YTO U IO CCPACHHUKY, Mar-
HUTHOE I10JIE TaK)Ke paBHO HYJI0 (puc. 5) [3].

Pucynok 5 — KoakcuanbHas nunus: £ - manpsxen-
HOCTB DJICKTPHUYICCKOI'O MMOJIA; B - MAarHuTHast UHAYKIUSA
| - snexTpuueckmii Tox

Figure 5 - Coaxial line: E - electric field strength;
B - magnet-nation induction; | - electric current

Korna reneparop HaumHaeT nepenaBaTh
OM BOJIHBI, TO OHH, PACHPOCTPAHSISICH B KOJIb-
LEeBOH 00JaCTH MEXAYy IBYMsS KOAKCHaJIbHO
pAacIONIOKEHHBIMH  TIPOBOIHUKAMH, TIOCTYIa-
10T B comiuiep. HeoOXommMo OTMETHTh, 4TO
OM BojHBI B Kabene ABUXKYTCS C OTPOMHOI
ckopocThio. Tak, eciu Obl MeXAy MPOBOJIHU-
KOM U 3KpaHOM ObLI BakyyM, TO DM BOJIHBI B
Kabene pacnpocTpaHsIMCh Obl CO CKOPOCTBIO

8
ceera: 3-10° m/c (cmer - 5T0 DM BoOMHA, CKO-

POCTb pAacHpOCTPAHEHUS B BAaKyyMe€ KOTOpPOH
nocrosiaHa) [3]. Tak kak TUAIEKTPUK, HCIIONb-
3yeMblil B KOAKCHAJIbHOM Kalele, MpeaACcTaBisi-
eT co0OH MOJMATUIIEH, TO BOJIHBI B HEM pac-
IIPOCTPAHAIOTCS. CO CKOPOCTBbIO paBHOU 66 %
0T cKopocTH cBeTa [2]. UMeHHO mo3TOMY Bpe-
MEHHOM WHTEpBaJ MEXAy INepeaadeid BOJIH U
uX OOHapy>KEHHEM CIMILIEPOM BECbMa KOPOT-
KHUH.

Camruiep OOBIYHO COCTOMT U3 ABYX KOM-
MIOHEHTOB: BBICOKOTOYHOTO YCTPOWCTBA CHH-
XPOHHU3ALMU U BBICOKOTOYHOI'O BOJIBTMETpA.
Korma DM BomHBI, 3amyckaemble T€HEpaTo-
poM, OOHaApY>KUBAIOTCSI COMILJIEPOM, TO BBICO-
KOTOUYHBI BOJIBTMETP HAaYMHAECT U3MEPSTh
HaIpPSDKEHUE MEXYy SKPAaHOM M CEPAEUYHUKOM
KOAKCHAJIbHOTO Kalelsi yepe3 OoIpeleeHHbIN
MIPOMEXKYTOK BPEMEHH, IMOJIydas TaKuM oOpa-
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30M Ha0Op JAHHBIX, MPEICTABIAIOMINX COOOH
3HAUCHUE HAMPSDKCHUS, KaK (YHKIIMIO BO BpE-
MEHH. DKpaH KOAaKCHAJIbHOTO Kabems coemu-
HEH ¢ 3eMJIeH, U ero 3JIEKTPUUYECKUM OTEHIU-
an paeH 0B. DM BoJIHBI, CO3/1aBacMbIC IeHe-

paTopoM CTYNEHUYaThIX HMIIYJIbCOB, 3aIlycKa-
IOTCS. B KOAKCHAJBbHBIN Kabenb ¢ MaJecHHEeM
HAIpPsDKEHUS MEKIY NPOBOJHUKOM M 3KPaHOM
U COCTaBJISIFOT BCETO HECKOJIBKO JECSTHIX J0-
nen Boibra.

JUia mpoBeneHUsl HUarHOCTUKU MOBpeE-
KIEHHOrO Kabesst K HeMy IMOJKIII0YaeTcsl Ka-
OenbHBIN TecTep. 3/1ech HEOOXOAMMO OTMe-
TUTh, YTO OJHOW W3 BAXHEHUIIMX XapaKTepu-
CTMK TECTUPYEMOIo Kalbensi SBISETCS €ro
BOJTHOBOE CONPOTHBJIeHHEe (MMIeIaHC Ka-
OesibHOM JuHNHK). OLleHKa JaHHBIX, [TOJIY4YEH-
HBIX Ka0eJIbHbIM TECTEPOM, OCHOBBIBAETCS Ha
CIIEIYIOIMX OCHOBHBIX NpPHHLMIAX: J1000€e
U3MEHEHHE MMIIEJaHCa B CHCTEMe «Kabemb-
HBIH TecTep — TeCTUPYEMBbIi Kabenb) BbI3bIBa-
€T YaCTUYHOE MWJIM IIOJHOE OTPAKCHHE HM-
nyiabca. [loaTomy opHO oOTpakeHue Oyzaer
HaXOJUThCsl Ha MHTepdelice «kabenbHbI Te-
CTep — BXOJ B TECTUPYEMbIN Kabelb», B KOTO-
POM JTUAJIEKTPUK M3MEHEH, MO MPUYMHE YEero
UMIIEaHC TaKkKe OyJeT M3MEHEH, B TO BpeMs
KaK BTOpOE€ OTpakeHHe OyleT HaXOJWUTHhCS B
MECTE, TJ€ W3MEHEHBI JJIEKTPUYECKHE CBOM-
CTBa TecTupyemoro kabesus. OTpakeHHbIE UM-
MyJAbCHl MOTYT HaXOJHUTbCsA WM B (paze ¢ ma-
JAOIIMM UMITYJIBCOM, UYTO MPOUCXOJUT B CIY-
yae, korna OM BOJHBI IPOXOJIAT YBEIUYEHUE
HMMIIe/IaHCa, WK B MpOTHBOdase, Korjaa Mpo-
UCXOJIUT yMEHbIlIeHHe umnenanca. Ocuusio-
rpa¢ rpaduyecku, B BUJIe KPUBOW, OTOOpaxka-
€T Ha >XUIKOKPHUCTAJNINYECKOM JUCIUIEE H3-
MEHEHUS HalPsDKEHUs BO BPEMEHM, BBISBIICH-
Hbele comIuiepoM. [Ipu HeoOXoaUMOCTH JaH-
HBIE B IIU(POBOM BHUJIE MOTYT OBITH OTIIpaBIIe-
Hbl HernocpencTBeHHo Ha [IK m otoGpaskeHsl

Ha ero aucruiee. KpuByro, oToOpaxk€HHYIO Ha
mucruiee ocmmniorpada umu I1K, HaspBaroT
caegqom. CuntaeM HEOOXOOUMBIM OTMETHTb,
4TO ocLuIIorpad 1mo3BoiisieT KOHTPOJIMPOBATh
HE TOJIbKO MCXOJHbII UMIYJIbC, HO U OTpaxe-
HUS1, BOSHUKAIOUIME OT BCEX HEOJHOPOJHOCTEH
JUHUK OT e€ Havaja a0 koHua. Ecinu kaGeinb
HCIIPABEH U €r0 BOJHOBOE COIPOTHUBIIEHUE HE
MEHSIETCSl, TO CHUTHAJI MPOXOAUT MO Kalenro
0e3 orpaxenuil. Ecin mmeer mecto 0OpBIB,
KOpPOTKO€ 3aMbIKaHUC HWJIM HHasd HCOJHOPOI-
HOCTb, TO CUTHAJI OTPaXKAaeTCsl HOJHOCTHIO MU
4acTU4HO. [leno B TOM, 4TO MMITYJIbCHBIN pe-
¢diekToMeTp HEe OTOOpakaeT M3MEHEHUs Co-
OpOTHUBIIEHUs LuleHda HIM CONPOTHUBICHUE
m3oisiun. dakTnyecku OH OOHApYKHBaeT U
BU3YAJIU3UPYCT HAJINYHUC OTPAKCHUA OT HCOO-
HOPOJIHOCTH BOJIHOBOI'O COIPOTUBIIEHUS, NPU
ATOM [0 XapaKTepy OTPaKeHUsI MOXKHO CYJUTh
0 ero npupoze. Tak, JOKaJIbHOE YyBEIMYEHUE
WHIYKTHUBHON COCTaBJISIFOIIEH IPUBOJUT K PO-
CTy BOJIHOBOTO COIIPOTHBJIEHUS B ATOW TOYKE
Y BO3HUKHOBEHHUIO OTKJIMKA IIOJIOKUTEIBHON
MOJIIPHOCTH, @ YyBEJIMYEHHE EMKOCTHOM cCo-
CT&BJ’ISIIOHIGI\/'I MMPUBOJAUT K YMCHBUICHUIO BOJI-
HOBOI'O COMPOTHUBIICHHA B TOYKC OTPAKCHUA U,
COOTBETCTBEHHO, K 00OpPa30BaHUIO OTKJIUKA OT-
pHULIaTEIbHON MOJIApHOCTU. B TOUKeE, rae ume-
et mMecto 00pbIB Kabens (R =o0), koaddurm-

enT oTpaxenus K =1, T.e. uMeeM moiHOE OT-

paXXEeHHE B BHAE HMITYJIbCA MOJOKUTECIBHOM
MOJIAPHOCTH. B Touke KOPOTKOI'0 3aMbIKaHU
(G=w) K=-1 T. e. BO3HHKAET TaKoe K€

OTpa)XCHHUE, TOJHKO B BHJC MMITYJIbCa MPOTHU-
BOIOJIOXKCHHOU MONSpHOCTH (G - MEeXIpo-
BOJIHAsI TIPOBOJMMOCTB). UTO ke KacaeTcsl aM-
IUTUTY/T UIMITYJIbCOB, TO OHHU 3aBHCAT HE TOJIBKO
oT K03 puImenTa oTpakeHus, HO U OT 0cJIad-
JICHUS MCXOJHOTO WMITyJdbca B Kalene Ha
JUTMHE PaBHOM PacCTOSIHUIO OT UCTOYHHKA MM-
MYJIBCOB JI0 TOYKU OTPakeHHs U 0OpatHO [4].
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Pemenue 3agaun

Kak ormeuyeno B paborte [5], ecnu Obl
KTO-TO TIOXKEJaJl OMPEACIUTh BIAKHOCTD MOY-
BBI, TO OH HCIIOJIb30BaJl Obl KOAKCHAIBHBIA Ka-
0eJlb aHAJIOTUYHO TOMY, KaK 3TO MPOUCXOIUT
IPU TECTUPOBAHWUW KAOCHIbHBIX JHHHHA. Jlis
3TOrO OH 3arpy3mi ObI 00pasell MOYBbI B KOAK-
CHAIIbHBIN Ka0Oeldhb W HaAmNpaBUJI B HETO HM-
myJasC HampspkeHus. Korjga wMmynbe TOCTHT
Ob1 OOpasna MOYBHl (IO TOYKH, OT KOTOPOU
HAYMHACT paclojaraThCsi TI0YBA, HUMITYJILC
MPOXOJUT 1O BO3IYXY), TO YacTh HMITYJIbCa
ObUTa OBl OTpakeHa, a OCTallbHAs YacTh HM-
myJjbca MPOJOJDKaNa Obl JABUTaThCS JANIbIIE.
Wnu, ecniu Ob1 B kabere Me MEeCTO OOPBIB, TO
B TOYKE OOpBIBa KabOeJsl MMITYJIbC MPEKPATHI
OBl CBOE JBM)KEHUE U OTPA3HIICS C 3aCPIKKOM
WId HWHTCHCHBHOCTBIO, B 3aBHCHMOCTH OT

CBOWCTB IOYBEIL.

JAMd1bKOMETPUYECKHI MeTOA H3MepeHUs
BJIAKHOCTH IMMOYBBI

Koneuno xe, pa3memiate odpaser mod-
BBl B KOAKCHAJILHOM Kalere ISl ONpeeICHHs
BJIQXXHOCTH TOYBHI Heresnecoobpaszno. [1oaTo-
MY, UCIIOJIb3YSl QHAJIOTUYHBIE MPUHITUIIBI C 11e-
JIBI0 OMPENENICHUSI BIAXXHOCTU IIOYBBI, HaM
HEOOXOMMO B TMEPBYIO Ouepelb UMETh 000-
pynosanue TDR (puc. 6) [5].

Cioga BXOAUT TEHEpPaTOp HUMITYIbCOB
HaMpPsKEHUS; MPOOOOTOOPHUK, KOTOPBIM TpH-
HHUMAET KaK BXOJAILINM, TaK U OTPAKEHHBIN OT
MOYBBl HMMIMYJIbCHI,

COMIUIEp - IPUEMHO-

nepefaronmii  mpubop,  obecreunBarONTUi
COBMECTHO C YCTPOMCTBOM CHHXPOHH3AILH
00paboTKy ¥ Tiepefady Ha JWCIUICEH HCXOIs-
IIMX OT TeHepaTopa U OTPAKEHHBIX UMITYJb-
COB, B TOM YHCJE€ U OT MOYBBL, B KOTOPYIO
BHEJIPEH 30H]; TUCILIEH, CIIY KAl I BU3Y-
aM3alui U OTOOpaKEHHs IAaHHBIX, MOKa3bl-
BAIOIIMX BpeMs MPOXOXKIEHUSI TeHEPUPYEeMOit

kabenpHBIM TecTepoM TDR DM BonH 1o mpo-
BOJHUKY M3BECTHOW JJIMHBI (30H]Y), @ TaKkKe
BEJIMUMHY HAINpPSOKEHHs] B TEUEHUE BCEro Mpo-
1ecca uccieJoBanus (He0OX0AUMO OTMETUTb,
4TO KOMMEpUYECKHe TECTEePbI
Tektronix 1502 o0TOOpakalOT KaKYIIYHOCS
IuHy, a He BpeMs). Kabensubiii Tectep TDR

Ka0OeJIbHBIE

MOCBUIAET MPSIMOYTOJbHBIE UMITYJILCHI HAIpsi-
’KEHHUS B 30H]I C BBICOKOM 4acTOTOH (B auarna-
30HE TUrarepil) U COXpaHsieT Ha IKPAHE UX CY-
MEpPHO3UIMA TaK, 4YTO HAOJIOMAETCS €IuH-
CTBeHHas «(hopMay, TorJa KaKk Ha caMOM Jelie
3TO pPe3yabTaT HaJOXKeHUsI MHOTHX (opm [5].

TDR sdapsavsinne

[ e e e ey

‘ Yerpolicran
1 CHNIPONY- s st
wanm

Leneparop
Ay ALCOn

heets|  Cavnep

F l/. -() " I)P'.

Pucynok 6 — brnok-cxema TDR obopymoBaHust st u3-
MEpEHHUS BIKHOCTH MOYBHI [5]

Figure 6 - TDR block diagram of soil moisture meas-
urement equipment [5]

Bo-BTOpBIX, HEOOXOAWUMBI  CTEpPIKHHU,
Ha3zbiBaeMbie 30H10M (puc. 6). TDR 30u7 nms
W3MEPEHHS BIIAXXHOCTH TOYBBI (hAKTHUECCKHU
SBJSETCS JIMHUEN DJIEKTPOIlepeayun, JUIJIEK-
TPUYECKON CPEON I KOTOPOU CIIYXKHUT I10Y-
Ba, Kyzaa BHeApEH ATOT 30HA. TDR 30H1BI
(IaTYMKU) MOTYT UMETh Pa3IUYHBbIC KOHPUTY-
paruu, B 3aBUCUMOCTH OT TOTO, TJI€ OHH OyayT
MIPUMEHEHBI: B JJAOOPATOPHBIX WM B TIOJIEBBIX
YCIIOBHSIX.

KoakcuanbHplil TN 30HAOB MCHOJIB3Y-
eTCsl B TaOOPATOPHBIX YCIOBUSX IJISI HCCIEN0-

BATEJILCKUX LENIe. B MOneBbIX ycloBHSX 4a-
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e BCEro MPUMEHSIOT MHOTOCTEPKHEBBIC
30HIBI (B OCHOBHOM [IBYX- U TPEXCTEpIKHE-
BbIC) — 3TO TapaJUIeIbHbIC JIMHUU JIEKTPOIIe-
penad, KOTOpbIe MOTPYKAIOTCS B MIOYBY Ha He-
obxomumyro TayouHy. PaccrosHue Mexay
CTeP)KHSMHU M WX TeoMeTpus (UMIHHIpUYE-
CKUE WJIM W3 TMapaulebHBIX TUIACTHH) MOTYT
OBITh pa3nu4Hbl. HekoTopble KiIaccHYecKue
BapUaHTBl KOHCTPYKIUU 30HIOB IPEICTaBIIC-
HBI Ha puc. 7.

\ 4
A

! (a)

(5
(c)

Pucynok 7 — Kmaccudyeckrwe BapHaHTBI KOHCTPYKITHIA
30H710B TDR: (a) — TpexcrepxHeBolt 30HL; (0) — NBYX-
CTEepKHEBOH 30H; (C) — ABYXCTEP>KHEBOH 30H], B KOTO-
POM B KadecTBE CTEPXKHEW HCIOJIB3YIOTCS MapauIeIbHO
PpacIoNoKeHHBIC TUIACTHHBI [6]

Figure 7 - Classic versions of TDR probe design: (a) -
three-rod probe; (b) - two-rod probe; (c) - a two-rod
probe, in which parallel plates are used as rods [6]

VYuursiBas TO, 4TO METOH pedIeKTOMET-
pUU BO BPEMEHHOW 00JIaCcTH, TpeIHa3HAYCH-
HBIM 111 u3MepeHuss o0bEMHOTO CoJepKaHus
BOABI B IMOYBE, BECbMa YYBCTBUTCIICH K KOH-
CTPYKIIMHU 30HIa U dd(deKTaM, MPOUCXOIAITIM
MIPU €r0 PACMOJOKEHUH B MOYBE, MPHU MPOEK-
TUPOBAHUHU 30HJIOB HEOOXOJIMMO, YTOOBI KOH-
CTPYKIIMSI 30HAA ObLa MPOYHON M TMPAKTHY-
HOM, o0ecreynBaromed B MpoIecce mpoBee-
HUAS W3MEPEHHMM IMOJy4YeHUE JIOCTOBEPHBIX
JaHHBIX O COCTOSHHWH IIOYBBEI ITPH MHUHUMAJIb-
HOM BO3JIEUCTBUU AJIEKTPONPOBOJIHOCTU MOY-
BbI Ha CTEPKHHU [6].

BinsiHue 3JIEKTPOIPOBOIHOCTH ITOYBBI
Ha U3MEpeHUs PEeQIEKTOMETPOM 3aBHUCAT OT

FEOMETPUUECKUX IapaMETPOB CTEP)KHEW 30H-
na. Ilpu sTrom oOHapy>keHO, YTO B OCHOBHOM
3aTyXaHHUs MPOMCXOIAT IPU MCIOJIb30BaHUU
30H/I0B C JUIMHHBIMH, OJIM3KO pPACHOJIOKEH-
HBIMU CTEp>KHAMU. B cBA3M c 3TUM HEO0OXo-
MO YYUTBIBATh CIIEAYIOLINE (PaKTOPBI:

a) YBEIMYEHHOE pACCTOSHUE MEXIY
CTep)KHAMHU 00ecneunT JETKOCTh BBEACHUS
30HJa B IOYBY, MOSBUTCS BO3MOKHOCTb YBE-
JUYUTh KECTKOCTh CTEPXKHEH 3a CYET YBEIH-
YeHMs IUIOIIAJU HUX IONEPEYHOro CEYEHHs,
OJIHAKO 3TO MOXET IPUBECTH K TOMY, YTO BO-
KpYyr IOBEpXHOCTEHl cTep)kHeH mouBa Oyzaer
U3MEHATh CBOIO CTPYKTYpY (CTaHOBUThCS 00-
Jee IUIOTHOM), U T0TOMY IPOCTOE BJ/IaBJIMBa-
HUE 30HJIa B TI0YBY MOBJIEYET 3a COOOH 3HAYM-
TEIbHOE CHUKEHUE U3MEPEHHOTrO COJIEpKaHus
BOABl IO CPaBHEHHUIO C HEHApYIICHHBIMHU
y4acTKaMU MOYBBI;

0) JUIs 30HIOB C KOPOTKUMH CTEPKHIMHU
C)KaTUe BOKPYT HUX OyJeT MUHUMAJIbHBIM, YTO
yKa3bIBaeT Ha Oosiee OIaronpUsTHYIO B3aUMO-
CBSI3b MEXIY 00beMOM BBIOOPKH M KOMIIpEC-
cuei [6].

ABTOpamu uccnefoanus [7] Obuio TO-
Ka3aHo, 4TO 3(Q(}EKT cKaTUs MOUBBI BOKPYT
CTepKHEN MOXKET ObITh CBEJEH K MUHUMYMY,
€cII IPUMEHUTh Oyp WM Kakoe-Inbo Apyroe
YCTPOMCTBO ISl yAQJEHUS MOYBBI B TOYKaX,
rzae Oyzaer ycTaHoBieH 30HI. Kak ormeueHo B
[6], bakTOpBI «a» U «O» He SABIAIOTCS B3aMMO-
JIOTIOJHSIIOIIMMH, U II03TOMY B IIPOLIECCE IPO-
eKTUPOBAHUSA M HM3TOTOBJICHUS 30H/IOB MOTYT
OBITh JOIMYIIEHbI HEKOTOPhIE KOMIIPOMHUCCHI.
JUts crpaBKH: DJIEKTPONPOBOJHOCTH IOYBBI
MTOKA3bIBAET, HACKOJBKO XOPOIIO I0YBa CIO-
coOHa MPOBOAMTH IJIEKTPUUECKUN TOK. Me-
KM€ 3apsDKEHHBIE YaCTULbI, IPUCYTCTBYIOLIUE
B II0YBE, Ha3bIBAEMbIE HOHAMM, IOMOTAIOT I1€-
PEHOCUTD BJIEKTPUYECKUM 3aps] yepe3 Bellle-
CTBO. DTU MOHBI MOTYT OBITh 3apsXKEHbI M0JI0-
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KUTEIBHO WIH OTpHIaTelbHO. YeM Oobie
HWOHOB, TE€M BBIIIE MPOBOJAUMOCTb; MEHBIIIEE
KOJINYECTBO HMOHOB NPHUBEIET K CHUYKECHHIO
MMPOBOJIUMOCTH. DJIEKTPOIPOBOJTHOCTh OOBIY-
HO HU3MEpSAETCS B MUJUIMCHMEHCaX Ha CaHTHU-
METp.

Takum 06pa3oM, MOKHO 3aKJITFOYUTh, YTO
BIIMSIHUE 3JIEKTPONPOBOJAHOCTH HA U3MEPEHUS
TDR MeTonoM 3aBHUCHT OT I€OMETPUYECKUX
rapaMeTpoB CTEpKHEH 30HIa, a UMEHHO, OT
KOHCTAHThI 30Haa. CleyeTr OTMETHUTh, YTO
KOHCTAHTA 30HAA — 3TO, M0 CYILECTBY, reo-
MeTpuveckuii kodpdumment g(m), 3Haye-

HUS JUISI KOTOPOTrO B MPHUOIMKEHUH MOTYT
OBITh ANMPOKCUMHUPOBAHBI ¢ y4€TOM 0a30BOI
I€OMETPUM CTEPXKHSA — ero mmuHel | . Dra an-
MIPOKCHMAIIMsI OCHOBaHa HA TaKUX MPUHIIMIIAX,
KaK 0ge OecKoneyHvle napaiieiibHvle Naacmu-
Hbl, 084 DECKOHEUHbIX NAPALIENIbHBIX CINePtC-
H3 U Beckoneunas Koakcuanbhas aunus [6].
Kak ormeueno B [6], HauOonbmias mo-
TPEIIHOCTh MEXIY HU3MEPEHHBIMU T'€OMETPHU-
YECKUMH TIapaMeTpaMu U PacCUYUTAHHBIMU
KOHCTaHTaMM 30H/a BO3HUKaeT MpH paboTe ¢
napajuieIbHBIMU TUTACTUHAMH, TaK KakK Kpae-
BOI 2(deKT SBISETCS CYIIECTBEHHBIM, €CIU
YUUTBIBATh, YTO PACCMATPUBAEMBbIE IJIACTUHBI
MMEIOT KOHEUYHBIe pa3Mmephl. [ 6eckoHeuHO

JUIMHHBIX TIacThH, Koraa | - u h/s — oo,
ypaBHeHue (1) sBiIseTcss TOUHBIM, a JUIS CIy-
qas, korma h/s—0, R.P. Feynman B coas-
TopcTBe [8] it reoMeTprudeckoro ko3 duiru-
€HTa ( TPeIIOKHUIN allpoKCUMAIHIO, CO-

TJIACHO KOTOPOW JKeNaTeNIbHO MPUHATH IIJI0-
ab MJIACTHHBI 30HA, KOTOpasl MOJTYYHIIACh
Obl, ecii OBl MJIACTHHBI OBLIM MCKYCCTBEHHO
paccTaBiieHbl Ha paccTosiHue, paBHOE 3/8 OT
PacCTOSHUS MKy IUIACTHHAMH.

o beckoneunvle napajjielibHble niacmiu-

Hbl (Jl/lz
l
Ge
S 1
-

Ih
=— 1
S @
o JlgyxcmepoicHesble (M):
4
_ 12,1 )

2
WEN (j 1
d d

o KoaxcuanvHas aunusa (m):

_ 2l ©)

31ech HEOOXOIUMO OTMETHTH, YTO BCE
Tpu ypaBHenus (1)-(3) He Moryr OBITH HC-
MOJIb30BaHbl JUIA pacyéra TeOMETPUUYECKHX
KO3 QUIIMEHTOB, T. K. MapaMeTphl 30HA0B (U
JIByXCTE€P)KHEBOTO, M KOAKCHAJIBHOTO) HE
IIPEeoiaraloT KOHEUYHbIX 3PPEKTOB, HO OHH,
KOHEYHO K€, CYIIECTBYIOT i 30H10B TDR un
MOTYT OBITh UCTIOJB30BAHKI I 00OJIee KOPOT-
KUX cTepxHei [6]. DT ypaBHEHUs HE TOJIK-
HBI MPUMEHATHCS sl pacu€TOB reoMeTpude-
CKUX KOX((PHIIMEHTOB, HO, TEM HE MEHEee, MO-
ryT OBITh BeChbMa TOJE3HBI MPU NPOBEICHUU
aHaJIM3a TeOMETPUYECKUX KOIPPUITMEHTOB.
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BaxHbIM CIIEZICTBHEM OMKMCAHHOTO MeE-
ToAa no onpeneneHuro napamerpoB TDR 30H-
JIOB SIBIIIETCSI TO, YTO WCCIIEIOBATEIb, aHAJH-
3Upysl TMPUHSATHIE MApaMeTPhl CTEPIKHEH, MO-
XKET YBHAETh A(PPEKT OT yBEIWUYCHUS WU
YMEHBIICHUS JJTMHBI CTEPXKHEW WM paccTos-
HUS MOKAY HUMH. Tak, yMECHbBIICHHE IJTUHBI
CTepXHEH MPHUBOIUT K YMEHBIICHUIO T€OMET-
pudeckoro kodddunmenra g , aenas CTepKHA

MEHEee BOCIPHHMYHUBEIME K TTIOMEXaM Ha JJICK-
TPOMPOBOTHOCTh. Hapsiy ¢ 3TUM yMeHbIIe-
HUE JJIMHBI CTEP>KHEH COKpalaeT BpeMs Mpo-
xoxaeHuss OM curhana, uto, B CBOIO Ouepe/ib,
CHIDKAeT TOYHOCTh U3MEPEHHS AMDIEKTpHYE-
CKOI MPOHHUIIAEMOCTH HCCIEAYEMOTO MaTepu-
aina.

D.A. Robinson B coaBTOpCTBE OTMEHa-
10T, YTO IS TIPOBEACHHUS KAYCCTBCHHBIX W3-
MEpPCHHII B TIOJIEBBIX YCJIOBHSIX, C IEJIbIO
o0ecrieueHrss KOMIIPOMHUCCA MEXKIY BpEMEHEM
poxoxkaeHus OM curHana, TOYHOCTBIO U3Me-
pEHUS TUAIIEKTPUYECKOW MPOHUIIAEMOCTH H
ANEKTPOMPOBOTHOCTHIO, & TAKXKE C IENIbI0 CO-
3maHus ymoOcTBa IS BBEICHUS CTEpIKHEH
30HJa B TIOYBY IMpeJiaraercs MNPUMEHSATh B
OCHOBHOM 30H/IbI C JJIMHOM cTtepxHei ot 0,15
10 0,30 m. CornacHo uHboOpMaIu, U3I0KEH-
Hoii B pabore [5], M.B. Kirkham ormeuau:
«...00bIYHO, HA NPAKMUKe, NPUMEHSAIOM 30HObI
¢ onunou cmepoicrei om 100 mm 0o I m. Ca-
Mas Kopomxas 2nyouHa, Komopyro si 6Cmpeyai
6 nyonuxayusx, cocmasnsinia 50 mm. 30106l co
cmepocHaAMU OnuHou menee 50 mm He Oarom
Xopowiux cneooy.

He Menee wHTEepecHBIM sBIsieTCS (-
(GeKT pacCTOSHUS MEXKIy CTePKHSIMHU: Tak,
4eM Jaibllie Jpyr OT Jpyra pacIoyIOKEeHbI
CTEpXKHH, TEM MCHbIIIE CTAHOBUTCS T€OMETPHU-
yeckuil (akrop. Ilpu »TOM yBenmueHue pac-
CTOSIHUSI MKy CTEP>KHSIMHU MPUBEAET K TOMY,
YTO MpHU MOTPYKEHUH 30HAA B MOYBY IOYBA

BOKPYT IMOBEPXHOCTEUN CTEPKHEMN, YILIOTHASICH,
OyIeT U3MEHATHh CBOIO CTPYKTYPY, BIHSS TEM
caMblM Ha HM3MEpeHHe e€ AMUAICKTPUUECKOI
MIPOHUI[AEMOCTH.

[IpuBeaEHHBIN aHaIU3 MOKa3al, 4TO TO,
4YTO OJaroTBOPHO BJMSIET HAa CHUXKEHHE BO3-
JNEHCTBUS Ha 3JIEKTPOIPOBOIHOCTD, SBIISAETCS
BPEIHBIM ISl U3MEPEHUS COICPIKAHUS BOABI B
MOYBeE.

Uro kacaercs JJIMHBI CTEpXKHEH 30HA,
HEO0OXOAMMO MPUHSTH K CBEICHHIO, YTO 30H]IbI
nmuHoii MeHee 0,1 M He oOecreuyMBarOT BO3-
MO>KHOCTh MOJYYEHHUs XOPOUIUX CIIE0B. 30H-
Il anuHoM 60see 0,3 M pu BBEJCHUH B MOY-
BY MOTYT CHJIbHO U3TH0AThCs, OTKIOHSSCH OT
BEPTUKAIIU, TIPH 3TOM BHEJIPEHHUE MX Ha OOJIb-
Iyro IyOuHy TpeOyIOT NpHMEHEHHs OO0b-
X (PU3NYECKUX YCHIINH.

Pabomas ¢ kopomxumu 30noamu (3a uc-
KITFOUYEHUEM CaMbIX TBEPHBIX MOYB), UCCIIEI0-
BaTelb, OTPY’Kas UX B MOYBY BPYUHYIO, IIPO-
BOJUT HEOOXOAMMBIE U3MEPEHUS U MEePEXOAUT
K cienyoomeMy ydactky. [lomyuuB Gombinoe
KOJIMUECTBO PE3Yy/IbTAaTOB, UCCIIEIOBATENb MO-
JKET OBICTPO OIIEHUTh M3MEHYMBOCTH BIIAXKHO-
CTH TIOYBBI Ha wHccienyemMoMm ydactke. [lpu
WCIIOJIb30BaHUU OOJiee NJTMHHBIX 30HI0B (110 1
M), Yalle BCEro C MOMOIIbIO CHEIHaTbHBIX
TEXHOJIOTHYECKUX YCTPOMCTB, TPUXOJIUTCA
MOATOTaBIMBATh I HUX CKBaxuHy. [locne
YCTAaHOBKM JUIMHHBIX 30HJIOB CKBa)XMHa 3a-
MOJIHSIETCSl TIOYBOM W YIUIOTHSIETCS (TIPUTOII-
ThIBaeTcs), 4YTOOBI U30eXaTh 00pazoBaHUs
BO3JIYIIHBIX TIPOMEXYTKOB MEXIYy TOYBOH M
IIOBEPXHOCTBIO CTEpkHEW. MHorna, mocie To-
ro Kak 0oJyiee JJIMHHBIC 30HIbl YCTAHOBJICHBI U
C MX TIOMOIIBIO MPOBEIEHBI HEOOXOTUMBIC U3-
MEepeHUsl, 30Hbl HE M3BJIEKAIOT, OCTABISAS UX
Ha MECTE€ JJisi MOBTOPHBIX M3MEPEHUM € ycTa-
HOBJICHHBIMH Ha KOAKCHAJIbHOM pa3zbEMe KOJl-
naukamu [5].
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Ecnu  30m0bl  08yxcmepoicnesvie,  TO
HE0OXOIMMO HCTONK30BaTh OayH (puc. §),
KOTOPBINA SIBJSICTCSI COTJIACYIOIIMM TpaHCchop-
MaToOpOM UMIIeaHCca (COMPOTUBIICHHS) MEXKTY
TDR TectepoMm u 30HI0M. OOBICHIETCS 3TO
TE€M, YTO JUIsi OOBSI3KM KOMITOHCHTOB BHYTPH
kabenpHOro TDR Tectepa u Ha BeIXO/AC U3 He-
IO WCIOJB3YeTCs KOAKCUAIBHBIN Kabenb C
XapaKTEPUCTUUCCKUM COTPOTHUBIICHUEM
Z=500m. Tlosromy nus monyuenus «cOa-

JAHCUPOBAHHON JIMHUM» MEXAy KaOeJbHbIM
TECTEPOM U 30HJIOM KOAaKCHaIbHbIM Kabenb
TDR Tecrepa moakiI04arOT K 0amyHy U yepes
HEro, UCIOJIb3ysl SKPAHUPOBAHHBIN TEIIEBU3H-
OHHBIN Kabenp Z =1850m, noaxirouarores K

30H1Y [5].

o
waden- L /
o

eciep

] Koakomaannsi

Inpan wabean S0 On

T ensmanonnen
wabean
185 O

{ AN poasas
napa
wona)

) Mevsa

Pucynok 8 — OCHOBHbIE KOMIIOHEHTBI, IPUMEHSIEMbIE
JUTSL OTIpEZIeNICHUsT BIaKHOCTH TouBbI T DR MeTomom ¢
MOMOIIBIO IBYXCTEpskHEBOTO 30Haa [10]

Figure 8 - Main components used to determine soil
moisture TDR by two-rod probe [10]

Ecnu ucnonwvzytomess mpéxcmepoicresnie
30HOblL, TO, Omarogaps TOMY, YTO OHH CaMoO-
CTOSATEIIFHO MOJICIUPYIOT KOAKCHATBHYIO JIH-
HUIO, OTHaJaeT HEOOXOJWMOCTh NMPUMEHEHUS
Oanyna [5].

Uro kacaercsi OnmpeeeHus COIepKaHus
BJIaTH B MOYBE, TO OHO OCHOBAHO HA YHUKAIb-
HBIX CBOMCTBaxX MOJIEKYJIbI BOABL Jleno B TOM,

9TO JUAJIEKTPUYECKasl MPOHHUIIAEMOCTh BOJIBI
npu 20°C, paBHa npubausutensHo 80,4, B TO
BpeMsi KakK OOJIBIIMHCTBO CYXUX TBEPIBIX
KOMIIOHCHTOB TIOYBBI HMEIOT JIUAJICKTpHYE-
CKHE TIOCTOSIHHBIC B JMarna3oHe 2 — 7, a 'y BO3-
JyXa TUAJIEKTpUYecKas MMOCTOsSTHHAs (paKkTude-

=1,00059) [5]. YuuTtsiBas

Takoe OOJIBIIIOC OTIUYHE MCKAY IOoKa3aTejid-

cku pasna 1 (&

6030.

MU JTUIJICKTPUICCKON TPOHUIIAEMOCTH BOJIBI,
CyXHX KOMIIOHEHTOB IIOYBHI M BO3/yXa, CTa-
HOBHTCS SICHBIM, 4YTO JHMAJICKTPUYECKasi MPO-
HUIIAEMOCTh TIOYBBI SIBIISICTCS BECbMa XOpO-
[IMM TTOKa3aTeNIeM Il U3MEPEHUS 00bEMHOTO
COJICpKaHHUs BOJIbI B TIOYBE.

Crnemyer OTMETHTH, YTO IOYBA, PACIIO-
JIOKEHHAsI MKy CTePKHSIMH 30HAa U BOKPYT
HUX, SBIIICTCS JTUDJICKTPUKOM, OKPYKAIOIIUM
JUHUIO DJIEKTporiepeaaun (CTepKHU 30HA),
T. €. (haKTHUYECKH SIBJSIETCS BOJHOBOAOM [3].
HMeHHO 3TOT (aKT U MO3BOJSET MPUMEHUTH
KaOeNbHBIA TecTep A BBIYUCICHUS OOBEM-
HOM TMANIEKTPUYECKON MPOHUIIAEMOCTH TTOYUBHI
(TepMUHBI JTHIJICKTPUUYECKAsl TIOCTOSIHHAS U
JUDJICKTPUYECKasl TPOHHUIIAEMOCTh SBIISIOTCS
CHHOHUMAaMHU ).

YuurtsiBass HM3I0KEHHOE, I pean3a-
[IUU U3MEPUTETHHOTO TMpoliecca Mo Ompeserne-
HUIO BJIAXHOCTHU TOYBBI C MOMOIIBI0 pediek-
TOMETPUU BO BpPEMEHHOW 00IACTH, TMOAKIIIO-
qaroT TDR Monaynb K 30HAY, PacroioXKeHHO-
My B IIOYBE, IMPU 3TOM TEHEPATOp CTYyICHYA-
THIX UMITYJIbCOB 3aITyCKAET 10 KOAKCHAILHOMY
kabemto HemocpeactseHHO B TDR 301 DM
BOJIHBI B nana3zone yactot 1My —11Ty [5].
Kak TOmpbKO A3TOT CUTHan JOCTUTAaeT Hayala
30H]IA,
MeXy KaberneMm M MOYBEHHBIM 30HJOM 4YacTh

n3-3a HCCOOTBCTCTBUA HMIICAAHCA

CHUTHAaJa, OTpaXkasich, BO3BPALIAETCsl 0OpaTHO B
TDR yctpoiictBo. OcTaBmascs 4acTb CUTHAJIA
JOXOIUT 10 KOHLA 30HJA, IOCIIE Yero MPOUC-
XOJUT €IlE OHO OTPAKEHUE CUTHAJA. OTH J1Ba
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OTpaKEHHsI IPUBOJAAT K JIBYM pa3pbIBaM B pe-
3yJIBTUPYIOIIEM CHUTHAJE, KOTOpble OOHapy-
KHUBAIOTCS COMIUIEPOM U OTOOpakaloTcsl Ha
nucriiee pedriekToMerpa U, Mpu HeoOX0IMMOo-
ctu, Ha fkpane I[IK. Pa3numa Bo BpeMeHH
MEXy 9TUMU JIBYMS pa3pbIBaMU MpPECTaBIIfA-
eT coboi Bpems t, KOTOpoe HEOOXOJUMO HM-
MyJAbCY ISl TMIPOXOXKJEHUS MYTH B JIBa pasza
IpEBHILAIONIEMY UIMHY 30HAa |, pacmoso-
KEHHOI'0 B IOYBE. 3JieCh HEOOXOAUMO OTMe-
TUTh, YTO JOJII HMMITYJbCa, paccenBaeMas B
MOYBE, CBs3aHa C €€ ANEKTPONPOBOJAHOCTHIO, a
BpeMsI IIPOXOXKACHUS MMITYJIbCa BJIOJIb 30H[A
3aBHCHT OT COJEpIKaHMsI BIIark B IOYBE.

Ha ocHoBanum aHanu3a BpeMeHU MpoO-
XokAeHuss DM BOIHBI BIONb BCEHl JIMHBI
30H/1a MOXHO PaccuuTaTb 0OBEMHYIO OTHOCH-
TEJNBHYIO JIUAJIEKTPHUYECKYIO TPOHUIIAEMOCTh
IIOYBBl &, MO pe3yJabTaTaM KOTOPOW ompene-

JINTh 00BEMHOE COJCPIKaHUC B Hel BlIaru 0.

potantial (mV) —=

tome (i) —

Pucynok 9 — Cnex dopmer DM BousHbl ¢ 3kpana TDR
TecTepa C KacaTeabHbIMU K KPHUBOM, IOCTPOCHHOMN IJIs
OIIpEAC/ICHUA pPAaCCTOAHUA, HpOﬁI[eHHOFO UMITYyJIbCaMH,
HUCXOAAIIMMU OT I'€HepaTopa u OTpa)KéHHI)IMI/I, B TOM
YHCIIE U OT MOYBBI, B KOTOPYIO BHEAPEH 30H] [2]

Figure 9 - Trace of the EM wave shape from the tester
TDR screen with tangents to the curve built to deter-
mine the distance traveled by pulses emanating from the
generator and reflected, including from the soil into
which the probe is embedded [2]

Jlis BBIIOJTHEHUS HEOOXOUMBIX pacyé-
TOB ClE€yeT UMETb MH(POPMALHUIO, MOJIyYeH-
HyI0 B mporecce nposeaeHuss TDR wusmepe-
HUSl, COCTOSILIYIO M3 BBIXOJHOW KpHUBOH (cien

¢dopmsr DM BonHbl TDR), nzobpaxéHHoil Ha
skpane ociuiorpadga TDR tecrepa umu T1K.
Cnen popmber DM BosHEI (puc. 9) MOXKET OBITh
MIPOAHAIM3UPOBAH HETIOCPEICTBEHHO C DKpaHa
TDR Tecrepa, wiam ¢ pacneyaTaHHOTO M CO-
XPaHEHHOTO JUIsl MOCIEAYIOUIEro aHaiu3a J0-
KyMEHTa, WJIA C HUCIOJIb30BaHUEM COOTBET-
cTByMOIIEH wHpopMmanuu, xpausmeiics B 1K
[1]. Touku oOTpakeHHsS ONPEACISIOTCS C
IIOMOUIbIO KacaTeJbHBIX, NPOPUCOBAHHBIX K
KpuBoil (puc. 9), B T. 4. B Touke 1 — B Touke
nepeceyeHnsl KacaTelbHBIX K KPHUBOW ¢
TOPU30HTANILHOM JIMHUEH, XapaKTepHu3yrolleh
MaKCHMaJbHOE OTPaXEHHE; B TOUKE 2 — B TOU-
Ke reperuba KpHBOM, CIEAyIOIIeH 3a MaKCH-
MyMOM; B TOYKE 3 — B TOUKE NIEPECEUEHUS I'O-
PU30HTAJIBHOM JIMHUM C TOYKOM OTpa)KE€HUs
MUHUMYyMa; B TOuke 4 — B TOYKEe Ieperuda
KpHBOH, cienyromieit nocie muaumyma. [lepe-
ceueHue Touek 1 U 2 uaeHTUGHUIUpYeT oTpa-
JKEHHUe, IpoUcXojsdulee nepen BxogoM OM
BOJIHBI B 30H]] (HayaJbHOE OTpa’KeHHE), a Iie-
pecedeHre B TOUKax 3 M 4 uAeHTUUIUPYET
OTpaXeHHE BOJIHBI OT KOHIIA 30H/Ja (KOHEYHOE
oTtpaxkeHue). Paccrossnue mexay Toukamu 1 u
4 ompenensieTcs MO IMIKajie, N300pakEHHON Ha
skpane ocimutorpada TDR-tectepa.

Jis  Kaxaoro M3MepeHus KaOesbHBbIH
tecrep TDR 1502B unul1502C moxHO «0OHY-
JUTH» MpPU BU3YAJIH3AlMM HAYaJIbHOTO OTpa-
JKEHUS, TPOMUCIIEIIIEro Iepen BxoaoM OM
BOJIHBI B 30HJ, IOCJE YETO MEPEMECTUTH LIH-
depbiaT B MOJIOKEHUE, KOT/Ia BOJIHA OTPA3UT-
cs OT KOHIAa 30HJa, YTO OOECHEeuuT MNpsSIMOe
CUMTBIBAHUE C HKpaHa ocuuiuiorpaga paccro-
STHUS, IPOMJEHHOTO UMITYJIbCOM.

Ha oroOpakeHue curuaiga Takxe BIUSET
HAcTpolKa Ha KaOeIbHOM TecTepe MmapamMmeTpa

V,, YCTaHaBIMBa€MOTO Ha TpPUOOpE mepen

HAyaJoM MpOBENEHUs u3Mepenud (V, - mo-

CTOSIHHAsl CKOPOCTH PaCIpOCTPaHEHHS WM-
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myJbca, 3aBUCSIIAS OT TUMA KaOems, UCTIONb-
3yeMOoro B IpOLIECCE MPOBEICHUS U3MEPEHUS;
V, BBIOMPAETCS ONEPATOPOM U3 MEPEUHS, YKa-

3aHHOTO Ha MaHeNu KabenbHoro Tectepa). s
S00m xabeneit V,=0,66. D10 3Ha4YeHHE

JIOJDKHO OBITh BKJIFOUEHO B (hopMyiTy Tpu pac-
YeTe BpPEMEHH mpodera HMMITYJIbCOM 3a BECh
MyTh, CYUTAHHBIA C SKpaHa ocmmuiorpada.
Jlnst ompenesieHus] JTUAJICKTPHUSCKOW TPOHH-
[[ACMOCTH BBITIOJHSIOT ONpEICICHHbBIC pacué-
oI [1].
Bpewmst B myTu paccuutbiBaetcs 1o ¢op-
MyJIe:
t= =
Vp .C (4)

3nech t - Bpems mpoGera DM BOJIHBI 32 BECh
nyts ($); L- paccrosmue, npoiineHHoe M-
MyJbCOM, CUMTAHHOE C JKpaHa KaOelIbHOIo
Tectepa (m); V- MOCTOSHHAs CKOPOCTH pac-

MIPOCTPAHEHUS UMITYJIbCa, 3aBHUCSIIAs OT THIIA
Ka0esi, UCIOJIb3yeMOro B MPOILECCE MPOBEJIE-
HUSl W3MEpEeHUs, BBIOMpPAETCs ONepaTopoM U3
MepeyHs, YKa3aHHOIO0 Ha MaHelu KaOelbHOIo
TecTepa; ¢ - CKOpPOCTh CBeTa B CBOOOIHOM

8
npoctpanctse (¢ =3-10° u/c).
CKOpOCTh paclpoOCTPaHEHHUSI MMITYJIbCa
BBIYHUCIISIETCS IO (hopmyIie:

V.= ©)

3]1eCh Vs- CKOpPOCTb pacClIpOCTPAHEHUSI HM-
IyJibca (M/ c); Lp- JUIMHA CTEPKHEN 30H]A,

BBEJICHHOTO B MOYBY ().
JusnexTpuyeckas MpOHUIIAEMOCTh pac-

CUHTBIBAETCS 1O (hopmyIie:

A
oty (6)

S

NI

2

ct n!
I nitnery (")
L, ) ri(n—r)!
Kak otrmeueno B pabGore [1], mns
OPUTHHAIEHOTO Ka0eIpHOTrO TecTepa

Tektronix 1502 ne Obu1 IpeaycMoTpeH V, 1ist

orneparopa B KayeCTBE OIIMHU, U IO3TOMY IIPU
IIPOBEICHUM PACYETOB HCCIENOBATENIN IIPU-
uumanu V, =1. B sroil e paboTe 0TMEUEHO,

9yro aBTOpaMu padoThl [9] mns ompeneneHus

2
ct
& Obuta mpuMeHeHa Gopmya: ¢ = TR at

p

3aaéTcd  Kak B coorBeTcTBHHM C

2L,
T
v

pC

PEKOMEHIAMAMHY, H3JIOKEHHBIMH B paboTe
[10], B ciyuae, korma V, = 0,66, pacuer noi-

KCH 6I)ITI) BBIITOJIHCH, KaK IMpeajiarajJloCb BbI-
e, ¢ ucronp3oBanueM L, aue 2L .

B 1980 romy, ucciemys ueTblpe THIa
MUHEPAIbHBIX T0YB C Pa3IMYHON TEKCTYpOH,
OT TECYaHOro CyIJIMHKAa 0 TIHHBI (Tadi. 1),
G. Topp - J. Davis - A. Annan [11] mpen-
MOJIOKUITH, YTO JAJisi OOJBIIOr0 KOJMYECTBa
pa3HOOOpa3HBIX MOYB U TMOYB MOAOOHBIX Ma-
TEpPHAJIOB CYIIECTBYET YHUKaIbHAas CBA3b
MEXY KaKYIIEHCS OTHOCHTENBHOM JIHMAJIEK-
TPUUYECKON TPOHHUIIAEMOCTHIO & M 00BEMHBIM
cozepkanueM Boabl 6, «<komopas ne 3aéucum
Om Muna noyevl, NIOMHOCMU NOYGbL, MeMNne-
pPamypuvl ROUBbL U COOEPIHCAHUS PACMBOPUMOLL
conuy.

Ha ocHoBaHUM MPOBEAEHHBIX YKCIIEPH-
meHToB G. Topp B coaBTopcTBe [11] mpemio-
KHUJI SMITMPUYECKOe KaMOpPOBOYHOE ypaBHe-
HUE, BBIpAXAIoIee 3aBUCUMOCTh MEXKIY M-
DIIEKTPUUYECKON TPOHHUIIAEMOCTRIO & W 00b-
EMHBIM COJIEp)KaHuEM BOjbl 0, KoTopoe, 1Mo
UX MHEHUIO, MOXET OBITh MPHUMEHEHO IS
OOJIBIITHCTBA THUITOB ITOYB:
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Ta6amua 1 — Tun mouBsl, TPaHYJIOMETPUUYECKUI COCTAaB M MPOLEHTHOE CO/AEP)KaHUE OPraHMYECKOro Ma-
Tepraa B YeThIpEX MUHEPATIBHEBIX T0YBax, ucciaenoBanusix G. Topp B coaBTopeTBe [11]
Table 1 - Soil type, grain size distribution and percentage of organic material in four mineral soils, co-

authored by G. Topp [11]

Soil type, depth in | Percentage of | Percentage of | Percentage of | Percentage of
centimeters clay, silt, sand, organicmaterial | Textural class
<0.002 mm |0.002-0.05 mm | 0.05-2.0 mm

Rubicon (0-20 cm) 9 26 65 3 sandy loam
Bainsville (0-20 34 36 30 6 clay loam
cm)

Bainsville (40-50 36 42 22 1 clay loam
cm)

Bainsville (90-110 66 31 3 0 heavy clay
cm)

(soil type, depth in centimeters — Tun nouBsl, ry6rHA B ¢M; percentage of clay — mpoleHTHOE cofepiKaHKe TITHHBI,
percentage of silt — nponeHTHOE coneprkanue mia; percentage of sand — MpoLEHTHOE COZlePIKAHUE NIECKa; percentage
of organic material — mpoueHTHOE comepKaHKUe OPraHUYECKOro MaTepuaia; textural class - TekctypHblit Kinace; sandy
loam — cymecs; clay loam — cyrnunok; heavy clay — Tsbkénast riuHa)

£=3,03+9,30+1460° -76,76°
WITH
0=-53107+2,92-10°£-5,5-10" % +
s (8)

+4,3-10"¢

31ecs HEOOXOOUMO OTMETUTL, UTO aHa-
JU3 DMIIUPUYECKOTO KAITHOPOBOYHOTO YpaB-
HeHus (5), BBHIOTHEHHBIA APYTUMHU HCCIEN0-
BaTEIsIMU, MOKA3aJl KaK MOJIOXKUTEIbHBIE [12],
Tak U orpuuarensHele [13] pesynbrarsl, cBU-
JIeTeNbCTBYIOIME O TOM, YTO HE Ui BCEX TH-
MOB TIOYB MOXET OBITh HCIOJIB30BAaHO OTO
YpaBHEHHE.

Agstopsl paboTsl [13] ormeuanu: «Harira
IeJIb COCTOsIa B TOM, YTOOBI IOIYYUTH €IH-
HYI0 3aBHCHMOCTH, MPUTOAHYIO ISl KaiauO-
POBKH, BKIIOYAIOIIYIO TOJILKO CBOMCTBa MOY-
BBl UJIU TapaMeTphl, KOTOPbIE OOIIEU3BECTHHI
WM MOTYT OBITH JIETKO OIEHEHBI C JJOCTATOY-
HOW TOYHOCTBIO. boslee paHHUE MONBITKH MO-
JeaMpoBaHus cooTHoIeHus &£(6) mpemmnona-
rajld HATMYUE YeTHIPEXKOMITOHEHTHBIX CHCTEM
TBepaoil (pa3wl, BO3MyXa, CBOOOAHOW BOABI U
CBSI3aHHOHM BOJIbl, B KOTOPBIX CBSI3aHHAs BOJA
MMeEEeT MEHbBIIee 3HAYCHHE &, YeM CBOOOHAs

BOJIa M3-3a €€ OJU30CTU K aKTHBHBIM KOJUJIO-
UJHBIM [TOBEPXHOCTSAM.

Jis mogoOHBIX Mofeneil cMeluBaHMs
UMEIOTCS JIBa OCHOBHBIX MOAXO0Ja. TeOpeTH-
yeckasa (Maxwell De Loor) m smnupmu-
yecKkasi MOJAeJIN CMEIIMBAHMUS ISl YETHIPEX
KOMITOHEHTOB: TBepaod ¢a3bl (S ), TUIOTHO
CBsi3aHHOW Bojbl (DW), cBOOOMHOI BOABI M
BO3/yXa.

1. Teoperuyeckas Mojedb, OCHOBaH-

Has Ha ypaBHeHMH Maxwell De Loor omnucel-
BaeT OJHOPOJHYIO CMECh OIHOTO WM He-
CKOJIBKUX BEIIECTB CIy4YalHO pacrpesesieH-
HBIX B cpene ¢ pasnuuHoit € [14, 15]. OcHoB-
HOE ypaBHEHHUE dTOW MOJEIH OBLIO Teperuca-
Ho M.C. Dobson B coaBTopctBe [16] mmst ye-
THIPEXKOMIIOHEHTHOW CHCTEMBI C TUIACTHHYA-
THIMH YaCTHIIAMHM [TOYBHI B KAYECTBE OCHOBHOM
Cpenbl. DTO ypaBHEHHE UMEET BU/:
e 36, +2(0-6,,)(e,, —&.)+26,,(6, — ) +20-0)(e, -¢,) )
3+(0-0,,)(e,/en ~D + 6, (8, / 60 ~D +($-0)(e, /e, D)
37IeCh ¢ - MOPUCTOCTh, a MHIEKCH bw, fw, a

A S, COOTBETCTBEHHO, OTHOCSTCS K CBSI3aHHOM
BOJIE, CBOOOJTHOU BOJE, BO3MYyXYy W TBEPIOH
dbaze.
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2. _DMnupuyecKasi Mojelb, PeIo-
xennas J.R. Birchak B coaBTopctse [17], nume-

€T BU/:
£ =(1-¢) e +(p—0) - +(0-6,,) &5, +6,, -, (10)

B 3TOM ypaBHEHHH mapamMeTp MOATOHKU
KpUBOW (f MOXXHO HUHTEPIPETHPOBATH KaK
Mepy TEOMETPHUH Cpellbl MO OTHOIICHUIO K
MIPUJIOKEHHOMY d3JIEKTpHUecKoMy moito. s
IBYX(a3HBIX CHCTEM (DJIEKTPUYECKOE II0JIe
MapajieIbHO CIOMCTOMY CIIOIO TIOYBBI, JJIEK-
TPUYECKOE M0JIe MEePHEHAUKYISPHO CIOUCTO-
My cioro moussl), K. Roth B coaBropctse [18]
MOKa3aJiv, 4YTO 3HAYeHUE « HAXOJAUTCS B TUa-
nazoHe —l<a <+1. Ilpenmonaras Tpéxdas-
HYI0 cucTeMy (0e3 CBA3aHHOW BOJBI) JUIS pa3-
JUYHBIX MOYB, 3TU aBTOPHI YCTAHOBWJIU CPE-
Hee 3HadyeHue st o , paBHoe « =0,50. Jlns
yeTeipéxdasubix cucrem M.C. Dobson B coas-
TopcTBe [16] ycTaHOBWJIM, YTO CpelHEee 3Ha-
yenne o =0,65.

Amnanu3 smrupuyeckord  Mojenu (ypas-
Henne (10)), mpoBenéuubIii aBTopamu [13],
MoKa3aJl, 4To, MOCKOJbKY 3HAaueHUE HE W3-
BECTHO U JIOJDKHO OBITH 1MOA0OpaHO, MOJIENb
HE WMEeT TPEUMYIIECTB Tepel MOAEIbIO
Maxwell De Loor u moatomy He paccmarpu-
BAETCH.

Uro KacaeTcs TEOpeTHUECKOW Mojenu,
ocHOBaHHOM Ha ypaBHeHuu Maxwell De Loor,
TO HEOOXOJMMO OTMETHTb, YTO TEOPETHIECKas
Mozenb (9) comepKHUT TOIBKO (hU3HUECKUE TMa-
pameTphl, 0e3 TOMOTHHUTEIBHBIX MapaMeTPOB
MOJITOHKH.

JIJIs  TIOATBEPKICHUS CBOUX BBIBOJIOB
HCCIIeIOBATENsIMU OBUIO BBHIMOJIHEHO CpaBHE-
HUE KaIMOpOBOYHOTO ypaBHeHUs (8) ¢ Teope-
trueckoi Mmozenpio Maxwell De Loor (9).

C »oroil menwsio aBTropamu [13] Obuta
npojesana cieayomias padora.

JvdnekTpudeckas NPOHHUIIAEMOCTh CO-
JIepKaHusl BOJBI M3MEPSUIaCh TPaBHUMETpUYC-
ckuM 1 TDR Meromamu Ha ynakoOBaHHBIX KO-
nonkax mus 11 tumos mous. C. Dirksen u S.
Dasberg [13] coobranu: «...B mHameii ma6o-
paropuu OBLIM JOCTYIHBI YETHIpE TOJUIAH]I-
ckue mouBsl: Jlecc Groesbeek (Tunuunsiii
Hapludalf),
Wichmond (Tunuunsiii Haplaquent), Peunoit

JloHHass  cymecb  JIOJMHBI
wincThiil cyrnmuHok Munnikenland (Tunmu-
el Haplaquept) u mopckas unucras rivHa
Y-Polder (Tummunsiii Haplaquept). Yertsipe
IJIMHUCTBIE MOYBBI HAMM OBLIM IOJIy4EHBI OT
MexayHapoHOro CHpaBO4YHO-UH(OPMAIMOH-
Horo neHtpa noussl (ISRIC) B Wageningen: A
u B ropusoHTBl bpa3uibCKMX TI'yMHHOBBIX
Ferralsol (Tunuunsiii Acrortox), dpaHiry3ckas
CpenuzemMHoMOpcKasi kpacHas nousa (Tununu-
Helil Rhodoxeralf) u kenniickuii pellic Vertisol
(Tunnunsiii Pellustert).

Tpu YUCTBIX TTTMHUCTBIX MUHEpana Obl-
JU TOJy4eHbl OT Kadeapbl MOYBOBEIEHUS U
IIATaHNUs pacTeHUN BareHWHreHckoro cenb-
CKOXO3SIICTBEHHOTO yHHBEpCHUTeTa: bentonite
(smectite, from Osage, WY), illite (Grundite
Co.) u attapulgite (MCTOUHHUK HEU3BECTEH).
Attapulgite, Taxoke Ha3pIBaeMbIid palygor skite,
IpeJICTaBIsieT coOON TJIMHUCTBIA MHHEpall ¢
BBICOKOM BOJIOTIOTJIONIAIOIIEH CIIOCOOHOCTBIO,
pElKO BCTPEYAIOLIUIICS B MOYBAX C BOJIOKHU-
cToil Mopdooruei».

N3amepennsie C. Dirksen u S. Dasberg B
npolecce MPOBEACHUS HCCIEI0BaHUNA Mapa-
METpBl TIOYB U OOBEMHAs JI0JII MOHOMOJIEKY-
JSIPHOTO CJIOSI TIPOYHO CBSI3aHHOM BOBI MPH-
BeJNIeHBI B Ta0muIeE 2.

B uncne uccnenoBaHHBIX paccMaTpuBa-

JINCH MTOYBHI OT Jiécca J0 YUCTOI'O OCHTOHUTA.
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TaﬁJmua 2 - MSMepeHHLIe napaMeTphbl IOYB U o0beMHas J0JI1 MOHOMOJICKYJIAPHOT'O CJI0OA IMIPOYHO CBSI3aHHOM

BojbI [13]

Table 2 - Measured soil parameters and volume fraction of monomolecular layer of strongly bound water [13]

Soil or pure Bulk density +|Specific surface |[Bound water ** | Hygrosco-pic | Wilting point §
mineral (p,) g-cm? (S) m2-g (Oow) water cm?-cm™
Groesbeek 1,49 25 0,011 0,017 0,077
Wichmond 1,36 41 0,017 0,022 0,120
Ferralsol-A 1,14 61 0,021 0,025 0,260
Ferralsol-B 1,13 61 0,021 0,028 0,245
Munniken-land |1,13 79 0,027 0,035 0,177
Mediter-ranean |1,38 93 0,039 0,043 0,185
Y-Polder 1,08 107 0,035 0,040 0,200
Ilite 1,30 147 0,057 0,050 0,290
Attapulgite 0,55 270 0,045 0,039 0,320
Vertisol 0,92 428 0,118 0,118 0,375
Bentonite 0,94 665 0,187 0,114 -

+ cpelHee KOJIMYEeCTBO IWIMHIPUYECKUX COCYIOB (HACAA0YHBIX KOJOHOK); ** MOHOMOJEKYJISIPHBIN CIIOH,
6, =0-p,-S; § ycunne nprwxkuMHO# miactunsl, 1,5 MITa. (soil or pure mineral — no4sa nim yucThIi MUHEpa,

bulk density — o6bpémuas mtoTHOCTB; specific surface — yaenpHas MOBepXHOCTH; bound water — cBsi3aHHas BOJIA;
hygroscopic water — rurpockomnudeckas Bojaa; wilting point — Touka yBsiianusi).

Ta6auna 3 — CocraB 0YB, HCIOIB30BaHHEIX B JAHHOM HCCleaoBanuu [13]

Table 3 - Composition of soils used in this study [13]

Soil Clay Silt Sand Organic matter |Clay minerals
Groesbeek 10 70 20 0,95

Wichmond 14 31 55 4,3 smectite vermiculite
Ferralsol-A 63 26 11 0 gibbsite + kaolinite
Ferralsol-B 57 33 10 0 gibbsite + kaolinite
Munniken-land 40 56 3 50 illite + kaolinite
Mediterra-nean 40 34 27 0,4 illite + kaolinite
Y-Polder 45 42 13 4.6 illite + kaolinite
Vertisol 86 10 4 1,4 smectite

(soil - mouBa; clay — rimna; silt — wr; sand — mecok; organic matter —opranudeckoe BeliecTBo; clay minerals riauHu-

CTBIC MI/IHCpaJ'ILI)

I/I3MCpCHHBIe YACIBHBIC TTOBCPXHOCTH
(S) HCCICOOBAHHBIX THIIOB IIOYB COCTAaBJIAIN

OT 2500 665m°/2, a HachllHAs IUIOTHOCTh

p, - or 0,55001,492/ca’ .

21.]'[5{ CIOPABKH:

- nécc (aem. ldss) - ocamounast ropHasi IOpoa,
HECJIONCTAas, OIHOPOIHAS
CYTJIMHHUCTO-CyTIeCUaHasl,

H3BECTKOBUCTAS,
HMEET  CBETJIO-
JKEITHIN UIIN TTaJICBLIN IIBET;

- OCHTOHUT HAa3BaH MO MECTOPOXKACHUIO beH-

ToH, (CILIA) — npupOoAHbIA TTMHUCTBIM MUHE-

pai, TUAPOATIOMOCHIIMKAT, OOJIaZjaeT CBOMi-
CTBOM pa30yxarh mnpHu rujaparanuu B 14-16
pa3. BeHTOHUT sBiseTCS OMOJOTHMYECKH aK-
TUBHBIM BEIIECTBOM.

ConeprxaHue TIHMHBI, WA, TIeCKa U opra-
HUYECKOTO MaTepuaia, a TaK)Ke OCHOBHBIC TH-
OBl TIIMHUCTBIX MaTepHajioB, OIpeIeIEHHBIC
METOZIOM PEHTI'€HOBCKOW Nu(ppaKkiuu, MpUBe-
JIeHbl B Ta0uIe 3.

Bce u3mepeHHs] MOBTOPSUIUCH JIBAXK/IBI.
BoznymHo-cyxoil mOUBEHHBIN MaTepuan (Ipu
HEOOXOAMMOCTH TPEBAPUTENBHO IPOCESH-
HBII CKBO3b CHUTO C SIMEMKaMU 110 2 MM) IIO-
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ATAMHO JOBOJMUJICS JI0 KEeJIaeMOM BIIAXKHOCTH C
MTOMOIIBIO0 YCTPOMCTBA, BKJIFOYAOIIETO B ceOs
pacnbuaTens BoAbl. Kaxaplii pa3 nocie Tia-
TEJIBHOIO NEPEMEIIMBAHUS IIOYBbl U BOJBI,
IIpU TIOJYYEHHM CMECH C ONpeneséHHON
BJI&KHOCTBIO, J[BAa MPEABAPUTEIILHO B3BEILICH-
HBIX AKPWIOBBIX IIWJIMHJIPUYECKUX COCYJa
(mmametp cocyaa - 50 MM, BbicoTa 125 mMMm)
YIAKOBBIBAJIUCH 70 HACHIITHOM TJIOTHOCTH Ta-
KHM 00pa3oM, 94TOOBI B KQXKJIOM U3 HHUX I10YBA,
10 BO3MOKHOCTH, pacroJjaraiach paBHOMEPHO
pacrnpenenéHHoil mo BceMy 00BEMY. 3arem
MOITOTOBJICHHBIE 00Pa3llbl B3BEUINBAIM U BBI-
YHCIISIM COOTHOIIIEHHUE MacChl MOYBBI K 00be-
My.

Ha cnenyromem srtane, ucnoas3ys NoA-
TOTOBJICHHBIC 00pa3Ibl, MPOBOAMIN H3MEpe-
Husa BiaaxkHoctu mouB TDR merogom. TDR
W3MEPEHHS BBINOJHUINCh C TOMOIIBIO Ka-
o6enpHOoro Tectepa TDR (Momens1502B) c
MEepPBUYHBIM JHana3oHoM 4YactoT oT 10 MTy

no 17Ty . Jna Bcex M3MEPEHHMH BIIAXHOCTH

[IOYB MCIOJIB30BAICA OJUH U TOT K€ TPEX-
cTep>kHeBoM 30HA (muHA — 100 MM, TuameTp
CTEpXKHEN — 2 MM, pPacCTOSIHUE MEX]Y CTEpK-
HAMU — 10 MM), HanpsAMyI0 MOJKITIOYEHHBIN K
KaOelbHOMY TeCTepy IOCPEICTBOM KOAKCHU-
aJlbHOrO Kabenst JuMHON 3,5 M, ¢ XapakTepu-
ctuueckuM comnportusienuem 50 Owm. Popma
CUTHAaJa, MOJy4YeHHas B IIPOLecce IPOBEACHUS
M3MEPEHUH ¢ MOMOIIBI0 KabeIbHOIro TecTepa,
nepeaaBanach U coxpansuiach Ha IBM, coBme-
ctumoM c [1K a1t mocnenyromniero u3BjieuyeHus
U aHajgu3a B COOTBETCTBHUHM C IPOTrpaMMOM
[19]. TTocne Bemoanenusix TDR usmepenuit
TPYHT YAQISUIM U3 aKpUJIOBBIX LMJIMHIpPHYE-
CKUX COCYZIOB, OTOMpasi IpU 3TOM NPOOBI ISt
I'PaBUMETPUUYECKOTO OINPEACIEHUs COJepKa-
HUS B HUX BOJBI, IO pe3ylbTaTaM KOTOPBIX
paccUuThIBaIM OOBEMHOE COJEpIKaHUE BOJIBI
0, Ha OCHOBE CpeJIHEH HACBHITHON IJIOTHOCTH

YIIaKOBAaHHBIX LMWIMHIPOB L, . DTH U3MEPEHUS

NOBTOpsJIUCH 8-12 pa3 misl KaxJ0l IMOYBBHI,
YTO TO3BOJISUIO U3MEPHUTHh § C TOYHOCTBIO OT

0,02 10 0,03 cn e

3akiro4enue

[IpoBenéHHble B TpoLEecCEe HCCIIEA0Ba-
HUI M3MEPEHUs MOKA3aIM, YTO SMIIMPHUYECKOE
KanuOpoBouHOe ypaBHeHHE (8), BBHIBEICHHOE
G. Topp B COaBTOPCTBE, OKa3aJlOCh TOYHBIM
TOJIBKO JJISl YETHIPEX THIIOB MOYB, Y KOTOPBIX
P, >1302/cx’®, BKIOYas MIIMT (S =147.%/2).

Yro kacaercs mo4B, Y KOTOPHIX p, <1,30 ofem®,

TO JJIi HUX CIIPAaBEUIMBA TEOPETHUYECKAsT MO-
Jienb, OCHOBaHHas Ha ypaBHenun Maxwell De
Loor, onuceiBaromias 0AHOPOJHYIO CMECh OJI-
HOTO WJIM HECKOJBKHX BEIECTB, pacmpere-
JICHHBIX CIlydallHBIM 00pa3oM B cpeje ¢ pas-
auuHbIMU &, YpaBHenue Maxwell De Loor
(9) mokazano TOYHOCTB /ISl CEMU THIIOB TIOYB,

y KoTopeIX p, <1,302/cw’®, BKIIOWAas arTa-

TyJIBIUT
(p, =0,552/cm®, S =270 1% /2 ), npeanonaras

HAJIMYHUEC MOHOMOJICKYJIAPHOr'O IIJIOTHO CBS-
3aHHOT'O CJI0s BOJbI (TOJ'IHII/IHa CJI0s

0, =0,552/cm®, S =270M% /2, &,=3,2 u

& =5,0). TouHocTh, MmoNmydeHHast U CEMHU

THUIIOB TI0YB ¢ TIOMOIIbl0 ypaBHeHus Maxwell
De Loor (9), oka3anach aHaJIOTHYHON TOYHO-
ctu, nonydeHHoil G. Topp B coaBTOpcTBeE.
KpuBas £(6) s 3THX OYB MMeJa TaKykO Ke

dbopMy, KaKk W IS TOYB, HCCIEIOBaHHBIX G.
Topp B coaBTOpcTBe. OOBSACHIETCS ITO TEM,
YTO OTKJIOHEHHUS OT PE3yJIbTaTOB, MOTYyYEHHBIX
G. Topp B
ypaBHeHus (8), Kak MpaBUIIO, TMPOUCXOMASIT B

COaBTOPCTBC € INOMOIIBIO

OoublIIel CTENEeHN MO MpUYHHE 0ojee HU3KOH

HACBIITHOM IIJIOTHOCTH Py, U, COOTBETCTBEHHO,

Oosiee BbICOKOW O0BEMHOM 10U BO3yXa MpHU
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TOM ke €, CBI3aHHOM C MEIIKOTEKCTYpHUPO-
BBIHHOM IIOYBOM II0 CPAaBHEHUIO C IUIOTHO
CBsI3aHHOW BO/OH ¢ HU3KUM &, . O0a 3tH 3¢h-

(beKTa, a TaK)K€ OYCBHIHOC aHOMAJIbHOC ITOBE-
JCHHUEC, TaKO€ KaK CHHKCHUC 3(1)(1)6KTI/IBHOCTI/I

YyBCTBUTEJbHA K HEIPEACKa3yeMOMY

3HAQUEHHIO @ W HE MOXCET YYHUTHIBATh
aHoMmasbHble 3Ha4YeHus. Kak ormewamn C.
Dirksen u S. Dasherg, npu ucciienoBanuu otT-

JCJIBbHBIX THUIIOB IIOYB MOXCT HOTpe6OBaTBC$I

JMAIEKTPHYECKOH MPOHUIAEMOCTH & ¢ ype- ~ TPOBEJCHHE KaJTUOpOBKM U pEUICHHE O BO3-

MO>XHOCTH  HCIIOJb30BaHHA 3MHI/IpI/I‘IeCKOI>'I

JUYECHUEM &, MOTYT OBITh YYTEHbI YpPaBHEHU-
3aBUCUMOCTH (8) K KOHKPETHOMY THITy TTOYBHI,

em Maxwell De Loor (9), uto menaer ypaBHe-

U KaXIblii HCCIENO0BaTeNIb JOJDKEH Oyner
Hue jyudrre ypaBaeHus (8). 3mech He0OX0 MO

MMPUHHUMATh PCIICHHUEC CaMOCTOATCIIBHO.

OTMCTUTb, YTO OMIIMPHUYCCKad & MOICIIb
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Abstract

The article examines the typomorphic features of native gold in different types of ores of the
described region, which make it possible to address issues directly related to the practice of geological
exploration. So, the established elements-impurities included in the composition of gold make it possible
to use it as additional information when specifying the conditions for the formation of deposits, and the
identification of the internal structure allows the depth of deposition, the stages of ore formation. The
complex use of typomorphic features of native gold makes it possible to evaluate the processing of ores,
which is of great practical importance in the industrial development of deposits.
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Geoloji kasfiyyat islorinin halli ii¢iin sarbast qizihin tipomorf
xiisusiyyatlarinin istifadasi

Q.S. Hiiseynov, I.9. Mammadov
Azarbaycan Doviat Neft va Sanaye Universiteti (Azadlig pr. 20, Baki, AZ 1010, Azarbaycan)

Yazisma iiciin:
Hiiseynov Qamed / e-mail: gamedhuseynovv@mail.ru

Xiilasa

Mogalada geyd edilon regionda miixtalif tip filizlordo sarbast qizilin tipomorf xiisusiyyatlorinin
geoloji kasfiyyat islorinin halli ilo bilavasito slagodar olan masalalarin halli tgiin istifadesinin praktiki
ohomiyyatino baxilir. Sorbast qizilin daxilindos méveud olan element-qarisiglar yataqglarin amologalma
soraitinin dagiglosdirilmasi zaman1 slavs informasiyanin alinmasinda, agskar olunmus daxili qurulusu filiz
kiitlasinin yerlogsmo dorinliyini, filizomalogalmonin morhalo va etapmin Gyronilmosino imkan verir.
Sarbast qizilin tipomorf xiisusiyyatlorinin kompleks istifadasi yataqlarin sonaye monimsanilmasi zamani
filizin islonilmasi va giymatlondirilmosinds miihiim praktiki shomiyyast kasb edir.

Acar sozlor: sorbost qizil, qatisiq elementlor, tipomorfik slamotlor, daxili qurulus.
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Asepbaiioxcanckuii 2ocyoapcmeenivill yHugepcumem Hegmu u npomviuiiennocmu (np. Azaoavie, 20,
AZ1010, Baxy, Azepbatiosxcan.)

JLisi mepenucKm:
I'yceitnoB 'amen / e-mail: mansursahlarlil994@gmail.com

AHHOTaNUA

B cratpe paccMoTpeHbl THIIOMOP(HBIE OCOOEHHOCTH CaMOPOJHOIO 30JI0Ta B Pa3HBIX THUIAX PYA
Jlok-Kapabaxckoii cTpykTypHO-popManroHHoil 300 Manoro KaBkasza, KOTOpble NpPUMEHHUMBI IpU pe-
IIEHNH BOTPOCOB, CBS3aHHBIX HEMOCPEICTBEHHO C MPAKTHUKOM TreonoropasBefodHbix pabot. Tak, ycra-
HOBJICHHBIE AJIEMEHTHI-TIPUMECH, BXOJSIINE B COCTAaB 30JI0Ta, JAIOT BO3MOXKHOCTh HCIOJIB30BaTh 3Ty J0-
MOJTHUTENIbHYI0 MH(OPMALUIO NIPH YTOUHEHHH YCIOBHH (POPMUPOBAHUS MECTOPOKACHUH, a BBISIBICHUE
BHYTPEHHETO CTPOCHHMS MO3BOJISAET BBIACHUTD INTyOHHBI OTJIOKEHHS, CTaAUMHOCTD U 3TAIIHOCTh pyA000pa-
30BaHMs. KOMIUIEKCHOE UCITOJIb30BaHKE TUTIOMOP(HBIX MMPU3HAKOB CAMOPOJIHOTO 30J0Ta TO3BOJISIET Olle-
HUTDH MEpepadOTKy PyA, YTO UMEET OOJbIIOE MPAKTHYECKOE 3HAYCHHE B MPOMBIIUIEHHOM OCBOCHUH Me-
CTOPOKICHUH.

KiroueBblie cioBa:  caMOpOJIHOE 30JI0TO, DIEMEHTHI-IIPUMECH, TUIIOMOP(HBIE TPU3HAKK, BHYTpPEHHEE
CTpPOCHHUE.
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BBenenue

OaHMM W3 aKTYaJIbHBIX BOMPOCOB CO-
BPEMEHHON T'€0JIOTUYECKON HayKu SBIISETCS
TUIIOMOP(U3M CaMOPOAHOTO 30JI0Ta, HA KOTO-
poe noinroe Bpemsi He ObUI0 00pallieHo J0cTa-
TOYHOE BHUMaHue. [IpuuuHbI 3TOr0 — CIOKHO-
CTH U TPYAHOCTH HCCICIOBAaHUA B 3TOM
HAMpaBJICHUU, BEPOSATHO, OBLIM OrPAHUYCHBI
MPUMEHUMOCTBIO  TPAIUIIMOHHBIX  METOJIOB
WCCJICIOBAHMS, B TaK)KE OTCYTCTBUE CIICIIH-
QIBHBIX METOJIUK, KOTOPbIE 00YCIOBHIIN OTHO-
CUTEIIbHO MEJJICHHOE pa3BUTHE pPaldOT pac-
CMaTpUBAaEMOT0 MPOuUIIS.

BrocnenctBuun B CBA3M € pa3BUTHEM
Hay4HbIX uccinenoBanuit H.B. Ilemposckot,
A.A. Huxonaesou, A.U. I'unssype, P.I1. baoa-
nosoti, M.U. Hoseopoockou, C.B. flonokosoii n
MHOTHX JPYTUX B 3TOM HANpPaBICHUHU JOCTHUT-
HYT OOJIBIIION MTpOTpecc.

Nzydenue tTunomopdusma caMopoaHOTO
30J10Ta SIBIISIETCS OJHUM U3 BaXHEHUIIUX ac-
MEKTOB YUEHUSI 0 MECTOPOXKACHUSX MOJIE3HBIX
HCKOMAEMBbIX, 3HaU€HHE KOTOPOr0 HUCKIIOYH-
TEIHHO BEITUKO TPU TPOBEICHHUH JIETATBHBIX
r'e0JI0rOopa3BeIOYHBIX PA0OT W OIEHKH IPO-
THO3HBIX PECYPCOB PYAHBIX MECTOPOKICHHIM.
[Ipy METaJTIOTEHUYHBIX UCCICAOBAHUAX H

IIPOTHO3HO-TIOUCKOBBIX pa60Tax OoJIbIIIOE
3HA4YCHHUC UMECT BBISABJICHUC pPYAHO-
q)OpMaL[I/IOHHBIX MCCTOPO)KﬂCHHﬁ, OoT T1pa-

BWJIBHOTO YCTAHOBJIEHUSI KOTOPBIX BO MHOTI'OM
3aBUCHT OT DJ(PQPEKTUBHOCTH TE€OJIOTOpa3Be-
JIOYHBIX paboT. Pemenne »Toit 3amauu B HEMa-
JIOM Mepe CIOCOOCTBYET pe3yabTaTy W3yUeHUS
tunomopdHoro 3om0ta [5].

N3BecTHO, YTO BCECTOpOHEE H3YyUCHUE
TUTIOMOP(HBIX MPU3HAKOB CAMOPOJIHOTO 30J10-
Ta MO3BOJISIET MOJYYUTh MaKCUMaJIbHYIO HH-
dbopMmario 00 yciaoBusX 00pa3oBaHHs 30J10-
TOPYAHBIX M 30J0TOCOJEPKAIIUX MECTOPOXK-
JIEHUM, UX MECTOIOJIOKEHUH, YPOBEHb 3PO3H-

OHHOTO Cpe3a OPYACHEHUS M METaUIOTCHHH
PETHOHOB C IIENIbI0 pa3pabOTKH HOBBIX KpUTE-
pHEB TOWCKOB M OIICHKH MECTOPOXKICHHM, a
TaKXKe JIaeT BO3MOXKHOCTH [UIS ONpPEIACIICHHS
HaIPaBJICHUS T€0JIOTO-PAa3BEIOYHBIX PabOT.
Y4YuThIBas  BBINICU3JIOKECHHOE, HaMU
yIeleHo 0coboe BHUMAaHHME HM3YYCHUIO THIIO-
MOP(HBIX 0COOEHHOCTEH CaMOpPOJHOTO 30JI0-
Ta, SBJIAIOMIETOCS HE TOJBKO OOBEKTOM MpO-
MBIIIJICHHOTO HWHTEpeca, HO W MHUHEPaJIOM-
uHaukatopom. OHO TIO psSAy CBOUX THIIO-
MOPQGHBIX CBOKMCTB (KPYITHOCTH BBIJCIICHUH,
30JIOTOHOCHBIC ~ accolyanuu, Mopdooruu,
MPOOHOCTh, 3JIEMEHTBI-IPUMECH, BHYTPCHHEE
CTpOEHHE) 00JIalaeT ropasao 0oJjiee MUPOKUM
JIMara3oHOM KoJieOaHMid 10 CPaBHEHUIO C IpY-
TUMH MHUHEpaJlaMU 30JI0TOPYAHBIX U 30JI0TO-
COJIEpKaIINX KOTYCTAHHBIX MECTOPOKICHHIMA.
Konebanusi sTux, pasymeercs, HE CIy4aiHO:
OHM  OOYCIIOBJIEHBl  (PUBUKO-XUMHUECKUMU

YCIIOBUSIMU PYIOOTIOXKEHuU [4].

Lenb padoTsl

O06nexToM HcciienoBanuii BeiOpana JIok-
Kapabaxckas CTPYKTypHO-(pOpMaIiioHHas
3oHa (C®3) Manoro KaBka3za, rne u3BecTeH
P MECTOPOXKISHHH KOdenaHHBIX (popma-
1105078

B ocHOBy paboThl MOJOXKEHBI MaTepHa-
Jbl, coOpaHHbIE M OTOOpaXEHHBIE aBTOPOM
IpU MPOBEIECHUH HAay4YHO-HCCIIE0BATENBCKOM
paboThI TaHHOTO PErHoHa.

AHanu3el TpoObl (3epeH 30JI0THH) BBI-
MOJTHEHBI B (DU3UKO-XUMHUYECKOH JTa00paTOpHH
HUI'PU (Mockga).

Uccnenosanue mnpoBoawinoch B Jlok-
Kapabaxckoit CTPYKTYpPHO-(hOpMaIrimoHHOM
30oHe Manoro KaBka3za, rae HaxoauTcs psif
3050TOCOAepKaMX KomdenaHubix (I'emabex,
lNoma) u

I'b13p10YIIar, KOJIYE€IaHHO-

nonmuMmeTtanyeckux  (Jlarkecaman) wmecto-
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pPOX/IEHUH, KOTOpble MOTYT HMETh CyIle-
CTBEHHOE 3HAUEHHE ISl Pa3BUTHUS B PeECILyO-
JIUKE 30JI0TO00BIBAIONICH MPOMBIIIJICHHOCTH.
[ToaTomy noapobHOE M3yueHne TUIIOMOP(HHBIX
MIPU3HAKOB CAMOPOJHOIO 30JI0Ta U UX MPAKTH-
YecKOoe 3HAUYEHHME CErOJHS MPEeCTaBIIAETCS
BEChbMa aKTyaJbHBIM.

B tabmune 1 comocTaBieHbl XapaKTepH-
CTHKHU CaMOPOJIHOTO 30JI0Ta Pa3HbIX THUIIOB Py
MecTtopoxaeHui. Iloka3aHo, 4TO MeCTOpOX-
JEHUS] KaXKJI0T0 THUMa pa3jinuydaioTcs B CBOEM
OOJIBIIMHCTBE IO KOMIUIEKCY IMPU3HAKOB ca-
MOPOJIHOTO 30JI0Ta, Hambojee OTPaKAIOUINX
crieruduky ux oopazosanus [3].

YcTaHoBNEeHHBIE TUIOMOP(HBIE 0COOCH-
HOCTH CaMOpPOJHOTO 30JI0Ta JAal0T BO3MOXK-
HOCTh JIJISl PEIICHUS BOIPOCOB, CBSI3aHHBIX
HENOCPEACTBEHHO C MPAKTUKOM reojoropasse-
JOYHBIX pabOT, B YAaCTHOCTH, YCTAHOBIICHHS
MUHEpAJIOTNHYECKUX IOMCKOB KPUTEPUEB, BbI-
JIeNICHUs] MepCIEeKTUBHBIX IUIOIAne ans Jie-
TaJIbHBIX IOMCKOB 30JIOTOPYJHBIX U 30JI0TOCO-
JepKaliX MECTOPOXKACHUH.

Hcnons3oBaHne B KOMIUIEKCE THIIO-
MOpP(HBIX HPU3HAKOB CAMOPOJHOTO 30JI0Ta C
JOPYTUMHU HCCIEA0BaHUAMHU (reopU3ndecKuMH,
reoMop(ooruueckuMr) MOXKET CYIIECTBEH-
HBIM 00pa3oM MNOBIUATH Ha MOBBIIMIEHUE (-
(heKTUBHOCTH MOUCKOBBIX paboT [5]. D10 oco-
OEHHO Ba)XHO B CBSI3M C TEM, YTO B HACTOsIIEE
BpeMs Ha MPOBEJCHHUE MMOMCKOB 3aTPAaunBaCTCS
OoublIasi 4acTh ACCUTHOBaHMN TIe0J0ropasse-
JIOYHBIX paboT, B TOM 4mHCIie Ha OypoBbIe pa-
OOTHI.

Tak, ycraHoBieHHas MoOpPQOJIOTHUsi, CO-
JepKaHue U COCTaB 3JIEMEHTOB-TIpUMECEH,
NpPOOHOCTh U BHYTPEHHEE CTPOCHHE CaMOpPO/I-
HOTO 30JI0Ta MO3BOJISIOT OINpPENENATh YPOBEHb
SPO3UOHHOTO CPE3a U BCKPBITHIX PYAHBIX TEJI.

BrisiBneHHE BHYTPEHHErO CTPOEHHS ca-
MOPOJHOIO 30JI0Ta — OJHOPOJHOE, HESACHO-
30HalIbHOE, 3EPHUCTOE, 30HAJIBHOE M KOJIIO-
Mop(HOe, KOTOpbIe CIIOCOOCTBYIOT OmIpesere-
HUI0O MHUHEPAJIOTMYECKUX KPHUTEPUEB, IO3BO-
JSIOMUX CyAUTh 00 oOpa3oBaHUM pyH, IIIy-
OMHE OTJIOKEHHS, CTaAMWHOCTU W STATHOCTH
pynooOpa3oBaHusi M HaJIUMYUU TOCTPYIHBIX
nedopmariuii [6].

YcTaHOBIIGHHBIE HaMH  THIIOMOPQHBIE
0COOEHHOCTH CAaMOPOIHOIO 30JI0Ta, XapaKTep-
Hble U1 PyA KONMYEAAHHBIX U KOJYEIaHHO-
MOJINMETAITNYECKUX ~MecTopokaeHuit  Jlok-
Kapabaxckoii C®3, mo3BOJIAIOT OIEHUTh U
ONpeAeNuTh Haubojee paluoHaIbHBIE TEXHO-
JIOTUYECKHE CXEMBI W TiepepaboTku, 4To, 6e3-
YCIIOBHO, OYyJET MMETh OOJBIIOE TEXHOJIOTH-
YEeCKOE 3HAYEHHUE NPU OCBOCHUM 3TUX MECTO-
POXKIAECHUM.

Ns3BectHo, uyto B mpenenax Jlok-
Kapabaxckoit CD3 pacrnonoxeHbl KodyenaH-
uele (I'emabek, ['p3pOymar, ['oma) u komye-
JAHHO-TIOTUMETAIITTNYECKHE MECTOPOKICHHUSL.
[Ipn »TOM caMOpoAHOE 30JI0TO B HUX HMEET
pa3IUYHbBIC TUITOMOP(HBIC XapaKTePUCTHKH.

B cBs3u ¢ aTUM paccMaTpuBaeMble Me-
CTOPOKAECHMSI 30JI0TOCOAEPKAIUX Py JaHHO-
O pEeruoHa XapaKTePU3YIOTCS pPa3IMYHBIMU
TEXHOJIOTHYECKUMHU croco0amMu HX Iepepa-
60Tk (Tabm.2).

D¢ dexkTrBHOE BBIIETICHUE 30J10TA U3 PY]
B 3HAYUTENHHOUN CTENEHH 3aBHCUT OT psJa €ro
TUNIOMOP(HBIX OCOOEHHOCTEH, B TOM 4YHCIIE
pa3MepoB 30JI0TUH U (POpM BbIEIEHUS (CBO-
0o1Has1, BUaUMasi, MeJKasi, TOHKOJHUCIIEPCHAs,
3aKJIIOUYEHHbIE B Cylbduaax, pa3andHble acco-
[UAIUU CPACTaHUU C IPYTHUMH CYIb(UIHBIMU
MUHEpaJIaMu).
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Taﬁnnua 1 - THHOMOp(l)HI)Ie 0COOEHHOCTH CaMOpOJHOTO 30JI0Ta KOJYCAAHHBIX MW KOJIYCAAHHO-
MTOJTMMETAITNIECKUX MecTopoxaennii Jlok-Kapabdaxckoit CD3 Maioro Kaskasa

Table 1 — Typomorphic features of the native gold of the pleated and pleated polymetallic deposits of the
Lok-Karabakh SFZ of the Lesser Caucasus

HBIM 30JI0TOM

30;10T0-MeaHO- | 30J10TO-KBapII- 3o0s10T0-KOT4e- | 3010TO- 30s10TO-0apUT-
KOJIYeJaHHbIe | MeIHO-KoI4e- JaHHbIE KBap- no-
JAaHHbIE MoJIMMeTAaJI- JuMeTa/In4e-
JinyecKoe cKoe
MecTOpOAKACHUSA
I'enadex I's3pLI0YIAT I'oma Jdarkecaman Manuneyan
3010TOHOCHbIE MUHEPAJbHbIE ACCONMALMU
OcHoBHas- OcHoBHas-KBapL- OcHoBHas-kBapu- | OcHOBHasI- OcHoBHas-
MUPUT- XaJIbKOITUPUTOBAsE | 30JI0TO- CyAb(QHIHO- CyIb(HIHO-
XaJIBKOIIMPUT- n XAJBKOIIUPUT- | TCIUTypUIHAaA " | IOJIUMECTAJIIIN- IIOJIMMETAIIINYC-
ctanepuroBast. cthanepuroBasl. KBApI-30JI0TO-Te- | YeCKasi C raje- | CKas C FaJlCHUTOM H
Bropoctenennas- | ManonpoaykTus- TUT-TUJIPO- HUTOM u cda- | chanepurom. Ma-
KBapIL-IIUPUTOBAs | Has-KBapIl- retuToBas. Ma- | nepuroM. Ma- | JONPOAYKTUBHAS-
C TOHKOJWCIIEPC- | MIMPUTOBAsi C TOH- | JIONPOAYKTHUBHAS- | JIONPOAYKTHB- KBapL-IIUPUTOBasl C
HBIM 30JI0TOM KOAUCIICPCHBIM KBapu-rmupuToBas Has-KBapIl- TOHKOAHUCIICPCHBIM
30JI0TOM C TOHKOJAHWCIICPC- | IUPUTOBast  C | 30J0TOM
HBIM 30JI0TOM TOHKOAUCTICPC-

Pa3zmepbr, mm

B annumudgax:

B annumugax:

B annumugax:

B annutugax:

B annumgax:

0,001-0,03, 0,14-0,20, 0,001-0,01, 0,01-0,015, 0,01-0,05,
B TPOO-TIPOTOJIO- | B IPOO-TIPOTOJIOYEK | B MPOO-TIPOTO- | B MPOO-TIPOTO- | B MPOO-TIPOTOIOUEK
YeK Py Py gouek pya: 0,1- | mouek pya: | pya: 0,01-0,25;
0,01-2,0. 0,08-2,0. 0,063. 0,01-0,3; pexe | pexe 2,5.
Homunupyer [Ipeobmagaer ToH- | JJomuHHpYeT 2,0. IIeeBuaHOE u
TOHKO- KOJWMCIIEpCHOE W | mbuleBHaHOEe W | [IbuieBHIHOE W | MENKOE 30J10TO
JHMCHEPCHOE  30- | MEJIIKOE 30JI0TO TOHKOJIUCTIEPCHOE | OY€Hb  MEJKOe
JIOTO 30JI0TO 30JI0TO

@opmbl Bbl1eJdeHU
B anmudax: | B annudax: | B annumdax: | B annmmdax: | B annumumdax: He-
OKpyTJIble, TUIa- | OBaNbHBIC, HENpa- | yriioBaTble, IUIa- | MPOXKHUIKOBBIC, | TPaBHIILHbIE,
CTHHYAThle, Kal- | BUWIbHBIE, YIJIOBa- | CTUHYATHIE, yIJI0BaThIE, OKpYTJIbIE, ia-
JeBUIOHbIE, HeN- | Thle, TyO4arble. B | oBaibHBIE, Hen- | HENPaBWIbHBIE, | CTUHYATHIE,  H30-
paBWIbHBIE, H30- | IPOO-MPOTOJIOYEK | paBHIIBHBIE, TUTACTUHYATHIC, | METPUYHbIe,  TUIa-
MeTpuuHble. B | pyn: KOMKOBHU/I- | OKpYTJIBIE. B | stuecTole. B | ctunuatele, Karute-
npo0-mpo- HBIE, JEHIPUTOBBIE, | MPOO-MIPOTOIOUEK | MPOO-IIPOTO- BuAHbIe. B mpo0-
TOJIOYEK PYA: | KHIKOBHHO- pya: TUTACTHH- | JIOYEK pYyA: | IPOTOJIOYEK  PYI:
HeTpaBUIIbHbIE, TUTACTHHYATHIE, Yarble, MPOXWI- | MPOXKHUIKOBBIE, | MPOKUIKOBBIE,
KOMKOBUHBIE, OKTasiZIepUUECKHE KOBarble, JEHA- | ICHIPUTOBEIE, JEeHJPUTOBBIC, Kap-
WUHTEPCTH- KPHUCTAILIBI PHUTOBBIE ryouarble KacHbIE
LaJIbHBIE, KUJIKO-
BUIHO-
TUTaCTHHYATHIE,
pelyLupoBaHHbIE
KPHCTAJLIBI
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IIpobHOCTB, %

545-847 652-953 690-930 800-950 760-980
746 819 810 830 885
MopanpHoe 3Ha- | MomansHOEe 3Hade- | MomansHOE 3HaA- | MomansHOE MopanpHOE 3Hade-
yeHue II0NaJaeT | HUe IIONajJaeT B | YeHHE IOMajaeT B | 3HAYEHHE II0Ia- | HUe IONajgaeT B
B mmanaszon 700- | mmamason 800-900. | gmamazon  800- | maeT B mmamasoH | mmamazon 900-950.
800. Jlomunuupy- | Jomunupyer cpen- | 850. Jomunupyer | 800-900. IIpe- | [Ipeobnanaet BbIcO-
€T HU3KOMPOOHOE | HEIIPOOHOE 30JI0TO | CpeaHenpoOHOe oOmamaeT KOIPOOHOE 30JI0TO
30JI0TO 30JI0TO cpenHenpoOHoe

30JI0TO pu

3HAYUTCIIbHBIX

BapHanusax

DJieMeHThI IpuMecH, %
Cu-0,08-0,012; Cu-0,18-0,20; Fe- | Cu-0,008-0,01; Cu-0,08-0,15; Pb-0,26-0,31; Zn-
Fe-0,095-0,006; 0,057-0,07, Mn- | Fe-0,01-0,22; Pb- | Fe-0,27-0,32; 0,19-0,24; Cu-0,06-
Sb-0,03-0,04; Bi- | 0,0001-0,002; Hg- | 0,003-0,004; As- | Pb-0,28-0,33; 0,014, Fe-0,17-
0,02-0,005; Mn- | 0,11-0,24; Sb- | 0,001-0,002; Te- | Zn-0,013-0,21; 0,20; Te-0,001-
0,0001-0,002; 0,002-0,003; As- | 0,02-0,05; Sb- | Te-0,001-0,006; | 0,003; Bi-0,01-
Hg-0,1-1,27; As- | 0,0015.  TIIpucyt- | 0,06-0,08; Bi- | Bi-0,01-0,62; 0,05; Sh-0,002-
0,002. Ilpucyr- | ctByeT mossl- | 0,03-0,04, As- | Mo-0,003. IIpu- | 0,03. [IpucyrcTByeT
CTBYIOT  ToBHI- | meHHble KoHIeH- | 0,02-0,0030. Ot- | CyTCTBYIOT TIO- | TIOBBIIIIEHHBIE KOH-
IICHHBIC KOHIICH- | Tparuu Cu MEUAarOTCsS IIOBLI- | BEINIEHHBIE tentpanuu Pb, Zn
tparuu Hg, Sh IICHHbIE KOHLEH- | KOHLIEHTPAUU
tparmu Fe, Te, Sb | Pb, Zn, Fe
BHyTpeHHUE cTpOeHust

Hescnozonans- Omnopoanas, Mo- | OmHOpOIHAS, Mono3epHu- 3epHHCTas, MOHO-
Has, 3CPHHCTas, | HO3EPHHUCTAS, HESICHO- cras, on- | 3epHucTas, TrydOuya-
KaJlIo- JCHIPUTOBAs, 30- | 30HANbHAS, MOHO- | HOPO/IHAsA, He- | Tas, HESICHO30-
MOp(HO3EPHH- HanbHas. Ilpeumy- | 3epHucras, 30- | SICHO3EepHHUCTAas, | HaJlbHas. IIpeumy-
CTas, IATHHUCTasA, | HICCTBECHHO OHO- | HAJIbHAH. HpeoG- IIAITHUCTAS. IIECTBCHHO FY6‘13'
HEOIHOPOTHASL. poJHasi, 3epHUCTas | JagaeT MoHOo3ep- | [Ipenmyrtie- Tast
IMpenmyrie- HHCTas, He- | CTBEHHO JI€HI-
CTBEHHO 30HAJIb- SICHO30HAJILHAS pHUTOBasK
Has, HESICHO-
30HAJIbHAS

[lo wmuenuto wuccnenosareneit [2],
KPYIMHOCTh CaMOPOJIHOTO 30J0Ta U (popma
€ro CpacTaHUil C OKPYXKAIOUUMHU CYIbPUI-
HBIMU MHHEpajaMu SIBJISIETCSI BECbMa CYIIle-
CTBEHHBIM (DaKTOPOM JIsl OTIPEICTICHUS TEX-
HOJIOTHYECKHUX CBOMCTB MHHEPATHLHOTO ChI-
pesa. Tak, nis 30510Ta, HAXOASIIETOCS B PY-
nax B ToHKomucriepcHoMm coctossaun (Ie-
nabek, ['ommra), mpuHUMAIOTCS Ky4Hasi, 9aHO-
Bas U aruTalMoHHas (LIMAHUPOBAHUE) TEX-
HOJIOTUYECKUE CXEMBI TepepaboTKu, a MpH
NPUCYTCTBUHU B pylaax 0ojee KpPYyMHOTo 30-
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JOTa ¥ UX CpPacTaHUU C CyNb(OUIHBIMU MU-
Hepanamu  (I'e3puibynar,  Jlarkecamas,
Mananeynu) npuHEMaeTcs (GroTanvoHHAs |
IPaBUTALIMOHHAS TEXHOJOTHYECKUE CXEMBI
(Tabn. 2). CnemyeT NOOYEPKHYTb, YTO U3
paccMaTpuBaeMbIX B TaOmuIEe 2 MECTOPOXK-
neHuid Toiapko ['emabexckoe m MamgHeynb-
CKO€ B HacTosillee BpeMsl MPOMBIIIJICHHO
ocBauBarTca. B Hacrosmee Bpemsa [e-
TabEeKCKOe MECTOPOXKIICHUE IKCILTyaTUPYET-
csi Amepukanckoi kommnanueit “RV Invest-
ment Group Services” LLC.
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Tabauna 2 — TexHonoruueckue TUIBI U cliocoObl epepadoTku MectopokaeHuit Jlok-Kapabaxckoit CO3
Marnoro KaBka3za
Table 2 — Process types and methods of processing of fields of the Lok-Karabakh SPZ of the Lesser Cau-

casus
Ha3sga- Xapak Mumne- TexHonormyeckue 0coOEHHOCTH
HHUeE Mumne- P paJjibHbIE pya
Tunel N TEePUCTH-
Ne | mecTo- paJbHbII accouma-
pya Ka 30J10- Texnonorun- | Cxempl  obora-
poxIe- €OCTaB pya IHMH  30J10- .
. Ta YyecKHil TUNl | LIEHHA
HUii Ta
[Tuput Kyunoe wu yano-
ITupwur-
3oioTo- Xanpkomnu- | Menkoe u Boe, ATHWTaIMOH-
MEJIHO UT TOHKO XaJbKOMH- | 301I0TO HOE  BBIIIEIAYU
1 | I'emabex p puT- Cepebpo
KoJT4e- Cdanepur | mucmepc- BaHWE (IMaHUPO-
chanepu- Menn
JTaHHbIE Camopon- | Hoe Banue), Dnora-
TOBBIE
HO€ 30JI0TO st
3oso0T0-
Menkoe u
I's1- KBapl- XanpKomnu- Kgapu- 3onoTo
TOHKO- ®noranusa, Ipa-
2 | 3p0y- | MenHo- put [Iuput xanpkonu- | Cepedpo
Jycrepe- BUTALIUS
Jar KoJIue- Kgsapig Hoe pUTOBBIE Menb
JaHHbIC
I1eu1e- dnoTamus,
Ksapr 30-
3om0T0- ITupur BUHOS 1 | 3omo0T0 AruTanuoHHoe
3 | l'oma KOJT9e- l'acut TOHKO- TeTypUL Cepebpo [IHAaHUPOBAHKE
JaHHbIC [etunt aucnepe- | o P Komuenan CyIb(QHUIHOTO
HOE KOHLIEHTpaTa
3osoTo-
Coanepur | Ilbie- Kgapu-
KBapII- 3om0T0
Jarke- TI'amenut BUJIHOE U | TaJICHUT- I'paButanus,
4 oJInMe- Cepebpo
camaH XaJapKomH- | OYeHb coanepu- dnoTtanys
TaJuIn4e- ITonumeTann
put MEJIKOE TOBBIE
CKHe
3ozoro- I'paButanus
Oapurt- IIe1me- Cdanepur- | 3omoro P ’
Mapme- lanenur O®norauusa, Kyu-
5 oJInMe- BunHoe u | rajenuro- | CepeOpo
Yy Cdanepur HOE  BBIILENAYH-
Tajnye- MEJKOe BbIE [TonmumeTann
Kl BaHUe

Oxwucnenue pyasl ['enabexkckoro me-
CTOPOXKJCHHS TepepadaThIBaeTCsI METOJIOM
aruTallMOHHOTO BBINIENIAYUBAHUS (IIHAHUPO-
BaHUS) M (IIOTALIMOHHOTO OOOTAlEHUs C
MOJTyYCHHEM BBICOKOKAYeCTBEHHOTO METHO-
r'0 KOHIICHTpATa.

ManHeyapcKoe MECTOPOXKICHHE MEJ-
HO-KOJTYENIAaHHBIX Py TepepadaThiBaeTCs
METOJIOM (PIIOTAIIMOHHOTO OO0OTaIlIeHUs, a
MOPOJIbI, XapaKTEePU3YIOIIHECs KakK 30J0TO-
coJiepKalie BTOPUYHBIC KBapLUTHI, Iepe-
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pabaThIBAIOTCS METOJOM KYYHOTO ITHAHU]I-
HOTO BBIIIEIaunBanus (cM. Tab. 1).
TexHonorus mepepadOTKN MEPBUYHBIX
30JI0TO-KOMYENaHHbIX pya [ 'vI3putOynar-
CKOTO MECTOPOXJICHHS HCIBITAHA B TOJY-
MIPOMBIIIJICHHBIX yCIOBUSX. PekomenmoBana
KOMOWHHMpOBaHHAs TPaBUTAIIMOHHO-(IIOTA-
[IMOHHAsI TEXHOJIOTHS C TIOJy4YCHHUEM Kaue-
CTBEHHOTO (hJIOTOKOHIIEHTpaTa 30i0Ta [1].
TexHonorust OCTaJbHBIX MECTOPOXKICHUMN
(FommHckoe, J[arkecamaHCKOE) UCHIBITaHA U
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pPEKOMEH/I0BaHA [0 pe3yabpTaTaMm Jabopa-
TOPHBIX UCCIIETOBAHUN.

3akioueHne

YcraHoBiIeHHBIE THUIOMOPGHBIE TPH-
3HAKU CaMOPOJHOTO 30J10Ta, HUX COBOKYII-
HOCTB, HU3MCHYHBOCTD, I‘paHy.HOMCTpI/I‘IC-
CKUl cocTaB, MOPQOIIOTHs, TPOOHOCTH, dJIe-
MEHTBI-IIPUMECU U BHYTPEHHSAA CTPYKTypa
UMCHOT HpaKTI/I‘-ICCKOG 3HAYCHUC HpI/I HpO-
THO3UPOBAHUU TJIYOMHBI B 30JIOTOCOJIEpKa-
IIUX MECTOPOXKICHUSAX W JAlOT BO3MOX-

HOCTb OJis1 PCHICHHA BOIIPOCOB, CBA3AaHHBIX

HETOCPEICTBEHHO C MPAKTUKOM reosioropas-
BEJIOYHBIX PabOT, B YAaCTHOCTH, YCTaHOBJIE-
HUS MUHEPAJIOTHYECKUX MOUCKOBBIX KpHUTe-
pUEB, BbIACIEHUS TMEPCHEKTUBHBIX ILIOIIA-
NEeN.

YcTraHoBIEHHBIN rpaHyJioMeTpuye-
CKMIl cocTaB (pa3Mepbl 30JI0THH) U 30JI0TO-
HOCHBIC MUHEpPAJIbHBIC ACCOIMAIMU I103BO-
JISIFOT OLICHUTH U ONPEACTUTh PAlliOHALHBIC
TEXHOJIOTHYECKHE CXEMBbI MEepepadOTKU 30-
JIOTOCO/ICPXKAIINX  PYII, OynyT
UMETh MPAKTUYECKOE 3HAUYECHHE B MPOMBIIII-

KOTOpbIE

JICHHOM OCBOCHHNHU MGCTOpO)K,Z[eHI/Iﬁ.
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8 Ha3BaHusi pUCYHKOB W TaONMI] Ha s3bIKE HAIIMCAHHUS CTAaTHU
IUIIOC UX HEPEBOJ] HA aHIVIMHCKUHN S3bIK. PUCYHKH M TabaMIBl pacro-
JIaraloTcsl HEIOCPEACTBEHHO B TEKCTE CTAThU PSJOM CO CCBUIKAMU Ha
HHX.

IMocTynuBmMe B peAakIUi0 PYKOIIUCH MPOXOAAT IPOLETYPY IPO-
BEPKU Ha Iuiarnat. MHIEKC OpUTrHHAIBHOCTH JOKEH COCTaBIATh HE
meHee 75%.

CTaTbM pELECH3UPYIOTCSA JOKTOpaMM U KaHAWJATAMU Hayk,
Ha3HauaeMBIMH peJaKIMOHHOK Komrerned. K penensupoBanuio
cTaTell NMPUBIEKAIOTCA: WIEHBI PEIKOIUIETHH, PEJICOBET M BEAYIIHE
cneuuanucTbl. CpoK peleH3HpOBaHMSI COCTaBISeT 10 3 MecsieB. B
Cllydae 3aMeYaHHi K CTaThe PelaKIms CBsbkeTcst ¢ aBTopom. [locie
MOBTOPHOTO aBTOPCKOTO PENaKTHPOBAHMS CTAaThsl HAMPABISIETCS UL
TIOBTOPHOH pEIeH3NH, a 3aTeM Ha OCHOBAHMM OKOHYATEIBbHOTO 3a-
KITIOUCHHUSI PELICH3CHTA PEIKOJUICTUsT YTBEPKAACT CTAThIO ISl MyOiIH-
Kaluu 1100 OTKIOHsET. Peakimst ocTaBisieT 3a co00i mpaBo MPom3-
BOJIUTH PEIAKIIMOHHBIC H3MEHEHHSI.

C 1enplo MCKIIIOYEHUS! OMNEYaTKH NPHU BEPCTKE CTAaThbH MPOChOa
TIpHCIIaTh TEKCT M PUCYHKHU B DIIEKTPOHHOM BHze B opmare Word for
Windows, mpudt Times New Roman 12, unrepsai 1,15.

ITnaTa ¢ aBTOPOB 3a IMTyOIMKAIINIO PYKOIMCH HE B3BIMAETCS.

bonee moapo6Has mHOpManus u o6paser] opopMICHUS CTAThH —
Ha caiite: ama.com.az
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